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Ê�Ë�Ì g^FÍghQYKUVFHG�KFÍNXF�Î�G�Q�IYFfÏÐS�]hFÍÑTÒYÒYÓÔ` FHIÕmÕG�U/NXF@ÖhK�]h×ZaHQYÏ¨Ø8QYg^i�L�F
Ù FfWXL�W®ÚMÛ�Ü�Ý�Þ¡Û�ß àná�mÕÏ�WXG�mÕUV]hWâaHF ãcG�WXIYFH]^ghWXUVi�L�F�ä"mÕg Ë WXG�åTU^QYGæ Wâa Ë FfN�ç/è®é�ê�ëzì&ì�Û í/mÕØ�Ø8QY]hU^FfK�]�Fbá�UVFH]^G�F j�î�ï Ê�ð î�]^FfGQYS�NXFÊ QY]hghU^FfG-ñ�è®ò�é í/mÕØ�Ø8QY]hU^FfK�]�Fbá�UVFH]^G�F ãcG�WXIYFH]^ghWXUVi�L�F Ù mTÏÐS8QYK]^åæ Wâa Ë FfN�ç/è®ó
è í/mÕØ�Ø8QY]hU^FfK�]�WâGôUVFf]hG�F ï�k¿î ð8õ U^]VmTghS8QYK�]^åõ ifS�mÕghUVWXFfG-ç3ò®ö�÷�óBÛnÞ ï�G�I�WXU^i ø æ k ð�Ê QTK�NâQTK�g^Fù iH]^úTÏ�F�û@ènßýünö�ó$þ�Ûnö8ó¡ü ï�G�I�WXU^i ï�k¿î ð8õ U^]VmTghS8QYK�]^å
j¡KWâg3ÿ�ëâ÷nö�ó¡è ` Wâ]hFfabUVFfK]cL�F�U Ë�Ì ghF ï�k¿î ð8õ U^]VmTghS8QYK�]^å

� aHQYNâF�FHU3ø_S�ghFf]hI mÕUVQYWX]^F�L�Ffg õ aHWâFHG�afFHgcL�FMNâm Ê FH]^]^F
ï�G�ghUVW\UVKUlL�FMk Ë ×�g^W���K�FÍLK î�NâQTS8F�L�F õ U^]VmTghS8QYK�]hå�ã æ í�������Ó

j¡mTS8QY]Vm UVQYWX]^F_L�F õ WXg^Ï¨QYNXQYåTWXF
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ù FÍUVWXFfG�g�� ]hFfÏ¨Ff]^aHWâFH]3WâaHW¡UVQYKU^Ffg_NXFfg3Ø8FH]^g^QYGG�Ffg ��K�WnQYGôU_Ø8Ff]hÏ�WXg3Nâm�]^ifmTNâWXgVmÕU^WXQYG�L�F£afF£UV]^m�I mTWâN
L�F�U ËÌ g^FÕÔ

ù ORmTWXÏ�FH]VmTWXg@U^QYKU�L ORmTS8QY]hL[]^FfÏ¨Ff]hafWXFf]6g^WXG�a Ì ]^FHÏ�FHG�UlÏ�QTGZL�Wâ]hFfabUVFfK]�L�F_U Ë�Ì g^FMj
K�Wâg�ílWXIYFH]Vm ��K�W ð
g^KWXUVF��ÍKG�F3]^FHG�afQTG�UV]hF�� QY]hU^K�WXU^F��ÍN m���GL�F/Ï�QYG mTGG�ifF3L�F/Ï m	�âUV]hWXghFcL�mTGg NâFcS�K�]hF>mTKLDO�
/]^Ï�mTG�L�Q
� WâgCUVFH]^G�mTg ð m[ghK Ï¨F'U^]VmTG�ghÏ�FbU^U^]^F�g^mJØ�mÕg^g^WXQYG Ø8QYK�]�NâmZg^WXg^Ï¨QYNXQYåYW\FÐL�F�N mZghQYK�]^aHF¨FHUMåYK�WXL�Ff]�Ï¨QYG
UV]^m�IÕmÕWâN�U^QYKUÐL ORmTS8QY]hLÇFHG$gCUsmTåTFL�F ` à
 ð Ø�K�Wâg£FHG"U Ë�Ì g^FTÔ æ Ff]hafW L�FÏJO m>IYQYWX]��vmTW\U£aHQYG���mÕG�afFFHU
Ø8Ff]hÏ�WXg�L�F�L�iHafQYKI�]hWâ]lNXF�Ï�QYGL�F�LFMNâm']hFfa Ë Ff]ha Ë FTÔ

ù F/g^QYK Ë mTWXU^F/iHåômTNâFHÏ¨FfG�U@]hFfÏ¨Ff]hafWâFH]@NXFfg@Ï¨FfÏÐS�]hFfg@L�F/Ï�QTG�ÖhK�]C×¨L O m>IYQYWX] mÕafafFHØUVi3L�F3Ø�mT]hU^WâafWXØ8Ff]
�ÐNâm£g^QTKUVFHG�mTG�aHF�� Ù FHWâL�W Ù QTK�ghU^QYG ð�æ Wâa Ë FfN � mÕÏ�Ø�WXNâN\Q ð&æ Wâa Ë FHN � mÕ]Vm ð&Ê�� ]hU^g^FfG ` m Ë Ï ð�õ ifS�mTghU^WâFfG
� Ë FbI&]hQTUnFbU ù if]^úTÏ�F��¿mTGÍL�FH]¡ä Q�FH]^L Ô ãcG£Ï¨FH]^afWYUVQYK&U®Ø�mÕ]hUVWXafK�NXWXFf]�� õ iHS�mTghU^WâFHG � Ë FbI�]^QTUnFbU ù if]^úTÏ�F
�¿mTG L�Ff]¿ä Q�FH]^L ��K�WBQYGôU Ø�]^WXg@K�G�F3Ø�NâmTafF/WXÏ�Ø8QT]hUsmÕG�U^FcL�mÕG�g NdOeQY]^WXFfGôUsmÕU^WXQTG�L�F/Ï�QYG¨UV]Vm>IÕmTWXN ð ÖhF3NâFHK�]
L�QYWXg�S8F>mTKafQYK�ØDÔ

ù FÐ]^FfÏ¨Ff]hafWXFf]VmÕWâg3ifåYmTNâFHÏ�FHG�U3UVQYKg�afFHK&á ��K�W�QTG�U�L�F'Ø�] Ì g�QYK-L�FÐNâQYWXG aHQYG�U^]^WXS�K�i��ZaHFÐUV]Vm>IÕmTWXN ð
ÖhF[Ø8FfG�ghF�FfG�Ø�mT]hU^WâaHK�NâWXFH]�� ù mTG�WXG�F��nWXg^a Ë S�mTa Ë FHU æ QTG�W ��K�FZä WâNXNXFf]ÐØ8QYK�]�NXFfK�]'L�WXg^Ø8QYG�WXS�WâN\W\U^iFHU
NâFHK�]cåYFHG�U^WâNXNXFfg^ghF ð � Ù FHG�]^W Ù F>mÕg^g^NXFf] ð � mÕU Ë FH]^WXG�FÍFbU_j
QYK�WXg ` QY]hS�mÕU Ë Ø8QYK�]cNâFfK]cS8QYG�G�F Ë K�Ï�FHK�]cFHU
NâFHK�]6L�WâghafK�ghg^WâQTG ��K�W
]hFfG�L�FHG�UcN m£I�WXF ��K�QTUVWXL�WâFHG�G�F�L�mTG�glK�G[N mTS8QT]VmÕU^QYWX]hF_Ï¨QYWXG�g6Ï¨QYG�QÕUVQYG�F ð �'Ï�FHg
afQTNâN Ì åYK�FHg�Ï¨QYG�WXU^FfK�]hg ð 
 Ê à�í½FHUMFHG�g^FHWâåYG�mTG�U^gMa Ë Ff]ha Ë FfK�]hgÍØ8QYK�]�NXFfg�S8QYG�g�g^QTKIYFfGWâ]^g�L�Ffg Ë FfK]^Ffg
FfGg^FfWXåYG�iHFfg��'NPO à¿ø õ&Ê�ð mTK&á[mÕKUV]^FHg6U Ë iHgVmT]hL�g ��K�W QYG�U�af]hQYWâghi�Ï�mÐ]hQYKUVF_FHU ��K�W ÏJORQYGôU�ghQYKUVFHG�K ð ÖhF
Ø8FfGg^FMFfG�Ø�mT]hU^WâaHK�NâWXFf]���
/G�G�F ð FHU õ QYØ Ë WXFMj:Ô

à:G���G ð afFZUV]Vm>IÕmTWXN6G ORmTK�]^mTWXU/Ö^mTÏ�mTWXgÐI�KýNXF£ÖhQTK�]�g^mTG�g¨NXF[ghQYKUVWXFfG�WXG�afQTÏ�Ï¨FfG�ghK�]VmÕS�NâFL�F[Ï�FHg
Ø�]hQ�a Ë FHgfÔ
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� FbU^U^FMU Ë�Ì g^FÍØ8QY]CUVFMghK�]/NPORibUVK�LFMafWXG�ifÏ�mÕUVW���K�F�L�FMNâm�g^QTK�]^aHFÍg^WXg^Ï¨W ��K�F�L OeiHIYiHG�FfÏ¨FfGôUVg3Ï�m ÖhFHK�]^g
�Ø�mT]CUVWâ]/L ORQTG�L�Ffg�L�FÐIYQYNXK�Ï¨FÐFHG�]^FHåYWâgCUV]hifFfg��L�Ffg�L�WâgCUsmTGafFfg_U^ifNâiHg^WXg^Ï¨W ��K�Ffg�� �Ø�NXK�g_L�F��YÒYÒTÒ���Ï
L�F�NdOeifØWâafFHG�U^]^F�� Ô ` FHK&á�mTØ�Ø]^Q�a Ë FfgcQYGôUcibUViMK&UVWâNXWXg^iHFfg�Ø8QYK�]l]hFHU^]^QYKIYFH]cNXFfglØ]^WâGafWâØ�mTK&áZØ�mÕ]VmTÏ Ì U^]^FHg
��N mJghQYK�]hafF�UVFfNXg ��K�F NdO Ë WâgCUVQYWX]^F'U^FfÏ¨Ø8QY]^FHNâNXF¨LF N mJ]hK�ØUVK]^F ð g^QYG"Ï¨QYÏ¨FfGôUÍg^WXg^Ï¨W ��K�F ð QYK FHG�afQY]hF
g^QTG�UVFfGg^FfK]_L�F£Ï¨QYÏ¨FfGôU/g^WXg^Ï¨W ��K�FTÔ8ã/GF£Ø�]^FHÏ�W Ì ]hF£mTØ�Ø]^Q�a Ë F£gfOeWâGôUVif]hFfghg^F���WâÏ�mTåYFH]���G�FfÏ¨FfGôU_N m
]^KØUVK�]hFÐØ]^Q�IYQ ��KifFÐØ�mT]/NâFÍghifWXg^Ï¨F£L�F	�/Q
�TQ�á&WâNXW¡L�K ��� G�Q�IYFfÏÐS�]hF'ÑTÒYÒ � ð Mw = 7.8

ð Ø�mÕ]3Nâm�Ï¨Q�
L�iHNâWâg^mÕUVWXQYG L�FHg�� QY]^Ï¨Ffg L ORQTG�L�Ffg�L�F_IYQTNâK�Ï¨FTÔ � FbUliHI Ì G�FfÏ¨FfGôU ��K�W
mÐ]^QTÏ�ØK[mTKZÏ¨QYWâGg��ôÒYÒ���Ï�L�F
N m �vmTWâNXN\FÍL�F���K�G�NXK�G-mÕK-GQY]^L L�K Ê WâS8FbU��vmTWXU3Ø�mT]CUVWXF£L�Ffg�Ø�NXK�g_WXÏ�Ø8QY]CUsmTGôUVg/g^iHWâghÏ�FHg�L�iHaf]hQ�a Ë mÕG�UVg
WâGôUV]^mTafQTG�UVWXG�FfGôUsmTK�á ]^FHafFHG�g^ifgfÔ��/QTK�g'G�QTK�g'WXG�UViH]^FHg^g^FH]^QYGg'UVQYK&U'Ø�mT]CUVWXafK�NXW Ì ]^FHÏ�FHG�U � aHQYÏ�Ø]^FfGL�]^F
N m¨Ø Ë mTghFÐL OeWâG�W\UVWâmÕU^WXQTG�L�F£N m¨]^K�Ø&UVK�]^F � NPORQTK�FfgCU�mTKU^QYK�]/L�FÐNâm��HQYG�F£ifØ�WXafFfGôUV]^mTNâFÍQ�� Nâm�åYiHQYÏ¨iHUV]hWâF
L�FHg �vmTWXNâN\Ffg6FHghUcS�WâFHGJØ�NXK�g�afQYÏ¨Ø�NâF á&F ��K O���NdOeFfghUlQ��[N mÐØ�]^QTØ�mTåômÕU^WâQYGFfgCU/K�GWâNâmÕUViH]VmTNXF3g^K�]cmTK[Ï�QTWâG�g
� �TÒ���ÏJÔ�k®QYK�]�ibIÕmTNXK�Ff]6NdOeWâÏ¨Ø�mÕaHU ��KF�afFbU^U^F�UV] Ì g�NâQTG�åYK�F_]hK�ØUVK]^F�m'ØK�m>IYQYWX]6ghK�]�NâFfg �vmTWXNâN\Ffg FfGôI�W�
]^QTG�G�mTGôUVFfg ð K�G�F�mTG�mTN\×�g^F'LF�NâmghWâghÏ�WXafW\UVi£mTKU^QYK�]_L�K-g^FHåYÏ¨FfG�U�]hQYÏ¨Ø�K FfG ÑTÒTÒ ��miHU^i�F��DFHaHU^K�ifFÕÔ
à:NâNXF�Ï�QTG�UV]hFMK�GFÐmÕaHUVW\I�WXUVi�]hFfNâmÕUVW\IYFfÏ¨FfGôUcÏ�Q�Lif]^iHFÍÏ�mTWXg�UVQTK ÖhQYK�]hg3mTabUVW\IYF£mÕK ÖhQYK�]hL O Ë K�W ð g^QTWXUcØ�NâKg
L�F�� mTG�g/mTØ] Ì gHÔBknmT]hÏ�W afFHUhUVFÍghWâg^Ï¨WâaHWXU^i ð NdORmTØ�Ø�mT]hWXU^WXQTG[L�FÍLFfK&á�FHg^g^mTWâÏ¨gcL OeiHI Ì G�FfÏ¨FfGôUVg3FfG ÑTÒYÒ�� ð
L�WXghUsmÕG�UVg L OeFfGôI&WX]^QYGJÑÕÒYÒ���Ï L�F_N m��vmTWXNâN\F ð NdOeK�GZmTKZG�QT]^L��FfghU ð NdORmTK&UV]^F3mTKZghK�L��QTK�FfgCUlL�F_NdOeifØWâafFHG�U^]^F ð
mÐÏ¨QTUVW\IYi3K�GF�Ï�Q�LifNXWâg^mÕUVW\QYG L�F_N m£]hFfL�WXghUV]hWâS�K&UVWâQTG L�Ffg�aHQYG�U^]VmTWXG�UVFHg6g^KWXUVF�mÕKZa Ë Q�a�Ø�]^WXG�afWXØ�mTNPÔ&j
FHg
]^iHg^K�N\UsmÕU^g3WâG�L�W���K�FfGôU_K�GFÐØ8QYg^ghWâS�NXF£WâGôUVFH]VmTabUVWXQYG�FHG�UV]hFÐN m¨]^FfLWâghU^]^WXS�KUVWXQYG�L�FHg�aHQYG�U^]VmTWXG�U^Ffg3L���FÐmTK
a Ë Q�a�Ø�]hWâG�aHWâØ�mTNBFHUlNdORmTaHU^WXI mÕUVWXQTGZLF�afFHg �vmTWXNXNXFHgfÔ��ci>mTGÏ�QYWXG�g ð NPORWXG�UVFH]hI mTNâN\F3L�F�UVFHÏ�ØglFbUcNâmÐL�WâgCUsmTGafF
g^iHØ�mT]^mTG�UlNâFHg�L�FfK&áZFfg^g^mTWâÏ¨g�L�K[a Ë Q�a�Ø�]^WXG�aHWâØ�mTNBg^Kg^afW\UVFHG�UcFfGafQY]hF�S8F>mTK�aHQYK�ØJL�F ��KFfghU^WâQYGgfÔ ` mÕG�g
K�G�FÐL�FHK&á&W Ì Ï¨F'mTØØ�]^Q�a Ë F ð G�QYKg�LiHIYFHNâQYØ�Ø8QTG�g�K�G�FÐG�QYK&IYFfNâNXF£Ï�ibU Ë Q�LFÐ]VmÕØ�WâL�F£LDORFHghUVWXÏ m UVWXQYG�L�FHg
Ø�mT]^mTÏ Ì UV]hFfg �ÍNâm�g^QYK�]hafF3mTØ�Ø�NXW ��K�ifF/mTK�á�g^iHWâghÏ�FHg@WâGôUVFf]hÏ�iHL�W mÕWX]^FHg�FHU Ø]^Q � QYGL�gfÔ&à:NXNâFlFfgCU6S�mTg^iHF3g^K�]
K�G�F/mTG�mÕNX×�g^FcghWâÏ¨Ø�NXF�L�Ffg� QY]^Ï¨Ffg�L OeQYG�LFfg k ð Ø�k"FHU õ FHG�]^FHåYWâgCUV]hifFfg ��L�FHg@L�WâgCUsmTGafFfg�UViHNâiHg^WâghÏ�W���K�Ffg
FHU�gfORm��B]VmTGa Ë W\U�L�FÐNâFfK]_Ï¨Q�L�ifNXWâg^mÕUVW\QYG ÔBj:ORmTØ�Ø�NXWâafmÕUVWXQTG�L�F'afFbU^U^F�Ï¨iHU Ë Q�L�F�� UVQTK�g�NXFfg_g^iHWâghÏ�FHg�L�F
Ï�mTåYG�W\UVK�L�FML�F£Ï¨QYÏ¨FfGôU3ghK�Ø8if]hWâFfK]^F�� Ó ð �¨FHU_ØNâK�g/Ø�]^Q � QTG�L�g ��K�F ��ÒTÒ���Ïµg^K]_Nâm�Ø8iH]^WâQ�LF ���
�YÒ 
ÑTÒYÒTÓ�m�L�QYGG�i G�mÕWâg^g^mTG�aHF ��K�G a>m UsmTNXQYåYK�F�WâG�aHNâK�mTGôUÍNâm � QYGaHUVWXQYG g^QTK�]^aHF ð NâF¨Ï¨QYÏ¨FfGôUÍghWâg^Ï¨W ��K�F ð
NdOeifGFf]^åTWâFZ]VmTLWâifF ð NXFZUVFHG�g^FHK�]�L�F[Ï�QYÏ¨FfGôU�g^WXg^Ï¨W ��K�FÕÔ õ W�NXFfg�g^iHWâg^Ï¨FHg¨Ø�]^Q � QYG�L�g�QYG�U��vmTW\U�NPORQTS&ÖhFbU
L�F£G�QYÏÐS�]hFfK�ghFfg_iHU^K�L�FHg ð NXFfK]3Ï¨ifafmTG�W���KF£FfgCU_UVQYK ÖhQYK�]^g/g^K ÖhFbU�� LWâg^aHK�g^ghWâQTG ÔDj�ORmTØØ�NâWXa>mÕU^WXQYG�L�F£N m
Ï¨iHU Ë Q�L�F ð LifaH]^WXU^F£afW!�m�I mTG�U ð mTK�á�g^ifWXg^Ï¨Ffg3Ø�]^Q � QYG�L�g_m LQYG�a£L�FfK&á�WâGôUVif]#"HUVg3Ï�m ÖhFfK�]hg ��IÕmTNXWâL�FH]/N m
Ï¨iHU Ë Q�L�F¨FbU£mTØ�Ø8QT]hUVFH]MLF¨G�QYKIYFfmTK&á iHNâiHÏ�FHG�UVg��[N mZL�WXg^afKg^g^WXQYG g^K]MN mZÏ�iHa>mTGW ��K�F�L�FfgMg^ifWXg^Ï¨Ffg
WâGôUVFH]^Ï¨ifL�WâmTWX]hFfgMFHUÐØ�]hQ � QYG�LgfÔnj
Ffg£]^ifghK�NXUVmÕUVgÍL�FaHFHUhUVFØ�]hFfÏ¨W Ì ]^F�iHUVmTØ8FS�mTg^iHFg^K�]£NdORmTG�mTN\×�g^F�L�FHg
� QY]hÏ�FHg�L ORQTG�L�FHgÍg^QYGôUÍFfGg^K�W\UVF¨]^iHKUVWXNâWXg^iHgMm ��G L�F¨L�iHU^Ff]hÏ�WXG�Ff]�LFfgÍWXG�� QY]hÏ m UVW\QYG�g�ghK�]MN m ��GWXUVKL�F
g^Ø�mÕUVWâmTNâF6L�FcNâm�g^QYK�]hafFÕÔ ` mÕG�g¿afFbU^UVFcL�FHK&á&W Ì Ï�FliHUVmTØ8F ð QTG�K&UVWâNXWXg^F6NâFHg¿Ï¨QYÏ¨FfGôUVg:L OeQY]^L]^FcghFfaHQYG�L�mTWX]^F
Ø8QYK�]�]hFfØ�]hifg^FHG�U^Ff]ÍN mg^QYK�]hafF�m ��G L�F�afQYGôUV]^mTWâG�L]^F�KG Ï¨Q�L Ì NXF'g^WXÏ�ØNâFÐL�F¨]hK�ØU^K�]^F�iHUVFHG�L�K�FÕÔnø_G
afQTÏ�Ø�N Ì U^F�mTWXG�g^W:N m[afQTG�G�mTWXg^gVmÕG�afF�L�F�N m[ghQYK�]^aHF Ø�mÕ]ÍLFfg£WXG�� QY]hÏ m UVW\QYG�g�mTL�L�W\UVWXQYG�G�FHNâN\Ffg�UVFHNâNXF ��K�F
NâFHglL�WXÏ¨FfG�ghWâQYG�g6L�F�N m	�fQYGFM]hQYÏ�ØK�F ð N mÐL�WX]^FfabUVWXQYG[LFMØ]^QYØ�mÕåômÕUVWXQYG ð N m£I&W\UVFHg^g^F�L�FM]hK�ØU^K�]^FÕÔ
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Ê�Ë Wâg�U Ë FHg^Wâg�Wâg�mTS8QYKU�U Ë F ��WâGFfÏ�mÕUVWXa'gCUVK�L×-Q � ghFfWXg^Ï¨Wâa'g^QTK�]^aHF�Q � Ï�m ÖhQY]�FbIYFfGôUVg�� ]^QTÏ UVFHNâF 
g^FHWâghÏ�WXaÍS8Q�L×��6m>IYFfg �vÏ¨QY]^FMU Ë mTG �YÒYÒTÒ���Ï � ]^QTÏ FfØ�WXafFfGôUVFH] �bÔ Ê � Q[mTØØ�]^QômÕa Ë FHg Ë m>IYFÐS8FfFHG-K�ghFfL
UVQ]^FHafQ�IYFf]_U Ë FÐÏ�mTWâG�ghQYK�]hafF'Ø�mT]^mTÏ¨FHUVFH]^g3g^K�a Ë mTg3U Ë FÐg^QTK�]^aHFÐUVWâÏ¨F�� K�G�abUVWXQYG ð g^FHWâg^Ï¨WXa£Ï�QTÏ�FHG�U
mTG�L Ï¨QYÏ¨FfGôU3U^FfG�ghQY]fÔ 
 ��]hghU�mTØ�Ø�]hQômTa Ë afQYGg^WâgCUVg_WâG WâÏ�mTåTWXG�å�WâG L�FbUsmTWXN�U Ë FÐ]hK�ØUVK�]hF'afmTK�ghFfL-S�×
U Ë F Mw = 7.8 ���ÐG�Q IYFHÏÐS8Ff]cÑTÒTÒ � �/Q
�TQ�á&WâNXWBFfmT]hU Ë ��K�m
�TF�Sô×Ï¨Q�L�FfNXWâGå£S8Q�L×��6m�IYFHgfÔ Ê�Ë Wâg6FHIYFfGôU ð
� Ë QÐ]hK�ØU^K�]^FHL[m U NâFfmTghU �ôÒYÒ���Ï Q � U Ë F ��K�G�NXK�G �vmTK�N\U@WXG�U Ë F3G�QT]hU Ë Q � Ê WXS8FHU ð Wâg¿QYG�F3Q � U Ë F/Ï�QTghU
WâÏ¨Ø8QY]CUsmTGôU:WXG�U^]VmTaHQYG�U^WâG�FHG�UVmTNghU^]^W � �g^NXWâØÐFHIYFfGôU@FHIYFH]¿]^FHafQY]hL�FfL ÔYä F/mÕ]^FlWXG�Ø�mT]CUVWXafK�NâmT]�WXG�U^Ff]hFfghU^FfL¨WâG
K�G�LFf]^gCUsmTGL�WâG�å�U Ë FlWXG�W\UVWâmÕN&Ø Ë mTghFcQ �8U Ë Fl]hK�ØU^K�]^FlWXG'U Ë F�� FHghU mÕ]^QYKG�L�U Ë FlFHØ�WâaHFfGôUV]VmÕN�mT]hF>m�� Ë FH]^F
U Ë F �vmTK�NXU�åTFfQYÏ¨FHU^]h×'WXg�Ï�QY]hFlaHQYÏ�ØNâFbáÐU Ë mÕG�WâG'U Ë FcFfmTghU�� Ë FH]^FcU Ë FcØ�]^QYØ�mTåômÕU^WâQYG'Wâg�K�G�WXN m UVFf]^mTNQYG
Ï¨QY]^F£U Ë mTG � �TÒ���ÏJÔ Ê Q[FHghU^WâÏ�mÕUVFÍU Ë F'WâÏ¨Ø�mTabU_Q �¿U Ë Wâg3IYFH]h× NXQYG�å]^K�ØU^K�]^F'QYG U Ë F'g^K�]h]^QYKG�L�WâGå
�vmTK�N\UVg ð � FÐmTG�mÕNX×�g^FMU Ë F£g^FHWâghÏ�WXafW\U�×[mT]^QTK�G�L�U Ë F'ÑTÒYÒ��£]^K�Ø&UVK�]hFfL ghFfåYÏ¨FfGôU>ÔBï�U3g Ë Q��lg�m ]hFfNâmÕUVW\IYFfN\×
Ï¨Q�L�Ff]^mÕUVFMmTabUVW\I&W\U�×ZSKU3mTN	�6m�×�gcmTaHU^WXIYF�UVQ�L�m>× ð U Ë mÕUcWXg�UVQ¨gVm�×ZÏ�QY]hF�U Ë mTG ��×YF>mT]hg3m �zU^Ff]fÔ 
/Ï�QTG�å
U Ë Wâg:g^FHWâg^Ï¨WâaHWXU�× ð � FcLWâghU^WâG�åTK�Wâg Ë U
� QMaHNâK�gCUVFH]^g¿Q �DFbIYFfG�U^g mTØØ8F>mT]hWâG�å�WXG�ÑTÒYÒ��_L�WâgCUsmTGôU�Q � mÕS8QYKU@ÑTÒYÒ
��Ï � ]^QTÏ U Ë F�Ï mTWXG �vmTKNXU ð QYG�F¨WXG-U Ë F¨G�QY]hU Ë F>mÕghU£mTGL U Ë F�QTU Ë FH]MQYGF¨WâG U Ë F¨ghQYKU Ë � FHghU£Q �@U Ë F
FfØWâafFHG�U^Ff]HÔ Ê�Ë Ffg^FÍQYS�ghFf]hI mÕUVWXQYG�gcÏ¨QTUVW\IÕmÕU^F�m�afQYK�NXQYÏÐS[ghU^]^FHg^g/]^FfLWâghU^]^WXS�KUVWXQYG[Ï¨Q�L�FHNâWXG�å�m �zUVFH]�U Ë F
Ï�mTWâG�g Ë Q�a ��Ô Ê�Ë F_]^FfghK�NXU^g6g Ë Q�� m£Ø8QYg^ghWâS�NXF3aHQY]^]hFfNâmÕUVWXQYG�S8FHU
� FfFHG[U Ë F_]hFfL�WXghU^]^WâSKUVWXQYG�Q �¡afQTK�NâQYÏÐS
ghU^]^FHg^g LK�FcUVQ�U Ë F/Ï�mTWXG�g Ë Q�a �¨mTG�L¨U Ë F/mTaHU^WXIÕm UVWâQTG�Q �DU Ë Ffg^FHg �vmTKNXUVgHÔ Ù Q�� FbIYFf] ð U Ë FcU^WâÏ¨F�WâG�U^Ff]CIÕmTN
mTG�L[L�WXghUsmÕG�afF�g^FHØ�mT]Vm UVWXG�å'U Ë F�U
� Q�afNXK�ghU^Ff]^g�� ]^QYÏ U Ë F�Ï�mTWâGg Ë Q�a �gCUVWâNXN � K�FfNXglm'NâQTU6Q � ��K�FHghUVWXQYG�gHÔ
ï�G[mÐghFfaHQYG�LJmTØ�Ø�]hQômTa Ë ð � F�LFHIYFfNXQYØ[m �vmÕghU6G�F�� Ï¨FHU Ë Q�L � QT] FfghU^WâÏ�mÕUVWXG�åMU Ë F�ghQYK�]hafF�Ø�mÕ]VmTÏ¨FHU^Ff]hg
Q �BWXG�U^Ff]hÏ�FHL�W mÕU^F6mTG�L�L�FHFfØ¨F>mT]CU Ë ��K�m
�ÕFfgfÔ�ï�U�WXg:S�mTg^FHL�QYG¨m_g^WXÏ�Ø�NXF6mTG�mTN\×�g^Wâg�Q �Dk ð Ø�k mTGL õ �6m>IYF�
� QY]hÏ�g�]hFfaHQY]^L�FHL�mÕUlU^FfNXFfg^FHWâghÏ�WXa�LWâghUVmTG�aHFfg/mTGL�m�IYQYWXL�g�U Ë FfWX]�Ï�Q�LFfNâWXG�åÔ Ê�Ë FÍmÕØ�Ø�NXWâa>m UVWXQYGQ �®U Ë Wâg
Ï¨FHU Ë Q�L-UVQ�mTNXN�FbIYFfGôUVg Ë m�I�WXG�å�m[Ï¨QYÏ¨FfGôU�Ï�mTåYG�W\UVK�L�FÐåY]^FfmÕU^Ff]�U Ë mÕG Ó ð �[mÕG�L LFfFfØ8FH]MU Ë mTG ��ÒYÒ
��Ï L�K�]^WXG�åMU Ë F/Ø8Ff]^WXQ�L �����YÒ �ÑTÒYÒYÓ Ë mTg@NâFfL¨UVQMU Ë F3aH]^FfmÕUVWXQYG�Q �
mÍa>m UsmTNXQYåYK�FlWâGafNâKL�WâG�å�U Ë F/ghQYK�]^aHF
UVWXÏ�F�� K�G�aHU^WâQTG ð g^FHWâghÏ�WXaÐÏ¨QYÏ¨FfGôU ð ]^mTL�W m UVFfL FfG�FH]^åT× mTGL-Ï�QTÏ�FHG�U3U^FfG�ghQY]fÔ ï �@LFfFfØ-F>mT]CU Ë ��K�m
�TFHg
Ë m>IYFS8FfFHG�lWâL�FHNX× ghU^K�L�WXFfL ð U Ë FfWâ]ÍÏ¨Ffa Ë mTGWâg^Ï WâgÍghU^WâNXN�G�QTU��@FfNXN@K�G�LFf]^gCUVQ�Q�L Ô Ê�Ë FZmTØ�Ø�NXWâafmÕUVWXQTG
Q �cU Ë F[Ï¨FHU Ë Q�L$UVQ-WâGôUVFf]hÏ�FHL�W m UVFZmTG�L�LFfFfØýFfmT]hU Ë ��K�m
�TFfg Ë mTg'U�� Q Ï�mTWXGÇåYQômTNXg �nIÕmTNâWXL�mÕU^F U Ë F
Ï¨FHU Ë Q�L mÕG�L�åYW\IYFlG�F�� FHNâFHÏ�FHG�U^g� QY]:U Ë FcL�WXg^aHK�g^ghWâQYG�Q �BU Ë FfWX]�Ø Ë ×&ghWâafmTN�Ï�FHa Ë mTG�WXg^Ï¨gfÔ Ê�Ë F/]^FHg^K�N\UVg
Q ��U Ë Wâg ��]hghUlghUVFHØJS�mTg^FHLJQYGJm��6m>IYF � QY]hÏÆmÕG�mTNX×�ghWâg�mT]hF_U Ë FHGJK�g^FHLJU^Q�]hFfafQ�IYFf]lWâG � QY]^Ï�mÕU^WXQTGZmTS8QYKU
U Ë F_g^Ø�mÕU^W mTN ��G�W\UVFHG�Ffghg�Q �
U Ë F_ghQYK�]hafFTÔï�GU Ë WXg g^FfaHQYG�L[ghU^FfØ ð � F_K�g^F3U Ë F3g^FfaHQYG�L[L�FHåY]^FHF�Ï¨QYÏ¨FfG�U^g
UVQ ]^FHØ�]^FHg^FHG�U_U Ë F£ghFfWXg^Ï¨WâaMg^QYK�]hafF£U^QaHQYG�gCUV]VmÕWâG m ghWâÏ¨Ø�NXFMÏ¨Q�L�FfN�Q �:Fbá�U^FfG�L�FHL-g^QYK]^afFÕÔ Ê�Ë K�g ð �@F
afQTÏ�Ø�NXFHU^F�U Ë F���G�Q��lNâFHL�åYFMQ �nU Ë FMg^QYK�]hafF��lW\U Ë mTL�L�W\UVWâQTG�mTNDWâG�� QT]^Ï�mÕU^WXQTG[g^K�a Ë mTglU Ë FÍLWâÏ¨FfG�ghWâQYGg
Q ��U Ë F�]hK�ØUVK]^FfL �HQYG�F ð U Ë F�L�WX]^FfabUVWXQYG[Q �nØ�]hQYØ�mTåôm UVWâQTG[mTG�L[U Ë F�]^K�ØU^K�]^F�IYFHNâQ�afW\U�×TÔ
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�TÔ�� Ê�Ë ifQY]hWâF�åYiHG�if]^mTNXF�ÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �

�TÔ��YÔ � ï�G�U^]^Q�L�K�abUVWXQYGýÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �

�TÔ��YÔ Ñ � ��K�mÕUVWXQYG�glL�KJÏ¨QYKIYFHÏ�FHG�U ÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ Î
�TÔ��YÔ � ` ifØN mTaHFfÏ¨FfGôUcL�mTG�glNâF�afmTgcLDORK�GFML�WXg^afQTG�UVWXG�K�W\UVi_L�F�åYNXWâghg^FfÏ¨FfGôU ÔMÔMÔÍÔMÔ �
�TÔ��YÔ � Ê FHG�g^FHK�]/L�F�Ï¨QYÏ¨FfGôU ÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ � �

�TÔ��YÔ � j
FfgcÏ¨QYÏ¨FfGôUVg�LDORQY]hL�]^F�ghK�Ø8if]hWâFHK�] ÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ � Ñ
�TÔ��YÔRÓ 
3Ø�Ø]^Q�á&WXÏ mÕU^WXQYGZLK�Ø8QYWXG�U�g^QYK]^afF ÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ ���
�TÔ��YÔ � íciHØ8QYG�ghFML ORKG�Ï¨WâNXW\FfK Ë QYÏ¨QYå Ì G�F�WâG���G�W���K�GFML�WXg^NXQ�a>mÕU^WâQTG ÔMÔÍÔMÔMÔÍÔMÔ � �

�TÔ Ñ j¡m'g^QYK�]hafF �ÐUV]^m�IYFH]^gcNXFfg�L�QYG�G�iHFfglUViHNâifghWâghÏ�W���K�Ffg�ÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ ��Î
�TÔ Ñ&Ô � j
FfgcQTG�L�FHgcL�F�IYQYNâKÏ�F3UVifNXifghWâg^Ï¨W���KFfg_ÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ ��Î
�TÔ Ñ&Ô Ñ � QYG�gCUV]^KaHUVWXQYGJL OeK�G�ghWâghÏ�QYåT]VmTÏ¨Ï�F_gh×�GôU Ë ibUVW ��K�F ÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ ���
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Ñ�Ô�� ï�GôUV]^Q�LK�aHU^WâQYG ÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ Ñ
�
Ñ�Ô Ñ �³Ø�mT]hU^Wâ]6L�F�N mÐÏ�Q�LifNXWâg^mÕUVW\QYGZLFfg � QY]hÏ�FHg�L ORQTG�L�Ffg ÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �YÒ

Ñ�Ô Ñ&Ô � ï�G�U^]^Q�L�K�abUVWXQYGýÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �YÒ
Ñ�Ô Ñ&Ô Ñ æ Q�L Ì NâF�L�F Ù mT]hU �fFfNXN FHU Ù F>mÕU^QYG ÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �YÒ
Ñ�Ô Ñ&Ô � j¡m�Ï¨iHU Ë Q�L�F�L�FHg��HØ�m UVa Ë g���L�F�åYNXWâg^ghFfÏ¨FfGôU ÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ � �
Ñ�Ô Ñ&Ô � j¡m�Ï¨iHU Ë Q�L�F�L�F���W ��K�a Ë W FHU ��mTG�mÕÏ�QY]hW�ÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �ôÑ

Ñ�Ô � à:GJgfORm��D]^mTG�a Ë WXg^gVmTGôUcL�F�N mÐÏ�Q�L�iHNâWXgVm UVWXQTGZL�F � QY]hÏ�FHg�L ORQTG�L�Ffg ÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ � �
Ñ�Ô �Ô � ï�G�U^]^Q�L�K�abUVWXQYGýÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ � �
Ñ�Ô �Ô Ñ ícibUV]hQ��Ø�]hQYØ�mTåYmÕUVWXQTG ÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �YÎ
Ñ�Ô �Ô � �/QYK&IYFfNâNXF_mTØØ�]^Q�a Ë F_Ø8QYK�] N mÍL�ibUVFH]^Ï¨WâG�m UVWâQTG LFfg6Ø�mT]VmÕÏ Ì UV]^FHg��ÐNâmÍg^QYK�]hafF

L�Ffglg^ifWXg^Ï¨FfglØ�]hQ � QYG�L�g ÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �YÎ
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�&Ô�� ï�GôUV]^Q�LK�aHU^WâQYG ÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ � �
�&Ô Ñ ï�GôIYFf]hg^WâQTG�Ø8QYK�]�K�GJgh×�ghU Ì Ï¨FML ORi ��K�mÕUVWXQYG�glNâWXG�i>mÕWâ]hFfg ÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �ôÎ
�&Ô � æ ibU Ë Q�LFML ORWXG�IYFH]^ghWâQYG[Ø8QYK�]lL�FHgcØ�]hQYS�N Ì Ï¨Ffg�G�QYGJNXWâG�ifmTWX]^FHg"ÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �TÒ

�&Ô �Ô � æ iHU Ë Q�L�FHg/L�F�]^FHa Ë Ff]^a Ë FÍghK�]låY]^WXNâN\F�ÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �TÒ
�&Ô �Ô Ñ ícFHa Ë Ff]^a Ë FMg^K�]låY]^WXNâN\F_]hifØ8iHU^ifF ��LifafQTG�IYQYNXKUVWXQYG[WXU^if]Vm UVW\IYF/ÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �TÒ
�&Ô �Ô � æ iHU Ë Q�L�FHg/L�F æ QYGôUVF  � mT]hNâQ ÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔMÔÍÔMÔMÔÍÔMÔ �YÑ
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j:OeQ�afaHK�]^]hFfG�aHF-]^iHåYK�NâW Ì ]hF�L�F�UV]hFfÏÐS�NXFfÏ¨FfG�U^g L�F�UVFf]h]^F�I�WâQYNXFfGôUVg �"NPORQT]^WXåYWXGF�L�F afmÕUVmTghUV]hQYØ Ë FHg
Ë KÏ mÕWâG�FHg ð G�QYK�g�]^mTØ�Ø8FHNâNXFafQYÏÐSWâFfGÇafFZØ Ë ifGQYÏ Ì G�F[G�m UVK�]^FHN6FfghU � a Ë m���K�F � QYWXgÐg^K]^Ø�]^FHG�mTGôU¨FHU
afQTÏÐS�WâFHG NPO Ë QTÏ�Ï¨F ]^FHghUVF WXÏ�Ø�KWâghgVmTGôU �vmTaHF ��NâKWdÔ�
�I mTG�U�L�F Ø8QYKIYQTWâ] ð K�G$ÖhQTK�]JØ8FHKU# "bUV]hF NâFHg
Ø�]hifL�WX]^F ð WâN��vmTK&U[L�mTG�gZK�G Ø�]^FHÏ¨WâFf]�UVFHÏ�Ø�gS�WâFHG aHQYÏ¨Ø�]^FHG�L�]^F NXFfK�]Ï¨ifafmTG�WXg^Ï¨FTÔ ã/G�F S�]VmÕG�a Ë F
WâÏ¨Ø8QY]CUsmTGôUVF£LF�NâmghWâg^Ï¨QYNXQYåYW\F£ghF�afQTG�gVmÕaf]^F¨mÕWâG�ghW �ZNdOeiHU^K�L�F'LF�NâmghQYK�]^aHF�g^WXg^Ï¨W ��K�F��Ø�mT]CUVWâ]3L�FHg
QYG�LFfg¡åYiHG�if]hifFfg�Ø�mÕ]
NâFHg
g^ifWXg^Ï¨FfgHÔ à:GMgfORmTØ�ØK×ômTGôU®g^K]¡G�QYg
afQTG�G�mTWXg^gVmÕG�afFHg®mTabUVK�FHNâNâFHg
L�F:N m6gCUV]^KaHUVK]^F
UVFH]^]hFfghU^]^F ð QYG gfORm��B]VmTG�a Ë W\UML�FfgMF �BFHU^gÍLF¨Ø�]^QYØ�mTåômÕU^WâQYG L�FfgMQYG�LFfg �[NPORWXG�U^if]^WXFHK�]�L�F¨NâmUVFH]^]^F¨m ��G
L OeWâghQYNâFH]�NâFHg�F �BFHU^gML�F¨NâmZg^QTK�]^aHF �ZiHUVKL�WâFH]fÔ¡j:OeFbá&WâgCUVFfGafF�L�F�]^iHg^F>mÕK&á LF¨gCUsmÕUVWXQYG�g�g^WXg^Ï¨QYNâQTåYW ��KFfg
��N m�g^K�] �vmTafF£L�K�åYNâQTSBFMFbU_NXFfK]/L�ibIYFfNâQTØ�Ø8FfÏ¨FfGôU_afQYGôUV]hWâS�K�FHG�U���NPO mTÏ¨iHNâW\QY]^mÕU^WXQTGJL�F£Nâm¨afQYK&IYFf]hU^K�]^F
Ï¨QYG�L�WâmTNXF �vmTafWXNâW UsmÕG�U¨NâFHg�iHUVKL�FfgL�ibUsmTWXNâNXiHFfg¨L�Ffg g^iHWâghÏ�FHgfÔ j¡m Ï¨Wâg^F � L�WXg^Ø8QYg^W\UVWXQYG�L�Ffg L�QYG�GifFfg
g^WXg^Ï¨QYNâQTåYW ��K�Ffg�FfGÍUVFHÏ�Ø�g ��K�mÕg^W��]^iHFfN�Ø8FH]^Ï¨FHU�mTK£ghWâghÏ�QYNXQYåTK�F�L OeFfghU^WâÏ¨Ff]�NâFHg®a>mÕ]VmTabUVif]hWâgCUVW ��K�FHg®L ORKG�F
g^QTK�]^aHF�g^WXg^Ï¨W ��K�F'U^] Ì gMØ8FHK L�F�UVFHÏ�ØgÍmTØ�] Ì gMK�G g^iHWâg^Ï¨FTÔ�
3WXG�g^W ð QYG Ø8FfK&UÍU^]^QYK&IYFf]MNâFHgMØ�]hFfÏ¨W Ì ]^FHg
FfgCUVWXÏ mÕU^WâQTG�g6L�F�N mÐNâQ�afmTNâW\gVmÕU^WXQTGZL�KJa Ë Q�aMØ�]hWâG�aHWâØ�mÕN ð L�F�N mÐÏ mÕåYG�W\UVK�L�F_QYKJFHG�aHQY]^FMLK�Ï¨ifafmTG�WXg^Ï¨F
g^FHK�NâFHÏ�FHG�U ��K�FHN ��K�FHg Ë FHK�]^FHg3mÕØ�] Ì gcNXF�g^ifWXg^Ï¨FTÔ

� F_U^]Vm>IÕmTWXNBL�F_U Ë�Ì ghF�Ø8QT]hUVF_ghK�]�NdOeiHU^K�L�F_L�ibUsmTWXNâNXiHF3L�F_N m£g^QTK�]^aHF�g^WâghÏ�W���K�F_LF�g^iHWâghÏ�FHg�Ï�m ÖhFHK�]^g
�Ø�mT]CUVWâ]/L ORQTG�L�Ffg�L�FÐIYQYNXK�Ï¨F£U^ifNXifg^WXg^Ï¨W ��K�FHg ð aÕORFHghU# � �LWâ]^F£L OeQYG�L�FHg�FfG]^FfåTWâghU^]^iHFfg��Ø�NXK�g_L�F��YÒTÒYÒ
��Ï L�F_NPORiHØ�WXafFfGôUV]hFTÔ�ø_GgHORWXG�UViH]^FHg^g^F ð L�mTG�g afFHUhUVF_ibUVK�L�F ð �£NâmÍaHWâG�iHÏ m UVW ��K�FcL�F3N mMg^QYK�]hafF_ghWâg^Ï¨W ��K�F ð
aTOeFfgCU# � �L�WX]^F��3N m/L�iHU^Ff]hÏ�WXG�mÕUVWXQYGÍL�F6NdO Ë WâgCUVQYWX]hF@L�F6Nâm3]hK�ØUVK]^F6FHU:L�F6g^m_L�WâgCUV]^WXS�KUVWXQYGÍg^Ø�m UVW mÕNâF@ghK�]�NâF
Ø�NâmTGMLF�vmTWXNâN\FTÔ ` FHK&á£mÕØ�Ø�]^Q�a Ë FHg®QYGôU�iHU^i¿KUVWXNâWXghifFHg¡Ø8QYK�]¡]^FbUV]hQYKIYFf]�NXFfg¡Ø�]hWâG�aHWâØ�mTK&á�Ø�mT]^mTÏ Ì UV]hFfg �lN m
g^QTK�]^aHF6U^FfNâg ��KF�NPO Ë WXghU^QYWX]^F�UVFHÏ�Ø8QT]^FfNXNâF¿L�F6Nâm/g^QYK]^afF ð NXF Ï¨QYÏ¨FfGôUng^WXg^Ï¨W ��K�F ð NXF@U^FfG�ghFfK�]:LF6Ï�QTÏ�FHG�U
g^WXg^Ï¨W ��K�F ð NPORiHG�FH]^åYWXF3]VmTL�WXifF3QYKZFfG�aHQY]^F�Nâm£L�WX]^FfabUVW\I&W\UViÕÔ ` mÕG�g�K�G�F�Ø]^FfÏ¨W Ì ]^F3Ø�mT]CUVWXF ð K�G�F�mTØ�Ø�]hQ�a Ë F
�HÏ¨WâaH]^QYghafQYØW ��K�F���a Ë Ff]^a Ë F �c]^FbUV]hQYKIYFH]®N m�L�WâgCUV]hWâS�KU^WâQTG�g^Ø�m UVWâQ �UVFHÏ¨Ø8QY]^FHNâN\F:L�FHg®Ø8QYWXG�UVg¡ghQYK�]^aHFfg®g^K�]
K�GMØN mTG�L�F��vmTWXNâN\FnL�QYG�G�i�FbU�L�WXg^aH]^iHU^Wâghi ð ��Ø�mT]hU^Wâ] LDORK�GF¿WXG�IYFf]hg^WXQYG�L�FHg � QY]hÏ�FHg
L OeQYG�L�FHg®k�FHU õ Ô � FHU^U^F
UVFHa Ë G�W ��K�F UV] Ì g�KUVWXNâWXghifF@Ø8QYK�]nNdOeiHUVKL�F6LiHUsmÕWâNâNXiHF@L�FHg:g^QTK�]^aHFfg:g^WXg^Ï¨W ��K�FHg:m3iHU^i�mTØ�Ø�NXW ��K�iHF6mTK'ghifWXg^Ï¨F
L�F �/Q
�TQ�á&WâNXW6LK ��� G�Q�IYFfÏÐS�]hF�ÑTÒYÒ � ð Mw = 7, 8 Ô ` mTG�g¨K�G�FJL�FfK�áW Ì Ï¨FJØ�mT]hU^WâF ð K�G�FJGQYKIYFHNâNâFÏ¨iHU Ë Q�L�QYNâQTåYWXFm iHU^i[L�ibIYFfNXQYØ�Ø8iHFJØ8QYK]�m�IYQTWâ] ð afFbU^UVF � QYWâg ð K�GFJmTØ�Ø]^Q�a Ë F �HÏ�mTaH]^QYghafQYØW ��K�F�� L�F
N m'g^QYK�]hafFÍg^WXg^Ï¨W ��K�F ð I�WXgVmTGôU��¨QYSU^FfG�WX]cKG�FÍWâÏ�mTåTF�WXG�U^ifåY]hifFML�FHg/a>mT]^mTaHU^if]^WXghU^W ��K�FfgcL�FMN m�]hK�ØUVK]^FTÔ
� FfNXNâF �aHWBgfORmTØ�Ø�NXW ��K�F �£NdOeiHUVKL�F_L�Ffg�ghifWXg^Ï¨Ffg�Ø]^Q � QYGL�g �vØ�]hQ � QYG�LFfK�]6g^KØ8if]^WXFfK�]hF�� ��ÒYÒ���Ï��bÔ � FHU^U^F
L�FHK&á&W Ì Ï¨F¨mÕØ�Ø�]^Q�a Ë F�gfORm��B]VmTGa Ë WXU�L�F�NâmZaHQYG�G�mÕWâg^g^mTG�aHF�mZØ�]^WXQY]hWnL�K Ø�NâmTG-L�F��vmÕWâNXNXF ð G�F�GifaHFfg^g^W\UVF
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Ø�mTglNXF�a>mTNXafK�N L�FHg � QYG�abUVWXQYG�g�L�FÍî�]hFfFHG�FbUcG�F�L�iHØBFHG�L ��KF��vmTWâSNâFHÏ¨FfG�U6L�F�N mÐghUV]hK�aHU^K�]^FÕÔ
� FbU^U^F"U Ë�Ì ghFÇgfORmT]CUVWâaHK�NâF mTK&UVQYK�]�LF UV]hQYWâg�Ø�mT]CUVWXFfgfÔ/j�m Ø�mT]hU^WâF ï[]VmÕØ�Ø8FfNXNâFf]^m�UVQTKU L ORmTS8QY]^L ð

��K�FfN���K�Ffg�S�mÕg^FHg¨U Ë ifQY]hW ��K�Ffg¨åTifG�iH]VmTNXFfg�Ø8Ff]^Ï¨FbU^UsmTGôU¨L�F[a>mT]^mTaHU^if]^WXg^FH]¨Nâm g^QYK]^afFJghWâg^Ï¨W ��K�FZFHU¨L�F
afQTÏ�Ø�]hFfG�L]^F�NXFfg¨L�W��DiH]^FfGôUVg¨F �BFHUVg�afQTG�ghUVW\UVK�mÕG�U�K�Gýg^WâghÏ�QTåY]VmTÏ¨Ï�FTÔ Ê QYKUVFHg aHFfg GQTUVWXQYG�g�g^Ff]hQYG�U
KU^WâNâFHg/Ø8QYK�]3NâFHg3Ø�mT]hU^WâFHg3g^K�W\IÕmTGôUVFHgfÔ �/QTK�g_L�ibIYFfNXQYØ�Ø8Ff]hQYG�g�FHG�g^KWXUVF£NâFfg3Ï¨iHU Ë Q�L�FHg_Ø8Ff]^Ï¨FbU^UsmÕG�U_L�F
]^FbUV]hQYKIYFf]/NXFfgcafmT]VmTabUViH]^WâgCUVW���KFfg/LFfg/g^QYK�]hafFHg3g^WXg^Ï¨W ��K�Ffg��¨Ø�mT]hU^Wâ]lLFÍN m�Ï¨Q�L�iHNâWXgVmÕU^WXQYG[L�FHg�� QY]^Ï¨Ffg
L OeQYG�L�FHg L�F[IYQYNâKÏ�F�� L�WXghUVmTG�afFHg¨UViHNâifghWâghÏ�W���KFfg ð FfG Ø�mT]hU^WâafKNâWXFf]'aHFfNXNâF[L�F ��W ��K�a Ë WcmTG�L ��mTG�m 
Ï¨QY]^W � ������� � ��K�W�ghFf]^mMKUVWXNâWXghifF�L�mÕG�g¿N m_Ø�mT]hU^WâF�ïhïsÔ �cQYK�g�Ø�]^iHg^FfGôUVFH]^QYGg iHåômTNâFHÏ�FHG�U�L�FHK&á¨Ï¨iHU Ë Q�L�Ffg
Ø�NXK�g ]VmTØ�WXL�FHg6gHO m��B]VmÕG�a Ë WâghgVmTGôU�L�KZa>mÕNâaHK�NBL�Ffg � QYG�abUVWXQYG�g L�F�î�]hFfFfGFHU6U^QYKU6Ø�mÕ]hUVWXafK�NXW Ì ]hFfÏ¨FfGôU K�G�F
G�QYK&IYFfNXNâF�mTØØ�]^Q�a Ë F�L�iHIYFHNâQTØ�Ø8ifF�L�mÕG�g�NâFJafmTL�]hF�L�F�afFbU^UVFJU ËÌ g^FÕÔ��/QTK�g�L�WâghafKU^Ff]hQYG�g�FfG���G ð L�FHg
L�W��DiH]^FfGôUVFHglU^Ffa Ë G�W���KFfg/LDORWXG�IYFf]hg^WXQYG�glF áWXghUVmTG�U^FfgcFbUcL�F�afFHNâNâFHglK&UVWâNXWXg^iHFfg�L�mTGgcaHFHU^U^F�U Ë�Ì ghFTÔ

j¡m Ø�mÕ]hUVWXF£ïhïlØ�]hifg^FHG�U^F�K�GFÐiHUVKL�F'L�ibUsmTWXNâNXiHFÍL�K ghifWâghÏ�F£L�F��/Q
�TQ�á&WâNXW�LK ���G�Q�IYFfÏÐS�]^F'ÑTÒYÒ � ð
Mw = 7.8 Ô ` mTG�g¨NâF[Ø]^FfÏ¨WâFH]�a Ë mTØWXUV]hF �vïhïsÔ���� ð GQYK�g¨G�QYK�g¨WXG�UViH]^FHg^g^QTG�g �-WâÏ�mTåYFH] ��G�FHÏ¨FfG�U�Nâm
]^KØUVK�]hF ��K�Wcm-]^QYÏ¨Ø�K�K�Gýg^FHåYÏ¨FfGôU�L�F �ôÒYÒ ��Ï L�FJN m �vmTWXNâN\FZL�F ��K�G�NXK�GýmTK �/QT]^LýLK Ê WXS8FHUfÔ
� FHU6iHIYiHG�FfÏ¨FfGôU ð mTØ�Ø8FfNXi �/Q��TQ>á&WâNXW ð �vmTW\U Ø�mT]hU^WâF/L�FHg6Ø�NâKg WâÏ¨Ø8QY]CUsmTGôUVg¿g^iHWâg^Ï¨FHg6L�iHaf]hQ�a Ë mÕG�UVg6WâGôUV]Vm 
afQTG�UVWXG�FHG�UsmÕK&á ]^FHafFfGg^ifgfÔ�à:G�]^FHåYWXghUV]hi�Ø�mT]�L�FHg�]^ifghF>mTK�á LF�ghUVmÕUVWXQYG�g_]^iHåYWâQYG�mTNâFHg_FbU�U^ifNXifg^WXg^Ï¨W ��K�FHg ð
NdO Ë WXghUVQTWâ]hF'LF¨gVmJg^QTK�]^aHF m[g^K�ghafWXU^i�ØNâK�ghWâFHK�]^g�iHU^K�L�FfgHÔ®j�m[Ø�NXK�Ø�mT]CUML OeFfGôUV]hF�FHNâNâFHg�gfORmTaHafQY]hL�FfGôU£g^K�]
K�G�FZ]^K�ØU^K�]^F � Ø�]hQYØ�mTåYmÕUVWXQYG"K�G�WXN mÕU^if]VmÕNXF�IYFf]hg¨NPORà�gCU�L ORmTK$Ï�QTWâG�g	� �TÒ ��Ï m>IYFfa[KG�F[WXG�WXU^WâmÕU^WXQTG
�NdOeQYK�FHghU ð N m���K�FHNâNXF£FHghU�Ø�NXK�g_afQYÏ¨Ø�NXFbá&FTÔ j¡mÏ¨iHU Ë Q�L�F'LDORWXG�IYFH]^g^WXQYG KUVWXNâW\g^ifF£FHghU�afFHNâNXFÐL�F���W ��K�a Ë W
mTG�L ��mTG�mTÏ¨QY]hW � ����� � �_SWâFfG mTL�mTØUViHF �JN m[Ï¨Q�L�ifNXWâg^mÕUVW\QYG-L�F � QY]hÏ�FHgML OeQYG�LFfg£aHQYÏ¨Ø�NâF áFHgÍafQTÏ�
Ø�]hFfG�mTGôU£Ø�NâKg^WâFHK�]^gMg^QTK�g �iHIYifGFfÏ¨FfG�U^gfÔ 
/Ø�] Ì g£K�G�F�Ï¨Q�L�ifNXWâg^mÕUVW\QYG-åYNâQTS�mTNXF�L�F�NâmJ]hK�ØU^K�]^F�FHU£m ��G
L�F_afNâmT]^W ��Ff]@Nâm£L�WXg^afKg^g^WXQYG ��K�mTG�U �ÐNâm£Ø Ë mTg^F�LDORWXG�WXU^W m UVW\QYG ð G�QYKg�G�QTK�g�ghQYÏ¨Ï�FHg � Q�afmTNâWXg^iHg ð FHG[Ø�mÕ] 
UVWXafK�NXWXFf] ð ghK�]£N mJÏ¨Q�L�ifNXWâg^mÕUVW\QYG L�K"L�iHS�KUÐL�K"ghWâåYG�mÕN¿FHG"Ø�]^FHG�mTG�U£FfG"afQTÏ�ØU^F�K�G�F åYifQTÏ�ibUV]hWâF¨L�F
�vmTWXNâN\F£aHQYÏ¨Ø�NâF á&F�mTghg^Q�aHWâifF��N m ]^iHåYWâQYG L OeWâG�W\UVWâmÕU^WXQTG LF�Nâm]hK�ØU^K�]^FÕÔ¡à:G-F �BFHU ð L�Ffg�WâGôIYFfghU^Wâåôm UVWXQYG�g
UVFHaHU^QYG�W ��K�FHglÏ�QTG�U^]^FfGôU ��KF�N m��fQYG�F�L OeWâG�W\UVWâmÕU^WXQTGghF�g^W\UVK�F_L�mTG�g�K�G�F�]^ifåTWâQYGZLF�S�W � K�]^afmÕUVWXQYGL�F�N m
�vmTWXNâN\FTÔ�j:ORmTNXåYQY]^W\U Ë Ï¨F�QT]^WâåTWXG�mTN m¨iHU^iÍÏ¨Q�L�W ��i�Ø8QYK]cØ8QYKIYQYWX]�UV]VmTW\UVFH]lK�GFÍåYiHQYÏ¨iHUV]hWâF�afQYÏ¨Ø�NXFbá&FML�F
�vmTWXNâN\FfgHÔ

j
F�LFfK&á&W Ì Ï¨F�a Ë mTØ�WXU^]^F¨L�F�afFbU^U^F Ø�mÕ]hUVWXF �vïhïsÔ Ñ���Ø�]^iHg^FfGôUVF K�G�F mTG�mTN\×�g^F�LF NâmJghWâghÏ�WXafW\UVi'L�mTG�g
N m-]^iHåYWXQYG�U^QYK�a Ë ifF�Ø�mT]¨afFHU ibIYifG�FHÏ�FHG�UÏ�m ÖhFHK�]fÔ�j¡FJg^FfåTÏ�FHG�U L�K ghifWXg^Ï¨F�L�F �/Q
�TQ�á&WâNXW ð g^K�]�N m
�vmTWXNâN\F3L�F ��K�G�NXK�G ð g^F�g^WXU^K�F�FHG�UV]hF�L�FHK&á[ibIYifG�FHÏ¨FfG�U^g Ë WâgCUVQY]hW ��K�FHg�Ï�m ÖhFHK�]^g�m�×ômÕG�Ul]hQYÏ�ØKZNâFfg6g^Ffå 
Ï¨FfGôUVg FfGôI&WX]^QYGG�mTG�U^gfÔj:O mTG�mTNX×�g^F3L�FHg6]^ifØNâW���KFfg L�F_aHF_g^iHWâghÏ�F3Ï¨QYGôUV]^F/K�G�F_mTaHU^WXI�WXU^i/]^FHN mÕU^WXIYFHÏ�FHG�U
Ï¨Q�L�if]hifFÍÏ�mTWXg�UVQTK ÖhQYK�]hg3mTabUVW\IYF£mÕK ÖhQYK�]hL O Ë K�W ð g^QTWXUcØ�NâKg/L�F��mTGg3mTØ�] Ì gfÔBknmÕ]^Ï¨W¡aHFHU^U^F£ghWâghÏ�WXafW\UVi ð
NdORmTØ�Ø�mT]^W\UVW\QYGL�F�LFfK&á[FHg^gVmÕWâÏ¨g�L ORibIYifGFfÏ¨FfG�U^g/FHG�ÑTÒYÒ�� ð L�WâgCUsmTGôUVg�L OeFfGôI�Wâ]^QTG�ÑTÒYÒ	��Ï L�F�N m �vmÕWâNXNXF ð
NdOeK�GýmÕK �cQY]^L �à:ghU ð NPO mÕKUV]hFJmÕK õ KL�Cø_K�FHghU�L�F[NdOeifØ�WXafFfGôUV]hF ð m-Ï¨QTUVW\IYiZK�GFJÏ�Q�L�iHNâWXgVmÕU^WXQTGÇL�FJN m
]^FHL�WâgCUV]hWâS�KU^WâQYGL�FHgcaHQYG�U^]VmTWXG�U^Ffg�g^K�W\UVF�mTK[a Ë Q�a�Ø�]^WXG�afWXØ�mTNPÔj
Ffgl]^iHg^KNXUsm UVg�WâG�L�W���K�FfGôUlK�G�F�Ø8QYghg^WXS�NâF
WâGôUVFH]VmTabUVWXQYG�FHG�UV]hFÐNâm�]^FHL�WâgCUV]^WXS�KUVWXQYG�L�FHg_afQYGôUV]VmÕWâG�U^Ffg3L ��F'mTK a Ë Q�aÐØ�]hWâG�aHWâØ�mÕN�FbU�NPO mÕaHUVW\IÕmÕU^WXQYG�L�F
afFHg�g^iHWâghÏ�FHgfÔ��ci>mTGÏ�QYWXG�g ð K�G�F3U^FfNXNâF/WâGôUVFH]VmTabUVWXQYG �£L�F3UVFHNâNXFfg LWâghUVmTG�aHFfg6FHU�mTØ�] Ì g6K�GZWâGôUVFH]hIÕmTNXNâFcL�F
UVFHÏ�ØgcmTK�ghg^W¡NXQYG�å ð L�FHK&áJmTG�g ð ]hFfghU^F ��Ø]^QYKITFf]cFbUcg^K�ghafW\UVFMFHG�aHQY]^FMS8FfmTK�aHQYK�Ø�L�F ��K�FfgCUVWXQYG�gfÔ



�

` mTG�g:N m3Ø�mT]hU^WâF ïhï^ï ð G�QYKg:L�ibIYFfNâQTØ�Ø8QYG�g:K�G�F�GQYKIYFHNâNâF Ï¨iHU Ë Q&LF6L ORFHghU^WâÏ�mÕUVWXQYG£L�FHg�Ø�mÕ]VmTÏ Ì U^]^FHg
��N m'g^QTK�]^aHFÍL�FHg/g^iHWâghÏ�FHgcWâGôUVFf]hÏ�iHL�WâmTWX]hFfg��vØ]^Q � QYGL�FfK�]hgcafQYÏ¨Ø�]hWâg^FHgcFHG�U^]^F ��ÒYÒ���Ï FHU � �TÒ���Ï��6FHU
Ø�]hQ � QYG�L�g�� Ø�]^Q � QTG�L�FHK�]^g3g^K�Ø8iH]^WâFHK�]^FHg���� �TÒ���Ï�� Ô �/QYK�g3Ø�]^iHg^FHG�U^QYG�g ð a Ë mTØ�WXU^]^F��vïhï^ïsÔ � � ð K�G�F£G�QYK�
IYFfNXNâF�mÕØ�Ø�]^Q�a Ë F�Ø8Ff]hÏ�FbU^UVmTG�U L�F�]^FbUV]^QTKIYFf] ]VmTØWâL�FHÏ�FHG�U NXFfg�Ø�mT]^mTÏ Ì UV]hFfg � Nâm g^QTK�]^aHF�UVFHNâg ��K�F
NâFHg�� QYG�abUVWâQTG�g�ghQYK�]^aHFfgMFbUMNXFÐUVFHG�g^FHK�]ML�F'Ï�QYÏ¨FfGôU�ghWâg^Ï¨W ��K�F��ZØ�mT]CUVWâ]3L OeK�G�F¨mTG�mTN\×&ghF'g^WâÏ¨Ø�NXFÐL�FHg
� QY]hÏ�FHg'L OeQYG�LFfg�FfG�]hFfåYWXghU^]^ifFHg � L�FHg¨LWâghUVmTG�aHFfg'U^ifNXifg^WXg^Ï¨W ��K�FHg'g^mTG�g�Ø�mÕg^g^FH]�Ø�mT]'NXFfK�]ÐÏ¨Q�L�ifNXWâg^m 
UVWXQYG Ô�j�m�� QYG�abUVWâQTG g^QYK�]hafF_]hFfØ�]hifg^FHG�U^F�KG�F_WXG�� QY]^Ï�mÕU^WXQTG�WâÏ¨Ø8QY]CUsmTGôUVFcØ8QYK�]@a>mT]^mTaHU^if]^WXg^FH] N mÍghQYK�]^aHF
g^WXg^Ï¨W ��K�F[Ï mTWXg�]^FHghU^F�afFHØ8FfGL�mTG�UZmTSg^FfGôUVF�LFfg afmÕUsmÕNâQYåTK�Ffg¨aHN mTghg^W���KFfg�]VmTghg^FHÏ'SN mTGôU�NXFfg¨Ø�]^WXG�afW!
Ø�mTK�á¨Ø�mT]VmÕÏ Ì UV]^FHg �MNâm�ghQYK�]^aHF/L�FHg@g^ifWXg^Ï¨FfgHÔ&à:NXNâF�]^FfØ]^ifghFfGôUVF3NdOeiHIYQTNâKU^WâQYGÐUVFfÏ¨Ø8QY]hFfNâNXF�L�K�Ï�QTÏ�FHG�U
g^WXg^Ï¨W ��K�FlØ8FfG�L�mTG�U K�G ghifWXg^Ï¨F/FbU aHQYG�U^WâFHG�U ð WâGôUV]^WXG�g Ì ��KFfÏ¨FfGôU ð NâFHg¿L�iHUVmTWâNXg�L�F/NPO Ë WXghU^QYWX]^F�L�F/Nâm�]^K�Ø�
UVK]^FTÔ õ mÍL�iHU^Ff]hÏ�WXG�mÕU^WâQYG¨WXÏ�Ø�NXW ��K�FcåYifGif]VmÕNâFHÏ�FHG�U K�GF3WâGôIYFf]^ghWâQYG�L�Ffg � QY]hÏ�FHg@L OeQYG�L�FHg ð FHU L�QYG�a/NâF
a>mÕNâaHK�NBL�F3g^WXg^Ï¨QYåY]VmÕÏ�Ï�Ffg¿gh×�G�U Ë iHU^W ��K�FHg ð NâQYK]^L FfGU^FfÏ¨Ø�g L�F3a>mTNXafK�NPÔ&j¡m£Ï¨iHU Ë Q�L�F3G�F3L�ifØ8FHG�L[WâaHW
L ORmTK�aHK�G Ï�Q�L Ì NâFMm�Ø�]^WXQY]^W
FbU_FHghU ��K�mÕg^W��WâÏ¨Ï�ifL�WâmÕU^FTÔ�j�m¨Ï�ibU Ë Q�LFÍØ8FfKU3Ø�]^FHG�L�]^F£FHG afQTÏ�Ø&UVFÍL�FHg
Ø Ë mÕg^Ffg_k ð Ø�k FHU õ8ð IYQYWâ]hFML O mÕKUV]hFfg ð ��aHQYG�L�W\UVWâQTG ��K OeFfNXNâFHg/g^QYWXFfGôU3S�WXFfG�Wâg^QTNâiHFfgcL�mTG�g/NâF�U^FfÏ¨Ø�g/afF
��K�WB]hFfghU^]^FfWXG�U g^QTGZmTØ�Ø�NXWâafmÕUVWXQTG�mTK&á�g^ifWXg^Ï¨Ffg@WâG�U^Ff]hÏ�iHL�W mÕWX]^FHg¿FHU Ø�]^Q � QYG�L�gHÔj:OeKUVWXNâWXg^mÕUVWXQTG¨gh×�ghU^ifÏ�m 
UVW���K�F'LDORK�GF'UVFHNâNXFÐÏ¨iHU Ë Q�L�F'mZL�QTG�G�i'G�mTWXg^gVmÕG�afF��ZKG-a>mÕUVmTNâQTåYK�F£afQYÏ¨Ø�NâFbU_WâG�aHNâK�mÕG�U_N m � QYG�abUVWXQYG
g^QTK�]^aHF ð NXF_Ï¨QYÏ¨FfGôU6g^WâghÏ�W���K�F ð NdOeifG�FH]^åYWXF ð NâF/UVFfGg^FfK]lL�F�Ï�QTÏ�FHG�U6ghWâg^Ï¨W ��K�F_mTWâGg^W ��K OeK�G�F�FHghUVWXÏ m 
UVWXQYG�L�FÐNPORFH]^]^FHK�]fÔDj
FHg�Ø�mT]VmTÏ Ì U^]^FHg � Nâm�g^QYK�]hafFÐL�F£UVQTK�g_NâFHg3g^iHWâg^Ï¨Ffg3L�FÐÏ�mTåYG�W\UVK�L�FML�FÐÏ�QTÏ�FHG�U
g^KØ8if]^WXFfK�]hF�� Ó ð ��FHU�Ø�NXK�gÐØ�]^Q � QYG�L�g ��K�F ��ÒYÒ ��Ï QTG�U'iHU^iZFfghU^WâÏ¨ifgÐg^K�]'Nâm�ØBiH]^WXQ�L�F �����YÒ CÑTÒYÒTÓÔ
õ W NâFfg�g^iHWâghÏ�FHgcØ]^Q � QYGL�glQYGôU �vmTW\U�NdOeQYS�ÖhFHU�L�F�G�QYÏÐS�]hFfK�ghFfgcibUVK�L�FHg ð NâFHK�]�Ï¨ifa>mÕG�WâghÏ�F_FfghUlUVQTK ÖhQYK�]hg
UV] Ì gÐL�WXg^afK&UViTÔ�j:ORmTØ�Ø�NXWâafmÕUVWXQTG L�FNâm�Ï�ibU Ë Q�L�F ð Lifaf]hWXU^FafW!�m>IÕmTGôU ð mTK&á g^ifWXg^Ï¨FfgÐØ�]hQ � QYGL�g'm�L�QYG�a
L�FHK&á�WâG�U^if]#"HUVg/Ï�m ÖhFHK�]^g��8I mTNâWXL�Ff]lN m¨Ï¨iHU Ë Q�L�FÍFHU_mTØ�Ø8QY]CUVFf]/L�FÍG�QYKIYFfmTK&á�ifNâiHÏ¨FfG�U^g�� Nâm¨L�WXg^afKg 
g^WXQYG�g^K]@NâFcÏ¨iHa>mTG�WXg^Ï¨FcLFfg ghifWXg^Ï¨Ffg@WXG�UVFH]^Ï¨ifLW mTW\]^Ffg�FbU Ø�]hQ � QYG�LgfÔ&j
FHg ]hifghK�NXUVmÕUVg¿QYSU^FfG�Kg QYGôU@iHUVi
gh×�gCUVifÏ�mÕU^W ��K�FfÏ¨FfGôUlafQTÏ�Ø�mÕ]^ifg�m�IYFHa�afFHK&á[Ø]^Q IYFHG�mTGôUcLF�Ï¨iHU Ë Q�L�FHg�afN mÕg^g^W���K�FfgHÔ�j¡mÐafQTÏ�Ø�mÕ]VmTWXg^QYG
Ï¨QYG�U^]^F ��K�F¨NXFfg�� QYG�aHU^WâQYGg�ghQYK�]hafFfgÍmTWXG�g^W�L�ibUVFH]^Ï¨WâG�iHFfg�Q
�B]^FfGôUMK�G G�W\IYF>mTK LF¨LiHUsmÕWâNâg_g^KØ8if]^WXFfK�]
�ZaHFfNXK�W�QTSUVFHG�K-Ø�mT]_L�Ffg�Ï¨iHU Ë Q�L�FHg�L�F'Ï¨Q�L�ifNXWâg^mÕUVW\QYG�L�F � QY]^Ï¨Ffg_L OeQYG�LFfg�FHU�Ø�mT]�L�FHg�Ï¨iHU Ë Q�L�Ffg
L�F�g^QTÏ�Ï�mÕUVWXQTG ÔDà�NXNâFHg�Ø8Ff]hÏ�FbU^UVFHG�UML�F�L�QTG�G�Ff]�K�G�F�FfgCUVWXÏ mÕU^WâQTG L�F�NPORiHG�Ff]håYWâF']^mTL�WXifFÕÔ¡j
FHgMÏ¨ifafm 
G�WXg^Ï¨Ffg@mTK&á � Q�×YFf]^g@L�iHU^Ff]hÏ�WXG�ifg@ghQYG�U iHåômTNXFfÏ¨FfGôU@FfG S8QYGmTafaHQY]hLZm>IYFfa3NXFfg¿g^QYNXKUVWXQYG�g¿LF3]hi � iH]^FfGafFTÔ
j
Ffg�L�W��DiH]^FfGôUVFHg ghQYNâK&UVWâQTG�g�L�KýUVFHG�g^FHK�] L�F�Ï¨QYÏ¨FfGôU¨g^WâghÏ�W���K�FJQ��D]hFfG�U�N m-Ø8QYghg^WXS�WâNXW\UViZL OeFfghU^WâÏ¨Ff]
NâFHg afQYÏ¨Ø8QYgVmÕG�UVFHg6WâghQTUV]hQYØ8F3FHU6G�QYGZLQYK�S�NXF3afQYK�ØNâFTÔj
Ffg6aHQYÏ�Ø8QTgVmTGôUVFfg6WXg^QTU^]^QYØ8FHg6aHQYG�gCUVWXU^K�FfGôU�K�G�F
WâG � QY]^Ï�mÕU^WXQTG�mTL�LWXUVWXQYG�G�FHNâN\F ��K�W8G ORFHghU6Ø�mÕg L�WXg^Ø8QYGWâS�NXFcmTaHU^K�FfNXNâFHÏ�FHG�U@L�mTG�g@NâFfg¿a>mÕUVmTNâQTåYK�FfgHÔ�j:O mTG�m 
NX×�ghF�L�FHg Ë WâgCUVQYWX]^Ffg3U^FfÏ¨Ø8QY]^FHNâNXFfg_L�F'N m]hK�ØU^K�]^F'FfG � QYG�abUVWXQYG L�F�NâmØ�]hQ � QYG�L�FHK�]�g^FfÏÐSNâF'ghK�åYåYiH]^FH]
K�G a Ë mTG�åYFHÏ¨FfG�UML�mÕG�gMNXF'Ï�iHa>mÕG�WâghÏ�F'mTK��LFfN �L�F � �TÒ ��ÏJÔ¡à:G F �BFHU ð mTK �L�FHN �L�F¨aHFHUhUVF¨Ø]^Q � QYG 
L�FHK�] ð NXFfg� QY]hÏ�FHg¿L�FHg � QYGaHUVWXQYG�g¿ghQYK�]hafFfg ghQYG�U@Ø�NXK�g¿g^WâÏ¨Ø�NXFfg�FHU@NâFHK�]¿L�K]^ifF/]^FHN mÕU^WXIYFlØNâK�g�vmTWXS�NâFÕÔ õ W
afFbU^U^F£L�W��DiH]^FHG�afFÍFfgCU_Ø�]hWâG�aHWâØ�mÕNâFHÏ¨FfGôUcFbá&Ø�NXW ��K�iHF£Ø�mT]/NPO mÕK�åYÏ¨FfGôUsmÕU^WXQYG[L�FÍN m'I�WXUVFHg^g^FÍL�Ffg/QYG�L�FHg õ
FfG[Ø�]^Q � QTG�L�FHK�] ð WâNB]^FfgCUVF�G�ifmTG�Ï¨QYWâGg6K�GJS�WâmTWXg6FHG�UV]hF�NXFfg�g^iHWâghÏ�FHglWXG�U^Ff]^Ï¨ifLW mTW\]^Ffg FHUlØ�]hQ � QYG�Lg ��K�W
Ø8QYK�]h]VmTW\U "HUV]hF�K�G�mT]^åYKÏ�FHG�UlFHG��vm>IYFfK�]lL OeK�G�a Ë mÕG�åYFfÏ¨FfGôUcL�mTG�glNâF_Ø�]^Q�aHFfg^ghK�g/L�F�]^K�ØU^K�]^FÕÔ

j
FHg�� QYG�abUVWXQYG�g g^QTK�]^aHFfglmTØ�Ø�mÕ]^FfGôUVFHg �Ða Ë m���K�F�ghUVmÕUVWXQYGWXg^g^KFfg�L�F_Nâm£Ï¨iHU Ë Q�L�F_L�ibUsmTWXNâNXiHF/Ø�]^iHafi�
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L�FHÏ�Ï¨FfGôU � ï^ïhïsÔRÓ �¨Ï�QTG�UV]hFfGôUL�mÕG�gaHFf]hUVmTWXG�g a>mTg L�Ffg IÕmÕ]^W m UVWâQTG�g¨gh×�ghU^ifÏ�mÕUVW���KFfgL ORKG�F ghUsm UVWXQYG
��NPO mTK&UV]^F¨L�F�N mJLK�]^iHFLF NdO Ë WXghUVQTWâ]hF'UVFHÏ�Ø8QY]hFfNXNâFTÔ � FHg£I mT]^WâmÕUVWXQYG�g�UV]^mTL�K�WXg^FHG�U£NdOeWâG � QY]^Ï¨mÕU^WXQTG g^K�]
NdOeFbá�U^FfG�ghWâQYG�g^Ø�m UVW mÕNâFZLFJN m g^QTK�]^aHFTÔ ,6mTg^iHF�ghK�]¨aHFfg�QTS�g^FH]hIÕmÕU^WâQYGg ð Nâm Ï�ibU Ë Q�LFJØ�]hifaHifL�FHG�UVF�FfgCU
afQTÏ�Ø�NXiHU^ifFÐm�IYFHa'K�GFÐU^]^QYWXg^W Ì Ï¨FÍiHUVmTØ8F£I�WâgVmÕG�U �ibUVK�L�WXFf]_Nâm�L�Wâ]hFfaHU^WXI�WXU^iTÔ õ KWXIÕmÕG�U_NdORmTØ�Ø�]hQ�a Ë FÐL�i 
IYFfNXQYØ�Ø8iHFÐØ�mT] æ a�î�K�Wâ]hF��RÑTÒYÒ
��� ð QYG KU^WâNXWXg^FMNâFfg�� QYG�aHU^WâQYGg3ghQYK�]^aHFfg�mÕØ�Ø�mT]hFfGôUVFfg � a Ë m���K�FÐghUsm UVWXQYG
Ø8QYK�]'FHghUVWXÏ¨Ff]ÐNâFfK]^g'Ï¨QYÏ¨FfG�U^gÐL�K�Ø�]hFfÏ¨WâFH]ÐFHU�g^FfaHQYG�L�QY]^L�]hF �vïhï^ïsÔ Ñ ð ïhï^ïsÔ ��� Ô � FHg¨L�FH]^G�WXFf]hg�g^QTG�U
FfGg^K�W\UVF�KUVWXNâWXghifg6Ø8QYK�]6afQYGôUV]VmÕWâG�L�]hF�KGJÏ¨Q�L Ì NXF_ghWâÏ¨Ø�NâF3LF�afWXG�iHÏ mÕU^W ��K�F_LF�NâmÐ]^KØUVK�]hF�]hFfØ�]hifg^FHG�
UViHF�Ø�mT]�NâFHg�Ï¨QYÏ¨FfGôUVg_L ORQT]^L�]hF�g^FfaHQYG�L�mTWâ]hFfgMghØ�mÕU^W mTK&á L�F�N mL�WXghUV]hWâS�K&UVWâQTG LK åYNâWXg^g^FHÏ¨FfG�UfÔ � FHU^U^F
UVFHa Ë G�W ��K�F�Ø8FH]^Ï¨FHU6L�F��vmTWâ]hF/K�G�F_FfghU^WâÏ�mÕUVWXQYG�L�F_N mÍNâQTG�åYK�FHK�] L�F_]^KØUVK�]hF ð L�F_gVmÐLK�]^iHF ð mÕWâG�ghW ��K�F
L�F�N mÐL�WX]^FfabUVWXQYG[L�F�Ø�]hQYØ�mTåYmÕUVWXQYG Ô
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j:OeQYS�ÖhFfabUVW ��L�F£aHF£a Ë mTØ�WXU^]^FÍFHghU_L�FÍ]VmTØØBFHNâFH]/NâFHg/G�QTUVWXQYG�gcL�F£S�mTg^F£ghK�]3NXFfg ��K�FHNâNXFfg/]^FHØ8QYg^FHG�U_NâFHg
Ï¨iHU Ë Q�L�FfglKU^WâNâW\g^ifFHg�L�mTG�glafFbU^UVF�U Ë�Ì g^FÕÔ

º É º É º > ?@7�9�4623´/587&A�4¿?

ãcG L�FHg£FHG ÖhFfK&á L�F�NâmJghWâg^Ï¨QYNXQYåTWXF'FfgCUÐLF�afQYÏ¨Ø�]^FHG�L�]hF�N m[Ø Ë ×&ghW ��K�F LFfg£ghQYK�]hafFfg£ghWâghÏ�W���KFfgfÔ
j
FÍghWâghÏ�QTNâQYåTK�F_UVFHG�UVFML�FÍ]^FbUV]hQYKIYFH]/g^Ffg/a>mÕ]VmTabUVif]hWâgCUVW ��K�FHg��¨Ø�mT]hU^Wâ]lLFfg/L�QYG�GifFHg3L�QYGôU/WâN
L�WXg^Ø8QYghF ð
aTOeFfgCU# � �L�WX]^FMNXFÍÏ¨QYKITFfÏ¨FfG�U/L�K�g^QYN¡FfG�]hFfåYWXghUV]hi ��L�W��DiH]^FfGôUVFHg3gCUsmÕUVWXQYG�gHÔ 
���G�L OeiHUVKL�WâFH]3NXFMa Ë mTÏ¨Ø
L�F L�iHØ�N mÕafFHÏ�FHG�UZa>mTK�ghi-Ø�mÕ]ZKG g^ifWXg^Ï¨F FHG K�G Ø8QYWâGôUZLQYG�G�i ð afQYÏ¨Ï¨FfG�HQYG�gØ�mT]]VmTØØ8FfNâFH]NâFHg
i ��K�m UVWâQTG�g�L�K[Ï�QTKIYFfÏ¨FfGôU ��K�W Ø8Ff]hÏ�FbU^UVFHG�UlL OeFfgCUVWâÏ¨Ff]6NXF�Ï¨QYKITFfÏ¨FfG�U�L OeK�GJaHQY]^Ø�g�g^QYKÏ�WXg��'L�FHg
� QY]hafFfgHÔ ` mTG�g£NâF�afmTL�]^F L�F Nâm�ghWâg^Ï¨QYNXQYåTWXF ð NâF�aHQY]hØ�gÐFHghUÐK�G IYQYNâKÏ�F�mTK"ghFfWXG"L�K ��K�FHN6ghFØ]^Q�L�K�W\U
K�G�F_L�WâghafQYGôUVWâG�K�W\UVi3LF�L�iHØ�N mTaHFfÏ¨FfGôU �ÐNdOeQY]^WXåYW\G�F/L OeK�G[g^iHWâghÏ�FÕÔ�j
F�NXWâFfK L�F�aHFHUhUVF�L�WXg^afQTG�UVWXG�K�W\UVi/FfgCU
mTK�ghg^W�mTØ�Ø8FfNXi �vmTWXNXNXFÕÔ , K�]h]^WâLåYFÐmTG�L ��G�QTØ8Q
� � ���TÓ
� �lQYG�U_Ï�QTG�UV]hi ��K ORKG�F'U^FfNXNâFÍL�WXg^afQTG�UVWXG�K�W\UViÍL�F
L�iHØ�N mTaHFfÏ¨FfGôU'Ø8FfK&U�"HU^]^F]^FHØ�]^iHg^FfGôUViHFJFHGÇUVFH]^Ï¨FLF � QY]hafFHg'i ��K�W\IÕmTNXFfGôUVFHgfÔ � FbU^UVF]^FfØ]^ifghFfGôUsmÕU^WâQYG
Ø8Ff]hÏ�FbU�L OeQYSU^FfG�WX]'K�G�FZFbá&Ø�]hFfg^ghWâQYG�g^WXÏ�ØNâF L�K$a Ë mTÏ�ØÇL�F[LifØ�NâmTafFHÏ�FHG�U�FHG�]^FHåYWâgCUV]^iZFHG�g^K] �vmTaHF
��K�F3GQYK�g mTNXNâQTG�g�L�ibUsmTWXNâNXFH]fÔ �/QYK�g@]^mTØ�Ø8FHNâNXFf]^QTG�g¿iHåômTNXFfÏ¨FfG�U¿NâmMG�QÕUVWâQTG�LFcUVFHG�g^FHK�] L�F/Ï¨QYÏ�FHG�U ��K�W
L�iHaf]^W\UlmTKZØ]^FfÏ¨WâFH] QY]hL�]^F_NXFfg � QY]hafFHg�i ��K�W\IÕmTNXFfGôUVFfg��ÐK�G�F_g^QYK�]hafF�g^WXg^Ï¨W ��K�F3L�mÕG�g�NPO mTØØ�]^Q>á&WâÏ�mÕU^WXQTG
L�KJØ8QYWXG�UlghQYK�]hafFTÔ

k®QTK�]/K�G�Ï¨Q�L Ì NâF�L�F Ê Ff]h]^FÍL�QYG�G�i ð N m�åYiHQYÏ�ibUV]hWâF�FHU/NdO Ë WâgCUVQYWX]hF�L�FÍNâm�]^K�ØU^K�]^F�� FHU/Ø�mT]cafQYGg^i�
��K�FfGôUÐNâFHg�� QY]^aHFfgÍi ��K�WXI mTNâFHG�U^Ffg ��L�iHU^Ff]hÏ�WXG�FfGôU£afQTÏ�ØN Ì U^FfÏ¨FfGôUÍNâF¨a Ë mTÏ¨Ø L�F�L�ifØN mTaHFfÏ¨FfGôU£FfG�]hF�
åYWXghUV]hi_Ø�mÕ]hUVQTKU�g^K]�NâF3åYNâQYS8FÕÔ �/QTU^]^F_Ø�]^QTS�N Ì Ï�F3WâaHWDghF�Ø�]^iHg^FfGôUVF�afQTÏ�Ï¨F3K�G[Ø�]hQYS�N Ì Ï¨F_WXG�IYFH]^g^F ��K�W
afQTG�g^WXghUVF ��]^FHU^]^QYK&IYFf]¿mTK�Ï¨WâFfK�áÐNâFfg:afmT]VmÕaHU^if]^WXghUVW���K�Ffg:L�FlNâm_g^QYK�]hafF���Ø�mT]CUVWX]�L�Ffg�L�QTG�G�ifFHg¿g^WXg^Ï¨QYNâQ 
åYW���KFfgfÔ � FHg�� QT]^afFHgci ��KWXIÕmTNXFfGôUVFHgcg^QYGôUcL�iHU^Ff]hÏ�WXG�ifFHg���Ø�mT]hU^Wâ]6L�FMghWâghÏ�QYåT]VmTÏ¨Ï�Ffg�FHG�]^FHåYWXghUV]hifg ��K�W

�



Î

afQTG�UVWXFfGG�FfGôUÍNdOeWâG�� QY]hÏ�m UVW\QYG L�F¨N mZghQYK�]^aHF ð L�K UV]^m ÖhFbUML�FfgMQYG�LFfg �[NPORWXG�UViH]^WXFfK]�L�F¨Nâm Ê FH]^]^F�mTWâGg^W
��K�F[L�Ffg�F �BFHU^g¨L ��g � NdOeWâG�gCUV]^K�Ï¨FHG�U'LF[Ï�FHg^K�]hFTÔ�j¡m Ø�]hWâG�aHWâØ�mÕNâF L�W���aHK�NXU^iZ]hFfNâmÕUVW\IYFZmTK&áÇiHU^K�L�Ffg
L�F�Nâmg^QYK]^afF�g^WXg^Ï¨W ��K�FÐFfghUMLF�NdOeFbá�UV]^mTWâ]hFÐL�K g^WXåYG�mTNnFHG�]^FHåYWâgCUV]^i'FfG aHQY]^]hWâåYFfmTG�U�L�FHgÍmÕKUV]hFfg�F �BFHU^g
Ï¨FfGôUVWâQTG�G�ifg�Ø�NXK�g Ë mÕKU��vØ]^QYØ�mÕåômÕU^WâQYG ð WâGghUV]hK�Ï�FHG�U ð Ô\Ô\Ô � Ô

º É º ÉdÁ �[Å6´3;�7&A�4�?30�2/´ = 4�´/¾�1 = 1
?@7

j¡m�]^FfNâmÕUVWXQYG�� QYGL�mTÏ¨FfGôUsmTNXFÍLFÐNâm�L×�G�mTÏ¨W ��K�F�� 2ème NâQTW�L�F	�/F ��UVQTG �/Ø8Ff]hÏ�FbU_L�F£a>mTNXafKNâFf]cNâF
Ï¨QYKIYFHÏ�FHG�U¨L OeK�GýaHQY]^Øg �-Ø�mT]CUVWâ]ÐL�FHg � QT]^afFHg ��K�WlNXK�W6g^QTG�U�mTØ�Ø�NXW ��K�iHFfgfÔ�k®QYK]�mÕØ�Ø�NâW���K�Ff]'afFbU^U^F
]^FHN mÕU^WâQTG���K�GJafQY]hØ�g/mT]hS�WXU^]VmTWX]hF�L�F�IYQYNâKÏ�F V LifNâWXÏ�W UVi_Ø�mÕ]lK�G�FMg^K�] �vmTaHF S

ð WXN FfgCU/G�ifaHFfghgVmTWâ]hFÍL�F
UV]hQYKIYFH]�Nâm�� QT]^afF@U^QTUsmÕNâF ��K�W&NâK�W�FfghU:mTØ�Ø�NXW ��K�iHF ð ifåYmTNâF �/N mcg^QYÏ¨Ï¨F@L�FHg�afQYGôUV]hWâS�KU^WâQTG�g®L�FHg � QY]hafFHg�L�F
IYQYNXK�Ï¨FlFbU@L�Fcg^K] �vmTaHF/]hFfØ�]hifg^FHG�U^ifFfg Ø�mT]�NâFHg�WâG�U^ifåY]^mTNâFHg:L�mTG�g¿NPORi ��K�mÕUVWXQYG�g^K�W\IÕmTGôUVF��Pk:K ÖhQTN ð ÑTÒYÒ
� � �

∂

∂t

∫

V

ρ
∂~u

∂t
dV =

∫

S

~T (~n)dS +

∫

V

~fdV � �YÔ � �

Q�� ~u FfghUlNXF_L�iHØ�NâmTafFHÏ�FHG�U ð ρ Nâm£L�FfG�ghWXU^i ð ∂
∂t
N m£L�iH]^WXIYiHF�Ø�mT]CUVWâFHNâNXF/Ø�mT]6]^mTØ�Ø8QY]CUlmTKUVFHÏ�Ø�g ð T (~n) NâmUV]^mTaHU^WâQYG�mTåTWâg^g^mTG�UcFfG�K�G�Ø8QYWXG�UcL�FÍN m�g^K�] �vmTaHF ð ~n N m�G�QT]^Ï�mTNâF���aHFHUhUVF£ghK�] �vmÕafF ð FbU ~f N m�� QY]^aHFÍØ�mÕ]

K�G�W\UVi�L�F�IYQYNXK�Ï�FÕÔ
à:G WâGôUV]^Q�LK�Wâg^mTG�U¿NXFlUVFHG�g^FHK�] L�FHg afQYGôUV]^mTWâGôUVFHg τij

� Ti = τijnj
�:FHU FHGK&UVWâNXWXgVmÕG�U¿NXFlU Ë ifQY] Ì Ï¨F/L�F

î�mTK�g^g ð QYG�mÕ]^]^W\IYF���NPORF áØ]^Ffghg^WXQYG�ghK�WXI mTG�U^F��
∫

V

(ρüi − fi − τji,j)dV = 0 � �TÔ Ñ��
Q��JW ð Ö�� � ð Ñ ð �Ô�ø�G[QYSUVWXFfGôUcmTWâGg^W K�G�F�Ø�]^FHÏ�W Ì ]hF�� QY]^Ï¨F�åTifG�iH]VmTNXF�L�FHgci ��K�mÕUVWXQYG�glL�KJÏ¨QYKIYFHÏ�FHG�U��

ρüi = fi + τji,j
� �YÔ � �

� M�*H2D%3�!8<$�9H�IQ E )�Q-24' %(8:9 :$,24���.M�*H�
` mTG�g�NXF£a>mÕg�L�FHg�Ï�mÕUViH]^WâmTK&á�L�FÐNâm aH]^Q��&UVF£UVFH]^]^FHghUV]hF'FHU_ØBQTK�]_NXFfg3G�WXIYFfmTK&á LF'aHQYG�U^]VmTWXG�U^Ffg3FHU

L�i � QY]^Ï�mÕUVWXQYGg¿mTg^ghQ�afWâiHg6mÕK Ø�mTghgVmTåTF3L�FHg QYGL�Ffg@g^WâghÏ�W���K�Ffg ð NâmM]hFfNâmÕUVWXQYG¨FHG�U^]^F/afQYGôUV]^mTWâGôUVFcFbU L�i � QT] 
Ï�mÕUVWXQYG Ø8FfKU�"HUV]hF¨afQTG�g^WXL�if]hifF¨afQYÏ¨Ï¨F'ifN mÕghUVW���K�F�NâWXG�i>mÕWX]^FÕÔ
j¡m[NXQYW�L�F Ù Q�Q��TF�]^FfNXWâF'NXWâG�ifmTWX]hFfÏ¨FfGôU
NâFHglL�i � QY]^Ï�mÕU^WâQTG�g � εpq

� FHUcNXFfglaHQYG�U^]VmTWXG�U^Ffg�� τkl
���

τkl = cklpqεpq
� �YÔ � �

Q�� cklpq
FfgCU�K�G UVFHG�g^FHK�]�L OeQY]^L]^F��ZaHQYG�U^FfG�mTGôU�NâFHg�aHQYG�gCUsmTGôUVFfg�ifN mÕghUVW���K�FfgHÔ
j
F'GQYÏÐS�]^FÐLF'Ø�mT]Vm 

Ï Ì UV]hFfg3WXG�L�iHØ8FfG�L�mÕG�UVg3L�F£afFÍUVFHG�g^FHK�]_FfgCU�LF'Ñ��YÔ ` mÕG�g_NXFÍa>mÕg_LDORK�G Ï¨WâNXW\FfK�WXg^QTU^]^QYØ8F ð NâFÍGQYÏÐS�]^F
L�F�Ø�mT]^mTÏ Ì UV]hFfg�WâG�L�iHØ8FfG�L�mTG�U^gcg^F�]^ifLK�WXU��'L�FfK&áBÔ ` mÕG�gcK�G[UVFHN
Ï¨WâNXW\FfKZN mÐNâQYWDL�F Ù Q�Q��TF�gfOeifaH]^WXU��

τnj = λ~∇ · ~uδnj + 2µεnj
� �YÔ ���



�

Q�� λ FbU µ ghQYG�UcNXFfg�Ø�mT]VmÕÏ Ì UV]^FHglLFÍj¡mTÏ¨i ð δnj
FHghUcNâF�gC×&ÏÐS8QYNXF�L�F���]hQYG�FHa �TFH]fÔ

à:G afQYÏÐS�WXG�mTGôUÍNâmJNâQTW�LF Ù Q�Q��TF �TÔ � ð NâmJL�i ��G�WXU^WâQYG L�K U^FfG�ghFfK�]£L�F�L�i � QT]^Ï�mÕUVWXQYG FbUÐNPORi ��K�m 
UVWXQYG L�K Ï�QYK&IYFfÏ¨FfGôU �YÔ � ð QYG QYSUVWXFfGôUÍK�G gh×�ghU Ì Ï¨F L�F¨UV]hQYWâg�i ��K�mÕU^WâQYGgÍL�W �Bif]hFfGôUVWâFHNâNXFHgMLQYG�UÍNâFHg
WâGafQYG�G�K�FHgcg^QTG�UcNâFHglaHQYÏ¨Ø8QYgVmTGôUVFHgcLK�a Ë mTÏ¨ØJLFMLifØ�NâmTafFHÏ�FHG�U��

ρün = (λ + 2µ)∂2
njuj + µ∇2un + fn

� �YÔRÓ �
� Flg^QYGôU¿NâFHg�i ��K�mÕUVWXQYG�g�L�FlNPORiHN mTgCUVQ�L×�G�mÕÏ�W���K�FÕÔôà:NâNXFfg�L�i ��GWâg^ghFfGôU Nâm�Ø]^QYØ�mÕåômÕU^WâQYG'LFfg¿QTG�L�Ffg�L�mTG�g
K�G Ï¨WXNXWXFHK Ë QYÏ¨QYå Ì G�FÍWXg^QTU^]^QYØ8FMNâWXG�i>mTWX]hFfÏ¨FHG�UcifNâmTghU^W ��K�FÕÔ � ORFHghU ��Ø�mT]hU^Wâ]lL�F£N m�]^ifghQYNâK&UVWâQTG�L�F£aHFfg
i ��K�m UVWâQTG�glFHUcLFMNâm'Ï¨FfghK�]^F�L�KJL�iHØ�N mÕafFfÏ¨FfGôUcFHG�g^K] �vmTaHF ��K�FMNâm'ghQYK�]^aHFMØ8FfK&U "bUV]^F�afQTG�U^]VmTWXG�UVFÕÔ

º É º É�� � ± °_²�;�5D1 = 1
?@7$23;�?30Ç²C1�5B;�0$2�� ´3?/1�23A�0&5B4�?@7A�?6´3A�7&±�231�Ä�²�AC0�0�1 = 1
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î�]��ÕafFMmTKJU Ë ifQY] Ì Ï¨FML�FM]^FHØ�]^iHg^FfGôUsmÕU^WâQTG � , K�]^]hWâL�åTFMmTG�L ��G�QTØBQ�� ð ���TÓ
��� 
 ��W�mTG�L�ílWâa Ë mT]hL�g ð
���YÎTÒ � ð QYG�Ø8FfKU�LifaH]^Wâ]hF�NXF�L�ifØ�NâmTaHFfÏ¨FfG�U ~u LDORK�GMØ8QTWâG�U
L�mTG�g¡NPORFHg^Ø�mÕafF ð L�� ��LFfg�� QY]^aHFfg¡LF:IYQYNXK�Ï¨F fL�mTGg�NXF¿IYQYNXK�Ï�F V FHU��/L�FHg�afQYGL�WXU^WâQYGg®L�F S8QY]hL��/N mcg^K�] �vmTafF S NâWXÏ¨W UsmTGôU�afF@IYQYNâKÏ�FÕÔ � QYGg^WâLif]^QTG�g
NâFÐa>mTg�L OeK�G�F��vmTWâNXNXF£L�F�g^K�] �vmTaHF Σ ��K�W ð FfGÖhQYK�mTG�U ð Ø8FfKU�"HU^]^F¨mTghg^WâÏ¨WâN\ifF��ZK�G�F�L�WXg^afQTG�UVWXG�K�W\UViÐL�F
L�iHØ�N mTaHFfÏ¨FfGôU � NPORWXG�U^if]^WXFHK�]cL OeK�G IYQTNâK�Ï¨F V ÔDj¡m�g^K�] �vmTafFÐaHQYG�ghWâL�iH]^iHFÐL�mTG�g3afF£a>mTg3FfgCU�Nâm�g^K] �vmTaHF
Fbá�U^Ff]^GF S

ð FbU'NXFfgÍL�FfK&á g^K�] �vmÕafFHg'WXG�UVFH]^G�FHg Σ+ FHU Σ− ��K�W@g^QYGôUÐNâFfgÍL�FfK&á afúTU^ifgÐQYØØ8QYg^iHg'LFN m
�vmTWXNâN\FTÔ õ W¡K�GFÍL�WXg^NXQ�a>mÕU^WâQTG[g^FMØ�]^Q�LK�WXU��'UV]^m�IYFH]^g Σ

ð WâN ×[mTK�]Vm�K�GFÍL�WXg^aHQYG�U^WâG�KWXUVi�L�mÕG�g/NXF�a Ë mTÏ¨Ø

S

V
Σ

Σ
−

+

ν

	 ë�
� �YÔ ��� � QT]^Ø�g£iHN mTgCUVW���KF�L�F¨IYQYNXK�Ï�F�� ð L�F�g^K�] �vmTafF õ NXWâÏ¨W UsmÕG�U�afF�IYQTNâK�Ï¨F¨FbUÐK�GF g^K] �vmTaHF
WâGôUViH]^WâFHK�]^F Σ L�F�G�QT]^Ï�mTNâF ~ν ��K�W
Ø�]^iHg^FHG�UVFMK�G�F�L�WâghafQYGôUVWXG�K�W\UVi_L�F�L�iHØ�N mTaHFfÏ¨FfGôU>Ô

L�F3L�ifØN mTaHFfÏ¨FfGôU6L�F/UVFfNXNâFcg^QY]CUVF ��K�F_NdOei ��K�m UVWâQTG L�KÏ�QTKIYFfÏ¨FfGôU6G�F3g^FH]Vm£Ø�NâK�g@gVmÕU^Wâg �vmTWXU^F/ghK�]@UVQYKU
NdOeWâGôUViH]^WXFfK�]¿L�F S Ôà�NXNâF/g^FH]VmÐafFHØ8FfG�L�mTG�U�IÕmTNâmTS�NXF��ÐNPORWXG�U^if]hWâFHK�]@L�KIYQTNâK�Ï¨F3LifNâWXÏ�W UVicØ�mT] N mÍg^K] �vmTaHF
S + Σ+ + Σ− FHU6NâFHg@U Ë iHQY] Ì Ï�FHg6L�F_]hFfØ�]hifghFfG�UVmÕUVWXQYG×�g^FH]^QYGôUlmTØØ�NâWXa>mTS�NXFHgfÔ õ QTWâFHG�U ~x FbU t NâF/Ø8QYWâGôUFHU3NdOeWâG�gCUsmTGôU/L ORQTS�g^FH]hIÕm UVWâQTG L�K L�ifØ�NâmTaHFfÏ¨FfGôU ~u

ð
~η FHU τ NXFfg/Ø8QYWâGôUVg/FbU_NâFMU^FfÏ¨Ø�g3Q���NâFHg�� QY]hafFHg_L�F

IYQYNXK�Ï¨FJmÕåYWâghg^FfGôU>Ô�à:Gýg^K�ØØ8QYgVmTGôU ��K�FJNâFZL�iHØ�N mTaHFfÏ¨FfGôU�QTS�g^FH]hIYi ~u FHU¨NâFUVFHG�g^FHK�]�L�F�î�]^FHFfG G
�v]hifØ8QYGg^F_LKÏ�WXNXWXFHK �ÍK�G�F�� QT]^afF/K�G�W\UsmTWX]^F��:g^mÕUVWXg � QYGôU L�FHg afQYG�LWXUVWXQYG�g¿L�F/SBQT]^L Ë QYÏ¨QYå Ì G�Ffg@g^K�] S

ð



��Ò

QYGJQTSUVWXFfGôU��

un(~x, t) =

∫ +∞

−∞

dτ

∫

V

fp(~η, τ)Gnp(~x, t − τ ; ~η, 0)dVη

+

∫ +∞

−∞

dτ

∫

Σ

(

[ui(~ξ, τ)]CijpqνjGnp,q(~x, t − τ ; ~ξ, 0)
)

dΣξ

−
∫ +∞

−∞

dτ

∫

Σ

(

[Tp(~u(~ξ, τ), ν)]Gnp(~x, t − τ ; ~ξ, 0)
)

dΣξ
� �YÔ ���

Q�� Gnp
FfgCUcNâF3UVFfGg^FfK]cL�FÍî�]^FfFHGJFHU Gnp,q

FfghUcg^m�L�iH]^WXITifF�g^Ø�m UVW mÕNâF_L�mTG�glNâm'LWâ]^FHaHU^WâQYG q � ∂/∂ξq
�bÔ

j
FL�FfK�áW Ì Ï¨FFHU'NâF�U^]^QYWXg^W Ì Ï¨F¨UVFH]^Ï¨FL�FafFbU^U^FZi ��K�mÕU^WâQYG"]^FHØ�]^iHg^FfGôUVFHG�U¨NâFHgÐafQTG�UV]hWâS�K&UVWâQTG�g£L�KFfg
mTK&á[L�WâghafQYGôUVWXG�K�W\UVifg�L�FÍLifØ�NâmTafFHÏ�FHG�U/FbUcUV]^mTaHU^WâQYGJmTK&áJØ8QYWXG�U^g ~ξ L�F Σ Ô ` FÍØ�mT]lNâFHgcØ�]hQYØ�]^WXiHU^ifgcL�FN m � QYG�abUVWXQYG δ L�FML�WX]VmTa�FHU/LFÍghFfg/L�iH]^W\IYifFfg ð QYGJØBFHKU/WâGôUV]^Q�LK�Wâ]hF�L�FfgcWâGôUVifåT]VmTNXFfg�L�F�IYQYNXK�Ï�F�L�mTG�g
NâFHglL�FHK&á&W Ì Ï�F�FbUlUV]hQYWâghW Ì Ï¨F/UVFf]hÏ�FHglL�F�NdOei ��K�mÕU^WâQYG �YÔ �&Ô

ø_G�m �
Gnp(~x, t − τ ; ~ξ, 0) =

∫

V

δ(~η − ~ξ)Gnp(~x, t − τ ; ~η, 0)dVη

FHU
−Gnp,q(~x, t − τ ; ~ξ, 0) =

∫

V

δq(~η − ~ξ)Gnp(~x, t − τ ; ~η, 0)dVη

Q��
δq(~η − ~ξ) =

∂

∂ηq

δ(~η − ~ξ)

à:G�WXG�U^]^Q�L�K�WXgVmTGôU�afFHgcFbá&Ø�]^FHg^g^WXQYG�gcL�mTG�glNdOei ��K�m UVWâQTG �YÔ � ð QYGJQTSUVWXFfGôU��

un(~x, t) =

∫ +∞

−∞

dτ

∫

V

Gnp(~x, t − τ ; ~η, 0) · � �YÔRÎ �
[

fp(~η, τ) −
∫

Σ

{[ui(~ξ, τ)]Cijpq(~ξ)νjδq(~η − ~ξ) + [Tp(~u(~ξ, τ), ν)]}dΣξ

]

dVη

õ QYKg¿afFbU^U^F � QY]^Ï¨F ð QTG¨afQYG�gCUsmÕU^F ��K�FcNdOeWâGôUViHåY]VmTN\F6g^K�]�N m�ghK�] �vmÕafF Σ FHghU@WXÏ¨Ø�NâW ��K�ifF�L�FlN m_Ï�"HÏ�F�Ï�m 
G�W Ì ]^F ��K�F/Nâm � QY]^aHF/LFcIYQYNXK�Ï¨F fp

Ô�knmT]¿aHQYG�g^i ��K�FfG�U ð QTG FHG L�iHL�K�WXU ��K�F/NPORF��DFbU@L�F/Nâm�L�WâghafQYGôUVWXG�K�W\UVi
� N m�g^K�] �vmTafF Σ Ø8FfKU "bUV]^FÐ]hFfÏ¨Ø�N mÕafi£Ø�mT]_KG afFH]hUsmÕWâG¨ÖhFfK L�F � QT]^afFHg ep

� , K�]h]^WXL�åYFÐmÕG�L ��G�QYØ8Q�� ð
���YÓ�� ���

ep(~η, τ) = −
∫

Σ

{[ui(~ξ, τ)]Cijpq(~ξ)νjδq(~η − ~ξ) + [Tp(~u(~ξ, τ), ν)]}dΣξ
� �YÔ � �

mTåYWXg^g^mTG�Ung^K�]�K�G'Ï¨WâNXW\FfK£g^mTG�g �vmÕWâNXNXFÕÔ � F�ÖhFfK'L�F � QT]^afFHg�Ø�]^Q�L�KWXU ð FfG'NdORmTS�ghFfG�aHF�LDORK�GF�L�WXg^NâQ�afmÕUVWXQTG ð NâF
Ï "fÏ¨F/a Ë mÕÏ�Ø L�F/L�ifØ�NâmTaHFfÏ¨FfGôU ��K�F3afFHNâKWBFHG�åYFHG�L�]hi_Ø�mT]@KG�F3L�WXg^NâQ�afmÕUVWXQYGDÔ�j
Ffg � QY]hafFHg L�F/IYQYNXK�Ï¨F
i ��K�W\IÕmTNXFfGôUVFfg � �YÔ � ��g^QTG�U�IÕmTNâmTS�NâFHgnØ8QYK�]�KG�Ï¨WâNXW\FfK Ë iHU^if]hQYå Ì GF ð mTG�WXg^QTU^]^QYØ8F FbU�ghQYG�U:]hFfÏ�mT] ��K�mTSNâFfg
Ø�mT]�NâFHK�]�L�iHØ8FfG�L�mÕG�afF£mTK&áZg^FfKNâFHgcØ�]^QTØ�]^WXiHUViHglifNâmTghU^W ��K�FHglL�KJÏ�WXNXWXFHKZ]^QYÏ¨Ø�K Ô



� �

º É º É » +Ð1
?30�1
´/9ý231 = 4 = 1
?@7

� Ø�mT]hU^Wâ]®LF6NPORF áØ]^Ffghg^WXQYG'L�KÐL�ifØ�NâmTaHFfÏ¨FfG�U�L ���3K�GF6L�WâghafQYGôUVWXG�K�W\UVi � �YÔRÎ � ð QYGÐØ8FHKU �vmTaHWâNXFfÏ¨FfGôU
WâGôUV]hQ�L�K�Wâ]hF3NXF3UVFHG�g^FHK�]lL�F�Ï¨QYÏ¨FfG�U g^WâghÏ�W���K�F_FHGJNâm£]^ifiHaf]hWXIÕmTGôUlghQYK�g�N m � QY]^Ï¨F3L OeK�G�F�aHQYGôIYQYNâKU^WâQYG
UVFHÏ�Ø8QT]^FfNXNâF ð G�QTU^ifF ∗ �

un(~x, t) =

∫

Σ

[ui(~ξ, t)]νjCijpq ∗ Gnp,q(~x, t; ~ξ, 0)dΣξ
� �TÔ��>Ò �

Q���QYG mMghK�Ø�Ø8QYghi3NdORmTS�ghFfG�aHF/L�F � QY]^aHFfg@L�FlIYQYNXK�Ï�FlF á�UVFH]^G�FHg fp
FbU@N m�aHQYG�U^WâG�K�WXU^ilL�Ffg¿U^]VmTabUVWâQTG�g�g^K�]

N mghK�] �vmTaHF¨LF��vmTWâNXNXF Σ Ô¡j
F�Ø]^FfÏ¨WâFH]_U^Ff]hÏ�F'L�F�NâmafQYGôIYQYNâK&UVWâQTG mZNâFHg�L�WâÏ¨FfG�ghWâQYGg�L OeK�G Ï¨QYÏ�FHG�U
Ø�mT]6K�G�WXU^i�L�F�g^K�] �vmTafF�FbUcNâmÐL�iH]^WXITifF�Ø�mT]CUVWXFfNXNXF3L�F Gnp

Ø�mT]�]VmÕØ�Ø8QY]hU � ξq
]^FHØ�]^iHg^FfGôUVFMN mÐ]hifØ8QYGg^F��

K�GJafQTK�Ø�NâF�L�F � QY]^aHFfgcmTåYWXg^gVmÕG�UlL�mÕG�gcNâm'LWâ]^FHaHU^WâQYG p g^K]cKG�S�]^mTglL�mÕG�gcNâm'L�WX]^FHaHU^WâQYG q Ô

à:GJL�i ��G�WâghgVmTGôU/NXFfglaHQYÏ¨Ø8QYgVmTGôUVFHgcLKJU^FfG�ghFfK�]cL�F�L�FHG�g^W\UVi�L�F�Ï�QTÏ�FHG�U m afQYÏ¨Ï�F �

mpq(~ξ, t) = [ui(~ξ, t)]νjCijpq
� �TÔ���� �

QYGZQYSU^WâFfGôU�KG�F�Fbá&Ø�]^FHg^g^WXQYGJLKZU Ë iHQY] Ì Ï�F_L�F�]hFfØ�]hifg^FHG�UVmÕUVWXQYG[Ø8QYK�]6K�G[LifØ�NâmTafFHÏ�FHG�U un
FHG ~x mTK

UVFHÏ�Øg t L�� ��K�G�F�L�WXg^afQTG�UVWXG�KWXUVi_L�F�L�iHØ�N mÕafFfÏ¨FfGôU��ÐUV]Vm>IYFf]hg Σ �

un(~x, t) =

∫

Σ

mpq(~ξ, τ) ∗ Gnp,q(~x, τ ; ~ξ, 0)dΣξ
� �TÔ���Ñ��

k®QYK�]�K�G�FMghQYK�]hafFMØ8QYGaHUVKFfNXNâF ð QTGJL�i ��G�WXUlNâF_UVFHG�g^FHK�]cL�F�Ï�QTÏ�FHG�U�g^WXg^Ï¨W ��K�F��

Mpq =

∫

Σ

mpq(~ξ, τ)dΣξ
� �TÔ���� �

` F¿Ø�mÕ]¡gVmlL�i ��G�WXU^WâQYG ð NâF�UVFHG�g^FHK�]®L�F�Ï�QTÏ�FHG�U
g^WâghÏ�W���K�F ð Mpq
L�QTG�G�F¿K�GF¿]^FHØ�]^iHg^FfGôUsm UVWâQTGÍWâGôUViHåY]VmTNXF

�vÏ¨Q ×TFfG�G�F��ÍL�FN m�ghQYK�]^aHFZghWâg^Ï¨W ��K�FÕÔ ` mÕG�g'NXF afmTgÐL ORKG$Ï¨WâNXW\FfK ifN mÕghUVW���K�F ð NXWâG�ifmTWX]^F ð WXg^QTU^]^QYØ8F�FHU
L OeK�G�F��vmÕWâNXNXF3Ø8QYG�aHU^K�FfNXNâF ð NâF_U^FfG�ghFfK�]cL�F�L�FHG�g^W\UVi�L�F�Ï�QYÏ¨FfGôU �YÔ�����L�FHI�WâFHG�U��

mpq(~ξ, τ) = λνk[uk(~ξ, τ)]δpq + µ(νp[uq(~ξ, τ)] + νq[up(~ξ, τ)]) � �YÔ ��� �
õ WBQYG]^FHI�WXFfG�U��ÐKGZgh×�ghU Ì Ï¨F�L�F�� QY]hafFHg�LF3IYQYNâKÏ�F/i ��K�W\IÕmTNXFfGôUVFfg ep

ð NdOeFbá&Ø�]hFfghg^WâQTG �YÔ��>Ò£L�KZL�iHØ�N m 
afFHÏ�FHG�UcL�� �'K�G�F�L�WâghNâQ�a>m UVWXQYGZØ8FHKUcifåômÕNâFfÏ¨FfGôUlgHORiHaf]^WX]^F��

un(~x, t) =

∫

V

ep(~ξ, τ) ∗ Gnp(~x, τ ; ~ξ, 0)dVξ
� �TÔ�� ���

��K�W
afQY]h]^FHg^Ø8QYG�L�mTK[Ø�]^FHÏ�WXFf]6U^Ff]hÏ�F�L�mTGgcNXF_U Ë iHQY] Ì Ï�F�LFM]hFfØ�]hifghFfG�UVmÕUVWXQYG � �YÔ ��� Ô
� QTG�g^WXL�if]hQYG�gMNâF'L�iHIYFHNâQYØ�Ø8FHÏ¨FfG�UÍL�FHg�� QYGaHUVWXQYG�g�L�F î�]hFfFHG FfG g^iH]^WXF¨L�F Ê m>×&NXQY]MmÕKUVQYK]�L ORKG

Ø8QYWXG�UlLFM]hi � iH]^FfGafF ~ξ0
�

Gnp(~x, τ ; ~ξ, 0) = Gnp(~x, τ ; ~ξ0, 0) + (ξq − ξ0
q )Gnp,q(~x, τ ; ~ξ0, t) + . . . � �YÔ ��Ó �



� Ñ

j
FMLifØ�NâmTafFHÏ�FHG�U�� �YÔ � ��� Ø8FHKU3mTNâQT]^g�gfOeifaH]^WX]^FMaHQYÏ�Ï¨F�K�G�FMghQYÏ¨Ï�F�L�F�U^Ff]hÏ�FHg ��K�W
U^]VmTL�KWâg^FHG�UcL�FHg
WâG � QY]^Ï�mÕU^WXQTG�g6L�F�Ø�NXK�glFHG�Ø�NXK�glaHQYÏ¨Ø�N Ì UVFHglL�F�N mÐg^QTK�]^aHF�� ù K�NXW mTGFHU/mTNPÔ ð �����TÎ ���

un(~x, t) = Gnp(~x, τ ; ~ξ0, 0) ∗ Ep(t) + Gnp,q(~x, τ ; ~ξ0, 0) ∗ Mpq + . . . � �YÔ � ���
Q��JN m'L�ifØ8FHG�L�mTG�aHF£g^Ø�m UVW mÕNâF�L�FMNâm�ghQYK�]^aHF£m�iHU^iÍ]hFfÏ¨Ø�N mÕafifF�Ø�mÕ]cK�GFÍghif]hWâFML�FMaHQ�F �¨afWXFfGôUVg/]^FHØ�]^i 
g^FHG�UVmTG�UcL�FfgcmTg^Ø8FHaHUVgcL�F�Ø�NâKglFHG�Ø�NXK�glaHQYÏ¨Ø�NâF á&FfglL�F�N mÐg^QYK]^afF�afQYÏ¨Ï�F �

Ep(t) =

∫

V

ep(~ξ, τ)dVξ
� �TÔ��>Î �

��K�W
FfgCU/N m � QY]hafF�UVQÕUsmTNXF_Fbá&Ff]hafifF �'N mÐg^QYK�]hafFMFbU

Mpq(t) =

∫

V

(ξq − ξ0
q ) · ep(~ξ, t)dVξ

� �TÔ���� �
��K�W
FfgCU/NâF_U^FfG�ghFfK�]cL�F�Ï¨QYÏ¨FfGôU>Ô

� FbU^U^F � QY]^ÏÐK�NâmÕU^WXQTG·ÏÐK�NXU^WXØ8QYNâmÕWX]hF � ,6mÕa ��K�gJmTG�L æ K�NXa>m Ë × ð ��� �TÓTS ��Ï�QTG�UV]hF ��KF Nâm"ghQYK�]^aHF
g^WXg^Ï¨W ��K�F�Ø8FHKU "bUV]^F�]^FHØ�]^iHg^FHG�UViHF£Ø�mT]lNâm'g^QTÏ�Ï¨F�L�F�ÏÐK�N\UVWXØ8úYN\Ffg6L�FMLW �Bif]^FHG�U^gcQT]^L�]hFfg���K�G�F � QY]^aHF
�vQT]^L�]hF � � ð K�G L�WâØ8úTNâF �vQT]^L�]hF�Ñ��3FbUMK�G�F�g^iH]^WâF'L�F�ÏÐK�NXU^WXØ8úYNXFHg_L OeQY]^L�]hFfg�g^K�Ø8iH]^WâFHK�]^gHÔ ` mTGgMNXF'a>mTg
L OeK�G�F g^QYK�]hafF FfG�L�QTå Ì G�F �vØ�mT] F áFHÏ¨Ø�NâF�K�G g^iHWâg^Ï¨F�� ð Nâm � QY]^aHF G�FbU^UVF FHghUZG�K�NXNâF�g^W/S�WâFHG ��K�F NâF
Ø�]hFfÏ¨WâFf]'UVFH]^Ï¨F�L�F�NdOei ��K�m UVWâQTG �YÔ � �-FfgCUG�KNdÔ¿j:ORi ��K�WâNXWâS�]hF�mÕG�åYK�NâmTWâ]hF[WXÏ�ØNâW ��K�FJNâm gC×&Ï¨iHU^]^WXF�L�K
UVFHG�g^FHK�]/LFMÏ¨QYÏ¨FfG�U�g^WXg^Ï¨W ��K�F �dî�WâNXS8FH]hU ð ��� �TÒ � ù QYghU/mTG�L Ù Ff]^]hÏ mÕG�G ð ���YÎ�� �@L�F�U^FfNâNXF�ghQY]hU^F ��K OeWâN
afQTÏ�ØU^F�ghFfK�NXFfÏ¨FfGôUcg^W á[aHQYÏ¨Ø8QYgVmTGôUVFHgcWXG�L�iHØ8FfG�L�mÕG�U^FfgfÔ

º É º É @ � 1
0 = 4 = 1
?@7&0"2�� 4�92/91�0�´/°Í± 9AC1
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� QTÏ�Ï¨FcNâF/Ï¨QYGôUV]^FcNdOei ��K�mÕU^WâQYG �YÔ � � ð NâFcU^FfG�ghFfK�]6L�F3Ï¨QYÏ¨FfGôU@L�ifaH]^W\U6ØNâK�g Ë mTK&U6FfgCU6g^FfKNâFfÏ¨FfGôU
K�G L�Ffg Ï¨QYÏ¨FfGôUVg¿ghØ�mÕUVWâmTK&á dUVFfÏ¨Ø8QY]hFfNâg�Ø�]hQ�L�K�WXU^g@Ø�mT]@K�G g^iHWâghÏ�F��ÍNdOeWâGôUViH]^WXFfK�]�LF3Nâm Ê Ff]h]^FTÔ�ï�GôUV]hQ�
L�K�W\UVgnØ�mT]�,6mÕa ��K�g�mÕG�L æ K�NXa>m Ë × � ��� �ÕÓYm ð S �¡FHU , mTa ��K�g � ��� � �Õm ð S � ð NâFHg®UVFf]hÏ�FHg�L OeQY]^L]^F6ghK�Ø8if]hWâFfK]^g
afQTG�UVWXFfGG�FfGôU£L�FHgÍWâG � QY]^Ï�mÕU^WXQTG�g�g^K�]MN mZafQTÏ�Ø�NXFbá&W\UVi�ghØ�mÕU^W mTNXF'FHUMUVFHÏ�Ø8QT]^FfNXNâFÐL�F�Nâm[]hK�ØUVK]^F¨L ORKG
g^iHWâghÏ�FÕÔ�k:NâK�ghWâFHK�]^g�ibUVK�LFfg¿afQYÏ¨Ï¨F�Ø�mT]:Fbá&FHÏ�Ø�NXFlafFHNâNXFfg:L�F õ UVK�Ï¨Ø�mÕG�L ù Q Ë G�ghQYG � ���YÎôÑ
� ð , K��Ta Ë WâG
� ����� ��� ðY` m Ë Ï½mTG�L ��]^K�åTFf] � ���
��� � ðôæ a�î�K�WX]^F�FbU@mTNPÔ �dÑÕÒYÒ � ð ÑÕÒYÒôÑ��®FbU æ a�î�K�Wâ]hF��dÑTÒTÒ
� �®Ï¨QYG�U^]^FHG�U
��K OeWâNâg®Ø8FH]^Ï¨FHU^U^FfGôU:L�F L�ibUVFf]hÏ�WXG�Ff]®N m ��G�WXU^K�L�F L OeK�G�F6ghQYK�]^aHF6FHU�N mcØ�]^QYØ�mTåômÕU^WâQYGÍL�F N mc]^K�ØU^K�]^FÕÔôø_G
L�i ��G�WXUlNâF�Ï¨QYÏ¨FfGôUlghØ�mÕU^W mTNDåYifGif]VmÕN
L ORQT]^L�]hF s

ð aTOeFfgCU# � �L�WX]^F�m>×ômTG�U s WXG�L�WXafFHglghØ�mÕUVWâmTK&á k, l, . . . �

µjkl...(t) =

∫

V

ξkξl . . . ḟj(~ξ, t)d
3~ξ � �YÔ ÑÕÒ �


3KJNâWXFfKZL�FMaHQYG�ghWâL�iH]^Ff]lNâFHglÏ�QTÏ�FHG�U^g�g^Ø�mÕU^W mTK�á[aHQYÏ¨Ï�F�LFfg � QYG�abUVWXQYG�g�L�KJU^FfÏ¨Ø�g ð QTGJØBFHKU3mÕK�g^ghW
L�iHaf]^WX]^FJN m-LifØ8FfGL�mTG�aHF�U^FfÏ¨Ø8QY]^FHNâNâFZLFfg�g^QYK�]hafFHg FfG K&UVWâNXWXgVmÕG�U�NâFHg¨Ï�QTÏ�FHG�U^g¨ghØ�mÕUVWXQ�dUVFfÏ¨Ø8QY]hFfNXg
� ù KNâW mÕGZFHU/mTNPÔ ð ���
�YÎ ���

µ
(q)
jkl... =

∫

dt

∫

V

tqξkξl . . . ḟj(~ξ, t)d
3~ξ � �YÔ Ñ � �



���

k®QYK�]��vmTaHWâNXW\UVFH]�N m�]^iHg^QYNXKUVWXQYG�L�K�Ø]^QYS�N Ì Ï¨F ð QYG��vmTW\U�åYiHG�if]^mTNâFHÏ�FHG�U�NdORmTØ�Ø�]hQ�á&WâÏ�m UVW\QYG ��K�F/NXFfg�afQTÏ�
Ø8QYg^mTG�U^FfgZL�K U^FfG�ghFfK�]ZL�F Ï¨QYÏ¨FfGôUQYGôUZN m Ï�"HÏ�F�L�iHØ8FfG�L�mTG�afF UVFHÏ�Ø8QT]^FfNXNâF � i ��K�mÕU^WâQYG �TÔ ÑÕÎ ���
M(t) = s(t)M Q
�

M(t) FHghU[NXF�U^FfG�ghFfK�]ZL�F Ï¨QYÏ¨FfGôU ð s(t) FfgCU[N m � QTG�aHU^WâQYG·g^QTK�]^aHF-gha>mTNâmTWX]^F
UVFHÏ�Ø8QT]^FfNXNâF3FHU

M
LifaH]^WXUlNdOeQY]hWâFHG�Usm UVWXQTGZL�F�N mÐg^QTK�]^aHFTÔ

j
F£Ï�QTÏ�FHG�U3LDORQY]hL�]^FÐÒ afQY]h]^FHg^Ø8QYG�L-mTK Ï�QYÏ¨FfGôU3ghWâg^Ï¨W ��K�FÍg^afmTNâmTWâ]hF M0
�vL�i�Ö � I�K L�mTGg_NdOeFbá 

Ø�]hFfg^ghWâQYG �YÔ �YÒ �@FHUcgfOeifaH]^W\Ucg^QYKgcN m � QY]^Ï¨F��

µ(0,0) =

∫ ∫

V

ḟ(~ξ, t)d3~ξdt � �YÔ ÑYÑ��

j
Ffg@Ï¨QYÏ�FHG�U^g¿L OeQY]hL�]^F �/G�QY]hÏ mÕNâW\g^ifg µ1,0/M0
FHU µ0,1/M0

LQYG�G�FHG�U ]^FHg^Ø8FfabUVW\IYFfÏ¨FfGôU6NâFcaHFfGôUV]^Q���L�F
g^Ø�mÕUVWâmTN FbUlUVFHÏ�Ø8QY]hFfN �

~µ(1,0) =

∫ ∫

V

ḟ(~ξ, t)~ξd3~ξdt, µ(0,1) =

∫ ∫

V

ḟ(~ξ, t)td3~ξdt � �YÔ Ñ
� �

j
F¿afFHG�UV]hQ���LF ~ξ0
� ≡ ~µ1,0 �C]^FHØ�]^iHg^FHG�UVF@NâF�afFHG�U^]^F@åYiHQYÏ¨iHUV]hW ��K�F�L�F¿NâmlL�WXghUV]hWâS�K&UVWâQTG ��G�mTNâF�L�KÍL�iHØ�N mÕafF�

Ï¨FfGôU g^K�]�N m �vmTWXNâN\FTÔ:ï�Ncg^F�ghWXU^K�F�Ø�mT]�L�i ��G�W\UVWâQTG � NdOeFfG�L�]hQYW\U�Q�� WXN��vmTK�L�]^mTWXU¨Ø�N mÕafFH]�K�G�F�ghQYK�]^aHF
Ø8QYG�abUVK�FHNâNXF_IYQYK�ifF���Ï¨Q�L�ifNXWâghFf]�mTKJÏ¨WâFHK&áN mÐg^QYK�]hafFMibUVFfGL�K�FÕÔ

j
FHgJÏ¨QYÏ¨FfGôUVgZL�F-ghFfaHQYG�L QY]^L]^F-Ø8QTK�][K�GF ghQYK�]^aHF L�F-aHQ�QY]^L�QTG�G�ifFHg ~ξ mTK UVFfÏ¨Ø�g t0
g^QTG�U

mTØ�Ø8FHNâiHgJÏ¨QYÏ�FHG�U^gZafFfGôUV]^mTK&á ��K�mTG�L ~ξ0 = µ(1,0)/M0
FHU t0 = µ0,1/M0

Ô�ï�NâgZgfOeifaf]hWXIYFHG�U�L�F N m
Ï�mTG�W Ì ]^F_g^K�W\IÕmTGôUVF��

µ
(2,0) =





µxx µxy µxz

µxy µyy µyz

µxz µyz µzz



 � �TÔ Ñ � �

=

∫ ∫

V

ḟ(~ξ, t)(~ξ − ~ξ0)(~ξ − ~ξ0)
T d3~ξdt

µ(0,2) =

∫ ∫

V

ḟ(~ξ, t)(t − t0)
2d3~ξdt � �YÔ Ñ ���

~µ(1,1) =

∫ ∫

V

ḟ(~ξ, t)(~ξ − ~ξ0)(t − t0)d
3~ξdt � �YÔ ÑTÓ �

� FHg Ï�QTÏ�FHG�UVg�L ORQT]^L�]hF_ÑMØ8Ff]hÏ�FbU^U^FfG�U LDO m>IYQYWâ]¿mTafa Ì g6mTK&á�aHQYÏ¨Ø�NâF á&WXUViHg¿g^Ø�m UVWâQ �UVFHÏ�Ø8QT]^FfNXN\Ffg�L�F
N m3]hK�ØUVK]^FTÔôà:G�F �BFHU ð µ(2,0) �vi ��K�mÕUVWXQYG �YÔ Ñ�� �®FHghU�]^FHNâWXi��_NdOeFbá�UVFHG�g^WXQYG�ghØ�mÕUVWâmTNXF L�F�Nâm_]hK�ØUVK]^F ð µ(0,2)

�vi ��K�mÕUVWXQYG �YÔ Ñ ���lFfgCU�]^FfNXWâi � Nâm�L�K�]^iHFÐL�FÐN m�]hK�ØUVK]^FÐFHU_FfG ��G ~µ(1,1) � i ��K�mÕU^WâQYG �YÔ ÑTÓ �lFfgCU�]^FHNâWâi �
N mÐØ�]hQYØ�mTåôm UVWâQTGZL�F�N mÐ]^K�ØU^K�]^FÕÔ

` O mTØ] Ì g , mTa ��K�g�� ��� � �Tm ð S �cFHU õ WâN\IYFf]�mÕG�L ù QY]^L�mTG � ���YÎ���� ð QYG-Ø8FfK&UML�i ��G�WX]�NXFfg�LWâÏ¨FfG�ghWâQYGg
a>mÕ]VmTabUVif]hWâgCUVW ��K�FHgnL ORKG�F �vmTWXNâN\F¿Ø�mÕ] xc(~n) L�F Nâm/L�WXghUV]hWâS�K&UVWâQTGÍL�F åYNXWâghg^FfÏ¨FfGôUnL�mÕG�gnN m/LWâ]^FHaHU^WâQYG ~n

ð Nâm



���

L�K�]hifF6a>mÕ]VmTabUVif]hWâgCUVW ��K�F τc

ð N m/NXQYG�åYKFfK�]®L�F6]hK�ØUVK]^F6afmT]VmTabUViH]^WâgCUVW���KF Lc

ð NâmcI�WXUVFHg^ghF�afmT]VmTabUViH]^WâgCUVW���KF
vc

�vQYKZI&W\UVFHg^g^FMmTØ�Ø�mT]hFfGôUVF��6FbUcN m£I&W\UVFHg^g^FMÏ¨Q�×YFfG�G�F�L�KJafFHG�U^]^Q��dL�F�g^Ø�mÕU^W mTNDWâG�gCUsmTGôUsmTGG�ifF ~v0
Ø�mÕ]��

xc(~n) = 2
√

~nT µ(2,0)~n,

τc = 2
√

µ(0,2),

vc = Lc/τc, ~v0 = ~µ(1,1)/µ(0,2),

Q�� Lc
FHghU�N mJIÕmTNXFfK�]ÐÏ�m á&WâÏ�mÕNXF�L�F xc(~n) aHQY]^]hFfg^Ø8QTG�L�mTGôU � Nâm�Ø�NâKgÐåY]VmÕG�L�F IÕmTNXFfK�]ÐØ]^QYØ�]hFZL�F

µ(2,0) Ô&j¡mÍN mÕ]^åYFHK�]¿Ø8FHKU6iHåômTNXFfÏ¨FfGôU "HUV]hF3FHghU^WâÏ¨ifF��ÍØ�mT]CUVWâ]�L�F/N m�L�FfK�áW Ì Ï¨FcIÕmTNXFfK�]¿Ø�]^QYØ]^F/N m�Ø�NâKg
åY]^mTG�L�F�LF µ(2,0) Ô

j
F]VmTØØBQT]hU'FHG�U^]^F ~v0
FHU vc

ð FHG�afQT]^F[mTØ�Ø8FHNâi]VmTØØ8QY]hUÐL�FZL�WX]^FfabUVW\I&W\UVi ð Ø8Ff]hÏ�FbU'L�FZL�iHaf]hWâ]^FN m
L�WX]^FfabUVW\IYilL�FlN m�ghQYK�]^aHFTÔ�ï�N�FfgCU@ifåômÕN � �cL�mTGg¿NâF�a>mÕg¿L OeK�G�FcØ�]^QTØ�mTåômÕU^WâQTG�Ø�mÕ] �vmTW\UVFfÏ¨FHG�U:K�G�WâNâmÕU^if]VmÕNXF
FHU��£ÒÍL�mTG�g NXF/a>mÕg L ORKG�F_]hK�ØUVK]^F3Ø�mÕ] �vmTW\UVFfÏ¨FfGôU@SWâN m UVif]^mTNXFÕÔ õ K�WXI mTG�U NXFcU�×&Ø8F3L�F3Ø]^QYØ�mÕåômÕUVWXQYG ð N m
I�WXU^Ffg^ghF�L�F_]hK�ØU^K�]^F�mTØØ�mT]^FHG�U^F�Ø8FHKU "HU^]^F_L�W��DiH]^FHG�UVF3L�F_N mÍ]hK�ØUVK]^F_L�F_Ø]^QYØ�mÕåômÕUVWXQYG Ø]^QYØ�]hFfÏ¨FfGôU
L�W\UVFTÔ�knmT]¿F áFHÏ�ØNâF ð L�mTG�g@NXFcafmTg@L OeK�G�F/]hK�ØUVK]^F/Ø�mÕ] �vmTW\UVFfÏ¨FHG�U�K�G�WâNâmÕU^if]VmÕNXF ð N m_I&W\UVFHg^g^F/L�Fc]^K�ØU^K�]^F
mTØ�Ø�mT]^FHG�UVFMFHghU/WXL�FfGôUVW���KF ��NâmÐI�WXUVFHg^ghFÍL�FM]hK�ØUVK]^FÍmTNXQY]^g ��K�FML�mTGgcNâF�a>mTgcL OeK�G�FM]^KØUVK�]hFMØ�mT] �vmTW�
UVFHÏ�FHG�U3SWâNâmÕUViH]VmTNXF ð Nâm�I�WXUVFHg^ghFÐmTØ�Ø�mT]hFfGôUVF£FHghU_LFfK&á � QTWâgcØ�NXK�g/åY]^mTG�L�F ��KFÐNâm�I�W\UVFfghg^F£L�FÍ]^K�ØU^K�]^F
F �BFfabUVW\IYFTÔ8ø�G[G�F�ØBFHKUcL�QYG�a�Ø�mÕgcWXG�U^Ff]^Ø]^iHU^Ff]�L�Wâ]hFfaHU^FfÏ¨FfGôU Vc

aHQYÏ�Ï¨F_N m£I&W\UVFHg^g^FMLFM]hK�ØUVK]^FTÔ

º É º É�� 	 °/°39�4
¹lA = ;:7&A�4�? 2/´µ°Í4�A�?@7ý0�4�´/95D1

j:ORmTØ�Ø�]hQ�á&WXÏ mÕU^WXQYG'L OeK�G�Ø8QYWXG�U�ghQYK�]hafFcFfgCU¿IÕmTNâmTS�NâF6NâQT]^g ��K�FlNâF�ghWâåYG�mÕN�g^WâghÏ�W���K�Fcm�K�G�FcNXQYG�åYK�FHK�]
L OeQYG�L�FcSWâFfG¨Ø�NXK�g�åY]^mTG�L�F ��K�F/NXFfg�L�WXÏ¨FfG�ghWâQYG�g:L�FlN m�g^QTK�]^aHF/FbU ��K�FcN m�L�WXghUVmTG�afFlg^QYK]^afF �]hifaHFfØU^FfK�]
FfgCU®U^] Ì g�åY]^mTG�L�F�Ø�mT]¡]VmTØ�Ø8QY]CU®mTK&áMLWâÏ¨FfG�ghWâQYG�g
L�F¿N m�g^QYK]^afFÕÔ ` mTGg®afF¿a>mÕg ð g^FHK�N�NâF�LFfK&á&W Ì Ï¨F�UVFf]hÏ�F
L�F�NdOei ��K�mÕU^WâQYG �TÔ�� ��FHghU �laHQYG�ghWâL�iH]^Ff] � ,6mÕa ��K�g®mTG�L æ K�NXa>m Ë × ð ��� �TÓTS � õ UVK�Ï¨ØÍmTGL ù Q Ë G�g^QTG ð ���TÎôÑ��bÔ
õ QYKg/aHFfg Ë ×�Ø8QTU Ë�Ì ghFfg ð QYG�Ø8FHKU/g^QY]CUVWâ] Gnp,q

L�FMNdOeWâGôUViHåY]VmTN\F�g^K�]cNâm�g^K] �vmTaHFÍL�mTGg/NdOei ��K�mÕUVWXQYG �YÔ � Ñ
FHUcNXF�L�iHØ�N mTaHFfÏ¨FfGôUcgfOeifaH]^W\U/mTNâQT]^g6g^WâÏ¨Ø�NXFfÏ¨FfGôU �

un(~x, t) = Mpq ∗ Gnp,q
� �TÔ Ñ����

� FHUhUVF¿GQYKIYFHNâNâF:F á&Ø�]^FHg^g^WXQYGÍL�KML�ifØN mTaHFfÏ¨FfGôU �YÔ Ñ �6WâGôUV]^Q�LK�WXU K�G�F�]^FHN mÕU^WâQYG_NâWXG�i>mTWX]hF�FHG�UV]hF¿NXF:a Ë mTÏ¨Ø
L�F L�iHØ�N mTaHFfÏ¨FfGôU un

FHUZNXF�UVFHG�g^FHK�][LF Ï¨QYÏ¨FfGôU Mpq
Ô6à:NâNXF�Ï�QYGôUV]hF�afQYÏÐS�WXFfG·NPO Ë ×&Ø8QÕU Ë�Ì g^F L�K

Ø8QYWXG�U�g^QYK]^afF�mTWâGg^W ��K�F¨NdOeKUVWXNXWXg^mÕUVW\QYG L�K UVFHG�g^FHK�]ÍL�F¨Ï¨QYÏ¨FfGôU�g^WXÏ�Ø�NXW ��FHG�U�NâF�Ø]^QYS�N Ì Ï¨F�WXG�IYFH]^ghF
afQTG�g^WXghUsmÕG�U��']^FbUV]^QTKIYFf]lNâF�Ï¨ifafmTG�WâghÏ�F_L�F�N mÐg^QYK]^afF �'Ø�mT]CUVWX]�L OeFHG�]^FHåYWâgCUV]^FHÏ�FHG�U^gcg^WXg^Ï¨W ��K�FHgfÔ

` mTG�g�NXF'afmTg�Q��-NâFÐÏ¨ifafmTG�WâghÏ�FÐmTK � Q ×YFH]�FHghU �á&F �vG�QY]hÏ mÕNâFÐmÕK-Ø�N mTG L�F �vmTWXNâN\F ~n = aHQYG�ghUVmTG�UFHU�IYFfabUVFHK�]MåYNâWXg^g^FHÏ¨FfG�U ~s = aHQYG�gCUsmTGôU � ð NâFHg�afQYÏ¨Ø8QYgVmÕG�UVFHg�L�K-U^FfG�ghFfK�]MLF�Ï�QTÏ�FHG�U�ghWâghÏ�W���KF'QYGôU
N mÐÏ "fÏ¨F�L�iHØ8FfG�L�mÕG�afFMUVFHÏ�Ø8QT]^FfNXNâF s(t) �

un(~x, t) = Mpq[Gnp,q ∗ s(t)] � �YÔ ÑTÎ �



� �

j
FÍL�ifØN mTaHFfÏ¨FfGôU3FfgCU�mTNXQY]^glK�G�FÍg^WXÏ�ØNâF � QYGaHUVWXQYG�NXWâG�ifmTWX]^F�L�Ffg3aHQYÏ¨Ø8QYgVmÕG�UVFHg3LK�U^FfG�ghFfK�]3L�FÍÏ¨Q�
Ï¨FfGôUcFbUcL�FfglU^Ff]hÏ�FHglFfGôUV]^F�af]hQ�a Ë FHUVgHÔ

	 ë�
� �YÔ Ñ � ílFfØ]^ifghFfGôUsmÕU^WâQYG-L�FHg�G�FfK��@L�QYK�S�NXF � QT]^afFHg Mpq
Ô Ê ]^QYWXg�L OeFfGôUV]hF�FfK&á g^QYGôUMLFfg�L�WXØ8úYNâFHg

� p = q � ð NXFfg[mTKU^]^FHgJghQYG�UJLFfgJaHQYK�Ø�NXFfgHÔlk®QYK�][aHFfgJL�FH]^G�WXFf]hg ð NâFHg[WXG�L�WXafFHg p
ð

q aHQY]^]hFfg^Ø8QTG�L�FfGôU
]^FHg^Ø8FHaHUVW\IYFfÏ¨FfGôU �lN m6L�Wâ]hFfabUVWâQTG�L�FHg � QY]^aHFfg¡FHU�L�KMS�]VmÕg¡L O mÕaHUVWXQYG Ô �nWXåYK�]hF:L ORmTØ�] Ì g 
 ��W�mÕG�LÍícWXa Ë mT]^L�g
� ���YÎYÒ � Ô

j
F[UVFHG�g^FHK�] L�FJÏ�QYÏ¨FfGôU¨L�iHØ8FfG�L·LF�NdOeQY]hWâFfGôUsmÕU^WXQTG$L�F�Nâm �vmTWâNXNXF ð L�K åYNXWâghg^FHÏ�FHG�U �vGQY]^Ï¨F[FHU
L�WX]^FfabUVWXQYG ��FHU�LFfg�Ø�]hQYØ�]hWâibUVifg ifN mÕghUVW���K�Ffg��ÐN mÍg^QTK�]^aHF �YÔ � �YÔ&ï�NBafQYGôUVWXFfG�U�mTWXG�g^W8U^QYKU^F_NdOeWâG � QY]^Ï¨mÕU^WXQTG
L�FÐNâm�g^QYK]^afFÐØ8QYG�abUVK�FHNâNXFTÔDj
FÍUVFHG�g^FHK�]�L�FÐÏ¨QYÏ¨FfGôU3g^WXg^Ï¨W ��K�FÍL�ifaH]^W\U_K�G�FÐg^KØBFH]^Ø8QYghWXU^WâQYG LFÐG�FfK �
afQTK�Ø�NâFHg¨LF � QY]^aHFfg�ifNâiHÏ�FHG�UVmTWâ]hFfg'L�QTG�U¨a Ë m���K�F�aHQYÏ¨Ø8QYgVmTGôUVF[aHQY]^]hFfg^Ø8QTG�L·mTK�Ï¨QYÏ¨FfGôU�L OeK�GýL�F
afFHgMgh×�gCU Ì Ï¨FfgML�F�� QT]^afFHg�� ��åYK]^F �TÔ Ñ�� Ô
j
Ffg�ifNXifÏ¨FfGôUVg�L�W mÕåYQYG�mÕK&á L�F�afF'U^FfG�ghFfK�] M11

ð
M22

ð
M33afQT]^]^FHg^Ø8QYGL�FfGôU��ÍL�Ffg L�WâØ8úYNXFfg¿NâWâGi>mTWX]hFfg ��K�WBG ORF á&Ff]^aHFfG�UlØ�mTg L�F3Ï�QTÏ�FHG�UfÔ&j¡mÍg^QYÏ¨Ï¨F/L�FHg IÕmTNXFfK]^g

Ø�]hQYØ�]^FHglL�K[UVFHG�g^FHK�] ð aTOeFfghU  � �L�WX]^F�NâmÐafQYÏ¨Ø8QYgVmÕG�UVF�WXg^QTU^]^QYØ8F ð UV]^mTL�K�W\U�NâFHg6IÕmT]^WâmÕUVWXQYG�g L�F�IYQTNâK�Ï¨F �
N m¨g^QYK�]hafFÕÔ à�NXNâFMFfghU_ØBQTg^W\UVWXIYFÍg^W®Nâm�g^QYK]^afFÐFHghU�L�F£G�mÕU^K�]^F£Fbá&Ø�NXQYg^W\IYFÐFbU_G�ifåYmÕUVW\IYF£g^W®N m�ghQYK�]^aHFÐFfgCU
L�FMG�mÕUVK]^FMWâÏ¨Ø�NXQYghW\IYFTÔ õ W¡N m�ghQYÏ¨Ï�F�L�FHgcIÕmTNXFfK�]hg/Ø]^QYØ�]hFfg/gHO mTGG�K�NXF ð N m'afQYÏ¨Ø8QYgVmÕG�UVFMWXg^QTU^]^QYØ8F�L�K
UVFHG�g^FHK�]'LFÏ¨QYÏ�FHG�UÍFfghUÐG�K�NXNâFTÔ õ W@FfGÇØNâK�g£K�GFL�Ffg£IÕmÕNâFfK]^g£Ø�]^QTØ�]^FHg'FHghU'G�K�NâNXF ð NâF¨UVFfGg^FfK]'L�F
Ï¨QYÏ�FHG�UMFHghUÐKG"ØK�]ÍL�QYKS�NâF¨afQYKØ�NâFÕÔ 
3Ø] Ì gÍØ�NâK�ghWâFHK�]^gÍmTG�G�iHFfg£L�F�L�WXg^afKg^g^WXQYG ð NXFfgMg^WâghÏ�QTNâQYåTK�Ffg



��Ó

� ��G�QTØ8Q
��mTG�LZî�WâNXS8Ff]hU ð ��� ��� ð ���TÓYÒ � ��IYFfL�FHG�g � m�×ôm ð ���YÓYÒ ��QYG�U Ï¨QYGôUV]hi ��K�F3NXFcgh×�ghU Ì Ï¨F_L�F�� QY]hafFfg
NâF�Ø�NXK�g®mTL�mTØ&UVi@Ø8QTK�]�L�ifaH]^Wâ]hF@KG£åYNXWâg^ghFfÏ¨FfGôU�g^K�]®KG�F �vmTWXNâN\F:FfghUnK�GF@L�WâgCUV]^WXS�KU^WâQTGMFHG£L�QYK�SNâF¿aHQYK�Ø�NXF
g^K]6NâmÍghK�] �vmTaHF Σ Ô �Pj¡m���åYK�]hF �YÔ �ÍL�QYGG�F_KGZF áFHÏ�ØNâF3L�F3L�QYKS�NâF/afQTK�Ø�NâF��bÔ õ WDmTKafK�G�F_LFfg IÕmÕNâFfK]^g

Faille

Plan auxiliaire

	 ë�
� �YÔ � � æ Q�L Ì NâF�LFMLQYK�S�NXF�aHQYK�Ø�NXF

Ø�]hQYØ�]^FHglFfgCUcG�K�NXNâF�mTNXQY]^g ��K�F�NâFHK�]�ghQYÏ¨Ï�F_gHO mTGG�K�NXF ð WâNDFbá&WXghUVF�LW �Bif]hFfG�U^glÏ¨Q ×YFHG�glL�F�L�ifaHQYÏ�Ø8QTg^Ff]
NâF'U^FfG�ghFfK�]ÍL�F¨Ï�QTÏ�FHG�U�afQYÏ¨Ï�F'Ø�mT]�Fbá&FfÏ¨Ø�NâF��
L�QYK�SNâF¨aHQYK�ØNâF¨Ï�m ÖhFfK�]�FbU£Ï¨WXG�FfK�] � ��mTG�mTÏ¨QY]hW
mTG�L�î�WXIYFHG ð ���YÎ ��� ð K�G�LQYK�S�NXF�aHQYK�Ø�NXF�FHUcK�GJL�WXØ8úYNâF_NXWâG�ifmTWX]^F_aHQYÏ¨Ø8FfG�ghi�� � j � ` ��� ��G�QYØ8Q��-mTG�L
ícmTG�L�mTNXN ð ��� �TÒ �bÔ�ã/G � j � ` FHghU®N m�g^QYÏ¨Ï�F:L OeK�G£L�WXØ8úYNâF:Ø�]hWâG�aHWâØ�mÕNYFHU®L�F¿L�FfK�áÍL�WXØ8úYNâFHg¡QTU Ë QYåYQYG�mTK&á
FfGôUV]hF�FHK&á ð L�F'Ï�mTåYGWXUVKL�F£L�FfK�á � QYWXg_ØNâK�g_Ø8FHU^WXUVF ��K�F�aHFfNXNâF£L�K-L�WâØ8úTNâF£QY]hWâåYWXG�mÕN ð FHU�g^FÐUV]^QTKIÕmTGôU
L�mTGgcNXF�Ø�N mÕG[QY]hU Ë QYåYQTG�mTN ��afF�L�FH]^G�WXFf]laHQY]^]hWâåYFfmTGôUlL�FHgcF �BFHU^gcL�F�a Ë mTG�åYFHÏ�FHG�UcL�F�IYQYNXK�Ï�FÕÔ

` mTG�g3NâFMa>mÕg3Q���N m�L�WâghafQYGôUVWâG�K�W\UViMFHG L�ifØN mTaHFfÏ¨FfGôU3FfghU_Ø�mT]VmTNXN Ì NXF�� Σ �vLQYK�S�NXF��afQYK�ØNâF�� ð NdOeFbá 
Ø�]hFfg^ghWâQYG �YÔ ����L�FbI&WXFfGôU �

mpq = µ(νp[uq] + νq[up])
� �YÔ Ñ�� �

õ K�ØØ8QYg^QYGg ��K�F [uq] = Dlq
Q�� D FfghU N m�G�QY]hÏ�FcL�K åYNXWâghg^FfÏ¨FfGôU@FbU ~l FHghU NâFlIYFHaHUVFHK�]6KG�WXUVmTWâ]hFlL�mTG�gN m�L�Wâ]hFfaHU^WâQTG�L�K åYNXWâghg^FfÏ¨FHG�U>Ô8ø�G m mTNXQY]^g�� mpq = µD(νplq + νqlp)

Ô õ W [uq]
FfgCU_afQYGghUsmTGôU_ghK�] Σ

ð
QYG�m Mpq = Smpq

Q
� S FHghU¿N m_g^K�] �vmÕafFlL�FlN m��vmTWâNXN\FTÔ ` mÕG�g¿aHFcafmTg ð NXF6UVFHG�g^FHK�]¿L�FlÏ�QYÏ¨FfGôU:gfOeifaH]^WXU �

Mpq = µSD(νplq + νqlp)
� �YÔ �TÒ �

Q�� µSD FfgCUMNâFÐÏ�QTÏ�FHG�U�ghWâghÏ�W���K�F'gha>mTNâmTWX]^F M0
� 
 ��W ð ���YÓYÓ��/]^FfØ]^ifghFfGôUsmTGôUÍNdOeWâÏ¨Ø8QT]hUVmTG�aHFÐQYK-N m

Ï�mTåYG�W\UVK�L�F_LKJU^FfG�ghFfK�]cL�F�Ï¨QYÏ�FHG�U�g^WXg^Ï¨W ��K�FÕÔ
��mTG�mTÏ¨QY]^W � ��� � �
�nm_WâG�U^]^Q�L�KWXU�Nâm_G�QÕUVWXQYG'L�F�Ï�mTåYG�W\UVK�LF6LFlÏ¨QYÏ¨FfGôU Mw

��K�W�Ø8Ff]hÏ�FbU�L ORm�IYQYWX]
K�G�F_ifa Ë FfNXNâF3L�F�Ï�mTåTG�WXU^K�L�F/g^WâÏ¨Ø�NXF/S�mTg^iHF�g^K�]6NâF3Ï¨QYÏ¨FfG�U g^WXg^Ï¨W ��K�F�� 
 ��W
mÕG�L[ícWXa Ë mT]^L�g ð ���YÎYÒ � �

Mw = log(M0)/1.5 − 10.7 � �YÔ � � �
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F£a Ë mTÏ¨Ø ifNâmTghU^W ��K�F£aHQYÏ¨Ø�NâFbU3FfGåYFfG�L]^i'Ø�mT]3K�G�F£L�WâghNâQ�a>m UVWXQYG�Ø8QYGaHUVKFfNâNXF£FHghU � 
 ��WnmTG�L ícW!
a Ë mT]^Lg ð ���YÎYÒ ���

un =

(
15γnγpγq − 3γnδpq − 3γpδnq − 3γqδnp

4πρ

)
1

r4

∫ r
β

r
α

τMpq(t − τ)dτ

+

(
6γnγpγq − γnδpq − γpδnq − γqδnp

4πρα2

)
1

r2
Mpq(t −

r

α
)

−
(

6γnγpγq − γnδpq − γpδnq − 2γqδnp

4πρβ2

)
1

r2
Mpq(t −

r

β
)

+
γnγpγq

4πρα3

1

r
Ṁpq(t −

r

α
)
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Onde P

− γnγp − δnp

4πρβ3
γq

1

r
Ṁpq(t −

r

β
)

︸ ︷︷ ︸

Onde S
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Champ lointain
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Q
� α FfghU6Nâm�I�WXUVFHg^ghF_L�FHg6QTG�L�Ffg P
ð
β FHghU6N m�I�W\UVFfghg^F3L�Ffg QYG�L�FHg S

ð
ρ FfghU6NâmML�FfGg^WXU^i3FHU γi = ∂irFfgCU@NâF�aHQYg^WXG�K�g�L�Wâ]hFfabUVFfK]¿LF ~x ghFfNXQYG¨N m_L�Wâ]hFfaHU^WâQYG i

ð ]�FHghU@Nâm�L�WXghUsmÕG�afFlg^QTK�]^aHF��]hifaHFfØU^FfK�]@FHU Mpq(t)FfgCU/NXF_UVFHG�g^FHK�]cL�FMÏ¨QYÏ¨FfGôU�g^WâghÏ�W���K�FTÔ
k®QTK�]nK�GF QY]^WXFfG�UVmÕUVWXQYGML�QYG�GifF ð NdORmTÏ¨Ø�NXW UVK�L�F�]^FfNâmÕUVW\IYF¿L�Ffg®UVFH]^Ï¨FfgnLF afFHUhUVF Fbá&Ø�]hFfg^g^WXQYG'LifØ8FfGL

� QY]CUVFfÏ¨FfGôU3L�FÐNâm�L�WXghUsmÕG�afF£g^QYK]^afF �]hifafFHØUVFHK�]�]fÔDj
FHg3UV]^QTWâg/Ø�]hFfÏ¨WâFH]^gcUVFf]hÏ�FHg/IÕmT]^WXFfGôU_aHQYÏ�Ï¨F r−2

FHUcNâFHgcL�FHK&áJL�Ff]hG�WâFH]^glUVFH]^Ï¨FfgcaHQYÏ¨Ï�F r−1 Ô � FHg/L�FH]^G�WXFf]^gcLQYÏ�WXG�FfGôUlNâQY]hg ��K�FM]�UVFHG�LJIYFf]^gcNdOeWâG���GW ð
QYGJNXFfglmTØ�Ø8FHNâNâF_Ø�mT]�afQTG�g^i ��KFfG�U3NâFHg�U^Ff]hÏ�FHglFfGJa Ë mÕÏ�Ø[NâQYWXG�UVmTW\G Ô

ø_G¨Ø8FfKU@]hFfÏ�mT] ��K�FH] ��K�FcN m�� QT]^Ï¨FlLDORQYGL�FcafQY]h]^FHg^Ø8QYG�L�mÕG�U ��K�G�FcQYG�LFcL�FlIYQYNXK�Ï¨FlFHG�a Ë mTÏ¨Ø
NâQTWâGôUsmTW\G�� P QTK S �
FfgCUnØ�]^QTØ8QY]hU^WâQYG�GFfNXNXF�cN m�L�if]hWXIYifF�UVFfÏ¨Ø8QY]hFfNXNâF:L�KÍÏ�QTÏ�FHG�U¡g^WâghÏ�W���K�F ð QYKÍFHG�afQT]^F
�£N mML�if]hWXIYiHF_L�F_Nâm�� QYG�aHU^WâQTGLWâg^NXQ�a>mÕU^WâQTG D(t) Ô ` mTG�g6NâF/a>mÕg6L�FHg�ghifWXg^Ï¨Ffg6Ø�]hQ � QYG�Lg6Q
�ZNXFfg Ø Ë mTg^FHgg^QTG�U�S�WXFfG-WXg^QTNâifFHg ð UVQTKUVFHg�NXFfg�� QY]^Ï¨Ffg_L OeQYG�LFfg�L�QYW\IYFfGôUMmTNXQY]^g "HU^]^F'Ø�]^QTØ8QY]hU^WâQYG�GFfNXNXFfg��ZK�G-ghWâåYG�F
Ø�] Ì g��'N m � QYG�abUVWâQTG[g^QYK]^afFÕÔ

j
FHg�LQYG�G�iHFfg�KU^WâNâW\g^ifFHg�L�mTGg�aHFHUhUVF[U Ë�Ì g^F�ghQYG�U¨L�Ffg¨QYG�L�FHg�L�FZIYQYNâKÏ�FUViHNâifghWâghÏ�W���K�Ffg�aÕORFHghU#
� �L�Wâ]hFZFHG�]^FHåYWâgCUV]hifFfg � åY]VmÕG�L�Ffg�L�WXghUsmÕG�afFHg¨L�F[N m g^QTK�]^aHFTÔ õ FHK�Nâg�NXFfgÐUVFf]hÏ�FHg�FfG�a Ë mTÏ�Ø$NâQYWXG�UVmTW\G
G�QYKg�WâGôUViH]^Ffghg^FHG�U ð aTOeFfgCU# � �L�WX]^F-NâFHgJL�FfK�á L�Ff]hG�WâFH]^gJU^Ff]hÏ�FHg�L�F NdOeFbá&Ø�]hFfg^ghWâQYG �YÔ �ôÑ&Ôlj
F Ø�]hFfÏ¨WâFH]
afQT]^]^FHg^Ø8QYGL-mÕK�L�ifØN mTaHFfÏ¨FfGôU3L�FHg3QYG�L�FHg P � NâQYG�åTWXU^K�L�WXG�mÕNXFHg �6FHU3NXFMg^FfaHQYG�L mTK�L�iHØ�NâmTafFHÏ�FHG�U3L�FHg
QYG�LFfg S �zUV]VmÕG�ghIYFH]^gVmÕNâFfg �bÔ8k:NâK�glåYiHG�if]^mTNâFHÏ¨FfG�UlNâF�L�ifØ�NâmTaHFfÏ¨FfG�UcØ8QYK]cK�GFMg^QYK�]hafF h FfG]^FfåTWâghU^]^i��
N m�ghUsm UVWâQTG 0 L�mTGg3NdO Ë ×�Ø8QTU Ë�Ì ghF£L ORKG�F£g^QYK�]hafF£Ø8QYG�abUVK�FHNâNXFÍFHG L�QTK�S�NâFMafQYKØ�NâFÍFHG a Ë mTÏ¨Ø�NâQTWâG�UVmTW\G
Ø8FfK&U/gHORiHaf]^WX]^F�Ø8QYK�]�a Ë mÕafK�GFÍL�FHgcØ Ë mÕg^Ffg/k ð8õ �

u0(~r, t) =
1

4πρhc3
hrh

R(φ, θ)Ṁ(t) � �YÔ ��� �

Q�� ρh
FfgCUÐNâmJLFfG�ghWXUVi�LK Ï�WXNXWXFHK ��Nâm[g^QYK�]hafF ð ch

FHghU£N mZI�WXUVFHg^ghF L�F�NdOeQYG�LF¨afQYGg^WâLif]^iHF ð
R(φ, θ)
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FfgCUlNâF3L�W mTåT]VmTÏ¨Ï�F3LF�]VmTLW mÕU^WâQTG �'Nâm£g^QYK]^afF�FHU Ṁ(t) FfghUlNâm � QYG�aHU^WâQTGZghQYK�]^aHF�U^FfÏ¨Ø8QY]^FHNâNXF3FHG�afQT]^FmTØ�Ø8FHNâiHF õ&Ê � ��K�W
I�WXFfG�UlL�F�NdORmTS�S�]hiHI�WâmÕUVWXQYG[mÕG�åYN mÕWâghF � õ QYK�]hafF Ê WâÏ¨F���KG�aHU^WâQYG � Ô
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� K�mÕG�LJQTG[Ø�mT]^NXF_L�F�LWâghUVmTG�aHF�U^ifNâiHg^WXg^Ï¨W ��K�F ð QYG[g^F�]hi � Ì ]hFMmTK�á[QTG�L�FHgcFHG�]^FHåYWXghUV]hifFfg��'L�FHglL�Wâg 

UsmÕG�afFHglifØWâafFHG�U^]VmTNXFfg�aHQYÏ¨Ø�]^WXg^FHg�FHG�I�Wâ]hQYG[FHG�UV]hF 30◦ FbU 90◦ Ô���afFfg�L�WâgCUsmTG�aHFfg ð NXF3UV]^m ÖhFbU�L�Ffg�QYG�L�FHg
P FbU S FfgCU3Ø�mÕ]hUVWXafKNâW Ì ]hFfÏ¨FfGôUlg^WXÏ�Ø�NXF�Ø�mÕ]^afF ��K OeWâN
G OeWâG�U^Ff]^mTåYWXU�Ø�mTg/m>IYFfaÍNXF�G�Q�×ômTK�FbU ��K�FÍNâm�Ø�]hQ�
Ø�mTåYmÕUVWXQYG'gfOeF �BFfabUVK�FcØ�]^WXG�afWXØ�mTNXFfÏ¨FHG�U:L�mÕG�g�NâF�Ï�mTG�U^F>mTK�WXG�� if]hWâFHK�] ��KW�FHghU¿K�G¨Ï¨WâNXW\FfK']^FHN mÕU^WXIYFHÏ�FHG�U
Ë QYÏ¨QYå Ì G�FÕÔ�j
FfglQYG�LFfg ��K�WXUhUVFfGôUlN mÐg^QTK�]^aHFML�F��vm fQYG ��K�mTghW�dIYFf]hU^WâafmTNâF3afF ��K�W
NXWâÏ¨W UVF3NâFHg�F �BFHU^gcL�FHg
UV]^m ÖhFbUVg�L�mTG�g¿NXFfg:Ï�WXNXWXFHK&á'NâmÕU^if]VmÕNâFfÏ�FfG�U Ë iHUViH]^QYå Ì G�FHg¿UVFHNâg ��K�FlN m�aH]^Q��&UVFlFHU¿NâF�Ï�mTG�U^F>mTK�g^KØ8if]^WXFfK�]
FHU�Ø]^Q�L�K�W\U6L�FHg�� QY]^Ï¨Ffg L OeQYG�LFfg�]^FHN mÕU^WXIYFfÏ¨FHG�U g^WâÏ¨Ø�NXFfg@FHU�Ø�NXK�g6L�WX]^FHaHU^FfÏ¨FfG�U6NâWXifFHg��£NdO Ë WXghUVQTWâ]hF/L�F
N m_]^K�ØU^K�]^FÕÔ�j
FHK�]¿aHQYÏ¨Ø�NâF áW\UVi I&WXFfGôU¿Ffghg^FfGôUVWXFfNXNâFfÏ¨FfGôU�L�K�Ï¨ifafmTG�WXg^Ï¨FlmTK�� Q ×YFH]�FHU¿L�FcNPORWXG�U^Ff]^mTaHU^WâQTG
m�ITFfa�N m-gCUV]^KaHUVK]^F�ghK�Ø8Ff] ��afWXFfNXNâF �-N m-g^QTK�]^aHF�FbU � Nâm-ghUVmÕUVWXQYG Ô�j
FJU^]Vm ÖhFHU¨g^F�aHQYÏ�ØNâFbá&W ��F[g^WlQYG
g^QT]hU6L�F3afFHUhUVF_åômÕÏ�Ï¨FcL�F_LWâghUVmTG�aHFTÔà:GZF �BFHU ð mTK �L�FHg^g^QTK�g�L�F 30◦ L�F3L�WâgCUsmTGafF3ifØ�WXafFHG�UV]^mTNâF ð NXF/]VmTWØ�mT]CUlNâQTWâGL�F�N m£IYFf]CUVWXa>mTNXF��'NâmÐg^QTK�]^aHF ð NâF3UV]Vm ÖhFbUlg^F �vmÕWâgVmÕG�U�Ø�]hWâG�aHWâØ�mÕNâFHÏ¨FfGôU�L�mÕG�glN m£af]^Q
�UVF�FHUlNâF
Ï�mTG�U^F>mTK g^K�Ø8iH]^WâFHK�]fÔ�
/K��LFfN �ZL�F 90◦

ð NXFfg�QYG�L�FHg�]^FfGafQYGôUV]^FHG�UMNdOeWâGôUVFH] �vmTaHFÐG�Q ×ômÕK��Ï�mTG�U^F>mTKDÔ
j
FHg
L�QYGG�ifFHg_UViHNâiHg^WâghÏ�W���K�Ffg P FHU S L�F£Ø�mT]3NXFfK�]/g^WXÏ�ØNâWXaHW\UVi�g^FÐØ�]#"HUVFHG�U�SWâFHG � NdOeiHU^K�L�F£L�F£N m�ghQYK�]hafF
g^WXg^Ï¨W ��K�FÕÔ:j�OeifÏ¨Ff]håYFfGafFJL�F[]^iHg^F>mÕK&áýLFJgCUsmÕU^WâQYG�g'g^WXÏ¨QYNXQYåTW���K�Ffg'Ï¨QYG�L�WâmTNXFHg'FbU�Nâm L�WXg^Ø8QYGWâS�WXNXW\U^i
FfGÇUVFHÏ�Øg ��K�mTg^W!�]hifFfN L�FZafFHg¨LQYG�G�iHFfg�Ø�]^iHg^FHG�UVFHG�U�KG�LFfK&á&W Ì Ï¨F[mT]^åYKÏ�FHG�U'FHG �vm>IYFfK�]'L�FZNâFHK�]
KU^WâNâW\gVmÕU^WXQYGL�mTG�glN mÐÏ¨Q�L�ifNXWâg^mÕUVW\QYGZLFMNâm'ghQYK�]^aHFTÔ

% ��2 �!%(������$<% 9H�"' 9H8&$,$H)���'

�cQYK�g�KU^WâNXWXg^QYGg:L�mTG�g�afFbU^UVFliHU^K�L�F ð L�FHg¿L�QYGG�ifFHg@NâmT]^åTF�S�mTG�L�Fcm>IYFfacKG�FlS�mTG�L�FlØ�mÕg^gVmÕG�UVFlØ�N mÕU^F
FfGJI�WXUVFHg^ghF£FHG�U^]^FÍFHG�I�Wâ]hQYG�ÒÔ Ñ�gHÔ8FbU ��ÒYÒ�gfÔ\Ô ` mTG�g/afFbU^U^FMU Ë�Ì g^FÍG�QYK�gcKUVWXNâW\g^QYG�g�Ø�]^WXG�afWXØ�mTNXFfÏ¨FHG�UlafF
U�×&Ø8F_L�F_L�QYG�G�iHFfg�L�QYGôU�Nâm � ]^i ��K�FfGafF�L Oeifa Ë mTGôUVWXNâNâQTG�G�mTåYFcFfgCUlL�F�ÑTÒ£afQTK�Ø�g�Ø�mT]6ghFfaHQYG�L�FHg�� a>mTG�mTK&á
, Ù �bÔ

j¡m�L�FHG�g^W\UVicmÕaHU^K�FfNXNâF6L�FlNâm_afQYK&IYFf]hU^K�]^FlÏ�QTG�L�W mÕNXF6LFfg�ghUVmÕUVWXQYG�g:ghWâg^Ï¨QYNXQYåTW���K�FHg:Ø8Ff]hÏ�FbU�L ORQTSUVF 
G�WX]�K�G�Fl]^iHØ�mT]CUVWXU^WâQYGÐaHQY]^]hFfabUVFlL�Ffg�ghUVmÕUVWXQYG�g���L�WâgCUsmTG�aHF�U^ifNXifg^WXg^Ï¨W ��K�F6Ø8QYK]�Nâm_Ø�NâKØ�mT]hU:L�FHg�g^ifWXg^Ï¨Ffg
Ï�mTNâåT]^i K�G�F[aHQYKIYFf]CUVK�]hFJØ�NXK�g'ifØ�mÕ]^g^F[L�mTG�g'NdO Ë ifÏ¨WâghØ Ë�Ì ]hFZghK�L Ô õ W6NâFHK�]�mTS8QTG�L�mTG�aHF �vmTafWXNâW\U^F NâFHg
iHU^K�L�FHgJLF g^QYK�]hafF ð NdOeiHUVmTØ8F L�F UV]^mTWXU^FfÏ¨FfGôUL�F afFHg[L�QYG�GifFfg[FHghUZUV] Ì gZWâÏ¨Ø8QY]hUVmTG�U^FTÔ Ê QYK&UVFfgZNâFHg
L�QYGG�ifFHg�L�QYW\IYFfGôU "bUV]hF£UV]hWâiHFfg3FfG � QYGaHUVWXQYG�L�FÐNâm ��K�mTNXWXUViML�Ffg_g^WXåYG�mTK�á�Ï mÕWâgcifåômÕNâFfÏ¨FHG�U3FfG � QTG�a�
UVWXQYG�L�F3NXFfK�]@ghWXU^K�mÕUVWXQYG¨åYifQYåT]VmTØ Ë W ��K�F3m ��G L OeQYSUVFHG�WX]@K�G�F3S8QYG�G�F3aHQYKIYFH]hUVK]^F_g^Ø�mÕUVWâmTNâFcmTKU^QYK�]@L�F
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NdOeifØWâaHFfG�U^]^FÕÔ � FbU^UVFciHUVmTØ8FcØ�]^iHNâWâÏ¨W\G�mTW\]^F6FfghU@F��DFHaHUVKifF3Ï�mTG�K�FfNXNâFHÏ¨FfGôU�a>mÕ]¿g^QTGmÕKUVQYÏ�mÕU^Wâg^mÕUVW\QYG'FfgCU
L�W���aHWâNXF���Ï¨FHUhUV]hF�FfG�Q�FHKI�]^FÍÏ�mTWXg�FHNâNXF�FfghU/Ø]^WâÏ¨QY]hL�WâmTN\F_Ø8QYK�]lNâF�g^K�aHa Ì g3L�FMNâm'Ï�Q�LifNâWXg^mÕUVWXQTG Ô�j
F
Ø�]hQ�afifLiMafNâmTg^g^W���K�F�L�F�UV]^mTWXU^FfÏ¨FfGôUlLFfgcL�QTG�G�iHFfgcKUVWXNâWXg^i_Ø�mT]lNâm'ghK�WXU^F�FfgCU/NXF�g^K�W\IÕmTGôU��

ílifaHK�Ø8if]^mÕUVWXQYGJLFfgcL�QTG�G�ifFHg/Ø�mT]l]hF ��K�"bUVFÍmTK � `_õ � � ��FfLFf]Vm UVWXQYG[Q � ` WâåTWXUsmÕN õ FfWâghÏ�QTåY]VmTØ Ë
�cFHU
� QY]#��g �bÔ

 õ ifNâFHaHU^WâQYG[L�FHgcghUVmÕUVWXQYG�g�FHG�UV]hF 30 FbU 90◦ LFML�WXghUVmTG�afF�iHØ�WXafFfGôUV]^mTNâFÕÔ
 �3WâghK�mTNâWXgVm UVWXQTG L�FHgZL�QYG�GifFfgZFHUZghifNâFHaHU^WâQYG·g^K�W\IÕmTGôUZNâFHK�] ��K�mTNâW\UVi�FHUZNXFfK�] L�FHG�g^W\UVi åYifQTåY]Vm 
Ø Ë W ��K�FÕÔ

 ` iHafQTG�IYQYNXKUVWXQYG[L�FfgcghWâg^Ï¨QYåT]VmTÏ¨Ï�Ffg6Ø�mT]�N mÐ]^ifØ8QTG�g^FML�F�NdOeWâGghUV]hK�Ï¨FfG�UfÔ
ílQTUVmÕUVWXQYG L�FfgJafQTÏ�Ø8QYg^mTG�U^Ffg Ë QY]^W �fQYGôUsmTNXFfgZFHG�]^FHåYWâgCUV]^iHFfgJØ8QYK�][QYSU^FfG�WX][NXFfg[afQTÏ�Ø8QYg^mTG�U^Ffg
G�mÕUVK�]hFfNXNâFfg UV]VmÕG�ghIYFH]^gVmÕNâFfg�� SH �6FbUc]VmTLW mTNXFfg � SV � L�FfglQYG�L�FHg S Ô

 � Ë QYW\áZL�F�N m � FfG "HUV]hF�UVFHÏ¨Ø8QY]^FHNâNâF3Ø8QYK�]lNXFfg�QYG�L�FHg P FbU SH Ô

º É�Á6ÉdÁ � 4�?30ô7�9�´35�7&AC4�?*2�� ´3?µ0�A�0 = 4�Ä:9�; =�= 1 0���?@7&,/±D7A�Å6´/1

` mTG�g�NâFJØ�mT]VmTåT]VmTØ Ë F �YÔ��TÔ �-G�QTK�g m�IYQTG�g�WâG�U^]^Q�L�KWXU �vi ��K�mÕUVWXQYG �YÔ �
� �'Nâm-g^QYNXKUVWXQYG�Ø8QYK�]¨K�G�F
g^QTK�]^aHF�Ø8QYG�abUVK�FHNâNXF3L�mTGg6K�GZÏ�WXNXWXFHK WâG ��G�WBL�mÕG�g6NâF3afmTg6L OeK�GZL�QYK�SNâF3afQTK�Ø�NâFÕÔ �MmÕG�mTÏ¨QY]^W8mTG�L õ UVF 
�6mÕ]hU � ��� �TÓ ��QYGôU@]^iHifaH]^WXU@aHFHU^U^F/i ��K�mÕU^WâQYG�Ø8QTK�]¿L�Ffg@QYG�LFfg¿UVifNXifghWâghÏ�W���KFfg¿L�mÕG�g@NXFcafmTg@L OeK�G�F Ê Ff]^]hF
]VmÕL�W mTNXFHÏ¨FfG�U Ë iHU^if]^QTå Ì G�FMFbUcÏ mÕNâåY]hi_g^m�afQYÏ¨Ø�NâF á&WXUVi ð NâFfg�L�FHK&áJF áØ]^Ffghg^WâQYGg/]hFfghU^FfGôU/g^WXÏ�WXNâmÕWX]hFfg��

u0(~r, t) =
M0

4πρhα3
h

· G(∆)

a

·
[

R
P Ẋ(t − τP ) + R

pP ΠPP (ih)Ẋ(t − τ pP ) + R
sP ΠSP (jh)Ẋ(t − τ sP )

]

· CP (i0) ∗ Q(t) ∗ I(t) � �TÔ ��� �

ã/GF�i ��K�mÕUVWXQYGZi ��K�W\IÕmTNXFfGôUVF�Ø8FHKU "HUV]hF�L�QYGG�ifF�Ø8QYK�]6NdOeQYG�L�F õ Ô � FHUhUVF�i ��K�mÕU^WâQYGZÏ¨FHU�FHGJibI�WâL�FHG�afF
NâFHg3L�W��DiH]^FfGôUVg/UVFH]^Ï¨Ffg ��KWnFHG�UV]hFfGôU�L�mTG�g3N m�afQTG�ghU^WXUVK&UVWâQTG�L OeK�G g^WXg^Ï¨QYåY]^mTÏ¨Ï¨FÕÔ8à�G F �BFHU ð NâFHg3g^WXg 
Ï¨QYåY]VmÕÏ¨Ï¨Ffg6FHG�]^FHåYWâgCUV]^iHgcØ8QY]CUVFHG�UcL�FHgcWâG�� QT]^Ï�mÕU^WXQTG�g6g^K�]��

• NPO mTÏ¨Ø�NXW UVK�LF�]^mTL�WXifF���Nâm'ghQYK�]hafF�� M0

4πρhα3

h

R
Y Ẋ(t − τY ) � ð

• NXF U^]Vm ÖhFHU:ghQYK�]hafF��]^iHafFfØ&UVFfK�]�L�mTGg:N m3aH]^Q��&UVF�WXG�afNXK�mTGôU�NâFHg�]^i���Fbá&WXQYG�g�_N m3ghK�] �vmÕafF�L�F�Nâm Ê Ff]^]hF
� Π ��FbUÐNâmJ]^iHØ8QYG�ghFWXÏ�Ø�KNâghWXQYG�G�FHNXNXF�L�K g^WXU^F mTK ]hifafFHØUVFHK�] � CP (i0)

Ø8QYK]£KG"]VmÕW@mT]h]^W\IÕmTGôU
m>IYFfa�K�G�F�WâG�aHWâL�FHG�afF i0

�
• NXF3U^]Vm ÖhFHU6g^QTK�]^aHF��]hifaHFfØU^FfK�]lL�mTGg�NâF3Ï�mTGôUVF>mÕKZWXG�afNXK�mTGôU6NPO mÕUhUViHG�K�mÕU^WâQTGmTG�ifNâmTgCUVW ��K�F Q(t) FHUNXF�afQ�F ��aHFfGôU3L OeFbá&Ø�mÕG�g^WXQYG�åYiHQYÏ¨iHUV]hW ��K�F G(∆)

• NXFfg�a>mT]^mTaHU^if]hWâghU^W ��K�FHglL�KJghWâg^Ï¨QYÏ Ì U^]^F_FHUlL�KJgh×�gCU Ì Ï¨FML OeFfG]^FfåTWâghU^]^FHÏ�FHG�U�� I(t) � � ��åYK�]^F �YÔ � �bÔj:ORWXg^QYNâmÕUVW\QYG¨L�F/N mMghQYK�]^aHF_ghWâghÏ�W���KF/L�FbI�WâFHG�U�mÕNâQY]hg¿Ø�NâK�g@aHQYÏ¨Ø�NâW���K�ifFca>mÕ]@afFfNâmÍg^KØ�Ø8QYg^F_KG�F3S8QYG�G�F
Ï¨Q�L�ifNXWâg^mÕUVW\QYGL�FfglF �BFHU^gcL���g��'N mÐØ�]hQYØ�mTåYmÕUVWXQYGZL�F�NPORQTG�L�FTÔ�j¡FHgcLW �Bif]hFfG�U^glifNXifÏ¨FfGôUVg�WâGôUVFf]CIYFfG�mÕG�U
L�mTGgcNXF�g^WXg^Ï¨QYåY]VmÕÏ�Ï�F_L�FHgcQYG�LFfglU^ifNâiHg^WXg^Ï¨W ��K�FHglghQYG�UcLiHUsmÕWâNXNâiHg6K�G ��K�GJaHW��mÕØ�] Ì gfÔ



ÑTÒ

Noyau
Manteau

Source
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Croûte stratifiée
Expansion géométrique
+ atténuation anélastique

	 ë�
� �YÔ � � ` W �Bif]^FHG�U^gF��DFbUVgFfGôUV]^mTG�UL�mÕG�gNâm afQTG�ghU^WXUVK&UVWâQTG L�K·g^WXg^Ï¨QYåY]VmÕÏ¨Ï¨F �@F��DFbUVgL�F�N m
g^QTK�]^aHF ð L�FMN m'gCUV]^K�abUVK�]hFÍaH]^K�gCUsmTNXF ��N m'ghQYK�]^aHF ð L�FMNâm�Ø]^QYØ�mÕåômÕUVWXQYGZÏ mTGôUVFHNâNXW���K�F ð L�FMN m'gCUV]^KaHUVK]^F
af]hK�ghUVmTNâF���Nâm'gCUsmÕU^WâQYG[FbUcL�F�N mÐ]^iHØ8QYG�g^FMWXG�ghU^]^K�Ï¨FfGôUsmTNXF_L�F�N mÐghUsm UVWâQTG[g^WXg^Ï¨QYNâQTåYW ��KFTÔ

/ ��B;Q.� %3*,9H���3249,�-)����#Q!2 'C8<*,���J�RB 8&*H��*;$ 9H8<* 0 Q-� 
 �J8<*,B;Q-� ��� M0

4πρhα3

h

R
Y Ẋ(t − τY ) �

M0
FHghU�NâF¿Ï�QYÏ¨FHG�U®g^WXg^Ï¨W ��K�F¿g^a>mÕN mTWX]^F¿L OeK�G�F g^QTK�]^aHF��/L�ifØ8FHG�L�mTGafF6U^FfÏ¨Ø8QY]^FHNâNâF�L�K£U�×�Ø8F X(t)

ð
R

Y FfghU3NXFMaHQ�F �¨aHWâFfGôU3L�FÍ]^mTL�WâmÕUVWXQYG[L OeK�G�FÍØ Ë mTg^F�� ð ρh
FHU αh

g^QTG�U/N m�L�FHG�g^W\UViÍFbU3Nâm'I�WXUVFHg^ghF£L�FHg
QYG�LFfg�� �'N mÐg^QTK�]^aHFTÔ

j¡m'åYifQTÏ�ibUV]^WXF_L ORKG�F��vmTWXNâN\F_FHghUcL�ifaH]^WXU^F�g^K�]lNâm ��åTK�]^F �YÔ �&Ô
j
F¨L�W mÕåY]VmTÏ¨Ï�F'L�F�]VmÕL�W m UVWXQYG-L�iHaf]^W\UÍNdORmTÏ¨Ø�NXW\U^K�L�F'L�FfgÍQYG�LFfgÍL�F¨IYQYNXK�Ï¨F�FfG � QYG�abUVWXQYG L�F�N m

L�WX]^FfabUVWXQYG L�F¨L�ifØ�mT]hU �JNâm[g^QYK]^afF � ~γ Ô
ï�N�gfORiHaf]hWXU �JNPO mTWXL�F'L�K UVFfGg^FfK]£L�F¨Ï�QTÏ�FHG�U�g^WâghÏ�W���K�F
M

��K�W¡afQYGôUVWXFfGôU/NPORWXG�� QY]hÏ�m UVW\QYGZg^K�]cN m'åYiHQYÏ¨iHU^]^WâF�L�FM]hK�ØUVK]^F��vaHQYÏ�Ï¨F_I�K�L�mÕG�gcNdOeFbá&Ø�]hFfg^ghWâQYG �YÔ �YÒ � Ô
` mTGgcNâF�afmTglL ORKG�FML�WXg^NXQ�a>mÕU^WâQTG ð WâNDgfORF á&Ø�]^WXÏ�F�aHQYÏ¨Ï�F_g^K�W\U��

M = M0(~ν
T ~d + ~d~νT )

Q�� ~d FHghU�NXFZIYFfabUVFHK�]�K�G�W\UsmTWX]^FQY]^WXFfG�U^i[L�mÕG�g¨N m L�WX]^FHaHUVWXQYG$L�KýåYNXWâghg^FfÏ¨FHG�U�FHU ~ν FfgCU KG�IYFfabUVFfK]
K�G�W\UsmTWX]^F_GQY]^Ï�mTN mTKJØ�NâmTG[L�F �vmTWXNXNXFTÔ

j
FHglU^]^QYWXg�aHQ�F �¨afWXFfGôUVgcLFM]^mTL�WâmÕUVWXQTG
R

P ð
R

SV FHU
R

SH ��K�W
L�QYG�GFfG�UcNPO mTÏ¨Ø�NXW UVK�LF_L�KJa Ë mTÏ¨Ø
L�F/L�ifØN mTaHFfÏ¨FfGôU��ÍN m�g^QYK]^afF/g^FfNXQYG NXFfg¿U^]^QYWXg¿L�WX]^FfabUVWXQYG�g ~γ

ð
~p FbU ~φ gHORiHaf]^W\IYFfGôU � 
 ��WBmTG�LílWâa Ë mT]hL�g ð

���YÎTÒ ���

R
P = ~γ T M~γ

R
SH = ~p T M~γ

R
SV = ~φ T M~γ � �YÔ � ���
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	 ë�
� �TÔ � �Zî�iHQYÏ�ibUV]hWâF_L OeK�G�F �vmTWXNâN\FTÔj¡F_IYFfabUVFfK]/K�GWXUsmÕWâ]hF ~d Ø8QYWXG�U^F�L�mTG�glNâm'LWâ]^FHaHU^WâQYGZL�KJåYNXWâg^ghF�
Ï¨FfGôU�FHU¿mTØØ�mT]hU^WâFHG�U�mTK�S�NXQ�a6WâG�� iH]^WâFHK�]fÔÕï�N�FfgCU¿L�i ��G�W�Ø�mÕ]:g^QYG�Ø8FfG�L�mTåYF δ FHU�NdORmTG�åTNâF L�K�åYNâWXg^ghFfÏ¨FfGôU
λ Ô φ FHghU_NdORm
�fWXÏÐKUcL�F£N m¨ghUVmÕUVWXQYG�Ï¨FHg^K�]^i£L�mTG�g3NâFÍghFfG�g_afQTG�UV]^mTWX]^F£mTK�á mTWXåYK�WXNXN\FfgcL OeK�G�FÐÏ¨QYGôUV]^F �
Ø�mT]CUVWX]ÍL�F NdORm
�HWâÏÐKUML�F N m��vmÕWâNXNXFÕÔ ~ν FHghU'KG"IYFHaHUVFHK�]'KG�WXUVmTWâ]hF¨G�QY]^Ï�mTN¿mTK"Ø�NâmTG L�F �vmTWâNXNXFÕÔ�j
F ]VmTW
��K�WXUhUVF�N m'g^QYK�]hafFÍm�IYFfaMK�G�mTG�åYNXF�L�FML�iHØ�mT]CU ih

L�mTGg/NXF�Ø�N mÕG[IYFf]CUVWâafmTN
afQYGôUVFHG�mTG�U/NXF�åY]VmTGL�aHFf]^aHNâF
�ÍNâmMghUVmÕUVWXQYG Ô ~l ð ~p FbU ~φ g^QTG�U NâFHg¿IYFfabUVFHK�]^g6K�G�W\UsmTWX]^FHg@mTg^ghQ�afWXifg6mTK�á�L�ifØN mTaHFfÏ¨FfGôUVg uP ð uSV FHU uSH Ô
�nWXåYK�]^F_L ORmTØ�] Ì g3ø � mÕN � �����ôÑ�� Ô

Q�� ~γ FHghU�NâF ITFfaHU^FfK�]�K�G�W\UsmTWX]^F QT]^WâFHG�U^iL�mTG�g'N m�L�WX]^FHaHUVWXQYG"L�FZL�ifØ�mÕ]hU�L�K$]^mTWdÔ®ï�N FfghU�i ��K�W\IÕmTNXFfGôU
� ~l ghK�]ÍN m ��åYK]^F �YÔ �&Ô ~p FHU ~φ g^QTG�U£NXFfg�IYFfaHU^FfK�]hgÐK�G�W\UsmTWX]^FHgÍmÕg^g^Q�aHWâiHgÐmTK�á L�iHØ�N mÕafFfÏ¨FHG�UVg uSV FHU
uSH Ô&j
F3Ø]^FfÏ¨WXFf] �vQTG�L�F P ��FHghU6Ø8QYNâmT]^WXg^ilL�mTGg N m�L�Wâ]hFfaHU^WâQYG¨L�F3Ø�]hQYØ�mTåYmÕUVWXQYG ð NXF/LFfK&á&W Ì Ï¨F�� QYG�L�F
SV ��FfgCU£G�QY]hÏ mÕN�JafFHNâNXF��afW:FbU£aHQYG�U^FfG�K"L�mÕG�gÍNâF�Ø�NâmTG g^QYK�]hafF �]^iHafFHØUVFHK�]ÐaHQYG�U^FfG�mÕG�U£NXF�]VmTW:FHUÍNâF
UV]hQYWâghW Ì Ï�F � QYG�L�F SH ��FHghU[Ø8QYNâmT]^WXg^i�Ø8Ff]^Ø8FHG�L�WXafK�NâmTWâ]hFfÏ¨FfGôUZmTK ØN mTG·L�i ��G�W_Ø�mT]NXFfgL�WX]^FfabUVWXQYG�g
L�F[ØBQTN mT]hWâg^mÕUVW\QYGÇL�FHg�QTG�L�Ffg P FbU SV Ô�j:ORmTÏ�ØNâW\U^K�L�FZLFfg¨a Ë mTÏ¨Ø�g¨iHÏ�WXg'FfghU¨L�QYG�a � QYG�aHU^WâQYG$L�F
N m LWâ]^FHaHU^WâQYG·L OeQYS�ghFf]CIÕmÕUVWXQYG Ø�mT]]VmÕØ�Ø8QY]hU �ÇNPORQT]^WXFfG�UVmÕUVW\QYG L�F Nâm �vmTWâNXN\FTÔ@j¡m ��åYK�]hF �YÔRÓ"Ï�QTG�UV]hF
NdOeWâÏ�Ø8QY]hUVmTG�aHF'L�FfgMØ Ë mTghFfgÍL�F¨Ø]^Q � QYGL�FfK�]MmTWâGg^W ��K�F¨NdOeF �BFHUMWXÏ�Ï¨iHL�WâmÕU�L�K Ï¨iHa>mTG�WXg^Ï¨F¨mÕK � Q�×YFf]
g^K]lN m � QT]^Ï¨F_L�KJg^WXg^Ï¨QYåY]^mTÏ¨Ï¨FÕÔ&ï�N
gHO mÕåYWXU �'a Ë m���K�F � QYWâg � Ø8QYK�]�K�G�F �vmÕWâNXNXF3WXG�IYFf]hg^F�� 45◦ FbUcØ8QTK�]K�G�F��vmTWXNâN\F_IYFf]CUVWXa>mTNXF��¨åYNXWâghg^FfÏ¨FHG�UlIYFH]hU^Wâa>mÕN � L�FMN m�ghK�Ø8Ff]hØ8QYg^W\UVWXQYG�LFfgcUV]hQYWâg�Ø�K�NXg^Ffg�� P ð

pP
ð
sP � ð

a Ë mTaHK�G�m>×ômTGôU�gVmÐØ8QYN mÕ]^W\UVi ð g^QYG[mTÏ�ØNâW\U^K�L�F/FHU�g^QTG[L�iHN mTWBØ8QYK] � QY]^Ï¨Ff]@NâF3g^WXg^Ï¨QYåY]VmÕÏ¨Ï¨F/aHQYÏ�ØNâFHU
L�FÍNdOeQYG�LF P Ô 
 L�WâgCUsmTG�aHFMUViHNâifghWâghÏ�W���KF ð Ø8QYK�]/K�GF£ghQYK�]^aHF£Ø8FfK�Ø�]^Q � QYG�L�F ð WâN �vmTKU/aHQYG�g^WXL�if]hFf]/NâFHg
Ø Ë mÕg^Ffg:L�F6Ø]^Q � QYGL�FfK�] pP FbU sP

ð Wâghg^K�FHg:L�F6Nâm3]hi ��F á&WâQYG'L�FHg:QYGL�Ffg P FHU S �_Nâm/g^K�] �vmTafF6NâWXS�]^F ð ��K�W
� QYGôU�Ø�mÕ]hUVWXF@L�KÐa Ë mTÏ¨ØÐL�F NdOeQYG�L�F k®ÔTj
FfgnØ Ë mTghFfg�i ��K�W\IÕmTNXFfG�U^Ffg�Ø8QTK�]nNdOeQYG�LF õ g^QTG�U pS FbU sS ÔÕk®QYK�]L�FHgMg^QTK�]^aHFfgMØ8FfK Ø]^Q � QYGL�Ffg ð afFfgMØ Ë mTg^FHgÍmT]^]hWXIYFHG�U ��K�mTg^WXÏ¨FfG�U�FHG Ï "fÏ¨FÐU^FfÏ¨Ø�g ��K�F�NâFfg�Ø Ë mÕg^Ffg
Ø�]hWâG�aHWâØ�mTNXFfgÐLDORQ
��N m G�iHafFHg^g^WXU^iJL�F[NXFfg'WâG�aHNâK]^FL�mTG�g�Nâm Ï¨Q�L�iHNâWXgVmÕU^WXQTG Ô � Ffg¨Ø Ë mTg^FHg¨Ø8Ff]^Ï¨FHUhUVFHG�U
ifåYmTNâFHÏ�FHG�U�LDO m �¨G�FH]lN m£NâQ�a>mÕNâWXg^mÕUVW\QYGFHGJØ�]hQ � QYG�L�FHK�]�L�F�NdO Ë ×�Ø8Q�afFHG�UV]hF ð �vmÕWâS�NXFfÏ¨FHG�U6afQTG�UV]^mTWâGôU�Ø�mT]
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	 ë�
� �TÔ Ó�Mj
FfgnL�W �Bif]hFfGôUVFfgnØ Ë mTg^FHg�L�KÐg^WXg^Ï¨QYåY]VmÕÏ�Ï�F�ØBFHKIYFHG�U "HUV]hF Ï¨Q�L�ifNXWâghifFfg®aHQYÏ¨Ï�F¿K�G�F ghK�WXU^F
L OeWâÏ¨Ø�K�NXg^WXQYGg�L�QYGôU¿NPO mÕÏ�Ø�NXW UVK�LF6FHU�N m_Ø8QYNâmT]^W\UVi g^QYGôU¿L�WXaHU^ifFfg�Ø�mÕ]�NXF�Ï¨ifafmTG�WXg^Ï¨FlmTK�� Q ×YFH]¿m>IYFfa ð FfG
Ø�NXK�g ð Ø8QYK�]®NâFfg®Ø Ë mÕg^Ffg�L�F Ø]^Q � QYGL�FfK�] ð NâF¿afQ�F �¨aHWâFfGôU:LF ]^i ��Fbá&WâQYGÐFHG'ghK�] �vmTaHFTÔTj
Ffgng^WâghÏ�QTåY]VmÕÏ�Ï�Ffg
QYSU^FfG�K�g3ghQYG�U/N m�aHQYG�IYQYNXKUVWXQYGJL�FÍNâm�� QYG�abUVWâQTG�ghQYK�]^aHF£ghWâÏ¨Ø�NâF�m�IYFHa£NXFfgcWXÏ�Ø�KNâghWXQYG�gHÔ�j¡m���åYK�]hFÍL�KË mTK&U�afQY]h]^FHg^Ø8QYG�L � K�G-Ï¨ifafmTG�WXg^Ï¨F£FfG �vmTWâNXN\FÍWâGôIYFf]hg^F'FbU�afFfNXNâF£LK-S�mÕg�FHG-åYNXWâghg^FHÏ�FHG�U_ØK�]^FHÏ�FHG�U
IYFf]CUVWXa>mTNPÔ&j
F_afmTg6L�Ffg6QYGL�Ffg S FHghU6UV] Ì g6ghWâÏ¨WâNXmTW\]^F/m�IYFHa_K�G[mTG�åTNâF/L OeifÏ¨Ff]^åTFfG�aHF�Ø�NXK�g WâÏ¨Ø8QY]hUVmTGôU@FHU
K�G�F � QYG�abUVWXQYG[L�FÍî�]^FfFHG�mTL�mTØU^ifFÕÔ �nWâåYK]^F_L O mÕØ�] Ì g3ø � mTN � �����YÑ��bÔ

NâFHglQYGL�Ffg P FHU S LWâ]^FHaHU^FfgHÔ

���F� %3' 9,�RB;�38UB,2 �U2D%3�!8&$ � G(∆)
�
Q(ω)

�
PiAB � CP (i0)

k®QTK�]Jg^WXÏ�Ø�NXW ��Ff]ZNâF-afmTNâaHK�N�L�F Nâm � QTG�aHU^WâQYG LF"î�]^FHFfG L�mTG�gJNâF-afmTg�LFfg�QYGL�Ffg�L�F-IYQYNXK�Ï¨F
UViHNâiHg^WâghÏ�W���K�Ffg ð QYGJL�iHafQYKØ8FÍNXF�Ø�]^QYSN Ì Ï�F_FfG�ØNâK�ghWâFHK�]^g�Ø�mT]hU^WâFHgfÔ

ø_GJaHQYG�ghWâL Ì ]^F ��KFMNâFHglQYG�LFfglU^]Vm>IYFf]^ghFfGôU/L�FfK&á[]^iHåYWâQYGg��
• K�GFZØ�]^FHÏ�W Ì ]hF]^FHØ�]^iHg^FHG�UsmÕG�U¨Nâm�af]^Q
�UVFU^Ff]h]^FfgCUV]hF[gCUV]Vm UVW ��ifFL�mTGg'N m���K�FHNâNXF NXFfgÐ]hi ��F áWXQYG�g ð
]hi � ]VmÕaHU^WâQYG�g FbUZNâFHgaHQYG�IYFH]^g^WXQYG�gZghQYGôUZG�QYÏÐS�]^FHK�g^FHgfÔ � FHNâNXF��aHW/aHQYG�afFH]^G�F NâFHg]hifåYWXQYG�g L�F N m



Ñ
�

ghQYK�]^aHF ð L�KJØBQTWâGôUlL�F�]^FHS8QYG�LJØ8QYK�]lNXFfg�Ø Ë mTghFfgcL�F�Ø�]^Q � QTG�L�FfK]lFHUcFHG���G�L�KJ]^iHafFHØUVFHK�]fÔ
• K�GFMg^FHafQTG�L�FÍ]hFfØ�]hifghFfG�UVmTG�U/NâF�Ï�mTGôUVFfmTK Ô

& 24$,'IQ!2��J�38��:%(� �
ΠAB � j¡mJghU^]^K�abUVK�]hF NXQ�a>mTNXF�LF�N mZaf]^Q
�UVF¨U^Ff]h]^FfgCUV]hF åTifG Ì ]^F¨UVQYKU^F¨K�G�F�ghi�

]^WXF�L OeQYG�L�FHg£]hi ��iHa Ë WâFHg ð afQYGôIYFf]CUVWâFHgÍFHUMU^]VmTGg^Ï¨Wâg^FHg ��K�W�afQYGôUV]hWâS�K�FHG�U �[N mZafQYÏ¨Ø�NXFbá&WXU^i�L�K g^WXg^Ï¨Q�
åY]^mTÏ�Ï¨FÕÔ � Ffgl]hi ��F á&WâQYGg��ÐN m£g^K�] �vmTafF�NâWXS�]^F_mÕWâG�ghW ��K�F�ghK�]�NâFfg6WâGôUVFH] �vmTaHFfg�aH]^K�gCUsmTNXFfg�Ø8FfK&IYFfGôU "HU^]^F
a>mÕNâaHK�NâiHFfg6åY] �TafF �£N mMUVFfa Ë G�W���K�F�L�Ffg�Ï�mÕU^]^WXafFfg LF�Ø]^QYØ�mÕåômÕUVWXQYG WâGôUV]hQ�L�K�WXU^F/Ø�mT] Ê�Ë QYÏ¨g^QYG � ��� �TÒ �
Ø�K�WXg¨L�iHIYFHNâQYØØ8ifF�Ø�mT] Ù mTg#�TFfNXN�� ��� �
� ð ���YÓ
� � � , QYKa Ë QYG � ��� �TÓ �bÔ:j¡FJÏ�WXNXW\FfK�gCUV]Vm UVW ��iJL�mTGg�g^QYG
FfGg^FfÏÐSNâFMFHghU3mÕNâQY]hg�Ï�Q�L�iHNâWXg^i_Ø�mT]lK�GFMg^if]hWâF�L�FMaHQYK�a Ë FHg Ë QY]^W �fQYGôUsmTNXFfg�FHÏ�ØWâNXifFfglmTK �L�FHg^g^Kg/L ORKG
L�FHÏ�W!�FHg^Ø�mTaHFTÔ�j¡m'g^QYK]^afF�g^F�UV]hQYKIYF��'NPORWXG�UViH]^WXFfK]6L OeK�G�F�afQTK�a Ë F ��K�FfNXafQYG ��KFMQYKJLKJL�FfÏ¨W!�FfghØ�mTaHF
g^QTK�g \Ö^mTafFHG�U>Ô � FHUhUVFMUVFHa Ë G�W ��K�FÍL�FHg/Ø�]^QTØ�mTåôm UVFfK]^glIÕm¨g^FH]hI�Wâ]��¨a Ë m ��KF � QYWXg ��K OeWâN ×JmTK�]Vm�WâGôUVFH]VmTa 
UVWXQYG�m�IYFHaÐN m¨gCUV]^K�abUVK�]hFÐFfG ghK�] �vmTaHFÐaÕORFHghU  � �L�Wâ]hFÍØ�] Ì g_L�F£Nâm¨g^QYK�]hafF ð ��N m¨ghUsm UVWXQYG�FbU�mTK Ø8QTWâGôU3L�F
]^FHS8QYG�L Ø8QTK�]3NâFHg3Ø Ë mTghFfg�]hi ��iHa Ë WâFHgfÔ j¡QT]^g ��K OeK�G L�ifØ�NâmTaHFfÏ¨FfG�U_LK g^QTN®L�� � KG UV]hFfÏÐS�NXFfÏ¨FfGôU3L�F
UVFH]^]hF6FHghU:FHG�]^FHåYWâgCUV]hi ð NâF@g^WXåYG�mÕN�afQYGôUVWXFfGôU�G�QYGÐghFfK�NXFfÏ¨FfGôU:NPORQTG�L�F ��KW�mT]h]^W\IYF��/N m/ghK�] �vmÕafF6Ï�mTWXgnmÕK�g^ghW
NâFHg QYG�L�FHg ��K�WDgfO ×]hi ��iHa Ë Wâghg^FfGôU>Ô � FHU�F �BFHU�Ø8FHKUlgHORF á&Ø�]^WXÏ�FH] �vmTaHWâNXFfÏ¨FfGôU��£Ø�mT]CUVWâ]@LFfg�aHQ�F �¨afWXFfGôUVg
L�F�]^i���Fbá&WXQYG � ΠPP ð ΠSP � ð L OeK�G�FMQYGL�F�Ø�N mTGF���N mÐg^K�] �vmTafF�NâWXS�]^FÕÔ

j¡mÐU^]Vm>IYFf]^ghifFMLF�N m£af]^Q
�UVF_UVFf]h]^FHghUV]hFMaHQYG�gCUVWXU^K�F�K�G�F�ibUsmTØ8F�WXÏ¨Ø8QY]hUsmÕG�U^F_L�mTG�glNXF_U^]Vm ÖhFHU�L ORKG�F
QYG�LF�afmT]6FHNâNXF3Ø�mÕ]hUVWXafWXØ8F��£N mÍafQYÏ¨Ø�NXFbá&WXU^i3L�F_g^m � QT]^Ï¨F���G�mÕNâFÕÔ�ø_GZaHQYÏ¨Ø�]^FHG�L[mTNâQT]^g NPORWXÏ¨Ø8QY]CUsmÕG�afF
��K OeQ�afafKØ8F NâF-Ï¨Q�L Ì NXF-L�F af]hQ��U^F NXQY]^g[LF Nâm$Ï¨Q�L�ifNXWXgVmÕU^WXQYG L�F g^WâghÏ�QTåY]VmTÏ¨Ï�FfgZgh×�G�U Ë iHU^W ��K�FHgfÔ
ï�N�FfghU�L OeK�g^mTåYFJL OeKUVWXNâWXg^FH]'K�GýÏ¨Q�L Ì NâFZL�F Ê Ff]h]^FJÏ�Q�×YFfG�K�G�W ��K�F[Ø8QYK�]'UVQYKU^FJNâm af]hQ��UVF[U^FfN ��K�F
k�í/à æ � ` �fWXF��@QYG�g �ô×�mTG�L 
/G�L�Ff]hg^QYG ð ���YÎ ����QTK�ï 
 õ k�� � � ��FfG�G�FbU Ë mÕG�L à:G�åYL�m Ë N ð ���
� � �6L�mTG�g
NâFHg¿Ï¨Q�L�ifNXWâg^mÕUVW\QYG�g:aHN mTghg^W ��K�FHg mTK�á¨]^ifaHFfØ&UVFfK]^g6mTWâGg^W ��K O �MN m�g^QYK�]hafFÕÔ&j�OeKU^WâNâW\gVmÕUVW\QYG�LF/Ï¨Q�L Ì NâFfg�L�F
af]hQ��U^F mTL�mÕØUVi �JL�FfgÍafQTG�UVF á�UVFHgÐåTifQYNXQYåYW���K�Ffg�Ø�mT]hU^WâaHK�NâWXFH]^g�Ø8FHKU£gfORm�IYiH]^FH]£KU^WâNâF'afQTÏ�Ï¨F�G�QYK�gMNâF
Ï¨QYG�U^]^Ff]hQYG�g�L�mTGgcNXF�a Ë mTØ�WXU^]^FMÑ&Ô �ML�mÕG�glNâF�a>mÕgcLFMNPORibUVK�L�F�L�KJg^ifWXg^Ï¨F�L�F��/Q��TQ>á&WâNXW ð � Ê WâS8FHU �bÔ

& 24$,' Q!����24$<%(��24* � G(∆)
�
Q(ω) � j
F/Ï�mTGôUVF>mÕK�FHghU S8F>mÕK�afQTK�ØØ�NXK�g Ë QTÏ�QYå Ì G�FlN mÕU^if]VmÕNâFHÏ¨FfGôU

��K�F�N m af]hQ��UVF�UVFH]^]hFfghU^]^FÕÔ à:G�afQYG�ghi ��K�FfG�afF ð NXFfg
F��DFbUVg¡L�F:Ø�]hQYØ�mTåôm UVWâQTG_g^QYGôU�S8FfmTK�aHQYK�ØMØ�NâKg
g^WXÏ�ØNâFfg
�ZØ�]hFfG�L]^F�FfG-afQYÏ¨ØUVFÕÔ ï�N�FfgCUMG��HFfghgVmTWX]^F'UVQYK&U�L ORmTS8QY]hL LF�afQTG�G�m �XUV]hF'NâmåYiHQYÏ�ibUV]hWâFÐLK ]^mTW�Ø8QTK�]
]^FHNâWXFf] NPO mÕG�åYNXF�LF L�ifØ�mT]hU �"N m ghQYK�]^aHF-m�IYFfa Nâm L�WâgCUsmTGafF ifØ�WXafFfGôUV]^mTNâFÕÔ6à:G afF ��K�W3afQYG�aHFf]hG�F-N m
Ø8QYNâmT]^WXgVmÕU^WXQTG L�FHg�QYG�LFfg ð NdOeF �BFHUJFHghU�Ø�]^WXg[FfG afQYÏ¨ØU^F G�m UVK�]hFfNâNXFfÏ¨FfGôU ð afmT][NâF U^]^W Ì L�]^F � ~γ, ~p, ~φ �UVQTK�]^G�F m>IYFfa�NâF�]^mTWdÔ¿à:G ØNâK�g ð L�FHK&á·mTKUV]hFfg F �BFHU^gL�QYW\IYFfGôU�"bUV]^F�Ø�]hWâg�FfG·afQTÏ�ØU^F �¿NâF��vmÕaHUVFHK�]
L OeFbá&Ø�mTGg^WâQTG�åYiHQYÏ�ibUV]hW ��K�F�FHUcNXF��vmTabUVFfK]lL O m U^UViHG�K�m UVWâQTGJmTG�ifNâmTgCUVW ��K�FÕÔ

� �:B;2 $;'+�!8<$ �U)�8&�#)�%+� �-M�*H� � G(∆) � ` mTGgcNâF�a>mÕgcL OeK�G�F Ê Ff]h]^F Ë QYÏ¨QYå Ì G�F ð NâmÐU Ë iHQY]^WXF�LFfg
]VmÕWâg�Ø8FH]^Ï¨FHU@LDORF áØ]^WâÏ¨FH]¿afF �vmTabUVFfK]¿g^QYK�g¿N m�� QY]^Ï¨F |1

~r
| m�IYFHa |~r| = |~x− ~ξ| Q
� ~ξ FfgCU Nâm�Ø8QYghWXUVWXQYG�L�KØ8QYWXG�Ucg^QYK]^afF ��K�W�]^QYÏ¨ØU���U ��Ò¨FHU ~x N m�Ø8QYg^W\UVWXQYG ��G�mTNâFMLK � ]^QYGôU/L OeQYG�L�F£mT]h]^W\IÕmTG�U��¨N m�gCUsmÕU^WâQYGDÔ
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	 ë�
� �TÔ � � õ a Ë iHÏ mÐÏ�QYGôUV]^mTG�U6NPORF��DFbU�L�K �vmTabUVFfK]�L OeFbá&Ø�mTGg^WâQTGJåYiHQYÏ¨iHUV]hW ��K�F3g^K�]�NXFfg6]VmTWXg6NXQY]^g L�F
N mÐØ�]hQYØ�mTåôm UVWâQTGZL�mTG�glNXF�Ï mTGôUVFfmTK Ô �nWXåYK�]hF�L ORmTØ�] Ì g3ø � mTN � �����ôÑ�� Ô

` mTGg�KG'UVFfNÏ¨WâNXW\FfK ð NâFHg � ]hQYG�U^g:LDORQTG�L�F�åY]VmÕG�L�Wâghg^FHG�U�FHG�gfOeifNXQYWâåYG�mTG�U�LF�N m3ghQYK�]^aHF�U^QYKU:FHG¨åYmT]^L�mÕG�U
K�G�F�� QY]^Ï¨F�g^Ø Ë iH]^W���KF£L�FM]Vm>×YQYG αt Ø8QYK�]cNâFHgcQYG�L�FHg3k FbU βt Ø8QYK]/NXFfgcQTG�L�Ffg õ FHU3mT]^]hWXIYFHG�U/FHG ~xmTK[U^FfÏ¨Ø�gl]�� α FHUl]�� β Ô

� FHØ8FfG�L�mTG�U ð NXQY]^g ��KF:G�QYK�g
afQTG�g^WXL�if]hQYG�g
K�G�F Ê FH]^]^F:]VmTL�WâmTNXFfÏ¨FHG�U Ë ibUViH]^QYå Ì G�F ð NâFfg � ]^QYGôUVg L ORQTG�L�F
��K�WnmÕ]^]^W\IYFfGôU_mTK�]^iHafFHØUVFHK�]_G OeQYGôU_ØNâK�g/L�FÍgh×�Ï¨iHUV]hWâFÍghØ Ë iH]^W ��K�FÕÔ � F �vmÕaHUVFHK�]3m�L�QYG�aÍK�G�F£WXÏ�Ø8QT] 
UsmÕG�afFG�QTGÇG�ifåTNâWâåTF>mTS�NXF¨L�mTG�gÐaHFZafmTg ð afmT]ÐWXN¿U^]VmTLK�WXU£N m�aHQYG�afFHG�U^]VmÕU^WâQYG"QYKÇNPOeifØ�mT]hØ�WâNXN\FfÏ¨FfGôU£L�FHg
]VmÕWâg£FfG � QYG�aHU^WâQYG"LFZNdOeifNXQYWXåTG�FfÏ¨FfGôU � N m�ghQYK�]hafFZFHU'L�FHg¨mÕG�åYNâFHgÐL OeWXG�afWXL�FfG�aHF � Nâm�g^QTK�]^aHF[FbU�mTK
]^iHafFHØUVFHK�] � ��åYK�]hF �YÔ ���bÔ®à:G"ifåômTNXWâg^mTG�UMNdOeifG�FH]^åYWXF mTghg^Q�afWXifFmTK"a Ë mÕÏ�Ø NâQYWXG�UVmTWXG ��Nâm�ghQYK�]^aHFFHU �
N m¨gCUsmÕU^WâQYG ð WâN¡FHghU��vmTaHWâNâF�L�FÍÏ�QYGôUV]hFf] ��K�FÐNPORmTÏ�ØNXW\U^K�L�FML�K�L�ifØN mTaHFfÏ¨FfGôU_FHG � QYG�abUVWâQTG�LF ∆ Ø8FfKU
gfOeifaH]^WX]^F�Ø8QYK�]lKG�FMQTG�L�FMk �

u0 = rh
G(∆)

a
uh

Q��
G(∆) =

[
ρhαh

ρ0α0

sin ih
sin ∆

1

cos i0

∣
∣
∣
∣

dih
d∆

∣
∣
∣
∣

]−1/2 � �TÔ �TÓ �
ø_GMIYQYW\U ��K�F@NPORF��DFbU�L�F¿NdO Ë iHU^if]^QTåYifG�iHWXU^i¿FHghU®Ø�]^WXg¡FfGÍafQYÏ¨ØU^F¿ghWâÏ¨Ø�NâFHÏ¨FfG�U
FfGÍ]^FfÏ¨Ø�Nâm >mÕG�U¡NâF��vmÕaHUVFHK�]
|1
~r
| Ø�mT] G(∆)

a
Ô8j
F��vmÕaHUVFHK�]cL ORF á&Ø�mTG�ghWâQYG�åYiHQYÏ¨iHUV]hW ��K�F�Ø8QYK�]cNâFHgcQYG�L�FHg S Ø�mÕ]cFbá&FfÏ¨Ø�NXF ð Ï mÕWâg�afFfaHW

FfgCU@IÕmÕN mTSNâF�Ø8QYK�]�UVQTKUVF/mÕKUV]hFcØ Ë mTghF ð FHghU QTSUVFHG�K FHG ]hFfÏ¨Ø�N m fmTGôU¿Nâm�I�WXU^Ffg^ghF/L�Ffg@QYGL�Ffg P
ð
α
ð Ø�mÕ]

N m�I�WXU^Ffg^ghFÐL�FHg_QYG�L�FHg S
ð
β
ð FHU_NXFfg_mÕG�åYNXFfg/L OeWâG�aHWâL�FHG�afF£L�FHg_QYGL�Ffg P Ø�mT]/afFHK&á L�FHg_QYG�LFfg S ÔBj¡m

��åYK]^F �YÔRÎÏ�QTG�U^]^FÐNPORibIYQYNâK&UVWâQTG L�F'aHF �vmTaHU^FfK�]_FfG � QYG�abUVWâQTG L�F'NâmLWâghUVmTG�aHF'ifØWâafFHG�U^]VmTNXFÐØ8QYK�]_NâFHg
QYG�LFfg P FHU S Ø8QYK�]@NâFcÏ¨Q�L Ì NXFcL�F/U^Ff]h]^F3ï 
 õ k�� ��� ��FfG�GFHU Ë mTG�Là:G�åYL�m Ë N ð ������� �bÔ&ø_G ]^FHÏ mÕ] ��K�F
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��K�F£FHG L�FHg^g^QTK�g_L�F 35◦ FbU_mTK��L�FfN �¨L�F 85◦
ð L�FHg3Ø�]^QYSN Ì Ï¨FHg/L��g���NPORWXG�U^Ff]^mTaHU^WâQTGJL�FHg3QYG�L�FHg_m�IYFHa

NâF�Ï�mTGôUVFfmTK[afQYÏ¨Ï¨FfG�aHFfG�U���WXG�UVFH]hIYFHG�Wâ]HÔ
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� �YÔRÎ �-à�IYQYNXKUVWXQYG L�K �vmÕaHU^FfK�]ML OeFbá&Ø�mTG�ghWâQYG åTifQYÏ¨iHU^]^W ��K�F�FHG � QYG�abUVWâQTG LF�N mZL�WâgCUsmTGafF¨ifØ�W!
afFHG�U^]VmTNXFTÔ æ Q�L Ì NXF�L�F�UVFH]^]hFMK&UVWâNXWXg^i ��ï 
 õ k�� �TÔ

/ %+%()�$�*H2D%3�!8<$ 24$H)"Q!24'1%(�.M�*H� �
Q(ω) �

` mTG�gJNâF Ø�mÕ]VmTåY]^mTØ Ë F Ø�]^iHafifLFfGôU ð NâFHg[Ø8Ff]CUVFfgJL���FHg �ÇNdORmTG�ifNâmTghU^WâaHW\UVi QTG�UJibUVi GifåYNXWâåYiHFfgHÔlj
F
�vmTabUVFfK]/LF ��K�mTNXWXU^i Q UV]^mTL�K�W\UcNXFfgcØ8FH]hUVFHg/L ORiHG�Ff]håYWâFML OeK�G�FÍQYghafWXNâNâmÕU^WXQTG[L�mTG�gcK�G�Ï¨WâN\WXFfKJmTK�aHQYK�]hg
L�F�gVm�Ø]^QYØ�mÕåômÕUVWXQYG Ô&ï�N
FfgCU/L�i ��G�W
Ø�mT] �

1

Q(ω)
= − ∆E

2πE
� �TÔ � ���

Q�� E FfgCU3NPORiHG�FH]^åYWXF�L�F�L ORQTg^afWXNâNâmÕUVW\QYGZFbU −∆E FHghU/Nâm'Ø8Ff]hU^FML ORiHG�Ff]håYWXFÍmTKJafQYK]^gcL�FMa Ë m���K�FMaH×�afNXF
a>mÕK�g^iÐØ�mT]3NâFHg3WâÏ¨Ø8Ff] � FfaHU^WâQYGg/L�mTG�g_NXF£Ï�mÕUViH]^WâmTK�ifN mÕghUVW���K�FTÔDk®QTK�]_a Ë m���K�FÐafQYÏ¨Ø8QYgVmÕG�UVF � ]hi ��K�FfG 
UVWXFfNXNXF ð NPORF��DFbUlafK�ÏÐK�NXi�L�F�NdORmÕU^U^ifG�K�mÕUVWXQYG[mTGifNâmTghU^W ��K�F�Ø8FfKUcgfOeifaH]^Wâ]hF�g^QYK�glN m � QY]^Ï¨F��

A(ω) = A0(ω)e−ωt∗(ω)/2 � �TÔ �TÎ �



ÑTÓ

Q�� A0(ω) FHghU NPO mTÏ¨Ø�NXW UVK�LFlWâGWXUVWXmTN\F A(ω) FHghU NdORmTÏ¨Ø�NXW UVK�LFcmÕU^U^ifG�K�ifF/afQT]^]^WXåYifFlL�F/NPO m U^UViHG�K�m UVWâQTG¨FbU
t∗ gHORiHaf]hWXUcghQYK�g � QT]^Ï¨F�L OeWâGôUVifåT]VmTNXF��

t∗(ω) =

∫

rai

dt

Q
=

∫

rai

ds

v(s)Q(s, ω)
� �TÔ �
� �

j
Ffg¿IÕmTNXFfK�]hg@L�F t∗(ω) Ø8FHKIYFfGôU "bUV]^F/FfgCUVWXÏ�iHFfg �MØ�mT]hU^Wâ]�L�FHg L�W��DiH]^FfGafFfg LDO mTÏ¨Ø�NXWXU^K�L�FlØ�mÕ]@]^mTØ�Ø8QY]CU
� K�G$Ï¨Q�L Ì NâF ifNâmTgCUVW ��K�FÕÔ�j:O m U^UViHG�K�m UVWâQTGÇFHghU�Ø�NXK�g � QY]CUVFL�mÕG�g'NâFHgÐafQYKa Ë FHg�Fbá�UVFH]^G�FHg �vaH]^Q
�UVFFHU
Ï�mTG�U^F>mTKÇghK�Ø8if]hWâFfK] �bÔ�ï�N6m ibUVFZFfgCUVWâÏ¨i ð L�F �vm fQTG$FfÏ¨Ø�WX]^W���KF ��K�F ð Ø8QYK�]ÐL�Ffg'L�WâgCUsmTGafFfgÐUViHNâiHg^Wâg 
Ï¨W ��K�Ffg t∗ FHghU �ZØ8FfK Ø�] Ì gMWXG�L�iHØ8FfG�L�mÕG�UML�F¨NâmZL�WXghUVmTG�aHFTÔ¡k®QYK�]�NXF'a>mTg�L OeK�G g^iHWâghÏ�F'g^K�Ø8Ff] ��afWXFfN ð
WâN�IÕmTK&U¨mÕØ�Ø�]^Q>á&WâÏ�mÕUVW\IYFHÏ�FHG�U �g'Ø8QYK]ÐNâFHgÐQYG�L�FHg�k FbU�� gÐØBQTK�]ÐNâFHgÐQYGL�Ffg õ � 
3G�L�FH]^ghQYG�mTG�L
Ù mÕ]hU ð ��� �ÕÎ �bÔ�,@WâFfG ��KF/NPO m U^UViHG�K�m UVWâQTG'g^QYW\U�Ø�NâK�g�WXÏ¨Ø8QY]hUsmÕG�U^F�Ø8QTK�]�NâFHg�QYG�L�FHg õBð afFHNâNâFHg �afW ��KWXU^U^FfGôU
N m¨ghQYK�]hafFÐm�IYFfa£K�GFÐmTÏ�ØNâW\U^K�L�FMØ�NXK�g/åY]^mTG�L�FÍFHU3L�QYÏ¨WâG�FHG�U/FHG�afQY]hF£NâFÍghWâåYG�mTN � åT]VmTGL�F£L�WXghUVmTG�aHFTÔ
j:O m U^UViHG�K�m UVWXQYG L�ifØ8FHG�L"afFHØ8FfG�L�mTG�U£L�F�Nâm[Ø�]hQ � QYG�L�FHK�]ML�F¨N m[ghQYK�]^aHFTÔ®à:G F��DFbU ð Ø8QYK�]MNâF�afmTgÍL�FHg
g^iHWâghÏ�FHg/Ø�]^Q � QYG�L�g ð NXFfgcQYG�L�FHg3LWâ]^FHaHU^Ffg P FHU S iHI�W\UVFfGôU3K�G�U^]Vm ÖhFHU/L�mTG�g/NXFMÏ�mTG�U^F>mTK�ghK�Ø8if]hWâFHK�]��
N m[ghQYK�]hafF�FHUÍg^K�S�WXg^ghFfG�U£Ø�mT]MaHQYG�g^i ��K�FfG�UÐG�FbU^UVFHÏ�FHG�U£Ï¨QYWXG�g�L ORmÕUhUVifG�K�mÕU^WâQYG ��K�F NXFfgMghifWâghÏ�FHgÍghK�
Ø8Ff] ��afWXFfNXgfÔ8k®QYK�]cL�Ffg/g^QYK�]hafFHg_ØNâK�gcØ�]^Q � QYG�L�FHg ��KF'ÑTÒTÒ ��Ï ð NXFfglIÕmTNXFfK�]hg/L�F t∗ Ø8QYK�]cNâFHg/QYGL�Ffg PFHU S g^FH]VmTWXFfGôU�]^FHg^Ø8FHaHUVW\IYFfÏ¨FfGôU�Ø�]hQ�a Ë FHg�L�F'ÒÔ � ��g_FbUMÑ&Ô � gHÔ j
Ffg_Ø Ë mÕg^Ffg�L�FÐØ]^Q � QYGL�FfK�]3afQYÏ¨Ï¨F
Ø�mT]_Fbá&FHÏ�ØNâF pP

ð
sS g^K�SWâg^ghFfGôU ð ��K�mTGôU��ZFHNâNXFfg ð K�G�F�mÕU^U^ifG�K�mÕUVWXQYG Ø�NâK�g�� QY]CUVFÐL���F��ZNXFfK]3UV]Vm ÖhFbU

Ï¨QYG�UVmTG�U�g^K�ØØ�NâiHÏ�FHG�UVmTWâ]hF��'U^]Vm�ITFf]^glNâF�Ï�mTG�U^F>mTK[ghK�Ø8if]hWâFfK]cØ�] Ì glL�FMNâm'ghQYK�]hafFTÔ

� 2#�3)�BF8<$,'C�I�-$;' %(��*;����$&%+24Q!� �
I(t) �

j
F'ghWâghÏ�QYåT]VmTÏ¨Ï�F smg(t) FHG�]^FHåYWXghUV]hi��ZKG�F�gCUsmÕU^WâQYG L�QYG�GifF�aHQY]^]hFfg^Ø8QTG�L �ZNâm ]^ifØ8QTG�g^F�WXG�g 
UV]hK�Ï¨FfG�UVmTNâF i(t) aHQYG�IYQTNâK�iHFÍmÕKJL�ifØN mTaHFfÏ¨FfGôU e(t) �

smg(t) = e(t) ∗ i(t) � �YÔ �ôÒ �
k®QYK�]ÐWâghQYNâFH]£NâF Ï�QTKIYFfÏ¨FfGôU'L�K$g^QYN ð WXN@FfgCU¨ØNâK�gÐg^WXÏ�ØNâF�L ORK&UVWâNXWXg^Ff]ÍN m�]^iHØ8QYG�g^F � ]^i ��K�FHG�U^WâFHNâNâF L�F
NdOeWâGghUV]hK�Ï¨FfG�UfÔ ` mTGgcafF�a>mTg ð N mÐ]^FfNâmÕUVWXQYGZØ]^ifaHifL�FHG�U^F£gHORiHaf]hWXUcL�mÕG�glNâF�L�QYÏ�mTWXG�F_L�F���QYK�]hWâFf]��

SMG(ω) = E(ω) · I(ω) � �YÔ � � �
j¡m � QYG�abUVWXQYG I(ω) ØBFHKU "bUV]hF Ø�NXK�g QYK·Ï¨QYWâGg�afQTÏ�ØNâW���KifF�g^FHNâQYG·Nâm afQYG ��åYK�]^mÕUVWXQYG L�F NPO mÕØ�Ø�m 
]^FHWâNXNâmTåTF �vafmTØUVFHK�]�����N\UV]hF���afQTG�IYFH]hUVWXg^ghFfK�]��'Ô\Ô\Ô � Ô�j
F�Ø�]^Q�aHFfghg^K�gÐØ8FfK&UÐg^F�L�WXI�WXg^Ff]MFHG"L�FHK&á Ø�mÕ]hUVWXFfg
g^iHØ�mT]hifFfg���m>IÕmTG�U�FHU@mTØ] Ì g�NâF�aHQYG�IYFH]hU^Wâg^ghFfK�]HÔ�j�m�Ø�mT]CUVWXFlmTG�mÕNâQYåYW���K�F �Pm>IÕmTGôU¿NXF�afQYGôIYFf]CUVWâghg^FfK] 
/G�m 
NâQTåYW���KF � ` WXåYW\UVmTN �¿FfgCU/F áØ]^WâÏ¨ifF_U�×&ØW ��K�FfÏ¨FfGôUcL�mTG�glNXF�L�QYÏ�mTWXG�F_L�F���QYK�]hWâFH] �j¡mTØNâmTaHF � � s = iω � Ô
j¡m3]^iHØ8QYG�g^F6L�Ffg ��N\UV]^FHg�mTØ�Ø�NXW ��K�iHF6mTØ�] Ì g�N m/G�K�Ï¨if]^WXgVmÕU^WâQTG£FHghU:Ø�NXK�gnG�mÕU^K�]^FHNâNâFHÏ�FHG�U®Fbá&Ø�]hWâÏ¨ifF L�mTG�g
NâF£LQYÏ mÕWâG�FÍL�FÐN m¨UV]^mTG�g � QT]^Ï¨ifF£FfG z � z = exp(iω) � Ô j¡m]hifØ8QYGg^F'WâG�gCUV]hK�Ï�FHG�UVmTNâFÍL OeK�G-afmTØU^FfK�]
FHU¿L�FcNPO mÕØ�Ø�mT]hFfWXNâNXmTåTF�mTg^ghQ�afWXicFfgCU@K�G�gC×&gCU Ì Ï�FcNâWâGi>mTWX]hF6]^FfØ]^ifghFfGôUVi3Ø�mT]�N m�aHQYG�IYQTNâKU^WâQYG'U^FfÏ¨Ø8QY]^FHNâNXF
L�FHg � QYGaHUVWXQYG�g�L�F¨UV]^mTG�g � FH]hU£mTg^ghQ�afWXifFfg �Ja Ë m���K�F iHUVmTØ8F�L�F�NPO mÕa ��K�WXg^WXU^WXQYG-L�FfgÍL�QYGG�ifFHgfÔnà:NâNXF�FfgCU



Ñ �
Ë mTSWXUVKFfNâNXFfÏ�FfG�UÍLQYG�G�iHFafQYÏ¨Ï�F¨K�G�F � QTG�aHU^WâQYG LF IÕmÕ]^W mÕS�NâFHgÍafQTÏ�Ø�NXFbá&Ffg£L�mÕG�gÐNXF�L�QYÏ�mTWâG�F¨L�FHg
� ]^i ��K�FfG�aHFfgfÔBà:NâNXF�FHghU3mÕNâQY]hg�]^FHØ�]^iHg^FHG�U^ifF£Ø�mT]lNXF�Ø�]^Q�L�KWXUlL�FHg � QYG�abUVWâQTG�glmTg^ghQ�afWâiHFfg/mTK�á[L�W �BiH]^FfGôUVFHg
iHUVmTØ8Ffg£L�F NdORmTa ��K�WXg^W\UVWXQYG L�Ffg£L�QYG�G�iHFfg �vghWâg^Ï¨QYÏ Ì U^]^F ð mÕÏ�Ø�NXW ��afmÕUVFHK�] ð ��N\UV]hF mTG�mTNXQYåYW���K�F ð aHQYG�ITFf] 
UVWXg^ghFfK�]£mTG�mTNâQYåTW���K�F��L�WâåTW\UVmTN ð ��NXU^]^F¨L�WXåYWXUVmTN ð Ô\Ô\Ô � Ô õ W¿QTG afQTG�g^WXL Ì ]hF ��K OeWâN�Fbá&WXghUVF��-ibUsmTØ8FHg ð a Ë mTaHK�G�F
]^FHØ�]^iHg^FHG�UViHF£Ø�mT]lKG�F�� QTG�aHU^WâQYG Gi(ω)

ð N mÐ]^iHØ8QYG�g^FMLK�gC×&gCU Ì Ï�FMg^FH]Vm �

I(ω) =
k∏

i=1

Gi(ω) � �YÔ ��Ñ��

j
FfgliHUsmÕØ8FfgcØ�]hWâG�aHWâØ�mÕNâFHg�ghQYG�UcLifaf]hWXU^Ffglg^K�]lNâF�gha Ë ifÏ�m¨ghK�WXI mTG�U��

Capteur
Filtre 
Anti-
Aliasing

Analogique/Digital
Filtres +
Décimations

Domaine analogique Domaine digital

Capteur
Filtre 
Anti-
Aliasing

Analogique/Digital
Filtres +
Décimations

Domaine analogique Domaine digital

	 ë�
� �YÔ � � õ a Ë ifÏ�m ]hifafmTØ�WXU^K�N m UVW �nL�FHg3iHUVmTØ8Ffg3Ø�]hWâG�aHWâØ�mÕNâFHgcØ�mÕ]hUVWXafWXØ�mTGôUcL�mTG�g/N m¨]hifØ8QYGg^F£WâG�gCUV]hK�
Ï¨FfGôUsmTNXFTÔ

à:G£F��DFbU ð NXF¿g^WXg^Ï¨QYÏ Ì UV]hF�]^i>mÕåYWXU¡U^QYKU®L ORmTS8QY]hLÐmTKÍÏ�QTKIYFfÏ¨FfGôU®L�K£g^QTN �lUV]^m�IYFH]^g®NâF¿Ï¨QYKITFfÏ¨FfG�U
L�F_g^mÐÏ mÕg^g^F3Ø�K�Wâg NXF/UV]^mTL�K�W\U FfGZg^WXåYG�mTN8ifNXFfabUV]^W���KFTÔ � F�ghWâåYG�mTNBFHghU�FfGg^K�W\UVF�mTÏ¨Ø�NâW ��i ð ØK�Wâg WâN8ghK�S�WXU
K�G ��NXU^]^F mTGôUVW��mTNXWXmTghWâGå � � 
�
 � m�I mTG�U[L O "HU^]^F-aHQYGôIYFf]hU^W�g^WXåYG�mTN3FHG L�WXåYWXUVmTN/m�IYFHa KG UVmTK&á ifNXFHIYi
L Oeifa Ë mTGôUVWXNâNâQTG�G�mTåTF �vØNâK�ghWâFHK�]^g_Ï¨WâNXN\WXFf]hg3L�F Ù ��� Ô ï�N�FHghU�FfGg^K�W\UVF'g^QTK�Ï¨Wâg��ZKG�F'g^if]hWâFÐL�F ��N\UV]^FHg_FHU
L�F�L�ifaHWâÏ�mÕUVWXQYG�g Ø8QYK]�]VmTÏ¨FfG�FH]�NXF_Ø�mTg�L ORiHa Ë mTG�U^WâNXNâQYG�G�mTåYF��'LFfg�IÕmTNXFfK]^g�ghUsmÕG�L�mT]hL � �>ÒYÒ ð �YÒ ð ÑTÒ ð
� Ù ��� Ô

j¡m Ø�mT]hU^WâF�mTG�mÕNâQYåTW���KF�L�F Nâm � QYGôUVWâQTG L�F�UV]VmÕG�g � FH]hUFfgCU Ë mTS�W\UVK�FHNâNXFfÏ¨FHG�U�Fbá&Ø�]hWâÏ¨ifF�ghQYK�gN m
� QY]hÏ�F �

IA(iω) = C

L∏

j=1

(iω − zj)

N∏

j=1

(iω − pk)

� �TÔ ��� �

� FHUhUVF�� ]VmTabUVWXQYGÐFfghU�L�iHaf]hWXUVF6Ø�mT]�K�G�F�ghif]^WXF�L�F L �
q��V}�� afQTÏ�Ø�NXFbá&Ffg zj

Ø8QYK�]�NâFHg ��K�FfNXg:NâF6G�K�Ï¨if]Vm UVFHK�]
FfgCUÍG�K�N:FHUMK�G�F�g^if]hWâF�L�F N

p��ÕwX�s� aHQYÏ¨Ø�NâF á&Ffg pk
Ø8QTK�]�NâFHg ��K�FHNâg�NâF'L�ifGQYÏ¨WâG�mÕU^FfK�]�FHghUMG�K�N:FbU CFfgCU K�G�FcafQYG�gCUsmTGôUVFÕÔ&ã/G�FcL�WâghafK�ghg^WXQYG aHQYÏ¨Ø�N Ì UVFlg^K�]¿NdOeKUVWXNXWXg^mÕUVW\QYG�L�FHg@Ø8úYNâFHg¿FHU@L�FHg �fiH]^QYg@Ø8FHKU�"HU^]^F

UV]hQYKIYiHFML�mTG�glNXF�NâWXI�]hF�LF õ a Ë FH]^S�mÕK�Ï � ���
�YÓ �bÔ
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ù Kg ��K O��¨Ï�mTWXG�U^FfG�mTGôU ð GQYK�glm�IYQTG�g�Ø�]^iHg^FfGôUVi�NâFHg6U Ë ifQY]hWâFHg �HLWâ]^FHaHU^Ffg�� ��KW
Ø8FH]^Ï¨FHUhUVFfGôUlL�F�afmTN�
afKNâFf]�NXFfg�L�iHØ�N mTaHFfÏ¨FfGôUVg�L�K-g^QYN�FfG�]hFfåYWXghUV]hifg�NâQT]^g_L ORKG ghifWXg^Ï¨F �ZØ�mÕ]hUVWX]_L OeK�G Ï�Q�L Ì NXF'L�QTG�G�i�FfG
a Ë mTÏ¨ØJNâQYWXG�UVmTW\G Ô��/QTK�g/m>IYQYG�gciHåômTNâFHÏ¨FfG�UlL�ibUsmTWXNâNXi3U^QYKUVFHgcNâFHgliHUVmTØ8Ffg ��K�W¡FHG�UV]hFfGôU/L�mTG�glNâF�a>mTNXafK�N
L OeK�GZghWâghÏ�QTåY]VmTÏ¨Ï�FTÔ � F_L�FH]^G�WXFf]@]^FfØ]^ifghFfGôUVF�NâmÍL�QTG�G�ifF3L�F3S�mTg^F3L�Kg^WXg^Ï¨QYNâQTåYK�F ��KWBI m£a Ë Ff]^a Ë FH]
� FHG�F á&U^]VmTWX]^FNdOeWâG�� QT]^Ï¨mÕU^WXQYG ��K�W�NPORWXG�U^if]^FHg^ghFTÔ:à:G�Ø�mÕ]hUVWXafK�NXWXFf] ð FfG$g^WXg^Ï¨QYNâQYåTWXF�L�FZN m ghQYK�]hafF ð QYG
L�WXg^Ø8QYghFÍLDORK�GFÍafQTNâNXFfaHU^WâQYGZL�FMg^WXg^Ï¨QYåY]^mTÏ¨Ï¨FHg�L ORKG�Ï "fÏ¨F�ibIYifG�FHÏ�FHG�U3Ø�]^Q�IYFfG�mÕG�U/L�FML�W �BiH]^FfGôUVFHg
ghUVmÕUVWXQYG�g_]^iHØ�mT]CUVWâFHg��N m g^K�] �vmTafF'L�K åTNâQYS8FÍUVFf]h]^FHghUV]hF ð NXFfg_FfG�]hFfåYWXghUV]hFfÏ¨FfGôUVg�iHUVmTG�U�Ø]^QYØ�]hFfg��ZK�G�F
ghUVmÕUVWXQYG Ô�j:ORQYS�ÖhFHaHUVW �¡FHghU6L�F3]^FHU^]^QYK&IYFf]6NPORWXG�� QY]hÏ�m UVW\QYG�NXWâiHF��ÍN mMg^QYK�]hafF_ghWâg^Ï¨W ��K�F ��KWDFHghU�aHQYÏ¨ÏÐK�G�F
�JUVQYK�g£aHFfgÐFHG�]^FHåYWâgCUV]^FHÏ¨FfG�U^gfÔnj¡m�gCUV]hK�aHU^K�]^F ��N mJg^QYK]^afF FfghU'mTK�ghg^W@afQYÏ¨ÏÐK�G�F �JUVQYKg£afFHgÐFfG�]hF�
åYWXghUV]hFfÏ¨FfGôUVg ð L OeQ�� NPORWXÏ¨Ø8QY]hUVmTGafFML ORK&UVWâNXWXg^FH]/KG Ï¨Q�L Ì NâFÍLFÐaH]^Q��&UVF£Ø�]^Q�a Ë F£L�FÐNâm�]hi>mTNXWXU^iML�mTG�g3N m
Ø�]hQ�afifLK�]^F�L OeWâGôIYFf]hg^WâQTG Ô
�/QYK�g:mTNXNâQTG�g®Ï�mTWâGôUVFfG�mTG�UnG�QTK�g�WâG�U^if]hFfg^ghFf]�mÕK&áÐL�W��DiH]^FHG�UVFHg:Ï¨iHU Ë Q�L�FHg ��K�W
Ø8Ff]hÏ�FbU^U^FfG�U/L�FM]^FHU^]^QYK&IYFf]/NXFfgcafmT]VmTabUViH]^WâgCUVW���KFfgcL ORKG�FÍg^QYK�]hafFÍg^WXg^Ï¨W ��K�FÕÔ�ï�N¡F á&WâghU^FÍFfG�Ø�mT]hU^WâaHK�NâWXFH]
L�FHK&á�U�×&Ø8FHg LF�Ï¨iHU Ë Q�L�FHg¨IYQYKifFfg � NPORibUVK�L�FJLF�NPO Ë WXghU^QYWX]^FZL�FJNâm-]^KØUVK�]hF �:NâFfg�Ï�Q�LifNâWXgVm UVWXQTG�g
L×�G�mTÏ¨W ��K�FHglFHUcafWXG�ifÏ�mÕU^W ��K�FHgfÔ�j¡m�Ï¨Q�L�ifNXWâg^mÕUVW\QYGZL&×&G�mTÏ�W���K�F�aHQYG�g^WXghU^F �']^FHU^]^QYK&IYFf]cNPO Ë WâghU^QYWX]^F3FHU
N m LWâghU^]^WXS�KUVWXQYG�L�K·åTNâWâghg^FHÏ�FHG�U�FHU L�FHgaHQYG�U^]VmTWXG�UVFHg�g^K�] NXF�Ø�NâmTGýL�F �vmTWXNâN\F[FfG·g^F�L�QTG�G�mTGôUL�FHg
afQTG�L�WXU^WâQTG�g_WâGWXUVWXmTN\Ffg_ghK�]�NâFfg_afQYGôUV]VmÕWâGôUVFfg�mTWâG�ghW ��KDORK�GF¨NâQTWnL�F � ]^QÕU^UVFHÏ�FHG�U�]^FHNâWâmTG�U3NâFÐåYNâWXg^ghFfÏ¨FfG�U
FHUÍNXFfgMaHQYGôUV]VmTWXG�U^FfgMghK�]MN m[ØN mTG L�F��vmTWXNâN\FTÔ � FHg£Ï¨Q�L Ì NâFHgMS�WXFfG ØNâK�g�afQYÏ¨Ø�NXFbá&Ffg ��K�F�NâFHgMÏ¨Q�L Ì NXFfg
afWXG�ifÏ�mÕU^W ��K�FHg ð Ø8Ff]hÏ�FbU^U^FfGôUÍL�F¨Ï�Q�LifNXWâghFf]�N mZL×�G�mÕÏ�W���K�F¨LF¨N m �vmTWâNXNXFÕÔDï�NXg�]^FHØ8QYg^FHG�U£G�ifmTG�Ï¨QYWXG�g
g^K]_LFfg_aHQYG�LWXUVWXQYG�gcWâG�W\UVWâmÕNXFHg/mTWâGg^W ��K�F£g^K�]3L�FHg_Ø�]hQYØ�]^WXiHU^ifg3Ï¨iHa>mTG�W���K�Ffg3FHG a Ë m���K�FÐØ8QYWXG�U/L�F£N m
�vmTWXNâN\F ��K�W
]^FHghUVFHG�U/LW �¨afWXNâFfg��'FfghU^WâÏ¨Ff]HÔ

j¡m�Ï¨Q�L�ifNXWâg^mÕUVW\QYG'afWXG�ifÏ�mÕU^W ��K�F ��K�mTGôU �MFHNâNXF ð a Ë FH]^a Ë F��M]hFHU^]^QYKIYFH]¿g^FfKNâFfÏ¨FHG�U¿N m�L�WâgCUV]hWâS�KU^WâQTG
g^Ø�mÕUVWXQ��U^FfÏ¨Ø8QY]^FHNXNXFML�K åYNâWXg^ghFfÏ¨FfG�U ð �Ø�mÕ]hUVWX]/L�FHg�g^WXg^Ï¨QYåY]VmÕÏ¨Ï¨Ffg/FHG-K&UVWâNXWXgVmÕG�U/NâFHg3U Ë ifQY] Ì Ï¨Ffg_L�F
]^FHØ�]^iHg^FHG�Usm UVWâQTG¨L�K�U�×�Ø8F �YÔRÎ ð �YÔ ��ÒÔYà�NXNâF�m�NdORm�I mTG�UVmTåYF6L�FlL�QTG�G�Ff]�K�GFcWXÏ�mTåYF L�iHUVmTWâNXNXifF6L�K�Ø�]^Q�aHFfg 

Ñ
�



�YÒ

g^Kg:L�F6N m/]^KØUVK�]hF��_NPO mÕWâL�F@LDORK�G'G�QYÏÐS]^F NâWXÏ¨W\U^i@LF6Ø�mT]VmÕÏ Ì UV]^FHgnFHU:gVmÕG�g Ë ×�Ø8QTU Ë�Ì g^F�� QY]hU^F�m3Ø�]hWâQY]hWdÔ
j:O mÕØ�Ø�]^Q�a Ë F�aHWâG�iHÏ m UVW���KFÐafQYG�gCUVW\UVK�F'K�G�F'Ø�]^FHÏ�W Ì ]^FÐiHUVmTØ8F�WXÏ�Ø8QT]hUsmÕG�UVF£L�mTG�g�NâmafQTÏ�Ø�]hi Ë FHG�g^WXQYG
L�K¨Ø�]^Q�aHFfghg^K�g@L�Fl]^KØUVK�]hFcFbU¿L�QYG�GF/mTaHa Ì g ��L�W �Bif]hFfGôUVg�Ø�mT]^mTÏ Ì UV]hFfg:Ø8QYKIÕmÕG�U "HU^]^Fl]^ifK&UVWâNXWXg^iHg:L�mTG�g
NâFHg Ë ×�ØBQÕU Ë�Ì g^Ffg/L�FHgcÏ¨Q&LifNXWâg^mÕUVWXQTG�g6L×�G�mÕÏ�W���KFfgfÔ

� OeFfgCU@afFbU^UVFcmTØ�Ø�]hQ�a Ë FcaHWâG�iHÏ m UVW ��K�F ��K�FcG�QYKg@mÕL�QYØU^Ff]hQYG�g�L�mTG�g�Nâm�g^KWXUVF�L�FlafFbU^U^FlU ËÌ g^FcØ8QTK�]
]^FbUV]hQYKIYFf]lNâFHglØ�mÕ]VmTÏ Ì U^]^Ffg�L�F�N mÐ]^K�Ø&UVK�]^F�UVFHNâg ��K�F �

� ghQYG Ë WâgCUVQYWX]^F3UVFHÏ�Ø8QT]^FfNXNâF
� g^m�L�WâgCUV]^WXS�KU^WâQTGZg^Ø�m UVW mÕNâF
� ghQYGJÏ�iHa>mTGWâg^Ï¨F�mÕK � Q ×YFH]
� g^m�åYifQTÏ�ibUV]^WXF

ï�N@Fbá&WâgCUVFØ�NXK�g^WXFfK�]hg£Ï�ibU Ë Q�L�FHgÐL�FÏ¨Q�L�ifNXWXgVmÕU^WXQYGgÍafWXG�ifÏ�mÕU^W ��K�FfgÍØ�NâKgÐQTKÇÏ¨QYWXG�gÍg^QTØ Ë WâgCUVW���KifFfgHÔ
õ WnNâm Ø�NXK�Ø�mT]CU_Ø�mTg^ghF�Ø�mT]_K�GF'Ï�Q�LifNâWXgVm UVWXQTG�L�FHg � QT]^Ï¨Ffg3L OeQYG�L�FHg�aHQ��UVFHK�g^F'FfG U^FfÏ¨Ø�g_L�FÐa>mTNXafK�N
Ø8QYK�]@]^FbUV]^QTKIYFf] NâFHg@Ø�mT]VmÕÏ Ì UV]^FHg �£NâmMg^QYK�]hafF ð L ORmTKU^]^FHg6gfOeFfGZm��D]^mTG�a Ë WXg^g^FHG�UfÔ �/QYKg�mÕNâNXQYG�g�L�mTG�g afF
a Ë mTØ�W\UV]^F�L�ibUsmTWXNâNXFH]6afFHgcL�FfK�á[U�×&Ø8FHgcL�FMÏ¨ibU Ë Q�L�FÕÔ
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j¡m_g^QYK]^afF ��NPORQY]hWâåTWXG�F@L�Ffg � QY]hUVgnUV]hFfÏÐS�NXFfÏ¨FfGôUVg�L�F6U^Ff]^]hF�G�F�g^F�NâWXÏ¨W\U^F Ø�mÕg��K�G�a Ë Q�a�Ø�]^WXG�afWXØ�mTN
afQTG�afFHG�U^]^i � K�G$FfG�L]^QYW\U'L�QYG�G�iZL�FZN m �vmTWâNXN\F Ï mÕWâg£aTOeFfgCU¨K�G$Ø�]^Q�afFHg^ghK�g¨Ø�NâK�gÐafQTÏ�Ø�NXFbá&F ��K OeK�G�F
g^QTK�]^aHF¨ØBQTG�aHU^K�FfNXNâF ��K�W�Ø8FHKU "bUV]^F'I�K afQTÏ�Ï¨F'K�GF¨g^K�aHafFHg^g^WâQYG L�F�a Ë Q�afgfÔ�ãcG�F�U^FfNâNXF'aHQYÏ¨Ø�NâF á&WXUVi
FfgCU¿iHUV]hQYWXU^FfÏ¨FfGôU:]^FfNXWâiHFlmTK�á Ë ibUViH]^QYåTifG�iHWXUViHg¿L�FHg¿Ø]^QYØ�]hWâibUVifg:Ï¨ifa>mÕG�W ��K�FHg�L�mTG�g�Nâm �fQYG�FlL�F�N m��vmTWâNXN\F
��K�W6ghQYGôU�ghQYKIYFHG�U�a>mT]^mTaHU^if]^WXg^iHFfg'Ø�mT]£NâFHgÐÏ�Q�L Ì NâF�L O mÕg^Ø8if]hWXU^ifg � �MmÕG�mTÏ¨QY]^W@mÕG�L õ UVF �6mT]CU ð ��� �TÓ �
QYK�L�FÍS�mT]^]hW Ì ]^Ffg	� ` mTg_mÕG�L 
 ��W ð ��� � ��� Ô ` mTGg3NâFMS�KU3L�F£Ï¨WâFHK&áJafQTÏ�Ø�]hFfG�L]^F£aHFHUhUVF£afQTÏ�Ø�NXFbá&W\UVi ð
Ø�NXK�g^WXFfK�]hgnU^Ffa Ë G�W���KFfg:L OeWâGôIYFf]^ghWâQYG£I�Wâg^mTG�U��3]^FbUV]^QTKIYFf]�NdO Ë WXghUVQTWâ]hF@ghØ�mÕU^WâQ�dUVFHÏ�Ø8QY]hFfNXN\F@L�F6Nâm/]^K�ØU^K�]^F
QYGôU3I�K-NXFlÖhQTK�]�� Ø�mT]3F áDÔ ��W ��Ka Ë WnmTGL ��mTG�mÕÏ�QT]^W ð ���TÎôÑ � �3mÕS8FfNXF � ð ���TÎ
��� Ù mT] �HFfNXNnmTG�L Ù FfmÕUVQYG ð
���YÎ � ����W ��K�a Ë W�mÕG�L ��K�� mÕQ ð ���YÎ � ����W ��K�a Ë W�mTGL ��mTG�mTÏ¨QY]hW ð ����� � � Ô ` O mÕKUV]hFfg�Ï¨iHU Ë Q�L�Ffg¡a Ë FH]^a Ë FfGôU
��]hFHU^]^QYKIYFH]cNXFfg�a>mT]^mTaHU^if]hWâghU^W ��K�FHgcØ]^WâGafWâØ�mTNâFHg6L�F�N m'ghQYK�]hafF�� �¿mTNâNXifF�mTGL , QYK�a Ë QYG ð ÑÕÒYÒ
� � Ô
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� FbU^U^F Ï¨iHU Ë Q�L�F¨FfgCU£S�mTg^iHF ghK�]ÍNdO Ë ×�Ø8QTU Ë�Ì ghF L�K �HØ�K�NXg^F¨L�F Ù F>mÕU^QYG � � Ù mT] �HFfNXN¿mTG�L Ù FfmÕUVQYG ð
���YÎ
� � Ù F>mÕU^QYG ð �����TÒ �cg^FHNâQTG N m���K�FHNâNâF ð Ø�mT]_QTØ�Ø8QYg^W\UVWXQYG mTK Ï�Q�L Ì NâFÍafN mÕg^g^W���K�FÐL�F �HaH]VmTa � � ð g^FHK�NâF 
Ï¨FfGôU@K�GF/Ø8FHU^WXU^F � ]^mTG�åYFlL�FcN m�g^K�] �vmTafFcL�F �vmTWâNXNXF6L�Ff]h]^W Ì ]^FlNâF�� ]^QTG�U¿L�Fc]^K�Ø&UVK�]hF/FHghU FHG Ï¨QYKITFfÏ¨FfG�U
�¨a Ë m ��KF£WXG�ghUVmTG�UfÔ�à:G�L ORmTKU^]^FfglUVFH]^Ï¨Ffg ð WXN ×[mTK�]VmÕWXUlK�G�� ]^QTG�UcL�F � Ë FfmTNâWXG�å����vafWXa>m UV]^WXgVmÕU^WâQTG �@g^K�W!
IÕmÕG�UlL�F_UV] Ì g�Ø�] Ì glNXF�� ]^QYGôU�L�F�]^K�ØU^K�]^FÕÔ�à�NXNâF3g^KØ�Ø8QYg^F ��K�F�N m£]^KØUVK�]hF�FfghUlK�G[Ø�]^Q�aHFfghg^K�gcaHQYG�U^WâG�K



� �

FHU WâÏ¨Ø8QYghF ��K�F3NâmMÏ m ÖhFHK�]^F/Ø�mT]hU^WâFcL�KåTNâWâghg^FHÏ�FHG�U@FHghU6]^FHN mTa Ë iHF_mTK Ø�mÕg^gVmÕåYF3L�K � ]hQYG�U@L�F3]^KØUVK�]hFTÔ
� FHUhUVF�mTØØ�]^Q>áWXÏ m UVWXQTG$G�F�Ø8FH]^Ï¨FHU�Ø�mÕg�L�FJÏ�Q�L�iHNâWXg^FH]�LFfg�g^iHWâg^Ï¨Ffg¨Q��ýL�FHg�Ø8QYWâGôUVg�L�F�Nâm �vmTWâNXN\F
åYNXWâg^ghFf]^mTWâFHG�U ��G�QTKIYF>mÕK ð NâQYGåTUVFHÏ�Ø�gÍmTØ�] Ì gÐNXF Ø�mÕg^gVmÕåYFL�K � ]^QYGôUÐLF]^KØUVK�]hFTÔnj�m��vmTWâNXNXF�FfghUÐåYi�
G�iH]VmTNXFfÏ¨FfGôU_LWâg^aH]^ibUVWâghifF£FfG ghQYK�g  �vmTWXNâNXFHg/FbU_NâFfg/Ø�mT]VmÕÏ Ì UV]hFfg3aHWâG�iHÏ mÕU^W ��K�FHg3aHQYÏ¨Ï�FÍNXFÍåYNâWXg^ghFfÏ¨FfG�U
ghUVmÕUVW���K�F ð NXF�U^FfÏ¨Ø�g L�F�L�ifaHNâFHG�a Ë FfÏ¨FfGôU[FbUNâFJUVFHÏ�Ø�g L�F�Ï¨QYG�U^ifF�ghQYG�Ua Ë Ff]ha Ë ifgZØ8QYK�] a Ë m���K�F
g^QTK�g  �vmTWâNXNXFTÔ � Ë m���K�F'ghQYK�g  �vmTWâNXNXFMFHghU�]hFfØ�]hifg^FHG�U^ifF�Ø�mÕ]3K�G�F£åY]^WXNâN\FML�FÐØ8QYWXG�U^g3ghQYK�]^aHF ��KWnL�QYW\U "HU^]^F
g^K ��g^mTÏ¨Ï�FHG�U ��G�F Ø8QYK�]n]^FHØ�]^Q�LK�Wâ]hF K�G�F Ø�]^QYØ�mTåômÕU^WâQYGÍaHQYG�U^WâG�KF L�F6Nâm/]^KØUVK�]hFTÔTj�m/]^ifghQYNâK&UVWâQTG£L�K
Ø�]hQYS�N Ì Ï�FMWâGôIYFf]hg^FÐØ8FH]^Ï¨FHU_L�F£]hFHUV]hQYKIYFH]_FfG a Ë m���K�FÐØ8QYWâGôU3L�F£N m��vmTWâNXN\FMNâFHg3Ø�mT]^mTÏ Ì U^]^Ffg/afWXG�ifÏ�m 
UVW���K�FfgHÔ ` F6G�QYÏÐS�]hFfK�ghFfg:Ï�ibU Ë Q�LFfg:aHQYG�ghWâL Ì ]^FHG�U�Nâm/I�WXU^Ffg^ghF�L�F�]hK�ØUVK]^F6afQYG�gCUsmTGôUVF�Ø8QYK]�g^WXÏ�Ø�NXW ��FH]
NâF¿Ø�]hQYS�N Ì Ï¨FTÔ j
Ffg Ë mTKU^Ffg � ]^i ��K�FfG�aHFfg:QTS�g^FH]hIYifFHg:G�F@g^QYGôU�mTNâQY]hg�Ï¨Q�L�ifNXWâghifFHg ��K�F Ø�mT]�L�Ffg®IÕmÕ]^W m UVWâQTG�g
L�FcåYNXWâghg^FfÏ¨FfGôU>Ôôã/GF/LFfg@Ø�]hWâG�aHWâØ�mTNâFHg:L�W �¨afKNXUViHg ��K�W�ghF/Ø8QYghF3mÕNâQY]hg�aHQYG�aHFf]^GF3Nâm�UVmTWâNXNXF6L�FcN m�åY]hWâNXNXFÕÔ
à:G[F �BFHU ð Nâm£åY]^WXNXNXF/L�QYW\U "HU^]^F�mTg^ghF � ��G�F�Ø8QYK�]6Ø8QTKIYQYWâ] Ï¨Q�L�ifNXWâghFf]@NâFfg L�iHUVmTWâNXg Ë mTK&UVF�� ]^i ��K�FHG�afF�L�F
NdO Ë WXghUVQTWâ]hFML�F£Nâm�]hK�ØUVK]^F£Ï mTWXgcØ�mTg/U^]^QYØ ��G�F£Ø8QYK�]3ibI�WXUVFH]3L�F£Ï¨Q�L�ifNXWâghFf]cL�FHg_L�iHUVmTWXNâglUV]^QTØ Ë mÕKUVF
� ]^i ��K�FfG�aHF ��K�W�]^FHG�L�]VmÕWXU�mTWXG�g^WnNâFÐØ�]^QTS�N Ì Ï�FÐWXG�ghUVmTS�NXFTÔ ` FHK&á-]^FHÏ Ì L�Ffg�QYGôU�iHU^i'UVFHG�U^ifg�� NdOeKUVWXNXWXg^m 
UVWXQYG-L�F¨g^QTK�g  �vmTWâNXNXFfg�Ø�NXK�g�åY]VmÕG�L�FHgÍQTK L OeK�G Ø�mT]^mTÏ Ì UV]hF�L�F¨NXWâg^g^mTåYFÕÔ¡j
F�Ø�]^FHÏ�WXFf]�afQYGL�K�WXU �[K�G�F
Ï¨Q�L�ifNXWâg^mÕUVW\QYG g^mTG�g�L�ibUsmTWXNBFHU�WâGg^K �¨gVmÕG�UVF_FHU�NâF3L�FHK&á&W Ì Ï�F_WâGôUV]hQ�L�K�WXU@K�G�F�]hFfN m UVWâQTG FfGôUV]hF�N mMUsmTWXNâN\F
L�F�NâmåY]^WXNâN\F£FHU�NâF'Ø�mT]VmÕÏ Ì UV]^FÐL�F�NXWâg^g^mTåYF � �¿mTNâNXifFÐmTG�L ,@QYK�a Ë QYG ð ÑTÒYÒ
� �bÔ j
Ffg Ë mÕKUVFHg�� ]hi ��K�FHG�afFHg
Ø8FfK&IYFfGôU�ifåYmTNâFHÏ�FHG�U "HU^]^F Ø�]^Q�LK�WXU^FfgÍØ�mT]ÍL�Ffg£a Ë mÕG�åYFHÏ�FHG�UVg£L�F�I�WXU^Ffg^ghFL�F ]^KØUVK�]hF � � mTÏ¨Ø�WXNâN\Q ð
���YÎ
� � � mTÏ¨Ø�WâNXN\QZFHUÍmTNPÔ ð ���YÎ�� � Ô
ã/GF�mTKUV]hF�Ï�ibU Ë Q�LF�mJmÕNâQY]hg�iHU^i¨L�iHIYFHNâQYØØ8ifF�Ø8QTK�]�Ø�]^FHG�L�]^F¨FfG
afQTÏ�ØU^FaHFfg'a Ë mTG�åYFHÏ�FHG�U^g'L�FI�W\UVFfghg^FZL�F]^K�Ø&UVK�]^FS�mTghifFZg^K]'L�FHg � FfG�"bUV]^FHg�åTNâWXg^gVmÕG�UVFHg � Ù mT]#�fFHNâN
mTG�L Ù FfmÕUVQYG ð ���TÎ�� �bÔ&à:NâNXF3m£NdORm�IÕmÕG�UsmÕåYF3LF_ØBQTKIYQYWX] ]^FHN m á&FH]6NâmÍafQYG�LWXUVWXQYG L�F_åTNâWâghg^FH] K�GW ��K�FfÏ¨FfGôU
mTK Ø�mTghgVmTåTF�L�F�Nâm[]^K�Ø&UVK�]^F ð WXÏ�Ø8QYghifF�FfG a Ë m���K�F�Ø8QYWâGôUML�F�Nâm �vmTWâNXN\FTÔ � FfØ8FHG�L�mTGôUÐNâF�G�QYÏÐS�]hF¨L�F
� FfG "HUV]hFMåYNXWâghgVmTGôUVFfg�LQYWXU "HU^]^F�NâWXÏ¨W\U^i_Ø8QYK]låômT]hL�Ff]�K�GJG�QYÏÐS�]^F�]^mTWâghQYG�G�mÕS�NâF_L OeWâG�aHQYG�G�K�FfgHÔ
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j
F_S�KUlL�F�aHFHUhUVF�Ï¨ibU Ë Q�L�F_L�iHITFfNâQTØ�Ø8ifF�Ø�mÕ]��¿mÕNâNXifF_mTG�L , QYK�a Ë QYG �dÑÕÒYÒ
� �¿FHghUlL�F�L�QYGG�Ff]�K�G�F
WâÏ�mTåTF/g^WXÏ¨Ø�NâW ��ifF/Ï�mTWâg@]hQYS�K�gCUVF_L�KZØ�]hQ�afFHg^g^K�glLF_]^K�ØU^K�]^F3U^QYKU6FfGZåômT]hL�mTGôU6N mÍG�QTU^WâQYG L�F_ghQYK�]^aHF
iHU^FfG�LK�F �ÍØ�mÕ]hUVWX]¿L�F/L�QYGG�ifFHg UViHNâifghWâghÏ�W���KFfgfÔ�à:NâNXFcL�QYGG�F3K�GF/I&WXg^WXQYG�L�F3NPO Ë WâgCUVQYWX]^FlLF3N m�]^K�ØU^K�]^F
WâGôUVFH]^Ï¨ifL�WâmTWX]hF��ÐaHFfNXNâF/QYSU^FfG�K�F_Ø�mT] NâFHg Ï�Q�L Ì NâFHg L�F3afFfGôUV]hQ���L�F3FHU6NâFfg Ï¨iHU Ë Q�L�FHg6L�F3U^QYÏ�QTåY]VmÕØ Ë WXF
L�F�Nâm ghQYK�]hafFTÔ@à:G·F��DFbU ð FHNâNXFJGF�a Ë FH]^a Ë F�Ø�mTg � ]^FbUV]^QTKIYFf]�K�G�F�WXÏ mTåTF[L�ibUsmÕWâNâNXiHF[L�F�N m-ghQYK�]^aHF
Ï�mTWâgMØ�NXK�gÍK�G�FWXÏ mÕåYF ��åY]VmÕG�L�F iHa Ë FHNâNXF�I�Wâg^mTG�U ��]hFHU^]^QYKIYFH]ÐghWâÏ¨Ø�NâFHÏ¨FfGôUÍg^FfgÐafmT]VmÕaHUViH]^WXghUVW���K�Ffg
WâÏ¨Ø8QY]CUsmTGôUVFHgaHQYÏ¨Ï�F�Nâm"Ø8QTg^WXU^WâQYG FHU[Nâm L�WâÏ¨FfG�ghWâQYG L�F N m �fQTG�F L�F åYNXWâg^ghFfÏ¨FfGôUZØ]^WâGafWXØ�mTNâF ð NâF
åYNXWâg^ghFfÏ¨FfGôU�Ï¨Q ×YFHG[FHUlNâm£I�WXU^Ffg^ghF�L�F�]^K�ØU^K�]^F�Ï�Q�×YFfGG�FTÔ�j¡m'ghQYK�]^aHF�FfgCUcL�iHaf]^W\UVF�Ø�mT]�L�FHg �fQTG�FfglL�F
åYNXWâg^ghFfÏ¨FfGôU ð �HghNâWXØ Ø�mÕU^a Ë � ð afmT]^afmTabUVif]hWâg^iHFfgÐØ�mT]ÍK�G"åYNXWâg^ghFfÏ¨FfGôUÍafQYG�gCUsmTGôU ð K�G UVFHÏ�Øg£L�F Ï¨QYGôUVifF
afQTG�ghUVmTG�U/FHU/KG�FMI�W\UVFfghg^FÍL�FM]hK�ØUVK]^FMafQYG�gCUsmTGôUVFÕÔ ` mTGg/N m'Ø�NXK�Ø�mT]CUcL�Ffgca>mTg ð ghFfK�NXFfg/KG�FÍQTK�L�FfK�á
�fQTG�Ffg�ghQYG�U�G�iHafFHg^gVmTWX]^FHglØ8QYK�]6mT]^]hWXIYFf]��£K�GZS8QYG[mTaHafQY]hLJm>IYFfa�NXFfg L�QYG�G�iHFfgHÔ�j
F_G�QTÏ'S]^F3]^iHL�K�WXU6L�F
Ø�mT]^mTÏ Ì UV]hFfg�Ø8Ff]^Ï¨FHUlL�F�L�QYG�GFf]lK�G�F�g^QYNXKUVWXQYGZg^WXÏ�Ø�NXF_FHUl]VmTØ�WXL�F�Fbá&Ø�NXW ��K�mTGôUlNâFfg�L�QYG�GifFHgfÔ
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ãcG�F3mÕKUV]^FcÏ�mTG�W Ì ]hF Ë mTSWXUVKFfNXNâF�L�Fc]^FfØ]^ifghFfGôUVFf] Nâm�g^QYK]^afF/ghWâghÏ�W���KFcFHghU LF/afQTG�g^WXL�if]hFf] ��K OeFfNXNâF
FfgCU®aHQYG�gCUVWXU^K�ifF�L�F�Ø�NâKg^WâFHK�]^g
Ø8QYWâGôUVg
g^QTK�]^aHF@m�×ômTGôU�a Ë mTaHK�GÍL�Ffg�afmT]VmÕaHUViH]^WXghUVW���K�Ffg¡Ø�]hQYØ�]^FHgfÔ ø_GMØ�mT]^NXF
L�mTGg3aHF£afmTg3L�FÍg^QTK�g �iHI Ì G�FfÏ¨FfGôUVgfÔ � FbU^UVF£Ï¨iHU Ë Q�L�FÍFHghU3Ø�mT]hU^WâaHK�NâW Ì ]^FfÏ¨FHG�U/mTL�mÕØUViHF �¨NdOeiHU^K�L�FÍL�F
� QY]hÏ�FHg�L OeQYG�LFfg®afQYÏ¨Ø�NXFbá&Ffg�Ø8QYK�]�NXFfg ��K�FHNâNXFfg�Nâm�� QYG�abUVWâQTGMg^QYK�]hafF@FHghUnaHQYG�ghU^WXU^K�ifF¿L�F@Ø�NXK�g^WXFfK�]hg�g^QYKg 
iHI Ì G�FHÏ�FHG�UVgHÔ ` O mTS8QT]^LJKU^WâNXWXg^iHF�Ø�mT] ��K�� mÕQ � ��� �YÑ
� ð aHFHU^U^F�Ï�ibU Ë Q�L�F�m'FHG�g^K�W\UVF�ibUVi�]hifåTK�NâW Ì ]^FHÏ�FHG�U
Ï¨Q�L�W ��iHFÐFHUMmTÏ¨ifNXWXQY]hifF£Ø�mT] ��W ��Ka Ë W:mÕG�L �MmÕG�mTÏ¨QY]^W � ���YÎôÑ�� � ílK �ÇmTG�L ��mTG�mTÏ¨QY]^W � ���YÎ���� � ��W!
��K�a Ë WDmÕG�L ��K � mTQ�� ���YÎ ��� � ��W ��K�a Ë W8mTG�L���mTG�mÕÏ�QY]hW � ���YÎTÓ ð ������� ð ÑTÒYÒ
� �bÔ�à:NXNâFlFHghU ]hFfG�L�KF3aHifN Ì S�]^F
åY] �TafF£mÕK�UV]Vm>IÕmTWXN¡LF	��W ��K�a Ë W®mÕG�L ��mTG�mTÏ¨QY]hW � ���YÎYÑ���LQYG�U3NXFfgcØ�]^QYåT]VmTÏ¨Ï¨FfglQYG�U/iHUViÍN mÕ]^åYFHÏ�FHG�U
KU^WâNâW\g^ifg3Ø8QTK�]_NdOeiHU^K�L�FÐL�FÐåY]^mTG�L�g3U^]^FfÏÐS�NXFfÏ¨FfGôUVg3L�F£U^Ff]^]hFTÔ à:NâNXF£aHQYG�g^WXghU^F�� U^]^QYK&IYFf]_NdORmTÏ¨Ø�NXW\U^K�L�F
�vQTK�Ï�mTåYG�W\UVK�LF�� L�K�Ø8QYWXG�Ulg^QYK�]hafFÍmTWâG�ghW ��K�FÍg^m¨Ø8QYg^W\UVWâQTG[g^K�]cK�GF��vmTWXNXNXF�LWâg^aH]^ibUVWXg^ifFMØ8FH]^Ï¨FHU^UVmTG�U
L�F Ï¨WâGWâÏ�WXghFf]�NXFfg L�W��DiH]^FfGafFfgFfGôUV]^F ghWâg^Ï¨QYåY]^mTÏ¨Ï¨FHg�gh×�GôU Ë ibUVW ��K�FHg[FHUL�QYG�GifFfgZQTS�g^FH]hIYifFHgfÔlj
F
Ø�]hQ�afFfghg^K�glFfghUlW\UVif]hi_Ø�NâKg^WâFHK�]^g � QYWXg¡ÖhK�g ��K O���NPORQYS&UVFfGôUVWXQYGL OeK�GJmTafaHQY]hL[gVmÕU^Wâg �vmÕWâgVmÕG�U6FHG�U^]^F�L�QYG�GifFfg
FHU£gC×&GôU Ë ibUVW���KFfgfÔ � FbU^U^F Ï�ibU Ë Q�L�F¨Ø8Ff]^Ï¨FHUÍL�F LQYG�G�FH]£K�G�F�WâLifF�L�ibUsmTWXNâNXiHF¨LF NPO Ë WXghU^QYWX]^F�ghØ�mÕUVWXQ�
UVFHÏ�Ø8QT]^FfNXNâF�L�FÍN m�]^KØUVK�]hF ��Ø�mT]hUVWX]lL�FÍN m�L�WXghU^]^WâSKUVWXQYG[L�Ffg/Ø8QYWâGôUVgcg^QTK�]^aHF£g^K�]/NXFMØ�NâmTG�L�F��vmÕWâNXNXFÕÔ
� FHUhUVF�Ï�ibU Ë Q�L�F'L�Ffg�g^QYK�g �ibI Ì G�FHÏ�FHG�UVgÍFbUMØ�NXK�g�Ø�mÕ]hUVWXafKNâW Ì ]hFfÏ¨FfGôU�afFHNâNXF'L�F ��W ��K�a Ë W:mTG�L ��mTG�m 
Ï¨QY]^W � ������� ð ÑTÒTÒ�� � ��K�W�g^FH]VmMmTØØ�NâW���KifF�L�mTG�g�Nâm_Ø�mT]CUVWXFlÑ&Ô �cmTK�g^iHWâghÏ�F�L�F �/Q��TQ>áWXNâW � �����cQ IYFHÏÐS�]^F
ÑTÒYÒ�� ð�Ê WXS8FHU ð Mw = 7.8 � ð FHghU/LifaH]^WXU^F�Ø�NâKglFHG�L�ibUsmTWXN afW!�L�FHg^ghQYK�gfÔ

� 2���) %��H8:9,�
� QTÏ�Ï¨F[L�ifaH]^W\UVFJS�]^W Ì IYFHÏ�FHG�U�Ø�NâKg Ë mTKU ð Nâm-Ï¨iHU Ë Q&LF�LF ��W ��K�a Ë WcmTG�L ��mTG�mTÏ¨QY]^W � ����� � �

Ø8Ff]hÏ�FbU_L�F£Ï¨Q�L�ifNXWâghFf]cL�FHg_QYG�LFfg_L�FÍIYQYNXK�Ï¨FÍafQTÏ�ØNâFbá&FHg_FHG�]^FHåYWXghUV]hifFHg � L�WXghUsmÕG�afFÍU^ifNXifg^WXg^Ï¨W ��K�FÕÔ
j
FlÏ�Q�L Ì NâF6L�Fc]hK�ØUVK]^FcFHghU¿afQYG�ghWâL�iH]^ilafQYÏ¨Ï¨F�K�G�Fcghi ��K�FHG�afF3L�Flg^QTK�g �iHI Ì GFfÏ¨FfG�U^g LWâghU^]^WXS�K�ifg:g^K�]
NâF_Ø�NâmTGZL�F �vmTWXNXNXF3FbUcL�ibUVFH]^Ï¨WâG�iHg�g^K�aHafFfghgVW\IYFfÏ¨FfGôU/Ø�mT]�LifafQTG�IYQYNXKUVWXQYGZWXUViH]VmÕU^WXIYFÕÔ�k®FfGL�mTGôU/NâmÐØ�]hQ�
afiHL�K�]hF/LDORWXG�IYFH]^g^WXQYG ð NâF�Ï¨ifafmTG�WXg^Ï¨FlmTK�� Q ×YFf]:L�Ffg¿ghQYK�g �iHI Ì G�FfÏ¨FfGôUVg@Ø8FfK&U@g^QTWXU�"bUV]hF �&áFlg^QYW\U�N mÕWâg^ghi
NâWXS�]^FÕÔDj:OeWâGôIYFf]^ghWâQYG �Ï¨ifafmTG�WXg^Ï¨Ffg_NâWXS�]^FHg3FfghUMmTØØ�]^QYØ]^WâiHFÐØ8QYK�]_iHU^K�L�WXFf]_K�G-Ø�]^Q�aHFfghg^K�gMaHQYÏ¨Ø�NâF á&F
��Nâm'ghQYK�]^aHFMFHUcaHQYÏ¨Ø�]^FHG�L�]^F�aHQYÏ�Ï¨FfGôUlNXF�Ï�iHa>mTG�WXg^Ï¨F�ibIYQYNâK�FMmÕKJafQTK�]^glL�F�N m'Ø]^QYØ�mÕåômÕUVWXQYGZL�F�N m
]^KØUVK�]hFTÔ

M1 M2 M3 M4 M5 M6
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UVWXQYG-FHUÍg^mJNâQ�afmTNâW\gVmÕU^WXQYG g^K]ÍNXF�Ø�NâmTG L�F��vmÕWâNXNXFÕÔ
j
F�U^FfG�ghFfK�]ÍL�F¨Ï¨QYÏ¨FfGôU ��G�mTN Mij
Ø8QYK]Ma Ë m���K�F

g^QTK�g �iHI Ì GFfÏ¨FfG�U¿ØBFHKU¿gHORiHaf]hWâ]^F�afQTÏ�Ï¨F6K�GFlafQTÏ'SWâG�mÕWâghQYGÐNâWâGi>mTWX]hF L�Ffg�ghW\á£UVFHG�g^FHK�]^g¿iHNâifÏ¨FfGôUsmÕWâ]^FHg
G�QTU^ifg Mn � ��åYK]^FÍÑ&Ô � � ð Li ��GWâglØ�mT] ��W ��K�a Ë W¡mTGL �MmÕG�mTÏ¨QY]^W � ����� �����

M1 =





0 1 0
1 0 0
0 0 0



 ; M2 =





1 0 0
0 −1 0
0 0 0



 ; M3 =





0 0 0
0 0 1
0 1 0



 ;

M4 =





0 0 1
0 0 0
1 0 0



 ; M5 =





−1 0 0
0 0 0
0 0 1



 ; M6 =





1 0 0
0 1 0
0 0 1



 ;

� Ffg¿UVFHG�g^FHK�]^g iHNâiHÏ�FHG�UVmTWâ]hFfg�� QY]hÏ�FHG�U¿KG�F/S�mÕg^F/L�FlUVFHG�g^FHK�] Ø8FH]^Ï¨FHUhUsmTGôU@L�Fc]^FHØ�]^iHg^FfGôUVFH] N m�ghQYK�]^aHF
g^WXg^Ï¨W ��K�F��

Mij =

Nb∑

n=1

anM
n
ij

�dÑ&Ô � �

Q�� Nb
FfgCU NXFlG�QYÏÐS�]hFcLFlUVFfGg^FfK]^g iHNâiHÏ�FHG�UsmÕWâ]^FHg ��K�W�IÕmÕ]^WâFlLF/LFfK&á �MghW\á�g^KWXIÕmÕG�U@NXFfg�afQYGôUV]^mTWâGôUVFHg

WâÏ¨Ø8QYghifFfg/mTK�Ï¨ifafmTG�WXg^Ï¨FMFHU an
]hFfØ�]hifg^FHG�U^FÐNdOeWâÏ¨Ø8QT]hUVmTG�aHFML�FÍNâm¨afQTG�U^]^WâSKUVWXQYGJL�K nième U^FfG�ghFfK�]

ifNXifÏ¨FfGôUsmTWX]^FÕÔ�j:O m>IÕmTGôUsmTåTF�LF�afFbU^UVF�S�mTghF�FfghU ��K�F�NdOeQYGZØ8FfKU � QT]^Ï¨Ff]6L�W��DiH]^FfGôUVg6U�×�Ø8FfgcLF�g^QYNXKUVWXQYG
g^KWXIÕmÕG�UcNâm'ghQYK�g �S�mTghFMKUVWXNâWXghifF��

�YÔ
M

1, · · · ,M6 = U^FfG�ghFfK�]cL�F�Ï¨QYÏ�FHG�U�åYiHG�if]^mTN
Ñ&Ô

M
1, · · · ,M5 = UVFHG�g^FHK�]�L�F£Ï�QTÏ�FHG�U3ØK�]^FHÏ�FHG�U_L�iHI�W m UVQY]hW ��K�FTÔ ` mTG�g_aHFfg_L�FfK&á Ø]^FfÏ¨WâFH]^g

afmTg ð NXF�Ø�]^QYSN Ì Ï¨F�FHghUcNâWXG�i>mTWX]hFTÔ
�Ô

M
1, · · · ,M5 m�IYFHa det[M ij] G�K�N = L�QTK�S�NXF'afQYK�ØNâF'åYifGif]VmÕNdÔ � FbU^U^F¨aHQYG�U^]VmTWXG�UVF'mTL�L�W\UVWXQYG�

GFfNâNXF�mTKg^g^W
WâÏ¨Ø8QYghifF�L�mTG�glNXFfglS�mTg^FHgcg^K�W\IÕmTG�U^Ffgl]^FfGL�NâF_Ø�]^QYSN Ì Ï¨F�GQYG��NXWâGi>mTWX]hFTÔ
��Ô

M
1, · · · ,M4 m>IYFfa det[M ij] G�K�N = L�QYK�S�NXF�afQYK�ØNâFMm>IYFfa�K�GJØ�N mTG[GQ�L�mTNDIYFf]hU^WâafmTN

�&Ô
M

1,M2 = L�iHaf]^Q�a Ë FHÏ�FHG�U/Ø�K�]
j
F�Ø�N mÕG L�F �vmÕWâNXNXF[FfgCUL�i ��GW3Ø�mT]�g^QYG m��fWâÏÐK&U ð g^m NXQYG�åYK�FHK�] ð gVm N mT]håYFfK�] ð g^QYG ØBFHG�L�mÕåYF�FHU

FfgCU ifa Ë mÕG�UVWXNâNXQYG�G�iZL�mTGg�NâFHg¨L�FHK&áýL�WXÏ�FHG�g^WXQYG�g�Ø8QYK]¨L�i ��GWâ]¨K�GF�åY]^WXNâN\FZg^K]�N m ��KFfNâNXFZNâFHg¨g^QYKg 
iHIYiHG�FHÏ�FHG�UVgJghQYG�U[ØN mTaHifgZØ8FfGL�mTGôUJNdOeWâGôIYFf]hg^WâQTG � ��åYK�]hF Ñ&Ô Ñ
�bÔ6ã/GF-Ø�]hFfÏ¨W Ì ]^F iHUVmTØ8F-aHQYG�ghWâgCUVF �
a>mÕNâaHK�NâFH]_NXFfg�� QTG�aHU^WâQYG�g3L�F¨î�]^FHFfG-mTg^ghQ�afWâiHFfg��a Ë m���K�F�aHQYK�Ø�NXFÐg^QYK]^afF �gCUsmÕUVWXQYG Ø8QTg^g^WXS�NâFÕÔ j¡mØ�]hQ�
Ø�mTåYmÕUVWXQYGJL�mTG�g/Nâm�af]hQ��UVFMFfghU3afmTNâaHK�NXifFMFHG�KUVWXNâWXg^mTG�UlNâm'UVFHa Ë GW ��K�FÍL�Ffg/Ï�mÕUV]hWâaHFfglL�FÍØ�]hQYØ�mTåYmÕUVWXQYG
L�F Ù mTg �TFHNâN � ��� ��� ð ���YÓ
� �3L�mTG�g�K�G Ï¨WâNXW\FfK gCUV]Vm UVW ��i ð Ï¨FfGôUVWXQYG�G�iHF'S�]^W Ì IYFHÏ�FHG�U�L�mTG�g�NXF'a Ë mTØ�W\UV]^F
Ø�]hifafiHL�FfGôU>Ô � FfNâmÍafQTG�afFH]^G�F_NâmM]^ifåTWâQYG�L�F3NâmMg^QYK�]hafF3Ï mÕWâg@mÕK�g^ghW ð N mMgCUV]^KaHUVK]^F_Ø]^Q�a Ë F3L�Ffg ghUVmÕUVWXQYG�g
]^iHafFHØUV]hWâafFHgfÔ ` mTG�g�NXFÐa>mTg�LK g^iHWâghÏ�F'LF �/Q��TQ>á&WâNâW ð L�FfK�á-Ï�Q�L Ì NâFHg�L�W��DiH]^FHG�UVg�L�F'af]^Q
�UVF'QYG�U�iHUVi
KU^WâNâW\g^ifg'Ø8QYK�]�afFbU^UVFJiHUVmTØ8F ð KGýÏ�Q�L Ì NâFZåYNXQYS�mTN Ø8QYK�]�NâFHg¨gCUsmÕU^WâQYGg�FHU�KG mTKUV]hFJØNâK�g¨mTL�mÕØUVi��
NdOeifØ�mTWâghg^F�af]^Q
�UVF�L�KJØ�NâmÕUVFfmTKZUVWXS8iHUsmÕWâGZØ8QYK�]�N mÐg^QYK�]hafFÕÔ

à:G�L�F Ë QY]hg�L�Ffg�a>mT]^mTaHU^if]hWâghU^W ��K�FHg�L�K�ØN mTG L�F �vmÕWâNXNXF ð LDO mÕKUV]^FHg�Ø�mT]VmÕÏ Ì UV]hFfgJL OeFfG�U^]^iHF g^QTG�U
G�iHafFfghgVmTWX]^Ffg��¨NPOeWâG�IYFH]^ghWâQYG[afQTÏ�Ï¨F ð Ø�mT]lFbá&FHÏ�Ø�NXF ð NâF�Ï�m á&WâÏÐK�Ï L�F�I�WXU^Ffg^ghFÍL�FM]^K�Ø&UVK�]hF£mTK&UVQY]hWâg^i ð



�
�

azimut
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Plan de faille
	 ë�
�
Ñ�Ô Ñ��JícFHØ�]^iHg^FHG�Usm UVWâQTG L�F£N m¨åY]hWâNXNXF�L�F �vmTWâNXN\FMaHQYG�g^WXL�iH]^ifF£L�mTG�g3NdOeWXG�IYFf]hg^WXQYG�L�F	��W ��K�a Ë W®mTG�L
��mTG�mTÏ¨QY]hW � ���
� � � Ô

N m�� QY]^Ï¨FML OeK�G�F � QYGaHUVWXQYG�g^QTK�]^aHFÐiHNâiHÏ�FHG�UVmTWâ]hF�� WâÏ¨Ø�K�NXg^WXQTG ð UV]^mTØ Ì �HF£QYK�UV]hW mTGåYNXF�� ð NâFMG�QYÏÐS�]hFÍL�F
g^QTK�g �iHI Ì GFfÏ¨FfG�U^gMFHU�N m � FHG�"HU^]^FÐUVFfÏ¨Ø8QY]hFfNâNXFÍL�Ffg�g^WXg^Ï¨QYåY]VmÕÏ¨Ï¨Ffg3K&UVWâNXWXghifgfÔDj¡m I&W\UVFHg^g^F'Ï�m á&WâÏ�mTN\F
L�F¨]hK�ØUVK]^F¨L�i ��G�WâF¨WXafW�]^FfØ]^ifghFfGôUVF KG�F¨NâWâÏ�W\U^F'Ï�m á&WâÏ�mTN\FÐL�F¨N mI�WXU^Ffg^ghF�FfGôUV]hF�KG Ø8QYWâGôUMghQYK�]^aHF
FHU£NXF�ghK�WXI mTG�UfÔ®j�mJL�K�]^iHF L�Ffg£L�QTG�G�iHFfg���WXG�IYFH]^g^FH]£L�QYW\U "HU^]^F�a Ë QYWâghWâF�mTØ�] Ì gÐmTG�mTNX×�ghF LFfg£Ø Ë mÕg^Ffg
Ø�]hifg^FHG�U^Ffg�g^K�]_NâF£g^WâghÏ�QTåY]VmÕÏ�Ï�F �NdORmTWXL�FÍL�K U^]VmTaHi'LDO Ë Q�LQ�a Ë ]hQYG�FHg�Ø�mT]3Fbá&FfÏ¨Ø�NXFTÔ j¡m ��åYK]^F�Ñ&Ô �
Ï¨QYG�U^]^F/K�GF á&FfÏ¨Ø�NâF/L�F3L�QYG�GifFHg�]hifFHNâNâFHg@g^K�] NXFfg ��K�FHNâNXFfg@QYGZmMUV]^mTafi3NXFfg Ë Q�L�Q�a Ë ]hQYG�Ffg@U Ë iHQY]^W���KFfgfÔ
ï�N:FfgCUÍWâÏ¨Ø8QY]hUVmTGôU�L�F¨gHO mÕg^g^K]^Ff] ��K ORmTKafK�G�F mTK&UV]^F�Ø Ë mTg^F¨G OeWâGôUVFH]VmTåYW\U�g^WXåYG�W ��a>mÕU^WXIYFHÏ�FHG�U�m�IYFHa¨NâFHg
QYG�LFfg P QYK SH �Ï¨Q�L�iHNâWXg^FH]fÔ � FHU^U^F�Ø]^ifafmTKU^WâQYG FHghU�LDO mTK&UsmTGôU�Ø�NâK�g_WXÏ¨ØBQT]hUsmÕG�U^F ��K�F'Nâm L�K�]hifF
L�F�N m£g^QYK]^afF�FfghUlNâQYGåYK�FTÔà�G[F �BFHU ð L�mTG�g�afF�a>mTg ð NâFfg6Ø Ë mTghFfglafQYÏ¨Ï¨F_Nâm PcP QTK[N m PP Ø8FfKIYFHG�U
WâGôUVFH]VmTåTWâ]nm>IYFfa�Nâm3Ø Ë mÕg^F�L�WX]^FfabUVFÕÔYknmT]�Fbá&FfÏ¨Ø�NXF ð Ø8QYK�]nK�G�F�ghQYK�]^aHF � �YÒ ��Ï L�F6Ø�]^Q � QTG�L�FfK] ð FHU:K�G�F
ghUVmÕUVWXQYG � 60◦ L�FML�WâgCUsmTG�aHFMifØ�WXafFHG�UV]^mTNâF ð N m P FHghU/g^K�W\I&WXFMLFÍNâm PcP mTØ] Ì gcFfGôI&WX]^QTG �ôÓ¨ghFfaHQYG�L�FHg
FHUÍLF�Nâm PP mTØ�] Ì gMFfG�I�WX]^QYG �����[g^FHafQYG�LFfgfÔ ` mÕG�gÍNâm[Ø�mT]CUVWXF�g^K�W\IÕmTGôUVF ð GQYK�g�IYFf]h]^QYG�g ��K�F¨Ø8QYK�]
NâF afmTg'L�KÇg^iHWâg^Ï¨FL�F �/Q��TQ>áWXNâW¿L�K ��� GQ IYFHÏ'S]^FJÑÕÒYÒ � ��K�W�m�L�K�]^iFfGôI&WX]^QYG ��ÑTÒ ghFfaHQYG�L�FHg ð NâFHg
WâGôUVFH]VmTabUVWXQYG�glm�IYFHaÍL ORmTKU^]^FfgcØ Ë mTghFfg/afQTÏ�Ï¨F�N m PP QYK�Nâm PcP G�FMå
"fG�FHG�U/Ø�]VmÕU^W ��K�FHÏ�FHG�UcØ�mÕg/Nâm
Ï¨Q�L�ifNXWâg^mÕUVW\QYG-Ï�mTWâg�aHFfN m[L�FHI�WXFfGôUÍUV] Ì gMaf]^W\UVW���KF¨Ø8QTK�]ML�FfgÍghQYK�]^aHFfgÍØ�NâK�g�NâQYG�åTK�FfgHÔ�knmT]MF á&FfÏ¨Ø�NâF ð
Ø8QYK�] NXF3g^iHWâghÏ�F3L�F õ K�Ï m UV]VmÍL�F3L�ifaHFfÏÐS�]hFMÑTÒTÒ
� ��KW m£K�G�F_L�K�]hifF_Fbá&afFHØUVWXQYG�GFfNâNXF3L OeFfG�I�WX]^QYGZÓYÒYÒ
g^FHafQYGL�Ffg ð afF�U�×�Ø8FML�F�Ï¨Q�L�ifNXWâg^mÕUVW\QYGG ORFHghU/ØNâK�g�L�K[UVQYKUcmTL�mÕØUViÕÔ

j:OeWâGôIYFf]hg^WâQTG ð ��K�W_FHghU[S�mTg^iHF-ghK�]ZK�G�F�UVFfa Ë G�W���K�F-LF L�iHafQYGôIYQYNâK&UVWâQTG WXU^if]^mÕUVW\IYF�L�ibUVFf]hÏ�WXG�mTGôU
g^KafafFHg^g^WXIYFHÏ�FHG�U¿NXFfg�a>mÕ]VmTabUVif]hWâgCUVW ��K�FHg:LF�a Ë m���K�FlghQYK�g �iHI Ì G�FfÏ¨FfGôU ð g^FH]Vm�LiHUsmÕWâNâN\ifF L�mTG�g:Nâm3g^FHaHUVWXQYG
�Ô � L�K·a Ë mTØ�W\UV]^F�aHQYG�aHFf]hG�mTG�UNdOeWâGôIYFf]hg^WâQTG Ô¿j:ORWXL�ifF�FHghUL OeFfG�NXFHIYFf] g^K�aHafFHg^g^WXIYFHÏ�FHG�U[mTK&áýL�QYG�GifFfg
NdOeF �BFHU[LF-a Ë m ��KF g^QYK�g �ibI Ì G�FHÏ�FHG�U'ÖhK�g ��K O���NPORQYS&UVFfGôUVWXQYG L OeK�G S8QYG mTaHafQY]hL FfGôUV]^F-L�QTG�G�ifFHgJFHU
gh×�GôU Ë ibUVW ��K�FHgfÔ
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�@Ñ&Ô � � ` QTG�G�iHFfg�L�K�g^ifWXg^Ï¨F[L�F , QYNXWXI�WXFL�K ��ÖhK�WâG �������-]^FHØ�]^iHg^FfGôUViHFfg FfG � QTG�aHU^WâQYG$LFJN m
L�WXghUsmÕG�afF iHØ�WXafFfGôUV]^mTNâF�ghK�]NâFHg ��K�FHNâNXFfg QYG m ghK�Ø8Ff]hØBQTg^i NâFfg Ë Q�LQ�a Ë ]hQYG�FHgU Ë iHQY]hW ��K�FfgHÔ�ø�G·Ø8FfKU
G�QTU^Ff] ��K�FlØ8QYK�]�NâF6a>mTg:L�FlaHFlghifWâghÏ�F UV] Ì g�Ø�]hQ � QYG�L �vÓ
� � ��Ï�� ð NâFfg�Ø Ë mTghFfg¿ghQYG�U:U^] Ì g:S�WâFHG�g^iHØ�mT]hifFfgHÔ

/ 6D24$&%(2 �<��' � % �-$;�J8<$&6<)�$,�-��$&%3' 9H�IQ!2 ��) %��,8:9H�

` mTG�g aHFJU�×�Ø8F�LF�Ï¨iHU Ë Q�L�F ð NXFfg¨Ø�mT]VmÕÏ Ì UV]^FHg�]hFfa Ë FH]^a Ë ifgg^QYGôUmTØ�Ø]^Q�a Ë ifg FHG·a Ë FH]^a Ë mTGôU �
Ï¨WâG�WXÏ�WXg^FH]cNâm¨L�W �Bif]hFfG�aHF£Fbá&WXghUsmTGôU3FfGôUV]^F£NXFfg/L�QTG�G�ifFHg_]^iHFfNXNâFfgcFHU3NâFHg/gh×�G�U Ë iHU^W ��K�Ffg_Ø�]^Q�LK�WXU^g3m�IYFHa
K�G'ÖhFfK�L�FMØ�mT]VmÕÏ Ì UV]^FHgfÔ�ã/GJUVFfN¡Ø]^QYS�N Ì Ï¨F�WXÏ�Ø�NXW ��K�mTG�UcmÕKUsmTGôU/L�F�IÕmÕ]^W mÕS�NâFHglØ�]^iHg^FHG�UVFÍØ8QTUVFHG�UVWXFfN!
NâFHÏ�FHG�U�LFfg¨]^WXg ��K�Ffg¨L�F[g^QYKg �LiHUVFH]^Ï¨WâG�m UVWâQTG Ô�à:GýF �BFHU ð Ø�NXK�g^WXFfK�]hg�Ï�Q�L Ì NâFHg�Ø8FHKIYFHG�UmT]h]^WXIYFH]��
Fbá&Ø�NXW ��K�FH]6m�IYFHa_N mMÏ "fÏ¨F ��K�mTNXWXUVicNXFfg LQYG�G�iHFfg6FHU6WXN8FfgCU�ghQYKIYFHG�U�L�W���aHWâNXFcL�F�ÖhK�åYFH] ��K�FfNXNâF/åômÕÏ�Ï¨F
L�FMg^QYNXKUVWXQYG�g�FfghU3mTafaHFfØUVmTS�NXFTÔ ��W ��K�a Ë W�mTGL ��mTG�mTÏ¨QY]^W�� ����� � � Ï¨FHU^U^FfGôU/FfK&á �Ï�"HÏ�F�FfG�m�IÕmÕG�U/afF
U�×&Ø8F�LF�Ø�]hQYS�N Ì Ï¨F[FHU�Ø�]^iHafQYGWâg^FHG�U�N m-Ø�]hK�L�FHG�afF�L�mÕG�g�NPORWXG�U^Ff]^Ø]^iHUVmÕUVWXQTG$L�Ffg�Ï¨Q�L Ì NXFfg'UV]^QTKIYifgHÔ
ã/GF mTØ�Ø]^Q�a Ë F�]VmÕWâghQYG�mTS�NXF'L�F�aHF�Ø�]hQYS�N Ì Ï¨F�afQYGg^WâgCUVF�mTNâQY]hg��JaHQYÏ¨Ï�FHG�afFH]MØ�mT]�K�G Ï¨Q�L Ì NâF'U^] Ì g
g^WXÏ�ØNâF ��KW@WâÏ¨Ø�NXW���K�F¨K�G Ø8FHUVW\U£G�QYÏÐS]^F�L OeWâGafQYG�G�K�Ffg£FHU£L�F ]^FHN mÕa Ë FH]ÍFfG�ghK�WXU^F Ø8FHUVW\U ��Ø8FbUVWXUÍNâFHg
afQTG�UV]^mTWXG�UVFHg�WXÏ¨ØBQTg^ifFHg¿mÕK¨Ï¨Q�L Ì NXF�Ø8QTK�]¿m ��GFf]�N m_ghQYNâKU^WâQTG Ôôø_G¨aHQYÏ¨Ï�FHG�afF�FfG¨åYiHG�if]^mTN�Ø�mÕ]�a Ë FH] 



�YÓ

a Ë Ff]MNâFHgMafmT]VmTabUViH]^WâgCUVW���KFfgMÏ¨Q ×YFHG�G�FHgÍL�F¨N mZg^QYK]^afF�m�IYFHa�K�G g^FHK�N�ØBQTWâGôUMg^QTK�]^aHF�ifNXifÏ¨FfGôUsmTWX]^FÕÔ õ W
QYG-mK�G�FÐWâL�iHF'LK-Ï¨ifafmTG�WâghÏ�F ð QYG Ø8FfKU�NXF �á&Ff]�Ø8FfG�L�mTG�U�NPORWXG�IYFH]^g^WXQYG Ø8QYK]�]hifL�KWâ]^FÐNXFÐGQYÏÐS�]^F
L OeWâG�aHQYG�G�K�FfgHÔ � Ë m���K�F'aHQYGôUV]VmÕWâG�U^F£mTL�L�W\UVWâQTG�G�FfNXNXFMmTØ�Ø8QY]CUVifF£Ø�mT]3Nâm�ghWâg^Ï¨QYNXQYåYW\FMQYK L ORmTKU^]^FHg_L�QYG�
G�iHFfgÐafQTÏ�Ï¨F ð Ø�mÕ]£F áFHÏ�ØNâF ð NâFHgÍQYS�g^FH]hIÕm UVWâQTG�g£F �BFfabUVK�iHFfg'g^K]£NâF¨U^Ff]^]^mTWâG mTØ�] Ì g£K�G"iHI Ì G�FfÏ¨FfGôU ð
Ø8FfK&IYFfGôU_mTWXL�Ff] �/ÖhK�åYFH]lN m ��K�mTNXWXUVi_L�F�N mÐg^QTNâKU^WâQYG ��G�mTNâFÕÔ

ãcG�ghFfafQTG�LýØ�]hQYS�N Ì Ï�FWXG Ë iH]^FfGôU � Nâm Ï¨iHU Ë Q�L�FZFfghU¨]hFfNXWâi � NPORQT]^L�]hFZL ORmTØ�Ø�mT]^W\UVWâQTG"L�Ffg�g^QYKg 
iHI Ì G�FHÏ�FHG�UVg3NâQY]hgcL�FMN m�L�ifaHQYGôIYQYNâKU^WâQTG Ô8à:G�F �BFHU ð WâNXglg^QYGôU/U^]^QYKIYiHg3L�mÕG�g/NdOeQY]^L]^F�L�ifaH]^QYWXg^gVmÕG�U3L�K
Ï¨QYÏ�FHG�UcghWâg^Ï¨W ��K�F�g^a>mÕN mTWX]^F�� ��W ��Ka Ë W�mTG�L ��mTG�mTÏ�QT]^W ð ���YÎYÑ��bÔ � FfaHW®gfOeFbá&Ø�NXW ��K�FÍg^WâÏ¨Ø�NXFfÏ¨FfGôUcØ�mT]
NâF��vmTWXU ��K�FÐNdOeWâG�IYFH]^ghWâQYG ð a Ë Ff]ha Ë mÕG�U��mÕÏ�iHNâWXQY]hFf]cN m�]hFfghg^FfÏÐS�NâmTG�aHFÐFfG�U^]^FÐNXFfg3L�QYG�GifFfg�FbU�NXFfg3gh×�G�
U Ë iHUVW���K�Ffg ð IÕm�Fbá&Ø�NXW ��K�FH]:FfG¨Ø]^FfÏ¨WXFf]�NXFfg:ØNâK�g�åY]VmTGL�g:g^QYK�g �ibI Ì G�FHÏ�FHG�UVgHÔ �¿QYK�G�å�FbU¿mTNdÔ�� ���YÎ�� ��QYG�U
Ï¨Wâg�FHG iHI�WXL�FfG�aHF ��K�F�N mZg^QYNXKUVWXQYG ��G�mTNXF¨L�iHØ8FfG�L"L�F¨NdOeQY]^L]^F�L�mTG�gMNâF ��KFfN¿NXFfgMghQYK�g �iHI Ì G�FfÏ¨FfGôUVg
g^QTG�U£L�iHU^Ff]^Ï¨WâGifgfÔ�ï�NXgÍQYGôUÐmTØ�Ø8FHNâi�aHF Ø�]^QTS�N Ì Ï�F �bL�ifØ8FHG�L�mTG�aHFL�K UV]^m ÖhFHU�� �vØ�m U Ë L�FHØ8FfG�L�mÕG�afF�� Ô

3WXG�g^W ð FHGZa Ë mTG�åYFfmTGôU�NdOeQY]hL�]^F/L OeWXU^if]Vm UVWâQTG ð QYGQYS&UVWâFHG�U K�G�F_mTKUV]hF3g^i ��KFfG�afF�LF_g^QTK�g �iHI Ì GFfÏ¨FfG�U^gfÔ
ï�NnFfghU�aHFfØ8FfGL�mTG�UML�W��¨afWXNâF£LF'L�ifaHWâL�FH] ��K�FfNXNâFÐghi ��K�FfGa>F¨FHghU�afQT]^]^FHaHU^F�FHG ghF�S�mTgVmTGôU�K�GW ��K�FfÏ¨FfGôU
g^K]ZNXFfg � QY]^Ï¨Ffg LDORQYGL�FfgHÔ�
���G L�F L�iHU^Ff]hÏ�WXG�Ff] NPORF��DFbUZLF NdOeQY]^L�]hF�L OeWXU^if]Vm UVWâQTG g^K�]Nâm ghQYNâKU^WâQTG ð
��W ��K�a Ë W�mTG�L ��mTG�mTÏ¨QY]^W�� ����� � �cQYGôU�m ÖhQYKUViÐKG�F'iHUVmTØ8F'g^K�ØØ�NâiHÏ�FHG�UVmTWâ]hFÐL�mÕG�g�NâFHK�]�mTNXåYQY]hW\U Ë Ï�F
mTØ�] Ì gÍK�G�F�Ø�]hQ�afifLK�]^F G�QT]^Ï�mTNâF'L ORW\UViH]VmÕU^WâQYGgfÔ¡ã/G�F � QYWXgMNâmJghQYNXKUVWXQYG ��G�mTNXF¨QYSU^FfG�KF ð NâF¨Ø�]hFfÏ¨WâFH]
g^QTK�g �iHI Ì GFfÏ¨FfG�U6FHghU F�� mTaHi/FHU@gVmMafQTG�UV]hWâS�K&UVWâQTG¨FHghU ]^FHghU^WXUVKifF3mÕK ghWâghÏ�QTåY]VmTÏ¨Ï�FTÔôj
Ffg@Ø�mÕ]VmTÏ Ì U^]^FHg
afQT]^]^FHg^Ø8QYGL�mTG�U��£aHF3g^QYK�g �ibI Ì G�FfÏ¨FfGôUlghQYGôU�mTNâQT]^g¿]^ifibIÕmTNXK�ifFHgfÔ � FbU^UVF3QYØ8if]^mÕUVWXQYG FHghU6FfGg^K�W\UVF3]^iHØ8i�
UViHF/Ø8QYK]¿a Ë m���K�F3ghQYK�g �iHI Ì G�FfÏ¨FfGôU>Ô � FbU^U^F/Ø�]^Q�aHifL�K]^F/]^FfLiHUVFH]^Ï¨WâG�FcmTWâGg^W�NâFHg¿Ø�mT]^mTÏ Ì UV]hFfg¿LFcU^QYK�g
NâFHgMg^QYK�g �ibI Ì G�FfÏ¨FHG�UVgÐFHG ]^FfNâmTa Ë mTGôUÍNâFHgÍaHQYG�U^]VmTWXG�U^FfgMWâÏ¨Ø8QYg^iHFfgMØ�mT]MNXF¨a Ë FfÏ¨WâG Ø�mT]hU^WâafKNâWXFf]�g^KWXI�W
L�mTGgcNXF�Ø�]^FHÏ�WXFf]�ÖhFfKJL OeWXUViH]VmÕU^WâQYGgfÔ

ï Ë Ï�NXi	� �����TÎ �¿m£ifåYmTNâFHÏ�FHG�U Ï¨QYGôUV]^i/L�mTG�g g^QYGZibUVK�LF�aHQYÏ¨Ø�mT]^mÕUVW\IYF/g^K�] NâF/g^ifWXg^Ï¨F3S8QYNâW\I�WâFHG L�F
������� ��KF/NPORWXG�U^Ff]^Ø]^iHUVmÕUVWXQTG�LFfg¿g^QYKg �ibI Ì G�FHÏ�FHG�U^g L�mTGg¿NâFHg�Ï�Q�LifNâWXgVm UVWXQTG�g�L ORQTG�L�Ffg�UViHNâiHg^WâghÏ�W���K�Ffg
Ø8FfK&UÐafQTG�L�K�WX]^F ��L�FHg£]^ifghK�NXUVmÕUVgÍWXG�FbámTabUVgHÔ®ï�N¿Ï¨QYG�U^]^F ��K�F NâFfgMg^QYK�g �ibI Ì G�FfÏ¨FHG�UVgÐafQT]^]^FHg^Ø8QYG�LFfGôU
FfG��vmTWXU���L�Ffg/aHFfG�U^]^Q��dL�Ffg/WXG�ghUVmTG�UVmTG�G�iHg ð FHU ��K�FÍL�FMafF��vmTWXUlNXFfK�]lNâQ�afmTNXWXgVmÕU^WXQTG[G�FÍaHQY]^]hFfghØ8QYG�L�Ø�mTg
� QY]hafifÏ¨FHG�U ��N m �HQYG�FlFbámTabUVFcL�FlN m�]hK�ØU^K�]^FÕÔ�ï�N�U^]^QYKIYFlifåYmTNâFHÏ�FHG�U ��K�FlNâFfg�I&W\UVFHg^g^FHg mTØØ�mT]^FHG�U^Ffg¿L�F
]^KØUVK�]hF_QYSU^FfG�K�Ffg �ÍØ�mT]hU^Wâ]@LF_afFHg�NXQ�a>mTNXWXg^mÕUVW\QYG�g¿g^QYKg �FHghU^WâÏ¨Ff]VmÕWâFfGôU6mTK�ghg^WDN m�I&W\UVFHg^g^F_L�K � ]^QYGôU6L�F
]^KØUVK�]hFTÔTj
F a>mTgnL�KÐg^iHWâghÏ�F@S8QYNâW\I&WXFHG£ibUVK�LWâi Ø�mT]nï Ë Ï¨NXi � �����YÎ �
FfgCU:G�ifmTG�Ï¨QYWXG�g�UV] Ì gnØ�mT]hU^WâaHK�NâWXFH]�L�F
Ø�mT]�gVm�G�mÕUVK�]hF�UV] Ì glØ�]^Q � QTG�L�FTÔ�j¡m�åYiHQYÏ¨iHUV]hWâF_L�F�g^QTG�ØN mTG[LF��vmÕWâNXNXF_m�×ômTGôUcK�GJ]VmÕØ�Ø8QY]hUlNXQYG�åYK�FHK�]
g^K]NâmT]håYFfK�]¨]hFfN m UVWXIYFHÏ¨FfG�U �vmÕWâS�NXFJØ8FHKUFbá&Ø�NXW ��K�Ff]�NâFHg WXÏ�Ø]^ifaHWâghWâQTG�g¨L�F�Nâm Ï�ibU Ë Q�L�F�L�FHgg^QYKg 
iHI Ì G�FHÏ�FHG�UVgHÔ � FbU^UVF�Ï¨iHU Ë Q�L�F�]hFfgCUVF¨aHFfØ8FHG�L�mTGôUÍN mT]håYFfÏ¨FfGôU_IÕmÕNâWâLFÐL�mTG�g�NXF'a>mÕg�Q�� NXFfg�Ø�NâmTG�g�L�F
�vmTWXNâN\FZØ�]hifg^FHG�U^FfG�UKG ]^mTØ�Ø8QY]CU�L�F � QY]hÏ�F[åT]VmTG�L ð aHF ��K�WcFHghU�NâF[a>mTg¨L�FJN m-ØNâK�Ø�mÕ]hU¨L�FHg�åY]VmÕG�L�g
g^iHWâghÏ�FHgcghK�Ø8Ff] ��afWXFfNXgfÔ

æ mTNâåY]hi[afFfg ��K�FfN���K�Ffg L�i �vmTKUVg ð ]VmÕØ�Ø8FfNXQYG�g ��K�F�afFbU^UVF�Ï¨iHU Ë Q�L�F�m Ø8Ff]^Ï¨Wâg�Nâm-Ï�Q�L�iHNâWXgVm UVWXQTG
L OeK�G�åY]VmÕG�L$G�QYÏÐS�]^FL�F[g^QYK]^afFHg � NdOeQY]^WXåYW\G�FLF[g^iHWâg^Ï¨Ffg'WâÏ¨Ø8QY]hUVmTG�U^g'm>IYFfa[g^K�aHa Ì gfÔ¿ï�N6FfghU�I�]VmÕW
��K OeK�G�F¿g^K] �WXG�U^Ff]^Ø]^iHUVmÕUVWXQYG�L�F:N m6g^QTNâKU^WâQYG3UV]^QTKIYifF�Ø�mT]
aHFHU^U^F¿Ï¨ibU Ë Q�L�F:Ø8FfKU�gHO m>IYif]hFf]�L�mTG�åYFH]^FfKg^FTÔ
ã/GF[KU^WâNXWXgVmÕU^WXQTG"]VmÕU^WâQYGG�FfNXNXF L�FZafFbU^UVFZÏ�ibU Ë Q�L�FØ8Ff]^Ï¨FbU�G�i>mÕG�Ï�QTWâG�gÐLF[]hFHUV]hQYKIYFH]�K�G�FZS8QYG�G�F
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FfgCUVWXÏ mÕU^WâQTG�LFfg6afmT]VmTabUViH]^WâgCUVW���KFfg Ø�]hWâG�aHWâØ�mTNXFfg¿L OeK�Gg^iHWâg^Ï¨F�� g^QYGÏ¨QYÏ¨FfGôU@g^WâghÏ�W���K�F/g^afmTN mÕWâ]^F ð g^QYG
Ï¨ifa>mÕG�WâghÏ�FlÏ�Q�×YFfG ð gVmÍLK�]^iHF��¿FbU L�F/L�QYGG�Ff]@K�G�F/WâLifFcL�F/NdO Ë WâgCUVQYWX]^F6UVFHÏ�Ø8QT]^FfNXNâF�L�F/N m�g^QYK]^afF ð L�F
N m�L�WX]^FfabUVWXQYG LF'Ø�]hQYØ�mTåYmÕUVWXQYG�FHU�LK-a Ë mTGåYFfÏ¨FfGôU�L�FÐÏ�iHa>mTGWâg^Ï¨FÐmTK afQYK]^g�LF'Nâm ]hK�ØUVK]^FÐL�mTG�g
NâF�afmTglL�Ffglg^QYK�]hafFHg/aHQYÏ�ØNâF áFHgfÔ

` mTG�glNâF_a Ë mTØ�W\UV]hF�ïhïsÔ���L�F�aHFHUhUVF�U ËÌ g^F ð GQYK�glØ�]hifghFfG�U^QYG�gcK�GFMmTØ�Ø�NXWâafmÕUVWXQTGL�F�aHFHUhUVF�Ï�ibU Ë Q�LF
mTK g^iHWâg^Ï¨F¨L�F��/Q��TQ>á&WâNXW:L�K � ��G�Q IYFHÏÐS�]^FÑÕÒYÒ � � Ê WâS8FbU ð Mw = 7.9 � ��K�W@mJ]^QYÏ¨Ø�K Nâm �vmTWâNXN\F�LK
��K�G�NXK�G"ghK�]ÐKG�FL�WXghUVmTG�afF L�F�� � � ��ÏJÔnj¡m�åYifQYÏ¨iHU^]^WXF�L�K"g^FHåYÏ¨FfGôU']hQYÏ¨Ø�K Ø�mT]£aHFghifWâghÏ�F�FfgCU
Ø�mT]CUVWXafK�NXW Ì ]^FHÏ�FHG�U ghWâÏ¨Ø�NâF/FbU�Ø8FfKU "HU^]^F�]hFfØ�]hifghFfG�U^ifF�Ø�mT] K�G�F��vmÕWâNXNXF/NXWâG�ifmTWX]^Fcg^K�]6Ø�NâK�g L�F � �TÒ���Ï�Ô
` mTGg N m �fQYG�F/L�F3NPORiHØ�WXafFfGôUV]hF ð FHNâNXFcg^F/afQYÏ¨Ø�NXW ��K�FlØ�mT]@NâmMØ�]hifg^FHG�aHF�L�FcUV]hQYWâg¿S]VmTG�a Ë FHg6ghK�afaHFfg^g^WXIYFHgfÔ

���G L�F-Ø]^FfGL�]^F-FfG afQYÏ¨ØUVF afFHUhUVF-åYiHQYÏ¨iHUV]hWâF�afQYÏ¨Ø�N Ì UVF L�mÕG�g[G�QTU^]^F WâGôIYFf]hg^WXQYG ð G�QYK�g[m�IYQYG�g
Ï¨Q�L�W ��i_NPO mTNXåYQT]^W U Ë Ï�F_L�F���W ��K�a Ë W¡mÕG�L ��mTG�mTÏ¨QY]^W �dÑTÒYÒ
� �bÔ
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j
FHg3Ï¨iHU Ë Q�L�Ffg/Ø�]^iHg^FHG�UViHFfg_L�mTG�g/N m�g^FfabUVWXQYG�Ø�]^iHafifLFfGôUVFÐL�QYG�G�FHG�U3K�G�F£WXÏ�mTåYF�Ø�NXK�g/QTK�Ï�QTWâG�g
L�ibUsmTWXNâNXifF�LF/Nâm�]hK�ØUVK]^Fcg^WâghÏ�W���K�FlFHU@ghQYG�U@S�mÕg^ifFHg ghK�]¿N m�Ï¨Q�L�iHNâWXgVmÕU^WXQTG�L OeQYG�L�FHg@L�FcITQYNâK�Ï¨FTÔôà:NâNâFHg
G�iHafFfghg^WXU^FfGôU¨afQYÏ¨Ï¨FLifaH]^WXU�mÕK$Ø�]hi>mTNâmTS�NXF NâF a>mTNXafK�N@L�Ffg � QYG�abUVWâQTG�gÐL�FJî�]^FHFfG$aHF ��K�W6]^FHghUVFZK�G�F
iHUVmTØ8F_]^FHN m UVWXIYFHÏ�FHG�U@afQ��U^FfK�ghF�FfGUVFHÏ�Øg6L�F3a>mTNXafK�NPÔ&j
F_afmTNâaHK�NBL�FHg�� QYGaHUVWXQYG�g LF�î�]hFfFHGZWâÏ¨Ø�NXW ��KF
ifåYmTNâFHÏ�FHG�U®NâmcØ�]hWâg^F¿FfG£afQYÏ¨ØUVF¿L ORKGÐÏ¨Q&L Ì NXF¿L�F¿UVFf]h]^F m/Ø�]hWâQY]hWdÔ�j¡m/afQTÏ�Ø�NXFbá&WXU^i¿L�K£g^WXg^Ï¨QYåY]^mTÏ¨Ï¨F ð
afQTÏ�Ï¨FMQYG�NdORm�I�K L�mTGg3NâFMa Ë mTØWXUV]hFÍØ�]hifaHifL�FHG�U�FHghU_Ø]^WâGafWâØ�mTNâFHÏ¨FfGôUcL���F �¨N m�g^QYK�]hafF£FHNâNâF �Ï "HÏ¨F
mTWXG�g^W ��K O � NPORWXG�U^Ff]VmÕaHU^WâQTG�LK � ]^QTG�U3LDORQYGL�FÐm�IYFHaÐNâm¨ghU^]^K�abUVK�]hFÐL�FÍN m¨af]hQ��U^F£L�mTGg3N m¨]hifåYWXQYG�L�F£N m
g^QTK�]^aHFTÔ&j¡m���åYK�]^F �YÔRÓMÏ¨QYGôUV]^F ��K�FcN m�Ï¨Q�L�iHNâWXgVmÕU^WXQYG'L�Ffg@QTG�L�Ffg P WâÏ¨Ø�NXW���K�FlmTNâQT]^g�GQYG�g^FfKNâFHÏ�FHG�U
N m�Ï¨Q�L�iHNâWXgVmÕU^WXQYG'L�FcNâm P Ï mTWXg:iHåômTNXFfÏ¨FfG�U�L�FcNâm pP FHU¿L�FcNâm sP ��K�W�ghF/ghK�Ø8Ff]hØ8QYg^FHG�U�m>IYFfacNdOeQYG�LF
P Ø8QYK�]¿LFfg@g^iHWâghÏ�FHg@ghK�Ø8Ff] ��afWXFfNâgHÔ ` F/Ï "fÏ¨F ð Ø8QTK�]¿NdOeQYG�LF S

ð g^mÍÏ¨Q�L�iHNâWXgVmÕU^WXQYG�GifafFHg^g^W\UVF/N m�Ø]^WâghF
FfGJaHQYÏ¨ØUVF�LF�N m pS FbUcLF�N m sS Ô � FHgcØ Ë mTg^FHgc]^i���ifa Ë WXFfg/mÕK�åYÏ¨FfGôUVFfGôU�� QY]hU^FfÏ¨FfGôUlN m£afQYÏ¨Ø�NâF á&WXU^iL�K Ø�]hQYS�N Ì Ï¨F-FbU�g^QYGôU�FfG Ø�mÕ]hUVWXF �$NdOeQY]hWâåTWXG�F L�F N mÇG�QYG��K�G�WXafW\UVi L�F N mÇghQYNâKU^WâQYGDÔ ` mTGg�afFbU^U^F
g^FHaHU^WâQYG ð G�QYK�g@mÕNâNâQTG�g:Ø�]hifghFfG�U^Ff]@L�FHK&á�Ï¨iHU Ë Q�L�FHg@Ø8FH]^Ï¨FHUhUsmTGôU@LF/gHO m �D]^mTG�a Ë Wâ]�LF/Nâm�Ï�Q�L�iHNâWXgVm UVWXQTG
L�FHg�� QY]hÏ�FHg�L ORQTG�L�FfgÍFbUÍL�QYGa�LK a>mTNXafK�N:L�FHg�� QYG�abUVWXQYG�g�L�F î�]^FfFHG ��K�W�Ø8Ff]^Ï¨FHUhUVFHG�UÍL OeWâÏ�mTåYFH]�N m
g^QTK�]^aHFJFHU¨L�FJLiHUVFH]^Ï¨WâGFf]'g^Ffg¨Ø�mÕ]VmTÏ Ì U^]^Ffg'Ø�]^WXG�afWXØ�mTK&áBÔ Ê QYKU¨L ORmTS8QY]^L ð N m Ï¨ibU Ë Q�L�F[LFJ]^ibUV]hQ�
Ø�]hQYØ�mTåôm UVWâQTG·LiHIYFfNXQYØ�Ø8iHF-Ø�mT]ï�g Ë WâW/FHUJmÕNdÔ �PÑTÒYÒ ���¨Ø8Ff]hÏ�FbUZL ORQTSUVFHG�Wâ]]^mTØ�WXL�FfÏ¨FfGôUK�G�F WXÏ mTåTF
L�ibUsmTWXNâNXifF¨L�FNâm�Ø�]^QTØ�mTåôm UVWâQTG L�F N m�]hK�ØUVK�]hFFHUÐL�F g^QYG Ë WâghU^QYWâ]hF¨UVFHÏ¨ØBQT]^FfNXNâFÕÔ �/QYKgÐØ�]^iHg^FfGôUVQTG�g
FfGg^K�W\UVF K�G�F G�QYK&IYFfNXNâF mTØ�Ø]^Q�a Ë F6LiHIYFHNâQYØ�Ø8iHF�mTKÐaHQYK�]^gnL�F aHFHU^U^F U Ë�Ì ghF6Ø8Ff]^Ï¨FHUhUsmTGôUnL�F L�iHU^Ff]hÏ�WXG�Ff]
NâFHg@Ø�]hWâG�aHWâØ�mTNXFfg�a>mT]^mTabUVif]hWâghU^W ��K�FHg L�F/N m�g^QYK�]hafF3L�F/g^ifWXg^Ï¨Ffg@Ø�]^Q � QYG�L�g �vØ]^Q � QYGL�FfK�]hg g^KØ8if]^WXFfK�]hFfg��
��ÒYÒ���Ï��bÔ
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j¡m ]hiHU^]^Q��Ø�]^QYØ�mTåômÕU^WâQTG QYK �HS�mTa ���Ø�]hQ ÖhFfaHU^WâQYG�� ð FfgCU�K�G�FZghWâÏ¨Ø�NâW ��a>m UVWXQTG L�FZN m�Ï�WXåY]Vm UVW\QYG FfG
UVFHÏ�ØgÍWâGôIYFf]hg^F�L�K a Ë mTÏ�Ø L OeQYG�L�F ð K�G�F¨UVFfa Ë GW ��K�F S�WXFfG afQYGG�K�F�Ø8QYK�]ÍWXÏ mÕåYFf]�N m[gCUV]^K�abUVK�]hF FfG
g^WXg^Ï¨W ��K�F']^i���Fbá&WâQTG Ô�à:NâNXF'Ø8Ff]hÏ�FbUÍLDORWXÏ mTåTFf]_L�Wâ]hFfabUVFfÏ¨FfGôUMN mZ]^KØUVK�]hF¨L OeK�G g^ifWXg^Ï¨F �JØ�mT]hU^Wâ]�L�FHg
Ø�]hFfÏ¨W Ì ]hFfgMmT]h]^W\IYifFHgML�FHgÍQYGL�FfgMFHUMØ8FfKU�"HUV]hF¨Ï�WXg^F'FHG Q�FfKI�]^F¨L�mTGgMNdO Ë FfK]^F ��KW�g^K�W\UMNâF'g^iHWâghÏ�FÕÔ
à:NâNXF�aHQYG�ghWâghU^F �¨g^QTÏ�Ï¨Ff]�NâFHgcghWâg^Ï¨QYåY]^mTÏ¨Ï¨FHg�Ø8QYK�]ca Ë m ��KF£Ø8QTg^WXU^WâQYG[Ø8QTg^g^WXS�NâF�LFÍNâm�ghQYK�]hafFTÔ8à�NXNâF
g^QTÏ�Ï¨F6afQYGghUV]hK�aHU^WXIYFHÏ�FHG�U¿NâFHg�mTÏ�ØNâW\U^K�L�FHg:]^mTL�WâiHFfg:L�K¨Ø8QYWXG�U:ghQYK�]^aHFcF��DFHaHU^W �BFHU@mÕG�G�KNâF�NâFHg�mTKU^]^Ffg
mTÏ¨Ø�NâW UVK�LFfg Ø�]hifg^FHG�U^Ffg[L�mTG�gNâF�ghWâghÏ�QYåT]VmTÏ¨Ï�F �vï�g Ë WâW/FHU[mÕNdÔ ð ÑTÒTÒ ���bÔ � FHUhUVF Ø�]hQ�afiHL�K�]^F FHghUZ]^i�
Ø8iHU^ifF �JWâGôUVFH]hIÕmÕNâNâFHg�LF¨UVFHÏ�ØgÍ]hifåYKNâWâFH]^gMm	��G LDO m>IYQYWâ]�K�GF�WâÏ�mTåYF'ibIYQYNXKUVW\IYF¨L�F¨N m[Ø�]hQYØ�mTåYmÕUVWXQYG
L�F'N m ]^K�Ø&UVK�]hF�L�mÕG�g�NXF£UVFHÏ�ØgfÔ
j¡m]^iHU^]^Q��Ø�]^QYØ�mTåômÕU^WâQTG miHUVF�mTØØ�NâW���KifF'mTK-ghifWâghÏ�FÐL�F õ K�Ï�mÕUV]^m
L�K"ÑÕÓ[L�ifaHFfÏÐS�]hFÑTÒTÒ
� � ï�g Ë WXW:FHUÍmTNdÔ ð ÑTÒTÒ ��� ð NPORKG L�FfgMØ�NâKg�åY]^QYg Ö^mTÏ�mTWXg_FfG�]hFfåYWXghUV]hi ð mTG�g^W ��K O mÕK
g^iHWâghÏ�FJL�K ÑTÎ Ï�mT]hg ÑTÒYÒ � g^WXU^K�i�iHåômTNXFfÏ¨FfGôU � õ K�Ï m UV]Vm � ä mTN �ÕFf]¨FHUmTNPÔ ð ÑTÒYÒ ���bÔ�j¡m g^i ��K�FfG�afF
L OeWâÏ�mTåYFHg�QTSUVFHG�K�F�]^FfØ]^ifghFfGôUVFÍNPORibIYQYNâKU^WâQTGZg^Ø�mÕUVWXQ��U^FfÏ¨Ø8QY]^FHNXNXF_LiHUsmÕWâNXNXifF_L�FHgc]^K�Ø&UVK�]hFfgfÔ � FHUhUVFMghi�
��K�FfGafF�LDORWXÏ mÕåYFfg ð FHghU�N mÍØ�]hQÕÖhFHaHU^WâQYGLF_N mÍ]^K�Ø&UVK�]hF�ghK�]6K�G�F_ghK�] �vmTaHF_Ø�mT]VmÕNâN Ì NXF��ÐNâmÍg^K�] �vmTafF_L�F_N m
Ê Ff]h]^F_FHU6Ø8QYK�] K�G�F_Ø�]hQ � QYG�LFfK�] ifåômÕNâF��ÐaHFfNXNâF/L�F_NPO Ë ×�Ø8Q&aHFfGôUV]hFTÔ�j¡m£L�FfG�ghWXU^i_L�KZ]hifg^FfmTK[K&UVWâNXWXg^icFfgCU
L�ibUVFf]hÏ�WXG�mTGôUVFcØ8QYK�]@NâmMØ�]hifafWXg^WXQYG�L�Ffg ]^iHg^K�N\UsmÕU^gfÔ�ï�g Ë WâW�FHU6mTNPÔ �PÑTÒYÒ ����QYGôU6mTØ�Ø�NXW ��K�icaHFHU^U^F3Ï�ibU Ë Q�LF
m�ITFfa6NâFHgnL�QYG�GifFfg Ë mTKUVFHg � ]^i ��KFfG�aHFfg�L�KÐ]^ifghF>mTK/Ö^mTØ8QYG�mTWâg Ù W� �cFHU ð UV] Ì g�L�FHG�g^F ð afQTÏ�ØUVmTG�UnFHG�I�Wâ]hQYG
�TÒYÒ�gCUsmÕU^WâQYGgl]^ifØ�mT]hUVWXFfg���U^]Vm�IYFH]^gcNâF ù mTØ8QTG Ô�ä mTN �TFf]lFHU3mTNPÔ �PÑTÒYÒ ���6QTG�UcÏ�QYGôUV]hi ��K�FÍN m'Ï�ibU Ë Q�LF
iHUVmTWXU�iHåômTNâFHÏ¨FfG�U¨mTØ�ØNâW���K�mTS�NâF �-Ø�mT]hU^Wâ]'L�FJNâm afQYÏÐS�WXG�mTWXg^QYGÇL�Ffg¨L�QYG�GifFHg Ø]^Q IYFHG�mTGôU LK·î õ �
�dî�NâQTS�mTN õ FHWâghÏ�WXa	�/FbU��@QY] ���3FHU�L�F Ù W� �/FHUfÔ � FHUhUVF'Ï�ibU Ë Q�LF'Ø8FH]^Ï¨FHU�ifåYmTNâFHÏ�FHG�U_L�FÐL�QYG�G�FH]�K�G�F
FfgCUVWXÏ mÕU^WâQTG�L�F'N m NXQYG�åYKFfK�]3L�F']^KØUVK�]hF ð LF'g^QYG-ibIYQYNXKUVWXQYG�UVFHÏ�Ø8QY]hFfNXNâF£mTWâGg^W ��K�F'L�F'g^mI�WXU^Ffghg^F
L�F�]^KØUVK�]hFMFbUcL�F�N mÐG�mÕU^K�]^F�L�WX]^FHaHUVW\IYF�L�F�N mÐg^QYK�]hafFÕÔ � FHUhUVFMÏ¨iHU Ë Q�L�FMmÕg^g^F �Mg^WâÏ¨Ø�NXF_L OeKUVWXNâWXgVm UVWXQTG
Ø8QYK�]h]VmTW\U "HUV]hF�WâÏ¨Ø�NXifÏ¨FHG�UViHF�FHGJUVFHÏ¨Ø�g ��K�mTg^W!�]hifFfNPÔ
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` mTG�g�NâF£S�KU�L�F'L�ibUVFf]hÏ�WXG�Ff]3NâFHg�Ø�mT]VmÕÏ Ì UV]^FHg �N m g^QTK�]^aHF�L OeK�G-g^iHWâghÏ�F��Ø�mT]CUVWX]3L OeQYG�L�FHg�L�F
IYQYNXK�Ï¨F'UViHNâiHg^WXg^Ï¨W ��K�Ffg ð G�QYK�gÍm>IYQYG�gML�iHIYFHNâQTØ�Ø8i mTK afQYK�]hgÍLF�aHF�UV]Vm>IÕmTWXN�L�F�U Ë�Ì g^F�K�G�F¨G�QTKIYFfNXNâF
mTØ�Ø]^Q�a Ë F�Ø8FH]^Ï¨FHU^UVmTG�U�L OeFfgCUVWâÏ¨Ff]_N m � QYG�abUVWXQYG g^QTK�]^aHF ð NâF£U^FfG�ghFfK�]�L�F'Ï�QTÏ�FHG�U ð NPORiHG�Ff]håYWâF£]VmTL�WXifF
FHU/NXFfgcØ�mT]VmÕÏ Ì UV]^FHgcL�FML�Wâ]hFfabUVWXI�W\UVi�L�Ffg/ghifWXg^Ï¨FfgcØ�NâKgcØ�]^Q � QYG�L�g ��K�F ��ÒTÒ���ÏJÔ �/QYK�gcG�FMa Ë Ff]ha Ë QTG�g
Ø�NXK�g WâaHW �£LiHUVFH]^Ï¨WâGFf] NXF3LiHUsmÕWâN8L�F_NâmÍØ�]^QTØ�mTåôm UVWâQTG Ï�mTWXg �£QYS&UVFfGWâ]@L�Ffg6Ø�mT]^mTÏ Ì UV]hFfg �bÏ mTaH]^QYghafQ�
Ø�W���KFfg��lL�iHaf]hWXIÕmTGôU@Nâm�ghQYK�]^aHF/ghWâg^Ï¨W ��K�F�L�mTG�g¿g^QTG FHG�g^FHÏÐS�NâFÕÔ�à:G�]VmTWXg^QYG�L�FcN m�Ø�]^Q � QYG�L�FHK�]¿L�FcNâFHK�]
g^QTK�]^aHF ð aHFfg@g^iHWâghÏ�FHg@QTG�U¿NdORm�IÕmÕG�UsmÕåYFlL�FcØ�]^iHg^FHG�U^Ff] LFfg@Ø Ë mTg^FHg P FbU S S�WXFfG�WXg^QYNXifFHg¿LFfg@Ø Ë mTg^FHg L�F
Ø�]hQ � QYG�L�FHK�] pP, sP, sS, pS FHU L OeiHI�WXU^Ff] mTG�ghWBNXFfg¿afQYÏ¨Ø�NXFbá&WXU^ifg¿L�mTGg Nâm�� QY]^Ï¨FcLDORQYGL�F3L��F��ÍNâmMg^K 
Ø8Ff]hØ8QYg^W\UVWXQYG�L�FHg L�W �Bif]hFfGôUVFfg@Ø Ë mTghFfgfÔ � Ffg L�FHK&á F��DFbUVg g^WXÏ�ØNâW ��FfG�U� QY]CUVFHÏ�FHG�U@N m � QY]^Ï¨FcL�FHg QYG�L�FHg
FfG]^FfåTWâghU^]^iHFfg��L�WXghUsmÕG�afFHg_UVifNXifghWâg^Ï¨W���KFfgfÔDj:O m U^UViHG�K�m UVWâQTG mTG�ifNâmTghU^W ��K�F£g^K�SWâFÐØ�mT]_NXFfg_QTG�L�Ffg�Ø8QTK�]



���

afF¨U�×�Ø8F LF g^iHWâghÏ�F¨FfghU£ifåômÕNâFfÏ¨FHG�UÍØ�NXK�g��vmÕWâS�NXF�Ø�K�WXg ��K�F NXFfgÍQTG�L�Ffg£GF�U^]Vm�IYFH]^ghFfG�U ��K OeK�G�F g^FfKNâF
� QYWXg ð Ø�]hQ�a Ë F�L�F�NâmghUsm UVWXQYG ð NXF'Ï�mTG�U^F>mTK g^K�Ø8iH]^WXFfK�] � QT]hUVFHÏ�FHG�U�mÕU^U^ifG�K�mTGôU>Ô
j¡mZØ�]^WXg^F'FHG afQYÏ¨ØUVF
L�FHg@F��DFbUVg¿L���g ��N m�Ø�]hQYØ�mTåYmÕUVWXQYG'L�Ffg¿]VmÕWâg:Ø8QYK�]�L�FHg¿g^ifWXg^Ï¨Ffg�Ø�]^Q � QYG�L�g�FfgCU@L�QYG�alS�WâFHG¨Ø�NâKg�g^WXÏ�Ø�NXF
�JØ�]^FHG�L�]^F FHG"aHQYÏ¨ØUVF ��K�F L�mÕG�g£NXF¨a>mÕg£L�F�ghifWâghÏ�FHgÍg^K�Ø8FH] ��aHWâFHNâgfÔ®ã/GF � QTWâgMaHFfg£F��DFbUVg£aHQY]^]hWâåYiHg ð
NâFHK�]�� QY]hÏ�F�L ORQTG�L�F aHQYG�U^WâFHG�UÍL�Wâ]hFfabUVFfÏ¨FfGôU£NXFfgMWâG�� QY]hÏ m UVW\QYGgMLF NâmJ]^mTL�WâmÕUVWXQYG ��NâmJg^QTK�]^aHFmTWâGg^W
��K�FMghQYG Ë WâghU^QYWX]^F3UVFHÏ�Ø8QY]hFfNXNâFTÔ

õ W�QYG�aHQYG�ghWâL Ì ]^F ��K�FlNâF Ï�iHa>mTG�WXg^Ï¨F6FHghU�afQYGghUsmÕG�U�afQYÏ¨Ï¨F6L�mÕG�g:NdOei ��K�mÕU^WâQYG �YÔ ÑTÎ ð WXN]hFfgCUVFcmTNXQY]^g
�MFfghU^WâÏ¨Ff]¿NPO Ë WâghU^QYWX]^F6UVFfÏ¨Ø8QY]hFfNXNâFlLF3NâmM]hK�ØU^K�]^F	� s(t) �:FHU NXFcÏ¨ifa>mÕG�WâghÏ�FlÏ�Q�×YFfG �

M
� Ô ` mTG�g aHFHUhUVF

mTØ�Ø]^Q�a Ë F¨QYG GifåYNXWâåYF'mTWâG�ghW:NXFfg�F �BFHUVgML�F¨L�WX]^FHaHUVW\I�WXUViÐL�F¨N mZg^QTK�]^aHFTÔ�j�m[Ï¨iHU Ë Q�L�F�FfghUÍS�mÕg^ifF¨g^K�]
K�G�F mTG�mTN\×�g^F�L�F�g^WâÏ¨WXNâmT]hW UVi�L�FHg � QY]^Ï¨FfgML OeQYG�L�FHgÐFHG�]^FHåYWâgCUV]^iHFfg ��L�WXghUVmTG�afFHgÍUViHNâiHg^WâghÏ�W���K�FfgMFHU£G�F
G�iHafFfghg^WXU^F Ø�mTg�NâFHK�]�Ï¨Q�L�iHNâWXgVmÕU^WXQTG Ô�à:NâNXF�aHQYG�ghWâghU^F ð L�mTGg®K�G�F¿Ø�]^FHÏ�W Ì ]hF�iHUsmÕØ8F ð �c]^FbUV]hQYKIYFH]®NdO Ë WâgCUVQYWX]hF
UVFHÏ�Ø8QT]^FfNXNâF3L�F�N mÐ]^K�ØU^K�]^FÕÔ8j¡m'Ø�]^FHÏ�W Ì ]hF�iHUsmÕØ8FML�F�aHFHU^U^FMÏ¨iHU Ë Q�L�F�aHQYG�ghWâghU^F �ÐUV]hQYKIYFH]��

�YÔlKG�L�ifNâmTW
FHG�U^FfÏ¨Ø�g τj
Ø8QYK�]la Ë m���K�FMU^]VmTaHF j Ø8Ff]hÏ�FbU^UsmÕG�UcL�FMafmTNâFH]lNâFHgcLQYG�G�iHFfgcUVFHÏ�Ø8QY]hFfN!NXFfÏ¨FfGôU

Ñ&ÔlKG aHQ�F �¨afWXFfGôU_L ORmTÏ�ØNâW\UVKL�F Aj
Ø8QYK�]/a Ë m���K�FÍUV]^mTafFÍØ8FH]^Ï¨FHU^UVmTG�U/L�FÍa>mTNXFf]cNâFHg/L�QYGG�ifFHg_FfG

mÕÏ�Ø�NXW\UVKL�F
�ÔlKG�F � QTG�aHU^WâQYG�g^QYK�]hafF s(t) Ï�Q�×YFfG�GF'Ø8FH]^Ï¨FHUhUsmTGôU�L�FÐ]hFHU^]^QYKIYFH]�NXFfg3L�W �Bif]hFfGôUVFfg3UV]^mTafFHg�Ø�mT]NXFfg�g^WâÏ¨Ø�NXFfg6a>mTNâmTåYFHglL�mTG�glNâF_U^FfÏ¨Ø�glFHUcFHG�mÕÏ�Ø�NXW\UVKL�F_Ï�FHG�U^WâQYGG�ifg�afW��m�I mTG�UfÔ

� F[Ø�]hQYS�N Ì Ï¨F ð � QT]hUVFHÏ�FHG�U'G�QYG �NXWâG�ifmTWX]hF ð FHghU¨]hifghQYNâK � NdORmTWâL�F LDORK�GF[Ï�ibU Ë Q�L�FL�F[]hFfaHK�WXU�ghWâÏÐK�NXi
��K�W ghFf]VmÐL�iHUVmTWâNXNXifF/L�mTG�g�NXF_a Ë mÕØ�WXU^]^F � ð L�F�aHFHU^U^F�Ø�mT]hU^WâF ð afQYGafFf]hG�mTGôUcNXFfg6Ï¨iHU Ë Q�L�Ffg6L OeWâG�IYFH]^ghWâQYG�gHÔ
ï�N/aHQYG�g^WXghU^F � Ï�WXG�WXÏ¨W\g^Ff]¨Nâm L�W��DiH]^FHG�afF�FfG�U^]^F�NâFHg L�QYGG�ifFHgZQYS�ghFf]CIYifFfgZFHUKG�F � QYGaHUVWXQYG ghQYK�]^aHF
Ï¨Q ×YFHG�G�FÐØ8QYGL�if]hifF'Ø�mÕ]3K�G �vmTabUVFHK�]_L ORmTÏ¨Ø�NXWXU^K�L�F ð Aj

ð FbU ��K�W®ØBFHKU "bUV]^F£L�ifafmTNâiHFÐFfG U^FfÏ¨Ø�g ð τj
Ô

j¡mÏ�FHg^K�]hF'L�Ffg�L�ifNâmTWXg_FHG UVFHÏ�Ø�g_FHU�LFfg�mTÏ¨Ø�NâW\U^K�L�FHg �a Ë m���K�F�gCUsmÕUVWXQYG gfOeWâG�ghØ�Wâ]hFÐL�K UV]^m�IÕmÕWâN®L�F
� Ë FbI&]hQTU	�dÑÕÒYÒôÑ�� Ô

à:G L ORmTKU^]^Ffg¿UVFH]^Ï¨Ffg ð N m � QYG�abUVWXQYG�aHQ��U E �MÏ�WXG�WXÏ¨W\g^FH]�Ø�mT]¿NâFc]hFfaHK�WXU@g^WXÏÐK�Nâi�FfghU N m�ghK�WXI mTG�U^F �

E =
∑

j

∑

k

|Dj(tk + τj) − Aj · s(tk)| �dÑ&Ô Ñ��

Q�����FHghUMNdOeWâG�LWâaHFÐafQY]h]^FfghØ8QYG�L�mÕG�U �ZN mghUsm UVWâQTG ð tk
FfgCUÍNXF'U^FfÏ¨Ø�g��ZNdOeifa Ë mTGôUVWXNâNXQTG k

ð
Dj(tk + τj)FfgCUMNâm � QT]^Ï¨FÐL OeQYG�LF�QYS�ghFf]CIYifF �N m ghUVmÕUVWXQYG j L�iHa>mTNXifF'L OeK�G-L�ifNâmTW τj

ð
s(tk)

FHghU�NdORmTÏ¨Ø�NXW\U^K�L�F£L�F
N m � QYG�aHU^WâQYGJghQYK�]^aHFÍÏ�Q�×YFfG�GFTÔBj
FHg/WâG�aHQYG�G�K�Ffg/ghQYG�U/L�QYG�aMNâFHgcL�ifNâmTWâg τj

ð NâFHg/mTÏ¨Ø�NâW\U^K�L�FHg Aj
mTWâGg^W

��K�F¨N m � QYGaHUVWXQYG-g^QYK]^afF¨Ï¨Q ×YFHG�G�F s(tk)
Ô¡j
F¨]^FHafK�W\UMg^WXÏÐK�Nâi£IÕm[L�QYG�a�afQYÏ¨Ø8QY]CUVFf]_UV]hQYWâg_U�×�ØBFHgÍL�F

Ø8Ff]CUVK�]hS�mÕU^WâQYG·m ��G·L�F�afQTG�IYFH]^åYFH] IYFf]hgN m g^QYNXKUVWXQYG � � ��Ø8Ff]CUVK�]hS�mÕUVWXQYG L�F�Nâm ghif]hWâF�U^FfÏ¨Ø8QY]^FHNâNXF
s(t)

ð Ñ��ÐØ8Ff]CUVK�]hS�mÕUVWXQYG�L�Ffg�LifN mÕWâg τj

ð � �'Ø8FH]hUVK]^S�mÕU^WâQYG�L�FHg�afQ�F �¨aHWâFHG�UVg�L ORmTÏ¨Ø�NâW\U^K�L�F Aj
Ô¿j
FHg

]^iHg^K�N\UsmÕU^g3QTSUVFHG�K�g3Ø�mT]/aHFHU^U^FÐWXG�IYFH]^g^WXQYG�IYQYGôU_FHG�g^K�W\UVF£Ø8QTKIYQYWâ] "HU^]^F£F áØNâQYW\UViHg_m	��G LDORFHG L�iHL�K�WX]^F
NâFHglØ�]hWâG�aHWâØ�mTNâFHg�afmT]VmÕaHU^if]^WXghUVW���K�FfglL�F�Nâm'g^QTK�]^aHFTÔ



�ôÒ
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j¡m � QTG�aHU^WâQYG$ghQYK�]^aHFJÏ�Q�×YFfG�GFJ]^FHØ�]^iHg^FfGôUVF�NdO Ë WXghUVQTWâ]hF UVFHÏ�Ø8QY]hFfNXNâFL�F[N m ]hK�ØUVK]^FTÔ õ QYG�WâGôUVi 
åY]^mTNâF3FHGZUVFHÏ�Øg�FHghUlifåYmTNâF_mTKZÏ�QTÏ�FHG�U6ghWâghÏ�W���KF_gha>mTNâmTWâ]hF M0

Ô�à:NXNâF3]hFfG�ghFfWâåTG�F�g^K�]6N m£L�K]^ifF�FbUlN m
afQTÏ�Ø�NXFbá&W\UVi�L�FÍN m�g^QTK�]^aHFTÔ Ù QYK�gCUVQYG�FbU_mTNdÔ � �����YÎ���Li ��G�W\U3Nâm�afQYÏ¨Ø�NXFbá&WXU^iMLDORK�GF � QYG�abUVWXQYG�ghQYK�]^aHF
afQTÏ�Ï¨FNXFG�QTÏ'S]^FL�FZg^QYKg �ibI Ì GFfÏ�FHG�U^g¨WâÏ¨Ø�NXW���K�iHgÐL�mTG�g'afFHNâNXF��afWdÔ®à:NâNXFØ8FHKU�"HUV]hFZFfghU^WâÏ¨ifFFfG
afQTÏ�ØUVmTGôU[mTKU^QYÏ�mÕUVW���K�FfÏ¨FfGôUNâF�G�QYÏÐS�]hF L�F � QYWâg ��K�F N m L�if]hWXIYiHF UVFfÏ¨Ø8QY]hFfNâNXF�LF N m � QYG�abUVWXQYG
g^QTK�]^aHFJØ�mTghg^FJØ�mÕ]¨Ò �PmTØ] Ì g���N\UV]^mTåYFL�Ffg Ë mTKU^Ffg�� ]hi ��K�FHG�afFHgm>IYFfaJKG�F � ]^i ��K�FHG�afFJafQYWXG�mTØ�Ø�]hQ�
Ø�]hWâifF��bÔ , WâFHG ��K�FaHQYG�U^FfG�mÕG�U'LFfgÐWâG � QY]^Ï�mÕU^WXQTG Ø�]^iHafWXFfK�ghFfg'ghK�]ÐNâm�ghQYK�]^aHF ð NXFfg � QTG�aHU^WâQYGg£ghQYK�]^aHF
g^QTG�U�ÖhK�g ��K O�� Ø]^ifghFfGôUZmTS�ghFfGôUVFfg L�FHg�a>mÕUVmTNâQTåYK�Ffg�afNâmTg^ghW ��K�FHg�]^ifØ8FH]hUVQT]^W mÕG�U¨NâFHg¨Ø�mT]^mTÏ Ì UV]hFfg � N m
g^QTK�]^aHF�� afQYÏ¨Ï¨F_Ø�mT]6Fbá&FfÏ¨Ø�NXF�NXF_a>mÕUVmTNâQTåYK�F_L�F Ù mT]CIÕmT]hL ð � æ�Ê �bÔ Ê mTG�WXQ�� m'mTG�LJílK � � ����� �
�@QYG�U
afQTÏ�Ï¨FfGafi�� � QTK�]^G�WX]:NXFfg�� QTG�aHU^WâQYG�g:ghQYK�]^aHFcL�FcghifWXg^Ï¨Ffg�Ï�Q�L�iH]^iHg ��� QY]hU^g ��Ø�mÕ]hUVWX]:LDORK�GFcWâG�IYFH]^ghWâQYG
L OeQYG�L�FHg�L�F3IYQTNâK�Ï¨FcUVifNXifghWâghÏ�W���KFfg ghFfÏ¨W��mÕKUVQYÏ¨mÕU^W���K�FTÔ õ WDFHNâNXFfg LFHIYFfG�mTWâFHG�UlmTafaHFfghg^WXS�NâFHg�L�mTGg6NâFHg
a>m UsmTNXQYåYK�FHgcghUsmÕG�L�mT]hL�g ð FHNâNXFfgcØ8QYK�]h]VmTWXFfGôU/afQYGghUVW\UVK�FH]/NâFMØ8QYWXG�U/L�FÍL�iHØ�mT]CU_LDO mTK&UV]^FHg3WâGôIYFf]hg^WâQTG�g/L�F
g^QTK�]^aHFMa Ë Ff]^a Ë mTGôU/K�G�F�WâÏ�mTåYF3Ø�NâKglL�ibUsmTWXNâNXiHF�LFMNâm']hK�ØUVK]^FTÔ

% �"$,'C��*H� 9,�K��8<����$&%

j
FHg�afQ�F �¨afWâFHG�U^g�L ORmTÏ¨Ø�NXWXU^K�L�F Aj
QYSU^FfG�K�g�Ø�mT]_NXFÐ]hFfaHK�WXU_g^WâÏÐKNâiÍafQTG�UVWXFfG�GFfGôU�NdOeWâG � QY]^Ï¨mÕU^WXQTG

L�F[N m ]VmÕL�W m UVWXQYG � N m g^QTK�]^aHFTÔ¿à:G�g^K�Ø�Ø8QYg^mTGôU ��KFJN m g^QYK]^afF[FfghU¨Ø8QYG�abUVK�FHNâNXF ð QYG$ØBFHKU¨KUVWXNâWXghFf]
afFHg�aHQ�F �¨afWXFfGôUVg ð K�G�F � QTWâg/afQT]^]^WXåYifg/L�Ffg_F �BFHU^g�LFÐØ�]hQYØ�mTåôm UVWâQTG ð afQYÏ¨Ï¨FÍL�Ffg_QYS�ghFf]CIÕmTS�NXFfg_g^FHafQYG�
L�mTWX]^FHg�Ø8QYK�]�WâGôIYFf]hg^Ff]MNXF'U^FfG�ghFfK�]ML�F¨Ï¨QYÏ¨FfG�U�g^WâghÏ�W���K�FTÔ
k®QYK�]�NâFHg�g^iHWâg^Ï¨FHgMØ�]^Q � QYG�L�g ð NXFfg�F �BFHU^g
L�FZØ�]^QYØ�mTåômÕU^WâQYG"g^F[]hifL�K�WXg^FHG�U � K�G$afQ�F ��aHWâFHG�U¨Ø8QYK�]'NXF �vmÕaHUVFHK�]�LDORF á&Ø�mTG�ghWâQYG�åYiHQYÏ�ibUV]hW ��K�FFHU
K�G�afQ�F �¨afWXFfG�U/Ø8QYK�]lNâFfgl]^i���Fbá&WXQYG�g���N m'g^K�] �vmTafFMNâWXS�]^F�mÕK�]^iHafFfØ&UVFfK]fÔBj�ORmÕUhUVifG�K�mÕU^WâQYGJmTG�ifNâmTghU^W ��K�F
G�FÍg^Ff]^m Ø�mTg/Ø�]^WXg^FÍFHG afQYÏ¨ØU^FÍWâaHW�afmT]/FfNXNâFMm�Ø8FfK L OeWâG ��K�FfG�aHFÐghK�]3NXFÍÏ¨QYÏ¨FfGôU/ghWâg^Ï¨W ��K�F ð afFfNXK�W!�afW
afQT]^]^FHg^Ø8QYGL�mTG�U��ZN m NâWXÏ¨W UVF£LFfg � ]hi ��K�FfGafFfgMG�KNâNâFHg�� ω = 0 �/FHU�ghK�]�NPORFHghU^WâÏ�mÕUVW\QYG�L�K UVFfGg^FfK]ML�F
Ï¨QYÏ�FHG�UfÔ�à:GJ]^FHI mTG�a Ë F ð Ø�NâKg�UsmT]hL ð NâQY]hg�L�FMNPORFHghU^WâÏ�mÕUVW\QYGZLFMNdOeifGFf]^åTWâF�]^mTL�WâiHF ð WâN �vmTK�L�]^m�Ø�]hFfG�L]^F
FfG�afQTÏ�Ø&UVFMNâFfgcF �BFHU^g3L�FÍNPO m U^UViHG�K�m UVWâQTG Ô Ê ]hQYWâgcg^QTNâKU^WâQYGg/mÕNXUVFH]^G�m UVWXIYFHgcg^QTG�U_mTNXQY]hgcFHghUVWXÏ�iHFfg/Ø8QTK�]
NâF_U^FfG�ghFfK�]cL�F�Ï¨QYÏ¨FfGôU��

�YÔcãcG�FZg^QYNXKUVWXQYG"aHQYÏ�ØN Ì UVFL�KÇU^FfG�ghFfK�]�L�FZÏ¨QYÏ¨FfGôUÐFfgCU¨FHghUVWXÏ�iHF � Ø�mT]hU^Wâ]£L OeK�G�FZWâG�IYFH]^ghWâQYG
NXWâG�ifmTWX]^FÕÔ¡à:G"F��DFbU ð NâFfgÍmTÏ¨Ø�NâW\U^K�L�FHgMg^QYGôU£]^FfNXWâiHFfgML�F �vm fQYG NXWâGi>mTWX]hF¨mTK&á aHQYÏ¨Ø8QYgVmTGôUVFHg£L�K
U^FfG�ghFfK�]3Ø�mÕ]/Nâm¨åYiHQYÏ¨iHUV]hWâFÕÔ õ QYK�g�� QY]^Ï¨F�Ï mÕU^]^WXafWXFHNXNXF�FbU3Ø8QYK�] n L�QYG�GifFHg ð QYG m¨NâFMgC×&gCU Ì Ï�F
ghK�WXI mTG�U���]^iHg^QYKL�]^F �

d = Gm �dÑ�Ô � �

Q
� d aHQYG�U^WâFHG�UÐNâFHgÐG"L�QYG�G�iHFfg'g^QTWXUÐGQYg'mTÏ¨Ø�NâW\U^K�L�FHg ð G aHQYGôUVWâFHG�UÐNâFHgÐWXG�� QY]hÏ m UVW\QYG g^K�]ÐNâm
åTifQYÏ¨iHU^]^WâF£L�F']VmTW ð FbU m afQYGôUVWXFfG�U�NâFHg�ÓZafQTÏ�Ø8QTgVmTGôUVFfg�L�K-U^FfG�ghFfK�]�L�F�Ï¨QYÏ¨FfGôU�ghWâg^Ï¨W���KFTÔ



� �

k:NXK�glØ�]hifafWXg^iHÏ�FHG�U ð QTG�m �
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︸ ︷︷ ︸

m

�dÑ&Ô � �

Q
�
xn = sin in cos φn

yn = sin in sin φn

zn = cos in

�dÑ&Ô ���

Q
� in
FfghUcNdORmTG�åTNâF_L�F�L�iHØ�mT]CU���N mÐg^QTK�]^aHFMFHU φn

FfghUcNdORm
�HWâÏÐKU6L�F�N mÐghUVmÕUVWXQYG Ô
�cQYK�gÐ]^mTØ�Ø8FHNâNâFH]^QYGg£L�mÕG�gÐNâF�a Ë mTØ�W\UV]^F ghK�WXI mTG�UÐaHQYÏ�Ï¨FfGôU£]^ifghQYK�L�]hFZaHF U�×�Ø8FL�FgC×&gCU Ì Ï�FHg
NXWâG�ifmTWX]^FHgfÔ � FbU^U^F�g^QTNâKU^WâQYG Ø8Ff]^Ï¨FHU�L OeFfgCUVWâÏ¨Ff]6NXF3U^FfG�ghFfK�]lL�F�Ï¨QYÏ¨FfGôU6g^WXg^Ï¨W ��K�F_aHQYÏ¨Ø�NâFbU6FHU
FHG�Ø�mT]hU^WâF�g^m¨aHQYÏ¨Ø8QYgVmÕG�UVF�Wâg^QÕUV]^QTØ8FTÔ

Ñ&ÔcãcG�F�ghQYNâK&UVWâQTGQ
�ZQYGZWâÏ¨Ø8QYghF3K�G�F_WâGôIÕmT]^WâmTG�aHF3L�KIYQYNâKÏ�F��£N m£ghQYK�]hafFTÔ�ã/G�F_WâG�IYFH]^ghWâQYGZm�IYFHa
NâmJaHQYG�U^]VmTWXG�U^F �vNâWXG�ifmTWX]^F��_L�F¨UV]^mTafF�G�K�NâNXF¨Ø8FH]^Ï¨FHUÍL ORFHghU^WâÏ¨Ff]MafF¨UVFfGg^FfK]fÔ®ï�N¿G�F�G�QYKg£]hFfghU^F
mÕNâQY]hg®Ø�NâK�g ��K�F �/Ø�mT]^mTÏ Ì U^]^FfgnL�mÕG�g�G�QTU^]^F Ø�]^QTS�N Ì Ï�FÕÔ � FHU^U^F6g^QYNXKUVWXQYG£FHghU:L�WX]^FfabUVFHÏ�FHG�U�afQTÏ�
Ø�mT]VmTSNâF ��Nâm�g^QTNâKU^WâQYG � æ�Ê L�QTG�G�iHF/Ø�mT] Ù mT]hIÕmÕ]^L Ô�à:NâNXF�Ø8FH]^Ï¨FHU¿L OeFfgCUVWXÏ�FH]�Nâm�afQTÏ�Ø8QYg^mTG�U^F
GQYGL�QYKS�NâF/afQTK�Ø�NâF	� � ` ��� �@L�F3N mMØ�mÕ]hUVWXF/L�ibI�W mÕU^QY]^W���KF/L�K UVFfGg^FfK]�LF3Ï�QYÏ¨FfGôU>Ô�à:NâNXFcFfgCU
Li ��G�WXF�afQYÏ¨Ï¨F �Pî�WâmT]^L�WXGW ð ���YÎ������

ε = −Λ2/max(|Λ1|, |Λ3|) �dÑ&ÔRÓ �

Q
� Λ1 > Λ2 > Λ3
g^QYGôU NâFHg¿I mTNâFHK�]^g¿Ø�]^QYØ]^Ffg@L�K�U^FfG�ghFfK�] L�F/Ï¨QYÏ¨FfGôU>Ô ε IÕmT]hWâFcL�F �ÒÔ ���ÍÒÔ �FbUcWâG�L�W���K�F�NâF_UsmTK�á[L�F � ` ��� Ô8k®QYK�]lK�GJØ�K�]lL�QYK�SNâF �afQTK�Ø�NâF ε = 0

ð mÕNâQY]hg ��K OeWâN
FHghUcifåômTN��
±0.5 Ø8QYK�]�K�G�F�g^QYK�]hafFMØK�]^FHÏ�FHG�UcG�QYGJLQYK�S�NXF��afQYK�ØNâFTÔ

�ÔcãcG�F�g^QTNâKU^WâQYG_FfGMLQYK�S�NXF:afQYKØ�NâF:FHghU�FfGg^K�W\UVF�]hFfa Ë Ff]ha Ë ifF ð afFbU^UVF�� QYWXg���Ø�mT]hU^Wâ]DL ORKG�F�WâG�IYFH]^ghWâQYG
GQYG��NXWâGi>mTWX]hF�afmT]ÍFHG"Ø�NXK�gÍLF NâmJG�K�NâNXW\UVi'L�F�N mZUV]VmTaHF ð QTG WâÏ¨Ø8QYg^F�afFbU^U^F � QYWâg�N m[G�KNâNâW\U^i�L�K
LiHUVFH]^Ï¨WâG�mÕG�U¿L�K�U^FfG�ghFfK�] ð ��K�W8FHghU K�G�FcafQYG�LWXUVWXQYG¨GQYG��NXWâGi>mTWX]hFTÔôj
F/Ø]^WâGafWXØBFlL�FcNdOeWâG�IYFH]^ghWâQYG
aHQYG�ghWâghU^F�g^WXÏ�ØNâFfÏ¨FHG�U��JS�mTNâm�×YFH]Mgh×�ghU^ifÏ�mÕUVW���K�FfÏ¨FfGôU£NXFfg ��K�mÕUV]hF�Ø�mT]^mTÏ Ì UV]hFfgMØ8FH]^Ï¨FHU^UVmTG�U
LF6Lifaf]hWâ]hF N mcg^QTNâKU^WâQYGÍFHG'L�QTK�S�NâF �aHQYK�Ø�NXF ð g^QYW\U ð NXF@Ï¨QYÏ�FHG�U®ghWâg^Ï¨W ��K�F¿g^a>mÕN mTWX]^F M0

ð NdORm
�HWâÏÐKU
LFMNâm �vmÕWâNXNXF�� φ � ð g^QYGJØ8FfGL�mTåYF�� δ ��mÕWâG�ghW ��KFMg^QYG�mTGåYNâF_L�FMåTNâWXg^g^FHÏ�FHG�U�� λ �bÔ

ø_G·QYSUVWXFfGôUZmÕNâQY]hg¨UV]hQYWâg�ghQYNâKU^WâQYGg�Ø�NXK�g QYK·Ï¨QYWâG�g¨afQYGôUV]^mTWâGôUVFfg�L�K·U^FfG�ghFfK�] ð NXFfg afQTÏ�Ø8QYg^mTG�U^Ffg
WâghQTUV]hQYØ8Ffg:G�QYG¨afQYÏ¨ÏÐK�G�W���K�ifFHg�L�mTG�g�NâFHg�a>mÕUVmTNâQTåYK�FHg�gCUsmTG�L�mT]^L�g�L�FcØ�mT]VmTÏ Ì U^]^FHg ��N m_g^QYK]^afF ð mTWâGg^W
��K�FMNXFfglaHQYÏ¨Ø8QYgVmÕG�UVFHgcGQYGJL�QYKS�NâF�afQTK�Ø�NâFÕÔ



��Ñ
� $H��� �<�!���3249,�-)��

� Ø�mÕ]hUVWX]�L�F/Nâm � QYG�abUVWâQTG�ghQYK�]^aHF3QTSUVFHG�K�F/FHU@L�K Ï¨QYÏ¨FfGôU¿g^WXg^Ï¨W ��K�Flg^a>mÕN mTWX]^F ð QYG�Ø8FfKU FHghUVWXÏ�FH]
NdOeifGFf]^åTWâF�]VmÕL�WâiHF ��K�W@FfghU'KG$mTK&UV]^F Ø�mÕ]VmTÏ Ì U^]^F�Ï mÕaf]^QTg^afQTØ�W ��K�F L�F N mJg^QYK�]hafFÕÔ ` O mTØ] Ì g Ù mÕg �TFfNXN
� ���YÓ
� � ð NPORiHG�Ff]håYWâF_]VmTLWâifF�Ø8FHKU/gHORF á&Ø�]^WXÏ�FH]lafQYÏ¨Ï¨F�Nâm'ghQYÏ�Ï¨F�LFMNPORiHG�Ff]håYWXF�L�FfglQYG�L�FHg P FbU S Ô

ER = Eα + Eβ =

[
1

15πρα5
+

1

10πρβ5

] ∫

M̈2(t)dt �dÑ�Ô �
�

Q�� ER
FHghUÐNdOeifGFf]^åTWâF¨]VmTLWâifF ð Eα

FbU Eβ
ghQYG�U£NâFHgÍifG�FH]^åYWXFfg£L�FHgÐQTG�L�Ffg P FHU S � ρ

ð
α FHU β ghQYG�U

N mJLFfG�ghWXUVi FbUÐNXFfgMI�WXUVFHg^ghFfgÐL�Ffg£QYG�LFfg P FbU S ��NâmJg^QYK�]hafF FHU M̈(t) FfgCUÐN mJL�iH]^WXIYiHF�UVFHÏ�Ø8QY]hFfNXNâFL�FMNâm � QYG�abUVWâQTGJghQYK�]hafFTÔBø_G�m'I�K ��K�FMNâQY]hg ��K�F�NâFfglQTG�L�Ffgcg^FMØ�]hQYØ�mÕåYFfGôU���NPORWXG�UViH]^WXFfK]�L�F�N mÐUVFH]^]hF ð
N m�ghU^]^K�abUVK�]hFÐUVFH]^]^FHghU^]^F�mTåTWXU3aHQYÏ�Ï¨FÍK�G ��NXU^]^F£FbU�NâFfg3Ï¨Q�L�W ��FÕÔBã/G�FÐÏ¨Ffg^K]^FÐØ�]^iHafWXg^FÐL�FÐNdOeifG�FH]^åYWXF
]VmÕL�WâiHF/WâÏ¨Ø�NXW���K�F/mTNXQY]^g¿K�GF3afQY]h]^FfabUVWXQYG L�F/UVQTK�g NXFfg@F �BFHUVg L�F3Ø]^QYØ�mÕåômÕUVWXQYG¨afQYÏ¨Ï�FcNâmÍLWâg^ghWâØ�m UVWXQYG
L OeifG�FH]^åYWXF L���F ��NPORmÕU^UViHG�K�mÕUVWXQYG mTG�iHN mTgCUVW ��K�F�QYK"FHG�afQY]hFL�K �vmÕaHUVFHK�]£L OeFbá&Ø�mTG�ghWâQYGÇåTifQYÏ¨iHU^]^W���KFTÔ
j¡mMÏ¨FfghK�]^FcL�FcafFHUhUVF/iHG�Ff]håYWâFlFfghU@ifåômTNXFfÏ¨FfGôU�UV] Ì g¿g^FfGg^WâSNâF/mTK�aHQYG�U^FfG�K � ]^i ��K�FHG�U^WâFfN�L�K�g^Ø8FHaHUV]hF3L�F
N m�g^QTK�]^aHF3Ø�K�Wâg ��K ORFHNâNXFcL�ifØ8FHG�LZL�FcUVQTKUVF/NâmMS�mÕG�L�F�� ]^i ��K�FHG�U^WâFHNâNâFÕÔ�k®QYK]@Ï�WXG�WXÏ¨W\g^FH]¿NXFfg¿Ff]^]hFfK�]hg g^K�]
N mÍÏ�FHg^K�]hF�L�F_NdOeifGFf]^åTWâF3]VmÕL�WâiHF ð WâN �vmÕKUlmTNXQY]^g �vmTWâ]hF3NXFfg6aHQY]^]hFfaHU^WâQYGg6G�ifaHFfg^g^mTWâ]hFfgcm ��G[LF�]^FbUV]hQYKIYFH]
NâFÍafQYGôUVFHG�K � ]^i ��K�FHG�U^WâFfNnNXF£Ø�NXK�g3afQTÏ�Ø�NXFHU3Ø8QYghg^WâSNâFÕÔ �/QYKg�mTØ�Ø�NXW ��K�FH]^QYG�g3LFfK&á afQT]^]^FHaHU^WâQYG�g�� G�QYg
� QYG�abUVWXQYG�gÐghQYK�]^aHFTÔ Ê QYKU�LDO mTS8QT]^L ð N m�Ø�]hWâg^FFHG�aHQYÏ¨ØUVFL�FZNPORmÕU^UViHG�K�mÕUVWXQYGÇmÕG�ifNâmTghU^W ��K�FG�iHåYNâWXåYiHF
ÖhK�g ��KDO � Ø�]hifg^FHG�U'Ø8QYK�]£NPORFHghUVWXÏ m UVW\QYG L�K UVFHG�g^FHK�]'LFÏ¨QYÏ¨FfGôU£L�QYW\U�"bUV]^F Ø�]^WXg^F FHGÇaHQYÏ�Ø&UVF Ø8QTK�]
FfgCUVWXÏ�FH]3NdOeifG�FH]^åTWâF£]^mTL�WXifFTÔ � QTÏ�Ï¨F£GQTUV]hFÐiHU^K�L�F'gHO mÕØ�Ø�NâW���K�F �L�FHg�g^iHWâghÏ�FHg_Ø�]^Q � QTG�L�g ð QYG KU^WâNXWXg^F
K�G�F£I mTNâFHK�]3L�F t∗ = 0.4s ØBQTK�]3FfG�NXFHIYFH]_NdOeF �BFHU_L�F£NdORmÕU^U^ifG�K�mÕUVWXQYG � Ù QTK�ghU^QYG FbU�mTNPÔ ð �����YÎ � Ô � FHUhUVF
afQT]^]^FHaHU^WâQYG m�U^FfG�L�mTG�afF��mTK�åYÏ¨FfGôUVFH]3N m � ]hi ��K�FfGafF�aHQYWXG FHU_L�QYGaÐL�FÐ]hi Ë mTKg^g^FH]�L�Ffg Ë mTK&UVFfg�� ]hi�
��K�FfGafFfg�L�K ghØBFHaHU^]^F'L�F£N m�ghQYK�]^aHFTÔ à:G�ghK�WXU^F ð KG�FÐL�FHK&á&W Ì Ï¨F£afQY]h]^FfabUVWXQYG afQTG�afFH]^G�FÐN m�N mÕ]^åYFHK�]/L�F
S�mTGL�FÐNâWXÏ¨W\U^ifFML�FÐG�QYg3L�QYG�G�iHFfg ��K�WnaHQYG�L�KWXU � K�G�FÐghQYK�g �FfgCUVWXÏ mÕU^WâQYG�L�FÐNPORiHG�FH]^åYWXF£]^mTL�WâiHFTÔDk®QTK�]
afFHN m ð G�QYK�g�KU^WâNâW\g^QYG�g_NâmZÏ¨iHU Ë Q�L�F'Ø�]^QYØ8QTg^ifF�Ø�mT]�ï�L�F¨mTG�L , FH]^Q��fm �dÑÕÒYÒ � � ��K�W:afQYGg^WâgCUVF �[mTØ�Ø�NXW�
��K�Ff]£K�G �vmTaHU^FfK�]£L ORm ÖhK�ghU^FfÏ¨FfGôU���NdOeifG�FH]^åYWXF�]VmÕL�WâiHF FHghU^WâÏ¨ifF ��NPO mTWXL�F¨L�F G�QYg£L�QTG�G�ifFHg � �vmÕaHUVFHK�]
��K�WBafQT]^]^WXåYFcL�F3NdOeifG�FH]^åYWXF/Ø8FH]^L�KFTÔï�N8FfghU�mTNXQY]^g¿WXG�UViH]^FHg^gVmÕG�U6L�F3afmTNâaHK�NâFH]@NXF/]VmTØØ8QY]hU FHG�UV]hF3NdOeifG�FH]^åYWXF
]VmÕL�WâiHFÍFHU3NXFÍÏ¨QYÏ¨FfGôU/g^WXg^Ï¨W ��K�FMg^afmTN mÕWâ]^FMm ��G�L�FÍØ8QYKIYQYWX]/aHQYÏ¨Ø�mT]^FH]/NXFfg/iHG�Ff]håYWâFHg3L OeiHIYiHG�FfÏ¨FfGôUVg
L�FcUsmTWXNâN\FlL�W �Bif]hFfGôUVF	� ��FHG�� mÕUVmT]VmTÏ�mTG mTG�L���mTG�mTÏ¨QY]hW ð ÑTÒYÒ�� �bÔ�ãcG�F3WXG�UVFHG�g^F3mTabUVWXI�W\UVicL�F/]^Ffa Ë FH]^a Ë F
gfOeFfgCU L�iHIYFHNâQYØØ8ifF/afFHg@L�Ff]hG�W Ì ]^FHg mTG�GifFfg mTK¨g^K ÖhFbU L�FcNâm�I mT]^WâmTG�afFlQYK�WXG�I mT]^WâmTG�aHFlL�FcafFc]VmTØØ8QY]hU¿FfG
� QYG�abUVWXQYGZL�K[Ï¨QYÏ¨FfGôU6g^WXg^Ï¨W ��K�FTÔj:ORFHG ÖhFfKJghafWXFfGôUVW � ��KF�FHghUlNâWXi��ÐN m£L�iHU^Ff]hÏ�WXG�mÕUVWXQYG L OeK�GJibIYFfGôUVK�FHN
a Ë mTG�åTFfÏ¨FfG�U�L�F�aHQYÏ¨Ø8QY]hU^FfÏ¨FfGôU�FHG � QYG�abUVWâQTGZLF�N mÍUVmTWâNXN\F3LK[g^iHWâghÏ�F ��K�W Ø8QYK]^]VmÕWXU�m>IYQYWX] L�Ffg�WâÏ�
Ø�NXWâa>m UVWXQTG�g�g^K�]nN mcØ Ë ×�g^W���K�F�LF6Nâm/]^KØUVK�]hF6ghWâg^Ï¨W ��K�FÕÔÕj¡m���åYK]^F�Ñ&Ô �_Ï¨QYG�U^]^F@Ø�NXK�g^WXFfK�]hgnFfgCUVWXÏ mÕU^WâQTG�g
L�K-]^mTØ�Ø8QY]CU ER/M0

Ø�]hQ IYFHG�mTGôU�L�F'L�W��DiH]^FHG�UVFHg�iHU^K�L�FHgfÔ æ mÕNâåY]hiÐNâm L�WXg^Ø8Ff]hg^WXQYG L�FHg�L�QTG�G�iHFfg ð QYG
]^FHÏ mÕ] ��K�F ��K�F£NXFÍ]^mTØ�Ø8QY]CU ER/M0

m¨U^FfG�L�mÕG�afF ��LWâÏ¨WXG�K�FH]cNXQY]hg ��K�FÍN m�Ï mÕåYG�WXU^K�L�F�L�iHaf]^Q �âU>Ô�ï�L�F
mTG�L ,@Ff]^Q
�>m	�dÑÕÒYÒ � � g^KåYå Ì ]hFfGôU ��K�F aHFHU^U^F@U^FfG�L�mÕG�afF FfgCU�KG'mÕ]hUVi �vmTaHU ��K�W�Ø8FfKUngfOeFbá&Ø�NXW ��K�FH]nØ�mÕ]®K�G�F
afQT]^]^FHaHU^WâQYG¨WâG�mTØ�Ø�]hQYØ�]^WXifF�L�FHg@F �BFHU^g@L�K¨U^]Vm ÖhFHU¿QYK¨L�FcN m�S�mTGL�F��Ø�mTg^g^mTGôUVF/NâWXÏ¨W\U^ifF�LFcNdOeWâG�gCUV]^KÏ�FHG�U
FHUcFfG�aHQYG�aHNâK�FHG�U ��K�FMafFM]^mTØ�Ø8QY]CUcFfghU/WXG�L�iHØ8FfG�L�mÕG�U/L�FMNPORiHa Ë FfNXNâF�L�FHg/Ï¨QYÏ¨FfG�U^gfÔ ` ORmTKU^]^FfgciHU^K�L�Ffg
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� ��mTG�mTÏ�QT]^WBmÕG�L[ílWXIYFf]^m ð ÑTÒTÒ
��� ��FfG � mÕUsmÕ]VmTÏ�mTGZmTG�L ��mTG�mTÏ�QT]^W ð ÑTÒYÒ
� �¿FHghUVWXÏ�FHG�U ð ��K�mTG�U �£FfNXNâFfg ð
��K�FafFbU^UVF U^] Ì gÐåY]^mTG�L�F�IÕmÕ]^W m UVWâQTG Ø8FfKU'mTK�ghg^W�"HU^]^F Fbá&Ø�NâW���K�ifF Ø�mT]£K�G"a Ë mTG�åYFHÏ�FHG�UÐL�mTGgÐN mJNâQYW
L Oeifa Ë FHNâNâFÕÔ � F L�ifS�mÕU�]hFfghU^F FfG�aHQY]^F QYK&IYFf]hU�mTK ÖhQYK]^L O Ë K�W�FbU�ghFfg�WXÏ¨Ø�NXWXafmÕUVW\QYG�g¡g^QYGôUnU^] Ì gnWâÏ¨Ø8QY]hUVmTGôUVFfg
L�mTGgcNâm'aHQYÏ¨Ø�]^i Ë FfG�ghWâQYGJLK�Ø]^Q�afFHg^ghK�g/L�FMNâm']hK�ØU^K�]^FÕÔ

	 ë�
��Ñ&Ô � � �®WâåYK�]hF3Ï¨QYGôUV]^mTG�U NâFHg6FHghUVWXÏ�mÕUVWXQYG�g@LKZ]VmTØ�Ø8QT]hU6FfG�FH]^åYWXF_]^mTL�WâiHF3g^K�]6Ï¨QYÏ¨FfG�U FHG � QTG�a�
UVWXQYG�L�F�N m6Ï�mTåYG�W\UVK�LF�L�F�Ï¨QYÏ¨FfG�U
Ø]^Q IYFHG�mTGôU�L�F�L�W �Bif]hFfGôUVFfg¡ibUVK�L�FHg�]^ifåTWâQYG�mTNâFHg QYK�U^ifNXifg^WXg^Ï¨W ��K�FHgfÔ` ORmTØ�] Ì g ��FfG � mÕUVmT]VmTÏ�mTG �dÑÕÒYÒôÑ�� Ô

& �-�3���5%3� 6H� %+)
ù Kg ��K O��ýØ�]^iHg^FfGôU ð NâmÇL�Wâ]hFfaHU^WXI�WXU^i-m$iHUVi G�iHåYNXWâåYiHF-L�mTG�gJNdOeFfgCUVWXÏ mÕU^WXQTG L�FHg�Ø�mT]VmTÏ Ì U^]^FHg �$N m

g^QTK�]^aHFTÔ � FfaHW&ghWâåYGW ��F ��K�F@NdOeQYGÍmcWXåYG�QY]hi�NâFfg
IÕmT]^WâmÕU^WâQYGg¡FHG�UV]hF@NâFHg � QYG�abUVWXQYG�g�ghQYK�]hafF mTØ�Ø�mÕ]^FfGôUVFHg�mÕK&á
L�W��DiH]^FfGôUVFHg6gCUsmÕU^WâQYGgfÔ&à:GZLWXI�Wâg^mTG�U@NâFHg � QTG�aHU^WâQYG�g@ghQYK�]hafF�mTØØ�mT]^FHG�U^Ffg6QTS�g^FH]hIYifFHg�Ø�mT]@NâF/aHQ�F �¨afWXFfGôU
L ORmTÏ¨Ø�NâW\U^K�L�F Aj

aHQY]^]hFfg^Ø8QTG�L�mTGôU�FbUJL�ibUVFH]^Ï¨WâG�i Ø�mT]ZNâF ]^FHafK�W\U[g^WXÏÐK�Nâi ð QTG QTSUVWXFfG�UZK�G"ÖhFHK L�F
� QYG�abUVWXQYG�glg^QTK�]^aHF£mTØ�Ø�mT]^FHG�UVFHg/G�QY]hÏ mÕNâW\g^ifFHgfÔ � FHNâNâFHg �afW
Ø�]hifg^FHG�U^FfG�U3L�FfglIÕmT]hW mÕU^WâQTG�g�Ø�NâKgcQYKJÏ�QTWâG�g
WâÏ¨Ø8QY]CUsmTGôUVFHg3FHG � QYGaHUVWXQYG LF'Nâm�ØBQTg^W\UVWâQTG�åYifQYåT]VmTØ Ë W ��K�F£L�FÐN m�ghUsm UVWXQYG FbU_UV]VmÕL�K�WâghFfGôU�L�FHg�F �BFHU^g
L�F�L�WX]^FfabUVW\I&W\UVi �'N m'ghQYK�]hafFÕÔ

� QTÏ�Ï¨F:G�QYK�g�NPO m>IYQYG�g
I�KÍØ�]^iHafiHL�FfÏ¨Ï¨FfGôUnL�mÕG�g�NâF:Ø�mT]^mTåY]^mTØ Ë F �YÔ �YÔ �&Ô ð afFHg®F��DFbUVg�L�F¿L�WX]^FfabUVW\I&W\UVi
Ø8FfK&IYFfGôU�"bUV]^FÐFHghUVWXÏ¨ifg��Ø�mT]hUVWX]/L�FHg�Ï¨QYÏ�FHG�U^g3g^FHafQTG�L�mTWX]^FfgHÔ ` mÕG�g�aHFÐa>mTg ð QYG GFÐgfORmT]^]#"HUVFÐØ�mTg��
K�G�Fl]^FHØ�]^iHg^FHG�Usm UVWXQYG¨L�FlN m_g^QTK�]^aHF/mTK¨Ø]^FfÏ¨WXFf]�QY]^L�]hFlÏ�mTWâg�mTK¨ghFfafQTG�L�QY]^L�]hFTÔ ` O mÕØ�] Ì g¿N m_Ï�ibU Ë Q�LF
L�F æ a�î�K�WX]^F �dÑTÒYÒ�� �¨FbU � , K �Ta Ë WXG ð ����� ��� ð QYG Ø8FfK&U[FHghUVWXÏ�FH] NâFHgØ�]hQYØ�]^WXiHU^ifgL OeK�G�F ghQYK�]hafF L�F
L�WXÏ�FHG�g^WXQYG ��GWâF/gVmÕG�g�mÕK�afK�GÏ¨Q�L Ì NXF/mÍØ�]^WXQY]^W�FbU��ÍØ�mT]CUVWX]¿L�Ffg Ï¨QYÏ¨FfG�U^g@L OeQY]hL�]^F/L�FfK&áBÔà�GF��DFbU ð
NâFHg � QYGaHUVWXQYG�g g^QTK�]^aHF�mTØ�Ø�mT]hFfGôUVFfg�Ø8FH]^Ï¨FHUhUVFfGôU�L�F�afmTNâaHK�NâFH] NXF_Ï¨QYÏ¨FfGôU µ(0,2) I&KZL�mTG�g6NdOei ��K�m UVWâQTG



���

�YÔ Ñ �&Ô ` mÕG�g¨aHFHU^U^FJFbá&Ø�]hFfghg^WâQYG ð NdOeWâGôUVifåT]VmTNXF g^K�]�NâFIYQYNXK�Ï¨FZL�F[N m g^QYK]^afFJLFJNâm � QYGaHUVWXQYG ḟ(~ξ, t)afQT]^]^FHg^Ø8QYGL �'N m � QYG�abUVWXQYG[g^QTK�]^aHFTÔ8j:OeFbá&Ø�]hFfg^g^WXQYG�L�F µ(0,2) LFHI�WâFHG�U/mTNâQT]^g��

µ(0,2) =

∫

s(t)(t − t0)
2dt

� F Ï¨QYÏ¨FfGôUØ8FHKUZL�QYG�a "HU^]^F FfgCUVWâÏ¨i�Ø8QYK�] a Ë m���K�F ghUsmÕU^WâQTG ð � Ø�mT]hU^Wâ]�L�F gVm � QYGaHUVWXQYG·ghQYK�]^aHF
mTØ�Ø�mT]^FHG�UVFÕÔ�ø_G'NPO mÕØ�Ø8FfNXNâFH]Vm µ

(0,2)
s

Q��'NPORWXG�L�WXafF s g^WXåYG�W ��F gCUsmÕU^WâQYG Ô ï�NâgnafQT]^]^FHg^Ø8QYGL�FfGôU �_KG�F�Ï¨FfghK�]^FL�FcN m�L�K�]hifF/LFfg � QYG�abUVWXQYG�g¿mTØ�Ø�mT]^FHG�UVFHgfÔ&j
FHg@Ï¨QYÏ¨FfG�U^g�g^FHafQYGL�mTWâ]hFfg¿g^QYGôU ]hFfNXWâiHg�NâWXG�i>mTWX]hFfÏ¨FHG�U¿mÕK&á
µ

(0,2)
s

�

µ(0,2)
s = µ(0,2) − 2~s · ~µ(1,1) + ~sT · µ(2,0) · ~s �dÑ&ÔRÎ �

Q�� ~s FfgCU/NâF�IYFHaHU^FfK�]/NâFHG�U^FfK�]���N m'g^QYK]^afF ð ghQYW\UcNâF_IYFfabUVFHK�]3KG�WXUVmTWâ]hF�L�FMLifØ�mT]CU���N m'g^QTK�]^aHFÍL�W\I�Wâg^iØ�mT]ÍNâm[I�WXU^Ffg^ghFL�F�NdOeQYG�L�FÕÔ®j¡m ��K�mTNXWXUVi�L�F N m[g^QYNXKUVWXQYG L�F�NdOei ��K�mÕU^WâQYG"Ñ�Ô Î�LifØ8FfGL$LF N m[I mT]^WXiHUVi
L�FHg/IYFHaHU^FfK�]hg_NâFHG�U^FfK�]hg/FHU/L�FHg3Ø Ë mTg^FHg3KUVWXNâWXghifFHgcL�mTGg/NdOeWâGôIYFf]hg^WâQTG Ô ` mÕG�g/NâF�a>mTg/Q
��U^QYK�gcNâFHg µ

(0,2)
sÏ¨Ffg^K]^ifg�Ø]^Q I�WXFfG�GFfG�U�K�G�W���KFfÏ¨FfGôU�LDORQYGL�Ffg P L�mÕG�g�NXF£Ï�"HÏ�F Ë ifÏ¨Wâg^Ø Ë�Ì ]hF � Q�afmTN ð WXN�× mTK�]^mK�G

�bU^]VmTL�F �Q
���3aHQYÏ¨Ø�NâFbU�FfGôUV]hF�N m£L�K�]^iHF�L�F�NâmÐ]hK�ØUVK]^F�FbUlN m£I�WXU^Ffghg^F�L�F�Ø�]^QYØ�mTåômÕU^WâQYGL�F�N m£]^K�ØU^K�]^F
WâÏ¨Ø8QYghg^WâSNXF ��]hifg^QTK�L�]^FÕÔ

knmÕ]�mTWâNXNXFHK�]^g ð NâFHg¡L�W��DiH]^FfGôUVg¡Ï�QTÏ�FHG�U^g¡LDORK�GF� QYG�aHU^WâQYG�G�F�Ø8FfKITFfG�UnØ�mTg "bUV]^F�afQTG�g^WXL�if]hifg�afQYÏ¨Ï¨F
L�FHg:IÕmT]^WâmTS�NXFfg�aHQYÏ¨Ø�N Ì UVFHÏ�FHG�U:WXG�L�ifØ8FHG�L�mÕG�UVFHgfÔôï�N�FfgCU@mTWXg^i6L�FlLifÏ¨QYG�U^]^Ff]�FfG¨Ø�mT]hU^WâafKNâWXFf] � � ]VmÕÏ�FH] ð
��� � � � ��K�Flg^W�N m�� QYG�aHU^WâQYG f(~ξ, t) FHghU¿Ø8QYghWXU^WXIYF ð aHF ��K�W�FHghU¿KG�F Ë ×�Ø8QTU Ë�Ì ghFc]VmTWXg^QYG�G�mTS�NXF6L�mTGg�G�QTU^]^Fa>mÕg ð mTNâQT]^gnNâm3Ï�mÕU^]^WXafF � QY]^Ï¨ifF6m>IYFfa�ghFfg:Ï¨QYÏ¨FfG�U^gnL�F6L�FHK&á&W Ì Ï¨F6QY]hL�]^F6LQYWXUn]^FHg^Ø8FfabUVFH]�N m/afQYGL�WXU^WâQYG
g^KWXIÕmÕG�UVF��

[
µ(0,2) ~µ(1,1)T

~µ(1,1)
µ

(2,0)

]

≥ 0 �dÑ&Ô � �
j
FJgh×�ÏÐS8QYNâF ≥ 0 L�mTGg�aHFHU^U^F�i ��K�m UVWâQTGýg^WXåYG�W ��F ��K�F�Nâm-Ï�mÕUV]hWâafFZL�FHg�Ï¨QYÏ�FHG�U^g�L OeQY]^L�]hF Ñ FfgCU
g^FHÏ�W!�L�i ��G�WXFMØ8QYg^W\UVWXIYF ð aÕOeFfghU  � �L�Wâ]hF ��K�FÍUVQYK&UVFfg3ghFfg/IÕmTNâFHK�]^g/Ø�]^QTØ�]^FHg3g^QYGôU_G�QYG �G�iHåômÕU^WXIYFfgHÔ � FHU^U^F
afQTG�L�WXU^WâQTG·FHghU � QY]hU^FfÏ¨FfGôUG�QYG��NâWXG�i>mÕWX]^FÕÔ@j¡m"]hifg^QTNâKU^WâQYG L�F aHF gh×�gCU Ì Ï¨F L Oei ��K�mÕU^WâQYGgZghQYK�Ï¨Wâg �
K�G�F afQTG�UV]^mTWâGôUVF-L�F Ø8QTg^WXU^WXI�WXU^i g^FHÏ�W!�L�i ��G�WXF-ghFf]Vm�L�iHaf]^W\UVF ØNâK�g[FfG L�iHUVmTWâN_L�mTG�gJNâF-a Ë mTØWXUV]hF �
afQTG�afFH]^G�mÕG�UJNdOeWâGôIYFf]hg^WâQTG Ô ` mTG�g[Nâm"Ø�]^mÕUVW���K�F ð QYG KUVWXNâWXghFf]^m"KG mTNXåYQY]hW\U Ë Ï¨F�L�F Ø�]^QTåY]VmTÏ¨Ï�mÕU^WXQTG
g^FHÏ�W!�L�i ��G�WXFlLiHIYFHNâQYØ�Ø8icØ�mT] , QT]^a Ë Ff]hg �PÑTÒYÒYÓ��bÔ � QYÏ¨Ï�F�QYG¨NdORm_I�K L�mTG�g¿NâF�Ø�mT]^mTåY]VmÕØ Ë F �YÔ �YÔ � ð aHFfg
Ï¨QYÏ�FHG�U^g�Ø8Ff]hÏ�FbU^U^FfGôU FHG�g^KWXUVFcL OeFHghUVWXÏ�FH]�N m�L�K�]^iHF/FbU@NâFHg¿L�WXÏ�FHG�g^WXQYG�g:L�FcN m�g^QYK]^afF ð Nâm�I�WXU^Ffg^ghF/L�F
]^KØUVK�]hF/mÕWâG�ghW ��KDORK�G�Ø�mÕ]VmTÏ Ì U^]^F�L�FlL�WX]^FHaHUVW\I�WXUVi6Ø8FH]^Ï¨FHU^UVmTG�U�L�F�UV]^mTG�a Ë Ff]�FHG�UV]hFcK�GFcØ�]hQYØ�mTåYmÕUVWXQYG
Ø�mT] �vmTWXU^FfÏ¨FfGôU�S�WâNâmÕUViH]VmTN\F_QYK[K�G�WâNâmÕUViH]VmÕNXFTÔ

71$&%()��3� % 9,�KQ!2#�#) %��,8:9H�

j¡m¨Ï¨iHU Ë Q�L�FMØ�]hifg^FHG�U^ifF£afW!�m�I mTG�UcØ8FHKU3gHO mTØØ�NâW���KFf]cFHG�Ø�]^WXG�afWXØ8F���UVQYKU^FÍmTKUV]hFMØ Ë mTghFTÔ ` mÕG�g
afFbU^U^F¨U Ë�Ì g^F ð GQYK�gMNdORm�IYQYGgMÏ¨WâghF�FfG Q�FfKI�]^F�Ø8QTK�]MNâFHgMØ Ë mTg^FHg P

ð
S FHU pP Ô ` mTG�gÍNâm[Ø�mÕ]hUVWXF�ïhï^ï ð



� �

G�QYKg¿Ø�]^iHg^FfGôUVQYGg NXFfg�]^ifghK�NXUVmÕUVg�L�FcaHFHU^U^F/Ï¨ibU Ë Q�L�FcmTØ�Ø�NXW ��K�iHF��MNPOeFfG�ghFfÏÐS�NâF�L�Ffg¿g^iHWâg^Ï¨Ffg�Ø�]^Q � QTG�L�g
]^iHØ8Ff]CUVQY]hWâifg3L�mTG�g_NXF£afmÕUsmÕNâQYåTK�F Ù mT]CIÕmT]^L m�×ômÕG�U_FfK NXWâFfK�FHG�U^]^F �����TÒ CÑTÒTÒ � ð L�FÐØ�]hQ � QYG�L�FHK�]_ghK�Ø8i�
]^WXFfK�]hF�� ��ÒYÒ���Ï FHU/LFMÏ mÕåYG�W\UVK�L�F Mw

g^K�Ø8iH]^WXFfK�]hF �¨ÓÔ �&Ô8î�]��TaHF���g^QYG�aHQYG�aHFfØUcUV] Ì gcg^WXÏ�ØNâF_FHU
�gVmZ]^mTØ�WXL�WXU^i ð g^QYG mÕKUVQYÏ�mÕU^Wâg^mÕUVW\QYG�FfgCUMØ�mT] �vmTW\UVFHÏ�FHG�U3FfG�I�WXgVmTåYFfmTS�NXFTÔ ãcG�F'KUVWXNâWXg^mÕUVW\QYG�gh×�ghU^ifÏ�m 
UVW���K�FMØ8FH]^Ï¨FHU^U^]VmTW\UlL�FMafQTÏ�ØNâiHU^Ff]�NâFfgla>m UsmTNXQYåYK�FHglL�FfgcØ�mT]^mTÏ Ì UV]hFfg���Nâm�ghQYK�]^aHFÍFbá&WXghUsmÕG�U3m>IYFfaMNâFHg
� QYG�abUVWXQYG�g�ghQYK�]^aHF ��K�W g^QYGôUlUV] Ì gl]VmÕ]^FHÏ�FHG�UlÏ¨Wâg^FHg �'L�WXg^Ø8QYg^W\UVWXQYGZmTWâG�ghW ��K�FMm�IYFHaMNXFfg�afQTÏ�Ø8QYg^mTG�U^Ffg
WâghQTUV]hQYØ8Ffg�mTS�g^FHG�U^FfgL�FHg a>mÕUVmTNâQTåYK�FHg�aHN mTghg^W���KFfgfÔ � F�U�×�Ø8F�LF�Ï¨iHU Ë Q�L�F�Ø8FfK&UifåYmTNâFHÏ�FHG�U m>IYQYWâ]
K�G WâGôUViH]^FHU3UVQTKU�Ø�mÕ]hUVWXafK�NXWXFf]cL ORKG-Ø8QYWXG�U_L�F£I�K�F'gCUsmÕU^WâghU^W ��K�F£a>mÕ]_FfNXNâFÍFfgCU �vmTaHWâNâFHÏ¨FfGôU_mTØ�Ø�NXWâafmTS�NXF
�ZK�G åY]^mTG�L-G�QYÏÐS]^F'L OeiHI Ì G�FfÏ¨FfGôUVgÍL�QTG�U�NâFHg�Ø�mT]VmÕÏ Ì UV]^FHg�FfghU^WâÏ¨ifg�Ø8FHKIYFfGôU�"bUV]hF�Fbá&Ø�NXQYWXU^ifg�Ø�mT]
Fbá&FHÏ�Ø�NXF�FHG�� QTG�aHU^WâQYG'LFlNâm3NâQ�a>mÕNâWXg^mÕUVW\QYGÐåTifQYåT]VmTØ Ë W ��K�F6QYK�FHG�afQY]hFlFHG�� QYGaHUVWXQYG'LFlNâm_Ø]^Q � QYGL�FfK�]HÔ
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j¡mØ Ë ×�g^W ��K�F'L ORKG-Ø�]^QYSN Ì Ï¨F£afQYÏ¨Ï¨F£afFfNXNâF£Fbá&Ø8QYghifF�afW!�m�I mTG�U ð Ø8Ff]hÏ�FbU�LF �vmTWâ]hF£L�Ffg�Ø�]hifL�WXa�
UVWXQYG�gHÔYà�UVmTG�U:L�QTG�G�ifF�K�GF�L�Ffghaf]hWâØU^WâQYGÐafQYÏ¨Ø�N Ì UVF L OeK�G�gC×�ghU Ì Ï�F�Ø Ë ×&ghW ��K�F ð G�QYKg:Ø8QYKIYQTG�g:Ø�]^iHL�Wâ]hF
NâFHg�QYS�g^FH]hIÕm UVWâQTG�gfÔ¡j¡mZØ�]^iHL�WXaHUVWXQYG-LFfgMÏ¨FfghK�]^FHgMFHghUÍmTØ�Ø8FfNXifF�Ø]^QYS�N Ì Ï¨F'LWâ]^FHaHUfÔ¡j
F'Ø�]^QYSN Ì Ï¨FÐWâG�
IYFf]hg^FJafQYGg^WâgCUVF�� KUVWXNâWXg^FH]ÐNâFHg�QYSg^Ff]CIÕmÕU^WâQYGg�Ø8QYK�]�FHGýL�iHL�K�WX]^F[NXFfgÐIÕmTNXFfK�]hg�L�Ffg�Ø�mT]VmÕÏ Ì UV]^FHg ��K�W
a>mÕ]VmTabUVif]hWâghFfGôU/NâF�gC×�ghU Ì Ï�FÍØ Ë ×�g^W���K�FTÔ 
/NâQY]hg ��K�FÍNXF�Ø�]hQYS�N Ì Ï¨F�L�WX]^FHaHU ð ghQYKIYFHG�U3L�ibUVFH]^Ï¨WâG�WXghUVF ð mTL�
Ï¨FHU3K�G�FÐghQYNXKUVWXQYG�K�G�W ��K�F ð NXFÍØ�]^QYSN Ì Ï�FÍWXG�IYFH]^g^F£Ø8FfKU�mTL�Ï¨FHU^U^]^FÍØ�NâKg^WâFHK�]^g/g^QYNXKUVWXQYG�gHÔ `3Ì g�NXQY]^g ð
QYG¨LQYWXU:KUVWXNâWXghFf]�Fbá&Ø�NXWâafW\UVFHÏ�FHG�U�UVQYK&UVFfg�NâFHg�WXG�� QY]^Ï�mÕU^WXQTG�g:m�Ø]^WâQT]^Wg^K�]�NâFHg�Ø�mT]^mTÏ Ì UV]hFfg:L�K�Ï¨Q�L Ì NâFÕÔ

j¡m � QY]^ÏÐK�NâmÕU^WXQTGZåYiHG�if]^mTNâF�L�KJØ�]^QTS�N Ì Ï�F_L�Wâ]hFfabUcØ8FHKU/gHORiHaf]hWâ]^F�L�F�N m �vm HQYGJghK�WXI mTG�U^F �

d = G(m) � �Ô����

Q�� d g^QYGôU�NXFfg_L�QYGG�ifFHg�QYK QYS�g^FH]hI mTS�NâFHg�LQYG�U�G�QTK�g�L�WXg^Ø8QYg^QTG�g �vKG IYFfabUVFHK�]�L�F'L�WXÏ¨FfG�ghWâQYG Nd
� ð

m ghQYG�U�NâFHg¨Ø�mT]^mTÏ Ì UV]hFfg¨]hFfa Ë FH]^a Ë ifg � K�GýIYFHaHU^FfK�] LF�L�WXÏ�FHG�g^WXQYG Nm
�'FHU G FHghU KG�F�� QYG�abUVWXQYG

Ø8Ff]hÏ�FbU^UVmTG�U¨LFJØ�]hifL�WX]^F[K�G ÖhFfKýLFJL�QYGG�ifFHg�NâQY]hg ��K OeQYG�g^FJLQYG�G�FJNPORFHG�g^FHÏÐS�NâFZL�FHg�Ø�mÕ]VmTÏ Ì U^]^FHg
m Ô 
/KUV]hFfÏ¨FfGôU_L�W\U ð N m�� QYG�abUVWXQYG G ]hFfØ�]hifghFfG�U^F'NâFMØ�]^QTS�N Ì Ï�FML�WX]^FfabU>Ô ` mÕG�g_NXFÍØ�]hQYS�N Ì Ï¨FÍWXG�IYFf]hg^F ð
QYG L�WXg^Ø8QYghF'mTK afQYGôUV]^mTWâ]hF£LDORK�G�ÖhFHK L�FÐLQYG�G�iHFfg d FHU_QYG a Ë Ff]ha Ë F�� ]hFHUV]hQYKIYFH]_NâF£QTK NXFfg�ÖhFHK&á L�F
Ø�mT]^mTÏ Ì UV]hFfg m afQY]h]^FHg^Ø8QYG�L�mTG�UfÔ�ï�N6Fbá&WâgCUVF[L�W �Bif]hFfGôUVFHg�mTØØ�]^Q�a Ë FHg¨Ø8QYK�]']^ifghQYK�L�]hFJK�G�Ø�]hQYS�N Ì Ï¨F
WâGôIYFf]hg^FÕÔ�j¡mÐNâW\U^UViH]VmÕU^K�]^F/aHQYG�g^mTaf]hifF��£afF�ghK ÖhFHUlFHghUl]hWâa Ë F_ØK�Wâg ��KF�afF�Ø�]hQYS�N Ì Ï¨F3G OeFfghUlØ�mTg�NXWâÏ¨W UVi��
N mÍåYiHQYØ Ë ×&ghW ��K�F�Ï�mTWâg@gHO mTØØ�NâW���K�F �£L O mÕKUV]hFfg�LQYÏ�mTWâG�FHg aHQYÏ�Ï¨F/Ø�mT] Fbá&FfÏ¨Ø�NâF��ÐNPORiHafQYGQYÏ�WXF/QYK �
N m_Ï¨ifLFfafWXG�FTÔôj
FlØ�]hQYS�N Ì Ï�F6WâGôIYFf]hg^FlFfgCU¿U^]VmTW\UVi6FHG�L�ibUsmTWXN�Ø�mT] Ê mÕ]VmTGôUVQYNâm��dÑTÒTÒ ���®QYK�FfG�aHQY]^F æ FfG �TF
� ���YÎ�� � ð mÕK�g^ghW¡G�QYKg/mÕNâNâQTG�g6g^FHK�NâFHÏ¨FfG�Ul]VmTØ�Ø8FHNâFH] ��K�FHN ��K�FfgcG�QTU^WâQYGg�G�ifaHFfg^g^mTWâ]hFfg��'G�QTU^]^F�ibUVK�LFTÔ

� �
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j
QY]hg ��K�F�L�mTG�g�NPORi ��K�mÕUVWXQYG �Ô ��N m � QYGaHUVWXQYG G(m) FHghUMghWâÏ¨Ø�NâFHÏ¨FfG�U_K�G�F�]hFfNâmÕUVWXQYG NâWâGi>mTWX]hFÐLK
U�×&Ø8F Gm Q�� G FHghUMK�GF�Ï m UV]^WXafF£WâGL�ifØ8FHG�L�mTGôUVF�L�F m

ð QYG-FfgCU�UVFHG�UVi'L ORiHaf]hWâ]hF � � m = G−1d � �Ï�mTWâg:aHFHU^U^F�� QY]hÏ'KN m UVW\QYG�G OeFfgCU S�WXFfG�ghK�]�IÕmTN mÕS�NâF ��K�F/NXQY]^g ��KFcN m�Ï�mÕU^]^WXafF G FHghU@WâG�ITFf]^ghWâS�NXF �vaHF ��K�W
L�FHÏ mTGL�F�FfGJØ�mT]CUVWâaHK�NXWâFH] ��K�F£î g^QYW\Ula>mT]h]^iHF��bÔ

k®QTK�]�]^iHg^QYKL�]^F@aHF@gh×�gCU Ì Ï¨F@G�QYK�g®mTNXNâQTG�g
KUVWXNâWXghFf]
N m�Ï¨iHU Ë Q�L�F¿L�ibIYFfNXQYØ�Ø8ifF@Ø�mÕ]®j¡mTG�a �fQYg�� ���YÓ�� �bÔ
� FHUhUVF3Ï�ibU Ë Q�L�F/afQYGg^WâgCUVF��MUV]Vm>IÕmTWXNâN\Ff]�G�QYGØ�mÕg L�Wâ]hFfaHU^FfÏ¨FfGôU6ghK�] G Ï mTWXg �ÍØ�mT]hU^Wâ]¿L OeK�G�F3Ï mÕU^]^WXafF
gh×�Ï¨iHU^]^W ��K�F3aHQYÏ¨Ø8QYg^iHF3L�F G

ð L�F3ghQYGZmTL ÖhQTWâG�U^FcG�QTUViHF G̃ FbU6L�F_ÒÍghFfNâQTGN mMaHQYG���åTK�]VmÕU^WâQYG�g^K�W\IÕmTGôUVF
� 
 ��W¡mTG�L�ílWâa Ë mT]^Lg ð ���YÎYÒ � æ FHG��TF ð ���YÎ
� ���

S =

(
0 G

G̃ 0

)

� �Ô Ñ��

j¡m Ï�mÕU^]^WXafF S mTWXG�g^WcQTSUVFHG�K�F�FfghUa>mÕ]^]^iHF FbUgh×�Ï¨iHUV]hW ��K�FÕÔ � FfafW/G�QYK�gmTghg^K�]^F�NdOeFbá&WâgCUVFfGafF�L ORKG
FfGg^FfÏÐSNâF�L�F�IYFHaHUVFHK�]^gcØ�]hQYØ�]^FHglQY]hU Ë QYåYQTG�mTK&áBÔ � Ë mTafKG�L�F�afFfg�IYFfabUVFHK�]^gcØ�]^QTØ�]^FHglØ8FfKU "HUV]hF�Ø�mÕ] 
UVW\UVWXQYG�Gi3FfG[L�FfK�á[Ø�mÕ]hUVWXFfg ð ~ui

��KW FfghUlgVmÐØ�]^Q ÖhFfabUVWXQYGZL�mÕG�g�NdOeFfg^Ø�mTafF�L�FHglL�QTG�G�ifFHglFHU ~vi
��K�W FHghUlgVm

Ø�]hQÕÖhFHaHU^WâQYG[L�mÕG�gcNPORFHg^Ø�mÕafF�L�FfgcØ�mT]VmTÏ Ì U^]^FHgfÔ � FfafW¡gHORiHaf]hWXU��
(

0 G

G̃ 0

)(
~ui

~vi

)

= λi

(
~ui

~vi

)

� �Ô � �

Q�� λi
FHghUcN m£IÕmTNXFfK�]�Ø�]^QTØ�]^FMmTghg^Q�aHWâifFÕÔ

ø_GÐØ8FfK&U:Ï�QTG�UV]hFf] ��K�F6N m/Ï�mÕU^]^WXafF G Ø8FfKU "HUV]hF6L�iHafQYÏ¨Ø8QYghifF6g^QYK�g�Nâm�� QY]hÏ�F �vj¡mTG�a �HQYg ð ���YÓ � ���

G = UpΛpV
T
p

� �Ô � �
Q�� p FHghUÐNXF�G�QTÏÐS�]^F¨L�F�IÕmÕNâFfK]^gÍØ�]^QTØ�]^FHg£G�QYG G�K�NXNâFHg ð Λp

FfghU£K�G�F Ï�mÕU^]^WâaHF¨LW mTåYQTG�mTNXF�L�QYGôU£NâFHg
UVFH]^Ï¨Ffg®L�W mÕåYQYG�mTK�á ð ghQYG�UnNâFHg�IÕmTNXFfK�]hgnØ�]hQYØ�]^FHgnG�QYG£G�K�NXNâFHg®LF S

ð
Up

FfgCU�K�G�F Ï�mÕU^]^WâaHF¿]hFfaHUVmTG�åYKN mTWX]^F
L�F�L�WâÏ¨FfGg^WâQTG Nd×p L�QYGôU�NâFHg¡afQTNâQYGG�Ffg¡g^QTG�U�NâFHg ui

mTghg^Q�afWXifg ��afFHg�I mTNâFHK�]^g¡Ø�]hQYØ�]^FHg�G�QYGMG�K�NâNXFfgHÔ ` F
N mÍÏ�"HÏ¨F3Ï mÕG�W Ì ]^F ð Vp

FfgCUlK�GF�Ï�mÕUV]hWâaHF3]hFfaHUVmTG�åYKN mTWX]^F/L�F_L�WâÏ¨FfGg^WâQTG Nm × p L�QYGôU�NâFHg6afQTNâQYG�GFfgg^QTG�U@NâFHg vi
mTg^ghQ�afWXifg mTK�á�IÕmTNâFHK�]^g¿Ø�]hQYØ�]hFfg@G�QTG G�K�NâNXFfg�L�F S Ô�j�mÕG�a �HQYg � ���TÓ � �nL�i ��GWXU@K�G�FcÏ mÕU^]^WXafF

WâGôIYFf]hg^F G−1
L

L�QYGG�ifFMØ�mT]��
G−1

L = VpΛ
−1
p UT

p
� �Ô ���

ø_GJØ8FfK&U3mTWXG�g^W FHG�LifL�K�WX]^F�K�GFMghQYNâKU^WâQYG �

mL = G−1
L d = VpΛ

−1
p UT

p d � �ÔRÓ �
` mTGgcNâF�afmTglg^K�] �L�ibUVFf]hÏ�WXG�i ð p = Nm

FbUcNdOeFbá&Ø�]hFfghg^WâQTG �ÔRÓ'L�FHI�WXFfG�Ucg^WXÏ¨Ø�NâFHÏ�FHG�U �

m = (GT G)−1GT d � �Ô ���
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���G L�F�a>mT]^mTaHU^if]^WXg^FH]�N mghUsmÕS�WâNXW\UVi£L�K gC×�ghU Ì Ï�F¨NXWâG�ifmTWX]^F ð QYG-a>mTNXafK�NXF'NâFÐafQYG�LWXUVWXQYG�G�FHÏ¨FfG�U�L�F
N mMÏ�mÕUV]hWâafF G Ôk�QYK�] K�G�F3Ï�mÕUV]hWâaHF/]hifFHNâNâF ð WXN8FHghU6ifåômTN � � Cond = Λmax

Λmin

Q�� Λmax
FHU Λmin

g^QYGôU6NâFHg
IÕmÕNâFfK]^glØ�]hQYØ�]^FHgcÏ�m á&WâÏÐKÏ FbUcÏ�WXG�WXÏÐKÏ L�F G Ô8ø_GJØ8FHKU/Ï¨QYGôUV]^FH] ��K�F �

‖∆m‖
‖m‖ ≤ Cond

‖∆d‖
‖d‖

� �ÔRÎ �

ï�N6mÕØ�Ø�mT]^m �âUÐmÕNâQY]hg ��K�FNâF aHQYG�L�W\UVWXQYG�G�FHÏ�FHG�U£L�FNâm�Ï�mÕU^]^WâaHF G Ø8FfKU�"bUV]^FWXG�UVFH]^Ø�]hiHU^iafQTÏ�Ï¨F�NâF
afQ�F �¨afWXFfG�U�L�FJØ�]hQYØ8QY]hU^WâQYG�mTNXW\U^iZFHG�UV]hF�NPORFH]^]hFfK�]�]^FHN mÕU^WXIYFZg^K] m L OeK�G�FJØ�mT]CU�FbU d L ORmTKU^]^FJØ�mÕ]hU>Ô
j
F�a>mTNXafK�N�L�K afQYGL�WXU^WâQYGG�FfÏ¨FfGôUÍL OeK�G�F Ï�mÕU^]^WXafF�Ø8Ff]hÏ�FbU£L�F�Ï�FHg^K�]hFf]ÍN m[I mT]^WâmÕUVWXQYG ]hFfNâmÕUVW\IYF¨L�FHg
Ø�mT]^mTÏ Ì UV]hFfg�Ø�mT]�]^mTØ�Ø8QY]CU���Nâm£IÕmT]hW mÕU^WâQYG]^FHN mÕU^WXIYF_L�FHgcL�QTG�G�ifFHgfÔ õ W N mÐÏ�mÕUV]hWâaHF G FfgCU/Ï�mTNDaHQYG�L�W!
UVWXQYG�G�iHF ð �vaHQYG�L�W\UVWâQTG�G�FHÏ�FHG�U_ifNâFbIYi�� ð KG�F�Ø8FbUVWXU^FÐI mT]^WâmÕUVWXQYG L�mÕG�g�NXFfg_L�QYG�G�iHFfg�Ø8FfKUMmTÏ¨FfG�FH]�K�G�F
åY]^mTG�L�F�IÕmT]hW mÕU^WâQYG'L�mÕG�g¿NâFHg¿Ø�mÕ]VmTÏ Ì U^]^FHgfÔ�j
FcafQTG�L�WXU^WâQYGG�FfÏ¨FfGôU�L�FcN m�Ï�mÕUV]hWâaHF�Ï¨Ffg^K]^FcN m�gCUsmTS�WXNâW\U^i
L�FN m�ghQYNâK&UVWâQTG"FbU'L�QYW\U	"HU^]^FL�iHU^Ff]^Ï¨WâGigC×&gCUViHÏ mÕU^W ��K�FHÏ�FHG�UfÔ�ï�N ghFf]Vm FfgCUVWâÏ¨i Ø8QYK�]ÐaHQYG�U^]^úYNXFf]£N m
��K�mTNXWXUVi_L�FHgcWâGôIYFf]hg^WâQTG�glL�K[U^FfG�ghFfK�]cL�F�Ï¨QYÏ�FHG�U�g^WXg^Ï¨W ��K�F�L�mTG�glNâF�a Ë mTØ�W\UV]hFMÓÔ
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j¡m Ï�mÕUV]hWâafFJL ORFH]^]hFfK�]QYK Ï�mÕU^]^WXafF�L�F aHQ IÕmÕ]^WâmTG�afF m Ø8QYghU^Ff]^WXQY]^Wcg^K�]NXF�Ï¨Q�L Ì NXF�LQYG�G�F K�G�F
FfgCUVWXÏ mÕU^WâQTGZL�F�NPORFH]^]^FHK�]�g^K�]lNâFHglØ�mÕ]VmTÏ Ì U^]^Ffg�]^FHa Ë Ff]^a Ë iHg>ÔBà:NXNâF_FfgCU/L�i ��G�WXF�afQYÏ¨Ï�F �

Cm = (GT C−1
D G + C−1

Mi)
−1 � �Ô � �

Q�� CD
FfghU�Nâm3Ï m UV]^WXafF@L�F�afQ�IÕmT]hW mTG�aHF6g^K�]:NXFfg�L�QYGG�ifFHg�L���F �_K�G�F�FH]^]^FHK�]:]^FHN mÕU^WXIYF ghK�]:NâFHK�]�Ï¨FfghK�]^F

FHU CMi
FfgCU3K�G�FÍÏ�mÕUV]hWâaHF�L�FMafQ I mT]^WâmTG�aHF£m¨Ø�]hWâQY]hW
ghK�]/NâF�Ï¨Q�L Ì NXFTÔ�à:G�NdORmTS�ghFfG�aHF£LDORWXG�� QY]hÏ mÕU^WXQTGJm

Ø�]hWâQY]hWôghK�]�NâF�Ï�Q�L Ì NXF�N m�Ï m UV]^WXafF C−1
Mi

FfghU®G�K�NXNâF:FHU®NXQY]^g ��KF¿NâF�Ø�]^QTS�N Ì Ï�F:G ORFHghUnØ�mTg�g^QYK�g �L�ibUVFH]^Ï¨WâG�i ð
NdOeFbá&Ø�]hFfghg^WâQTG �Ô �'gfOeifaH]^WXU/mÕNâQY]hg �

Cm = (GT C−1
D G)−1 � �&Ô��>Ò �

õ W8NXFfg@afQTÏ�Ø8QYg^mTG�U^Ffg@L�K IYFHaHUVFHK�] d g^QTG�U ghUsm UVWâgCUVW���KFfÏ¨FfG�U@WXG�L�ifØ8FHG�L�mTGôUVFHg6FHU QYGôU@UVQYK&UVFfg@N mMÏ "fÏ¨F
IÕmÕ]^W mÕG�afF σ2

d
mÕNâQY]hg�Nâm'Ï�mÕUV]hWâaHF_L�F�afQ I mT]^WâmTG�aHF�L�FbI&WXFfGôU �

Cm = σ2
d(G

T G)−1 � �&Ô���� �
a>mÕ] CD = σ2

dI
�vQ�� I FfgCU�N m Ï�mÕUV]hWâaHF£WXL�FfGôUVWXU^i�� Ô ` mTG�g�NXFÐafmTg�Ø�NXK�g_åYiHG�if]^mTNnL ORKG-gh×�ghU Ì Ï�F'g^QTK�g 

L�ibUVFf]hÏ�WXG�i ð N m'L�iHafQYÏ¨Ø8QYg^W\UVWXQYG �Ô �¨Ø8Ff]hÏ�FbU/LF�UV]^QTKIYFf]cKG�FMÏ mÕU^]^WXafF�LFMafQ I mT]^WâmTG�aHFÍm�Ø8QYgCUVFf]hWâQY]hW
Ø8QYK�]�NdOeWâGôIYFf]^ghF�L�FMj¡mTG�a �fQYg��

Cm = σ2
dVpΛ

−2
p V T

p
� �&Ô���Ñ��

�:K ��KF£L�mTGg3GQTUV]hFÍØ�]hQYS�N Ì Ï¨FMQYG�m¨K�G�FÍ]^FHN mÕU^WâQYG[NâWXG�i>mÕWâ]hF�FHG�U^]^FÍNâFMa Ë mÕÏ�Ø�L�FÍL�iHØ�N mTaHFfÏ¨FfGôU
FHU¿NâF6UVFHG�g^FHK�]@L�FlÏ�QTÏ�FHG�U � i ��K�mÕU^WâQYG�Ñ&Ô � ��G�QYKg¿Ø8QYK�]^]hQYG�g�KUVWXNâWXghFf]�afFHUhUVFlUVFHa Ë G�W ��K�FcL�Fc]hifg^QTNâKU^WâQYG
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L�F_Ø�]hQYS�N Ì Ï¨F3WXG�IYFH]^g^FÕÔ ` mTG�g6NâF3Ø]^QYS�N Ì Ï¨F3LF_NdOeWâGôIYFf]^ghWâQTGLKUVFfGg^FfK]�L�F_Ï�QTÏ�FHG�U ghWâg^Ï¨W ��K�F/G�QYK�g
KU^WâNâW\g^QYG�glNâFMG�QYÏÐS�]hFÍL�F£aHQYG�L�W\UVWXQYG�G�FHÏ�FHG�U3m	��G�L�FÍIYif]hW ��FH] ��K�F£G�QTK�g3G�QTK�g/UV]hQYKIYQYGg3S�WâFHG�L�mTG�g
K�GJØ�]hQYS�N Ì Ï�F_g^K�] �L�ibUVFH]^Ï¨WâG�i�FHUcGQYK�glKUVWXNâWXghQYG�g6NâFHgl]^FHN m UVWâQTG�g �Ô �'FbU �Ô ��ÒÔ
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j
QY]hg ��K�F6NâF@Ø�]hQYS�N Ì Ï¨F �3]^iHg^QYK�L]^F6afQYÏ¨Ø8QY]hU^F Ø8FHK'L�F6Ø�mT]VmTÏ Ì UV]^FHg ð K�GF6L�Ffg�Ï¨iHU Ë Q�L�FHg�afQTG�g^WXghUVF
���vmTWX]^F�KG�FÍ]^FHa Ë FH]^a Ë F£FfG�åY]hWâNXNXFÕÔ ` mTG�g/aHFÍa>mTg ð QYG�a Ë Ff]ha Ë F �¨FfghU^WâÏ¨Ff]lK�G�FÍghQYNâK&UVWâQTGJØ8FH]^Ï¨FHU^UVmTG�U
L�F�Ï¨WâG�WXÏ�WXg^FH] ð mTK[g^FfGg/L OeK�G�F�G�QY]^Ï¨F�Ø�]hifL�i ��G�WXF ð Nâm']hFfNâmÕUVWXQYG �

‖G(m) − d‖ = minimum � �Ô���� �
j¡m�]hFfa Ë FH]^a Ë FcFfG�åY]hWâNXNXF aHQYG�ghWâghU^F ��L�WXg^aH]^iHU^WâghFf]:NPORFHg^Ø�mÕafF�L�Ffg:Ø�mT]VmÕÏ Ì UV]^FHg:FbU ��ibIÕmTNXK�Ff]�NdOeFbá&Ø�]hFfg^ghWâQYG
�Ô ���Ø8QTK�]3UVQYKU^Ffg�NXFfg_aHQYÏÐS�WâG�mTWâghQYG�g/ØBQTg^g^WXS�NXFfg�m ��G L ORFHG-L�ifL�KWâ]^FÐNâF£QYK NâFHg_Ï�FHWâNXNXFHK�]^g/Ï�Q�L Ì NâFHgfÔ
à:NâNXF�Fbá&Ø�NâQT]^FlU^QYKU¿NâFlLQYÏ�mTWâG�F�LFfg@Ø�mT]VmTÏ Ì U^]^FHg¿L�FcÏ�mTG�W Ì ]hF Ë QYÏ�QTå Ì GFcÏ�mTWXg:G�ifaHFfghg^WXU^F3KG�åY]VmTGL
G�QYÏÐS]^F[L�FJa>mÕNâaHK�NâgHÔ�à:NâNâFZGFJgfORmTØ�Ø�NXW ��K�Ff]^m-Ø�mTg�mTK�á�gh×�gCU Ì Ï¨Ffg m�×ômÕG�U¨K�GýåY]VmTGLýG�QTÏÐS�]^F[L OeWâG 
afQTG�G�KFfgfÔ � FbU^UVF�UVFHa Ë GW ��K�F m[iHU^i¨KUVWXNâWXghifF'Ø8QYK�]�NdOeFfghU^WâÏ�mÕUVW\QYG L�F¨Nâm[ghQYNâK&UVWâQTG-FfG L�QYKS�NâF�aHQYK�Ø�NXF
WâGôUV]hQ�L�K�WXU^F��¨N m'Ø�mTåYF�� �YÔ � FHUhUVFÍWâGôIYFf]hg^WâQTG ð G�QYG��NâWXG�i>mÕWX]^F���a>mTK�ghFÍL�FÍNâm�aHQYG�L�W\UVWâQTGJLFÍG�K�NâNXWXU^i�L�K
L�ibUVFf]hÏ�WXG�mTGôU ð aHQYÏ�Ø8QT]hUVF���Ø�mT]^mTÏ Ì UV]hFfg��TNâF Ï¨QYÏ¨FfG�Ung^WXg^Ï¨W ��K�F M0

FHU:NâFfg�Ø�mT]VmTÏ Ì UV]^FHg�L�i ��GWâg^g^mTGôU
NâF_ØN mTGZL�F��vmTWXNâN\F ��ghQYG�m��fWâÏÐK&U ð g^QYG[Ø8FfGL�mTåYF�FbUlNdORmTG�åYNXF3L�K[åYNâWXg^ghFfÏ¨FfGôU>Ô � QTÏ�Ï¨F_QY]hWâFHG�Usm UVWâQTGL�F
L�iHØ�mT]hU ð QYG$Ø]^FfGL�N m�g^QYNXKUVWXQYG"L�KÇUVFfGg^FfK] ��UV]^mTafFZG�K�NâNXFØ]^ifghFfGôUVifFJØ�mÕåYF � � ð FHU�QYG$S�mTN m>×YF �
30◦ mTKU^QYK�]�LF�afFbU^UVF�ghQYNâKU^WâQYGDÔ�k®QTK�]la Ë m���K�F�g^QYNXKUVWXQYG ð QYG[F �BFfabUVK�FMK�GF�WâG�ITFf]^ghWâQYG[NXWâGi>mTWX]hF_Ø8QTK�]UV]hQYKIYFH]cNXF�Ï�QTÏ�FHG�U�g^WXg^Ï¨W ��K�F�gha>mTNâmTWâ]hFTÔ

�lÉ �lÉdÁ � 1
5�,/1 9�5�,31�0�´/9ýÄ�9A�²C²�1�9�± °Í±D7&±
1
�
2/±
5D4�? ¾�4¿²�´l7A�4�? A�7&± 9�;�7&A�¾¿1

�cQYK�gnmTNâNXQYG�g¡L�ibUsmTWXNâNXFH]¡N mlU^Ffa Ë G�W���K�F L�F L�iHafQTG�IYQYNXKUVWXQYG£W\UViH]VmÕU^WXIYF ð KU^WâNâW\g^iHF@L�mTG�g®N mcÏ¨iHU Ë Q�L�F@L�F
��W ��K�a Ë W�mTG�L���mTG�mÕÏ�QT]^W � ����� ��� ð ��K�W�g^Ff]^mMmTØ�Ø�NXW ��K�iHFlL�mTG�g�N m_Ø�mT]CUVWXF�g^KWXIÕmÕG�UVF���NPORibUVK�L�F�L�iHUVmTWâNXNXifF
L�KJØ�]hQ�afFfghg^K�g/L�F�]^KØUVK�]hFMLK�ghifWXg^Ï¨F�L�F��/Q��TQ>áWXNâW � ����G�Q�IYFfÏÐS�]hF£ÑÕÒYÒ � ðÊ WâS8FbU �bÔ�j:ORWXG�IYFH]^g^WXQYG[FfgCU
S�mTghifFMg^K�]lK�G�F�U^Ffa Ë G�W���KFÍLFML�ifaHQYGôIYQYNâKU^WâQYG[WXU^if]^mÕUVW\IYF ��K�W¡LiHUVFH]^Ï¨WâG�F�g^K�aHafFHg^g^WXIYFfÏ¨FfGôU3NâFHglg^QYKg 
iHI Ì G�FHÏ�FHG�UVgcFfGJÏ¨WâGWâÏ�WXg^mTG�U6NâmÐL�W �Bif]hFfG�aHF�FfGôUV]^F�NXFfg�L�QTG�G�ifFHgcFHUlNâFHglgC×�G�U Ë iHUVW���K�Ffgca>mTNXafK�NXifg�Ø8QTK�]
K�G¨ÖhFfK L�F£Ø�mÕ]VmTÏ Ì U^]^FfgHÔDj
F£afmTg_LFÐNâm�]hFfa Ë Ff]ha Ë F'L�F£g^QYKg �ibI Ì G�FHÏ�FHG�U^g�FHghU_K�G afmTg3g^Ø8iHafW � ��KF'L�F
N mM]hFfa Ë Ff]ha Ë F�FHGåY]^WXNâN\F ��K�WBaHQYG�ghWâghU^F��ÍF �BFfabUVK�FH]6L�F3Ï�mTG�W Ì ]^Fc]hifØ8ibUVifF_KG�F3]^FHa Ë FH]^a Ë F_g^K�] åY]hWâNXNXFlFfG
]VmÕWâg^QTGML�KÍåY]VmÕG�LÍGQYÏÐS�]^F�L�F¿Ø�mT]^mTÏ Ì UV]hFfg¡]^FHa Ë FH]^a Ë ifgfÔTj
FHg®Ø�mÕ]VmTÏ Ì U^]^Ffg¡g^QYGôU®FfgCUVWXÏ�iHg �lNdORmTWâL�F�L ORKG
S�mTNâm�×ômÕåYFÍWXU^if]^iÕÔDj:OeFfG�ghFfÏÐS�NXFÐL�FHg_Ø�mT]VmÕÏ Ì UV]hFfg�� N m¨g^QYK�]hafFÐL�FHg�ghQYK�g �iHI Ì G�FfÏ¨FfGôUVg�FfghU_]^FfØ]^ifghFfGôUVi
Ø�mT]�NâFJIYFHaHU^FfK�] p L�mTG�g NâFfg�i ��K�m UVWâQTG�g ��K�W3ghK�WXITFfG�UfÔ 
/WâG�ghW ð N m NâQ�a>mÕNâWXg^mÕUVW\QYG�L�mTG�g N m L�Wâ]hFfabUVWâQTG



���

L�F NdORm
�fWXÏÐKU ð N m$Ø�]hQ � QYG�LFfK�] ð NXF-U^FfÏ¨Ø�gJL ORWXG�W\UVWâmÕU^WXQTG Ï mTWXgJmÕK�g^ghWMNâF UVFfGg^FfK]�L�F Ï�QYÏ¨FfGôUJL�FHg
g^QTK�g �iHI Ì GFfÏ¨FfG�U^gMg^QYGôU�]^FHØ�]^iHg^FHG�U^ifgMØ�mT] p Ô j
Ffg�afQ�F ��aHWâFHG�U^g an

]^FHØ�]^iHg^FHG�UsmÕG�UMNXFfg_afQYGôUV]^WXS�KU^WâQYG�g
L�FHg_U^FfG�ghFfK�]hg�LFÐÏ�QTÏ�FHG�U3iHNâiHÏ�FHG�UVmTWâ]hFfg/g^QYGôU�QTSUVFHG�K�g_FfG Ï¨WâGWâÏ�WXg^mTG�U/NXFfg3L�W��DiH]^FHG�afFHg�FfGôUV]hFÐNâFHg
L�QYGG�ifFHgFbU NâFHg�gC×&GôU Ë ibUVW���KFfgfÔ6à:G KUVWXNâWXg^mTGôU¨N m-Ï "fÏ¨FJG�QTUVmÕUVWXQYG ��K�F ��W ��K�a Ë WcmTG�L ��mTG�mÕÏ�QY]hW
� ����� � � ð Nâm'Ø]^Q�afiHL�K�]hFÍLDORWXG�IYFH]^g^WXQYGJÏ¨WâGWXÏ¨WXghF_N m � QYG�aHU^WâQTG[afQ��&U ∆ L�i ��G�WXFMaHQYÏ¨Ï�F_g^K�W\U��

∆ =
Ns∑

j=1

∫
[

xj(t) −
Nb∑

n=1

anwjn(t, p)

]2

dt � �Ô�� � �

= Rx − 2

Nb∑

n=1

anGn +

Nb∑

m=1

Nb∑

n=1

Rnmanam
� �&Ô�� ���

Q�� Ns
]hFfØ�]hifg^FHG�U^FZNâF¨G�QYÏÐS�]hF�L�F L�QYGG�ifFHg ð xj(t)

]^FHØ�]^iHg^FHG�UVFNâF¨g^WâghÏ�QTåY]VmTÏ¨Ï�F ��Nâm�gCUsmÕU^WâQYG j
ð

wjn(t, p) ]hFfØ�]hifghFfG�U^F NXFfg�gh×�G�U Ë iHU^W ��K�FHg �[N mZghUsm UVWXQYG j LK�F�mTK nième UVFHG�g^FHK�]ÍifNXifÏ¨FfGôUsmTWX]^F P
n

ð
p ]hFfØ�]hifg^FHG�U^FZNâFfgÍØ�mT]VmÕÏ Ì UV]hFfg ��N m�ghQYK�]hafFFbU Nb

NXF�G�QYÏÐS�]^F�L�F g^QTK�]^aHFfg'iHNâiHÏ�FHG�UVmTWâ]hFfgfÔ Rx
FfgCU

NdORmTKU^Q��aHQY]^]hifNâmÕU^WXQTG£L�FHg:L�QYGG�ifFHg ð Rnm
FHghU:NdORmTKUVQ �aHQY]^]^iHNâmÕU^WXQYGÍL�Ffg�gh×�G�U Ë iHU^W ��K�Ffg�FbU Gn

FfgCU�NPORWXG�U^Ff] 
afQT]^]^iHN mÕU^WâQTGZFfGôUV]^F�NâFHglgC×�G�U Ë iHUVW���K�Ffg/FHUlNâFfg�L�QYGG�ifFHg �

Rx =
Ns∑

j=1

∫

[xj(t)]
2 dt � �Ô��>Ó �

Rnm(p) =
Ns∑

j=1

∫

[wjn(t, p)wjm(t, p)] dt � �Ô � �
�

Gn(p) =
Ns∑

j=1

∫

[wjn(t, p)xj(t)] dt � �Ô ��Î �

� QYÏ¨Ï¨F_WXNDmÐiHU^i�Ï¨QYG�U^]^i3Ø�mT] ��W ��K�a Ë W mTGL ��mTG�mÕÏ�QY]hW � ������� � ð NPOeFf]^]hFfK�]6]hifghWâL�K�FHNâNXF ∆ Ø8FfKUcmÕK�g^ghW
"HU^]^F�ifaH]^W\UVF�aHQYÏ¨Ï�F_g^K�W\U��

∆ = Rx −
Nb∑

n=1

Nb∑

m=1

RI
nmGmGn

� �&Ô���� �

∆ = 1 −
∑Nb

n=1

∑Nb

m=1 RI
nmGmGn

Rx

� �&Ô ÑÕÒ �

Q�� RI
nm

FHghU6NâmMÏ�mÕUV]hWâafFlWâGôIYFf]hg^F3L�F Rnm
� RI

nm = R1
nm

��FbU ∆ FfghU6NPORFH]^]hFfK�]@]hifghWâL�K�FHNâNXFcG�QY]hÏ mÕNâWXghifFÕÔ
ãcG�FÍ]hFfa Ë Ff]ha Ë FÐghK�]/åT]^WâNXN\F�FfghU/F �BFfabUVK�iHFÐL�mTG�g/NPORFHg^Ø�mÕafFÍFbU/NâF�UVFHÏ�Ø�gcL�i ��G�WXg/Ø8QYK]lUV]^QTKIYFf]cNâFHg

Ø�mT]^mTÏ Ì UV]hFfg ��K�W Ï�WXG�WXÏ¨W\g^FHG�U�Nâm � QYG�abUVWXQYGZafQ��U ∆ aHF ��K�W
]hFHI�WâFHG�U��'Ï m á&WâÏ¨WXghFf]6Nâm � QYGaHUVWXQYG Ψ(p)G�QTU^ifF��
Ψ(p) =

∑Nb

n=1

∑Nb

m=1 RI
nmGmGn

Rx

= maximum � �Ô Ñ�� �



�YÑ
� FHUhUVF�� QYG�abUVWâQTG Ψ(p) Ï�FHg^K�]hF3N mMg^WXÏ�WXNâmÕ]^W UVilFfG�U^]^F3NâFHg � QT]^Ï¨Ffg@L OeQYG�LF_QYSg^Ff]CIYifFHglFbU6gh×�GôU Ë ibUVW���KFfgfÔõ W Ψ(p) = 1

ð aHFfNâmÐg^WâåTG�W ��F ��K�F�NâFHg�LQYG�G�iHFfglQYS�ghFf]hITifFfgcFbUlgh×�GôU Ë ibUVW ��K�FHgcg^QTG�UlWXL�FHG�UVW���K�FfgHÔ�j:ORF��DFbU
L�K'g^QTK�g �iHI Ì G�FfÏ¨FfG�U¿mTWXG�g^W�U^]^QYKIYi6FHghU:FfG�ghK�WXU^F�ghQYK�gCUV]VmÕWXU�L�FHg:L�QYGG�ifFHg¿m	��G'L�F6]^iHWXU^if]^FH]�NPORQTØ8if]Vm UVWâQTG
Ø8QYK�]�a Ë Ff]^a Ë FH]/Nâm'g^QTK�]^aHFMifNXifÏ¨FfGôUsmTWX]^F_g^K�W\IÕmTGôUVFÕÔ

k®QTK�]�S�WXFfG[aHQYG�U^]VmTWXG�L�]hF�NXFfg6Ø�mT]VmÕÏ Ì UV]^FHg �ÐN mÐghQYK�]hafF�L OeK�GJghifWXg^Ï¨F�QYG[LQYWXU6L�WâghØ8QYg^FH]lLDORK�G£ÖhFfK
L�F L�QTG�G�ifFHg�g^K �¨gVmTÏ¨Ï¨FfGôU�N mÕ]^åYF¿FHUnS�WâFHGÐL�WXghUV]hWâS�KiTÔÕà:GÐF �BFHU ð WâN�FfgCU:Ø8QTg^g^WXS�NâF@LF U^]^QYK&IYFf]nØ�NXK�g^WXFfK�]hg
FfGg^FfÏÐSNâFfg�LF'Ø�mÕ]VmTÏ Ì U^]^Ffg ��K�WnFbá&Ø�NXW ��K�FfGôU��Ø8FfK-Ø�] Ì g�L�F �vm fQYG i ��K�WXI mTNâFHG�UVFÐNXFfg_L�QYGG�ifFHg�FHU�WâN
FfgCU3mTNâQT]^g�L�W �¨aHWâNXF�L�FMa Ë QTWâg^WX]�K�G�FMg^QTNâKU^WâQYGDÔ�ø_G�]hWâg ��KFML�F�U^]^QYKIYFH]cK�G�FMghQYNâKU^WâQTG[Ø8Ff]hÏ�FbU^UsmÕG�UcL�F
Ï¨WâG�WXÏ�WXg^FH]6Nâm'LW �Bif]hFfG�aHF�FfG�U^]^F�NâFHg�L�QYG�GifFfgcFbUcNXFfg�gh×�GôU Ë ibUVW ��K�FHg/aHQY]^]hFfg^Ø8QTG�L�mTGôU��'K�GJÏ¨WâGWXÏÐK�Ï
NâQ�afmTN�FbUÐG�QTG ��K�G Ï�WXG�WXÏÐKÏ åYNâQYS�mTNPÔ¡j¡m�G�QYG��NâWXG�ifmT]^W\U^i�L�F NPORWXG�IYFH]^g^WXQYG m ÖhQYKU^ifF mTK �vmTWXU ��K�F NâF
Ø�]hQYS�N Ì Ï�FZG OeFfghU Ø�mTg�UV] Ì g�SWâFfG�afQYGôUV]^mTWâGôU¨Ï¨QYG�U^]^FfGôU ��KDORWXNlFHghU GifaHFfg^gVmÕWâ]^F�LDORWXÏ�Ø8QYghFf] ��K�FHN ��K�FHg
WâG � QY]^Ï�mÕU^WXQTG�g:mTL�L�W\UVWâQTG�G�FHNâN\Ffg�ØBQTK�]�N m_ghUsmÕS�WâNXWXg^Ff]HÔôj
FHg� QY]^Ï¨Ffg:L OeQYG�L�FHg@Ø8FHKIYFHG�U�"bUV]^FlKUVWXNâWXghifFHg�Ø�mT]
Fbá&FHÏ�Ø�NXF'Ø8QYK�]�F �BFfabUVK�FH]MK�G�F�Ø�]hFfÏ¨W Ì ]^FÐFfghU^WâÏ�mÕUVWXQYG L�F'N mL�K�]hifF�L�F�Nâm]^K�Ø&UVK�]hFTÔ¡j
Ffg�ibUVK�LFfgML�F
UVFH]^]^mTWâG F �BFfabUVK�iHFfg'mÕØ�] Ì gÍK�G g^iHWâghÏ�F¨Ø8FH]^Ï¨FHU^U^FfGôU£L ORmTØ�Ø8QY]CUVFH]ÍL�FHg£WXG�� QY]^Ï�m UVW\QYG�g�Ø�]^iHafWXFfK�ghFfg£g^K�]
N m[åTifQYÏ¨iHU^]^WXF�L�F�Nâm[]^K�ØU^K�]^F¨QYK iHIYFfGôUVK�FHNâNXFfÏ¨FfGôU£NXF�U�×�Ø8F LF�Ï¨ifa>mÕG�WâghÏ�F �vLifaH]^Q�a Ë mTG�U ð G�QY]^Ï�mTN
QYK WXG�IYFH]^g^F��MNâF¨NXQYG�å�LDORK�G"QTK Ø�NâKg^WâFHK�]^gMg^FfåTÏ�FHG�UVg ��KW@Ø8FfK&IYFfGôU�"HU^]^F K&UVWâNXWXg^iHFfgMØ8QYK�]ÍibIÕmTNXK�Ff]ÍN m
g^QTNâKU^WâQYG"U^]^QYKITifFJØ�mÕ]�WXG�IYFH]^g^WXQYG Ô:j:OeFf]^]hFfK�]���G�mÕNâFZ]^iHg^WXL�K�FfNXNâFG�QY]hÏ mTNXWXghifF ∆ Ï¨Ffg^K]^F[N m ��K�mTNXWXUVi
L OeK�G�FMghQYNâK&UVWâQTGZFHUcibIÕmTNâKF�N mÐafQ Ë if]^FHG�afFMFfG�U^]^F�L�QYG�GifFfgcFHUcgC×�G�U Ë iHUVW���K�FfgHÔ

�lÉ �lÉ�� ? ±D7&,346231
0Ç231 ? 4�?@7&1	� � ;�9²�4

j
FHg/Ï�ibU Ë Q�LFfgcL�ifaH]^WXU^FfgcØ�]^iHafifLFfÏ¨Ï�FHG�U�� QTK�]^G�WXg^ghFfG�U/K�GFÍg^QYNXKUVWXQYG[]VmTØWâL�FMm ÖhK�ghUVmTG�U/SWâFHG�NâFHg
L�QYGG�ifFHg ð Ï mTWXg ��KW G�F_åômT]^mTG�U^Wâg^ghFfGôU�FHGJmTK�aHK�G�F��vm HQYGZN mÍ]^QYS�KghUVFHg^ghFMFbU�NdOeK�G�WâaHWXU^i/L�F�Nâm£ghQYNâKU^WâQTG Ô
� QYGôUV]VmÕWâ]^FHÏ¨FfG�U �"aHFfg[LFf]^GW Ì ]^Ffg ð NdOeQYS�ÖhFfaHU^W ��L�FfgZÏ�ibU Ë Q�LFfgZL�F æ QYG�U^F� � mT]^NXQÇFHghU[L�F L�iHIYFHNâQYØ 
Ø8Ff]ML�FHgMUVFfa Ë G�W���K�Ffg£Ø8FH]^Ï¨FHUhUsmTGôUÍL�F¨]^FbUV]^QTKIYFf]ÍNXF�Ï�WXG�WXÏÐKÏ åYNXQYS�mTN�L OeK�G�F � QTG�aHU^WâQYG � QY]CUVFHÏ�FHG�U
G�QYG �NâWXG�ifmTWX]hFÐFfG F �BFfaHU^K�mTGôUÍK�G�F�Fbá&Ø�NâQT]VmÕU^WâQYG åYNXQYS�mTNXFÐLF¨NPORFHg^Ø�mTaHF¨LFfgMØ�mT]^mTÏ Ì UV]hFfgHÔ¡à:åômTNXFfÏ¨FfGôU
L�iHg^WâåTG�ifFHg�g^QYK�g¨NâFZU^Ff]hÏ�F[L�FJÏ¨iHU Ë Q�L�Ffg¨L OeFbá&Ø�NXQY]VmÕU^WâQYG$ghUVmÕUVWXghU^W ��K�Ffg ð FHNâNXFfg�]hFfØ8QYg^FHG�U ghK�]¨NdOeiHI m 
NâK�mÕUVWXQYGZL�FMaHFf]CUsmTWXG�glØ�]^Q�aHFfg^ghK�g3Ø�mT]lL�FfglU^Wâ]VmÕåYFfglmTNXi>mÕU^QYWâ]hFfgHÔ�ï�N
Fbá&WXghUVFMLFMG�QYÏÐS�]hFfK�ghFfg/mTØ�Ø�]hQ�a Ë Ffg
L�FHg_Ï¨iHU Ë Q�L�FHg3L�F æ QYGôUVF  � mT]hNâQ�Ï mÕWâgcNXFfg/L�FHK&á mTNâåTQY]^W\U Ë Ï¨FHgcNâFHg/Ø�NâK�g/KU^WâNXWXg^iHg���aHFcÖhQTK�]/g^QTG�U3NâF
]^FHafK�W\UMg^WXÏ'KNâi � æ FbUV]^QTØBQTNâWXg�FHU£mÕNdÔ ð ��� �
� � ��WX] ��Ø�mÕU^]^WXa ��FHU£mÕNdÔ ð ���YÎ����_FbUÍNPO mTNXåYQT]^W U Ë Ï�F'åTifG�ibUVW ��K�F
� Ù QYNâNâmTGL ð ��� � ���bÔ

� �K�3��� *;� % '+�-�S*;Q!)
� FbU^U^F Ï¨iHU Ë Q�L�F�L ORQTØUVWXÏ�WXg^mÕUVW\QYGýgfOeWâG�ghØ�Wâ]hF�L�K Ø�]^Q�aHFfghg^K�gZU Ë Ff]hÏ�Q �L×�G�mTÏ¨W���KF�LF af]hWâghUVmTNâNXW 

gVm UVWâQTGÇFHU�g^WXÏ'KNâF G�KÏ�iH]^W���KFfÏ¨FfG�U'NâFØ�mÕg^gVmTåTF[L�FZN m Ï�mÕU^W Ì ]hF L ORKG�iHUsm U�WâGWXUVWXmTN¿L�ifghQY]^L�QTG�G�i��
K�G-iHUVmÕU ��G�mÕN�QY]^L�QTG�G�i �vaH]^WâgCUsmTNnØK�] �3]^FHØ�]^iHg^FHG�UsmÕG�UÍNâmghQYNâKU^WâQYG ð FfG Ø�mTg^g^mTG�U�Ø�mT]�L�FHg�iHUVmTØ8Ffg�L�F
]^F � ]^QYWXL�Wâghg^FHÏ�FHG�U�FHUML�F¨]hifa Ë mTK �BFfÏ¨FfGôU>Ô�knmT]MmTG�mTNâQYåTWXF'm�IYFfa¨NXF�Ø�]hQ�afFfghg^K�gÍØ Ë ×�g^W���K�F ð Nâm � QYG�abUVWXQYG



�
�

afQ
�U��¨Ï¨WâG�WXÏ�WXghFf]lFHghU3NdOeifGFf]^åTWâF E LK�gh×�ghU Ì Ï¨FTÔ ` mTG�g/NâF�g^a Ë ifÏ�m�afNâmTg^ghW ��K�FML�FÍNdORmTNXåYQT]^W U Ë Ï¨F�L�K
]^FHafK�W\U�ghWâÏÐK�NXi ð QTG$a>mÕNâafKNâF � a Ë m���K�F[WXU^if]Vm UVWâQTG"NXFfgÐI mT]^WâmÕUVWXQYG�g ∆E LDORiHG�Ff]håYWâFZafmTK�ghifFfg¨Ø�mT]'LFfg
Ø8Ff]CUVK�]hS�mÕU^WâQYG�g_mTNâifmÕUVQTWâ]hFfg/L�Ffg�Ø�mT]^mTÏ Ì UV]hFfg_LK-Ï¨Q�L Ì NXFTÔ õ WnNâFfg3Ø�mT]VmÕÏ Ì UV]^FHg_Ø8Ff]CUVK�]hS8ifg�QTG�U�Ø8QTK�]
F �BFHU_L�F£L�WâÏ¨WXG�K�FH]/NXFÍafQ��U�� ∆E < 0 � ð WXNâgcg^QYGôU�aHQYG�ghFf]hIYiHgfÔ õ W ð mÕK aHQYGôUV]VmÕWâ]^F ð WâNXg3mÕK�åYÏ¨FfG�U^FfGôU_NâF
afQ
�U ð WâNXglghQYG�U3mTafaHFfØ&UVifg_m�ITFfaÍN m�Ø�]hQYS�mTSWâNâW UVi P = e−∆E/T ð Q�� Ê FfgCU3K�G�Ø�mÕ]VmTÏ Ì U^]^FMmTG�mTNXQYåYK�F��
N m_U^FfÏ¨Ø8if]Vm UVK�]hFTÔ�ãcG�G�QYÏÐS�]hFcmTNâifmÕUVQYWX]hF α

ð aHQYÏ¨Ø�]^WXg�FHG�U^]^F/ÒMFbU � ð FHghU@FfG�ghK�WXU^FcåYifG�iH]^icFHU@aHQYÏ�Ø�mT]^i
��NâmJØ�]hQYS�mTSWâNâW UVi P Ô õ W α < P

ð NâFHgÍØ8Ff]CUVK�]hS�mÕUVWXQYG�gMg^QYGôUÐmTafaHFfØU^ifFHg'Ï�mTNâåT]^i�NâmJL�iHåY]VmÕL�mÕU^WâQYG LF
N m � QTG�aHU^WâQYG$afQ��&U>Ô¿j:ORmTaHafFfØ&UsmÕU^WâQYG�L�FJÏ¨Q�L Ì NâFfg'L�ifåT]VmTL�mÕG�U¨NâF[gC×�ghU Ì Ï�FJØ8Ff]^Ï¨FHU¨L OeFbá&Ø�NXQY]^FH]¨K�G�F
Ø�NXK�g3åY]VmÕG�L�F£Ø�mT]hU^WâFÍL�FÐNPORFHg^Ø�mÕafFÐL�FHg�ghQYNâK&UVWâQTG�g/FHU3UVFHG�L-mTWâGg^W � iHI�WXU^Ff]3L�FÐ]hFfghU^Ff]_Ø�WXifåYi£L�mÕG�g_K�G
Ï¨WâG�WXÏ£K�Ï NâQ�afmTNdÔ

ãcG�F�NXQYW�L�F�LifaH]^QYWXg^gVmÕG�afF�afQTG�UV]húYNâF Nâm3S�mTWXg^ghF�LF6U^FfÏ¨Ø8if]Vm UVK�]hFTÔ 
/K�L�iHØ�mT]CU ð FfNXNâF@FfghU �á&ifF �_K�G�F
IÕmÕNâFfK]�WâGWXUVWXmTN\F T0

Ø�K�WXg�FfNXNâF3L�WâÏ¨WXG�K�F��Ða Ë m ��KFMW\UVif]^mÕUVWXQYGFHG[U^FfÏ¨Ø8if]^mÕUVK�]hF�L�F T ∗ γ
ð Q�� γ FfghUlNâF

�vmTabUVFfK]nLF ]^F � ]^QYWXL�Wâghg^FHÏ�FHG�U>Ô õ W γ FHghU�Ø]^Q�a Ë F L�F � ð NâmcafQTG�IYFf]håYFfGafF IYFf]^gnK�G£Ï�WXG�WXÏ£K�Ï�åYNXQYS�mTNôghFf]Vm
NâFHG�U^F_mÕNâQY]hg ��K�F3g^WBg^mÍIÕmTNXFfK�]@FfgCU��vmÕWâS�NXF ð N mMafQTG�IYFH]^åYFHG�afF�ghFf]Vm£Ø�NXK�g@]VmTØWâL�F/Ï�mTWXg¿QYGZmÕK�åYÏ¨FfGôUVF/NâFHg
]^WXg ��K�FHg�L�F�]^FHghU^Ff]�ØWâifåTi�Ø�mT]¡KGMÏ�WXG�WXÏÐKÏ NXQ�a>mTNPÔ õ WôaHFHU^U^F¿Ï¨iHU Ë Q�L�F�GF¿åYmT]VmTGôUVW\U
Ø�mÕg¡L O m U^UVFHWâG�L]^F:NâF
Ï¨WâG�WXÏ£K�Ï³åYNXQYS�mTN ð FfNXNâF@NXWâÏ¨W UVF¿afFHØ8FfG�L�mTG�U�NâFHgn]^Wâg ��K�Ffg�L�F6]^FHghU^Ff]:SNâQ ��K�FH]�L�mÕG�g�K�G'Ï¨WâG�WXÏ£K�Ï³NâQ�afmTNdÔ
õ m�S8QYG�GFMÏ�WXg^F�FHG�Q�FfKI�]hFÍG�iHafFHg^g^W\UVF ��KFfN ��K�FHg/]^iHåYN mTåTFfg�Ø�]^ifmTN mTSNâFHg�L�FfgcØ�mT]^mTÏ Ì UV]hFfglaHQYG�U^]^úYNâmTG�U
N mcafQTG�IYFf]håYFfGafF ð U^FfNXg ��K�F6N mlUVFHÏ�Ø8iH]VmÕU^K�]^F WXG�WXU^WâmTN\F¿FHU�g^m_NXQYW�L�F L�ifaH]^QYWXg^gVmÕG�afF6QYKÐFHG�afQT]^F6NâF@GQYÏÐS�]^F
L OeWXU^if]Vm UVWâQTG�g���a Ë m���K�F�UVFHÏ¨ØBiH]Vm UVK�]^FÕÔ

� EG2 Q �U8U���!%��,��� �U)�$,) %3�-M�*H�

� FbU£mTNXåYQY]hW\U Ë Ï�FÐg^F¨S�mTg^F¨ghK�]�N mZÏ "fÏ¨F'WâLifF�åYiHG�if]^mTNâF ��K�F¨NâF']^FHafK�W\UMghWâÏÐK�NâiÐFbUMgfOeWâG�ghØ�Wâ]hF�L�K
Ø�]hQ�afFfghg^K�g@L�Flg^iHNâFHaHU^WâQYG�G�mÕU^K�]^FHNâNâF6FbU¿L�Ffg¿Ø Ë ifG�QTÏ Ì G�Ffg¿L�FlS�]^mTg^g^mTåYFHg@åTifG�ibUVW���KFfg �vghifNXFfaHU^WâQYG ð af]^QTW�
g^FHÏ�FHG�U ð ÏÐKUVmÕUVWXQYG � Ô � QYGôUV]^mTWâ]hFfÏ¨FfGôU®mTKÍ]^FHafK�W\U®ghWâÏÐK�NXi ��KW&mTåTWXU¡g^K�]�g^FHK�N�K�GÍÏ�Q�L Ì NâF ð NPO mTNXåYQT]^W U Ë Ï�F
åYiHG�iHU^W ��K�F��vmTW\U:iHIYQTNâK�FH]�ØNâK�ghWâFfK]^g:Ï�Q�L Ì NâFHg��N m�� QYWXgfÔ � a Ë m���K�FcG�QYK&IYFfNXNâF�W\UViH]VmÕUVWXQYGÐL�K¨Ø]^Q�afFHg^ghK�g ð
K�G�F�Ø�mT]CUVWXF�L�F�NdOeWXG�� QY]^Ï¨mÕU^WXQTGZL�F�NPORW\UVif]^mÕUVW\QYGØ�]^iHafiHL�FfGôUVFMIÕm�"bUV]^FMmTa ��K�WâghF ð Ø8Ff]^Ï¨FbU^UsmÕG�UlL ORibIYQYNXK�Ff]
IYFf]hg�NXF£QYK NâFHg_QYØU^WâÏ�m�L�K Ø�]^QTS�N Ì Ï�F£L OeQYØ&UVWâÏ¨WXgVmÕU^WXQTG ÔBj¡mghifNâFHaHU^WâQYG ð NXFÐaH]^QYWXg^FHÏ�FHG�U�FbU�N m ÏÐKUVm 
UVWXQYG[mTåYWXg^g^FHG�UlL�F �vm HQYG�mÕNâifmÕUVQYWX]hF_ghK�]lFHUcFHG�U^]^F�NâFHglÏ¨Q�L Ì NâFHg�Ø8QYK�]�NâFHg��vmÕWâ]^F_ibIYQYNâKFf]lFHGJØ�mT]VmÕNâN Ì NXFÕÔ
� QYGôUV]VmÕWâ]^FHÏ¨FfG�U_mTK ]^FHafK�W\U�ghWâÏÐK�NXi ð aHFHU�mTNâåYQT]^W\U Ë Ï¨FÍaHQYG�ghFf]hIYF�FHG-Ï¨ifÏ¨QYWX]^FMU^QYKU^Ffg_NâFfg3WXU^if]Vm UVWâQTG�g
Ø�]hifafiHL�FfGôUVFfgfÔ õ QTGÇmTØØ�NâWXa>mÕU^WXQYG L�FHÏ�mTG�L�F�ifåYmTNâFHÏ�FHG�UÍK�G afFH]hUsmÕWâG GQYÏÐS�]^F¨L�F ]hifåYNâmTåYFHgÍWXG�WXU^WâmTK�á
mTghg^F �/L�iHNâWXa>mÕU^g:UVFHNâg ��K�F/Nâm�aHQYÏÐS�WâG�mÕWâghQYG�QYØ&UVWâÏ�mTN\F�FHG�UV]hFcUVmTK&á�L�FcÏ'K&UsmÕU^WâQYG ð UVmTK&á�L�Fcaf]^QTWâg^FHÏ�FHG�U
FHU3UsmÕK&á�L�F£g^ifNXFfabUVWâQTG Ô ` mÕG�g_gVm � QY]^Ï¨FÍafNâmTg^ghW ��K�F£NdORmTNXåYQT]^W U Ë Ï�FÍåTifG�ibUVW���KFÐafQYGôIYFf]håYF']^mTØ�WXL�FfÏ¨FfGôU
FHUcGDORFHghUcI�]VmÕWâÏ¨FfGôUlF áØNâQY]^mÕUVQYWX]^F ��K ORmTK�LifS�KUcL�F�NdOeWâGôIYFf]^ghWâQTG Ô
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j¡m�gCUV]VmÕU^ifåTWâF�LFMafFbU3mTNâåYQT]^W\U Ë Ï¨F�� õ mÕÏ'S]^WâLåYF ð �������Tm � FfgCU/L OeQYØUVWXÏ�WXghFf]�NPORiHa Ë mTG�U^WâNXNXQYGG�mTåYF_L�F
NdOeFfghØ�mTaHFL�FfgÐÏ¨Q�L Ì NXFfg£m ��G"L�FafQTG�afFHG�U^]^Ff]ÐNdOeFbá&Ø�NXQY]VmÕU^WXQYG L�mTG�g£NâFfgÍ]^ifåTWâQYG�gÍL OeWâGôUVif]hFHU>Ônj:OeFfghØ�mTafF
L�FHgMÏ�Q�L Ì NâFHg�FHghUML�WXI�Wâghi�åTifQYÏ¨iHU^]^W���KFfÏ¨FfG�U��[NdORmTWâLFÐL�FfgMaHFfNâNXK�NXFfg�LF���QY]hQYG�Q���� ��QT]^QYG�QTW ð ���TÒYÎ �bÔ

3Ø] Ì g�m>IYQYWâ]/åTifG�iH]^iÐK�G FHG�g^FHÏ'SNâF£L�FÐL�iHØ�mT]hU_afQTÏ�Ø8QTg^iÐLF ns

Ï¨Q�L Ì NâFHg3]^iHØ�mT]CUVWâg/K�G�W � QT]^Ï¨ifÏ¨FfGôU
L�mTGg@NPORFHg^Ø�mTaHF/L�FHg@Ï�Q�L Ì NXFfg ð Nâm � QYG�abUVWXQYG¨afQ
�U@FfghU@iHI mTNâK�iHF/Ø8QTK�]¿NâFHg¿L�FH]^G�WXFf]^g¿Ï¨Q�L Ì NXFfg�åYiHG�if]hifg@FHU
NâFHg nr

Ï¨Q�L Ì NXFfg3m�×ômTGôU_N m�ØNâK�g3Ø8FbUVWXU^FÍIÕmTNXFfK]3g^QYGôU�aHQYG�ghFf]hIYiHgfÔ�
/K ghFfWXG L�FHg_afFHNâNâKNâFfgcL�F ��QT]^QYG�Q��
L�FHg¿Ï�Q�L Ì NâFHg�ghifNXFfaHU^WâQYGG�ifFHg ð ns

G�QYK&IYF>mTK&á¨Ï¨Q�L Ì NâFfg:g^QTG�U�UVWX]^ifg�mTNXi>mÕU^QYWX]^FfÏ¨FHG�U:FbU¿NâF�Ø�]^Q�aHFfghg^K�g@FfgCU
]^iHWXU^if]^i3ÖhK�g ��K O���aHQYG�IYFH]^åYFH]MIYFf]^gÍNXF�S8QYG Ï¨Q�L Ì NXFTÔ¡j:ORm�I mTG�UVmTåYF¨LF�aHFHUhUVF¨U^Ffa Ë G�W���KF ð Ø�mT]�]VmTØØ8QY]hU
mTK&á$LFfK&áýmTK&UV]^FHg¨Ø�]hifghFfG�U^ifFfg�Ø�NâK�g Ë mTKU ��K�WlGifaHFfg^ghU^WXU^FfG�U�K�G�]^ifåTN mTåYF ��GýL�FHg¨Ø�mT]VmÕÏ Ì UV]hFfg�L�F
afQTG�IYFH]^åYFHG�afF ð FHghUcL�F�G�F�LifØ8FfGL�]^F ��K�F�L�F�L�FfK�á[Ø�mT]VmÕÏ Ì UV]^FHg�FfGôUVWXFf]^g ��K�W ØBFH]^Ï¨FHUhUVFHG�UcLF�]^FHG�L�]hF
NdORmTNXåYQT]^W U Ë Ï¨F/ØNâK�g6QTK[Ï¨QYWXG�g F áØNâQY]^mÕUVQYWX]^FÕÔ õ W NPO mÕNâåYQT]^W U Ë Ï¨F/L�F_IYQTWâg^WXG�mTåTF3Q
�B]^F_L�F�S8QTG�G�Ffg�afmTØ�m 
afW\UViHg�L OeFbá&Ø�NXQY]Vm UVWâQTG-FbUML�F�aHQYG�IYFH]^åYFHG�afF ð gVm[Ï¨WâghF'FHG Q�FfKI�]^F¨m[Gi>mTGÏ�QYWXG�g�KG afQ��U�WâÏ¨Ø8QY]hUVmTG�U
FfG U^FfÏ¨Ø�gÍL�F a>mTNXafKN ��KW@FfgCU'KG �vmTaHU^FfK�]ÍNâWXÏ¨W\UVmTGôUMØ8QYK�]ÍNâFHg£Ø]^QYS�N Ì Ï¨FfgMafQYÏ¨Ø8QY]hUVmTG�UÍK�G åY]VmTGL
G�QYÏÐS]^F�L ORWXG�afQTG�G�KFfgfÔ
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� QTÏ�Ï¨F3G�QYK�g�NPO m>IYQYG�g6L�i�Ö �'L�W\U6L�mTG�g�NXF_a Ë mTØ�W\UV]hF_Ø�]^iHafifLFfG�U ð G�QYK�glm>IYQYG�g�a Ë QYWXg^WDL OeKUVWXNâWXg^FH] N m
UVFHa Ë G�W ��K�FML�K�]^FfaHK�WXUcghWâÏÐK�NXi�Ø8QYK�]lL�iHU^Ff]^Ï¨WXG�Ff]lNâm�� QYGaHUVWXQYG[g^QYK�]hafFÍÏ¨Q�×YFfG�G�F ð NâFHg/mTÏ¨Ø�NXW\UVK�LFfg�FHU
NâFHg�LifN mÕWâg�mTg^ghQ�afWâiHg �Za Ë m���K�F¨ghUsm UVWâQTG Ô
j:OeKUVWXNâWXg^mÕUVW\QYG LF¨NâmZÏ¨iHU Ë Q�L�F�LF¨]hFfaHK�WXU�g^WXÏÐK�NâiÐQ��D]hF�K�G
S8QYG afQYÏ¨Ø�]^QTÏ�WXg�FfGôUV]^F�NPORF áØNâQY]^mÕUVWXQYG-L�F�NPOeFfg^Ø�mTafF�L�FHg£Ï¨Q�L Ì NâFfg�FHU£Nâm[]VmTØWâL�W\UVi'L�F�afQTG�IYFH]^åYFHG�afF
mTK[I&K�L�K�G�QYÏÐS�]hF�L OeWâG�aHQYG�G�KFfg/iHNâFbIYiÍLQYG�UcG�QYK�gcL�WXg^Ø8QYghQYG�gcL�mTGg/aHFÍØ]^QYS�N Ì Ï¨FTÔ�à:G�F��DFbU ð g^W
QYG
afQTG�g^WXL Ì ]hFMKG�F�NâQYGåYK�FfK]�L�F � FfG "HUV]hF�L�FÍÑTÒ'glØ8QYK�]�NâFHg�L�QYG�G�iHFfgciHa Ë mÕG�UVWXNâNXQYG�GifFfg���ÑTÒÐafQYK�ØgcØ�mT]
g^FHafQYGL�F ð NXF/G�QYÏÐS�]hF/L OeWâG�aHQYG�G�K�Ffg Ø8QYK�]@N m�� QYG�abUVWXQYG�g^QYK�]hafF3FfghU6LF �ôÒYÒÔ õ W8QYGK&UVWâNXWXg^F �TÒÍghUVmÕUVWXQYG�g
L�mTGg NdOeWâGôIYFf]hg^WâQTG ð QYGm ÖhQTKUVF3mÕWâG�ghW �>ÒYÒMWâG�aHQYG�G�KFfg ghK�Ø�Ø�NXifÏ¨FfGôUsmTWX]^Ffg�� �TÒÍØ8QTK�]@NâFHg mTÏ¨Ø�NâW\U^K�L�FHg¿FHU
�TÒ£Ø8QYK�] NâFfg L�ifNâmTWXg FfGUVFHÏ�ØgfÔ � FHN m£G�QYK�g�mTÏ Ì G�F��ÐK�GUVQÕUsmTNBLF �ÕÒYÒ£WâG�aHQYG�G�K�Ffg��Ð]hifg^QTK�L�]^F�Ø8QTK�]
K�G[UVFHN&ÖhFfKJL�F�L�QYGG�ifFHgfÔ

ãcG�F mTG�GFbá&F L�iHUVmTWâNXNXifF�LF@N mlÏ¨iHU Ë Q�L�F@FHghUnWâGafNâKg^F �cN m���G£L�K£a Ë mTØWXUV]hF@ÓcL�F@N mlØ�mT]CUVWXF � � mTK�ghg^W ð
G�QYKg@G�F/L�iHUVmTWâNXNXFf]hQYG�g ��K�F/NâFHg@ibUsmTØ8FHg Ø�]hWâG�aHWâØ�mÕNâFfg�FHG�U^]VmTGôU FHGMÖhFHK L�mTG�g@NXFcØ�]hQ�afFHg^g^K�g L ORWXG�IYFH]^g^WXQYG Ô
` mTGg¨afF[Ø�]^QTS�N Ì Ï�F ð QYG�a Ë FH]^a Ë F � Ï�WXG�WXÏ¨W\g^FH]'Nâm L�W��DiH]^FHG�afF[FfGôUV]^F[NâFHg�L�QTG�G�ifFHg�QTS�g^FH]hIYifFHg ��K�W
Ø8FfK&IYFfGôU "HU^]^F6L�iHa>mTNXifFHg:L ORKG�L�iHN mTW τj

FHU�K�G�F�� QTG�aHU^WâQYG£g^QYK�]hafF�Ï¨Q�×YFfG�G�F sk
� sk = s(tk)

�®Ø8QTG�L�iH]^ifF
Ø�mT]/KG �vmTaHU^FfK�]/L O mÕÏ�ØNâW\UVK�LF Aj

ð Q�� j aHQY]^]hFfg^Ø8QTG�L ��NdOeWâGL�WâaHFML�F£Nâm¨ghUVmÕUVWXQYG�FbU k afQT]^]^FHg^Ø8QYG�L �
NdOeWâGL�WXafF¨LFfgÍUVFfÏ¨Ø�g�� � Ë FbI�]^QTU ð ÑÕÒYÒôÑ�� Ô � QYÏ¨Ï�F¨L�i�Ö ��I�K"L�mTGg£NdOei ��K�mÕU^WâQYG"Ñ�Ô Ñ ��NâmJØ�mTåYF���� ð N m
� QYG�abUVWXQYG[aHQ��U E �'Ï¨WâG�WXÏ�WXg^FH]6FfghUcN mÐg^KWXIÕmTGôUVF��

E =
∑

j

∑

k

|Dj(tk + τj) − Aj · sk| � �Ô ÑTÑ��



� �

Q�� Dj(tk + τj)
ghQYG�UcNXFfg�L�QYG�G�iHFfgcQYS�ghFf]hIYiHFfg���Nâm'gCUsmÕU^WâQYG j Ô

j:ORmTNXåYQY]^W\U Ë Ï¨F'KUVWXNâWXghi�Ø8QYK�]MN m[]^iHg^QYNXKUVWXQYG L�F�G�QTU^]^F�Ø]^QYS�N Ì Ï¨F¨LW � Ì ]hF�LK"gha Ë ifÏ�m�afNâmTg^ghW ��K�F
L�iHaf]^W\UMØ�NXK�g Ë mTKUÍm ��G LDO mTKåYÏ¨FfG�U^Ff]�NâmZ]^mTØ�WâLWXUViÐLF¨aHQYG�IYFH]^åYFHG�afFÕÔ � Ë m���K�F¨WXUViH]VmÕU^WâQTG L�K ]^FfaHK�WXU
g^WXÏÐK�Nâi'afQYÏ¨Ø8QY]hU^F�UV]^QTWâg�U�×�Ø8Ffg£L�F�Ø8Ff]CUVK�]hS�mÕU^WâQYG�gHÔ �:K"Nâm � QT]^Ï¨F¨L�F�Nâm � QYGaHUVWXQYG aHQ��U E � �Ô ÑYÑ�� ð
NâQT]^g ��K�F:NPORQTG��vmTW\UDIÕmT]hWâFf] ghQYWXU τj

g^QYW\U sk
g^QYW\U Aj

ð WXNTFfgCU�GifafFHg^gVmÕWâ]^F�LF�GF�Ø�mÕ]^aHQYK�]^WX] ��K OeK�GMg^FHK�NôWXG�L�WâaHF
FHU WXN�G O ×�mÍL�QTG�a3Ø�mTg@S8Ffg^QTWâG L�F/]^FHa>mTNXafK�NXFf]�UVQTK�g@NâFHg mTKU^]^FHg@UVFH]^Ï¨Ffg@aHF ��K�W8]^FfØ]^ifghFfGôUVF_K�G åômTWXG�FfG
UVFHÏ�Øg L�F/a>mTNXafK�NPÔ�k®QYK�]@NâFHg¿UV]^QTWâg¿Ø8Ff]CUVK�]hS�mÕUVWXQYG�g ��K�F3G�QYKg6mTNâNXQYG�g�L�ifaH]^WX]^F ð Nâm�IÕmT]^WâmÕUVWXQYG¨L OeifGFf]^åTWâF
L���F ��K�G�F Ø8FH]hU^K�]^S�m UVWâQTG L OeK�G"LFfg£Ø�mT]^mTÏ Ì UV]hFfgÍFHghUÐibIÕmTNXK�ifF�L�F NâmJÏ�mTG�W Ì ]^F�g^K�W\IÕmTGôUVF � ∆E =

E2 −E1

ð Q
� E1
FHghU�NdOeiHG�Ff]håYWâF/afQY]h]^FHg^Ø8QYG�L�mTG�UlmTK&á�IÕmTNXFfK�]hg6aHQYK�]VmÕG�UVFHg�LFfg6Ø�mT]VmÕÏ Ì UV]^FHg FHU E2

FfgCU
NdOeifGFf]^åTWâF_aHQY]^]hFfg^Ø8QTG�L�mTGôU/mTK&áZØ�mÕ]VmTÏ Ì U^]^Ffg6Ø8Ff]hU^K�]^S8iHgfÔ ` mTG�gla Ë mÕafK�GJL�FHgla>mTg ð QYG[GF�]hFfa>mÕNâafKNâFH]Vm
Ø�mTg/NdOeifG�FH]^åYWXFMU^QTUsmTNXFMÏ mÕWâgcghFfK�NXFfÏ¨FfGôU_NâFHgcUVFf]hÏ�FHg3L�iHØ8FfG�L�mÕG�U�L�FHg_Ø�mÕ]VmTÏ Ì U^]^Ffg/Ø8FH]hUVK�]hS8ifgHÔ ��QYWâaHW
K�G�F�L�FHg^af]hWâØU^WâQYG[L�FHglUV]hQYWâg U�×�Ø8FfgcL�F�Ø8FH]hUVK]^S�mÕU^WâQYGg��

�YÔck®FH]hU^K�]^S�m UVWâQTG�L�FcN m � QYGaHUVWXQYG¨g^QTK�]^aHFcUVFfÏ¨Ø8QY]hFfNâNXF�� õ&Ê � � sk
Ô ` mÕG�g@afFca>mTg ð g^FHK�Nâg¿NâFHg�UVFH]^Ï¨Ffg

LifØ8FfGL�mTG�U_L�FÍNdOeWâG�LWâaHF�U^FfÏ¨Ø8QY]^FHN�Ø8FH]hUVK]^S8i ð k ð L�QYW\IYFfGôU "HU^]^F£]hifibIÕmTNXK�ifg3L�mÕG�g3Nâm�IÕmÕ]^W m UVWâQTG
LDORiHG�Ff]håYWâFÕÔ � FHUhUVF¨IÕmÕ]^W m UVWXQYG-LDORiHG�Ff]håYWâF ∆E FHghUÍFfgCUVWâÏ¨ifF�Ø8QYK�]�a Ë m���K�F�ifa Ë mTGôUVWâNXNâQTG ð E1

FHU
E2

ibUsmTGôUcL�i ��G�WâglaHQYÏ¨Ï�F �
E1j

=
∑

j

|Dj(tk + τj) − Aj · sk| � �Ô Ñ�� �

E2j
=

∑

j

|Dj(tk + τj) − Aj · (sk ± ∆s)| � �Ô Ñ�� �

Q
� ∆s FfghU N m Ø8FH]hUVK]^S�mÕU^WâQYGýL�F�N m ghif]^WXFJUVFHÏ�Ø8QY]hFfNXNâFÕÔ�ã/G·GQYÏÐS�]^F�mTNâifmÕU^QYWâ]hF α aHQYÏ¨Ø�]^WXg
FHG�U^]^F�Ò FbU ��L�ibUVFH]^Ï¨WâG�F[NâF[g^WâåTG�FJL�FJN m-Ø8Ff]CUVK�]hS�mÕU^WâQYGýmTØ�Ø�NXW ��K�iHF � sk

��g^W α > 0.5 FHU
sk < Amax

ð
∆s FHghUZm ÖhQYKUVi�FHU g^W α < 0.5 FbU sk > 0 mÕNâQY]hg ∆s FfghU]hFHUV]^mTG�a Ë iTÔ õ W/Nâm

Ø8FH]hUVK]^S�mÕU^WâQYG �vmTW\U_L�WXÏ�WXG�K�Ff]/NdOeifG�FH]^åYWXF ð � ∆E < 0 � ð FHNâNXF£FfgCUMmTafaHFfØU^ifFÕÔ ` mTG�g�afFbU^UVF'ibUsmTØ8F ðghFfK�NXFfg NXFfg¿Ø8Ff]CUVK�]^S�mÕUVWXQYG�g¿Ø8Ff]^Ï¨FHUhUsmTGôU LF3LWâÏ¨WâG�K�FH]�N m�� QTG�aHU^WâQYG¨afQ��U ghQYGôU afQYG�ghFf]CIYifFfg�m ��G
LDO mTÏ¨ifNXWâQT]^FH]6Nâm'aHQYG�IYFH]^åYFHG�afFMIYFH]^gcN mÐg^QTNâKU^WâQYG ��G�mTNâF � � Ë FHI�]^QÕU ð ÑTÒTÒôÑ�� Ô

Ñ&Ôck®FH]hU^K�]^S�m UVWâQTGJL�FHg/LifNâmTWâg6U^FfÏ¨Ø8QY]^FHNâg τj
Ô ` mTG�gcaHF�U�×�Ø8FML�F�Ø8Ff]CUVK�]^S�mÕUVWXQYG ð g^FHK�NâglNâFHg�UVFH]^Ï¨Ffg

LifØ8FfGL�mTG�UcLF�N m£ghUVmÕUVWXQYGZØ8FH]hU^K�]^S8iHF�L ORWXG�L�WXafF j LQYWXIYFHG�U "HUV]hF�]^iHiHIÕmÕNâK�iHglL�mÕG�g�N mÍIÕmT]hW mÕU^WâQTGLDORiHG�Ff]håYWâFÕÔ�ã/GZL�ifNâmTWDmTNXi>mÕU^QYWâ]hF τran
aHQYÏ�Ø]^Wâg@FfGôUV]^F_K�GZU^FfÏ¨Ø�g6L�F_L�iHa>mTNâmTåYF3Ï�WXG�WXÏÐKÏ kminFbU¿K�G�U^FfÏ¨Ø�g�L�FlLifafmTN mTåTF�Ï m á&WXÏÐK�Ï kmax

FfghU¿åYiHG�if]hiTÔ�j¡m�I mT]^WâmÕUVWXQYGÐL ORiHG�FH]^åYWXFlFfgCU@ibIÕmTNXK�ifF
Ø8QTK�]la Ë m���K�F�UV]^mTafF�aHQYÏ¨Ï�F �

E1k
=

∑

k

|Dj(tk + τj) − Aj · sk| � �Ô Ñ����

E2k
=

∑

k

|Dj(tk + τran) − Aj · sk| � �Ô ÑÕÓ �

j
F�Ï¨Q�L Ì NâF[FfgCU g^QYW\U mTaHafFHØUVi�L�WX]^FHaHU^FfÏ¨FfG�U�gHORWXNlL�WâÏ¨WXG�K�FZNdOeifG�FH]^åYWXF ð g^QYW\U mÕafafFHØUVi�m�IYFfa�N m
Ø]^QYS�mÕS�WâNXW\UViÍk�Ô 
���G L�FÐgHO mÕg^g^K]^Ff]�LFÐNdOeK�G�WXafW\UViML�FÐaHFfg�LifNâmTWâg ð NâFHK�]3ghQYÏ�Ï¨FÍFfgCU�afQYGôUV]VmÕWâGôUVF



�TÓ

� "bUV]^F�G�K�NXNâFTÔ � FbU^U^F aHQYG�U^]VmTWXG�U^F�mTL�LWXUVWXQYG�G�FHNâN\F'FfghUlÖhK�gCUVW ��ifF¨Ø�mT]MNâF��vmTWXU ��K�F ghW�UVQTKUVFHgÍNâFHg
U^]VmTaHFfgMghQYG�UML�ifafmTNXifFfgMØ�mÕ]�K�G Ï "fÏ¨F'L�iHN mTW�afQTG�ghUVmTG�U ð NâF'L�iHa>mTNâmTåYF']^FfNâmÕU^W �¿L�FHgMU^]VmTaHFfgMghFf]Vm
U^QYK ÖhQYK]^glNXF�Ï�"HÏ�FÕÔ

�Ôck®FH]hU^K�]^S�m UVWâQTG LFfg��vmÕaHUVFHK�]^g3L ORmTÏ¨Ø�NâW\U^K�L�Ffg Aj
Ô ` mTG�g3afF£afmTg ð g^FHK�Nâg3NXFfgcUVFH]^Ï¨Ffg3L�iHØ8FfG�L�mTG�U

LFÐN m�ghUVmÕUVWXQYG�Ø8Ff]hU^K�]^S8iHF j L�QYW\IYFfGôU "bUV]hFÐ]^ifibIÕmTNXK�ifg_L�mTGg_N m¨IÕmT]hW mÕU^WâQTG�LDORiHG�Ff]håYWâFÕÔ à:NâNXFÍFfgCU
ibIÕmTNXK�ifF�afQTÏ�Ï¨F�ghK�WXU��

E1j
=

∑

k

|Dj(tk + τj) − Aj · sk| � �Ô Ñ����

E2j
=

∑

k

|Dj(tk + τj) − (Aj ± ∆A) · sk| � �Ô ÑÕÎ �

Q
� ∆A FfgCU�KG�FÐØ8FH]hU^K�]^S�m UVWâQTG mTNâifmÕUVQTWâ]hFML�F£NPO mÕÏ�Ø�NXW UVKL�FTÔ õ W Aj < Amax
mTNâQT]^gcN m¨Ø8Ff]CUVK�] 

S�mÕUVWXQYG ∆A FHghUÐm ÖhQYKUViHF �JNdORmTÏ¨Ø�NXW\U^K�L�F Aj
FHU£ghW Aj > −Amax

FfNXNâF�FHghU£]^FHU^]VmTGa Ë iHFTÔnj
FHg
Ø8FH]hUVK]^S�mÕU^WâQYGg¨ghQYG�U�mTafaHFfØU^ifFHgghWlFfNXNâFHg�Ø8Ff]hÏ�FbU^U^FfG�U�LFJL�WâÏ¨WXG�K�FH]'NdOeifG�FH]^åYWXF ð g^WXG�QYG ð FHNâNâFHg
ghQYG�U/mÕafafFHØUViHFfg3m>IYFfaMNâm'Ø�]hQYS�mTSWâNXW\UVi P Ô

�lÉ �lÉ » � 9�4�Ä:9�; =�= ;�7&AC4�? 0�1 = A � 23± �3?3A�1

� QTÏ�Ï¨FMG�QYK�g3NPO m>IYQYG�gcI�K L�mTG�g3NXFÍa Ë mTØWXUV]hFÐÑ&Ô �Ô � ð N m¨Ï¨iHU Ë Q�L�FÍL OeWâGôIYFf]^ghWâQYG�L�FHg_Ø�mÕ]VmTÏ Ì U^]^FHg
L�F�L�WX]^FHaHUVW\I�WXUVi'afQYG�ghWâgCUVF �J]^iHg^QYK�L]^F K�G gh×�ghU Ì Ï�F�L ORi ��K�mÕUVWXQYG�gÍNXWâG�ifmTWX]^FHg��vi ��K�mÕUVWXQYG"Ñ&ÔRÎ ��g^QYKÏ�WXg
��K�G�FaHQYG�L�W\UVWXQYG Ø�mÕ]hUVWXafK�NXW Ì ]^F¨g^K]ÐN m�Ï�mÕUV]hWâaHF�L�FHg'Ï¨QYÏ¨FfG�U^gÍL ORQT]^L�]hF[Ñ�L�FNâm�� QYG�abUVWâQTG"ghQYK�]^aHF
f(~ξ, t) � Ï mÕU^]^WXafF�Ñ&Ô � � Ô�í/mTØØ8FfNâQTG�glNXF�gh×�ghU Ì Ï¨FML ORi ��K�mÕUVWXQYG�Ñ�Ô Î �

µ(0,2)
s = µ(0,2) − 2~s · ~µ(1,1) + ~sT · µ(2,0) · ~s � �Ô Ñ�� �

� FHUhUVFÍi ��K�mÕUVWXQYG�]hFHI�WâFHG�U���]^iHg^QYK�L]^FÍK�G�Ø�]^QTS�N Ì Ï�F�WâGôIYFf]^ghFÍL�KJU�×&Ø8F �
A~m = ~b

ð Q�� ~b ]^FfØ]^ifghFfGôUVFNâFHg µ
(0,2)
s

ð ghQYWXU NâFHg L�QYG�G�iHFfg ð ~m ]^FHØ�]^iHg^FHG�UVF�NâFHg Ø�mT]VmÕÏ Ì UV]^FHg L�KZÏ¨Q�L Ì NXF ð ghQYWXU NâFHg ��Ò£aHQYÏ�Ø8QTgVmTGôUVFfg
L�FHg£Ï¨QYÏ¨FfGôUVg�L�F¨g^FHafQYG�L QY]^L]^F¨FHUÍN mZÏ m UV]^WXafF

A
afQTG�UVWXFfGôUÍNâFHgMWâG � QY]^Ï�mÕU^WXQTG�g�g^K�]ÍNâm[åYiHQYÏ¨iHUV]hWâF

L�FHgc]VmTWXgfÔ � FMØ�]hQYS�N Ì Ï¨F�FfgCU/]hifg^QTNâKJFHG�Ï¨WXG�WâÏ�WXg^mTG�U ‖ A~m −~b ‖ m>IYFfaMNâm'aHQYG�U^]VmTWXG�U^F�g^K�W\IÕmTGôUVF��
[

µ(0,2) ~µ(1,1)T

~µ(1,1)
µ

(2,0)

]

≥ 0 � �Ô �TÒ �

Q��ÐNdOeWâGifåômTNXW UVi¿ghWâåYG�W ��F ��K�F�Nâm/Ï m UV]^WXafF¿FfghU:ghFfÏ¨W��L�i ��GWâF@Ø8QYghWXUVW\IYFTÔ � FHUhUVF6afQYGôUV]^mTWâGôUVF FHghU � QY]CUVFHÏ�FHG�U
G�QYG �NâWXG�ifmTWX]hF�Ø�K�WXg ��K OeFfNXNâFMFHghU3i ��K�W\IÕmTNXFfGôUVF �¨WXÏ�Ø8QYghFf]lN m�G�QTG��G�iHåômÕU^WXI�WXU^i�L�FHg/I mTNâFHK�]^gcØ�]^QYØ]^Ffg/L�F
N m�Ï�mÕUV]hWâaHF 4× 4 Ø]^ifaHifL�FHG�U^FTÔ�ø_G KU^WâNXWXg^FlL�FHg6mTNXåYQY]^W\U Ë Ï¨FHg�L�WXU^g¿L�F/Ø�]^QYåT]VmTÏ¨Ï�mÕU^WXQTG¨g^FHÏ�W!�L�i ��G�WXF
� ��mTG�L�FHG�S8Ff]hå Ë FÐmTGL , Q ×�L ð �����YÓ �6Ø8FH]^Ï¨FHU^UVmTG�U/L�FÍ]hifghQYK�L�]hF£K�G�gh×�gCU Ì Ï¨F£L Oei ��K�m UVWâQTG�g/NâWXG�i>mÕWâ]hFfg
g^QTK�Ï�WXg �/aHF U�×�Ø8F L�F afQYGôUV]^mTWâGôUVFÕÔÕã/GF U^FfNXNâF¿aHQYG�U^]VmTWXG�U^F@FfgCU�G�QYG��NâWXG�i>mTW\]^F ð G�QTG��NXWâghg^F ð Ï�mTWâg¡afQYGôIYFbá&F
FHU NXFfg�mTNâåTQY]^W\U Ë Ï¨FHg¨LF�Ø]^QYåY]^mTÏ¨Ï m UVW\QYG$g^FfÏ¨W��L�i ��G�Wâg�Fbá&Ø�NâQTWXU^FfG�U�aHFHUhUVF�LFf]^GW Ì ]hF�Ø�]^QTØ�]^WXiHUViJL�F
afQTG�IYF áW\UVi�Ø8QYK�]6L�i ��G�Wâ]6K�G[Ø�]hQ�afFHg^g^KgcWXU^if]Vm UVW �
L OeQYØU^WâÏ¨WXgVmÕU^WXQTGZmTL  Ë Q�aÕÔ � FHU^U^F�U^Ffa Ë G�W���KF�gfOeiHUVmTG�U



� �

Ø�mT]CUVWXafK�NXW Ì ]^FHÏ�FHG�U�L�iHIYFHNâQTØ�Ø8ifF£mTKJafQYK�]hgcL�FfgcL�Ff]hG�W Ì ]^Ffg/mTG�GifFHg ð QYG[UV]^QTKIYFML�FMG�QYÏÐS�]hFfK�ghFfg/]hi � i 
]^FHG�afFHg�]hifaHFfGôUVFfg_g^K�]3NXFÍg^K ÖhFHU_WâG�aHNâK�mTG�U3mTKg^g^W®S�WXFfG�L�Ffg_mT]hU^WâaHNâFfglU Ë ifQT]^W ��K�FHg�� �¿mTG�LFfG�SBFH]^å Ë F'mTG�L
, Q�×&L ð ���
�YÓ � , Q�×&L�mÕG�L ��mTG�L�FHG�S8Ff]hå Ë F ð ÑTÒYÒ
� � ��KF�LFfg:mTNâåTQY]^W\U Ë Ï¨FHg®Ø�] "bUVg��3NPORFHÏ�Ø�NXQYW � , QY]ha Ë FH]^g ð
ÑTÒYÒTÓ �bÔ


���G L OeKUVWXNâWXg^FH]_afF'U�×�Ø8F¨L ORmTNXåYQY]^W\U Ë Ï¨F ð WXN�FHghUMG�iHafFHg^gVmTWX]^F¨LF�]^F � QT]^ÏÐK�NâFH]_G�QÕUV]^F'Ø�]^QTS�N Ì Ï�FÐL�F
N m �vm HQYGJghK�WXIÕmÕG�UVF��

Ï�WXG�WXÏ¨W\g^FH] ~cT xg^QTK�Ï�WXg � F (x) ≥ 0Q
� F (x) , F0 +
∑m

i=1 xiFi

j
Ffg�L�QYG�GifFfg�L�K�Ø�]^QTS�N Ì Ï�F-g^QYGôU�NâF-IYFHaHUVFHK�] ~c ∈ R
m FbU�NâFHg m + 1 Ï�mÕUV]hWâaHFfgJgC×&Ï¨iHU^]^W���KFfg

F0, . . . , Fm ∈ R
n×n Ô@j:OeWâG�iHåômTNXW\UVi F (x) ≥ 0 ghWâåYG�W ��F ��K�F F (x) L�QTWXU�"bUV]hF�ghFfÏ¨W��L�i ��GWâFJØ8QYghW�

UVW\IYF ð aTOeFfgCU# � �L�WX]^F ��K�F zT F (x)z ≥ 0 Ø8QYK�]�U^QYKU z ∈ R
n Ô


/Ø�Ø�NXW ��K�i ��G�QÕUV]^F�Ø�]^QYSN Ì Ï¨F�Ø�mT]hU^WâaHK�NâWXFf]�L�F L�iHU^Ff]hÏ�WXG�mÕUVWXQYG L�FfgÐÏ¨QYÏ¨FfGôUVgÍL OeQY]hL�]^FZÑ ð afFHN m
]^FbI�WâFfGôU�� �
Ï¨WâG�WXÏ�WXg^FH] cg^QTK�Ï�WXg �

[

c (A~m −~b)T

(A~m −~b) I
N

]

≥ 0 � �Ô ��� �

FbU
[

µ(0,2) ~µ(1,1)T

~µ(1,1)
µ

(2,0)

]

≥ 0 � �Ô �YÑ��
Q�� c FfghU�K�G�F'I mT]^WâmTS�NXF��ZÏ¨WâGWXÏ¨W\g^Ff]3L�FÐUVFfNXNâF£g^QY]CUVF ��K�F ‖ A~m −~b ‖≤ c FbU I FHghUMK�GF�Ï�mÕUV]^WXafF
WâLFfGôUVWXU^i�L�FlL�WXÏ�FHG�g^WXQYG N Ô�j
Ffg�L�FfK�á¨Ï�mÕUV]hWâafFHg:Ø8FHKIYFfGôU6mTNXQY]^g�gfOeifaH]^WX]^Flg^QYK�g�N m�� QY]^Ï¨F�LDORK�GFcg^FHK�NâF
Ï�mÕUV]hWâaHF�L�WâmTåYQYG�mTNXF�Ø�mT]£S�NXQ�afg£L�QTG�UÐNâF�Ø�]hFfÏ¨WâFf]ÍghFf]^mTWXU£K�G�FÏ�mÕU^]^WâaHF (N + 1) × (N + 1) FbU'NXFL�FHK&á&W Ì Ï¨FK�GFZÏ�mÕUV]hWâaHF 4 × 4

ð g^QYK�Ï¨WâghF � Nâm�aHQYG�U^]VmTWXG�U^F L�FØ8QYg^W\UVW\I&W\UViÕÔ®j
FØ�]^QTS�N Ì Ï�F�L�FHI�WXFfGôU
mTNXQY]^g��
Ï¨WâG�WXÏ�WXg^FH] cg^QTK�Ï�WXg �







c (A~m −~b)T

(A~m −~b) I
N

0

0
µ(0,2) ~µ(1,1)T

~µ(1,1)
µ

(2,0)






≥ 0 � �Ô �
� �

� FHUhUVF � QT]^ÏÐK�NâmÕUVW\QYG FfgCU�U�×�Ø�W ��K�F L�F N mÇØ�]^QYåT]VmTÏ¨Ï�mÕU^WXQTG g^FHÏ�W!�L�i ��G�WXF-Ø�mÕ]JL�FHK&á�mTghØ8FfabUVg �lN m
]^FHØ�]^iHg^FHG�Usm UVWâQTG�L�FZØ�NXK�g^WXFfK�]hg'WXG�ifåômÕNâW\U^ifg£NâWXG�i>mÕWâ]hFfg£L�FZÏ m UV]^WXafFHgÐØ�mT]ÐK�G�FZg^FfKNâFZWâG�iHåômTNXW\UVi�L ORKG�F



�TÎ

Ï�mÕUV]hWâaHF_L�WâmTåYQYG�mÕNâF3Ø�mÕ]�S�NâQ�aHg�FHUlNâF��vmTWXU6L OeKUVWXNâWXg^FH]6NXFfg�aHQYÏ�ØNâifÏ¨FfGôUVg6L�F õ a Ë K�]lØ8QYK�]�]^FHØ�]^iHg^FHG�UVFH]
K�G�F�aHQYGôUV]VmÕWâG�U^F6aHQYG�IYF á&FcG�QTG��NXWâG�ifmTWX]hF aHQYÏ¨Ï�F K�GF�WâG�iHåômTNXW\UVi@L�F�Ï�mÕU^]^WXafFTÔÕà:G�F �BFHU ð NdOeWâG�iHåômTNXW UVi@L�K
Ø�]hFfÏ¨WâFf]@S�NXQ�a3Ï�mÕU^]^WâaHF/FfgCU�i ��K�W\IÕmTNXFfG�U�� � c− (A~m−~b)2 ≥ 0 Ô � FbU^U^F�F áØ]^Ffghg^WâQTG[afQT]^]^FHg^Ø8QYG�L[mTKafQTÏ�Ø�NXifÏ¨FfGôU�L�F õ a Ë K]cØ8QYK�]�NâF_a>mTglL�F�GQTUV]hF�Ï�mÕUV]hWâafF3FHUc]hFHI�WâFHG�U��'iHaf]^WX]^F�� ‖ A~m −~b ‖≤ c Ô�j¡m]^FHafQYGG�mTWXg^gVmTGafFlL�K¨aHQYÏ¨Ø�NâiHÏ�FHG�U�L�F õ a Ë K�]�FfgCU¿g^QTKIYFfGôU@K�GFliHUVmTØ8FlaHNâi�Ø8QTK�]:N m3]^F � QT]^ÏÐK�N m UVW\QYGÐL�K
Ø�]hQYS�N Ì Ï�F_L ORQTØUVWXÏ�WXg^mÕUVW\QYGZafQTG�IYF áFÍghQYK�gcNâm � QY]^Ï¨F�L OeK�GJØ�]^QYåT]VmTÏ¨Ï¨F_g^FfÏ¨W!�L�i ��G�WdÔï�N
FHghU/FHG�g^KWXUVF
mTWXg^i'L�F�]hFfaHQYG�ghU^WXU^K�Ff]�NXFfg�L�W��DiH]^FHG�UVFHg�Ï m UV]^WXafFHg Fi

G�iHafFHg^gVmTWX]^F �ZNâm � QY]^ÏÐK�NâmÕU^WXQTG LK Ø�]^QTåY]VmTÏ¨Ï¨F
g^FHÏ�W!�L�i ��G�WPÔ
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�cQYK�g'Ø�]^QTØ8QYg^QYGg�WâaHW K�G�F[ibUVK�LF[L�iHUVmTWâNXNXifF L�FZN m ghQYK�]hafF[L OeK�G�ghifWâghÏ¨FZØ�mT]hU^WâaHK�NâWXFH] ð aHFfNXK�W6L�F
�/Q��TQ>á&WâNâW � � � ��� � �TÑTÒYÒ � ðÊ WâS8FbU �6L�FMÏ�mTåYG�W\UVK�LF �&ÔRÎ � Ù mT]CIÕmT]hL � æ�Ê�ð ÑÕÒYÒ � � ��K�W¡FHghU/K�G�Fbá&FHÏ�Ø�NXF
]^FHÏ mÕ] ��K�mTS�NXF¨L�F LifaH]^Q�a Ë FfÏ¨FfGôU'WXG�U^]Vm �afQYGôUVWXG�FfGôUsmTN:FbU ��KW ð L�F aHF �vmTW\U ð ÖhK�gCUVW ��F�K�G�F ibUVK�LFghØ8i�
afW � ��K�FTÔ � FHU'ibI Ì GFfÏ¨FfG�U�m�]^QTÏ�Ø�K L�mTGgÐgVm�UVQÕUsmTNXW\UVi¨NâF�ghFfåYÏ¨FfGôU'LF ��K�gVmÕW Ù K � ��åYK�]hF���Ô����MghF
g^W\UVK�mÕG�U��ÐNdO ø_K�FfgCU�L�F_N m �vmTWXNXNXF/L�F ��K�G�NâKGZg^K]�K�G�F_L�WâgCUsmTG�aHF_L�F ��� ����Ï ð aHF ��K�W FHG �vmTW\U NdOeK�GZL�FHg
Ø�NXK�glWXÏ�Ø8QT]hUsmÕG�UVg6ghifWXg^Ï¨FfglL�iHaf]^Q�a Ë mTGôUVgcFfG�]hFfåYWXghU^]^ifgcmTKJaHQYK�]hgcL�KJg^W Ì aHNâF�L�Ff]hG�WâFH]fÔ

� FbU^U^FMØ�mT]CUVWâF_FfgCU/L�W\I�Wâg^iHF�FfGJL�FHK&áJa Ë mTØ�W\UV]hFfgfÔ
` mTG�g�NâF Ø�]hFfÏ¨WâFH] ð G�QYK�g�a Ë FH]^a Ë QYG�g�_]hFfaHQYG�ghU^WXU^K�Ff]�NPO Ë WâghU^QYWX]^F¿g^Ø�m UVWâQ �UVFHÏ�Ø8QT]^FfNXN\F@L�F6Nâm/]^K�ØU^K�]^F

Ø�mT]�N m_Ï¨Q�L�ifNXWXgVmÕU^WXQYGÐLFfg�� QY]^Ï¨Ffg�L OeQYG�L�FHg¿LF�IYQYNXK�Ï�F U^ifNXifghWâg^Ï¨W ��K�FHgfÔYà:G�]^FHåYWâgCUV]^i�Ø�mT]�L�Ffg�]^iHg^FfmTK&á
L�F�gCUsmÕU^WâQYGg�]^iHåYWâQTG�mTNXFfg6FbUlUViHNâiHg^WXg^Ï¨W ��K�Ffg ð aHF�g^ifWXg^Ï¨F�m'g^K�ghafWXU^i�Ø�NâKg^WâFHK�]^g�ibUVK�L�FHgcL�F�NPO Ë WâghU^QYWX]^F3L�F
gVm g^QTK�]^aHFTÔ õ W K�G�F]^K�ØU^K�]^FL�FZØ]^QYØ�mÕåômÕUVWXQYG K�G�WXN mÕU^if]^mTNXF¨IYFf]hg�NPO à:gCU'L ORmTK$Ï¨QYWXG�g	� �TÒ ��Ï m�IYFHa
K�G�F�WâGWXUVWXmÕU^WXQTG �'NdOeQYK�FfgCUcGF��vmÕWXU�Ø�NXK�glmTK�afKG�L�QYK&UVF ð WâNDFfghUcØ�NXK�glLW �¨afWXNâF_LFMghFMØ]^QYG�QTG�afFH]cghK�]lgVm
Ø Ë mÕg^F6L OeWXG�WXU^W m UVW\QYG Ô �cQYK�g�mTØ�Ø�NXW ��K�QYGg®WâafW�K�G�F Ï�ibU Ë Q�L�F@L ORWXG�IYFH]^ghWâQYGÐmTL�mTØU^ifF��/NdOeiHUVKL�F L�FHg�QYG�L�FHg
L�F£IYQYNâKÏ�F£aHQYÏ¨Ø�NâF á&Ffg_WâG�aHNâK�mÕG�U3L�F'ÏÐK�N\UVWXØ�N\Ffg/g^QYK�]hafFHg�ifNXifÏ¨FfGôUsmTWX]^FHg�� ��W ��K�a Ë W�mÕG�L �MmÕG�mTÏ¨QY]^W ð
������� �_m ��G L�F�Ï�Q�L�iHNâWXg^FH]�NXFfg � QY]hÏ�FHg�L OeQYG�L�FHgÍFbUÍLF¨]^FbUV]^QTKIYFf]MNPO Ë WâghU^QYWX]^FÐg^Ø�mÕUVWXQ��U^FfÏ¨Ø8QY]^FHNXNXFÐL�F
N m�]^K�ØU^K�]^FÕÔ¡ø_G a Ë Ff]ha Ë F'WâafW®K�GFÐI�Wâg^WXQYG L�ibUsmTWXNâNXiHF£L�FÐN m ghQYK�]hafF'L�FÐafF'ghifWâghÏ�F£Q�� N m aHQYÏ¨Ø�NâF á&WXUVi
g^Ø�mÕUVWâmTNâFÐFHghUMÏ�Q�LifNâWXg^iHF'Ø�mT]�NPO mÕåYFfG�aHFfÏ¨FfGôU�L ORKG FfGg^FfÏÐSNâF�L�F�ghQYK�]^aHFfgMØ8QYG�abUVK�FHNâNXFfg�LWâghU^]^WXS�K�ifFHg
L�mTGg�NdOeFfg^Ø�mTafFÕÔ�ã/G[F��DQY]CU�Ø�mT]hU^WâaHK�NâWXFH] FHghU��vmTW\U6Ø8QYK�]6N m£Ï¨Q�L�ifNXWXgVmÕU^WXQYG L�K[L�iHS�KUlL�K[ghWâåYG�mÕN ð Q��ZQYG
Ø�]hFfG�L�]^m�FHG�aHQYÏ¨ØUVF�K�G�FÍåTifQYÏ¨iHU^]^WXF�L�F��vmTWXNXNXF�aHQYÏ¨Ø�NâF áFMmTg^ghQ�afWXifF �¨N m']^iHåYWâQTGJL OeWâG�W\UVWâmÕU^WXQTG[L�FMN m
]^KØUVK�]hFTÔ®à:G F �BFHU ð NâFfgMWâGôIYFfgCUVWXåômÕUVWXQYG�g�L�F¨UVFH]^]VmTWXG � ��NâWXG�åYFf]�FHU£mTNdÔ ð ÑTÒYÒ �ÕS ���_K FHU£mTNdÔ ð ÑTÒYÒTÓ �_FHU
NdOeï � õ 
_í �vj�mÕg^g^FH]^]hFÍFHU3mÕNdÔ ð ÑÕÒYÒ ��� Ï�QTG�U^]^FfGôU ��K�FÍN m��fQTG�FML ORWXG�WXU^WâmÕU^WXQTG[g^FMg^W\UVK�F�L�mTG�gcK�G�FM]hifåYWXQYG
L OeFfÏÐS�]^mTG�a Ë FfÏ¨FfGôUÍL�F��vmÕWâNXNXFHgfÔ
j:ORmTNâåTQY]^W\U Ë Ï¨FÐQY]^WXåYWXG�mTNnm[iHUVi�Ï�Q�L�W ��i'Ø8QYK�]�Ø8QYK&IYQYWâ]_UV]VmÕWXUVFH]�K�G�F
åYiHQYÏ¨iHUV]hWâF_afQTÏ�Ø�NXFbá&F�LF��vmÕWâNXNXFHgfÔ�ø_GJgfOeWâG�U^if]hFfg^ghFf]^m¨U^QYKUlL O mÕS8QY]^LJØ�mÕ]hUVWXafKNâW Ì ]hFfÏ¨FfGôUlmTKJL�ibUsmTWXN L�K
L�iHS�KU LF�Nâm-]^KØUVK�]hF �-NdOeQYK�FHghU�FHG Ø]^FfG�mTG�U�FfGýafQTÏ�ØU^FJL�FHg�S�]VmÕG�a Ë Ffg�L�F �vmTWâNXNXFL�FJL�Wâ]hFfabUVWâQTG
FHU_Ï�iHa>mÕG�WâghÏ�FHg3L�W �Bif]hFfGôUVg�m>IÕmTGôU�L�F£Ï�Q�L�iHNâWXg^FH]/N m�]hK�ØUVK�]hFÐafQYÏ¨Ø�N Ì U^FTÔ Ê ]hQYWâg3WXG�IYFH]^g^WXQYG�g3QYGôU_iHUVi
F �BFfabUVK�iHFfg3m ��GJLFM]hFfG�L]^FMaHQYÏ¨ØUVF�mTKJÏ¨WâFHK&áZL�F�Nâm'Ø�]hQYØ�mTåYmÕUVWXQYGZL�F�afFbU^U^FM]^K�Ø&UVK�]hFTÔ

�YÔcãcG�FÐØ�]^FHÏ�W Ì ]hF£WâGôIYFf]hg^WXQYG ð Ø�]hFfG�mÕG�U�FHG-aHQYÏ¨ØUVF£K�G�W���K�FfÏ¨FfGôU�N m�S�]^mTG�a Ë FÐØ�]^WXG�afWXØ�mTNXF ð G�QYK�g
Ø8FH]^Ï¨FHU[L�F ]^FbUV]^QTKIYFf][Nâm"Ø�]hQYØ�mTåôm UVWâQTG KG�WâNâmÕUViH]VmTNXFJIYFf]^g[NdORà:ghUJmÕWâG�ghW ��K�F-NXF Ï¨ifafmTG�WXg^Ï¨F
Ï¨Q ×YFHG L�F�]hK�ØUVK]^F �JLQYÏ�WXG�mTGôUVF'L�ifaH]^Q�a Ë mTGôUVFTÔ®j¡m � QYG�abUVWâQTG g^QYK�]hafF mJK�G�F¨L�K�]^iHF¨UVQTUVmTNâF
LF�]^K�ØU^K�]^F�L�F ��ÑTÒÐg^FHafQTG�L�FfgcFbUlN m£]hifØ�mT]CUVW\UVWâQTGLKJÏ¨QYÏ¨FfGôU6g^WXg^Ï¨W ��K�F�mÕK[afQTK�]^g�L�KZU^FfÏ¨Ø�g
ghK�åYå Ì ]^F L�FfK�á"Ø Ë mTg^FHg'LF Ø�]^QYØ�mTåômÕU^WâQYG L�WâgCUVWâGaHUVFHgfÔ®j¡m�aHQYÏ¨Ø�mT]VmÕWâg^QTG L�Ffg£g^WâghÏ�QTåY]VmÕÏ�Ï�Ffg
gC×&GôU Ë iHUVW���K�Ffg�]^iHg^K�N\UsmTGôU�L�FÐafFbU^UVF'Ï¨Q�L�iHNâWXgVmÕU^WXQYG�FbU�L�Ffg�L�QTG�G�ifFHg�]^iHFfNXNâFHg_Ï¨FHU_FfG-ibI�WâL�FHG�afF
KG�F�UV] Ì glG�FbU^UVF�WXG�afQ Ë if]hFfG�aHFML�mÕG�glNâFHg �ôÒ'Ø�]hFfÏ¨W Ì ]^Ffg�ghFfafQTG�L�FHg/L�KJghWâåYG�mÕN aHQY]^]hFfghØ8QYG�L�mTGôU��
NPORWXG�W\UVWXmÕU^WXQTG �'NdOeQYK�FHghU>Ô

Ñ&ÔcãcG�FZghFfafQTG�L�F[WâGôIYFf]hg^WXQYGÇaHQYG�afFH]^G�FZNâF L�ifSKU�L�K$ghWâåYG�mTN@Ï mÕN@Fbá&Ø�NXW ��K�iØ�mT]ÐNâm�Ø�]^iHafiHL�FfGôUVF
WXG�IYFH]^g^WXQYG·S�mÕg^ifF g^K�]KG�F �vmTWâNXNXFJK�GW ��K�FTÔ � FbU^U^F � QYWXg ð K�G�F åTifQYÏ¨iHU^]^WâF�ØNâK�g aHQYÏ�ØNâF áF�L�F



ÓôÑ

�vmÕWâNXNXFHg���NPORQYKFfghUcm'iHUVi�WXG�U^]^Q�L�K�W\UVFTÔj
Ffgl]^ifghK�NXUVmÕUVg�Ï�QTG�UV]hFfGôU ��K�F � �vmTWâNXN\Ffg6g^QTG�UcG�iHafFHg^gVmTWX]^FHg
Ø8QTK�]�QYØU^WâÏ¨WXg^FH]¡NâmlÏ¨Q�L�ifNXWXgVmÕU^WXQYG�LFfg � QY]hÏ�FHg�LDORQYGL�FfgHÔTj¡ml]^K�ØU^K�]^F¿gfOeWâGWXUVWXF:g^K]®K�GF@S�]VmÕG�a Ë F
Q�aHafWXL�FfGôUsmTNXFcFbU L�FcÏ mTGW Ì ]^F ð mÕØ�Ø�mT]hFfÏ¨Ï�FHG�U ð SWâNâmÕUViH]VmTNXFÕÔôà:NâNâF�g^F/Ø�]^QTØ�mTåYFcFHG�g^KWXUVF��MU^]Vm>IYFf]hg
KG�åT]VmTS8FHG�LDORF á�UVFfGg^WâQYG�m>IÕmTGôUcL ORmÕU^U^FfWXG�L�]^F ð ��G�mTNâFHÏ�FHG�U ð N m �vmTWXNâN\F_Ø�]hWâG�aHWâØ�mÕNâF_LK ��K�GNâK�G Ô

�ÔcãcG�F¿WXG�IYFH]^g^WXQYGMåYNXQYS�mÕNâF�aHQYÏÐS�WâG�mTG�U
NâFHg¡L�FfK&áMØ]^ifaHifL�FHG�U^FfgnFfgCU®FfG ��G£]hi>mTNXWâghifF:Ø8QYK�]¡Ï¨Q�L�ifNXWâghFf]
Nâm ]^K�Ø&UVK�]hF�L�mTG�g�gVm U^QTUsmÕNâW\UVi[FHG·WâG�aHNâK�mÕG�U�NXFfg�aHQYÏ�ØNâF áW\UViHg�L�mÕG�g N m �HQYG�F�iHØ�WâaHFfGôUV]^mTNâF �
NPORQTK�FfgCU>Ô�j
FHgc]^iHg^K�N\UsmÕUVglÏ¨QYGôUV]^FHG�U ��K�FMN mÐNâQYG�åTK�FfK�]6UVQÕUsmTNXF�L�F�]^K�Ø&UVK�]hFMFfgCU/L ORmTKJÏ�QYWXG�g �ôÒYÒ
��Ï ð FHGS8QYGmÕafafQT]^Lm�IYFHa3NâFfg¿QYS�ghFf]hI mÕUVWXQYG�g@L�FcUVFH]^]VmÕWâG ��K�W8WâG�LW ��K�FfGôU���� � ��Ï L�F/NXQYG�åYK�FHK�]
LF¨]hK�ØU^K�]^F ð FbUMafQTG�L�K�WXg^FfGôU �Z]^iHiHIÕmÕNâK�FH]�N mÏ mÕåYG�WXU^K�L�FÐL�F�Ï¨QYÏ¨FfGôU�LF¨aHFHUMiHIYiHG�FfÏ¨FfGôU �
� ð �Ô � FbU^U^F�L�FH]^G�W Ì ]^FÐWâG�IYFH]^ghWâQYG Ø8FH]^Ï¨FHU�LDORQYS&UVFfGWâ]_K�G�F'Ï¨Q�L�ifNXWâg^mÕUVW\QYG�L�Ffg�� QY]^Ï¨Ffg_LDORQYGL�Ffg
g^mÕUVWXg �vmTWXgVmTGôUVFMg^K�]3NdOeFfGg^FfÏÐS�NXFÍL�K g^WXåYG�mTN�FbU_Ø�]^QTØ8QYg^F£K�G�F Ë WâgCUVQYWX]^FML�F£]^K�Ø&UVK�]hFÐaHQYÏ�Ø�mÕUVWXS�NXF
m>IYFfa�NâFfg�QYS�ghFf]hI mÕUVWXQYG�glL�F�UVFH]^]^mTWâG Ô

` mTG�g�NXF[L�FfK&á&W Ì Ï¨FJa Ë mTØ�WXU^]^F ð GQYK�g�F ámTÏ¨WâG�QYGg¨FHG LiHUsmÕWâN�Nâm-g^WXg^Ï¨WâaHWXU^iZL�mTGg�Nâm-]hifåYWXQYG�L�K
g^iHWâghÏ�F¿g^K�W\IÕmTGôUnNPORibIYifG�FHÏ�FHG�UnFHUnaHF ð g^K]nØNâK�ghWâFHK�]^g®mTG�G�iHFfg �dÑÕÒYÒ � �ÑTÒYÒ ��� Ô�j¡F¿g^FfåTÏ�FHG�UnL�K£ghifWXg^Ï¨F@L�F
�/Q��TQ>á&WâNâW ð ghK�]@N m �vmTWâNXN\FlL�F ��K�G�NXK�G ð g^F/g^W\UVK�FcFfGôUV]hF3L�FHK&á�iHI Ì GFfÏ¨FfGôUVg Ë WXghUVQT]^W ��K�FHg¿Ï m ÖhFfK]^g@m�×ômTGôU
]^QTÏ�Ø�K-NâFfg�ghFfåYÏ¨FfGôUVgMFfGôI&WX]^QYGG�mTG�U^g�� �¿mÕG L�FH]�ä Q�FH]^L FHUÍmTNdÔ ð ÑTÒYÒYÑTm �bÔ
j:ORmTG�mÕNX×�g^F�L�FfgM]^ifØNâW ��K�FHg
L�FMaHFMg^ifWXg^Ï¨FMghK�]cK�G�FMNâmT]^åTF�]^ifåTWâQYG[FfGôI�Wâ]^QTG�G�mTGôU/Nâm��fQYG�FM]hQYÏ�ØK�F�Ï¨QYG�U^]^F�KG�FMg^WXg^Ï¨WâafW\UVi�mTabUVW\IYF
L Ì g�NâFHg'Ø�]^FHÏ¨WâFf]hgcÖhQYK�]^g'ghK�WXI mTG�U'NâFa Ë Q�a[Ø]^WâGafWâØ�mTN ð ghK�WXI�WâFL OeK�G�FJmÕaHUVW\I�WXUVi�UV] Ì g'Ï�Q�L�iH]^iHFZÏ mÕWâg
Ø�]hifg^FHG�U^F ÖhK�g ��K O��ÇG�QYgMÖhQYK�]^g ð g^QYW\UØ�] Ì gZL�F �"mÕG�g[mÕØ�] Ì gZNâF�a Ë Q�a Ø�]hWâG�aHWâØ�mÕNdÔ@ø�G ]hFfÏ�mT] ��K�F N m
Ø�]hifg^FHG�afF£ghWâG�åTK�NâW Ì ]hF�L�FML�FHK&á�FHg^gVmÕWâÏ¨g/mTØØ�mT]VmÕWâghgVmTGôUcFfGôI&WX]^QYGJL�FfK�á�mTG�gcmTØ�] Ì g/NXF�a Ë Q�aMØ�]^WXG�afWXØ�mTN
FHUcL�WXghUVmTG�U^glL OeFfGôI&WX]^QYG�ÑTÒYÒ���Ï L�FMNâm �vmTWXNâN\F ð NdOeK�G�mÕK�GQY]^L��FfgCUcL�FMNPORF á&U^]^iHÏ�W\UVi_FfghUcL�FMNâm']hK�ØUVK]^F ð
NdORmTKU^]^FJmÕKýg^K�L �QYKFfghU�L�F�NPOeFbá�UV]^iHÏ¨WXUViZQYKFfghU�L�FJN m ]^K�Ø&UVK�]hFTÔ � FHU^U^F�mTØØ�mT]^W\UVWXQYG$LF�ghWâghÏ�WXafW\UViZm
Ï¨QTUVW\IYiZK�G�FJÏ¨Q�L�ifNXWâg^mÕUVW\QYGÇL�FJN m ]^FHL�WXghUV]hWâS�KU^WâQTG$L�FHg�aHQYG�U^]VmTWXG�UVFHg�L�F � QYK�NXQYÏÐS$g^K�W\UVFJmTK�a Ë Q�a
Ø�]hWâG�aHWâØ�mTNPÔj¡FHgc]^iHg^K�N\Usm UVglWâGL�W ��K�FHG�UlK�G�FMØ8QTg^g^WXS�NâF�mTabUVW\IÕmÕUVWXQYGZL�F �vmTWâNXN\Ffg6L�WâgCUsmTGôUVFfg ð g^Ø�mÕU^W mTNXFfÏ¨FfGôU
�dÑÕÒYÒ���Ï�� FbUcU^FfÏ¨Ø8QY]^FHNâNXFfÏ¨FHG�U��PÑ�mTGg � ð LK�a Ë Q�a�Ø�]^WXG�afWXØ�mTNDL�FÍÑTÒYÒ��YÔ �ci>mTGÏ�QYWXG�g ð NâFHg�IÕmÕ]^W m UVWâQTG�g
L�F�NâmJaHQYG�U^]VmTWXG�U^F¨L�F � QYKNâQYÏÐS g^FHÏÐS�NâFHG�UÍafQTÏ�Ø�m UVWâSNâFHgMm�IYFHa NPO mTabUVW\IÕmÕU^WâQTG LF �vmTWâNXNXFHg��JL�F¨UVFHNâNâFHg
L�WXghUsmÕG�afFHg ð NâmZÏ mTGW Ì ]hF'FHUMNâF'Ø�]hQ�afFfghg^K�gÍØ Ë ×�g^W���K�F�L�mTGgMN mZaH]^Q��&UVF¨FbUÍNXF�Ï�mTGôUVF>mÕK ]^FHg^Ø8QYG�g^mTS�NXFfg
L�F3afFbU^UVF3Fbá&afW\UsmÕU^WâQYG�g^WâghÏ�W���K�F/]^FHghUVF �ÍØ�]^QTKIYFf]6FbU6g^K�ghafW\UVF_FHG�afQT]^F_S8F>mÕK�afQTK�ØZL�F ��K�FHghU^WâQYG�g � ��WâG�å
FHU/mÕNdÔ ð �����
��� Ê Q�L�m¨mTG�L õ U^FfWXG ð ÑTÒYÒYÒ � Ô
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� F3a Ë mTØ�W\UV]^F/FHghU6afQYGghUVW\UVK�i/L ORKG[mT]CUVWXafNâFlØ�mT]^K L�mTG�g NXF� ��wzwâ�byPt�� }��3yz~��3o �btâ��� } wâ}��Ttdr^uTw�o }�rbtd�byP�
}������ ��� tdr^u������ �"!$#%�
p'&)(%*��,+-&)(/.0& Ô


/K�L�]hFH× Ê Q�a Ë FfØ8QT]hU 1 ð j
K�WXglícW\IYFf]Vm 1 ð mÕG�L ù if]húYÏ¨F �¿mÕGJL�Ff]�ä Q�Ff]hL 1

1 ï�G�gCUVW\UVKU3L�FÐk Ë ×�ghW ��K�FÐL�K-î�NXQYS8F ð ã æ í � ����Ó ð �¨]^K�F£ícFHG�i ` Ffg^afmT]CUVFfg ð Ó �TÒTÎ
� õ UV]^mTg^S8QYK]^å
� FfLFbá ð ��]^mTG�afF
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 ghU^K�L×"Q �lU Ë F ��� �cQ IYFHÏÐS8Ff]¨ÑTÒTÒ � �cQ��TQ�á&WâNXW¿F>mT]CU Ë ��K�m
�TFZWâgÐØ8FH] � QY]hÏ�FHL"UVQ FfgCUVWâÏ�mÕU^F�U Ë F
g^QTK�]^aHFØ�mT]VmTÏ¨FbUVFf]hg�� ]^QYÏ UVFHNâFHg^FHWâg^Ï¨Wâa�S8Q�L×  �6m>IYF WâG�IYFH]^ghWâQYG Ô Ê�Ë F FfmT]hU Ë ��K�m
�TFS�]hQ��TF�U Ë F �@Ffg 
UVFH]^G���K�gVmÕW Ù K'ghFfåYÏ¨FfGôU:Q ��U Ë F6FfmTghU  � FHghU:U^]^FfGL�WâG�å ��K�G�NXK�GÐghUV]hW �TF �ghNâWâØ �vmÕK�NXU ð �lWXU Ë U Ë F6Ø�]^FHg^FHG�afF
Q ��g^K�] �vmTafF ]^K�Ø&UVK�]^F�U^]VmTaHFfgÐQ�IYFf]��ôÒTÒ ��ÏJÔ Ê�Ë WâgÍFHIYFfGôU'Q � Mw 7.8 � Ù mT]hI mT]^L � æ�Ê�ð ÑTÒYÒ ��� �6mÕg
� QYNXNâQ�� FHLJS�×Jm¨Ï¨Q�L�Ff]^mÕUVF�S�KU/aHQYG�U^WâG�K�QYK�gcg^FHWâghÏ�WXaMmTabUVWXI�W\U�×TÔ�ä F£mTØØ�NX×[mTG�WXG�IYFH]^g^WXQYG�Ï¨FbU Ë Q�L�Q �
afQTÏ�Ø�NXFbá S8Q�L× � m�IYFHg �lW\U Ë ÏÐK�NXU^WXØ�NXF/g^K�S8FbIYFfG�U^g�� ��W ��K�a Ë W mTG�L �MmÕG�mTÏ¨QY]^W ð ���
� � ��UVQ'Ï¨Q�L�FfN8U Ë F
�6m>IYF � QY]hÏ�g¿mTG�L�UVQMK�GL�Ff]hghUsmÕG�L�U Ë Fl]^K�Ø&UVK�]hFcØ�]^Q�aHFfg^gHÔ �nWXFfNâL'QYS�ghFf]CIÕmÕUVWXQYG�g¿mT]^FlK�ghFfL�U^QMafQYGghUV]^mTWâG
U Ë F�WXG�IYFH]^ghWâQYGýmTG�L�U^Q FbIÕmTNXK�mÕU^F[U Ë FJg^QYNXKUVWXQYG Ô � QYGg^WâLFf]^WXG�å-U Ë F �@FfghU^Ff]hG·afQTÏ�Ø�NXFbá&WXU^WXFfg'Q �/U Ë F
��K�gVmÕW Ù K�g^FHåYÏ¨FfG�U ð �@F£WXG�IYFH]hUcU Ë F���]^gCU3Ø�mT]CU/Q �nU Ë FML�mÕUVm�UVQ�Ï¨Q�L�FfN U Ë FÍWXG�WXU^WâmÕU^WXQTG[Q �nU Ë FM]^K�Ø�
UVK]^FTÔ Ê�Ë Fc]^K�ØU^K�]^FcWXg�� QYKG�L¨U^QMS8FfåYWXG¨QYG�U Ë F �vmÕK�NXU:S�]VmTGa Ë N\×&WXG�å�ghQYKU Ë � FHghU Q �BU Ë F , K�� m ` mTS�mTG
k®F>m���Ô�
3N\U Ë QYKå Ë U Ë F']hK�ØUVK]^F'Ø�]^QYØ�mTåômÕU^Ffg�L�QTÏ�WXG�mTG�U^N\×�FfmTghU
�6mÕ]^L ð g^QYÏ¨F'ghK�S8FHIYFHG�UVgMgh×�ghU^FfÏ�mÕUVW!
a>mÕNâN\× mÕØ�Ø8F>mT]�UVQZU Ë F � FfgCU£Q �@U Ë F�FfØ�WXafFHG�UVFH]fÔ Ê�Ë FfG ð mTG WâGôIYFf]hg^WâQTG Q �@U Ë F¨aHQYÏ¨Ø�NâFbUVF'S8Q�L×  � m�IYF
UV]^mTafFHg3g Ë Q��lg/U Ë mÕUcU Ë FÍ]hK�ØU^K�]^FÍØ�]hQYØ�mTåôm UVFfL�K�G�WXN mÕU^Ff]^mTNXN\×FfmTghU
�6mT]hL mTNXQYG�å�U Ë FÍghUV]^mTWâå Ë UcØ�mT]CU3Q �
U Ë F ��K�g^mTW Ù KJg^FfåTÏ�FHG�U>Ô

� ��� � ¢� 
«®���[§[¤@ ¡�b�£¢

Ê�Ë F ���	�cQ IYFHÏ'S8FH]�ÑTÒTÒ � �/Q��TQ>áWXNâW�FfmT]hU Ë ��K�m
�TF Mw 7.8 Q�aHafK�]h]^FHLZG�QT]hU Ë Q � U Ë F Ê WâS8FbUsmTG Ø�Nâm UVFfmTK ð mTNXQYG�åÐU Ë F���KG�NâK�G �vmTK�NXU �lWXU Ë m']^K�Ø&UVK�]hF�NâFHG�åTU Ë Q �®Q�IYFf] �YÒYÒ���Ï � �¿mTG[L�FH]�ä Q�Ff]hLJFHUcmTNPÔ ð
ÑTÒYÒYÑTm ��j
WâGJFbU3mTNPÔ ð ÑTÒYÒYÑ � �3K�FHU3mTNPÔ ð ÑTÒYÒYÑ�� � �nWâåÔ���Ô ��m � Ô Ê�Ë WXgcFHIYFHG�U3WâglQTG�FMQ �®U Ë FMNâmT]^åYFHghUcaHQYG�U^W�
G�FHG�UsmÕNnghUV]hW �TF£g^NâWXØ�g3]hFfafQT]^L�FHL-WâG�U Ë FÐØ�mTghU�aHFfGôUVK�]C×YÔ ` FHg^Ø�W\UVF£U Ë FÐN mÕ]^åYFÍg^W �fFÐQ ��U Ë Wâg3F>mÕ]hU Ë ��K�m
�TF ð
WXU�LWâL-G�QÕUMafmTK�ghF¨ÏÐK�a Ë L�mÕÏ mÕåYFÐS8Ffa>mÕK�g^F¨WXU�Q�aHafK�]h]^FfL WâG mÕG mÕNâÏ¨QYghU_K�G�Ø8QYØK�N m UVFfL-]^FHåYWâQYG ð U Ë F
G�FfmT]^FHghU/NâmT]^åTF�aHWXU�× ð î�QTNâÏÐKL ð N\×&WXG�å � �TÒ���ÏÆm�� m�×TÔ

Ê�Ë F ��KG�NâK�G �vmTK�NXU Wâgm"Ï�m ÖhQT] FfmTghU  � FHghU[g^WXG�WâgCUV]VmÕN/gCUV]^W �TF��g^NâWXØ �vmÕK�NXU�U Ë mÕU]^K�Gg � QY] Ï�QY]hF
U Ë mTG �>ÓYÒYÒ	��Ï � ]^QYÏ 86◦ àýU^Q 105◦ à mTNXQYG�åÐU Ë F�FfmTghU^Ff]^G ��K�G�NâKG[]VmTG�åTF ð af]hQYg^ghWâG�å�Ø�mT]CUVglQ ��U Ë F
�_WXG ÖhW mÕG�å ð �3W �fmTG�å ð mTG�L � WXG�å Ë mÕW®Ø�]^Q�I&WXG�aHFfgfÔ ` K]^WâGåU Ë FÐU
� FHG�UVWXFHU Ë afFHG�UVK]h× ð U Ë F'ghFfWXg^Ï¨WâaHWXU�×�Q �
U Ë F���KG�NâK�G��vmTKNXU �6mÕg3ghØ�mT]^ghF£S�K&U3afQYGôUVWXG�K�QYKg �lW\U Ë g^FHITFf]VmÕN®Ï�Q�L�FH]VmÕU^FÍmTG�L�N mT]håYF�F>mT]CU Ë ��K�m
�TFHg
mTghg^Q�afWâmÕUVFHL �lWXU Ë U Ë F	��K�G�NXK�G �vmTK�N\U>Ô Ê�Ë F£N mT]håYFfgCU3F>mÕ]hU Ë ��K�m
�TFfg�mÕ]^FÍU Ë F ���
� �¨FfmT]hU Ë ��K�m
�TFÐQ � M

7.5 U Ë mÕU�]^K�Ø&UVK�]hFfL Ï�QTghU�Q �¿U Ë F ` QTG�åÕá&W � QJghFfåYÏ¨FfGôU�� ù W mFHUMmTNdÔ ð ���TÎYÎ �3mTG�L U Ë F ����� � æ mTGô×�W
F>mÕ]hU Ë ��K�m
�TF�Q � Mw 7.6 U Ë mÕU6S�]hQ��TF3U Ë F æ mTG�×�WDghFfåYÏ¨FfGôU�Ø�]hQ�L�K�afWXG�å'm£g^K�] �vmTafF_]hK�ØUVK]^F_Q ��mTS8QYK&U
� �TÒ���Ï � �¿mTGJL�FH]�ä Q�FH]^LJFHU/mTNPÔ ð ÑTÒTÒôÑÕS ð m ��k®FfNXU �fFH]lFHU/mTNPÔ ð �����
� � � �nWâåÔ ��Ô �>S � Ô

Ê�Ë F¨ÑTÒYÒ �	�/Q��TQ�á&WXNâW�FHIYFHG�U�]^KØUVK�]hFfL-Ï�mTWXG�N\×[U Ë F���KgVmTW Ù K-ghFfåYÏ¨FfGôU�Q ��U Ë F���KG�NâK�G �vmTK�N\U ð
� Ë WXa Ë WXg£NâQ�afmÕUVFHL"S8FHU
� FfFHG$U Ë F ����� ��mTG�L ����� �JFfØ�WXafFHG�UVFH]^gHÔ Ù mT]CIÕmT]hL � æ�Ê �dÑTÒTÒ � ��FfgCUVWXÏ mÕU^Ffg
U Ë F�Ï mÕåYG�WXU^K�L�F Mw

mÕU �&ÔRÎ[mTG�L NXQ�a>mÕU^Ffg_U Ë F�afFHG�U^]^QYWXL FfmTghU
�6mT]hL Q �@U Ë F�FHØ�WâaHFfGôUVFf]MmÕU 35.80◦ �
92.91◦ à QTG[U Ë F���K�g^mTW Ù K�ghFfåYÏ¨FfGôUcG�F>mÕ]�U Ë F���K�g^mTW¡j¡m
�TFTÔ



Ó �

�®WâFHNâLZWâGôIYFfgCUVWâåYmÕUVWXQYG�g6g Ë Q���U Ë mÕU�U Ë F�aHQYg^FHWâg^Ï¨Wâa_g^K�] �vmTafF�]^K�ØU^K�]^F�Fbá�U^FfG�L�g � QY]lmTS8QYKU � � �	��Ï
� ]^QTÏÆGF>mT]hNX× 90.2◦ à � FHghU3Q �nU Ë F", K�� m ` mTS�mTG�k®F>m��ZUVQ 95◦ à ð F>mTgCU3Q �nU Ë F ��KG�NâKG�knmTg^g	� �_K
FHU�mTNdÔ ð ÑTÒYÒYÑ �&j
WâGFbUlmTNPÔ ð ÑÕÒYÒ�� � Ô Ê6Ë F�� Ë QTNâF3g^K] �vmTaHF�]hK�ØUVK]^F Ë mTg6S8FHFfG[Ï�mTØØBFHLZWXG U Ë F���FfNXLZmTG�L
g Ë Q��lg/m �TÒ  ��Ï��NXQTG�å']hK�ØU^K�]^FHL�g^FHåYÏ�FHG�UlU^Q�U Ë F � FfgCU3mTG�L[U Ë F�Ï mÕWâG � �ÕÒ  ��Ï�QTG�F�g^FHØ�mT]Vm UVFfLJS�×
mTG Fbá�U^FfG�ghWâQYG�mTNngCUVFfØ �Q IYFH]_åY]VmTS8FHG gC×�ghUVFHÏ Q �¿mTS8QTKU �ôÒ���ÏµNâQYGå � ��NâWXG�åYFH]cFHU�mTNPÔ ð ÑÕÒYÒ �ÕS ��� �nWâåÔ
��Ô �>S ð a��bÔ Ê�Ë FcQYS�ghFf]hITFfL L�WâghØ�N mTaHFfÏ¨FfGôUVg�aHQY]^]hFfghØBQTG�L FHg^g^FHG�U^W mTNXNX×£U^QÍm�Ø�K�]hFcNâF �zU#�Nâm UVFH]VmTNgCUV]hW �TF��g^NXWâØ
Ï¨QTUVWXQYG QYG g^K�SôIYFf]CUVWâafmTN �vmTKNXUVgHÔ � QYg^FHWâg^Ï¨Wâa¨L�WXg^Ø�NâmTafFHÏ�FHG�U^g�� Ff]hFÏ¨F>mÕg^K�]hFfL"S�× L�W��DFH]^FfGôUÍUVFfmTÏ�g
� ��mTG L�Ff]�ä Q�Ff]hL FbU£mÕNdÔ ð ÑTÒTÒôÑTm ð ÑTÒYÒ�� �
j
WâG-FbU£mÕNdÔ ð ÑTÒTÒôÑ � ��NXWâG�åTFf]_FbU£mÕNdÔ ð ÑTÒTÒ�� ð ÑÕÒYÒ
� ð ÑTÒYÒ � S ð m �
j¡mTg^ghFf]h]^FMFHU/mTNdÔ ð ÑTÒTÒ�� � ��KJFbU3mÕNdÔ ð ÑTÒYÒ � ��j¡mTg^ghFf]h]^FMFHU/mTNdÔ ð ÑÕÒYÒ � ��j
W
FbU3mÕNdÔ ð ÑTÒYÒ � � �3K�FHU/mTNPÔ ð ÑTÒYÒYÓ �
mTNXQYG�å�U Ë F]hK�ØUVK]^F[m	�zUVFH]£U Ë FJÑÕÒYÒ �FfmT]hU Ë ��K�m
�TFÕÔ�nWX]^gCU ��FHNâLÇWXG�IYFHghU^WâåômÕU^WâQTG�g��Pj
WâG"FbU�mTNdÔ ð ÑTÒYÒôÑ��
L�FHg^af]hWâS8FHL aHQYg^FHWâghÏ�WXa ]^KØUVK�]hF �lW\U Ë L�WâghØ�N mÕafFfÏ¨FfGôUVgK�Ø UVQ ��Ó"Ï ð � Ë Wâa Ë ð6Ë Q�� FHITFf] ð � FH]^F-G�QTU
afQT]^]^QTS8QY]VmÕU^FfLS�× QÕU Ë FH] UVFfmTÏ¨g6mTG�LZgCUVK�L�WXFfg � �3KZFHU�mTNdÔ ð ÑTÒYÒYÑ � ��NXWâG�åTFf]¿FHUlmÕNdÔ ð ÑÕÒYÒ �ÕS ð m �&j¡mTg^ghFf]h]^F
FHU@mTNPÔ ð ÑTÒTÒ � � �3K�FHU@mTNdÔ ð ÑTÒYÒTÓ �bÔ Ê�Ë F/aHQYg^FHWâghÏ�WXalghNâWâØ�]^mTG�åYFHg¿Ï¨QYghU^NX×£SBFbU
� FfFHG �MmTG�L ��Ï�mTG�L �lWXU Ë
Ï�m á&WâÏ�mÐmTS8QYKU/Î  ��ÒÐÏ Ñ �TÒ���Ï F>mTgCU/Q �®U Ë FMFHØ�WâaHFfGôUVFf] � �3K�FbU/mTNdÔ ð ÑÕÒYÒôÑ ��j¡mTg^ghFf]^]hFMFHU/mTNdÔ ð ÑTÒYÒ � �
��NâWXG�åYFH]6FHU/mÕNdÔ ð ÑÕÒYÒ �Tm��bÔ

Ê�Ë F �/Q��TQ>áWXNâWYF>mT]CU Ë ��K�m
�TF �6mÕgn]hFfafQT]^L�FHLÐS�×M]^FHåYWâQTG�mTN�mTG�LÍU^FfNXFfg^FHWâghÏ�WXa¿GFHU
� QY]#��g�mTNXNâQ��lWXG�å�U Ë F
ghU^K�L× Q �¡WXU^g g^QTK�]^aHF Ë WXghUVQT]h× � , QYK�a Ë QYG[mÕG�L �¿mÕNâNâiHF ð ÑÕÒYÒ�� �&j
WâG FHUlmÕNdÔ ð ÑTÒYÒ�� �ílWXITFf]VmÍFHUlmÕNdÔ ð ÑTÒYÒ�� �

3GôUVQYNXW ��FbU�mÕNdÔ ð ÑTÒTÒ
���Tø �>mÕa>mT]�mTGL , FHa � ð ÑTÒYÒ�� �bÔ Ê�Ë Ffg^F�ghFfWXg^Ï¨Wâa@ghU^K�L�WXFfg ð afQYÏÐSWâG�FHL��lW\U Ë åYFHQYNâQTåYWXa
QYS�ghFf]CIÕmÕUVWXQYG�g ð Ø]^Q I�WXL�F m"Ø�WXaHU^K�]^F Q ��U Ë F ]^K�Ø&UVK�]^F �lWXU Ë mTG WâGWXUVWXmÕU^WXQTG·WXG U Ë F � FfgCU ð G�FfmT] U Ë F
, K�� m ` mTS�mTG���FfGå�ghK�Ï¨Ï�W\U ð mTGLJmTGZFfmTghU
�6mT]hL[Ø�]^QYØ�mTåômÕU^WâQYG �lW\U Ë g^KØ8Ff]^g Ë F>mT]l]hK�ØU^K�]^F_IYFHNâQ�aHWXU�×
� ,@QYK�a Ë QYG mTGL �¿mTNXNâiHF ð ÑÕÒYÒ�� � � Ë Ff]^F-N mT]håYF L�WXg^Ø�NâmTafFHÏ�FHG�U^g Ë m�IYF-S8FHFfG QTS�g^FH]hIYFfL � �3K FbU�mTNPÔ ð
ÑTÒYÒYÑ ��j
WXG¨FHU mTNPÔ ð ÑTÒYÒYÑ��bÔ æ QYgCU Q �DU Ë F/]hK�ØUVK]^FcWâg¿mMghWâÏ¨Ø�NâF6F>mTgCU�� mT]^L Ø�]hQYØ�mTåYmÕUVWXQYG ð Fbá&afFHØU6WXG�U Ë F
FfØWâafFHG�U^]VmTN¿mT]^Ffm � Ë FH]^F g^FbIYFf]^mTN �vmTK�NXUMS�]^mTG�a Ë FHgÐaHQYG�G�FHaHU'mTGL � Ë Ff]hF U Ë F�]^K�Ø&UVK�]hF Ï¨Ffa Ë mTGWâg^Ï¨g
IÕmÕ]h×YÔ


/NXU Ë QYK�å Ë U Ë FMQ�IYFf]^mTNâN Ø�]hQYØ�mÕåômÕUVWXQYGZQ �®U Ë FM]hK�ØUVK]^FMghFfFHÏ�glU^Q¨S8FMKG�L�Ff]hghUVQ�Q�L ð WXUVg�WXG�WXU^WâmÕU^WXQTG
Wâg¨gCUVWâNXN�K�G�LFf] LWâg^aHK�g^ghWâQYGDÔ¿ï�G�L�FfFHL ð g^NXWâå Ë UVN\×"L�W �BFf]hFfG�U �vmTK�N\U¨åYFfQYÏ¨FHU^]^WXFfg¨Q �3U Ë F �@FfghU^Ff]hG�, K�� m
` mTS�mTG k®F>m��[]^FfåTWâQYG � Ff]hF£Kg^FfL�U^Q�Ï�Q�LFfN
U Ë FÍ]^KØUVK�]hF ð FHWXU Ë Ff]/mTg/mTG mÕNâÏ¨QYghUlK�G�W � QY]^Ï�g^FfåTÏ�FHG�U
�Pj
WXGJFHU3mTNdÔ ð ÑÕÒYÒ�� �6QT]/mTglU
� Q�g^FHåYÏ�FHG�U^g �lWXU Ë L�WXghUVWXG�aHUcQT]^WâFHG�UVmÕUVWXQYG�g�� �®Wâå�Ô��Ô��>a���� 
/G�U^QYNâW � FHU3mTNPÔ ð
ÑTÒYÒ����&ø �>mTafmT] mTG�L , FHa � ð ÑÕÒYÒ
� � Ô Ê�Ë F3L�WX]^FfabUVWXQYG�g¿Q �
Ø�]hQYØ�mTåôm UVWâQTG�QTG U Ë F3L�W��DFH]^FHG�U ghFfåYÏ¨FfGôUVg6mT]hF
mTNXg^Q GQTU � FfNXN�]^FfghQYNXIYFHL Ô Ê�Ë F£N mTa �[Q ��LFHUsmÕWâNâFHL �vmÕK�NXU/Ï�mTØ�gcU^Q Ø�]^FHafWâghFfN\×�aHQYG�gCUV]VmTWXG�U Ë F£aHQYÏ¨Ø�NâF á
åYFHQYÏ¨FHUV]C×'Q �BU Ë Wâg��vmTKNXU�S�]^mTG�a Ë WXG�åÍmTG�L�U Ë FcØ8Q�QT]�g^FfGg^WXU^WXI�WXU�×ÐQ �BUVFHNâFHg^FfWXg^Ï¨Wâa�S8Q�L×  �6m�IYFHg¿UVQMg^Ka Ë
L�FbUsmTWXNâg6Fbá&Ø�NâmTWâGZU Ë F�L�W �¨aHK�NXU�×WXG[K�G�L�FH]^ghUVmTG�L�WXG�å�U Ë F�]hK�ØUVK]^F Ë WâgCUVQY]C×WâGZU Ë Wâg�]^FHåYWâQTG Ô

ï�G-U Ë Wâg�ghUVK�L&× ð � F¨WXG�IYFH]hU�U^FfNXFfg^FHWâghÏ�WXa'S8Q�L×  �6m�IYFHgMUsm���WXG�å[WâGôUVQJmTaHafQTK�G�UMQYK�]�Q��lG ��FfNâL-QYS�
g^FH]hIÕm UVWâQTG�gÐmTG�L U Ë QYg^F � ]^QYÏ QÕU Ë FH]£ghU^K�L�WâFHg � �_K"FHU'mÕNdÔ ð ÑTÒTÒYÓ � ��NXWâG�åTFf]MFbU'mTNdÔ ð ÑTÒYÒ � S �®j¡mTg^ghFf]h]^F
FHU3mTNPÔ ð ÑÕÒYÒ ��� U^Q�afQYG�gCUV]^mTWâGJU Ë FÍghQYK�]^aHF£Ø�mT]VmTÏ¨FHU^Ff]hg3mÕG�L�U Ë F Ë WâghU^QY]h×ZQ �nU Ë F �����cQ IYFHÏ'S8FH]_ÑTÒTÒ �
]^KØUVK�]hFTÔä F�K�g^F�m'ÏÐKNXUVWXØ�N\F��FHIYFHG�U�WXG�IYFH]^ghWâQYG � ��W ��K�a Ë W
mTGL ��mTG�mTÏ¨QY]hW ð ÑÕÒYÒ�� �@mTG�LZÏ�Q�LW �z×�U Ë F
mTNXåYQY]^W U Ë Ï�UVQ�WXG�aHNâK�L�F_ÏÐK�N\UVWXØ�NXF/S�]VmTGa Ë FHg �lW\U Ë L�W �BFf]hFfG�U�QY]^WXFfGôUsmÕU^WâQTG�g�mÕG�L[WâGôUVFf]hafQYGG�FfabUVFfLDÔ 
�� 
UVFH]ÐØ8FH] � QY]hÏ�WXG�å�m�g^WâÏ¨Ø�NXF�WXG�IYFH]^g^WXQYG ð afQYG�ghWâL�FH]^WXG�å QYGNX×-U Ë F Ï mTWXG �vmÕK�NXUMUVQ L�FbUVFf]hÏ�WXG�Fm�Ï¨F>mTG



ÓYÓ

� Q�a>mÕN Ï¨Ffa Ë mTGWâg^Ï ð �@F � Q�afK�gÐQYG"U Ë FZ]hK�ØUVK]^FZWXG�W\UVWâm UVW\QYG Ë WXghUVQT]h× ð � Ë WXa Ë WâgÍU Ë FZÏ¨QYgCU'aHQYÏ¨Ø�NâF á
Ø�mT]CU¿Q �BU Ë Fc]hK�ØUVK]^FTÔôä FlU Ë FfG�afQYÏ¨Ø�KU^F/m ��G�mÕN�WXG�IYFf]hg^WXQYG¨WâG�aHNâK�LWâG�å�S�]VmÕG�a Ë Ffg@WâG'U Ë FcFHØ�WXafFfGôUV]^mTN
]^FHåYWâQTGJmTG�L[U Ë F�Ï mÕWâG �vmTKNXU>Ô

� ��� � ©l¤@ ¡�Í¢[�H¤��¨©6 
 ¡�H¢ � �Í¢[� ���b©��f� � � �
©6« ���� ¡�H�£¢[�

Ê�Ë F Ê WâS8FHUVmTG"Ø�NâmÕUVFfmTK"mTG�L U Ë F Ù WXÏ mÕNâm>×ômTG Ï�QYKG�UsmÕWâG�gM]^FHg^K�N\U � ]^QYÏ U Ë Fï�GL�Q� 
/g^Wâm�aHQYG�U^W�
G�FHG�UsmÕN�afQYNXNâWXghWXQYG � Ê mÕØ�Ø8QYG�G�WXFf]¿mÕG�L æ QYNXG�mT] ð ��� � � � Ê mTØ�Ø8QTG�G�WâFH]�FHU@mTNPÔ ð ÑTÒTÒ �>S � � �nWâåÔ
��Ô ��m �bÔ õ WâG�aHF
mTS8QYK&U �ÕÒ æ m ð U Ë F£GQY]hU Ë �6mÕ]^L L�WXg^Ø�NâmTafFHÏ�FHG�U/Q �:ï�G�L�Wâm�Wâg3mÕSBQTKU �¨afÏ � ×�] �lW\U Ë mTS8QTKU�Ñ�aHÏ � ×&]
mTS�ghQY]^S8FHL·WâG�U Ë F Ù WâÏ�mTNâm>×ômTG$U Ë ]^KghUVg � , WâN Ë mTÏ FHUmTNPÔ ð ���
� � �¿j¡m>IYi mÕG�L 
�IYQYK�mTa ð ÑTÒYÒTÒ �bÔ Ê�Ë F
]^FHÏ mÕWâG�WXG�åaHQYG�IYFH]^åYFHG�afF¨Wâg�mÕS�g^QY]hS8FfL-UVQZU Ë F�G�QY]CU Ë ð WâG-mTG�L mT]^QTK�G�L-U Ë F Ê WXS8FHUVmTG ØN mÕU^F>mTK-mTG�L
WâGZU Ë F Ê W mÕG õ�Ë mTG � 
¡IYQYK�mTaMmTG�L Ê mTØØBQTG�G�WXFf] ð ���������bÔ


/NXU Ë QYK�å Ë Ï�QYgCU�Q �cU Ë F[aHQYG�IYFH]^åYFHG�afF�WXg�mTS�g^QT]^S8FfL�S�×$mTabUVW\IYF[g Ë QY]hU^FfG�WXG�å mÕNâQYG�å U Ë F Ê WâS8FbU
Ø�NâmÕUVFfmTK Ï�mT]^åTWâG�gMmTG�L"G�QT]hU Ë F>mTgCUÐQ � Ê WâS8FbU �Pk�FfNXU �fFH]ÐmTG�L õ mTK�aHWâFf] ð �����YÓ � æ Fb×YFf]ÐFbU'mTNPÔ ð ���
�YÎ � ð
Ø�mT]CU6Q �
WXU@Wâg mTaHafQYÏ¨Ï�Q�L�mÕUVFHL S�× Ë QT]^W �HQYG�UVmTN�S�NâQ�a ��Ï�QÕUVWâQTG�g@mTNâQTG�åÍN mT]håYF �>ÒYÒYÒ ®UVQ'ÑTÒYÒTÒ  ��Ï��N\QYG�å
ghU^]^W �TF��ghNâWXØ �vmÕK�NXU^g ð ghK�a Ë mTg/U Ë F 
/NXU�×�G Ê mTå Ë ð ��K�GNâK�G ðBÙ mTWX×�K�mTG ð ��mT]^m
�TQY]hK�Ï ð mTG�L �3W mTGg Ë KW Ë F
�vmTK�N\UVg �vFÕÔRå�Ô �¿mTG�L�Ff]cä Q�Ff]hL�FHU_mTNPÔ ð �����YÎ ð ÑTÒYÒYÑÕS ��j�mÕg^g^FH]^]hF£FHU_mÕNdÔ ð ÑTÒYÒôÑ � æ iH]^WâmTK&áJFHU_mÕNdÔ ð ÑTÒYÒ
� �
� Ë FbIÕmTNXWâFf]'FHU�mTNPÔ ð ÑTÒYÒ �
� � �®Wâå�Ô ��Ô ��m � Ô Ê�Ë F ��K�G�NXK�G �vmTK�N\U�]hK�G�g¨ghQYKU Ë Q �/U Ë F[F>mTgCUVFf]hG ��KG�NâK�G
Ï¨QYK�GôUsmTWXG�g¨S8FHU
� FHFfG·U Ë F Ë WXå ËýÊ WâS8FbUsmTG Ø�NâmÕUVFfmTKýU^Q U Ë F�ghQYKU Ë mTG�L G�QY]hU Ë F>mÕghU Ê WâS8FHU �lW\U Ë m
NâQ�� FH]ZFfNâFbIÕmÕU^WâQYG·UVQÇU Ë F-G�QY]CU Ë Ô Ê�Ë F �vmÕK�NXUZF á�UVFfGL�g�� ]^QTÏ 86◦ à U^Q 105◦ à � QT][mTS8QYKU ��ÓTÒYÒ
��Ï ð ghFfØ�mÕ]VmÕU^WâG�åÐU
� Q'åYFfQTNâQYåYWXafmTNXN × mÕG�LZU^FfaHU^QYG�WXa>mTNXNX×¨L�W��DFH]^FfGôU�L�QYÏ�mTWâGgfÔ Ê Q'U Ë F�g^QYK&U Ë ð U Ë F Ë WXå Ë
Ê WâS8FbUsmTGýØ�NâmÕU^F>mTK ð �lW\U Ë mÕG·m>IYFf]^mTåYFJFfNâFbIÕmÕU^WâQYG�Q � �ôÎYÒYÒ-Ï WXg¨L�QTÏ�WXG�mÕU^FfL�Ï¨QYghU^NX×"S�×$QYS�NXW ��K�F ð
G�QY]CU Ë FfmTghU �ghQYKU Ë � FfgCUÍQY]_G�QY]hU Ë �@FfghU �g^QTKU Ë FfmTghU �U^]^FfGL�WâG�å[ghUV]hW �TF �g^NXWâØ mTG�L-G�QY]CU Ë �g^QYK&U Ë dUV]^FHG�L�WXG�å
G�QY]hÏ mÕN �vmTKNXUVg � FTÔeå�Ô 
3]hÏ�W ÖhQlFHUnmTNPÔ ð ���YÎ�� � Ê m�×�NâQY]¡FHUnmTNPÔ ð ÑTÒYÒ���� ð � Ë Ff]^FfmTg®U^QcU Ë F¿G�QY]CU Ë ð U Ë F¿Ï mT]håYWXG
Q � Ê WâS8FHU ð �lW\U Ë mÕGm�IYFH]VmTåTF3FHNâFbIÕmÕUVWXQYG�Q � � �TÒYÒ�Ï ð WXg¿L�QYÏ¨WâG�m UVFfL¨S�× ∼ FfmTghU  � FHghU#�ghU^]^W ��WXG�å£gCUV]^W �TF�
g^NXWâØ[mTG�L[U Ë ]^K�gCU��vmÕK�NXU^WâGå �vFÕÔeå�Ô æ Fb×YFf]cFHU/mTNPÔ ð ���
�YÎ � Ê mÕØ�Ø8QYG�G�WXFf]lFbU/mTNdÔ ð ÑTÒYÒ �fS � � �nWâå�Ô���Ô �>S �bÔ

î�FfQTÏ�QT]^Ø Ë WXa@Q��DghFHUVg:mTNXQYG�å/U Ë F ��K�G�NXK�G �vmTK�N\U ð � Ë QYg^F�mTåYFfg � Ff]hF�L�FbUVFH]^Ï¨WâG�FHLÐS�×£aHQYg^Ï¨QYåYFHG�WXa ð
]VmÕL�WâQ�afmT]^S8QYG QT]3U Ë Ff]^Ï¨QYNXK�Ï¨WXG�FHg^afFHG�aHF'L�mÕUVWXG�å ð � �¿mTG L�FH]_ä Q�Ff]hL-FHU�mTNPÔ ð �����YÎ ð ÑTÒYÒYÒ ð ÑTÒYÒôÑ S �Dj
W
FHU mÕNdÔ ð ÑTÒTÒ ����WXG�L�WXa>mÕU^F�U Ë mÕU¿U Ë FcNâQYGå��U^Ff]^Ï ghNâWXØ��]^mÕUVF6Q �DU Ë F ��KG�NâK�G��vmTK�N\U Ë mTg¿S8FfFfGmTS8QTKU ��Ò  � Ñ
Ï¨Ï � ×�]�� QT]lU Ë FÍØ�mTghU �ôÒ � m&Ô Ê QYåYFbU Ë FH] �lW\U Ë U Ë FÍÏ¨F>mTghK�]^FHÏ�FHG�UVg/Q ��N mT]håYF�afQYghFfWXg^Ï¨Wâa�Q
�DghFHU^g/U Ë Wâg
]Vm UVF6mTNXNâQ��lg�U Ë F L�FHU^Ff]hÏ�WXG�mÕUVWXQYGÍQ ��U Ë F6]^FHafK]^]^FHG�afF6UVWXÏ�F¿Q � æ ���Î/F>mT]CU Ë ��K�m��TFfg�UVQ_]VmÕG�åYF S8FHU
� FHFfG
�YÒYÒÐmTG�LJÎTÒYÒ£×YFfmT]^glmTNâQYGå£U Ë F�LW �BFf]^FHG�U�g^FHåYÏ¨FfG�U^glQ ��U Ë F��vmTKNXU � Ê mTØØBQTG�G�WXFf]6FHUcmTNPÔ ð ÑÕÒYÒ ��m � �¿mTG
L�FH]lä Q�FH]^LJFHU/mTNPÔ ð ÑTÒTÒôÑÕS ��j
W FHU/mÕNdÔ ð ÑTÒTÒ ���bÔ



Ó �

4400

4800

4800

5 2 0 0

5200

5200
5 2 0 0

5200

5200 5200

5600

6000

36°E

91°E90.5°E

Heituo Feng

Weixue Shan

Buka Daban Feng
(6860 m a.s.l.)

Malan Shan

Wuxue Feng

Huanshui Ku

Taiyang Hu

Kokoxili Hu

Kekou Hu

Xiewupai Hu

4850 m

4882 m

4878 m

4882 m

4867 m

5007 m F1 F2
F3

Heituo fault

Kusai fault

20 km

Inferred
strike-slip

Minor

Major

normal

active
faults

In red, field evidence of 2001  rupture 

Active volcanoes

113001C

75 

75 

78 

78 

81 

81 

84 

84 

87 

87 

90 

90 

93 

93 

96 

96 

99 

99 

102 

102 

105 

105 

24 24 

27 27 

30 30 

33 33 

36 36 

39 39 

Altyn Tagh FaultTARIM BASIN
QAIDAM BASIN

Kunlun Fault

K
arakorum

 Fault

SICHUAN

   BASIN

I  N  D  I  A
R

ed
 R

iver Fau
lt

Haiyuan Fault

Xianshuihe Fault

T    I    B    E    T

30 mm/yr

12 mm/yr

20 mm/yr

15 mm/yr

15 m
m

/yr

5
 m

m
/y

r

13 m
m

/yr

GOBI-

ALA SHAN

~ 50 mm/yr

SOUTH

 CHINA

H

I
M

A
L

A Y A

East Kunlun
West Kunlun

Qilian Shan

Longm
en S

han

fig 1b

fig 1c

36

 Min S han

Maqen

Dongxi  Co
Alag Hu

Xidatan
Dongdatan

Kusai Hu

Jingyu

Manyi

KUNLUN S HAN

QAIDAM
 

BASIN

BDF

Kunlun Pass Fault

TARIM

 BASIN
GOBI-

ALA S HAN 
Altyn Tagh Fault

Haiyuan  Fault

Golmud

Lanzhou

QILIAN S HAN

F1 F2 F3

200 km

a

 b

c

	 ë�
� �Ô�� �m � õ WXÏ�Ø�NXW ��FfLZÏ�mTØ[Q �®Ï�m ÖhQT] �vmTK�N\UVg6WâGJmÕG�L�mT]hQYK�G�LZU Ë F Ê WXS8FHUck�NâmÕU^F>mTK Ô ��mTK�N\UVg�mTG�L
��WâG�FHÏ m UVWXafg£Ï�Q�L�W ��FfL � ]^QYÏ Ê mÕØ�Ø8QYG�G�WXFf]ÐFHU¨mTNPÔ �dÑTÒTÒ �>S � ÔnS � �nWâ]hghU#�QY]^LFf]£ghFfåYÏ¨FfGôUsmÕU^WâQYG"Q �lU Ë F
��K�G�NXK�G �vmTK�N\U£Ï¨Q�L�W ��FHL � ]hQYÏ �¿mTGÇLFf]£ä Q�Ff]hLÇFHU'mTNdÔ � �����TÎ �bÔ�a�� ` FbUsmTWXNâFHL"Ï�mTØ"Q ��U Ë F �vmTK�NXU^g
WâGôIYQYN\IYFfL WâG�U Ë F ÑTÒYÒ�� �/Q
�TQ�á&WâNXWlFfmT]hU Ë ��K�m
�TF � ]hQYÏ ��FfNâL FbI&WXL�FHG�afFÕÔ Ê�Ë F�Ø8QYghU CÑTÒYÒ���ghFfWXg^Ï¨WâaHWXU�×
� ]^QTÏ U Ë F ï�ícï õ õ FfWXg^Ï¨W � K�FH]h×-FHIYFHG�U^g'ghF>mT]ha Ë � QY]ÍFbIYFfGôUVg Ë m�I�WXG�å m Mb > 4.0 WâgÍÏ�mTØ�Ø8FHL Ô Ê�Ë FÙ mÕ]hIÕmÕ]^L � Q�a>mÕN_Ï¨FHa Ë mÕG�WâghÏ Q �MU Ë F Ï�mTWâG m	�zUVFf]hg Ë Q�a � Q � Mw = 5.2 WXgZWXG�L�WXa>mÕU^FfL Ô Ê�Ë F-NâmT]^åTF
UV]hW mTGåYNXF6aHQY]^]hFfghØ8QYG�L�g�U^Q�U Ë F�FfØ�WXafFHG�UVFH]�]^FHNâQ�afmÕUVWXQYGÐQ �Dà:G�åYL�m Ë N �PÑTÒYÒôÑ
�bÔôø_Ø8FfG¨]hFfabUsmTG�åTNâFfg:QYK&UVNâWXG�F
g^WXÏ�ØNâW ��FfL �vmTK�N\UVg � � ð �:Ñ'mTG�L � ��Kg^FfL�WXG[WâGôIYFf]^ghWâQYGDÔ



ÓYÎ

ADK

AIS

ALE

BGCA

BORG

BOSA

CAN

COCO

COLA

CTAO

ECH

EIL

ESK

FURI

GRFO

GUMO

GVD

JOHN

KBS

KDAK

KEV
KIP

KIV

KONO

KWAJ

LLLB

LSZ

MAJO

MBAR

NOUC

NWAO

OBN

PAB

PAF

PMG

RAYN

RER

TAM

TAU

TIXI

WAKE

WRAB

YAK

YKW3

Kokoxili

30
û
 

60
û
 

90
û
 

120
û
 

Networks:

II

IU

G

GT

CN

GE

	 ë�
� ��Ô Ñ � æ mTØ Q ��S�]^QômÕL S�mTG�L gCUsmÕUVWXQYG�g K�ghFfL WâG·QYK]WâGôIYFf]hg^WXQYG LWâghU^]^WXS�KUVFHL mÕUZFHØ�WXafFfGôUV]^mTN
L�WXghUsmÕG�afFHgcS8FHU
� FHFfG 30◦ UVQ 95◦ Ô

� � � � ��� ����� ���	��
����� �������

��������� �������
 "!$#&%'!$('!�)*!+%'!+,*%'-.,*/

P 021�3 S 46573�8:9;0=< !�%?>@!�/ 5 > 3 ! 3A4B8 (DC&! 4 > 5E023&4F0G1&3 %'!�,H%'- 5 ) 5JI ,H/ 0 )K%�( 0ML(D, 5J1 % 52N (DC�!�O 1 / 5 >'P 5 > 0 (D! 3RQ !�%'! 0 >'/SCRO 1 %�(D,T(D#�(', 5J1 % NU5 >�VW!+,*%'- 5 ) 5JI28YX O Q O�V&Z 0G1&3\[�]_^ V&` ^ba_]P&> 5JI > 0 -�-.! Xc[ ! 5 Z 1 !d( 9e5 >'fB%�gFhi/�/ 5 > 3 , 1&I ( 5 (DC&! I ! 5JI > 0 P&C&,H/ 0 ) 3 ,H%@('>', 4 #�(D, 5J1j021&3 (DC�!bk7# 0 )*,T( 8�5GN(DC�! 3&0 ( 0$9 !l%@!�)H!�/+(;m&n < !�>�(D,H/ 0 )6>'!+/ 5 > 3 % 52N P P&C 0 %'!�% 021&3 npo SH
P&C 0 %'!+%�g&qr, I #&>'!�m&gts$%'C 5p9 %u(DC&!

3 ,H%@(D>@, 4 #W(D, 521�52N (DC&!l%@!�)*!+/+('! 3 %@( 0 (D, 5J1 %�v 9 C�,*/SC 0 >'! 0 )*) 9 ,H('C&, 1 30◦
( 5 95◦ 52N !+P&,*/+! 1 (D> 0 ) 3 ,H%@( 0G1 /�!+%( 5�0p<25 , 3 ) 5J1&I /�>@#&%@( 0 )wP 0 (DC�% 5 >�/ 5 >@!x- 021 (D)H! 465 # 1&3&0 > 8yX `izA{iZ|, 1 (D!�> 0 /+(', 5J1 %�g& y!x#&%@!}>'!+) 0 (D, < !

3F0 ( 0�9 !�, I CE(D, 1�IjI , < , 1�I 30 − 50 ~�52N�9 !+, I CE(?( 5 (DC&! SH
P&C 0 %'!�% 9 ,T(DC�>@!�%'P6!+/+(b( 5 n=�J� ~ ( 5 (DC&!

P
P�C 0 %'!+%�gh N >',H/ 021 %�( 0 (', 5J1 % 0 >'!�P 0 >@(',*/�#�) 0 >@) 8	9 !�)H)6%'#�,H(D! 3 ( 5 / 5p< !�>u% 5 #�('C 9 !+%@(D!+> 1�02� ,*-	#�(DC�% 9 ,H('C�% 5 #�(DC

021&3 ! 0 %�( 02� ,*-	#�(DC�% 4 !+, 1&I / 5�< !+>'! 3y4E8 ,H%') 0G1&3 %@( 0 (D, 5J1 %b, 1 (DC�!�O 1&3 , 021�021&3�ar0 /�,T�F/ 5 /�! 021 % 021&3
0 )H% 5 , 1 h?#�%@(D> 0 )*, 0 g��iC�! 1&5 >�(DC�,H%	/ 5p< !�>@! 3�4B8���5 >@('C�h?-.!�>@,*/ 021 %@( 0 (D, 5J1 %+g ]�< ! 1 , N % 5 -.! IE0 P&%>'!+- 0 , 1�X�1&5 >@(DC 52N (DC&!�O 1&3 , 021�5 /�! 0G1 Zu(DC&! I ! 1 !+> 0 ) 02� ,*-	#�('C 0 )�/ 5�< !+> 02I !�,*% N�0 ,H>') 8�IJ57573 g "!	/ 5J1E< !�>�(D! 3 (DC&! 4 > 5E023&4&021&3 C&, I C L�IJ0 , 1 %@!�,*%@- 5 -�!d(D!�> X {;�?Z�>'!+/ 5 > 3 %b, 1 ( 5jI > 5 # 1�3�3 ,*%@P&) 0�L/�!+-�! 1 (�vK>'!+% 0 -.P&)H! 3 ('C&!�- 0 (�n�% 0 -.P&)H!	P6!+>b%'!+/ 5J1�3"021&3 P6!�> NU5 >'-.! 3�0 C 5 >@, ��521 ( 0 )�> 5 ( 0 (D, 5J1�0 / L/ 5 > 3 , 1&I ( 5 (DC&!b('C&! 5 >'!+(',*/ 0 ) 4F0 /Sf 02� ,*-	#�('C 52N ! 0 /�C�%@( 0 (D, 521 ( 5 ,*% 5 ) 0 ('!?(DC�!xV���P&C 0 %@!�%+g



���

^l1 !x,*-.P 5 >@( 021 (�kB#&!+%@(', 5J1 ,H%�(DC&!x/�C 5 ,*/+! 52N (DC�!}>'!+/ 5 > 3 )*! 1�I (DC ( 5�4 !}#&%'! 3 , 1 (DC&! 9u0p< ! NU5 >'-, 1E< !�>@%', 5J1 g�qr, I #&>'!�m&g��	%@C 5�9 %;('C&!l%'!+)*!�/d(D! 3�< !�>@(',*/ 0 )�>@!�/ 5 > 3 %+g&�iC&!?�F>'%@( 524 %'!+> <G0 (', 5J1 ,*%u- 021 , N !�%@( �
9 ! 0 >'! 3 ! 0 )*, 1&I�9 ,H(DC 0�< !�> 8 ) 5J1�I >'#&PW(D#&>'!Gg��?#�! ( 5 (DC�! 3 ,H>'!+/+(D, < ,H( 8 vr(DC&! 0 P&P 0 >'! 1 ( 3 #&> 0 (D, 521
<G0 >',*!+% N > 5 - 02465 #�(��J��%'!+/	, 1 ('C&!}! 0 %�(D!�> 1 %�( 0 (', 5J1 % X !Gg I gHv�z h
	 ^ v [�� z ^ ZdvF( 5 - 5 >'!�(DC 021 n�s2�%'!+/j, 1 (DC&! 9 !+%@('!�> 1 %�( 0 (', 5J1 % X�a h?{?vr�whlz�Zdg ��1�NU5 >�(D# 1&0 (D!+) 8 v 9 ,T(DCy('C&! I , < ! 1 -�!+/SC 021 ,H%'- 021&3
3 !+P�(DCKv 0 >'!+) 0 (', < !�) 8 ,H-�P 5 >�( 021 ( PP

P&C 0 %@!$/ 5 -.!�%|, 1 ( 5 ('C&!�>'#&P�('#&>'! L�3 #&> 0 (D, 5J1 (D,H-�! 9 , 1&3&5�9 gFO 1
5 ('C&!�> 9e5 > 3 %+v�('C&! PP

P&C 0 %'!+% 5 >', I , 1&0 (D, 1&I , 1 (DC�!�! 0 >') 8 %@( 02I ! 52N (DC&!:>@#&P�(D#�>'!:, 1 ('!�> N !�>'! 9 ,H('C(DC�!
P
P&C 0 %'!�% 5 >@, I , 1F0 (D, 1&I , 1 (DC�!:) 0 ('!�>}%@( 02I ! 52N (DC&!:>'#�P�(D#&>@!2g��iC&,H%�!� !�/d(.,*%	!+%'P6!+/�, 0 )*) 8 ('>'#&!, 1 (DC&! 9 !�%@('!�> 1 v 021 (', 3 ,H>'!�/d(D, 5J1F0 )cv %�( 0 (', 5J1 %+g � 5 - 573 !�)w('C&! PP

,*% 1�5 ( 0 P&> 5J4 )H!�- , 1 ,H('%'!+) N�� (DC&!P&> 5J4 )*!+- 0 >',H%'!+% 4 !�/ 0 #&%'! (DC&! PP 5�< !�>@) 0 P&% 9 ,H('C�('C&! P 021&3 (DC�!_>@!�%@#&)H(', 1&I , 1 ('!�> N !+>'! 1 /�! ,*%�%@('> 5J1&I ) 8
3 !+P6! 1&3 ! 1 ( 521 (DC�!�P&> 5 P 02IE0 (', 5J1 - 573 !+) g h�% 0 >@!�%'#�)H(=v 9 ! 9u5 #�) 3 ) 5 %@!}(DC&! 9 !�)*) L f 1&5p9|1�0 %'%@!+( 5GN(D!+)*!+%'!�,H%'-.,*/�- 573 !+)*, 1&IA52N|1&5 ( 4 !�, 1&I�< !+> 8 3 !+P6! 1&3 ! 1 ( 5J1 (DC�! I ) 5J4F0 )_P&> 5 P 02IE0 (D, 5J1 - 573 !+) g  y!(DC�! 1�3 !�/+, 3 ! 3 ( 5 /SC 575 %'! 0 >'!+/ 5 > 3 )*! 1&I (DC 52N 130

%'!�/ X %@( 0 >@(', 1&I n=�j%'!�/ 4 ! NU5 >@!	(DC�! P 0 >'>@, <G0 )*%SZ�g �,H('C�('C&,*%�/�C 5 ,*/+!2v 9 ! 0=<J5 , 3 ('C&! PP
, 1 (D!�> N !�>@! 1 /+! NU5 >.- 5 %�( 5GNl5 #&>.%�( 0 (', 5J1 %+g �iC�!AP�>',*/+! NU5 >(DC 0 (b,*%�(DC&!	) 5 %@% 52N (DC&!	, 1�NU5 >'- 0 (', 521 / 5J1 ( 0 , 1 ! 3 , 1 (DC&!	) 0 (@(D!+>?P 5 >@(', 5J1�52N ('C&! 9 !�%@('!�> 1 >@!�/ 5 > 3 %+gh 1 023&3 ,T(D, 5J1F0 )�P 5 (D! 1 (D, 0 )KP&> 524 )*!+- ,*%i>'!+) 0 ('! 3 ( 5 ('C&! PcP 0 >@>', <G0 )cg&q 5 >@('# 1F0 ('!�) 8�NU5 >i('C&!$- 0 , 1 ) 8%@('>',Hf2! L %@)*,HPA-.!�/SC 0G1 ,*%@- 9 !	C 0p< ! 0 (lC 0G1&3 v6(DC&! PcP 0 -.P&)H,T(D# 3 !�% 0 >@! < !�> 8 %'- 0 )*) 021�3 ('C&! 8 / 0G1

4 ! 1 ! I )*!�/d(D! 3�9 ,T(DC 5 #W(�C 0 >'-�g "!�% 8 %@('!�- 0 (D,H/ 0 )*) 8}5J4 %@!�> < ! 0�9 ! 0 f 4 #&>'%�( 5GN ! 1 !�> IG8 , 1 (DC&!|�F>'%�(emE��%'!�/ NU5 )H) 5�9 ! 3.4E8.0 -	#&/SC- 5 >'!�! 1 !�> I !+(D,H/ 521 ! 1 ! 0 >@) 8 oG��%'!+/ 0MN (D!�>}('C&! 4 ! I , 1�1 , 1&IA52N (DC&!��F>'%�( 0 >@>', <M0 )*%+gwh�/ 5 -.P 0 >',H% 5J1
4 !+( 9 !+! 1 (DC�!�%@!�,H%'- 5JI > 0 -�%}>@!�/ 5 > 3 ! 3R4E8 ! 0 %�(D!+> 1R021&3�9 !�%@('!�> 1 %@( 0 (D, 5J1 %	%'C 5p9 %�(DC 0 (	(DC&!j�F>@%@(
4 > 0 /�fG!+( 52N ! 1 !+> I28 %'!+!�-.%$( 5 4 !�- 5 >'!�,*-.P 5 >@( 021 (�, 1 ('C&! 9 !+%@('!�> 1 %@( 0 (D, 5J1 %�g ^l1 (DC�!�/ 521 (D> 0 > 8 v(DC�!x%@!�/ 5J1&3�4 > 0 /Sf2!+(?,H%|-�#�/�C - 5 >@!�! 1 !+> I !d(D,H/ 521 (DC&!$! 0 %@(D!+> 1 %@( 0 (D, 5J1 %+g �;C&,*%�%'# IJI !+%@(D% 021 ! 0 %@( L
9;0 > 3 P&> 5 P 02IJ0 (D, 5J1A52N (DC&!	- 0 , 1 >'#&P�('#&>'! 0 ) 521&I (DC�!�! 0 %@( L 9 !+%@( L (D>'! 1&3 , 1&I:N�0 #�)H( 9 ,T(DC 0 / 5 -.P&)*!��, 1 ,H(D, 0 (', 521:52N (DC&!�>'#�P�(D#&>@!$, 1 (DC&! 9 !�%@(�g

��������� �������������! "�

 "!A#&%'!A(DC�!$#b,*fB#&/SC&, 0G1&3 # 021&0 - 5 >', X n ��� n�Z	(D!�)H!�%@!�,*%@-�,H/ 46573�8EL 9;0p< !�, 1E< !�>@%', 5J1 P&> 5JI > 0 -( 5 - 573 !+)|('C&!�%@! 3F0 ( 0 g �iC&!A>'#&P�('#&>'!AP 0 ('('!�> 1 ,*%.P 0 > 0 -�!d(D!+>', � ! 3\0 % 0 %'!�kB#&! 1 /�! 52N %@# 4 ! < ! 1 (D%
3 ,H%@(D>@, 4 #W(D! 3A5J1 (DC&! N�0 #&)T(?P&) 021 ! 3 !+(D!+>'-., 1 ! 3 %'#&/+/�!+%'%', < !�) 8A4B8 ,T(D!+> 0 (', < ! 3 !�/ 5J1B<J5 )H#�(D, 5J1 g%�?#&>@, 1&I(DC�! , 1E< !�>@%', 5J1 P&> 5 /�! 3 #&>'!�(DC&! NU5 / 0 )2-�!+/�C 021 ,H%'-.% 52N ('C&! %@# 4 ! < ! 1 (D%�/ 021$4 !��&�W! 3x5 > 4 ! 3 !d(D!+>'-., 1 ! 3
4B8 (DC�!u, 1B< !+>'%', 5J1 gGz !�/SC 0G1 ,*%@- , 1E< !�>'%@, 521 ,*% 0 P&P&> 5 P&>@, 0 ('! ( 5 %@(D# 3W8}0 / 5 -�P&)H!'�$% 5 #&>'/+!uP&> 5 /+!�%'% 021&3( 5 # 1�3 !�>@%@( 0G1&3 (DC&!�-.!�/SC 021 ,*%'- 5GN P&> 5 P 0GIE0 (D, 5J1�5GN ('C&!�>'#�P�(D#&>@!2v�% 5:9 ! 0 )*) 5�9 ('C&!�-.!�/SC 021 ,H%'-( 5�<G0 > 8jN >'!+!�) 8 , 1 (DC&!�, 1B< !+>'%', 5J1 g

] 0 /SC�%@# 4 ! < ! 1 (�,*%	/SC 0 > 0 /+('!�>@, � ! 3�4E8�0 - 5 -.! 1 (	('! 1 % 5 >�v�,H('% 5J1 %'!d(�(',*-.!2v 0G1&3 ,H(D%	) 5 / 0 (', 521
5J1 (DC&! N�0 #&)T( X #b,*fB#&/SC&, 021�3 # 021F0 - 5 >@,cv;n ��� npZdg��iC&! N�0 #&)T(.P&) 021 !�,H% 3 !d� 1 ! 3Y4E8 ,T(D% 0G� ,H-�#W(DCKv,H('%x)*! 1&I (DC�v 021&3 ,T(D% 3 ,HP 021&3 ,H%x% 0 -.P&)*! 3 , 1y465 (DC 3 ,H-�! 1 %', 5J1 %�( 5A3 !+� 1 ! 0AI >', 3"5J1y9 C�,*/SCy(DC&!



� �
%'# 4 ! < ! 1 (D% 0 >'!�P�) 0 /+! 3�3 #&>', 1&I (DC&!�, 1B< !+>'%', 5J1 g{e! NU5 >@!eP6!+> NU5 >@-�, 1&I (DC&!_, 1E< !�>'%@, 5J1 ,H('%'!�) N vp,T(w,*% 1 !�/+!�%@% 0 > 8 ( 5 / 0 )H/�#&) 0 (D!�(DC&!_!�)H!�-.! 1 ( 0 > 8$[ >'!�! 1�� %
N # 1 /d(D, 5J1 % NU5 > 0 )H)FP 5 (D! 1 (D, 0 )F% 5 #&>@/�! L %@( 0 (D, 5J1�I ! 5 -�!d(D>',H!�%+gB�iC&!�P&> 5 P 02IE0 (', 5J1 , 1 (DC�!�/�>@#&%@(u,*%_/ 0 )*/+# L) 0 (D! 3�4E8 #&%', 1&I ('C&!|P&> 5 P 02IE0 ( 5 >�- 0 ('>',H/�!�%r(D!�/SC 1 ,*kB#&! X � 0 %'f2!+)*)cv&n � o ��v&n � � mBZ�, 1 ) 0=8 !�>@! 3 -.! 3 , 0 g2O (/ 521 /�!+> 1 %u('C&!?>@! I , 5J1�52N (DC�!?% 5 #&>'/+!l) 5 / 0 (', 521�4 #�( 0 )*% 5 ('C&!?%�(D>'#�/+(D#�>'! 1 ! 0 >_(DC�!?>'!+/�!+, < !+>;%�( 0 (', 5J1 %�gO 1 ('C&!
# 5 f 5 �W,*)H, ! 0 >@('C&kB# 0 f2!GvW( 9e5 - 573 !�)H% 0 >'!�('C&! 1j1 !+/�!+%'% 0 > 8�NU5 >_(DC�,*%e%�(D!�P �W5J1 ! I ) 5J4F0 ) NU5 > (DC&!>'!+/�!+, < !+>'% 021&3 021�5 (DC&!+> 5J1 !�- 5 >@! 023F0 P�(D! 3 ( 5 ('C&!b(DC&,H/�f��i, 4 !d( 0G1 /�>@#&%@( NU5 >;(DC&!�% 5 #&>'/+!2g{e!�%', 3 !�%_('C&! N�0 #&)H( L P&) 0G1 !i/�C 0 > 0 /d(D!+>',*%�(D,H/�%�v 5 (DC&!+>_, 1 P�#�(eP 0 > 0 -.!+('!�>@% 0 >'! 1 !+! 3 ! 3 , 1 (DC&,H%_, 1B< !+> L%', 5J1 vK%'#&/SC 0 %�('C&!.- 0 �W,*-	#&- 0 )*) 5�9 ! 3 >'#�P�(D#&>@! < !�) 5 /�,T( 8 vK('C&!.%@C 0 P6! 52N (DC�!.!�)H!�-.! 1 ( 0 > 8 % 5 #&>'/+!(D,H-�! N # 1 /d(D, 5J1 % X ,H-�P&#�)*%@!2vM(D> 0 P ! ��5 , 3 v 5 >�(D>@, 021�I )H!pZdvM('C&! 1 #&- 4 !�> 52N % 5 #&>'/+!�%�v 021&3 (DC&! 3 #&> 0 (', 5J1�5GN(DC�!|>@!�/ 5 > 3 %+gE�iC&!|- 0 �W,*-	#�- >'#�P�(D#&>@! < !+) 5 /+,H( 8}3 !d� 1 ! 3 C&!�>@!|,*-.P&)H,T!�% 0 -., 1 ,H-}#&- 3 !�) 0p8}4 !+( 9 !+! 1(DC�!$!+P&,*/+! 1 (D> 0 )K(D,H-.! 021&3 (DC&!�>@#&P�('#&>'!b(D,H-�! 52Nr021E8:I , < ! 1�1&573 !2g�iC�!?, 1B< !+>'%', 5J1 ,*% 1&5J1 )H, 1 ! 0 >�v 021&3�4 !+/ 0 #�%'!�(DC&!�P�> 5J4 )H!�- ,*% 1&5 ( 9 !�)H)6/ 5J1 %�(D> 0 , 1 ! 3 v7,T(_,*% 1 !+/�!+% L% 0 > 8 ( 5 ,*-.P 5 %'!l% 5 -.! 023&3 ,T(D, 5J1F0 ) , 1�NU5 >@- 0 (D, 5J1 ( 5 %@( 024 ,H)*, � !l,T(=g&qF> 5 - ('C&!�P&>@!�/�! 3 , 1�I.3 ,*%@/�#&%@%', 521 v
9 !:�&�W! 3 ('C&!�% 5 #&>'/+! 3 #&> 0 (D, 5J1 ( 5 n �J��%@!�/Gg �iC&! N�0 #&)H( L >@#&P�(D#�>'!j- 0 P�,*% 0 )*% 5�0 >',H/�C�% 5 #&>'/+! 5GN, 1WNU5 >'- 0 (', 521 ( 5 �&��(DC�!�, 1 ,T(D, 0 ) I ! 5 -�!d(D>@,*/ 0 )rP 0 > 0 -�!d(D!+>'%�gK�iC&!�� 1F0 ) 1&5 >@- 0 )*, � ! 3 >@!�%', 3 # 0 )�!�>@> 5 >-.! 0 %@#&>'!+%?('C&!}kB# 0 )H,H( 8�52N ('C&!}% 5 )*#�(', 5J1 021&3 ,*%�#&%@! 3 ( 5 ! <G0 )*# 0 (D!$(DC&!$�&( 4 !d( 9 !�! 1 (DC�! 3F0 ( 0�021&3(DC�!$% 871 (DC�!+(D,H/�%+g

��������� �����
	!��� ��� �  �� �  �� ���  ��� �� ��	!��� � � ������?� ���
 "!�- 023 !�('C&>'!+! 3 , �!+>'! 1 (	, 1B< !�>@%', 5J1 %x( 5 # 1&3 !�>'%�( 021&3 (DC&!�>'#�P�(D#&>@!jP&> 5 P 02IJ0 (D, 5J1 g � 5 f 1�5�9(DC�! 5p< !�> 0 )*) N�0 #�)H(D, 1&I -�!+/�C 021 ,*%@- v 9 !��&>'%@(	P6!�> NU5 >'-.! 3 021 , 1E< !�>@%', 521y9 C&!+>'!�(DC&!�P 5 , 1 (}% 5 #&>@/�!�%

0 >@!l/ 5J1 %�(D> 0 , 1 ! 3 ( 5 )*,H! 521 (DC&!l- 0 , 1 >'#&P�('#&>'! 3:N�0 #&)H( 0 %;%'!+! 1 , 1 ('C&!l�F!+) 3 g��iC&! 1 v&( 5 # 1&3 !+>'%�( 021&3(DC�! , 1 ,T(D, 0 (D, 5J1�52N (DC�! >'#&PW(D#&>'! - 5 >@!�P&>@!�/+,*%'!+) 8 v 9 !A- 573 !�)H! 3 (DC&!��&>'%@( �Eo�%'!+/ 52N (DC�! >'!+/ 5 > 3 %/ 521 %', 3 !�>@, 1&I (DC&! 9 !�%@('!�> 1 %'! I -.! 1 (D%xqun 021�3 q�s X qr, I gKm&gTn 4 v /pZ 52N (DC�! #b#&% 0 , ��#"%@! I -.! 1 (=g q 5 >(DC�,*%}%'!+/ 5J1�3 %�(D!�P 9 !:C 0G3 ( 5 - 573 , N 8 ('C&! #b,*fB#&/SC&, � % 0 ) IJ5 >',T('C&- ( 5 ( 0 f2!j, 1 ( 5�0 /�/ 5 # 1 (�%@! < !+> 0 )
N�0 #&)T(|P&) 021 !+% 9 ,T(DC 3 , �!+>'! 1 (|(D>@! 1&3 %�, 1�0 %', 1&I )*!b, 1B< !+>'%@, 5J1 g&�iC&!$%'# 4 ! < ! 1 ('% 0 >'! N >'!+!�( 5.5 /+/�#�> 5J1
021E8	52N ('C&! 3 ,  !�>'! 1 (�P&) 021 !�%�gJqr, 1F0 )*) 8 v 9 !|P&>'!+%'! 1 ( 0 / 5 -�P&)H!+('!;, 1B< !+>'%@, 5J1 ( 0 fB, 1&I , 1 ( 5�0 /+/ 5 # 1 (�(DC&!- 0 , 1�N�0 #�)H( 021&3 (DC�! 9 !+%@('!�> 1�I ! 5 -.!+('>',H/ 0 )�/ 5 -�P�)*!'�W,T(D,H!�%i( 5 - 573 !+)�(DC&! 9 C 5 )H!x>'#�P�(D#&>@!}P&> 5 /�!+%'%�gO 1 0 )*) ('C&!�, 1B< !�>'%@, 5J1 %�v&('C&! NU5 / 0 )�-.!�/SC 021 ,*%'-.% 0 >@!�)*! N (|/ 5 -�P�)*!d(D!�) 8�N >'!+!2g

�������! #"%$�&(') #*�+,�.-."0/213�#4.�

�iC�! 5�< !+> 0 )H) I ! 5 -.!+(D> 8�52N ('C&! #b#&% 0 ,K��#:%'! I -.! 1 (i,H%u> 0 ('C&!�>u%',*-.P&)H! 9 ,H('C 5 #�(;- 065@5 >e/SC 021&I !�%, 1 ,H(D% 5 >',*! 1 ( 0 (D, 5J1 g��iC&!�>@#&P�(D#�>'!�P&> 5 P 02IE0 ('! 3 - 0 , 1 ) 8y0 ) 5J1�I ('C&! #b#&% 0 ,|��#�%'! I -.! 1 (.) 5 / 0 ('! 3
4 !+( 9 !+! 1 91◦ ] 021&3 94◦ ] g��iC&,H%}%'! I -.! 1 (	,*%x>@!�- 0 >'f 0G4 ) 8 %�(D> 0 , I CE(}C 0p< , 1&I�0G1 5 >@,*! 1 ( 0 (D, 521"5GN



� n

� 90◦ ] , 1 (DC&! 9 !�%@(�v � 100◦ ] , 1 (DC�!j/�! 1 (D!+>�v 021�3�� 110◦ ] , 1 (DC&!j! 0 %@(�g�` 5J1 %'!+kB#&! 1 (') 8 v 9 !- 573 !�)H! 3 (DC&!�#b#&% 0 ,w��# %@! I -.! 1 ( 4B8�0 # 1 ,Hk7#�!$)H, 1 ! 0 >;%@(D>@#&/+('#&>'!$C 0=< , 1&I.0 -.! 021�5 >',H! 1 ( 0 (D, 5J1:5GN
� 100◦ ]�9 C&,*/SC�/ 5 >'>'!+%'P 5J1&3 %�( 5�N�0 #�)H(|q � X q�, I g�m�gHn 4 Zdg�iC�!x�F>'%�(l, 1B< !+>'%', 5J1 ,*%|(DC�! 1 P6!+> NU5 >@-�! 3A5J1 ('C&! N�0 #&)T(�P&) 021 ! 3 !d� 1 ! 3 P&>'! < , 5 #&%@) 8�021&3A5J1 (DC&!( 5 ( 0 ) 3 #&> 0 (D, 521�52N (DC�! P 9;0=< !�%+g7�iC�!�P 5 (D! 1 (', 0 ) N�0 #&)T( I >', 3 )H! 1&I (DC�,*%�%@!+( ( 5 m �J�bfB- 0G1&3 % 0 -�P&)H! 3! < !+> 8 np�$fB-�gE "! 0 )H% 5$3 !+� 1 ! 0 - 0 �W,H-�#�- 3 !�PW(DC NU5 >�(DC&!�%'# 4 ! < ! 1 (D% 52N s2��f7- 9 ,H('C 0 % 0 -.P&)H, 1&I! < !+> 8 s�fB-�gw�iC�!�% 5 #&>'/+!�(D,H-�! N # 1 /d(D, 521 ,*%$/ 5 -�P 5 %'! 3y4E8�5�< !+>') 0 P&P&, 1&I (D>', 021&I )*!+%�C 0p< , 1&I C 0 ) N L
3 #&> 0 (D, 5J1 %;�&�W! 3 ( 5 ��%'!+/2g�iC�! /+>'#&%�( 0 ) < !�) 5 /�,H( 8 - 573 !�)H% 3 !+� 1 !�(DC�!�P&>', 1 /+,*P 0 ) 465 # 1&3&0 >',H!�% 5J1�9 C&,H/�C�>'!��&!'�W, 5J1 % 021&3>'! N > 0 /d(D, 5J1 % 52N�9;0=< !�%iC 0 P&P6! 1 v�P&> 5W3 #&/�, 1&I / 5 -.P&)H!'� 9;0p< ! NU5 >'-.%�gW�iC&!�%@!�- 573 !�)H%u-	#&%�( 4 !l/�C 5 %'! 1/ 0 >'! N #�)*) 8 ( 5 ,*-.P&> 5p< !�(DC&!_- 573 !+)*, 1&Ii52N (DC&! 9u0p< ! NU5 >'-.% 021�3 >'! 3 #&/+!_(DC&!_# 1 /�!�>�( 0 , 1 ( 8b52N (DC&!_% 5 #&>'/+!P 0 > 0 -.!+(D!+>'%+g�� 5 - 573 !�)6('C&! 9;0p< !bP&> 5 P 02IE0 (', 5J1 , 1 ('C&!l/�>'#�%@(=v 9 !l#&%'!?( 9u5	3 ,  !�>@! 1 (;- 573 !�)H%�v 5J1 !
NU5 >.(DC&!A% 5 #�>'/�! 021&3Y5J1 ! NU5 >.(DC&!A>'!�/+!�, < !�>@%�giq 5 >.('C&!�>'!+/�!+, < !+>'%�v 9 !�#&%@!�('C&!�%�( 021�3F0 > 3YI ) 5J4&0 )P&>@!�)*,H-., 1F0 > 8 >'! N !�>'! 1 /�!�! 0 >@(DC�- 573 !+) Xca Q�] zAZ 5GN � � ,*! 9u5J1 %@f 8�021&3 h 1&3 !+>'% 521RX n � �Wn�Zdg q 5 >�(DC&!% 5 #&>'/+!2v 9 !�/SC 575 %@! 0 ) 5 / 0 )H) 8	0 P&P&> 5 P&>', 0 (D!i%�(D>'#�/+(D#�>'!�('C 0 ( ( 0 f2!+%e, 1 ( 5x0 /+/ 5 # 1 (_(DC�!|(DC&,H/�f	�i, 4 !+( 021/�>@#&%@(�g��?,  !�>@! 1 ( 3 !+( 0 ,*)*! 3 - 573 !�)*%�!��W,*%@( NU5 >��i, 4 !d(=gM "!u(D!+%@('! 3 ('C&!;hlVWO�hY- 573 !�) 52N # 5 % 0 >'! < !d( 0 ) g
X n ��� �EZ�v 021�3 ('C&!x` Q � VW��sWg ��- 573 !�) X�� 0 %@f2!$!+( 0 )cgHvFs2�J��npZdg&h�)*)K/+>'#&%�(�- 573 !�)H%i)*! 023 ( 5 (DC�!$% 0 -�!- 573 !�)H, 1&I >'!�%@#&)H('% 021&3 ( 5�0x< !�> 8 %',*-.,H) 0 > �&( 4 !+( 9 !�! 1 (DC�! 9;0=< ! NU5 >@-�% 021&3 % 871 ('C&!+(',*/�%+g&�iC&! 5J1 ) 8% 8 %�(D!�- 0 (',*/ 3 ,  !�>@! 1 /+!b,*%;>@!�) 0 (D! 3 ( 5 (DC�!b%'!+,*%'-.,*/?- 5 -.! 1 (=g7 �,T(DC a Q�] z"v 9 ! 5J4 ( 0 , 1:0 - 5 -�! 1 (- 02IJ1 ,T(D# 3 ! 52N � g�� ��9 ,H(DC�('C&!�( 9u5�5 (DC&!+>'% 9 ! 524 ( 0 , 1 � g � g�O 1 (DC�! NU5 )H) 5p9 , 1&I v 9 !.#&%'!�(DC&!�hbVWO�h- 573 !�) X # 5 % 0 >@! < !d( 0 )cgHv�n ��� �EZ NU5 >;('C&!�, 1E< !�>@%', 521 %�g�iC�!�>'!+%'#&)T(D% 5GN ('C&!., 1E< !�>@%', 521y0 >'!�%'C 5p9|1y5J1 q�, I #&>@!�m&g � 9 ,T(DC�(DC&!.>@!�%@#&)H(', 1&I�0p< !+> 02I ! NU5 / 0 )-.!�/SC 021 ,H%'- %'#�>'> 5 # 1&3 ! 3�4E8 (DC&! 3&0 ( 0y021&3 ('C&!A/ 0 )*/�#�) 0 ('! 3 % 8W1 (DC&!d(D,H/�%+g;�iC�!A�&( 4 !d( 9 !�! 1 (DC&!
3F0 ( 0x0G1&3 (DC&!�% 871 (DC&!d(D,*/+%u,H% N�0 ,*>@) 8}IJ57573.5�< !+> 0 )H)F!'�W/�!+P�( NU5 >�('C&!|�F>'%�( 9 ! 0 f 4 #&>'%�( 52N (DC&! P 9u0p< !+%
4 ! NU5 >'!�mE��%'!+/2v 9 C&,H/SC ,H%i# 1&3 !+>'- 573 !�)H! 3�NU5 >i%@! < !+> 0 ) %@( 0 (D, 5J1 %+g�iC�!�!�)H!�-.! 1 ( 0 > 8 % 5 #&>'/+!�%$(D! 1&3 ( 5 /�)*#�%@(D!+> 9 C&!+>'!.(DC�!.- 0 ��,H-	#&-- 5 -�! 1 (�,*%�/ 5J1 /+! 1 (D> 0 (D! 3
1 ! 0 >|('C&!$/+! 1 (D> 5 , 3 ) 5 / 0 (', 5J1 g��iC&,*%|,H% 5J4 %@!�> < ! 3 ! < ! 1 , Nr0 ) 0 > I !+> 1 #&- 4 !�> 52N !�)H!�-.! 1 ( 0 > 8 % 5 #&>@/�!�%
0 >@! 0 )*) 5p9 ! 3 , 1 ('C&!�, 1B< !+>'%@, 5J1 %+g��iC&!j- 0 , 1 >@! 0 % 5J1 NU5 >$(DC�,*% 4 !�C 0=< , 5 > 5GN (DC&! 0 ) IJ5 >', (DC&- ,*%$(DC&!
< !�> 8 C&, I C 0 -�P&)H,T(D# 3 !l> 0 (D, 5�4 !d( 9 !+! 1 (DC&!b- 0 , 1 P&#&)H%'! 021&3 (DC&! 9 ! 0 f��F>'%�( 0 >@>', <G0 ) g7O 1&3 !+! 3 vF! < ! 1
0GN ('!�>�% 5 -.!x%@(D!+P&% 52N (DC&!},T(D!�> 0 (D, < ! 3 !�/ 5J1B<J5 )H#�(D, 5J1 vF(DC&!}-.,*%��&( 0 > 5 # 1&3 (DC&!}- 0 , 1 P&#&)H%'!}>@!�- 0 , 1 %
3&5 -., 1&021 ( 9 ,H('C:>@!�%@P6!�/+(i( 5 ('C&!l, 1 ,H(D, 0 ) 0 -.P&)H,T(D# 3 !�%�g7�iC&,H%;, 1&3 ,*/ 0 (D!+% 0 )*,H-.,T( 0 (', 521�5GN ('C&!l-�!d(DC 573
NU5 >�('C&!|%�(D# 3�8�52N / 5 -�P&)H!'�	% 5 #�>'/�!i(D,H-�!;C�,*%@( 5 > 8 gJ� 5 - 573 !�)�('C&!|! 1 (D,H>'! P 9;0p< ! NU5 >'-�v 9 !|- 573 ,H�F! 3(DC�!bP�>'! < , 5 #&%;, 1E< !�>@%', 5J1:021&3�0 P�P&)*,H! 3:0x9 !+, I CE(D, 1&I}N�0 /+( 5 >e( 5 P6! 1F0 )*, � !�(DC&!l) 0 (D!+>u%@! I -.! 1 (D% 52N (DC&!%'!+,*%@- 5JI > 0 -.%�gr�iC&,H% 9 !+, I CE(D, 1&I %@C 5 #&) 3�NU5 >@/�!:(DC�!�, 1B< !+>'%@, 5J1 ( 5�4 !+(@(D!�>�!'�WP&) 0 , 1 ('C&!:�F>'%�( 9 ! 0 fP 0 >�( 5GN ('C&!�>'!�/ 5 > 3 %�g�iC�!?( 5 ( 0 ) 3 #&> 0 (D, 521 ,H% 02465 #�(?nJn=�x%'!�/ 021&3 ('C&!?>'#&PW(D#&>@!l)H! 1�I (DC�>'! 0 /SC&!�% 02465 #�( �J�J�xfB- ) 521&I g�iC&!�, 1E< !�>'%@, 5J1 >@!�%@#&)H('% 8 ,H!�) 3y021 ! 0 %�( 9u0 > 3 P&> 5 P 02IE0 (', 5J1�52N (DC&!�>@#&P�(D#�>'! 0GN (D!+> 021 , 1 ,T(D, 0 (D, 5J1 , 1



� s

ADK
43/64˚

ALE
-3/61˚

BGCA
-96/72˚

BORG
-25/66˚

BOSA
-127/88˚

CAN
135/89˚

COCO
171/48˚

COLA
22/69˚

CTAO
127/76˚

ECH
-49/60˚

EIL
-81/46˚

ESK
-39/63˚

FURI
-106/54˚

GRFO
-49/57˚

GUMO
100/53˚

GVD
-70/53˚

JOHN
70/88˚

KBS
-13/52˚

KDAK
29/72˚

KEV
-24/47˚

KIV
-62/37˚

KONO
-37/55˚

KWAJ
90/74˚

LLLB
19/89˚

LSZ
-119/77˚

MAJO
74/38˚

MBAR
-109/66˚

NOUC
116/91˚

NWAO
156/72˚

OBN
-44/41˚

PAB
-54/71˚

PMG
118/69˚

RAYN
-95/40˚

RER
-144/65˚

TAM
-73/73˚

TAU
142/94˚

TIXI
17/40˚

WAKE
81/67˚

WRAB
136/69˚

YAK
30/35˚

YKW3
11/79˚Data

Synthetics

120 s

�������wm&g�����z ! 0G1"NU5 / 0 )�-.!�/SC 021 ,H%'- 5J4 ( 0 , 1 ! 3�NU5 > 0 -	#&)T(D,HP&)H!	% 5 #&>@/�!�, 1B< !�>@%', 5J1 / 5J1 %@, 3 !+>', 1&I 0%', 1&I )H! N�0 #&)H(�P&) 021 !./ 5 >@>'!+%'P 5J1&3 , 1&I ( 5 (DC&!�- 0 , 1 #b# 1 )H# 1�N�0 #&)T( X q � 5J1 � I #&>'!�n 4 Zb%'#&>@> 5 # 1&3 ! 3
4B8 (DC&! P 9;0=< ! NU5 >@-�% 021&3 (DC&! 5J4 ( 0 , 1 ! 3 % 871 (DC&!d(D,*/+%�gF�iC&! 1&0 -�! 52N (DC�!�%@( 0 (D, 5J1 ,*%;, 1&3 ,H/ 0 (D! 3jNU5 >! 0 /�C 9;0p< ! NU5 >'- 0G465�< !b(DC&!�/ 5 >'>@!�%'P 521&3 , 1�I�02� ,H-	#�(DC 021&3 !�P�,*/+! 1 ('> 0 ) 3 ,*%�( 021 /+!2g



� �

(DC�! 9 !+%@(�g�O 1 (DC&! 1 !'�7(l%@('!�PKv 9 ! NU5 /�#&% 5J1 (DC&!x>'#&PW(D#&>@!}, 1 ,T(D, 0 (D, 5J1 / 5J1 %', 3 !+>', 1�Ij0 - 5 >'!$>@! 0 )H,*%�(D,H/
I ! 5 -.!+(D> 8 ( 5�3 !+( 0 ,*) (DC&! 4 ! I , 1&1 , 1&I�52N ('C&!�P&> 5 P 02IE0 (', 5J1 g

� '��)* ')/6"%+ � � *6�#&�*6� 4.�

�iC�!�sG�J��n$!�P&,H/�! 1 ('!�>�>'!+) 5 / 0 (D, 5J1�52N�]�1&IJ3F0 C&) X s2�J�EsJZ (35.894oN, 90.573oE)
,*%|) 5 / 0 (D! 3�5J1A0%'!+/ 5J1�3F0 > 8 %�(D>',Hf2! L %')*,HP N�0 #&)H( 9 !+%@( 52N (DC�! #b#&% 0 , ��#�%'! I -�! 1 ($/ 5 >'>'!+%'P 5J1�3 , 1&I ( 5�4 > 0G1 /�C"qun 5J1qr, I #&>'!.m�gHn�/2gw� 5 # 1&3 !�>'%�( 021�3 C 5�9 ('C&!�>'#�P�(D#&>@!�P&> 5 P 02IE0 (D! 3"N > 5 - ('C&!�!+P&,*/+! 1 (D!�>x( 5 (DC&!�- 0 , 1#b# 1 )H# 1}N�0 #�)H(=v 9 !u- 573 !+)7('C&! 9 !�%�(D!�> 1�N�0 #&)T( I ! 5 -.!+('> 8 (DC 0 (r/ 5 -.P&>@,*%'!+%�(DC�!;%@!�/ 521&3F0 > 8 %�(D>@,*f2! L %')H,*P

N�0 #&)T( X qun�Z 021&3 ('C&!b!��7(D! 1 %', 521F0 )K%�(D!�P L�5�< !+> X q�sJZ�gW�iC&,*%;)*, 1 fB%u('C&!l�F>@%@( 4 > 021 /SC X qunpZ_( 5 (DC&!l- 0 , 1
N�0 #&)T(iq � X qr, I gWm&gTn=/=ZdgW "!b- 573 !+) (DC�!l( 9e5�N�0 #&)T(D%;qun 021�3 q�s 0 %;C 0p< , 1&I�0 )*! 1&I (DC 5GN mEo}f7- 9 ,H(DC
0 % 0 -.P&)H, 1�Ij52N n�ojfB- 021�3 #&%@!�('C&!�% 0 -�! 3 !d� 1 ,T(D, 521 , 1�3 !�P�('C 0 % NU5 >?(DC&!�- 0 , 1 P�) 021 !GgKO 1 ('C&,*%%'!+/ 5J1�3 %�(D!�P�v 9 !?, 1E< !�>@(e(DC&!��F>@%@( �Eo$%'!+/ 52N (DC&! P 9u0p< !+%;( 5xNU5 /�#�% 521 (DC&! < !+> 8�4 ! I , 1�1 , 1&Ix52N (DC&!P&> 5 P 02IE0 (D, 521 gh ('!�%�( 9 ,H('C 0 %', 1&I )H!�P 5 , 1 (	% 5 #&>'/+!:P&>'! N !�>'! 1 (', 0 )H) 8 P�) 0 /+!�%}(DC&!j% 5 #�>'/�! 521�4 > 021 /SC�qen 1 ! 0 >(DC�!�!�P�,*/�! 1 ('!�>|) 5 / 0 (D, 5J1�9 ,T(DC 0 %@('>',*f2! L %@)*,*Pj-.!�/SC 021 ,H%'-�g�� 5 ,*-.P&> 5�< ! 5 #&>i- 573 !+) 52N P&> 5 P 02IJ0 (D, 5J1
0 ) 5J1&I ('C&!�%@!|('C&>'!+! N�0 #&)T(D% 9 !|P6!�> NU5 >'- 5 (DC&!+> , 1B< !+>'%@, 5J1 % 4E8 P�> 5JI >@!�%@%', < !+) 8�023�3 , 1&I %'# 4 ! < ! 1 (D%�g7q 5 >! 0 /�C�, 1B< !+>'%@, 5J1�9 !�/ 0 >'>@,*! 3.5 #�(_%'! 1 %',T(D, < ,T( 8 ('!�%@('%_( 5 %@(D# 3W8 (DC&!�%@( 024 ,H)*,T( 8	52N (DC&! NU5 / 0 )F-.!�/SC 021 ,H%'-
021&3 ('C&!:%@P 0 (', 5 ('!�-.P 5 > 0 ) 3 ,*%@('>', 4 #�(D, 5J1y524 ( 0 , 1 ! 3yNU5 >}! 0 /�C�% 5 #&>'/+!2g��iC&,H%	-�! 021 %}('C 0 ( NU5 >	! 0 /SC, 1E< !�>@%', 5J1 v 9 !AP6!+> NU5 >@- 02465 #�( NU5 >@( 8�5 ('C&!�>., 1E< !�>@%', 521 % 4B8R0 )H(D!+> 1F0 (D!+) 8 /�C 0G1&I , 1&I (DC�! %@( 0 (D, 5J1 %, 1E<J5 ) < ! 3 021&3 524 %'!+> < !�(DC&! <G0 >', 024 ,H)H,T( 8�52N (DC&!�, 1B< !+>@(D! 3 P 0 > 0 -�!d(D!+>'%�gw�iC&!�� I #&>@!�, 1 h�P&P6! 1�3 , �%'C 5�9 %�('C&! <G0 >', 0 (D, 521 % 5GN (DC&!�%@P 0 (', 5 ('!�-.P 5 > 0 ) 3 ,*%@('>', 4 #�(D, 5J1 % 52N (DC&!:% 5 #�>'/�!+% 021&3�52N (DC&! NU5 / 0 )-.!�/SC 021 ,H%'-.% NU5 >K( 9u5 , 1B< !+>'%', 5J1 %�, 1B<25 ) < , 1�I � < ! 021&3 !+, I CE( % 5 #&>'/+!�%�gp �,T(DCb� < !_!+)*!+-�! 1 ( 0 > 8 % 5 #&>@/�!�%
5 >$- 5 >@!2v�('C&! 3F0 ( 0A0 >'! 9 !+)*)_- 573 !+)*! 3 g �iC&! P L 9;0p< ! NU5 >'- % 871 (DC�!+(D,H/�% 5J4 ( 0 , 1 ! 3"N > 5 - (DC&!.� < ! L% 5 #&>'/+!�%�, 1E< !�>'%@, 5J1�0 >@!�%'C 5�9|1 5J1 q�, I #�>'!lm&g m�g�iC�!�, 1B< !+>'%', 5J1 / 5J1 %@, 3 !+>', 1�I (DC�!l(DC�>'!�! N�0 #&)H( 4 > 021 /�C&!+%|,*-.P&> 5�< !+%u(DC�!l�&( 4 !+( 9 !+! 1�9;0p< ! NU5 >'-.%
021&3 % 871 ('C&!+(',*/+% 4B8A0G4 5 #�(}np� ~ / 5 -.P 0 >'! 3 9 ,H(DC 0 # 1 ,HkB#&! N�0 #&)T(�, 1E< !�>@%', 521 g6�iC&!}% 871 ('C&!+(',*/+% 5J4WL( 0 , 1 ! 3�N > 5 - (DC�!�# 1 ,*kB#&! N�0 #�)H(i, 1E< !�>@%', 521 0 >'!�%@C 5�9|1 5J1 qr, I #&>'!lm&g oWg

] , I CB(l% 5 #&>@/�!+% I , < ! 0jIJ57573 , 3 ! 0j52N (DC&!�P&> 5 P 0GIE0 (D, 5J1�0 ) 5J1&I ('C&!	(DC�>'!�! N�0 #�)H( 4 > 0G1 /SC&!�%+gK y!
1&5 (',*/+!|('C 0 (_('C&!�) 0 %�( NU5 / 0 )F-�!+/�C 021 ,*%@-�% 4 !+/ 5 -.!�%e# 1 %@( 024 )*!GgBO 1B<J5 ) < , 1&I - 5 >'!i('C 021 !�, I CE(e% 5 #&>@/�!�%, 1 ('C&!�, 1B< !�>'%@, 5J1 %'C 5�9 %|(DC 0 ( 465 ('C NU5 / 0 )K-�!+/SC 021 ,H%'-.% 0G1&3 %'P 0 (D, 5 (D!�-.P 5 > 0 ) 3 ,H%@(D>@, 4 #W(D, 521:52N (DC&!) 0 %@(�% 5 #&>@/�!+% 0 >'! 1&5 ( 9 !�)H)�/ 5J1 %�(D> 0 , 1 ! 3 gK �,H(DC�%'! < ! 1�0G1&3 !+, I CE($% 5 #&>@/�!�%+v 9 ! 5J4 %@!�> < !.(DC 0 (�(DC&!>'#�P�(D#&>@!$%�(D,H)*) 4 ! I , 1 % 5J1 ('C&!$qun N�0 #&)T( 9 ,T(DC 0 / 5J1 %@( 021 (�%�(D>',Hf2! L %')*,HP:-�!+/�C 021 ,H%'- X qr, I g�m&g � Z�gh�)H('C 5 # I C % 5 -.!�% 5 #�>'/�!+% 0 P&P6! 0 >�% 8 %@('!�- 0 (D,H/ 0 )H) 8 ( 5 (DC�! 9 !�%�( 1 ! 0 >�(DC�!�, 1 ,T(D, 0 (D, 5J1 P 5 , 1 (
X q�, I #&>@!u, 1 h?P&P6! 1&3 , �&Z�v2(DC&!+,*> 0 %'% 5 /+, 0 ('! 3 %@!�,H%'-.,*/u- 5 -�! 1 (�,H%�>'!+) 0 (', < !+) 8 %'- 0 )H) gM�iC�!|P&> 5 P 02IJ0 (D, 5J1( 5 ('C&!�! 0 %�($%'!+!�-.%�( 5�4 ! 0 - 5 >'!�> 5J4 #&%�( N ! 0 (D#&>@!2g�h�% 3 ,*%'/+#&%'%@! 3"4B8 h 1 ( 5 )*,Hf !d( 0 )cg X s2�J�GmBZ�(DC&!(D!+)*!+%'!�,H%'-.,*/ 3F0 ( 0}0 >'! 1&5 (u!+%'P6!+/�, 0 )*) 8�9 !�)H)6%'#&,T(D! 3 ( 5 P&> 5 P6!+>') 8 / 521 %@('> 0 , 1 (DC&!�>'!+) 0 (', < !�) 5 / 0 (', 5J1.5GN



� m

TAM

-73/73˚

EIL

-81/46˚

RAYN

-95/40˚

BGCA

-96/72˚

FURI

-106/54˚

MBAR

-109/66˚

LSZ

-119/77˚

BOSA

-127/88˚

RER

-144/65˚

COCO

171/48˚

NWAO

156/72˚

TAU

142/94˚

WRAB

136/69˚

CAN

135/89˚

CTAO

127/76˚

NOUC

116/91˚

PMG

118/69˚

GUMO

100/53˚

KWAJ

90/74˚

WAKE

81/67˚

JOHN

70/88˚

MAJO

74/38˚

ADK

43/64˚

KDAK

29/72˚

YAK

30/35˚

LLLB

19/89˚

COLA

22/69˚

TIXI

17/40˚

YKW3

11/79˚

ALE

-3/61˚

KBS

-13/52˚

KEV

-24/47˚

BORG

-25/66˚

KONO

-37/55˚

ESK

-39/63˚

OBN

-44/41˚

GRFO

-49/57˚

ECH

-49/60˚

PAB

-54/71˚

KIV

-62/37˚

GVD

-70/53˚

Data

Synthetics

35 s

��������m&g m ��V 8W1 (DC&!d(D,H/�%'!+,*%@- 5JI > 0 -.% 52N ('C&! P 9;0p< !+% 021�3 ('C&!�/ 5 >@>'!�%@P 5J1&3 , 1&I�3F0 ( 0 >'!+%'#&)T(D, 1&I
N > 5 - (DC&!�, 1E< !�>@%', 5J1�5GN (DC�!��&>'%@(��Eob%'!+/ 521&3 % 52N (DC&! 3F0 ( 0 ( 5 - 573 !+)&(DC&! 4 ! I , 1&1 , 1&I�52N ('C&!�>'#&P�('#&>'!/ 521 %', 3 !�>@, 1&I�N�0 #&)H( 4 > 021 /�C&!+%?qun2v q�s 021&3 q ��%'C 5p9|1A5J1 qr, I #&>@!�n=/2gF�iC&! 1F0 -.! 52N ('C&!$%@( 0 (D, 5J1 ,*%, 1�3 ,*/ 0 (D! 3:NU5 >i! 0 /�C 9;0=< ! NU5 >@- 0G465�< !b(DC&!�/ 5 >'>@!�%'P 521&3 , 1�I�02� ,H-	#�(DC 021&3 !+P&,*/+! 1 (D> 0 ) 3 ,*%�( 021 /�!2g

TAM

-73/73˚

EIL

-81/46˚

RAYN

-95/40˚

BGCA

-96/72˚

FURI

-106/54˚

MBAR

-109/66˚

LSZ

-119/77˚

BOSA

-127/88˚

RER

-144/65˚

COCO

171/48˚

NWAO

156/72˚

TAU

142/94˚

WRAB

136/69˚

CAN

135/89˚

CTAO

127/76˚

NOUC

116/91˚

PMG

118/69˚

GUMO

100/53˚

KWAJ

90/74˚

WAKE

81/67˚

JOHN

70/88˚

MAJO

74/38˚

ADK

43/64˚

KDAK

29/72˚

YAK

30/35˚

LLLB

19/89˚

COLA

22/69˚

TIXI

17/40˚

YKW3

11/79˚

ALE

-3/61˚

KBS

-13/52˚

KEV

-24/47˚

BORG

-25/66˚

KONO

-37/55˚

ESK

-39/63˚

OBN

-44/41˚

GRFO

-49/57˚

ECH

-49/60˚

PAB

-54/71˚

KIV

-62/37˚

GVD

-70/53˚

Data

Synthetics

35 s

������� m�gto ��V 0 -�! 0 %|, 1 qr, I #&>'!lm&g m 4 #�(�/ 521 %', 3 !�>@, 1&I.0 # 1 ,*kB#&! N�0 #�)H(i, 1E< !�>@%', 521 g



� o

271.7 83.1 -0.8

238.7 54.1 -58.8

98.6 85.1 7.8

1

2

3

40 km

F1
F2 F3

Mw=6.7

Mw=6.5

Mw=6.4

�������_m&g � � �?!d( 0 ,H) 52N (DC&! # 5 f 5 �W,*)*,u>'#&PW(D#&>'!�, 1 ,H(', 0 (', 521 P&> 5 /�!�%@% 4&0 %'! 3\5J1 ('C&!�>'!�%@#&)H('% 52N (DC&!, 1E< !�>@%', 5J1�52N (DC�!��F>'%�(��Eo�%@!�/ 5J1&3 %+gKz�! 021�NU5 / 0 )�-�!+/SC 021 ,H%'-.% 0 >@!$%@C 5�9i1 NU5 >|! 0 /SC 4 > 021 /�CKv&(DC&!+,*>%', � ! 4 !�, 1&I P&> 5 P 5 >@(', 5J1F0 )G( 5 (DC&!+,*>K%'!+,*%'-.,H/�- 5 -.! 1 (D%�g�h�>'> 5p9 % , 1�3 ,*/ 0 (D!r('C&! 4 , L ) 0 ('!�> 0 ) 5 >K# 1 ,*) 0 (D!+> 0 )
3 ,H>'!�/d(D, 5J1�5GN P&> 5 P 02IJ0 (D, 5J1 g
(DC�!?%'# 4 ! < ! 1 (D%�g��iC&!?>'#&PW(D#&>@!�(DC�! 1 P 0 %'%'!+%u(DC&> 5 # I C�('C&!?P�#&)*) L 0 P 0 >@( X q�sJZ 9 C&!�>@! 1�5 >'- 0 ) N�0 #&)H(', 1&I,*% 3&5 -., 1&021 ( 021�3 � 1&0 )*) 8 >@! 0 /SC&!+%�(DC�!;- 0 , 1 q � N�0 #&)T( 0 (�(DC&! 4 ! I , 1&1 , 1&I?52N ('C&! #b#&% 0 ,���#	%'! I -�! 1 (
9 C&!+>'! 9 !�>'!�/ 5�< !+> 0 %�(D>',Hf2! L %')*,HP:-�!+/�C 021 ,H%'-�g

� '  *6� �  #" $ &(') #*�� /2& ������+,�.-!" /213�#4.�

�iC�!�(DC&,H> 3 , 1B< !+>'%', 5J1 ,*% 0 / 5 - 4 , 1F0 (D, 521�52N (DC&!��F>@%@(.( 9e5"3 !�%@/�>', 4 ! 3 ! 0 >')H,*!�>}( 5 - 573 !+);(DC&!
9 C 5 )H!�>'#&P�('#&>'!.P&> 5 /�!+%'%�v 0 /+/ 5 # 1 (', 1&I�NU5 >b('C&! 9 !+%@('!�> 1yI ! 5 -�!d(D> 8�52N ('C&!.!+P&,*/+! 1 ('!�> 0 >@! 0 g��iC7#�%�v
9 !�, 1B< !+>@( NU5 >;-	#&)T(D,HP&)H!?%@# 4 ! < ! 1 (D%�v / 5J1 %', 3 !�>@, 1&I (DC�!�- 0 , 1:� 100◦ ] %�(D>',HfB, 1&I	N�0 #&)H( 021&3 (DC�!b( 9u5
9 !+%@(D!+> 1�4 > 0G1 /SC&!�%$qun 021&3 q�sWv 4E8 , 1B< !+>@(D, 1&I (DC&!}( 5 ( 0 ) 3 #&> 0 (', 5J1�52N ('C&! 46573�8 9;0p< !+% 52Ne02465 #�(n�s2�l%@!�/GgE "! 0 P&P�) 8 (DC�!|% 0 -.! 9 !+, I CE(D, 1&IlN�0 /d( 5 > 0 % , 1 (DC&!;�F>@%@( , 1E< !�>@%', 521 ( 5 ('C&! 4 ! I , 1&1 , 1�Ib52N (DC&!
3F0 ( 0.0G1&3 / 521 %', 3 !�>i(DC�!�C 8 P 5 /�! 1 (D!+>�>'!+) 5 / 0 (D, 5J1:52Nr]�1&IJ3F0 C&) X s2�2�EsJZeP&) 0 /+! 3 0 ($n=��fB- , 1�3 !�P�('CKg{e!�/ 0 #&%'!l(DC&!l>'!+%'#&)T(D%;/ 5J1 /�!�> 1 , 1�I ('C&!b!+)*!+-�! 1 ( 0 > 8 % 5 #&>'/+!�% 5 /+/�#�>'>', 1&I ( 5�9u0 > 3 (DC�!b! 1&3�52N (DC&!>'#�P�(D#&>@! 0 >@! %'! 1 %',H(', < !�( 5 ('C&! 1 #&- 4 !�> 52N % 5 #&>@/�!+%j, 1E<J5 ) < ! 3 , 1 (DC�!A, 1B< !�>@%', 5J1 v 9 !AP6!�> NU5 >'- 0%'!+kB#&! 1 /�! 5GN , 1B< !+>'%', 5J1 ('!�%@('%$( 5 %@!�!.C 5�9 (DC�! 5J4 ( 0 , 1 ! 3 P 0 > 0 -.!+(D!+>'% <G0 > 8�9 ,T(DC�(DC�! 1 #&- 4 !+> 5GN% 5 #&>'/+!�% 021�3 ( 5 ! <G0 )H# 0 ('!_C 5�9 - 021E8 % 5 #&>'/+!�% 0 >@!_%', I21 ,H�F/ 021 (=g�qr, I #&>'!�m&g � %'C 5p9 %�(DC&!_>'!+%'#&)T(D% 5GN (DC&!, 1E< !�>@%', 5J1 %�, 1 /+)*# 3 , 1&I�N > 5 -o�( 5 � ��!+)*!+-�! 1 ( 0 > 8 % 5 #&>@/�!+%�g  "!}%@!�!}('C 0 (�('C&!x�&>'%@(bs2��!+)*!�-.! 1 ( 0 > 8% 5 #&>'/+!�% 0 >@! 1 !+/�!�%@% 0 > 8 ( 5 �&(u(DC�! 9;0=< ! NU5 >'-.% 0G1&3 ('C 0 (e(DC&!?>'!�%@, 3 # 0 ) -.,*%@��( 4 !�/ 5 -.!�% 0 /+/�!+P�( 024 )*!
0 ( 02465 #W( �J��!�)H!�-.! 1 ( 0 > 8 % 5 #&>'/+!�% X qr, I g�m&g � 0 Z�gq�, I #�>'!|m&g � 4 v /�%'C 5p9 %e(DC&!�! <J5 )H#�(D, 5J1.52N (DC&!�) 0 (D!+%@( 021�3�N�0 >�(DC&!+%@(u!�)H!�-.! 1 ( 0 > 8 % 5 #&>'/+! 5J4 ( 0 , 1 ! 3, 1 (DC&!b, 1E< !�>'%@, 5J1 %�g&�iC&! 3 #&> 0 (D, 5J1 , 1 /+>'! 0 %'!�% I > 023 # 0 )H) 8�9 ,T(DC:('C&! 1 #&- 4 !�> 52N %'# 4 ! < ! 1 ('% 9 C&!�>@! 0 %(DC�!�! <J5 )*#�(', 5J1"5GN (DC&!�) 5J1&I !�%@( 3 ,*%�( 021 /�!�, 1 /+>'! 0 %'!�%}, 1 %�(D!�P�%�gr�iC�!�( 5 ( 0 ) 3 #�> 0 (', 5J1"52N ('C&!�%@, IJ1F0 )%'!+!�-.%x( 5 4 !�!���P�) 0 , 1 ! 3�9 ,H(DC 02465 #�(	o2� !+)*!+-�! 1 ( 0 > 8 % 5 #&>'/+!�% 021&3 (DC&!�- 5 %@(x! 0 %@(D!+> 1 % 5 #&>'/+!�,*%



� �

0 20 40 60
0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

nb sources

re
si

d
u

a
l m

is
fit

a

0 20 40 60
70

75

80

85

90

95

100

105

110

115

nb sources

d
u

ra
tio

n
 (

s)

b

0 20 40 60
220

240

260

280

300

320

340

360

nb sources

d
is

ta
n

ce
 a

lo
n

g
 f

a
u

lt 
(k

m
)

c

������� m&g � � ]�<J5 )*#�(', 5J1 0 % 0�N # 1 /+(', 5J1 52N (DC&! 1 #�- 4 !+> 52N % 5 #&>@/�!+%l, 1 /�)H# 3 ! 3 , 1 ('C&!x, 1B< !+>'%@, 5J1 52N��
0 Z��iC&!�-.,*%��&( 4 !d( 9 !�! 1j3F0 ( 0$021&3 % 871 (DC�!+(D,H/�%+g 4 Z��iC&!�(D,H-.!|/ 5 >'>@!�%@P 5J1&3 , 1&I ( 5 (DC&!�) 0 (D!�%�(_% 5 #�>'/�!Gg/pZ;�;C&! 3 ,H%@( 0G1 /�! 52N (DC&! N�0 >�(DC&!+%@(�% 5 #&>'/+!$, 1 >@!�%@P6!�/+(�( 5 (DC�!$!+P&,*/+! 1 (D!+>�) 5 / 0 (D, 5J1 g

) 5 / 0 (D! 3�0 ( 02465 #�( �Eo2��fB- N > 5 - (DC&!�!�P�,*/+! 1 ('!�>+gq�, I #�>'!�m�g �x%'C 5p9 %u(DC&! 9;0=< ! NU5 >@- - 573 !+)*, 1&I , 1 /+)*# 3 , 1&I �J�x!+)*!�-.! 1 ( 0 > 8 % 5 #�>'/�!+% NU5 >e% 5 -.!?%�( 0ML(D, 5J1 %�/ 5 -�P 0 >'! 3	9 ,H(DC	(DC&!i>'!+/ 5 > 3 %�gE�iC&!i�&( ,H% I257573 ! < ! 1.NU5 >r(DC�! 4 ! I , 1&1 , 1&Ib5GN (DC&!i%', IJ1F0 )cv 9 C&,H/�C,*%�,*-.P&> 5p< ! 3 4B8 (DC�! 023&3 ,H(D, 5J1�52N ('C&! N�0 #�)H( 4 > 021 /SC&!+%bqun 021&3 q�sWg �iC&!}-�! 021 NU5 / 0 )w-.!�/SC 021 ,H%'-,*% 0 )H- 5 %@(uP�#&>'!l%@(D>@,*f2!l%@)*,HP (97.5o, 89.0o, 0.5o) 0G1&3 (DC&! 5J4 ( 0 , 1 ! 3 ( 5 ( 0 ) %@/ 0 ) 0 >u- 5 -�! 1 (u>'!+)*! 0 %'! 3,*%
M0 9 ∗ 1020 � - v 9 C&,*/SC�/ 5 >'>'!+%'P 5J1�3 %�( 5�0 - 5 -�! 1 (i- 0GIJ1 ,T(D# 3 ! 52N Mw 7.9

g
�iC�!.V�� 9;0p< ! NU5 >'-.%l, 1 /�)H# 3 ! 3 , 1 ('C&,*%?, 1B< !+>'%', 5J1�0 >@!	%@C 5�9|1�521 qr, I #&>@!xm&g � � ('C&!�>@!�,H% 0 )H% 5j0

IJ57573 / 5 C&!�>@! 1 /+! 4 !+( 9 !�! 1 (DC�! 3&0 ( 0�021&3 ('C&!�% 871 ('C&!+(',*/�%+g�iC�!.% 5 #�>'/�!�(',*-.! N # 1 /d(D, 521�524 ( 0 , 1 ! 3�N > 5 - 021 , 1E< !�>@%', 521 / 5J1 %@, 3 !+>', 1�I �2��% 5 #&>@/�!�%$,*%b%'C 5�9|1
5J1 � I #&>'!}m&gTnp�2/ 021&3 >@! < ! 0 )*%�( 9u5 %@( 02I !�%+g��iC�!}�F>'%�(b%�( 02I !Gv / 5 >'>'!+%'P 5J1&3 , 1&I ( 5 (DC�!}�&>'%@(lP&#&)H%'! 5GNmE��%'!�/GvWC 0 % 0 >@!�) 0 (D, < !�) 8 %'- 0 )*)&%'!+,*%@-�,H/|- 5 -�! 1 (_!+kB#&, <M0 )*! 1 (_( 5 � ~ 5GN (DC&!|( 5 ( 0 ) v 9 C�,*/SC 0 - 5 # 1 (D%( 5�0 Mw

� gTnJg��iC&!�%'!�/ 5J1&3 %@( 02I !�) 0 %@('% 02465 #�( �J��%@!�/ 021�3 / 5 >@>'!+%'P 5J1&3 %.( 5 � m ~�52N (DC�!:( 5 ( 0 )%'!+,*%@-�,H/	- 5 -.! 1 (=v 9 C�,*/SC�,*%?!�kB#&, <M0 )*! 1 (l( 5�0 Mw
� g � g �iC&! 0=< !�> 02I !�>@#&P�('#&>'! < !+) 5 /�,T( 8 5J4 ( 0 , 1 ! 3,*% 02465 #�( ��g m.f7-��G%@!�/Gv 9 C&,*/SCA,H%�) 5�9 !+>|('C 021 (DC&! ��g � f7-��G%@!�/ 524 ( 0 , 1 ! 3�4B8 { 5 #&/SC 5J1A021&3��_0 )*)���!

X sG�J���EZ 9 C 5�524 %'!+> < ! 3 %'#&P6!+>'%'C�! 0 > < !�) 5 /�,T( 8 g�� 5 # 1&3 !+>'%�( 021&3 ('C&!�>'#�P�(D#&>@!�P&> 5 P 02IE0 (', 5J1 9 !�/ 021
0 )H% 5 ) 5W5 f 0 (�(DC�!.P 5 %@,H(', 5J1�52N (DC&!�- 5 %@(�,*-.P 5 >�( 021 ( 3 ,H%') 5 / 0 (', 521 P 5 , 1 (D% 5J1 (DC�! 3 ,  !�>'! 1 ( N�0 #&)H('%%'C 5�9|1 5J1 qr, I #&>'!lm&gTnp� 0 v 4 g&�iC&!�>'#&PW(D#&>'!�, 1 ,H(', 0 ('!�% 5J1 qun 0 (i(DC�!$!+P&,H/�! 1 (D!+>�) 5 / 0 (', 521�0 ( 0�3 !�P�('C
52N np��f7- 021&3 %@!�!+-�%$( 5 P&> 5 P 0GIE0 (D! 4 ,H) 0 ('!�> 0 )H) 8�3 #�>', 1�I ('C&!��F>'%�(}mJ��%@!�/ 9 ,H('C 0 / 5J1 %@( 0G1 ( 021&3



� �

ADK
43/64û˚

ALE
-3/61˚û

BGCA
-96/72û˚

BORG
-25/66û˚

BOSA
-127/88û˚

CAN
135/89û˚

COCO
171/48û˚

COLA
22/69û˚

CTAO
127/76û˚

ECH
-49/60û˚

EIL
-81/46û˚

ESK
-39/63˚û

FURI
-106/54û˚

GRFO
-49/57û˚

GUMO
100/53û˚

GVD
-70/53û˚

JOHN
70/88û˚

KBS
-13/52û˚

KDAK
29/72û˚

KEV
-24/47û˚

KIV
-62/37û˚

KONO
-37/55û˚

KWAJ
90/74û˚

LLLB
19/89û˚

LSZ
-119/77û˚

MAJO
74/38û˚

MBAR
-109/66û˚

NOUC
116/91û˚

NWAO
156/72û˚

OBN
-44/41û˚

PAB
-54/71û˚

PMG
118/69û˚

RAYN
-95/40û˚

RER
-144/65û˚

TAM
-73/73û˚

TAU
142/94˚û

TIXI
17/40û˚

WAKE
81/67û˚

WRAB
136/69û˚

YAK
30/35û˚

YKW3
11/79û˚Data

Synthetics

120 s

�������im&g�� � z ! 021�NU5 / 0 )?-�!+/�C 021 ,H%'- 5J4 ( 0 , 1 ! 3YNU5 >�(DC&!�/ 5 -.P&)*!d(D!�-	#&)T(D,HP&)H! % 5 #�>'/�!�, 1B< !+>'%@, 5J1/ 521 %', 3 !�>@, 1&I (DC�! 9 !�%@('!�> 1�N�0 #&)T(l%@! I -.! 1 (D%�qen 0G1&3 q�s 021&3 (DC&!	- 0 , 1 N�0 #&)H(lq � X q�, I gwn 4 v /=Z 021&3�J��% 5 #�>'/�!+%.%@#&>'> 5 # 1&3 ! 3R4E8 (DC&! P 9u0p< ! NU5 >'-.% 021&3 (DC&!:/ 0 )*/+#&) 0 (D! 3 % 871 (DC�!+(D,H/�%+g �iC&! 1F0 -.! 5GN(DC�!�%@( 0 (D, 5J1 ,*% , 1&3 ,H/ 0 (D! 3�NU5 > ! 0 /SC 9;0=< ! NU5 >@- 02465p< !�(DC�!�/ 5 >'>'!+%'P 5J1&3 , 1&I}02� ,H-	#�(DC 0G1&3 !+P&,H/�! 1 (D> 0 )
3 ,H%@( 0G1 /�!Gg



� �

BOSA
-127/88˚

RER
-144/65˚

PAF
-166/86˚

AIS
-169/74˚

CAN
135/89˚

CTAO
127/76˚

PMG
118/69˚

MAJO
74/38˚

KIP
60/93˚

ADK
43/64˚

ALE
-3/61˚

KONO
-37/55˚

OBN
-44/41˚

GRFO
-49/57˚

PAB
-54/71˚

Data

Synthetics

�������Wm�g � �.V�� 9;0p< ! NU5 >'-.% 0G1&3 ('C&!�% 871 (DC&!d(D,*/+% 5J4 ( 0 , 1 ! 3.NU5 >�(DC&!�) 0 %@(_/ 5 -�P�)*!+('!�-	#&)T(D,HP&)T!|% 5 #&>'/+!, 1E< !�>@%', 5J1 / 5J1 %@, 3 !+>', 1&IbN�0 #&)T(D% qenJvEq�s 0G1&3 q � X q�, I gWn 4 v /pZdgJ�iC&! 1F0 -�! 52N (DC&!|%�( 0 (', 5J1 ,*%�, 1&3 ,*/ 0 (D! 3
NU5 >i! 0 /SC 9;0=< ! NU5 >@- 0G465�< !b(DC&!�/ 5 >'>@!�%@P 521&3 , 1&I�02� ,H-	#�(DC 021&3 !+P&,*/+! 1 (D> 0 ) 3 ,H%@( 0G1 /�!Gg



� �

 

Kunlun pass fault

Taiyang Lake Kusai Hu Xidatan

36˚N

100 km

F1 F2

F3

91˚E 92˚E 93˚E 94˚E

a

0 20 40 60 80 100 120
0

1

2

3

4

5
x 10

19

Time (sec)

M
o
m

e
n
t 

(N
m

)

F3

F2

F1

0 50 100 150 200 250 300
0

20

40

60

80

100

120

Distance (km)

T
im

e
 (

s)

F1

F2

F3

b

c

�������im�gHnp� � 0 ZjV7P 0 (D, 0 ) 3 ,H%@(D>@, 4 #W(D, 521Y5GN ('C&!��F>@%@(�n�oy!+)*!�-.! 1 ( 0 > 8 % 5 #&>'/+!�%�C 0=< , 1&I (DC�!�- 5 %@(,*-.P 5 >�( 021 ( 0 %'% 5 /+, 0 ('! 3 %'!+,*%@-�,H/�- 5 -.! 1 (D% 0 ) 5J1&I (DC�! 3 ,  !�>'! 1 ( N�0 #&)T( 4 > 021 /SC&!+%}qenJv�q�s 021&3 q ��v>'!+%'#&)T(D, 1&I}N > 5 - (DC&!l/ 5 -�P�)*!+('!?, 1E< !�>@%', 521 , 1B<J5 ) < , 1&I �J�	!+)*!+-�! 1 ( 0 > 8 % 5 #&>'/+!�%�g 4 ZuVWP 0 (', 5GL (D!�-.P 5 > 0 )
3 ,H%@(D>@, 4 #W(D, 521�5GN ('C&! �J��!+)*!�-.! 1 ( 0 > 8 % 5 #&>'/+!�% 0 ) 5J1&I ('C&! 3 ,  !�>@! 1 ( N�0 #&)H( 4 > 021 /SC&!+%�qenJv�q�s 021&3q ��g7�iC&! 5 >', I , 1 / 5 >@>'!+%'P 5J1&3 %i( 5 ('C&!l!�P&,H/�! 1 ('!�>;) 5 / 0 (D, 521 gB�iC&!b%@, � ! 52N (DC&!l% 8 - 465 )H%u,*%u>'!+) 0 (D, < !�( 5(DC�!	%'!�,H%'-.,*/x- 5 -�! 1 ( 52N ! 0 /�C�!�)H!�-.! 1 ( 0 > 8 % 5 #&>'/+!2gK/=ZlV 5 #�>'/�!}(D,H-�! N # 1 /+(', 5J1�524 ( 0 , 1 ! 3A9 ,T(DC$�J�
!�)H!�-.! 1 ( 0 > 8 % 5 #&>'/+!�% 0 ) 521&I (DC&!�(DC&>'!+! N�0 #&)H( 4 > 021 /SC&!+%iqunJvWq�sWvWq �WgB �C&,T(D!�(D>@, 021&I )*!+%_/ 5 >@>'!+%'P 5J1&3 %( 5 (DC&!iP&> 5 P 02IE0 (', 5J1	5J1�4 > 021 /SC�qunJv I > 0p8 (D>', 021&I )H!+%r( 5�4 > 021 /SC�q�s 021&3�4 ) 0 /�f$(D>@, 021�I )H!�%r( 5�4 > 0G1 /SCq ��g



�J�

3&5 -., 1&021 (_%@(D>@,*f2! L %')H,*P�-.!�/SC 021 ,*%'-�gBh 465 #�(|sG�}%@!�/ 0GN ('!�>_(DC�!l, 1 ,H(', 0 (', 521 vE,H(eP 0 %'%@!�% 5J1 q�s�(DC�> 5 # I C(DC�!�!��7(D! 1 (D, 5J1F0 ) I > 0G4 ! 1�9 ,H('C 0 %@(D> 5J1&I�1�5 >'- 0 )�/ 5 -.P 5J1 ! 1 (�gKO (b� 1F0 )*) 8 >'! 0 /SC&!�%b(DC�! 4 ! I , 1�1 , 1�I
52N (DC&!
#b#&% 0 ,���#j%@! I -.! 1 ( X q �JZ"�J�x%'!+/ 0GN (D!+>e('C&!?, 1 ,T(D, 0 (D, 5J1�9 ,H('C 0 �F>'%�( 4 #&>'%�(i! 1&3 , 1&I�0 (umE�x%@!�/
0 (�(DC&!x! 1�3�52N (DC�!x�F>@%@(?%@( 0GI !2g6h�)H(DC 5 # I C�(DC�,*% 4 #&>'%�(l>'! 0 /SC&!�%�(DC&! #b#&% 0 ,���#�%@! I -.! 1 (=v6,T(�%'!+!�-.%( 5 >'!+) 0 ('!l( 5 (DC&!b�&>'%@(�P 0 >@( 5GN ('C&!�>'#&P�('#&>'! 0 %|,T( 4 !+) 5J1�I %i( 5 ('C&!b�F>'%�(�mJ��%@!�/Ggh N ! 9 %'!�/ 5J1&3 % 0GN ('!�>�('C&!|! 1&3.52N ('C&!i�F>@%@(_%�( 02I ! 0 ( 02465 #�(�mE�b%'!+/2vJ(DC&!iP&> 5 P 02IE0 (D, 521 / 5J1 (', 1 #&!�%# 1 , 3 ,*>@!�/d(D, 521F0 )H) 8 ! 0 %@( 9;0 > 3j5J1 (DC&!�- 0 , 1 #b# 1 )*# 1�N�0 #&)H( 9 ,H('C 0x3&5 -�, 1F021 (_)*! N ( L ) 0 ('!�> 0 )F%�(D>@,*f2! L %')H,*P-.!�/SC 021 ,H%'- / 5 >@>'!+%'P 5J1&3 , 1&I ( 5 (DC&!b%'!+/ 5J1�3 - 0 , 1 P&#&)H%'! 52N (DC&!b% 5 #�>'/�!b(',*-.! N # 1 /+(', 5J1 g&�iC�! NU5 / 0 )-.!�/SC 021 ,H%'-.% 5J4 ( 0 , 1 ! 3�0 >'! < !�> 8 %@( 0G4 )*! 0 )*) 0 ) 5J1&I (DC�! N�0 #&)H(�v 021&3 (DC�!	%�(D>@,*f2! 52N (DC&!}!+)*!�-.! 1 ( 0 > 8% 5 #&>'/+!�%x,H% < !+> 8 %',H-�,H) 0 >?( 5 (DC&!�%@('>',*f2! 52N (DC&! N�0 #&)H( 9 C&,H('C 5 #�( 021E8 / 5J1 %�(D> 0 , 1 (�,*-.P 5 %@! 3�521 (DC&!-.!�/SC 021 ,H%'-�g��iC&! - 0 ��,H-	#&- 52N ('C&! - 5 -.! 1 (.> 0 ('! N # 1 /d(D, 521 C 0 P&P6! 1 % 0 > 5 # 1&3 � ��%@!�/ 021&3 ,*%) 5 / 0 (D! 3$1 ! 0 > (DC&!u`iz���) 5 / 0 (', 521 g ^l1 !_CB# 1&3 >@! 3 %@!�/ 521&3 % 0MN (D!�>�('C&! 4 ! I , 1&1 , 1&I�5GN ('C&!_! 0 >@(DC�k7# 0 f2!2v
9 !|%�(D,*)H) 5J4 %'!+> < !|- 5 %�(D) 8 %@('>',Hf2! L %@)*,HP�-.!�/SC 021 ,*%'-.% 021&3 % 5 -.!i>'! < !�>@%'! 5J1 !+%�gE�iC&! NU5 / 0 )&-.!�/SC 021 ,H%'-,*% < !+> 8 %@( 024 )H! 0 ) 5J1&I (DC&! N�0 #&)T( 9 ,T(DC 0 P&#&>@!j)*! N ( L ) 0 (D!+> 0 )�%@('>',Hf2! L %@)*,HPy-.!�/SC 021 ,*%'-�gw�iC�! 1&5 >'- 0 )/ 5 -�P 5J1 ! 1 ( 52N (DC�!�%@# 4 ! < ! 1 (D% 5J4 %'!+> < ! 3 , 1 (DC&! 9 !+%@(=v 1 ! 0 >;(DC�!�!+P&,*/+! 1 (D!�>i) 5 / 0 (D, 5J1 v 02I >'!+!�% 9 ,H(DC(DC�! 524 )*,Hk7#�! 1&5 >@- 0 )F%@('> 021�3�5J4 %'!�> < ! 3j1 ! 0 > 91o ]�X�� #�!+( 0 )cgHvBs2�2� � Zdv 9 C&,*/SC�- 0=8�4 !�>'!�%@P 5J1 %@, 4 )H!
NU5 >�(DC&!A#�P&)*, N ( 5GN ('C&!�{u#&f 0 � 024F0G1 qF! 1&I X �_021\3 !+>� 5 !�> 3 !d( 0 )cgHvesG�J�Es 0 Z�g �iC&! N ! 9 (DC&>@#&%@(
%'# 4 ! < ! 1 (D% NU5 # 1&3 , 1 (DC&!$! 0 %@( 0 >'! 0 )*% 5 / 5J1 %',H%@(D! 1 ( 9 ,H('C�('C&! #b# 1 )*# 1Aar0 %@% N�0 #&)T( 4 !�, 1�I�0 (DC&>@#&%@(
N�0 #&)T( 9 ,H('C 0 %@(D>@,*f2! L %')H,*P:/ 5 -�P 521 ! 1 ( X � 021�3 !+>| 5 !+> 3 !+( 0 )cgHvFs2�J�Js 4 Zdg

����� � �+���
	�� �����}� �x��� ��x���u��	������}���

�����;��� �  
������� � �"� �����"���&� �! ��

�iC�!.(D!+)*!+%'!+,*%'-.,*/ 46573W8BL 9;0p< !�, 1E< !�>'%@, 5J1 >@!�%@#&)H('%$, 1&3 ,H/ 0 (D!	(DC 0 ($('C&!�n=m ��5�< !+- 4 !+>}s2�J�Wn.! 0 > L(DC�k7# 0 f2!�C 023�0 / 5 -�P�)*!'�A>'#&PW(D#&>@!�P�> 5 P 0GIE0 (D, 5J1 ('C 0 (b,*% 4 !+%@(�- 573 !�)*! 3�9 ,H('C 0 -	#&)T(D,HP&)T!}! < ! 1 ('%, 1E< !�>@%', 5J1 , 1E<J5 ) < , 1�I (DC�>'!�! N�0 #�)H(D%+g��iC�!�>'#&PW(D#&>@!�- 573 !+)r%'C 5p9 % 021 , 1 ,H(', 0 (', 521�521 (DC&!	%'!�/ 5J1&3F0 > 8%@('>',Hf2! L %@)*,HP N�0 #�)H(uqen 9 ,T(DC 0x3�5 -�, 1F021 (_! 0 %�( 9u0 > 3 P&> 5 P 02IE0 (D, 521 gEO (e(DC&! 1 P&> 5 P 02IE0 ('!�%_(DC�> 5 # I C�(DC&!
5J4 )H,*kB#&!	!'�7(D! 1 %', 5J1F0 ) I > 024 ! 1 q�s 4 ! NU5 >@!.>@! 0 /�C&, 1&I (DC&!�- 0 , 1 #b# 1 )*# 1�N�0 #�)H(�q � 9 C&!+>'!�(DC�!�>'#&P L(D#�>'!$/ 5J1 (D, 1 #&!�%�,H('% 9;0=8�9 ,T(DC 021 ! 0 %�( 9;0 > 3 # 1 ,H) 0 ('!�> 0 )KP&> 5 P 02IE0 (', 5J1:NU5 > 0 (�)H! 0 %@(��Jo2�.fB-�g V 5 -�!!�)H!�-.! 1 ( 0 > 8 % 5 #&>'/+!�% 0 P&P6! 0 > 02465 #W( �Eo2�	f7- ! 0 %�( 9u0 > 3�N > 5 - (DC�!�, 1 (D!+>'%'!+/+(', 5J1�5GN (DC&!�- 0 , 1jN�0 #&)H(
021&3 (DC&! 4 > 021 /SC"q�s7v 9 C&,H/�C�-.! 021 %l(DC 0 (b('C&!	( 5 ( 0 )r)H! 1&I (DC 52N (DC&!�>@#&P�(D#�>'!�,*% 0 (b)*! 0 %@(bmJ�J�jfB- g�iC&!:-.! 0G1�3 !+P�(DC 5GN (DC�!:% 5 #&>'/+!�%�,*%�n�o fB- 0G1&3 (DC&!j-.! 021 3 ,H%'P&) 0 /�!+-�! 1 (	,H% 0G465 #�(.o - g  y!� 1&3R0�3�5 -�, 1F021 (�%@('>',Hf2! L %@)*,HP�-�!+/�C 0G1 ,*%@- NU5 >	(DC&! 9 C 5 )*!:>'#&P�('#&>'! 9 ,H('C 0�1&5 >@- 0 )u/ 5 -�P 521 ! 1 (, 1 ('C&! 9 !�%�( 0 (�('C&! 4 ! I , 1&1 , 1&I�52N (DC&!�>'#�P�(D#&>@!2g��iC&! 3 ,H%@(D>@, 4 #W(D, 521�52N (DC&!�- 5 -�! 1 ( 3 #&>@, 1&I ('C&,*%! 0 >@(DC�k7# 0 f2!	,*%�C&, I C�) 8 C&!+('!�> 52I ! 1 ! 5 #&%+gK�iC�!}�F>@%@(l%�( 02I !x>'!+P&>'!+%'! 1 (D% 5J1 ) 8�02465 #W( � ~ 52N (DC&!$( 5 ( 0 )%'!+,*%@-�,H/�- 5 -.! 1 ( 9 C&,H)*!:- 5 %�( 52N ('C&!�- 5 -�! 1 (�/ 521 /�! 1 (D> 0 (D!+% 1 ! 0 >�('C&!�) 5 / 0 (D, 521�52N (DC&!A`iz��
X 35.8o � v 92.9o ] Z 9 C&!+>'!�(DC�!$) 0 > I !�%@(i/ 5 %@!�,H%'-.,*/ 5  %'!d(D%|C 0p< ! 4 !�! 1 -.! 0 %'#&>@! 3 g



��n
�iC�>'!�! 3 ,  !�>'! 1 (�/�>@#&%@( 0 )|- 573 !+)*% 9 !�>@!�(D!�%�(D! 3RNU5 >	(DC&!�% 5 #&>'/+!�, 1 ('C&!�, 1E< !�>@%', 521 gr �,H('C�(DC&!

a Q�] z - 573 !+) 9 !	� 1�3�0 - 5 -.! 1 (?- 0GIJ1 ,H('# 3 ! 52N � g��j/ 5 -.P 0 >'! 3�9 ,T(DC�('C&! � g � 524 ( 0 , 1 ! 3 #&%@, 1&I- 573 !�) 0 - 5 >'! 023&0 P�(D! 3�NU5 >��i, 4 !d(.%'#�/�C 0 %�hlVWO�h 52N # 5 % 0 >@! < !d( 0 ) g X n ��� �JZ 5 >.` Q � V7��sWg �
X�� 0 %@f2!�!+( 0 ) gTvKs2�2��n�Zdg6�iC&,H% 3 ,  !�>@! 1 /+!�, 1 - 02IJ1 ,H(D# 3 !}/ 021�4 !�! 0 %',H) 8 !'�WP&) 0 , 1 ! 3�3 ,H>'!+/+(D) 8 4E8 (DC&!P&>@!�%'! 1 /�! 52N (DC&!.>', I , 3 , ( 8 µ

, 1 ('C&! 3 !+� 1 ,T(D, 5J1�52N (DC&!.%'/ 0 ) 0 >�%'!+,*%'-.,H/.- 5 -.! 1 (=g��iC�!�#&%@! 5GN (DC&!P 5 ('! 1 / 8"X {u! 1WL z ! 1&0 C&!+- 021&3 VW, 1&I CKvKn � ��n�Ze, 1 %@('! 023�52N (DC&!b%'!�,H%'-.,*/l- 5 -.! 1 ( 9u5 #&) 3�0p<J5 , 3 ('C&,*%
3 ,H%'/�>@!�P 0G1 / 8�4 !+/ 0 #�%'!$('C&!b(DC&>@!�!�- 573 !�)*% 8 ,*!�) 3 %',H-�,H) 0 >uP 5 (D! 1 / 8j<G0 )H#&!�%+g "! 0 )H% 5 (D!+%@('! 3 (DC&!e, 1 �F#&! 1 /�! 52N ('C&!e- 0 �W,H-	#&- 0 )*) 5�9 ! 3 >@#&P�(D#�>'! < !�) 5 /�,H( 8�5J1 (DC&!e>'!+%'#&)T(D%+g� y!
5J4 %@!�> < ! 0 / 5J1 %�( 021 ( 3 !�/�>@! 0 %'! 52N (DC&! >'!+%', 3 # 0 )J-�,H%@�&( N # 1 /d(D, 521�9 ,T(DCb(DC&! , 1 /�>'! 0 %'! 52N (DC&! - 0 �W,*-	#&->'#�P�(D#&>@! < !+) 5 /�,T( 8 # 1 (D,H) ��g o�fB- �G%@!�/ 9 C&!�>@!	(DC�!	!+>'> 5 >?,*%�-�, 1 ,H-., � ! 3 g6h N (D!�>�('C 0 (?P 5 , 1 (=v (DC�!	>@,*%'!
52N|< !�) 5 /�,H( 8 , 1 /�>@! 0 %@!�%�('C&!:-�,H%@�&( N # 1 /d(D, 5J1 vr% 5 ��g oAfB- �G%@!�/:%'!�!+-.%�( 5�4 !:('C&!:, 3 ! 0 )u- 0 �W,*-	#&-
< !�) 5 /�,T( 8 gK� 5�9 ! < !�>+vK(DC&!	!�>'> 5 >l,*%?) 5�9 !�>@! 3�4E8�5J1 ) 8 m ~�NU5 >�(DC&,H% < !�) 5 /�,T( 8 , 1 / 5 -.P 0 >@,*% 5J1A9 ,H('C 0- 0 �W,*-	#&- < !�) 5 /�,T( 8 �&�W! 3 ( 5 ��g �bf7-��G%@!�/2v 9 C&,H/�C.,H%�/�) 5 %'!;( 5 (DC&! Q�0p8 )H!�, I C < !�) 5 /�,H( 8 , 1 (DC�! 4 >',T('(D)H!/�>@#&%@(�gK{ 5 #&/SC 521�021&3 �_0 )*)���! X s2�2���EZ|/ 5J1 /�)H# 3 ! 3�N > 5 - 0�N�0 > L >'! I , 521F0 )�%'#&> N�0 /�! 9;0=< !�%b%�(D# 3W8 (DC 0 ((DC�!:>@#&P�(D#�>'!:%�( 0 >�(D! 3�9 ,H('C 0 %@# 4WL�Q�0=8 )H!�, I C >@#&P�(D#�>'! < !+) 5 /+,H( 8"52N�0G465 #�(.s7g m�f7-��G%@!�/ 0G1&3 (DC&! 1
4 !�/ 0 -.!	%'#&P6!+>'%'C&! 0 >�vK>'! 0 /�C�, 1&I o�fB-��G%'!+/ 0GN ('!�>}np�J��fB- 52N P&> 5 P 0GIE0 (D, 5J1 9 ,H('C 0 -�! 021 >'#&P�('#&>'!
< !�) 5 /�,T( 8	52N �Wg � fB- �G%@!�/Gg ^ (DC�!�> (D!+)*!+%'!+,*%'-.,*/ 46573�8EL 9u0p< !�%�(D# 3 ,H!�%+v7%@#&/�C 0 % 4E8 � , 1 !d( 0 ) g X s2�J���EZ 5 >
^l�=0 / 0 > 021�3 {u!+/�f X s2�J�GmBZdvB#&%'! 0 -.!+('C 573 %',H-�,H) 0 > ( 5	5 #&>@% 0G1&3 � 1&3�0 -.! 0G1 >'#�P�(D#&>@! < !�) 5 /�,T( 8.5GN��g m�fB- �M%'!�/Gg�VW,H-�,H) 0 >') 8 v&h 1 ( 5 )*,Hfj!d( 0 ) g X s2�J�2mEZ NU5 # 1&3A0 >'#&PW(D#&>@! < !�) 5 /�,H( 8:52N ��g � fB- �M%'!�/Gv 9 C&,H/�C,*% < !+> 8 %',H-�,H) 0 >�( 5}5 #�> 4 !�%�(;>'#&P�('#&>'! < !�) 5 /�,H( 8 gW� 5�9 ! < !�>+v 5 #�>e, 1E< !�>@%', 521�3&5 !+% 1&5 (e/�)*! 0 >') 8 >@!�kB#&,H>'!%'#�P6!�>'%@C&! 0 >_>'#&P�('#&>'! < !�) 5 /�,T( 8 ( 5 %@, IJ1 ,H�F/ 021 (') 8 ,H-�P�> 5p< !;(DC�!|��( ( 5 (DC&! 3F0 ( 0 gE{u!�/ 0 #&%@!�(D!+)*!+%'!�,H%'-.,*/
46573�8B9;0=< !�%b)*! 0p< !x('C&!}% 5 #&>@/�! 9 ,T(DC 0�1 ! 0 >@) 8�< !+>@(D,H/ 0 ) 3 !�P 0 >@('#&>'! 0G1&I )H!2v ('C&! 8A0 >'!})H!�%@%l%@! 1 %@,H(', < !( 5 (DC�!$>@#&P�('#&>'! < !�) 5 /�,T( 8 ('C 021 %@#&> N�0 /�! 9u0p< !+%�g

�����;��� �  �� � � ���!�� ���� � ����y�� ����� ��� � �!� �

^ ('C&!�> %@!�,*%@-�,H/ 46573�8EL 9;0p< !_, 1B< !+>'%', 5J1 %�P&> 5 P 5 %'! 3 ,  !�>@! 1 ( >'#&PW(D#&>@!_P&> 5 /�!+%'%�C�,*%@( 5 >',H!�%+g � , 1 !d( 0 ) g
X sG�J���EZb#�%', 1�I�0 %',H-�,H) 0 >�, 1E< !�>@%', 521 -.!+(DC 573y5J4 ( 0 , 1�NU5 >�(DC&!�%@(D>@,*f2!Gv 3 ,*P 0G1&3 > 0 f2!2vw>'!+%'P6!�/d(D, < !�) 8
(96o, 86o, 7o)

v /+) 5 %@!�( 5.5 #&> 0p< !+> 02I !$% 5 )*#W(D, 521 0G1&3A0 %@,*-.,*) 0 >;>'#&PW(D#&>@!xC&,H%@( 5 > 8 %�( 0 >@(', 1&I�1 ! 0 >|(DC&!!�P�,*/�! 1 ('!�> 4 ,*) 0 (D!+> 0 )H) 8�4 ! NU5 >'!.!'�7('! 1&3 , 1&I # 1 ,*) 0 (D!+> 0 )H) 8 ( 5 (DC�!�! 0 %@(�gw�iC�!.( 5 ( 0 )�%'!+,*%@-�,H/�- 5 -�! 1 ((DC�! 8�524 ( 0 , 1 ! 3 ,*% 6.5 ∗ 1020 � - X Mw 7.8
Z 021&3 ,*%�) 5p9 !+>�(DC 021 (DC&! <G0 )H#&! 9 !�P�> 5 P 5 %@!2g �iC&! 8P&) 0 /�!x('C&!	!�P&,H/�! 1 ('!�> 0 ( X 36.01o � v 90.10o ] Z�v 5J1 (DC&! 9 !�%�(D!�> 1 ! 1&3�5GN ('C&! #b#&% 0 ,���#�%'! I -�! 1 (

1 ! 0 >b(DC&!�, 1 (D!+> 0 /d(D, 521�9 ,T(DC 4 > 021 /SCyq�sWv 9 C&,*/SC 3 ,  !�>@% N > 5 - 5 #&>�>@!�%'#�)H(D%+g��iC&! 8�3 , 3�1&5 ($- 573 !�)(DC�! 9 !�%�(D!�> 1 / 5 -�P&)H!'�W,T(D,H!�% 021&3 / 5J1 %@, 3 !+>'! 3�0 %', 1&I )H!j! 0 %@( L 9 !+%@( N�0 #�)H(	, 1 ('C&!:, 1E< !�>@%', 521 v 9 C&,H/�C)*,H-., (D%u('C&!�, 1 (D!�>@P&>'!d( 0 (', 5J1:52N (DC&! 4 ! I , 1�1 , 1&I�52N (DC&!�P&> 5 P 02IJ0 (D, 5J1 g
^l��0 / 0 > 021&3 {u!�/Sf X s2�J�2mBZ 021F0 ) 87� !�('C&!�% 5 #&>@/�!?P&> 5 /�!+%'% 5GN (DC&! Mw 7.9

�?! 1F0 )H,6! 0 >@(DC�k7# 0 f2! 5GN
��5p< !�- 4 !+>es2�2�Es Xc]�4 !+>'C 0 >�( L�a C�,*)*)H,TP&%r!+( 0 )cgHvJs2�J���JZw( 52I !+('C&!�> 9 ,T(DC	(DC&!�s2�J�Wn #�# 1 )*# 1 ! 0 >@(DC�k7# 0 f2!2g�iC&! 8 0 )H% 5 #&%@!$('C&!$-	#&)T(D,HP&)T!b%@# 4 ! < ! 1 (D%?, 1B< !+>'%@, 5J1�5GN #b,*fB#&/SC&, 021&3 # 0G1F0 - 5 >', X n ��� n�Ze( 5 - 573 !�)



�Es
(DC�!}( 9u5j3 ,H%@(', 1 /d(?P&#&)H%'!�% 5J4 %@!�> < ! 3�5J1 (DC�! 9u0p< ! NU5 >'-.%�g �iC&! 8 �F>'%�(b, 1B< !+>@(?('C&!}, 1 ,T(D, 0 ) P�#&)*%@! 021&3P&) 0 /�!i('C&!�!�P�,*/+! 1 ('!�> 9 !+%@( 5GN � 0 , 8E021&I � 0 f2! X qr, I g2m&gHn�/pZ 021&3 � 1&3�0b< !�> 8 %@,*-.,*) 0 >�>@#&P�(D#�>'!�C&,H%@( 5 > 8
NU5 > (DC&!��F>@%@(umE�x%@!�/2gW�iC&! 8 (DC&! 1 , 1E< !�>@(_(DC&!�>'!�%@, 3 # 0 ) 9;0=< ! NU5 >'-.% 0G1&3 � 1&3:0 # 1 ,*) 0 (D!�> 0 )F! 0 %@( 9;0 > 3P&> 5 P 02IE0 (D, 521�9 ,H('C 0 )*! N ( L ) 0 (D!+> 0 )�%�(D>',Hf2! L %')*,HP�-�!+/SC 021 ,H%'- C 0p< , 1&I (DC&! NU5 )*) 5�9 , 1�I /SC 0 > 0 /+('!�>@,*%@(',*/+%
(95◦, 70◦,−15◦)

gF�iC&!�,H> NU5 / 0 ) -.!+/�C 0G1 ,*%@-�% 5 )*#W(D, 521 ,*% 1&5 ( < !+> 8�3 ,  !�>'! 1 ( N > 5 - 5 #&>'%�!���/+!�PW( NU5 >(DC�! 3 ,*P�gE�iC&! 8�NU5 # 1&3�0 ( 5 ( 0 )&%'!+,*%'-.,*/i- 5 -.! 1 ( 52N 4.55∗1020 � - X Mw 7.7
Z 02465 #�(_C 0 ) N 52N�5 #&>@%�gh 1 ( 5 )*,HfA!d( 0 )cg X s2�J�GmBZ?#&%'! 3�0 ( 9u5GL %@(D!+P", 1B< !+>'%@, 5J1 P&> 5 /�! 3 #&>'!.( 5 >'!�/ 5�< !+>$(DC&!.>@#&P�('#&>'!.P&> 5GL/�!+%'% 0G1&3 (DC&!j%')H,*P 3 ,*%@('>', 4 #�(D, 5J1 0 ) 5J1&I (DC�! N�0 #&)H(�g�h�% ^l�=0 / 0 > 021�3 {e!�/Sf X s2�2�2mBZdv (DC&! 8�0 %'%'#�-�!P&> 5 P 02IE0 (D, 521j5J1 ( 9u5 %@('>',*f2! L %@)*,HP:%@! I -.! 1 (D%|)H, 1 f2! 3:4B8:021 !��7(D! 1 %', 5J1F0 )K%@('!�P L 5�< !+> X h 1 ( 5 )H,*f�!+( 0 )cgHvs2�J�GmBZdg&�iC�! 8 � 1�3 >'#&P�('#&>'!$P&> 5 P 02IJ0 (D, 5J1 %�( 0 >�(D, 1&I�9 !�%�( 52N (DC&!�� 0 , 8E021�I � 0 f2! 9 ,H('C 0 %�(D>@,*f2! L %')H,*P%'# 4 ! < ! 1 ( NU5 )*) 5p9 ! 3 ob%'!�/�) 0 (D!�> 4B8.021�5J4 )H,*kB#&! L %@)*,HP�%@# 4 ! < ! 1 (;C 0p< , 1�I}0 ) 0 > I ! 1&5 >@- 0 )F/ 5 -�P 521 ! 1 (>'!+- 0 , 1 , 1&I , 1 ('C&!�!��W('! 1 (D, 521F0 )�%@('!�P L 5�< !+> 021�3"0 / 521 (D, 1 # 5 #&%bP&> 5 P 02IE0 (', 5J1�0 ) 5J1&I ,T( 4 ! NU5 >@!�>'! 0ML/SC&, 1�I ('C&!�- 0 , 1 %'! I -.! 1 ( 021&3 P&> 5 P 02IE0 (', 1&I # 1 ,H) 0 ('!�> 0 )H) 8 ! 0 %@( 9;0 > 3 5p< !�> �EoG��fB- g ^ #&>$% 5 #&>'/+!(D,H-�! N # 1 /+(', 5J1 %'C 5p9 %i(DC 0 (;(DC&!b>'#�P�(D#&>@!�) 0 %@('! 3�0G465 #�(|mJ��%@!�/ 5J1 ('C&!b�&>'%@(|%@!�/ 521&3F0 > 8 %�(D>@,*f2! L %')H,*P%'! I -.! 1 (=v 9 C&,H/�C�%@# IJI !+%@(D% 4 ,H) 0 (D!�> 0 )wP&> 5 P 02IE0 (', 5J1A5J1 (DC�,*%l%'! I -.! 1 ( 9 C�,*)H!}(DC&!�>@#&P�('#&>'! 0 )H>'! 0G3�8P&> 5 P 02IE0 (D! 3 (DC&> 5 # I C (DC&!:%�(D!�P L�5�< !+> 02465 #�(�sG��%@!�/ 0GN ('!�>}(DC&! 4 ! I , 1�1 , 1&I v 4 ! NU5 >'!:>@! 0 /SC&, 1&I (DC&!

9 !+%@(D!+> 1 P 0 >@( 52N (DC&!�- 0 , 1jN�0 #&)H( 0 ( 02465 #�( �2��%@!�/2gh�)*) 52N ('C&!�('C&>'!+!�P&>@! < , 5 #&%_%@(D# 3 ,*!+% 5J4 ( 0 , 1�0 % 5 #&>'/+!�(D,H-�! N # 1 /+(', 5J1 v 9 C�,*/SC�,H% - 0 , 1 ) 8 / 5J1 /+! 17L(D> 0 (D! 3 0GN ('!�>imE��%@!�/Gg ^ #&>i% 5 #&>@/�!b(D,*-.! N # 1 /+(', 5J1�02I >'!�!+% 9 ,H('C�( 9u5ML %@( 02I !bP&> 5 P 02IE0 (D, 521 g ^ #�>i�F>@%@(%@('!�P 52N P&> 5 P 02IJ0 (D, 5J1 , 1 (DC&! 9 !�%�(e) 0 %@('%�mE�l%'!�/ 021&3 , 1E<J5 ) < !�% 02465 #W( � �bfB- 52N6N�0 #&)T(�)H! 1&I (DC�%@P&>'! 023
0 ) 5J1&I (DC�!�(DC&>@!�!$, 1 ,T(D, 0 ) 4 > 021 /�C&!+%�g ^ #&>i( 5 ( 0 )�%'!+,*%@-�,H/�- 5 -.! 1 (|,*% 9.0 ∗ 1020 � -�v 9 C&,H/�C ,H%i(DC&!C&, I C&!�%�( 5J4 ( 0 , 1 ! 3�NU5 >l(DC&,H%�! 0 >@(DC�k7# 0 f2!2v 021&3 ('C&!�( 5 ( 0 )�>@#&P�(D#�>'!.)H! 1&I ('C�,*% 0 ($)H! 0 %�($mE�J�:fB- vK, 1
02I >@!�!+-�! 1 ( 9 ,H(DC:�F!+) 3 - 0 P�P&, 1&I v 9 C&,H/�C I , < !�% 0 )*! 1&I (DC 52N m �Eo	fB- X � #�!+( 0 )cgHvFs2�2� � Zdg


 ��������� �+�|����� �|�	�w�

�iC�! 9;0p< ! NU5 >'-.%i#&%'! 3 , 1 (DC&,H%i%�(D# 3�8j9 !�>@! 524 ( 0 , 1 ! 3:N > 5 - ('C&!bO Q O�V 021&3 [�]e^ V&` ^�a ]R3F0 ( 0/�! 1 ('!�>'%+gKz 5 %@( 52N (DC&!$� I #&>'!+% 9 !+>'!xP&> 573 #�/�! 3 #�%', 1�I:[ ! 1 !�>',H/}z 0 P&P�, 1&I � 575 ) X [ z ��Zi% 52N ( 9;0 >@!2g "!e(DC 021 f}z ,H/�C 0 !�)Wh 1 ( 5 )*,Hf v 	2! 021�1 !i� 0 > 3 ! 4 !�/Sf v 021�3�021�0G1&5J1B8 - 5 #&%�>'! < ,H! 9 !+> NU5 > (DC&!+,*>�/+>',H(',*/ 0 )
021&3 C�!�)HP N #&)K>'! < ,H%', 521�52N ('C&!�- 0G1 #&%@/�>',HP�(=g



���


������|���:��� 

���	��
����������������������������� �!�"���	���������������$#������&%(')�����������*����+(�-,��.����/���
�01���+2,)01�435�������6�&���7,���� �!�8����� �	/���� �!�
�9�!�$��,!/7�:�����;������� �!�����:�!�70���$���",�<���	/��=,����>�����)���7,�?�������A@B���C�����>�7�!��
��� �!�EDGFH���	���I���	�����*,����)0�!���J�9�!�*,
#������C�����;������� �!��KL#�+(
���	��,�?M�N�;�NOP�����;�!�������+)'*��� ��QI�����7,���@R���!
��/	�	��,���0S�9�!�T,U���	/	�!��0V�����;������� �!�R�����;�!�������+
W ��� ��QI�����7,���@X���!
��/	�	��DZY[�X�����2� �\�]�_^���<-,���� ��`a����QJ<M�!�7,��&01� ��������?
��� �!�b���c�����d��� ��QI�����7,���@X���!
��/	�	�I�9�!�
,����P���	���$�����;������� �!�������	��
������DeY[�������>����+(���S^ef�
<M������QJ<M�(������� �!�g����,����P�����I�9��/	,��PQI�	/7�-,��� ��QI�U���!��
��� �!���
/	�!�����	��<M�!��01���+)���I,����E���	���T�4�6��������� �!�������!��
��� �!���C�9�!�T��,!/7�d��� ��Q>,����7,���@2���!
��/	�(D

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

0 20 40 60
0

20
40

Distance (km)

T
im

e
 (

s
)

F1

F2

F3

1

2

5

3

4

6

7

8

1

2

3

4

5

5 sources: 

8 sources: 

Distance (km)

T
im

e
 (

s
)



�2m



� �������	��
�� 

� ��������� � ����
������ � ������������ ��! �"���
# ��$��&%������('*) ��+,��� � ��
 -&. /10�02- ����
3�"��45���6$��

7 
�01����@VFG��/7����<M�!��� 1 8:9 
� ���T���;���7, 1 8 ,���0<;>=��@?!QI�(A�,��d0���CB�������0 1

1 D �������4��
�T0�FE ��@1���HG;
�� 01
JI�� �!?M� 8LKNM �&O!'QPSR 8 '*��
��c�[���L=UT&�	��/�,������	� 8 R>OWV WYX f����7,!��?M�!
��+[ZZ�	0�]\ 8^��7,���/	�

�Eo



� �

� ��� 
�� � ���r� � �
7 ����
�01@_���P�����[P X�� �N�;��Q�?M���	� V VQP�
[��;�S\6����� ��,������LG�
-,����*� �&<���!<M�(���	0"���R,��-,���@����*�����U����� ��QJ� /����A@

,����!
��0 �����R��
<��
���	0 ,�����,8?M�\� �!���d,���0 , �]�����I�����2��,������LG�
-,����(D�FH���2��,������LG�
-,��;�R?����;�R�������Z�	���������

&
��7,�����
d����+(QI�����[���e����� ��,!����`��Z�	���T��������01���+�
&
���
�_���������;�\` ������<R�a,�
�����C�����2����� <���	������/	�$��� ��
� �a,!/	�
��
<��
���S���7,!/	�	�J�N����� X V V��6Q2D.FH�� �U���;�\�6�U���

Mw = 7.8
K��&,����!,���0 Z M F 8 � V VQPNO��H,!���9�!��� ���Z�	0:?�@:,

QI��0���7,����2?
�>/	�!��������
��!
��)����� ��QJ� /d,!/���������� @�D T�
�����+B�����V�9�!
�J@;��,����U� �!��� ���C���+������RQ>,����X���;�����J���Z�
/���
����������[��� ���;�������TQI�!��� ���-,���� V V��6Q ,��H,�@S�]���!Q �����&�a,�
���[,����$�!?��������;��0 8 ���!
���_���e�������P
 �(, Tc,�?-,��E.��,��U,���0U���!�����I��� �����H��,!���������I����0J��� �����!
&
��7,��"��
J����+(QI������D M ��0��� � ��� ����� ZZ�!
����!Q*?I�������	��� /7�-,��+��	�
/�,�
����	0d?�@R�����$Q>,����"������/#�2�!�"01�43 �����������a,�
����+��	�!QI������� �	�&������� ���-,��[�����$01� ��������?
��� �!� ����, � ������������/#�1�
,���02/���
����������[,���� /	�!����� �����������C�����_,��2����/�����,!��� ���e����� ZZ�!
� �!Q�?_�������	����D

� �%$ & � ��� ����	�� � ���}�
FH��� P X�� �N����Q�?M���'� V VQP(
[��;�S\1�4���5��,������LG�
-,����

Mw = 7.8
��/	/�
�����	0S���!�����V���E������FH��?M���7,��V<�=,�����,�
 8

,�� �!�+ ������
&
���
�J�a,�
�����C�����),���
<��
���T� ���+(���>�N����� X V V(�6Q K AP,��I0����B�������0I����,��aD 8 � V V)�(,+* 9 ���>����,��aD 8
� V V)�+*-,�
 ���$,��aD 8 � V V)��OUK ^.��+(
���I'1D PNO\D D �&� �c�!���U���Z�����*QI�(���c��QJ<M�!���7,����$/	�!�������������7,������������;�\` ������<8�������6�
���	/	�!��0�	0V���V�������=,!���H/	������
��@;DQT&�	��<��������������QJ<M�!���7,����T�������&��� ���� �C��,������LG�
-,���� 8 ���H01� 0S���!�C/�,�
�����Q�
�/7�
0�,�Q>,�+��H?M�	/�,�
����H��� ��/	/�
�����	0U���I,��I,���QI�(���e
�<M�!<
�=,����	0J����+(� �!� 8 �����Z����,����	���e�=,���+��C/��4� @ 8 I&�!��Q�
�0 8 ��@6���+P�' V.�6Q ,��H,�@;D/�����Z������� 8 ��� �-,!�������������	0I
<IQ>,���@�#-��� 0I�������	������+;,���� �!���Z,���0I�!�������P����
�01� �	� ���c
��0�������7,���0
�����C��
<��
��� <����/	�	����D

FH���0
&
���
�)�9,�
��4�P� �Z,cQ>,21��!�P��,!��� `��Z�	���Z������ �����7,�� �����������\` ������<>�9,�
���3�C�� /7�)��
��� �9�!��QI�!�������-,�� PSR V V
�6Q � ���!Q

86◦ 4 ���
105◦ 4 ,�� �!�+:�����d��,!���������5
&
���
� �7,��+��	� 8 /����(�7�����+�<-,������)���c�����6,����1 �=,��+ 8 �����

,����N,��+ ,���0B������7[���+(�-,��Z<���N�6����/	�	��D T�
�����+_�����
20th /	������
��@ 8 �����)����� ��QJ� /����A@B���T�����8
&
���
�:�a,�
���

�-,!�C?M�	���d��<-,������&?
��/	�!��������
��!
��0�C�����d�����;�\� ,�� QI��0���7,�����,���0R�=,���+�� ��,������LG;
-,��;�	�[,!������/��=,����	0��C�����2�����

&
���
�>�a,�
����D;FH���TQI�(������QJ<M�!���7,����Z�!���	�H,����T����� P�9(%>O ��,������LG;
 ,����[���

M = 7.5
�C�� /7�)��
<��
���	0>QI�(���

��������� T��!�+W\1� ZZ�S����+(QI�����JK ;(�=,S���&,��aD 8 P�9 W(W O�,���0_����� P�9)9>O M ,���@��.��,������LG�
-,��;�*���
Mw = 7.6

�C����/7�
?����;�&����� M ,���@��E�7��+(QI�����T<����01
�/����+S,U��
� �9,!/	�c��
<��
���$,�?M�!
� P OWV���Q � �!�+_K AP,��20��\� B�������02����,��aD 8
� V V)��? 8 ,+* E.�����:�����[���[,��aD 8 P�9)9)9�O 8 ��,!���[,���0��H�����T���e�����	� V VQP ��
<��
��� 8 �7����<M�	/�����������@BK ^.��+(
���$'1D;��O\D

FH���8� V VQP8
[����S\1���������;����� ��
<��
���	0�Q>,������@ �����<
&
�� ,��=�[
B����+(QI���������H�����8
&
���
�B�a,�
���	�C�� /7�
� ��/	�!QJ<��� ���	02?M�����Z�	���d���-� P�9(%>OI,���0 P�9)9>OJ��<� /	������������D>�&,����(,���02�	������Q>,����	�T���-�cQ>,�+(�����
�0�

Mw
,�� O6D W

,���0d� ��/�,����	�[������/	���������!� 0"��,!�����H,���0_��� ��������<� /	���������c,��
35.80◦

�
92.91◦ 4 �!�_�����?
&
��7,��@��
"����+(QI�����

����,��T�����	
&
��7,�� 9 ,��;�(D
^G� ��� 0g�����;�	������+;,���� �!���)������� ���-,��I�����2/	��` ����� ��QJ� /2��
� �a,!/	�V��
<��
���2����,!/7���	�),�?M�!
� X %('A�6��� �!QI���������

�]\1������01���+_� ���!Q ����,�����@
90.2◦ 4 �Z�	���*�����������Z
 �!,�Tc,�?-,�� Ee�	,������

95◦ 4 8 ��,!���*����������
&
���
� E ,!���
KB,�
2���[,��aD 8 � V V)� 8 � V V R+* 9 ���_�\�[,��aD 8 � V V(%�O\D-FH���C�C���!� �$��
� �9,!/	�c��
<��
��� �-,!�T?M�	���dQ>,�<<M�	02���2�����&#-��� 0
,���0R�������T�T,U% V?�6Q � �!�+J��
<��
���	02����+(QI�����C���*�����(�Z�	���T,���0S�����&Q>,����2%(' VD�6Q �!���c����<-,��7,����	0V?�@V,��
�]\1��������� �!�-,��E������<1` �N�;���H+(�7,�?M���d��@6������Q ���e,�?M�!
� X V?��Q � �!�+dK�
&�����+��������T,��aD 8 � V V('�? O&K ^.��+(
���	��'1D;�U,���0
'1D %�O\D;FH�����!?��������;�	0>01� ��<�=,!/	��QI�������Z/	�!�����	��<M�!��0)�	���7�\�6���=,����4@J���$,c<
���T� �\�]���=,������7,�� �����������\` ������<>QI�!��� �!�S�!�
��
?1`a�;������� /�,��.�a,�
������D ZZ��` ����� ��QJ� /U01� ��<�=,!/	��QI�������C�Z�����*QI��,!��
���	0 ?�@d01�43 ���������&����,�QI�IKB,[
8���c,��aD 8 � V V)� 8
� V V R+*�AP,��g0��� BB������0g���>,��aD 8 � V V)�(, 8 � V V(%+* 9 ��� ���>,��aD 8 � V V)�+*�
&�����+����>���I,��aD 8 � V V(% 8 � V V X 8 � V V('�? 8 ,+*9 ,!���7�������d���S,��aD 8 � V V(%+* ^�
 ���S,��aD 8 � V V('+* 9 ,!�����������_���S,��aD 8 � V V('+* 9 �[���S,��aD 8 � V V('�OI,�� �!�+:�����2��
<��
���
, � �����������(� V VQP[��,������LG;
-,��;�(D ^.������� #-��� 0>�����;�	������+;,���� �!���&K 9 ���S���H,��aD 8 � V V��O�0�	��/�����?M�	0)/	��` ����� ��QJ� /���
<��
���



� �

75 

75 

78 

78 

81 

81 

84 

84 

87 

87 

90 

90 

93 

93 

96 

96 

99 

99 

102 

102 

105 

105 

24 24 

27 27 

30 30 

33 33 

36 36 

39 39 

Altyn Tagh FaultTARIM BASIN
QAIDAM BASIN

Kunlun Fault

K
arakorum

 Fault

SICHUAN

   BASIN

I  N  D  I  A

R
ed

 R
iver Fau

lt

Haiyuan Fault

Xianshuihe Fault

T    I    B    E    T

30 mm/yr

12 mm/yr

20 mm/yr

15 mm/yr

15 m
m

/yr

5
 m

m
/y

r

13 m
m

/yr

GOBI-

ALA SHAN

~ 50 mm/yr

SOUTH

 CHINA

H

I
M

A
L

A Y A

East Kunlun
West Kunlun

Qilian Shan

Longm
en S

han

Figure 1

Fig. 2

Fig. 3

��������oWgTn �yVW,H-�P�)*, �F! 3 - 0 P 5GN - 065@5 > N�0 #�)H(D%x, 1 021&3�0 > 5 # 1&3 (DC&!��i, 4 !d( a ) 0 ('! 0 #Kg�q 0 #�)H(D% 021&3fB, 1 !+- 0 (D,H/l- 573 ,T�F! 3jN > 5 - � 0 P�P 5J1&1 ,H!�>|!d( 0 ) g X s2�J��n 4 Zdg

�C�����R01� ��<�=,!/	��QI�������C
<S��� PSR$Q 8 �C�� /7�V�����Z�������!�Z���������!�C/��!�����!?M�!�7,����	0V?�@>�!�������H����,�QI�T,���0S����
�01� �	�
KB,�
d���[,��aD 8 � V V)�+* 
&���4��+��\������,��aD 8 � V V('�? 8 ,+* 9 ,!�����������$����,��aD 8 � V V('�O\D-FH���$/	��` ����� ��QJ� /$������<2�7,��+��	��QI�(������@
?M�����Z�	���g%d,���0:'2Q ,���0 �C�����:Q>, \6��Q�
Q ,�?M�!
� W ` PSVRQ �(' V��6Q ��,!�������T�����>��<� /	���������RKB,�
:���*,��aD 8
� V V)� 8 � V V R+* 9 ,!����������� ���[,��aD 8 � V V('+*"
&�����+��������[,��aD 8 � V V('(,�O\D
7 ?M�!
� X VU, � ������������/#�1�H���.Q>,�+(�����
�0�

Mb
+(����,������C���-,�� X D V��-,�<<M�����	0R���V�����c'*0�,�@1�Z� �!��� ���C���+J�����

Q>,����:���-�;/#� K D f:Z 8 � V VQPNO�D	T�
�����+d����� �R@���,����c�9�!��� ���C���+_�����8� V VQP)��,������LG;
-,��;�),�?M�!
� PSV VR���;�����������
Q>,�+(�����
�0�$+(����,����������-,��"%��Z����� ���	/	�!��0�	0d?�@��Z�!��� 0+�C� 0�$�������Z�!�:�6��,�� �!�+>�����c��
<��
���	0d����+(QI������,���0
,�?M�!
�T% V V���Q ,����!
��0S����D 
&���+J���C,��aD5K P�9)9 X OP,���0V���������7,��5�!�������C,�
�����!���Z�-,��;�[�������C�S���-,��Z��������<-,����=,��
� ��/�,���� �!�_��� , � ������������/#�1�T��� ,��d��,������LG�
-,��;�$,���� ��� �����d/	�!�������=,����	0��C�����2����� /7�-,��+��$��� �������	�7��,!������/��=,����	0
�C������������Q>,����U������/#�5D E ���	��
�Q>,�?��@ 8 ����� � V VQPP��,������LG;
-,��;�P/�,�
����	0U,T/7�-,��+��P���������P01� ��������?
��� �!�U���-�������	���
���)���� ���7�\+(� �!�ED6FG��0��������QJ�������4� �����[�������	��������01
�/	�	0)?�@J�����0
[��;�S\1�����M��,������LG;
-,��;��� ���7����<M�!������?� �T�9�!�������
����/�����,!�����+������ ��QJ� /�,!/������6���A@c�!�$����� ��
�����!
��01���+��9,�
����� 8 �Z� QI��0���;����� �\3 �	/�� �������� Q>,�����������/#�&�!�$������Q
?�@B/�,�� /\
�� ,����4��+"�����[ZZ�!
� �!Q�? �������	����/7�-,��+��	��DGFH���)/	�!QJ<-,���� ���!� ���C�����[ZZ�!
� �!Q�? �������	����01� ��������?
��� �!�
�C�����_�����*,��-,���@6��� �[��� �����$� ��/�,���� �!� ��� ������, � ������������/#�1��������<��[���>����
�01@V�����$���������7,!/���� �!�"?M�����H�����_�a,�
�����
���B���� � ����+(� �!�EDGFH���<
[��;�S\1��������,������LG�
-,����IQ>,�@ ?M�J�����>/	�!����� G;
�����/	�)���C�������	��� ���������7,!/���� �!���U, �]����� �����P�9)9>O M ,���@6�E��,������LG;
-,��;�$,���0V�7,�� ���	�C�����(G;
��	����� �!�d,�?M�!
�C�]
��
����c��,������LG�
-,����	�T���R�����&����+(� �!�d�	��<M�	/\�=,�����@
���2����� ���]\6����,!����������,�� 0�,��7,��d�7��+(QI�������C����/7�d�-,!�T���!��?����;���2���2����� �=,!���[' V VU@;��,�����K A�,��d0��� BB������0
���[,��aD 8 P�9)9 W 8 � V V)��? O\D



���

� ��� � � � ���x��������� � � �+� � �x��� � �i�+� �8�����.���b� � ���}���
FH��� FH��?M���7,�� <�=,�����,�
 ,���0b�����A�[��Q>,��=,�@�,�� QI�!
���7,������d,����"�����"QI�(���V��QJ<���	�������;�8,���0 ���������6���+

Q>,��:�;�����$���H����� D ��0��` 7 ���=,R/	�!�������������7,��Z/	�!����� ��� �!�bK ^.��+(
���)'1D PNO\D D �B� �	��� ���-,��:' V M ,V�����I/	�!�6������+�����/	�
��� D ��01�=,2�����H,���0�*����� 4 
�7,!���=,�� <�=,����)/�����,����	0:���!�*�!���@8�����)��<M�	/\� ,!/\
�� ,�� ����Q>,��=,�@�,���� ���!����?
�U,�� ���
���4� ���	0B
< ,R�=,���+��><-,��������T����� 7 ���=,��:/	�!�������������*���_,RQI��,�� ,���������
-0�)��� X ' V V2Q2DeY[�������*/	�!����� G�
�����/	�
���.���� �T/	�!��������+�����/	� ���!�����2��� D ��01�=,*� �H�����c/�����,���� �!�d���.�����&?��+(+��	���T/	�!����� ��� �!�-,�� ���������;�\` ������<V�9,�
��4�T��@6������Q
K F.,�<<M�!��� ���H,���0 M �!���-,�� 8 P�9>O O(O ,���0I�����H�9�!��Q>,���� �!�)���5�=,���+������	01��QI�����7,���@J?-,!������� �C�����I���+(�)��� ���(,���� �!�
K M ��@����S���V,��aD 8 P�9)9 W * M �������6� ���S���V,��aD 8 P�9)9 W *ZF.,�<<M�!��� ���R���V,��aD 8 � V VQP�? O"K ^G��+(
��� '1D;��O\DZFH��� ,!/���
-,��
���!����� �H,���0I01� ��<�=,!/	��QI�����P��� D ��01�=,[� � ,�?M�!
��'&/�Q�� @����C�����>,�?M�!
�=�&/�Q�� @���,�?����!��?M�	0J?�@$�����'����Q>,��=,�@�,��
� ���!���7,��������
����ZK 9 ,�� =�,���0 7 �;�!
-,!/ 8 � V V V+*��Z�����-,�Q ���G,��aD 8 P�9)9>O(O\DNFH��� ����Q>,�������+�/	�!��������+�����/	��� �G,�?����!��?M�	0
���U�����&���!����� 8 ���_,���0d,����!
��0R����� FH��?M���7,��2<�� ,��7�	,�
",���0R���R����� FH�=,��"f��-,��:K 7 ���!
-,!/$,���0RFe,�<<M�!��� ��� 8P�9)9(%�O\D
B ���� �8QI�(���2���U�����B/	�!��������+�����/	�B� �d,�?����!��?M�	0 ?�@ ,!/������;�B�����!����������+ ,�� �!�+X�����8FH��?M���2<�=,�����,�


Q>,���+(�����2,���0 ���b���!��������,!���VFC�4?M���BK M ��@����V���R,��aD 8 P�9)9 W * Ee���4� �	���d,���0 f1,�
�/�� ��� 8 P�9)9 R�O 8 <-,����V���$���S� �
,!/	/	�!QJQI��0�,����	0 ?�@ ���!�������!���7,��P?� ��/#�8QI�!��� �!���U,�� �!�+d�=,���+��JPSV V VR����� V V V��6QU`a� �!�+_���������;�\` ������<B�a,�
����� 8
��
�/7�2,!�H����� 7 ���A@6�RF.,�+(� 8 
&
���
� 8 �&,���@6
-,�� 8 
 ,��7,����!��
Q 8 ,[�=,�������
�����[�a,�
�����cK ^G��+(
��� '1D PNO\DFH����� �!�+!`
������Q ������<1`a�7,����_���c�����	���R�a,�
����� 8 �A@�<� /�,�����@g���X�����d/�Q�� @6�>�7,��+�� 8 K �(D +�D A�,�� 0��� BB������0X���V,��aD 8 P�9)9 W 8
� V V)��? * 9 ,!�����������[���Z,��aD 8 � V V)�+* M =����=,�
Q\>���Z,��aD 8 � V V X *QZP�����(,���� ���Z���Z,��aD 8 � V V('�O 8 ���	�����4#-�	�P���-,��P�����	���C�a,�
�����
,����>�=,���+��)�4�����-�(��<������� /S��/�,�� �)������
�/���
���	�RK �(D +�D	Bb�����������+����U���U,��aD 8 P�9)9 W O /�,�<-,�?� �S���T<����01
�/����+ M ON` W
��,������LG�
-,����	��D

FH����
&
���
�:�a,�
���*��
���*�7�!
��� ���������S��,!��������� 
&
���
� QI�!
���7,������U?M�!
��01���+ �����)���+(� FH��?M���7,��
<�=,�����,�
V�������������!
���)� ���!Q �����[���!��������,!���������V?M�!��0���C���GFH��?M���C��� � ���Z���H��� ���(,���� �!� 8 ,���0)� �H,$<���!QJ���������
�]\�,�QJ<� �P���-/	�!�������������7,��1��/�,�� �P������<1`a<-,���������� �!�����+IK �(D +�D M ��@;���G���e,��aD 8 P�9)9 W O\D�FH��� �9,�
���.�]\1������0� �]���!Q

86◦ 4���
105◦ 4 � �!��,�?M�!
� PSR V V��6Q 8 ����<-,��7,����4��+2���Z�R+��	�!� �!+(� /�,�����@�,���08���	/����!�� /�,�����@B01�435����������0�!Q>,�������DEFG�

�����[���!
��� 8 ���-�T���+(�SFH��?M���7,��S<�=,�����,�
 8 �C�����V,��V,������7,�+��[��� ���!,������!�V��� X;W V V Q 8 � ��0�!QJ���-,����	0SQI�(������@J?�@
�!?���HG�
�� 8 � 4 ` f B �!� � B ` f 4 ��������01���+ 8 �����������\` ������<J,���0 � ` f$��������01���+c���!��Q>,��6�a,�
�����CK �(D +�D 7 ��QJ� 1 �&��� ,��aD 8P�9 W 9+*5F.,�@6� �!�c��� ,��aD 8 � V V(%�O 8 �C���� �U���)�����*���!����� 8 �����*Q>,���+(���8���ZFH��?M��� 8 �C�����B,��B,������7,�+��U��� ���(,���� �!�B���
%(' V V&Q � � 0�!QJ���-,����	0I?�@ 4 B ���������6���+ �����������\` �����4<>,���0J�����
����e�a,�
�������+>K �(D +�D�F.,�<<M�!��� ���P�\��,��aD 8 � V VQP�? *
M ��@����T����,��9D 8 P�9)9 W O&K ^.��+(
���$'1D;��O\D I&�	�!QI�!��<�� /$��35�7�����T,�� �!�+J�������a,�
��� 8 �C���(��� ,�+��	�'�Z����� 0��������QJ�����	0
?�@ /	�(��QI�!+����� / 8 �7,!01� ��/�,���?M�!�b�!�J��������QI�!��
QJ��������/	����/	�_0�,������+bK A�,��X0��� BB������0 ���),��aD 8 P�9)9 W 8 � V V V 8
� V V)��? * 9 �Z���U,��aD 8 � V V('�Oc����01� /�,����)���-,��������>� �!�+!`a������Q ������<1`a�7,����)���T����� 
&
���
�:�9,�
����� �*,�?M�!
�[PSV ` P��
QJQ�� @6�$�9�!�$�����)�=,!��� X V6�(,1DGFG�!+����������D�C����� �����>QI��,!��
����QI�������J���T�=,���+��S/	��` ����� ��QJ� /S��35�7�����$���� ���7,����
,���� ���T��������0��������QJ���-,���� �!�B��� �����$���	/�
��������/	�*����QI�*��� M ON` W �	,������LG;
-,��;�	�[���)�7,��+��$?M�����Z�	���B% V V),���0
W V V*@6���T,�� �!�+J�����c01�43 ���������T�7��+(QI�������T���.�������9,�
���$K F.,�<<M�!��� ���[����,��aD 8 � V VQP�,+*:A�,��20���CBB������02���T,��aD 8
� V V)��? * 9 � ����,��aD 8 � V V('�O\D

� �	� 
 � �$���x�����R���i�+� � � �u� ��� �����}��� ��:��� 	��:��	�� �G� 	:� �

�;������� � � �!� � ��� � � � �!� �� � ��� �� � � � ��� � �
FH�����6�����C� �	01+��R���[�����V�� �����!��� /�,��T����� ��QJ� /����A@ ���[���!�����������XFH��?M���J� �*����QJ�����	0g?M�	/	,�
-���S�=,���+��2,�����,!�

,����&���!�C����-,�?�����	0_,���0V�;����@>� �%� <� �	/	�	�T���e���6� 0����/	�c���e��,������LG�
-,��;�c0�,�Q>,�+��	�[,���� ,��(,����=,�?� �c?M� �9�!���&�����



� �

Mw=7.8 (HRV)

2001-2004

87 90 93 96 99 102 

111401B

111801D

111901B

113001C
120101C

120801B

062902B

101902C

102602A

041703A

070703A

102503A

102503B

111303A

022404D
030204F

030604C

031604D

032704G

032704H

032804F032804G

040604B042204E

050404B

050404C

051004A

052304B052304C

052304E

052304G

062904C

070304A

082604

121004C

Fig. 3

Fig. 6

C1

C2

Jingyu

Kunlun Pass Fault

Kunlun Pass Fault

Alt yn 
Tagh F

ault

F1 F2

Fig. 6

Ms ~ 7.3
Ms ~ 6.1
071473

Mw ~ 7.6

010177B

011977A092879A

120279A

030680A

060180A

071280A
020981B

060981A

110583A

042185B052085B

081185C

082086D

082686A

010787A

022587F

110588A

112588B

051389C

011490A

042690A

042690B

050790A

051590F
102090A

122292D

100293E

010394B
081494D

090494E

090794C

092394G

101094B

122894B 070995C

072195C

121895B

060196B

020997B

110897A

110997A

080499A 013100A

021200A

060600G

091200A

091300B
092000D

112600A

030501D

031664

032471

  M ~ 7
041963

M ~ 7.5
010737

1964-2001

Fig. 3

Fig. 6

C1

C2

Figure 2

A

B

C

�������6oWgts �:z 0 P 52N (DC�!�#b# 1 )H# 1:N�0 #&)T(i%'C 5p9 , 1�I��F0 Z;VW!�,H%'-.,*/+,H( 8�0 ) 521&I�021�3 0 > 5 # 1&3 (DC&! #�# 1 )*# 1
N�0 #&)T( N > 5 -n ��� m	( 5 n � �WnJn �Js2�J�Wn N > 5 - (DC&!lO Q O�V�V7!�,*%@-�,��l#&!�> 8 ! < ! 1 (D%|%'! 0 >'/SC NU5 >u! < ! 1 (D%|C 0=< , 1&I
0 Mb > 4. 021�3 � 0 > <M0 > 3�NU5 / 0 )r-�!+/�C 021 ,*%@-�% 52N ('C&!�- 0 , 1 ! < ! 1 (D%�g �iC�!�n � � � 021&3 n ��� �j! < ! 1 (D%
0 >@! 0 )H% 5 >@!�P&>@!�%@! 1 ('! 3 g 4 Zlqr,H>'%@( 5 > 3 !�>b%@! I -.! 1 ( 0 (D, 521�52N (DC&! #b# 1 )*# 1�N�0 #&)T(l- 573 ,T�F! 3AN > 5 - �_021
3 !+>b 5 !+> 3 !d( 0 )cg X n ��� �EZdg�/=Z�VW!+,*%'-.,*/+,H( 8 5J1�021&3"0 > 5 # 1�3 (DC&! #�# 1 )*# 1�N�0 #&)H( N > 5 - n=m �WnJn �2s2�J��n
( 5 ��n �Wn�s �Js2�J�Gm N > 5 - (DC�!�O Q O�V VW!+,*%'-.,��b#�!�> 8 ! < ! 1 (D%�%'! 0 >'/SC NU5 >:! < ! 1 (D%�C 0=< , 1&I�0 Mb > 4.
021&3 � 0 > <G0 > 3�NU5 / 0 )�-.!�/SC 021 ,H%'-.% 52N (DC�!.- 0 , 1 ! < ! 1 (D%�g �iC&!.%', � ! 52N ('C&! 3&5 (D%�,H%�>@!�) 0 (D! 3 ( 5 (DC&!- 02IJ1 ,T(D# 3 ! 52N ('C&!�! < ! 1 ('%�g�`?n 021&3 `is�( 9e5 P 5 %�(�s2�J��n�/�)H#&%@('!�>@% 52N ! < ! 1 ('% X %'!+!�(D!��7(�Zdg�`u,H>'/+)*!�%C 0=< !$> 023 ,*#�% 5GN s2�2� 021&3 mE�J��fB- /+! 1 ('!�>@! 3A521 (DC&!$� 0 > <G0 > 3 /�! 1 ('> 5 , 3 g



� �
� V����R/	������
��@;D1FH���.
&
���
�S�a,�
���H/�,��V?M�&01����� 0�	08K �(D +�D 8 AP,��V0��� B�������0S���T,��aD 8 � V V)�(, 8 ? OP������� O$Q>,21 �!�
����+(QI������� �C�����I� ���+(�����P����P�' V&���$% V V.��Q 8 <M�(������?��@*�����T���!
��/	�C� ��/�,���� �!�I� �!� �=,���+�����,������LG;
-,��;�	�[K ^.��+(
���
'1D;��? O\DEFH���I01���6� ��� �!�B� �c?-,!���	08�!�B�����U�9,�
��� +��	�!QI������@ ���	�����7,�������+d?M����0� 8 <
���4`A,�<-,������*,���0B���������;�\` ������<
/7�-,��+��	��D
9 �!�+!`a������Q�������<1`a�7,����	�J����
�0���	�I,���0 /	��` ����� ��QJ� /V��35�7����QI��,!��
����QI�������J��QJ<��@����	/�
��������/	�V����QI�	���9�!�

M > 7.5
���;�������R,�� �!�+g�7�\�;���7,��&�7��+(QI�������BK A�,�� 0���[BB������0 ���2,��aD 8 P�9)9 W 8 � V V V 8 � V V)��? * 9 �&���2,��aD 8

� V V('�O\DFG�*�����&��,!��� 8 ,�� �!�+U�����UT&�!�+W\1�	ZZ�U����+(QI����� M O6D '*��,������LG�
-,��;�	�T,����[� �!
��0S���*���	/�
�T��������@ X ' V
@;��,���� 8 �C���� �J,�� �!�+V�����?,�� 0�,��7,��8����+(QI����� M W ��,������LG�
-,��;�	�����	/�
�c���;����@ W V V)@���,����JK AP,�� 0���UBB������0
���&,��aD 8 � V V)��? *MF.,�<<M�!��� ���c���&,��aD 8 � V VQP�,�O\D M �!���$���	/	��������@ 8 9 �e���&,��aD.K � V V('�OT�-,��;���	������Q>,����	0_���-,�� M W
��,������LG�
-,����	�T����<M��,��[�!�R�����	
&
��7,�� �[
2����+(QI���������;����@R% V V*@;��,�����D

f�����/	� P�9 R V 8 �6�����C� �	01+��[���E�����[����� ��QJ� /����A@I��� �����[FH��?M���7,��S����+(� �!�)�-,!�P��QJ<���N���	0)���-,�� �6�P��� ����+(� �!�-,��
,���0B+(� �!?-,����������Z�!�:�1� ���-,��$������<M�	0����R?
��� 0B
<:,2/	�!QJ<� �����<�H�!��� 06`��C� 0�)/�,��7,�� �!+_���C�7��� ��QJ� /����A@�D.f�����/	�P�9 V VJ���������7,�� �=,���+�� ��,������LG�
-,����	�T�-,����&?����;���2�7��+(QI�������T���.�����	
&
���
�R�9,�
���$K ^G��+(
���$'1D;�(,�O\D�FH���&#������
�!������/	/�
�����	0)�����UO ���[;;,���
-,���@JP�9(%>O	�C�����R, Q>,�+(�����
�0�&��� O6D '*,���0)��
<��
���	0S�����NT&�!�+W\1� ZZ�*����+(QI�����
�9�!�I,��U� ��,!���<P�' V���Q ,���0 #-��� 0g�!?��������!,���� �!���>��
+(+��	���I, ������ �����7,��T���������;�\` ������< QI�	/7�-,��� ��Q K ;��=, ���I,��aD 8P�9 W(W O\D Y[� P�9 7 <�����NP�9 R(% 8 ,

Ms ∼ 7
��
<��
���	0:�����I�a,�
��� PSV V6�6Q �Z�	�����H,���0 ���C�����><�����6� �!
��*���������

�C����� ,"� �\�]�I�=,������7,������������;�\` ������<gQI�	/7�-,��� ��Q K ^.����/7� 8 P�9>OWV�O\DPf6�!QI�R@���,����J�=,������ 8 ��� P�9>O P 8 ,
Ms ∼ 6.4��,������LG�
-,����U�-,�<<M�����	0 ?M�����Z�	���8����� 7 �=,�+��[
8,���0"����� T��!�+W\1� ZZ�V����+(QI�����C�C�����B,)<
���*� �\� �&�=,������7,��

���������;�\` ������<BQI�	/7�-,��� ��Q2DeY[�B������P X ����;(
��@ P�9>O!% 8 ,R��� G�
�����/	�I���C���;�������$���
Ms ∼ 7.3

,���0
Ms ∼ 6.1K � 4 D Z 8 � V V X O ������
�/#�U�������Z�	���������S����0>��� ����� M ,���@6�-����+(QI�����H,���0I��
<��
���	0S,��)�!?���HG�
�� 8 ���!��Q>,��-�a,�
���

�C�����S, ������ �����7,�� /	�!QJ<M�!�������cK F.,�<<M�!��� ���C,���0 M �!���-,�� 8 P�9>O O(O\D�FH����� 8 ��� � �N�;��Q�?M���NP�9)9>O 8 , Mw ∼ 7.6<����01
�/	�	0R,$��
� �a,!/	��?����,��>���G,�?M�!
�UP OWV	�6Q �!�)�������7,�QI�[����+(QI����� �C�����R, <
���[� �\�]� `a�=,������7,�� ���������;�\` ������<
QI�	/7�-,��� ��Q K E.�����:�����[���[,��aD 8 P�9)9)9�O\D

�Z�\�9�!���*������
[����S\1����� ��,������LG�
-,����J��� � V VQP 8 ���!QI�U��Q>,���� ���c���;�������&�-,����J,�� ���S?M�	��� ���	/	�!��0�	08�!� �����

&
��7,��-�7��+(QI������D�Y[� R M ,���/7��P�9 W V 8 , Mw ∼ 5.8

��
<��
���	0I����� �Z�	���������><-,����P,��-0J������� 8 �!�)%F;(
��@ P�9)9 X 8
,����!�������

Mw ∼ 5.8
�-,�<<M�����	0d�7�!
������,!�������.�����	�Z
 �!, Tc,�?-,���^-���+dK AP,��20��\� B�������02����,��aD 8 � V V)�(,�O\D

�;������� �  ���  ��" � ��	 � � � � �� ����� ��� � � � � � � ���'� �����   �� � �
FH��� 
[��;�S\6�����5��,������LG;
-,��;������� V VQP[��
<��
���	0��C���!� �[� �\��+(���V���E����� 
&
�� ,�� �[
)�7��+(QI�����H,���0)<-,������H���

��������
�����!
��01���+*�!���	��D;FH������
<��
���	0)����+(QI�������P��� �T?M�����Z�	���)����� M ,���@6�-���;�������P��� P�9>O!%$,���0JP�9)9>O 8 ,���0
����� 7 �=,�+ �[
V���;�����C��� P�9 R(%1D:E ��������QJ���-,���@V0��������QJ���-,���� �!�d���G�����&��<� /	����������K E T 4 O&K � 4 D Z 8 � V V X OP� �T,��
35.95◦

�
90.54◦ 4 �C�����",JQ>,�+(�����
�0�

Mw
��� O6D W ,���,I0��<���_��� PSV<��Q2D-FH�� ��� ��/�,���� �!�"/	�!�����	��<M�!��0��[���

�������Z�	���������"����0_��� �����?
&
��7,��@��
_�7��+(QI�����UKB,�
_���&,��9D 8 � V V)�+* 
&�����+����&�\�&,��aD 8 � V V('(,�O\D 7 ������� �Z�	���������
������QJ���-,���� �!� 8 ������
&
��7,��>�[
I�7��+(QI��������<������� ������� �7�������7,���?�7,���/7���	�P���!
���),���0 �Z�	�������5�������Z
 �(,UTc,�?-,��^-���+c� �!��� ���C���+*,��>�N�;���7,����-�]\1��������� �!�-,����-�!�������7,�����?M�\�9�!���C���	��
QJ���+$�������c���Z� Q>,����>���������;�\` ������<>����+(QI������� 8
����� ;(���+(@�
8,���02����� M ,���@�� 8 ���>�����$���!����� ,���0d���I���������!
��� 8 ���	��<M�	/�����������@:K ^.�4+(
����*'1D;��? O\D FH���$Q>,21 �!�
?�7,���/7���	�*, 35�	/����	0B?�@"���� �$��,������LG;
-,��;�>,����I�����J���!�����������:�!���J�-,�QI�	0�^ %��C�� /7�B� �!��� ���T� �����<
&
���4
��
�a,�
��� ���&���-�'
&
���
� Ee,!���e�a,�
��� 8 ,c���!
���������>�!���C�-,�QI�	0 ^��(�C�� /7�J�9�!��� ���T� �����T���!
���������J�9���!��������-���M�����
�Z
 �!, Tc,�?-,���^-���+),���0d,J���	/	�!��0�,���@V?�7,���/7�d�-,�QI�	0�^ PIK ^.��+(
����'1D;��? 8 '1D %�O\D-FH��� /	���������!� 02� ��/�,���� �!�d� �
������
-,����	0I,��

35.80◦
�

92.91◦ 4 K���,����(,���0 Z M F 8 � V VQPNOG����,��e�����ZQJ� 001� �C���-�����!
&
�� ,��+�[
U�7�\+(QI���6�e���!�����
���T������
&
��7,�� �[
��=,��;�8�C�������)�����>�=,���+��	���*/	��` ����� ��QJ� /)��3 �������U,����)�!?��������;�	0bK�
&�����+����J���U,��aD 8 � V V('�? 8 ,+*9 ,!���7�������P���.,��aD 8 � V V('�O\D FH�-� ��
<��
���P���	��QI�G���T�-,��;� ?M��+(
�J,����!
��0$����� E T 4 ����/�,���� �!�*���U,T/	�!QJ<� �]\$<-,����
��� �����0
&
���
�>�a,�
���Z,���0I�������)<���!<-,�+;,����	0)��,!��� �H,���0I��
�����+U,�� �!�+������������7,���+(���

N110◦E
<-,����P��� �����



� n

4400

4800

4800

5 2 0 0

5200

5200
5 2 0 0

5200

5200 5200

5600

6000

�������

�	�
�������������

Heituo Feng

Weixue Shan

Buka Daban Feng
(6860 m a.s.l.)

Malan Shan

Wuxue Feng

Huanshui Ku

Taiyang Hu

Kokoxili Hu

Kekou Hu

Xiewupai Hu

4850 m

4882 m

4878 m

4882 m

4867 m

5007 m F1 F2
F3

Heituo fault

Kusai fault

20 km

Inferred
strike-slip

Minor

Major

normal

active
faults

In red, field evidence of 2001 rupture

Active volcanoes

Figure 3

113001C

������� oWg � � ��!+( 0 ,*)*! 3 - 0 P 52N (DC&! N�0 #&)T(D%i, 1E<J5 ) < ! 3 , 1 (DC&!�>'#&P�('#&>'!$, 1 ,H(', 0 (', 521�021&3 �F!�) 3 ! < , 3 ! 1 /�!
52N ('C&!"sG�J��n # 5 f 5 �W,*)H,?! 0 >�(DC&kB# 0 f2!Gg|�iC&!"s2�2��n�P 5 %@( L %'!+,*%@-�,H/�,T( 8�N > 5 - (DC&!�O Q O�V VW!+,*%@-�,��b#�!�> 8! < ! 1 ('%i%'! 0 >'/SC NU5 >e! < ! 1 (D%iC 0p< , 1&I	0 Mb > 4.

,H%u- 0 P�P ! 3 gW�iC�!b� 0 > <G0 > 3�NU5 / 0 )6-�!+/�C 021 ,*%@- 5GN (DC&!- 0 , 1�0GN (D!+>'%'C 5 /�f 52N Mw = 5.2
,*%�, 1�3 ,*/ 0 (D! 3 gK�iC&!�>@! 3 (D>@, 021�I )H!�/ 5 >'>@!�%'P 521&3 %$( 5 (DC&!�!�P&,H/�! 1 (D!+>>'!+) 5 / 0 (D, 5J1:52Nr]�1&IJ3F0 C�) X s2�J�JsJZdg



� s

3 3.5 4 4.5 5 5.5 6 6.5
0

0.5

1

1.5

2

2.5

3

3.5
lo

g 10
(N

um
be

r 
of

 e
ve

nt
s 

of
 m

ag
ni

tu
de

 M
 ≥

 M
0)

Magnitude

Kokoxili
Denali

Figure 4
�������FoWg m � [ #�(D!+- 4 !�> IML Q ,*/SCB('!�>_) 0p9 % NU5 >_(DC�!bs2�J��n�# 5 f 5 �W,H)*, 0G1&3 (DC&!bsG�J�Es ��! 1F0 )H,6! 0 >�(DC&kB# 0 f2!+%
0GN ('!�>'%@C 5 /Sf7%|, 1 /�)H# 3 , 1&I ! < ! 1 ('% 52N - 02IJ1 ,T(D# 3 ! I >'! 0 (D!+>;(DC 021 � N > 5 - (DC&! ��] O�` X sG�J�2mBZ_/ 0 ( 0 ) 5JI #�!(DC 0 ( 5 /+/�#�>'>'! 3 , 1 (DC�!}o	- 5J1 ('C&% NU5 )*) 5p9 , 1&I ('C&!�%@!�( 9u5 ! 0 >�(DC&kB# 0 f2!+%�g


&
��7,��-��
S�7��+(QI�\�6��D6FH���[��������=,���� �!�V<����/	�	���P� �Z�������4�M���!� �Z����� ���	�7�!�����	0 K 9 ���V���H,��aD 8 � V V(%+* 7 �����!�����>���H,��aD 8
� V V X O\Def6���;���7,����9�;/�,��PQI�	/7�-,��� ��QI�*�-,����>?M�	���:<���!<M�(���	0B�9�!�$���� ����,������LG�
-,��;�"K���,����(,���0 Z M F 8 � V VQP)*9 ���2���T,��aD 8 � V V(%+*-Y �N,!/�,���,���0��H��/#� 8 � V V X * 7 �����!�����)����,��aD 8 � V V X O\D�FH���.�&,����!,���0�Z M F K � V VQPNOZ���!��
��� �!�
K ���������;���

94◦ 8 01��<��
61◦ 8 �7,��;��� −12◦

O�/	�!�����	��<M�!��0�&���S,)���������;�\` ������<_QI�!��� �!�A�C����� ���!
��� �H,��70"01��<��C���� �
����� 4 � D K � V VQPNO.<���!<M�(���	�P,��I,���QI�(��� <
���C���������;�\` ������<U�a,�
�������+>K

strike = 89◦, dip = 88◦, rake = −5◦
O\D

FH���[����� ��QJ� /����A@J�7,����[����/�����,!�����9�!��� ���C���+*���� �Z��,������LG�
-,��;��� �P���!�C,!�P�=,���+���/	�!QJ<-,����	0>�9�!�Z�]\�,�QJ<� �[���
�����?� V V)� T&���-,����.�	,������LG;
-,��;� 8 ,����!�������[�=,���+���/	�!�������������7,��.������� �;�\` ������<_�������6����� /	�!QJ<-,��7,�?� ��Q>,�+(�����
�0�
K
Mw

�FO6D;9 8 ��,����(,���0 Z M F K � V V)��O�OUK 4 ?M�����-,���� ` E ���� ����<��$��� ,��aD 8 � V V(%�O\D Y[� #�+(
���J'1D X �Z�U/	�!QJ<-,����U�����I�
����Q�?M����+!` ��� /7���������=,��T�e�9�!� �����	���H���Z� ��,������LG;
-,��;�	� ����/���
�01���+ �����T���������������MQ>,�+(�����
�0�T+(����,������ ���-,��
%c�]���!Q ����� � 4 D Z K � V V X O /�,��7,�� �!+(
��&01
�����+*������' QI�!�������P� �!��� ���C���+*���������	��<M�	/������;��Q>,����V������/#�1��D;FH���
/�,��7,�� �!+(
��J���	��QI�����S?M�*/	�!QJ<� �����*�9�!��Q>,�+(�����
�0�	�&+(�7�	,��7�\�c���-,�� X D '>� �!��?M�!���8���;�������c,���0��Z�*/�,��8���	�
���-,��>�����R��
Q�?M���)���$, �]������������/#�6�>���&������T&�\� ,��4�[��,������LG�
-,��;�R� �IQ�
�/7�X�=,���+�����D 7 ?M�!
��PSV VB���������7�>���
Q>,�+(�����
�0�J� G�
-,��e�!�&+(����,������&���-,�� X D ')��/	/�
�����	0"�9�!������� T&���-,���� ��,������LG�
-,����U/	�!QJ<-,����	0 ���V% V>� �!�������

[��;�S\6����� ��,������LG�
-,����(DFH���c, � ������������/#�1�Z���	/	�!��0�	02�!�V��������
<��
���.���!���(�Z������Q>,������@)���!��Q>,��E�!�H�����
����
QI�	/7�-,��� ��QI��DMFH���$��Q>,���� ��
Q�?M��������, � ������������/#�1�[��� �����?
[����S\1�����G��,������LG�
-,��;� QJ��+(���[?M���]\6<�=,������	0_?�@



� �

,U����QJ<� ���C�9,�
���T+��	�!QI������@2,���0R<���!<-,�+;,���� �!�dQI�	/7�-,�������Q ���-,��2�����FT&���-,���� ��,������LG;
-,��;�(D
T[
�����+>�����cQI�!�6���R�9�!��� ���C���+>�����cQ>,����_������/#�R,�?M�!
��'(%J��,������LG�
-,��;�	�����eQ>,�+(�����
�0�$+(����,����������-,��

%1D '>��/	/�
�����	0��C��������8% V V8��Q ��� �����D
&
���
�_�a,�
��� �C����� X VI���_�����$#������&'>0�,�@6�&, � �����[�����$Q>,���� ���-�;/#�
K � 4 D Z 8 � V V X O_K ^.��+(
���"'1D;�!/NO\DZFH����� 8 �����_����� ��QJ� /����A@g������0�S����0�	/��������_
�������������d<���	�������)?
�S�7�!QI�
,!/������6���A@"��������� ����Q>,�������D Y�3 �����*�a,�
��� 8 ,�� 01� ���7,���/	�	� �N�;��� ' V��6Q 8 �����I, � ������������/#�1� ,����U�;����@_�7/�,����������	0 8
�]\/	��<�Z�9�!�H���Z�J/���
����������T���.���;������� K Z P ,���0�Z!�U�!� ^.��+(
��� '1D;�!/NO\DFH���	�7�&/���
����������T���e������������,����&�7������QJ� /
��� G�
�����/	�	���-,�<<M������+V������/	�?� V V(%),!���������C�_�!�2#�+(
���*'1D '1D FH���c#������[�!���SK Z PNOH� �[/	�!��/	�������7,����	0"���!
���
���Z����� �Z
 �!,[Tc,�?-,�� ^-���+d,����!
��0

34◦
�

89◦ 4 D M �!���*���-,�� X VV����������� ���
Mb ≥ 3.5

,����U��� �����	0 ���8�����
� 4 D Z K � V V X O ����� ��QJ� /\��� @U/�,��7,�� �!+$���I���� ����Q>,���� ,�����,1D�FH���C� ��/�,���QI�	/7�-,��� ��QI�P���5�����C�=,���+����P��,������LG�
-,����	�
+(���;���V?�@>�����.��,����(,���0<Z M F /	,�� ,����!+I������� ,�0�!QJ���-,����T���!��Q>,�� QI�	/7�-,��� ��Q �C�� /7�R� �H/	�!����� ���������!�C�����
���!
+(���@ ���!�����1` ���!
��� ��������01���+B���!��Q>,��C�a,�
�����U���g���� �>,�����,1D FH���R���	/	�!��0g/���
��������dK Z!��O 8 � �I, ��Q>,���� ���
+(���!
<2���e���;�������H���R������7[���+(�-,��E����+(� �!�2������
-,����	0V���!����� �H,���02���.����� 7 �=,�+ �[
R����+(QI�����[,����!
��0

37.5◦
�

96.5◦ 4 D(FH�� � /���
�������� /�,��U?M�H01���6� 0�	0*���U���Z�&��
?+(���!
<��e� �!��� ���C���+c�����Z�-,���
���C��� �����P� ��/�,��1QI�	/7�-,��� ��QI�ND
FH����#������H�!����� �PQI�(������@I������������� �C���� �[���������	/	�!��0S�!���[� �PQ>,������@>�����������\` ���4��< 8 /	�!����� ���7�\�6� �C�����S�����[���A@�� �
��� 0�\� �!��Q>,���� �!�_���e���!�����������_FH��?M����K M ��@���������,��aD 8 P�9)9 W * I ,�
�0��QI�������[,��aD 8 P�9)9('�O\D

�;������� �  � 	! ���� � � ��� ��� � � 	�� � 	 ��� �! ����
9 ,���+��[��,������LG�
-,����	�Z/�,�
����[, /7�-,��+��[���E�������	���=�C�� /7�>� �P��
<M����<M�(���	0>��� ������<���\` �]\6� �������+*�����7���7� #-��� 0 D

FH��� ZZ�!
� �!Q�?B/������������ �!� � �c,S����QJ<� �U/������������ �!�A�C�� /7�8<M����QJ�����&���)<���	01� /��$,��(�C�-,��&� ���;���e���Z������,��c,���0
���!��Q>,���������	���G��
<��
��� �C�����6�-,�<<M���*�9�!�e,�+(�������*Q>,��������=,��EK�
&���+c��� ,��aD 8 P�9)9 X O\D D �.0��������QJ�����	�e�����Z/�������� /�,��
������,�� �������	���e/	�!�����	��<M�!��01���+ ���[�����P�9,�����
���H��� ����/#�1�G� �!� ,[���!��Q>,���������	��� ,���0U,[+(�������*� ��� /���� �!�J/	�����>/�� �\�6��D
FH��� ZZ�!
� �!Q�?2�9,�����
��� �������	���$K Z ^ fOH/7�-,��+�� /�,��2?M� 0�\#����	0d,!�H�9�!��� ���T�$^

∆CFS = ∆τ − µ′ ∗ ∆σN
K9'1D PNO

�C�������
∆τ

� � �����T������,�� �������	��� /7�-,��+����!�J�����C�9,�
��� 8 ∆σN
� � �����C���!��Q>,�� �������	��� /7�-,��+���0�\#����	0I<M�(���������;�

�9�!�H/	�!QJ<���	����� �!�d,���0
µ′

� �H�����&,�<<-,������6�C/	�����>/�� ���������E� ��� /���� �!�V����/���
�01���+J������<M�!������
� 0S<���	����
���&,���0
�����S<���!<M������� �	�I���[�����)�a,�
�������!���(D 7 <M�(���������;�V/7�-,��+��R���

∆CFS
�a,����!�����a,�����
�����C���� �V����+;,��������R�!���

������?�����Z�a,�����
���c,���0V/�����,����	�C�������	���H���-,!0��� ���!���	��D+
&���+J���T,��aD5K P�9)9 X OZ�!?��������������V�7�!QI��/�,!���	�Z���-,��H�����
��<-,����=,�� � ��/�,���� �!�d��� , � ������������/#�6�C� �C/	�!�������=,����	06�C�����d,*/7�-,���+��&���R����� ZZ�!
� �!Q�?d�������	���ND 7 �=,���+��&��
�Q�?M���
���T, � ������������/#�1�$�!����
?���� G�
������ Q>,����:������/#�6�$��/	/�
�$QI�!���)���]����� �C�������I����� ZZ�!
� �!Q�? �������	��� ����/�����,!���	�
���-,�� �C�������J����� ZZ�!
� �!Q�?��������	�7�c0�	/�����,!���	��D FG�R0��������QJ�����I�4�P�����<� V VQPJ��
<��
���JQ>,�@_�-,��;�*������+(+������	0
�����J����/�����,!���	0������ ��QJ� /����A@ ���C/���
���������� Z P>,���0"Z!�S�����!
+(� ZZ�!
� �!Q�?:�������	��� /7�-,��+��_K ^.��+(
���>'1D;�!/NO 8 �Z�
QI��0���e�����*/7�-,��+��	�&��� �������	����01
��*���)������Q>,����8���������;�\` ������< ���;�����&�!� 01�43 �����������9,�
����<�=,����*+��	�!QI������� �	�
0��������QJ�����	0"� ���!Q �����*/���
���������� Z PU,���0�Z!�>� ��/�,��.QI�	/7�-,��� ��QI�ND BB�*/�,�� /�
�=,����U�����*�������	�������8,�� ���=,!����� /
�-,��4����<-,!/	�"KaY �(,!0�, 8 P�9)9)�+*�ZH,��Z���U,��aD 8 � V V X O$01
��>���2�����>Q>,���� ������/#�MD D � �!
��QI��0��� 8 �Z�)/	�!����� 0���J,
Q>,���� X V V<�6Q � �!�+)�9,�
��� �T�4��� ,<�C� 01��� ���3� V<�6Q �9�!��� ���C���+S�����?
&
��7,�� ��
"����+(QI�����c,���0d�����?
&
���4
��Ee,!��� ^-,�
���VK ^ %�O 8 ,���0B���Z�_�����!�������*����+(QI�������*���!
��� �H,���0:���T�����8�Z
 �(,<T&,�? ,��"^-���+ K ^ P),���0"^ �d�!�
#�+(
���*'1D;��? O\D D �d�����c�9�!��� ���C���+S/�,�� /�
�=,���� �!���(�Z�$<�=,!/	���!
�[�!?��7�����!,���� �!�_<M�!�������&,��[�����$��
� �9,!/	�(DMf1�\�;���7,��
���	�����H
������+I01�43 ���������C�!,���
��	�T���

µ′
�-,��;��?M�	���20�!���&���J���!,���
-,����&�����T�\35�	/���D-f�����/	�&�����c01�43 ��������/	���T���V�����

���	��
�������Z�����c����+(����+(��?� � 8 �Z�&#:\�	0
µ′

���>,��d,��;���7,�+��c�!,���
�� ��� V1D X K��	�
��������<
&���+>���[,��aD K P�9)9 X O�O\D
F �Z� ��
� �a,!/	�V������<g01� ��������?
��� �!��� �Z�����2,��!,����=,�?� �V���"
�� 8 �!���)� ���!Q f 7 � ��������� � �����!QI������@ K 9 ,!�����������

���T,��aD 8 � V V('�OH,���0S�����&�!�������Z� ���!Q ,����+(�1`a���	���!��
��� �!�"f EPY�F ��Q>,�+��c�!<��� /�,��E/	�!�������=,���� �!��K�
&�����+����T���T,��aD 8
� V V('(,�O\DHFH���_���Z� 0�,��7,:�������V,����"����QJ���=,��R,���0 ��� �����d�9�!��� ���C���+ �Z�_
����d����� D � f 7 � 0�,��7, �C�����b� �	���



� m

0

5

10

15

Cluster C1

N
um

be
r 

of
 e

ve
nt

s

K
okoxili →

0

5

10

15

Time

N
um

be
r 

of
 e

ve
nt

s Cluster C2

K
okoxili →

Figure 5

11/1997

08/1998

06/1999

04/2000

02/2001

12/2001

10/2002

08/2003

06/2004

05/2005

11/1997

08/1998

06/1999

04/2000

02/2001

12/2001

10/2002

08/2003

06/2004

05/2005

�������;oWg o � $ ���.'�/6"������ � #&- 4 !�> 52N ! < ! 1 (D% 52N Mb ≥ 4 N > 5 - (DC�! ��] O�` X s2�2�2mBZ�/ 0 ( 0 ) 5JI #�!(DC 0 ($C 0 P�P6! 1 ! 3 0 > 5 # 1&3 (DC&!�% 5 #W(DC L 9 !�%�(D!�> 1 X `?npZ 021&3 (DC&! 1&5 >@('C L ! 0 %@('!�> 1YX `isJZl/+)*#&%�(D!+>'%$%'C 5�9|1, 1 � I #&>'!�oWg sG/ 3 #&>', 1&I�0 P6!�>', 573 ('C 0 (;/ 5p< !�>'%im 8 ! 0 >@% 4 ! NU5 >'!?(DC&!�s2�2��n # 5 f 5 �W,*)H,6- 0 , 1 %'C 5 /�f 021&3� 8 ! 0 >@% 021�3�0 C 0 ) Nw0GN (D!+>�g ] 0 /SC 4F0 >i/ 5 >'>@!�%'P 521&3 %i( 5 (DC&! 1 #&- 4 !�> 52N ! < ! 1 (D% NU5 > 0 P6!�>', 573:52Nw5J1 !- 5J1 ('CKg



� o
���	���!��
��� �!� K9,�?M�!
��'��6Q)OZ?
����
 �>/�� �����T� �!���!
������
�01@�D D �d,!001����� �!� 8 ����� D � f 7 � 0�,��7,J/	�N�;�������Z�����E�����
�Z�	��������� /	�!QJ<� �]\1����� �	� 8 �����)������������
&
��7,�� �[
 ����+(QI�����J,���0 ,�� ���_�����)?M�\+(������4��+8���T������
&
���
� E ,!���
�a,�
����D

FH���*�������	����/7�-,��+��J01
����7�)�����*Q>,�����������/#�_01� ��<�=,!/	��QI�\�6�c�-,!��?M�	���8�	������Q>,����	0"� �!��������	�U01�43 ���������
�a,�
���.+��	�!QI������� �	��/	�!�����	��<M�!��01���+ ���������ZQ>,����U<-,������������ ��� �����!�&,����!,���0*QI�	/7�-,��� ��QI��K ^.��+(
���T'1D;�!/NO ���-,��
� �&���V� ,�@2� �!� , � f_���������6���+V���!��Q>,�� �9,�
���c���8/���
�������� Z P 8 � �!� ,

135◦
� ���������6���+V�����;�������U�!�$,

45◦
� �!�

135◦
� ���������6���+����������;�\` ������<I�a,�
�������)/���
��������CZ!�1D ^-�!�P��,!/7�)QI�	/7�-,��� ��Q �Z�����	�����	0I?M�!���S��� �����T���H� ����0�,��

<�=,����	��DQBB�[#������H� ����S,��C/���
�������� Z P.�C�������&�����&0�!QJ���-,����T���!��Q>,��5�9��/�,��5QI�	/7�-,��� ��Q ��/	/�
���C�!�R���!�����1`
���!
��� �!��� �������	0:�9,�
�����ND 7 �������I� ���	�>��
� �9,!/	� 8 �9�!�*01��<<���+"<�=,����	�*���

45◦
�����>���7,!/���� �!� � ��� 0������� /�,��C�!�

?M�!���J����0�,��<�=,����	��,���0*����
-�e����� ZZ�!
� �!Q�?>�������	�7�.� �e�;�\��@�����QJ���=,���D ^.��+(
���T'1D R(,[������
������7,����	� ����� ZZ�!
� �!Q�?
�������	���P/7�-,��+����!�>���� ��#��������A@6<M����� �9,�
���3�C�������0�Z�[/�,��)01� �������+(
� ���>�9�!
��<������/���<-,��M� �!?M�	� 8 ���Z�����E�������	���
��� ���2,���0 ���H�8�!���������I���c�������	���J0�	/�����,!���(D FH���2��/	/�
��������/	�d���������R/���
����7�\� Z P2,���0g�����UQI�	/7�-,�������Q�� �
/	�!����� ���������?�C����� �����>�������	���$����/�����,!���>����,!/7����+ P(D '2?-,����$���:���� ������+(� �!� �C�� /7� ���	��QI�$���d?M�>��
 �>/�� �����
���U������+(+��������;�������$K�
&���+>����,��aD 8 P�9)9 X O\DL^-�!�T/���
�������� Z!� 8 �Z��#������T/	,�� /�
�=,���� ����� ZZ�!
� �!Q�?_�������	���T/7�-,��+��
01
��R��� �����RQ>,����X������/#� �!� ,

135◦
� �����;�������S�a,�
����D FH���R�!?�7,������	0 <-,���������� ���������JZZ�!
� �!Q�? �������	���

01� ��������?
��� �!�2� �HQI�!���&/	�!QJ<� �]\��C�����2���������7,�� QJ�4�-�!�C� �!?M����,���0V���Z�*Q>,����2�!���	�!�C�� /7�d,����&����+;,�������� ,���0
/	�!�����	��<M�!��0d���), ZZ�!
� �!Q�?"�������	����0�	/�����,!���(D5f�
��<��� �����+(��@ 8 ���d���� �[/�,!��� 8 Z!�J� �T� ��/�,����	0d���_�!���$��� �����(�7�
����+;,������;�U� �!?M�	��D D � �����J/�,!���J���P�����J������� �;�U������< �a,�
����� 8 �Z�U���	�����	0 �����U���Z�V����0�,�� <�=,����	� ���H�����������

45◦,���0
135◦

K ^.��+(
���$'1D R�? 8 /NO\D D �R?M�!���d/�,!���	� 8 �����$, � ������������/#�1��,����c����/���
�0�	02���d,J�������	���C��� ���&� �!?M� ���eQI�!���
���-,�� P(D ' ?-,�����D;FC�����������	����/7�-,��+��[� �����+(�������9�!�������

135◦
,��	��Q�
���S<�=,���� 8 �������C�S�!�I#�+(
�����'1D R!/ 8 �C�� /7�

Q>,�@S������<d01� ��/�����QJ���-,���� ?M�����Z�	���d�����c���Z�J����0�,��E<�=,����	��D
D �H�7�	��QI�Z<���!?-,�?� �&��� ,��H������Q>,����R������/#�)���@� V VQP&�-,!�C/�,�
����	0R,*/7�-,��+��&���S�����&� �;/�,��E�������	���Z����+(��QI�(D

FH��� 
[���� \6�����Z��,������LG;
-,��;�>Q>,�@8?M�I���	��<M�!������?� �I� �!�������I����/�����,!���	0 ,���0�� ��/�,���������0 ����� ��QJ� /����A@8���������	�7�
���Z�U/���
����������T,!�H������QI��0��� �	0�ZZ�!
� �!Q�?2/7�-,��+��&� �ZQI�!�������-,�� P(D '�?-,����C�������V
<V��� � V V?��Q ,��H,�@I� ���!Q
�����I��
<��
���	0B�9,�
���SK�
&���+_���*,��aD 8 P�9)9 X O\D �����Z������� 8 ZZ�!
� �!Q�? �������	��� QI��0�������+"0���	�$���!���]\6<�=,����������
�����;�������cQI�	/7�-,��� ��QI�����_/���
��������(� 8 
�� �	���T�����	���$�������������Z����� � ��/�,�����@V������+(+������	0d?�@V�!�������[���;�������T���2�����
/���
���������DLZZ�!
����!Q*?2�������	���Z������+(+��������+>,�� ���U0���	�H���!�C�]\6<�=,����V����� ≈ ��@;��,����H0���=,�@>?M�����Z�	���R�����.
[��;�S\6�����
��,������LG�
-,����$,���0R�����c?M��+(�������+)���e�����$,!/����������A@V���R�����	��� /���
�����������D

� ��� � �+���
	�� �����}� �x��� ��x���u��	������}���
FH���U,��-,���@1��� �&���������*�7��� ��QJ� /����A@d�!�B,���0 ,����!
��0 ����� P X�� �N����Q�?M���	� V VQP*��
<��
���U������/	����� ,��&0�,����

�������T�Z���Z�U01� ��������/��C/���
����������C���G���;������� �C�� /7�R/	�!�����	��<M�!��0V���U,$��� �������G�����[QI��0��� �	0�ZZ�!
� �!Q�?2�������	���H���
���� ����,������LG;
-,��;�(D

FH���(ZZ�!
� �!Q�?S�a,�����
���&�������	���H/7�-,��+��&���T,$�;�\��@>����QJ<� �&/������������ �!� 8 �C�� /7�V�-,!�H?M�	���2,�<<��� �	0S���*Q>,���@
�a,�
�����U��
�/7� ,!�*�����2f1,�� 7 ��01����,!���a,�
���U��� ZH,����4�9�!����=,8,���0 �����)���!����� 7 �-,����!���=,�� �a,�
���*���gF 
�:�;��@����
����
�01@:�	,������LG;
-,��;�S������+(+��������+B,���0 �-,!�*?M�	��� ��
�/	/	�	��� � 
�P��� Q>,���@:/�,!���	��D D �:�����V/�,!���S����������
&
���4
��
�a,�
��� 8 �4� ���	��QI�c<���!?-,�?� �J���-,��c�����<� V VQP<
[����S\1����� ��,������LG;
-,��;�U� �c���	��<M�!������?� �*�9�!�&�����U���Z�R/���
���������� ���
, � ������������/#�6� Z P_,���0 Z!�8���-,��S,�<<M��,����	0 ,����!
��0

34oN, 89oE
,���0

37.5oN, 96.5oE
������/	�2���� �>���������

KL#�+(
���>'1D;�!/NO\D ^.��+(
���I'1D 'V���-���T�&�����U��
Q�?M���$���H��,������LG;
-,��;�	� ���ZQ>,�+(�����
�0�
Mb ≥ 4

���-,��c�-,�<<M�����	0
<M���$QI�!������������,!/7� ���!���I���:,V<M����� ��0:���7,��������+2� �!
� @;��,���� ?M�\�9�!���J�����>��,������LG;
-,��;�),���0�����01���+d������	�
,���0 ,_�-,��4��@;��,����I, � ������D B��V���	�S���-,��J�����V�7������QJ� /����A@:� �U������@ ��<-,������S?M�\�9�!���V�����VQ>,���� ������/#�:��� �����
���Z� /���
����������I,���0 Q�
�/7� QI�!���V0�������R,�?M�!
�J�!���S@;��,��J,���0g,_�-,��4��, � ������D D �0�Z�S� ���� ,��U�����)� ��/�,���� �!�



���

N
o

rm
a

l 
fa

u
lt

A

F
ig

u
re

 6

R
e

v
e

rs
e

 f
a

u
lt
s

P
u

re
 S

tr
ik

e
-s

lip
 f

a
u

lt

B
C

C
1

C
2

C
2

C
2

C
1

C
1

�������wo7g � ��` 5 #&) 5 - 4 %@(D>@!�%'%�- 573 !�)H, 1&I�NU5 >?(DC�! # 5 f 5 �W,H)*,w! 0 >�(DC&kB# 0 f2!�#�%', 1�I ('C&!�%'#�> N�0 /+! 3 ,H%@('>', L
4 #�(', 5J1:52N %')*,HP N > 5 - VWh Q , 1 (D!+> N !+> 5 -.!+('> 8 , 1E< !�>@%', 521:N > 5 - � 0 %'%'!+>'>'!�!+( 0 ) g X sG�J�EoJZe-.! 0 %'#&>@! 3�NU5 >%')H,*P 521 (DC&! 4 > 021 /�C&!+%lqun2v q�s 0G1&3 q �.%'C 5�9|1A5J1 � I #�>'!	o7gts 4 �60 Z NU5 > 0 P&#�>'! �iL V 1�5 >'- 0 ) N�0 #&)H(
4 Z NU5 > 0 P&#&>'! � n �Eo�>'! < !�>'%@! N�0 #&)H(�g /=Z NU5 > 0 P&#&>@! � n �Jo�%@('>',*f2! L %@)*,HP N�0 #&)T(l�iC&!�/ 5 ) 5 >?%@/ 0 )H!	,*%?, 1
4F0 >+g



� �

��� �����*��,������LG�
-,����	�����-,����-,�<<M�����	0"?M�\� �!���������D� V VQP�Q>,���� ������/#�:KL#�+(
���U'1D;�(,�O��Z�*���	�$���-,��[������@d,����
���!�T������
-,����	0R����,��C�����&���Z�J/���
����������C?
�TQI�!���&�����H,���0�C���-�&����QJ�4�7�T���G���-�&/	�!����� 0�����	0����!���(DFH��
�� 8 ���C� �
/�� ��,��C���-,��C���������Z�J/���
����������C���e����� ��QJ� /����A@V,�<<M��,����	02, � �����H�����C
[����S\1����� ��,������LG�
-,��;�c,���0VQJ��+(���C?M�������
/	�!����� G�
�����/	�U���Z�������	����<M������
��?-,���� �!�ED FC��� ZZ�!
� �!Q�? �a,�����
���U�������	����QI��0�������+2�]\6<�=,������&�����U����� ��QJ� /����A@
�9�!�C���!��Q>,�� �!�T�����������\` ������<R�9,�
���TQI�	/7�-,��� ��QI���C�����_,��2����/�����,!��� ���.����� /������������ �!�_���.QI�!���c���-,���P(D 'U?-,����
���	��<M�	/������;����@���� �����S���Z�����!���	� Z PR,���0 Z!�1D.FH�� �J�������	���U/7�-,��+��V��� P(D '_?-,����U�7�	��QI�*���_?M�S��
 �>/�� �����
���)������+(+����c��,������LG;
-,��;�	�c,!�&/7�-,��+��	�c��� V1D ')?-,����&�!��� ���7�&,�����
���
-,�����@_/	�!����� 0�����	0 /�,�<-,�?� �U����������+(+��������+
K�
&���+*���Z,��aD 8 P�9)9 X O\D �����Z���;��� 8 �����[�������	����/7�-,���+��[�\35�	/����Z01
��T���$�����TQ>,����>�a,�
���P�!�S, ����������������@6���7�\Q � �
����+;,������;�����_�����?���!��� Z!�8�C��������,!�&���!QI�$� �%� �����;�������$QI�	/7�-,��� ��Q ���;�������&,����$<����	��������DMFH�� �[QI��0�������+
�������T� ���-,�� �����>,�?�������A@8���H�����I����QJ<� � ZZ�!
� �!Q�?B�a,�����
���I�������	��� /������������ �!� ���	��QI�c�7�V?M�J�����2���4QJ�����	0����
QI��0��� /	�!QJ<� �]\R�������	���C��@1������QI��D+�����Z���;��� 8 ���C� �C���R+�����0d,�+(���	��QI�����0�C�����RQI�(�������.�����&<M�(��� ` ����� ��QJ� /����A@
�!?��������;�	0J,���0J��
+(+��	�����e���-,��e���-�'� V VQPH��
<��
���C������+(+������	0U�����C����� ��QJ� /����A@*�!�J�����H��
�����!
��01���+&�a,�
����� % V V
�6Q ,��H,�@�,C�9�%�:@;��,����G�=,�������D M �!���	�N����� 8 �����P����/�����,!���Z��� ZZ�!
� �!Q�?J�������	��� � �!�G�����PQ>,������9��/�,���QI�	/7�-,��� ��QI�
��� /���
����������FZ P�,���0 Z!�>,�����/	�!����� ��������� �C�����d�����$���	/����!�� /$����+(��QI���]\1� �������+>���!����� �H,���0 ,���0d���!
���� �H,���0
����������
&
���
�"�a,�
����D D �_�����U/�,!���*���������U�����������\` ������<_�9,�
�����&���Z/���
��������(Z!� 8 ������QI��0�������+2���	��QI�����)?M�
,�?� �R���801� ��/�����QJ���-,����2�����d,!/������;�V<�=,����R?M�����Z�	���X���Z�8����0�,��T<�=,����	��D D � �a,!/�� 8 �����R<�=,����2���c,��	��Q�
���
135

/	�!���7����<M�!��01���+>���J�����c���+(���	���TQI��0��� �	0d�������	���T/7�-,��+�� �-,!�C����� �7,�QI� �!��� �����7,���� �!�",!��,!/������;�&�9,�
�����
�!?��������;�	0>���)���� �P����+(� �!�ED D �S��
QJQ>,���@ 8 �����[� �;/�,���� �!���C�������[�����[/���
����������Z��� ���;�������P�-,�<<M�����	0R,���0>���������
QI�	/7�-,��� ��QI�H,����T/	�!QJ<-,�����?� � �C�����I�����NZZ�!
� �!Q�?S�������	����/�,�� /�
�=,���� �!��� 8 ?
�������T� �!�+�0���=,�@U����QI�[,���0J�����
�=,���+�� 01� ���7,���/	� ���-,�������<-,��7,����c������Q � ���!Q �����C
&
���
�2�a,�
����,����c�����Z���;���T<
 � �	�����+�D


 ��������� �+� ���$� � �|�	�w�
BB�&���-,�� �<Z =	/������ 9 ,!����������� ,���0��P,���6
&�����+����C�9�!�CQ>,������+),��!,����=,�?� �c�����c��
�� �9,!/	�c������<201� ��������?
��� �!�

�!?�7,������	0 � ���!Q f 7 � ��������� � �����!QI������@ 0�,��7, QI��0�������+ ,���0b� ���!Q ���+(� ���	���!��
��� �!� � ,�������������� ��Q>,�+�����@ 8
���	��<M�	/������;����@�D M �(���T���e�����&#�+(
���	���Z�����c<����01
�/	�	02
������+ I M F �����]� �H,����(D



� �



� 
������3����� � ����
3�"���

� ����
���� ��� � ��� 
������ ������45��� �6��������45�	��� ����%
�
������� ��� ���,� ��
"� ����������
���� � � ��
���! ������

���





np��n
&�� � � � � 	�� ����� �

T&,����G/	�������������!� ������QI��<-,������ � 8 ���!
-� ��� ���!
�� �����@=����	���7�!��� <��
����C�	� =���
�0�P0
� 
� =���������QI�����.<�@=	/�� � 8 Q>,�� �
<��
�@?!���H
��� =���
�0� +(� �!?-,�� ����� ��@1���@=�Q>,����HG�
�� 0� �=,C���!
��/	� 0�	� �@=�� ��QI�	�E<�����9�!��0�PK]<�����9�!��0��
�G��
< =���� ��
���
� PSV V?�6Q)O\D � �!
��H���&/7������/7���!���C<-,!�������������!
�;���C� ��0:=��7,����E��<-,���� ��`a����QJ<M�!���	� 0���	� ���������!�����c0��� ,���
<��
���
Q>,�� ��I�!?���������
��� �6� ��� �!�d�����@=�+(�@=	�*0�	��<-,��7,�Q��������	��<������/���<-,�
Q\_0�$�=,J��
<���
���(D � �!
���<�@=	���������!���[� /�� 8

���J���!
������� �>,�<<����/7���I<M�!
� ���������!
�;��� � �	�c<-,��7,�Q��������	���S�=,V���!
��/	�I0�	� �@=�� ��QI�	�c<�����9�!��0� G;
��,[=��@=
0:=��;��� �!<< =	�)0�,���� � �>/�,!01���>0��I/	�������>�����	���>��� G�
�P,2��/	/�
< =>
���I+(�7,���0�I<-,������ �)0�IQI�!�����7,��!,����aD 4 ��� �
<M����QI��� 0
� �	������QI���.� �	�G� �!��/���� �!���e���!
�7/��	� 8 � �P����������
�e0�PQI�!QI����� ��� ��QJ�HG;
-� 8 �	� =�������+(� �Z�7,!01�H=	�H,��������QG�
���� �	�
<-,��7,�Q��������	�C0�[0�4�7��/������6���@=�� <-,��������H0
� 
���c,��-,���@6��������QJ<� ��0�	���9�!��QI�	�Z0
� �!��0�	� E 8 <LEg���CfI�������+(� �����@=	�	�
�U0�	��01� ���7,���/	�	�T�@=��H=	��� ��QJ�HG�
��	���7,����C<-,!���7�\�T<-,��T� ��
�TQI��0:=��4� � ,���� �!�ED
9 �&<����QJ� ����/7�-,�<�������$�	���C/	�!�������4��
L=c0
� 
�_,������ /�� �$,!/���
������ ��QI�����[���2/	�!
���T0�&�@=��6� ��� �!�d,�
<;��!
���-,��G���I&�	�!<��@1��� /�,��-�[�	����,���/7�ED D �<�@=	���������T� �	� �@=	��
���7,�����0�T�	� ,�<<��� /	,������(�S0�T/	�������TQ =\������0���&���!
�� � �	���@=�� ��QI�	�

0�JQ>,�+(�����
�0�>0�UQI�!QI���6�$��
�< =\������
�7���<R 8 ' 8 0�!��� �=,V<�����9�!��0��
�$�	��� ��
< =���� ��
�����3PSV V���Q ��� <M�!
�
�=,V< =���� ��0��P�9)9 V `�� V V(' 8 ���!����,�
B���!�7,��NP��)9R�@=�� ��QI�	�ND E.�!
��$/7�-,!/�
�:0�I/	�	� =���������QI������� 8 �!�:,R�	������Q =I�=,
�9�!��/���� �!�����!
��/	�J����QJ<M�!������� � 8 � �J����������
�$0��UQI�!QI��������� ��QJ�HG;
��>,�������� G;
��J�	� =�������+(� �I�7,!01�H=	�(D.Y[�B
������� ���
�	� ,�<<���S\1��Q>,���� �!� 0�c<M�!�����[�7�!
��/	��, #��d0�� 0:=�������QJ��������� �c����������
��0�cQI�!QI��������� ��QJ�HG�
��(D Y[�d�L=�+(����+����7,
� /��E���!
���\35����0�c0�4�7��/������6���@=(D 9 ,UQ =�������0�$���c01���6� ���c���d0��
Q\ =��7,�<M�	����
�/	/	�	���������	� ^

• 9 ,$<����QJ�������&�6� ������0:=�������QJ�������C�=,$� �!��/���� �!�R���!
��/	��QI�N@�����-�&,�������� G;
��[� �	�H/	�����>/�� �������T0
� ,�QJ<���4`
��
�0�$,!�7����/��H=	���U/7�-,WG�
�� ���7,���� �!�d/	�!�������-,����[��� ���1�9�!��Q>,���� �!�_0�c�=,U�7,!01�=,���� �!���*�=,J���!
��/	�(D

• K ���>0��
Q\1����QI�I<-,��������>�����;�������>/	�	��/	�����>/�� �������*0
� ,�QJ<������
�0�V, #�� 0�>0:=�������QJ�������*� �I����������
��0�
QI�!QI�����&��� ��QJ�HG�
��(D-F ���!� �[���!��
��� �!���&,����������-,��������	�&���!����,�� �!���[�	������Q =	�	�*^�� � ����������
��/	�!QJ<� ���[<M��� `
QI�����7,����H0
� =��(,���
����P� ��<M�!
��/	�����7,�+��&0��/	�!QJ<M�(� ,������[� ���!�����!<M� 8 � ������������
�P<
����QI�����H0:=��6�=,����!���HG�
��
K 0�����7,!/	����
��� �NO G;
� �	���P01�����	/�����QI�����H/	�!QJ<-,��7,�?� ���c�=,$���!��
��� �!� Z M FX0
� �&,����!,���0)��� G;
� <M����QI���
0��/�,�� /�
� ����� � <M�!
��/	�����7,�+��U0�$/	�!QJ<M�(� ,����������!�"0�!
?� ��/	�!
<� ���������1#�� 8 � �$����������
�����"0�!
?� �
/	�!
<� �(D

9 �	��Q =	/�,��� ��QI�	�c�!?������
��c���!���c��@6���@=�Q>,����HG;
���QI����� /	�!QJ<-,��@=	� ,��;�	/*/	��
Q\_<���N�;���-,����c0��Q =�������0�	�
/��=,!�����HG�
��	�J������� �	� G�
����&,����(,���0 D 9 ,8/	�!QJ<-,��7,�� ���!�XQI�!�����7�<G�
��V� �	�J� �!��/���� �!���)���!
��/	�	�),����������!?������
��	�
��35�������[
�_�������,�
"0��0:=��7,���� =�� ��� = G;
��G����Q�?� �$QI������� ��
�UG�
��$/	����
�.�!?�7�\�6
_<-,���0�	�[Q =�������0�	�&0�$�7�!QU`
Q>,���� �!���_K����!
������!�X���>,��aD 8 P�9)9 W O\D 4 ��� �	�I<M����QI�����������)0�20�!������I
���2�	������Q>,���� �!� 0�V�	� =�������+(� �2�7,!01�H=	�
���8,!/	/	�!��08,��;�	/*0
� ,�
�����	�F=���
�0�	�IK D 0�U,���0��H������N, 8 � V VQP)* A ��� �(,��7,��7,�Q>,���,���0�
 ,��-,�QI�!��� 8 � V V X O\D 9 �	�
Q =	/�,��� ��QI�	�$,�
Q\2�9�N@;������0:=�������QJ���L=	� ���!���c���"?M�!�B,!/	/	�!��08,��;�	/�� �	�&�7�!��
��� �!���&0�*�@=\� =\�7�\�-/��2K���,����(,���0-O\D
9 �	�P/	�!QJ<M�(� ,������	�P� ���!�����!<M�	�Z�	������Q =	�	�P/	�!����������
����6�P
���T���1�9�!��Q>,���� �!�V,!001����� �!�������� �UG;
�-��� �	����<-,!�P01� ��<M��`
���?� �[0�,������ �	��/�,��7,�� �!+(
��	�H/��=,!�����HG�
��	� �@=�<M�������!���=,����Z� �	��<-,��7,�Q��������	���c�=, ���!
��/	�(D 9 � ,��-,���@6�7��0�	���� �����!�����	�
����QJ<M�!������� �	��0�H�=,���
<��
���T���U�9�!��/���� �!�I0�H�=,�<����� �!��0��
���7��Q�?� �C��
+(+>=������ 
�I/7�-,��+���QI�����P0�,����e� �HQ =\`
/�,��� ��QI��,�
1` 0������0��'(' V	��Q2D 4 �S�\3 ��� 8 ,�
1` 0������0�[/	��������<�����9�!��0��
� 8 � ����� �!��QI�	�Z0�	��� �!��/���� �!���Z�7�!
��/	�	�
���!���P<��
��P����QJ<� �	�Z�\�P� ��
�Z01
�@=	�[�����=,��������[<��
�� �a,���?� �(D1f��M/	�������[01�43 =�������/	�[�	���P<������/���<-,�� ��QI�����C�]\1<���HG;
L=	�
<-,��[�	� ,�
+(QI�����7,���� �!�80� �=,I�������	�����$0�	�[�!��0�	�cfR���_<����� �!��0��
� 8 ��� ���	����� �L=�,��QI�!������
�d?�=,�� �����������$� �	�
�@=�� ��QI�	������������Q =	01�=,������	�H�\��<�����9�!��0� G�
��<M�!
���7,������������T
�S,���+(
QI�����Z���I�9,��;��
�P0
� 
�)/7�-,��+���QI�����Z0�,��-�
� �c<����/	�	����
��T0�c��
<��
���(D
9 �[���	/	�!��0S/7�-,�<���������a,��4�P�	� �!?+1����Z0
� 
�R,������ /�� �&,!/���
������ ��QI�����C���S/	�!
���Z0��<�@=�<-,��7,���� �!�EDQTc,����Z/	�[/7�-, `

<������� 8 �!�d����������0�$�@=	���!
�01���$� �	�[/�,��7,!/��@=���� �����HG�
��	����<-,����=,�� �	��0� �=,>���!
��/	�(D T&,����[�=,JQ =�������0�$<�@=	�7�����@=	�
0�,������ �)/7�-,�<������� P 8 � �	�$� �!�-/\�����!�-�*���!
��/	�	�������=,������;�	���d/7�-,WG�
��)���7,���� �!�:<��@=	�������������U0�,����*/	�����7,������U/�,!�
0�	�U�!,����=,���� �!���I��@6���@=�Q>,����HG;
��	�J0
� 
���V���7,���� �!� �d�	� ,�
�����(D ZZ�	�U�(,����=,���� �!���U���7,!01
� �7�\�6�U�	� ���1�9�!��Q>,���� �!�X0�



np�Es
�=,"#������
�0�d��<-,����=,�� �d0�R� ,8�7�!
��/	�(D �C,!�@=R��
�I/	�	�>�!?��������(,���� �!��� 8 �!�X/	�!QJ<�������2�=, Q =�������0�2<�@=	�7�����@=	�
<�@=	/ =	0��QJQI�����*,��;�	/U
���U�����!� ������QI� =��7,�<M�U�6� �7,���� �[=���
�01� ��� �=,V01�����	/����������@=(DGf�
���(,����c�	� ,�<<����/7���>0:=��;�\`
� �!<< =	��<-,�� M / I�
������K � V V X O 8 �!�>
������� ���T� �	� � �!��/���� �!���P�7�!
��/	�	� �����=,������;�	��� /7�-,WG;
������7,������!�)<M�!
�P�	������QI���
� ��
���IQI�!QI�������)0�R�7�	/	�!��0 �!��01���(D ZZ�	�>0������ �����)���!���I������
�����R
������� �@=	�I<M�!
�>/	�!�����7,�����01���d
� QI��0 �����
����QJ<� �_0�d/����L=�Q>,����HG�
��"0�2�=,8��
<��
���_����<�@=	�������@=d<-,��)� �	�>QI�!QI�������S��< ,����=,�
Q\X0�d0��
Q\1����QI�_�!��01���(DZZ�������I���	/7���HG;
��I<M����QI����0�J���������!
�;���$
���I�	������Q>,���� �!�:0�J�=,V� �!�+(
���
�*0�J��
<��
��� 8 0�I�7,R01
�@=	� 8 0�
�=,_01�����	/\�����!�g0��><���!<-,�+;,���� �!�X,�������� G�
�� 
� <-,��7,�Q��������S���7,!01
� �7,����U�	� �\35���U01�����	/����4��0�>�=,_���!
��/	�(D�ZZ�������
Q =�������0��,U=��@=�,�<<���HG;
L=	���UG;
-,������ =��>=�����QI������� Q>,�1 ��
��� ?������ =���
�01�H=	��0�,���� �=,��������@=��7,���
������� /	�!QJQ�
�-�
,��;�	/>���)/�,��7,�� �!+(
��V0:= 1 �2�]\1<� �!���@=V, #�� 0�)/	�!QJ<-,������U���(�$�@=	��
���7,�����D 9 �	�*<����QJ� �������@=	��
���7,�����QI�!�����������G�
��)� �)QI�!QI�����I��<-,���� ��`a����QJ<M�!������0
� �!��01���6� 8 ����<�@=	�������7,����J�=,"01�����	/���� �!� 0�)<����!<-,�+;,���� �!� 8 �	������Q =S<-,��
/	�������*Q =�������0�J�	����?� ���8/	�!�����7,������&<-,��&�	� �����;������� �!�8���&0�!����U0�	��� =���
���7,����&���B,!/	/	�!��08,��;�	/�� �	�c,�
�����	�=���
�0�	��D D � <M����QI���*Q���QI�)0�,�����/	�����7,������*/�,!�*0�>01� ��/�����QJ�������*� �I<�=,�� 0�I�9,������ �(D 9 ,d0:=�������QJ���-,���� �!� 0

QI�!QI�����&��<-,����=,��.0
� �!��01���D�>0�!��-,����[
���$����<�@=	�������7,���� �!��=�����<���� � 0�,�� �*0� �=,>���!
��/	� 8 ���	�����$<M�!
�[�	� ����
���
�����7,���� � �a,�� �7,������(D 4 �>�\3 �\� 8 � �C<�=,��)0�Z�a,������ �T��
+(+>=��@=C< ,�� �	� ������������� �!�>���T/	�!�����	��<M�!��0 8 ���I+>=��L=��7,�� 8 � ,�
�/�
�
<�=,��I01
UQ =	/�,��� ��QI��,�
*�9�N@;���e��� ��� �	���e<-,!� /	�!QJ<-,�����?� ��,����	/H�=,�01�����	/���� �!�>0�Z<���!<-,�+;,���� �!�)0�Z�=,[��
<��
���(D
� �!
��C���7,��!,������ �!���[����/	�!��� ��
��01�43 =����������	��<� �����	�T0�,����T� �&?
��0
� ,�Q =���� �!�����[���(�C�@=	��
���7,����ND



� �������	��
�� �

� ���2������� � �"� � ���"���� ��! �3����
 � � �"��� �
! ���� �"������� ���� � ��� ���,� �������3��
 � ��!
���,���&
 � �������1��� ���� ���&��� ����
3�"��45���6$����

ZZ�c/7�-,�<������� �	���T/	�!����������
L= 0
� 
�_,������ /�� �$,!/���
������ ��QI�����[���R�@=��6� ��� �!�20�,����C� ��� ���	��
 �� ���� � ������� �����
��
� � �	� ��������D

7 
�01����@VFG��/7����<M�!��� 1 8:9 
� ���T���;���7, 1 8 ,���0_f =�?-,!����� ��� ZP�����6���!� 2

1 D �������4��
�T0�FE ��@1���HG;
�� 01
JI�� �!?M� 8LKNM �&O!'QPSR 8 '*��
��c�[���L=UT&�	��/�,������	� 8 R>OWV WYX f����7,!��?M�!
��+[ZZ�	0�]\ 8^��7,���/	�
2 Y[?��������(,����!����� M � 01�4` E @��@=��L=	�	� 8LKNM � '(' R)� 8 P X 7 �;����
�� 4 0�!
-,���06�H������� 8 %QP X V VUFG�!
� �!
���� 8 ^��7,���/	�

��� �



�����

� ��� � � � ����� � �
BB� 0������� �!<",��R���6��������� �!�_,���+��!�������Q ���I�]\6���7,!/���������f6�!
��/	�$FH��QI�(^�
��/���� �!�",���0 M �!QI������FG�������!�

���e����������QI�	01�=,�����,���020�	��<d��,������LG�
-,��;�	�C�]���!Q ,U���������.����� �	����� ��QJ� / ?M��01@;`��H,��;�c���	/	�!��0��D
FH���2QI��������0X<����/	�	�	0�S���X���Z����� ,�+����ND ^.������� 8 ,8���!���������,��S������������� �!� � �><M�\��� �!��QI�	0 K9,�OJ���:,�����+(�

����� �H,��;�\�9�!��QI� ���B����QI� 8 K]? O����20��������QJ�����S,R/	�!QJQI�!�:���!
��/	�I����QI�U� 
��/���� �!� 8 ,���0XK /NO&���RQI��,!��
���),
/	�!��� �	/���� �!� ���[�!?��������;�	0 ���7,���� �!� ,�QJ<������
�0�	��D FH���)���!���������,��J�����;������� �!� � �*<M��� � �!��QI�	0 �C����� ����Q�
�=,����	0
,������,������+�D
FH���R���7,������!� ,�QJ<������
�0�	�),����V�������g
-���	0 8 ��� ���-�R���	/	�!��0g���7,�+�� 8 ,!�I���	/	�!��0�,���@ �!?��������(,�?� �	�J��� �����������
�9�!������� QI�!QI���������������!���NDLB�� <M��� � �!��Q ������	�*01�435���������[�����;������� �!���[���>�	������Q>,����������$/	�!QJ<� ������QI�!QI�����
���������!�����!��
��� �!� 8 �����c<
��� 0�����=,����!��� /$���!��
��� �!� 8 ,���0R�����c0��!
?� �\` /��!
�<� �����!��
��� �!�ED 7 ��� ����� /�,�� /�
�=,���� �!���
,���� �]\6������QI����@R����QJ<� �$,���0 8 ���2<-,������ /�
�=,�� 8 ���T� �C���!�T���	/	�	���7,���@S���I/	�!QJ<
��� ��@������������ / ����� ��QI�!+(� ,�QI��D
D �_�����[<���	�������[�9�!��Q 8 ������QI��������0_��� G�
�����	�(�Z�����4`a� ���!�=,����	0"<�-,!���	�&,��&01�435���������&���7,���� �!��� 8 �T�� /7�"���	� `

����� /����>�����S,�<<��� /�,���� �!�b���B����������QI�	01�=,���� ,���0 0�	��< ���;��������D�FH���_,���+��!�������Q � �),�<<��� �	0 ���B������^�Tcf �
?����,!01?-,���0g���	/	�!��0�I/	�!�����	��<M�!��01���+B���"�����S<M����� ��0 P�9)9 V `�� V V('8��� �Z�!��� 0+�C� 0�R����������QI�	01�=,����_,���0 0�	��<
����� ��QJ� /����A@ K

depth > 100
��Q)O�����Q>,�+(�����
�0�*+(����,������&���-,���R1D '1DMFH���*���!
��/	������QI���]
��/���� �!���c,����*/	�!QU`

<-,����	0S���*�����(���&�!?�7,������	0S� ���!Q �!�������T����
�01� �	�H���G����������QI�	01�=,����$,���0V0�	��<R���;��������D6FH����QI�!QI�����C�������7�!���
,����[,�� ��� ��@1������Q>,���� /�,�����@J/	�!QJ<-,����	0>��� �������&,����!,���06` Z M FX���!��
��� �!����D;FH���T���	��
�����Z,����C�������S,��-,���@����	0),!�
,*� 
��/���� �!�_��� 0��<���_���e�����$�����������ND:BB�&#���0_,U+�����0_,�+(���	��QI����� �C�����2�����$0��<���_0��<M����0����/	����� �7�!QI�
���!
��/	�c<-,��7,�QI����������,!�T�������C�R?�@SQ>,���@S���\�9��������/	� ����
�01� �	�T���e����������QI�	01�=,����*,���0R0�	��<_�	,������LG;
-,��;�	��D

� �%$ &�� ��� � ��	�� ����� �

� ���H,!0�,�@1� 8 ����� �&��,!��@d���S�-,����J,I#������&�	������Q>,���� �!�B���P�����U���!
��/	�*<-,��7,�QI��������� ���Z,��8��,������LG�
-,����U���
����,��c����,��4`a����QI�(D D �"�9,!/�� 8 +(����,��c�\3 �!�����&�-,��;�*?M�	���B0�!���*���8�����*<-,!���c0�	/�,!0�	�c���R0��������QJ�����I,)��
�Q�?M���
���$<-,��7,�QI���������d,���0b���:Q>,��;�_������Q�G�
� /#����@ ,��(,����=,�?� �"���:����� ��/�� �������4#-/ /	�!QJQ�
����A@;DCFH��� � ,���� �!�-,��
4 ,������LG�
-,��;� D �1�9�!��Q>,���� �!� ZZ���������SK � 4 D ZCO�?M��+;,��B���2,�
���!Q>,���� /�,���� @80��������QJ�����I�����J� ��/�,���� �!� ,���0 �����
Q>,�+(�����
�0����� �Z�!��� 0+�C� 0����,������LG�
-,��;�	� ���),��7,�<� 0U�9,!���� �!�J���J�����(P�9>OWV � ��D>T[�43 ��������� +(���!
<�� �������I��
�����	0
���:�����"��@1������Q>,���� /"�	������Q>,���� �!� ���$�����_QI�!QI�����V���������!��� 8 �C�� /7� ��� G;
�����	�V����,���� ���S�����;������� �!�EDHFG��0�,�@ 8
�����;���7,��E�!��+;,�����N,���� �!���[<���N��� 0�c�������=,�?� �$���!
��/	�cQI�	/7�-,��� ��Q ���!��
��� �!���T���d,U������@V�����!���C����QI�(D-FH���&QI�(���

����	0I�!���	�P,����T�������&,����!,���0 Z M F K T(�	� �%�Z�!���:�6�-���Z,��9D 8 P�9 W PNO ,���0J����� K D fMD I&�	�!� �!+(� /�,�� f�
������@2K K f:I$fO
���!��
��� �!����f���< �6���:K P�9 W ��OH�!?�7,������	02?M�!���R� ���!Q � �!�+!`a<M����� ��0d?M��01@�`��H,����\�9�!��Q �����;������� �!�ED

FH�������!
��/	�[����QI��� 
��/���� �!�S� �C,����!�������H��QJ<M�!���7,����H���1�9�!��Q>,���� �!�V���*/7�-,��7,!/������������&����������� ��QJ� /����!
��/	� 8
?
�����$� ������� 0�!Q <���N�6� 0�	0����:��,������LG�
-,��;�	�����!
���/	�I<-,��7,�QI�������U/�,��7,�� �!+��ND D �$����<���	���������������>����QJ<M�!�7,��
���;�!��
��� �!�R���G�����&����� ��QJ� /�QI�!QI�����H����� ��,!�7�&01
�����+I,��R��,������LG�
-,���� ,���0V/��!�6�7,������C0���7,���� �T,�?M�!
�C�������� � `
���!��@���� ���-�Z��
<��
���(D(FH��� �H�!�:�����MF.,��� ��(,&,���0J�T
13 K P�9)9>O(OG�-,!�.?M��+(
�J����<���N�6� 0�H�7��QJ�4`A,�
���!Q>,���� /�,�����@
���������!
��/	������QI��� 
��/���� �!���H���EQI��0���7,��������$+(����,��H��,������LG�
-,����	�P� ���!Q ����� �	����� ��QJ� /[?M��01@�`��H,��;�������;������� �!�ED
FH���S0��������QJ���-,���� �!� ����QI�!QI����� `a�7,����S�]
��/���� �!���U
���
-,�����@B��QJ<��� �	�*?M��01@�`��H,��;�)������������� �!�g,���0:����
��������
/	�!QJ<
�7,���� �!�"���e��@������������ / ����� ��QI�!+(�7,�QI� 8 �C�� /7�2� �C
���
-,�����@R,U����QI� /	�!����
QJ���+)�!<M���7,���� �!�ED
D � ���� �J����
�01@ 8 �Z�V<���!<M�(���2,_���%� ,�<<����,!/7� ��� �	������Q>,����V�����VQI�!QI����� `a�7,����R�]
��/���� �!�X,���0 �9��/	,��

QI�	/7�-,��� ��QI�)?-,!�7�	0X�!�b,B����QJ<� �_���7,!/#�6���+ �H,��;�\� �!��Q ,��-,���@6��� �>��� E �H,��;�	�>���	/	�!��0�	0b,��)�������	�7��� ��QJ� /
01� ���7,���/	�	�dK]�aD �(D 8 ����QJ���=,��J��� �����2,�<<����,!/7�X���NA�� 0�,�� �2,���0 ���!
������!� K �(D +�D P�9)9(%�O *�E.�������X,���0 �[�!
������!�



�����

K �(D +�D"� V V X O �C�������!
��0�!���+),���@)QI��0�������+>���.?M��01@;`��C,����	��D�FH�� �HQI�����-�;0V�9�!��� ���T�C�����.�Z�!�:�S��� ZP�����6���!�
K � V V)��OC�C���dQI��,!��
���	0������>�����=,��������S,��������(,��P����QI���*���C?M��01@�`��H,��;�	�$?�@8���	���!�������+ ,R���!�1`a��������,��*�����;�������
<���!?� ��Q 
������+c,[����Q�
�=,����	0J,������,������+c���	/7���HG;
-�!D;Y[
�.<���!?� ��Q � �G����QJ����4QJ�����H�����H01�435��������/	�Z?M�����Z�	���
�����2�!?��������;�	0g0�,��7, 8 ,���0 ,�� ,��;���7,�+��R���!��Q>,��������	0 �H,��;�\� �!��Q K]�aD �(D �����2���!
��/	�R����QI�V� 
��/���� �!� OU��/�,�� �	0
�C�����8,��8,�<<���!<���=,������a,!/����!�&,���0_���-,��&/�,��"?M������QI�*0���=,�@��	0 D ^-�!��������/�,!�7����� �����7�\��QI��0� ,��7�J,���0"0�	��<
��,������LG�
-,����	� 8 ����� �!?��������;�	0 01� ��<�=,!/	��QI����� �H,��;�\�9�!��Q � � ,H+�����0 �	������Q>,���� �!�����1�����eQI�!QI������`a�7,���� � 
��/���� �!�
���P�����J����������D FH���I,�QJ<������
�0�U�9,!/����!���c�!?�7,������	08��� �����*#������c������<8����<���	�������c�����*�7,!0� ,������!�B<-,��������������
����� E �H,��;��,���0 �Z� 
��7� ������Q ���)�	������Q>,���������������� ��QJ� /$QI�!QI���������������!��D B��$�]\1<� �!���$������	�$���6��������� �!�
<����/	�	01
���	�$^6�!���&
��/	�!�������7,������	0R���U�	������Q>,����&�����c/	�!QJ<� �����&QI�!QI�����T���������!� 8 �!���c/	�!�������7,������	0V���U?M�c,
<
���I0���6�=,����!��� / 8 ,���0�,����!��������/	�!�������7,������	0B���R?M�I,V0�!
?����\` /	�!
<�� �(DGFH���U<
����I0�����=,����!��� />���!��
��� �!�B� �
��@1������Q>,���� /�,�����@2/	�!QJ<-,����	0"���I�����?�&,����!,���03Z M F �7�!��
��� �!�ED FH�����!?�7,������	0"���!
��/	�$����QI� � 
��/���� �!���&,���0
����� ��QJ� /cQI�!QI�������[,����c�������2
��7�	0V���I�	������Q>,����c�����c�7,!01�=,����	0d��������+(@;D

FH���"<���	�7�����2���7,���� ���*����� QI��������0 ��� G�
�����	���H���4�4`a� �7�!�=,����	0 <�-,!���	�2,��201�43 ���������2���7,���� �!��� 8 �C�� /7�
���	������� /����������P,�<<��� /�,���� �!�S���c����������QI�	01�=,����&,���0>0�	��<)��,������LG;
 ,����	��D>B��T�	������Q>,����T���������!
��/	�T<-,��7,�QI���������
��� P��)9*��,������LG�
-,����	�T0�	��<M���C���-,���PSV V?�6Q ,���0��C�����

Mw > 6.5
�9�!�Z������<M����� ��0�P�9)9 V `�� V V('1D f�����/	� P�9)9 V 8

,c�=,���+�����
Q�?M���Z���E0�,��7, � �Z,��(,��4�=,�?� � 8 �C�� /7�)+(�����	�Z,c+�����0S,��	��Q�
���-,��5/	�N�����7,�+��T�9�!��QI�(���P��� �����[����
�01� �	0
���;��������DST&�	��<������������G,���� QI�(������@c������
-,����	0 ���$+(����,��G��
?M01
�/���� �!�?���!���	� ��
�/7��,!� FG�!�+;, ` 
c����Q>,!0��/�� ���=,���0� 8^.� 1 �-� ���=,���0� 8 AP,���
-,���
)�����=,���0� 8 D ��
` �Z�!����)� ���=,���0� 8 ;�,�<-,��S/	��,!��� 8 �!������� 7 ��0��,��S/	�!��01����� ���7,	�C����� ZP���� � 8E.����
",���06�Z�!�����6�=,2K ���	�F^.��+(
��� R1D PNO\D
T��	��< �	,������LG;
-,��;�	�I,����V/�� ��,�����@ ,!������/��=,����	0 �C����� ��
?M01
�/������+B���=,�?��U?
�U���������UQI�	/7�-,��� ��Q � �J���������

/	�!�������N�;�������=,��.,���02�-,!�������������	0R
<",U�=,���+�� ��
Q�?M������� ����
�01� �	��D����	/	��������@ 8 ,U�!,���� ���A@R��� QI�	/7�-,��� ��QI�T�9�!�
0�	��<8��,������LG�
-,����	�&�-,!��?M�	���8��
+(+��	�����	0gK �(D +�D-
 ,��-,�QI�!��� 8 P�9 W R+* ^����!���� /7� 8 P�9 W 9+* I����	���B,���0A�[�!
������!� 8P�9)9('+*:Bb� ����� 8 � V VQPNO\D�FH���cQ>,����d<���!<M�(���	0RQI�	/7�-,��� ��QI�[,����I^�0����@601�7,���� �!�_��Q�?������������QI�	���[���-,��TQJ��+(���
�]\1<�=,����:�����)�7��� ��QJ� /����A@8���",�?M�!
�J%(' V���Q �C�����:�����)����?M���7,���� �!� ��� ��
� 0�*���-,�������,!/������(,����)<���	�]\1� �������+
�a,�
����� K�
&����?�@S����,��aD 8 P�9)9 R�O 8 <�=,!����� /&�������7,�?��������� �	�$K����!??��T,���0dY[��0 8 P�9 W(W O 8 ��������Q>,�� ������,��H������� ,�?���4����� �	�
K I�����+(+�� ,���0D�H,��;��� 8 P�9 R)9+*�
 ,��-,�QI�!������ ,��aD 8 P�9)9 W *�
 ,��7,����&�\� ,��aD 8 � V VQPNO 8 ,���0$���7,������ �!��Q>,���� �!�-,��6�a,�
�������+
�C�� /7��<���	01� /���� ���-,��.0�	��<���,������LG�
-,��;�	�G��/	/�
� �C��������U,C�-,��������:QI���7,!���7,�?� �P�!�����6����� �Z�	01+������7,���� �9�!��QJ���+
�������I��<�������PK I����	���_,���06�Z
���� ��@ 8 P�9 W 9+*"
&����?�@V���[,��aD 8 P�9)9 R+* I����	���_,���06���!
������!� 8 P�9)9('�O\D

���	/	����� ����
�01� �	�E������!
��/	� ����QI�e� 
��/���� �!��� ���10�	��<$��,������LG�
-,��;�	� �-,��;� �]\�,�QJ�����	0 ����� 0��<���1` 0��<M���-0����/��
���-��������� 01
�7,���� �!� 8 ���-,�<M� 8 ,���0*/	�!QJ<� �]\1���A@*,���0U/	�!QJ<-,����	0*�����P<���	01� /���� �!��� ��� �����Z01�43 ���������.QI�	/7�-,��� ��QI�
�C����� �!?��������(,���� �!���RK �(D +�D A�� 0�,�� �V,���0 �[�!
������!� 8 P�9)9(%+*@�H�(�*���J,��aD 8 P�9)9 W *@���!
������!� ,���0"A�� 0�,�� � 8 P�9)9 X *
���!
������!� ���),��aD 8 P�9)9 W * E.�������b,���0 ���!
������!� 8 � V V X O\D�FC���2<���	�������)����
�01@ �����6� �%�T�I�����(�7�R���	��
�����),���0
/	�!QJ<-,����	��������Q ���U�����c�!?��7�����!,���� �!�����!?�7,������	0R� ���!Q �!
�����������e���!
��/	�c����QI�&� 
��/���� �!����D

� ��� � �x� �+�

D �J���� � ����
�01@ 8 �Z�T/	�!����� 0��� ?M��01@�`��H,��;�	��,�� ����� �	����� ��QJ� /T01� ���7,��-/��	�P,���0>,!����
QI�H���-,�� �����T01��QI�\�-��� �!���
���H�����U�a,�
����,����I��Q>,�����/	�!QJ<-,����	0����R�����I�7�!
��/	�\`a���	/	���4�;���*01� ���7,���/	�	��D ZZ�!����� G;
��������4@ 8 �4�!�Z�I/	�!����� 0���*,
#�������T��
<��
���T����QI�[,���0),c��Q>,���� 01��QI������� �!�)���5���-�H�a,�
��� <�=,���� 8 ����������� ��QJ� /T���!
��/	��/�,��>?M�C����<���	���������	0
?�@ ,)<M�!�����$���!
��/	�2K��Z��
��� 8 P�9>OWV�O\D B��U0�V���!� /	�!����� 0���$,��6@"01�����	/\���4�6���A@ �\3 �	/��c���Z�����J���!
��/	�(D D � �����
<M�!�����*���!
��/	�),�<<����S\6��Q>,���� �!� �Z�I�-,N���),2����QJ<� �>��������,��������=,���� �!�:?M�����Z�	���:�����)01� ��<�=,!/	��QI�����J,���0B�����
/	�!QJ<M�!���������[���e����� ����� ��QJ� /&QI�!QI���������������!�$^

uk = Mij ∗ Gki,j
K R1D PNO



�����

0˚

0˚

60˚

60˚

120˚

120˚

180˚

180˚

-120˚

-120˚

-60˚

-60˚

    0˚

    0˚

-60˚ -60˚

0˚ 0˚

60˚ 60˚

1

2

3

4

5

6

7

8

9

10

1112

13

14

15

16

17

18

1920

21

22 23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53
54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81 82

83

8485

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111
112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

��
����
�
����

��
��

���
	���
�
����

��������
������

	���� �"!#�$���%
��&'

���(!�) �
�
)*���+�,!#)-

�����.
��)*) �/

)0�"�
!#��1(23�"4�) �5
�3�06������

M
w

≥
6.5

�����%
��) �7!#�

≥
100k

m
�$�8

!���)-
�9)*���$���

��:�: �<;>=� ��7�@
?
) �%

� �$��� 	$) �A
�
) ���
) �
) �(!

100
≤

��)*��!#�≤
350 4(C

BD����)*) �E
� �$��� 	$) �F

�
) ���
) �
) �(!
350

≤
��)*��!#�≤

550 4(G
�����I

H�	�2�)J
�*���
� 	$) �F

�
) ���
) ��)*�(!
KL
)*��!#�≥

550 4�
��M

��)N
�(2�O

H9) ��
�*�����
) ���9�����P

!#�F
!#��)Q

)R6�) �(!��S
	��$�
!�) �J

�$�A
!T��H�	�)���



��� �

�C�������
uk

� �Z�����[�;�	/����!�H01� ��<�=,!/	��QI�����T�!?����������	0R,��H���7,���� �!��� 8 Mij
� �P���-������� ��QJ� /�QI�!QI�����H���������!�!�C�����

i
,���0

j
�����J���������!�c����01� /	�	� �!,���@6���+V� ���!Q PU���2% 8 ,���0

Gki,j
����<���	��������� �����U+(�7,!01� ���������Z����� I����	����� �

� 
��/���� �!���@�C�����*���	��<M�	/��.���
j

�9�!�.���7,���� �!�D�5D D ������ �e����
�01@ 8 �����PQI�!QI�����e���������!�e/	�!QJ<M�!��������� ,����H,!����
QI�	0
���U�-,����&�����c�7,�QI������QI� 0��<M�\�-0����/	� 8 �C�� /7�2QI��,�����,*/	�!�����7,����C� ��/�,�� QI�	/7�-,��� ��Q 01
�����+J�����&��
<��
��� 8
���U���-,����Z� /�,��6�C�������I^

M(t) = s(t)M̄
K R1D;��O

FH��������?�@ 8
Ṁ
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ṡ~γ
K R1D X O

�C�������
uP

���$����� E 01� ��<�=,!/	��QI����� 8 ρs
,���0

ρr
,����I�����>0����������� �	�*,��$�����)���!
��/	�),���0������I���	/	�����;��� 8 αr,���0

αs
,����$����� E �H,��;�$����� ��/������ �	�&,��[���������!
��/	�*,���0d�����$���	/	�����;��� 8 GP � �[�����$+��	�!QI������� /�,��e��<����,!01���+

�a,!/����!�IK�
 ,��-,�QI�!���P,���0�f����%�H,���� 8 P�9>OWR�O 8 ~γ � �&�����U
����c���	/����!�$,�� �!�+R�����U<���!<-,�+;,���� �!��01�����	/���� �!�EDEFH���
��
QI���7,����!�[��� � G;
-,������!� R1D X � �C�����c�7,!01�=,���� �!�d<-,����������R�9�!�C�����(E �H,��;�	��D

FH��� R*����0��<M����0������/	�!QJ<M�!���������[���e�����&QI�!QI���6�T�������7�!�T/�,��2?M� ���!���;�	0S� ���!Q �H,��;�\�9�!��Q ���6��������� �!�
��� �7��� ��QI�!+(�7,�QI��DLB��&� �!��� ��� ����� <M�!<
�=,��[0�	/	�!QJ<M�(������� �!� ���e����� QI�!QI�����[���������!������������01
�/	�	0d?�@[T(�	� �\`
�Z�!���:�6�.���&,��aD.K P�9 W PNO 8 �����C�� /7� ,IQI�!QI�����&���������!�[� ���]\1<���	�����	0",!�[��������
Q ���Z,��_� ���!�����!<� /����������!� 8 ,
0�!
?� �\` /	�!
<� �$���������!��,���0d,U/	�!QJ<M�����7,����	02��������,��T�;�	/����!�T01��<M�!� �>K Z 9 AUT O\D�FH����#������T�!���&� �C<���!<M�!����� ��`
�-,�� ���I�����$��
Q ��� �����$����+������!,���
��	����� ����� QI�!QI�����[���������!��,���02����<���	��������������� �;�!��
QI�$/7�-,��+������e�����
���!
��/	�(D D � � � <M�(���������;�J�4�C�����>���!
��/	�I� �$�]\1<� �(�������),���0B����+;,��������>�4�H�����>���!
��/	�I� � ��QJ<� �(�����;�_K ;��(���*,���0
��������Q>,��� 8 P�9 W 9�O\D1FH���FZ 9 AUT <-,����C/��!�����	��<M�!��0�H����������0���6�=,����!��� /����!�V0�!
?� �\` /	�!
<�=�c/	�!QJ<M�!�������T���
����� /	�!QJ<� ����� QI�!QI���������������!���C�����2���U�;�!��
QI� /7�-,��+��)K�
&���!<M��3�,���02�[,���0�,���� 8 P�9>OWV�O\D

� �	� ��� ��� � � ������� � � � �� � � � ���� �

FH���><���!<M�(���	0:QI�\������0:�	������Q>,����	�������)���!
��/	�><-,��7,�QI���������RK]�aD �(D 8 �����>QI�!QI�����*���������!�
M̄

O&���:���Z�
���7,�+��	��D B�� #��7���.���	���!�����P�����P����QJ<M�!�7,��<-,����e���-�����H���!
��/	� 8 ṡ(t) 8 
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Fiji Islands 05/08/1996
M0-HRV = 1.4e+20 N-m, (Mw = 7.4),  Depth = 555 km

a. Raw data
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Southern Bolivia 23/01/1997 M0-HRV = 5.8e+19 N-m, (Mw = 7.2),  Depth = 282 km

P Amplitude comparison
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Harvard CMT

Unconstrained

ISO=0%

Pure deviatoric

NDC=-7%

Double couple

Mo=4.0e+19 N-m (± 19%)

T=8.95 s ( 95% of Mo )

Mo/M0-HRV = 0.7

α = 11.8o
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$&%�')(+*-,�.+*-(+'/' �0.1'324.6572-898�:;(+'3<3.+:>=0:>. �@?7AB5C29'D57(.1%-E4*F57G7')<D5C2 � '/(+'3,-(+'3H+'I2J.1'38 � �K5L,M?N:;2J.H+?7*-(+<3')(O'I,-(O'IH+'324.15C.1:>?N2P572�8K.1%�'Q=C57(O:R572�<I'3HIS�?7(TH+'3<I?N2-898-'IUN(O'I'/VW?7VW'324.+HIS�?7A�.1%�'/VT?NVW'324.X(+'ZY[ 'I57H+'\8�:;HO.+(+: � *�.1:>?N2 � .�57<]G0*�H^572-8`_/* [ <D57% �NS��ba �Cc 5�S � �	.d57<]G4*-HIS �ba � � 5�S � Ze�� H+H+*-VT:>2-Uf5W<I?72-HO.15724.VT?NVW'324.d.1'32-H+?7(�8�*-(+:>2-UX(+*-,�.1*-(+' �

M(r, t) = M̄f(r, t)
 .+%-'BH+'I<3?N2-8/VT?NVW'324.+Hg57(O'B8-'+�-2-'I8)57H �

µ
(2,0) =

∫ ∫

V

ḟ(r, t)(r − r0)(r − r0)dV dt
� �0e � 

µ(0,2) =

∫ ∫

V

ḟ(r, t)(t − t0)
2dV dt

=

∫

STF (t)(t − t0)
2dt

� ��eih 

µ
(1,1) =

∫ ∫

V

ḟ(r, t)(r − r0)(t − t0)dV dt
� �0e � 

j %-'3(+' ḟ(r, t)
:;Hf5kH+<I5 [ 57(WAl*-2-<Z.1:>?N2m(+'3,-(+'3H+'I2J.1:>2-U@.1%-'nH+,F5C.+:R5 [ 5C2-8m.1'3VT,M?N(15 [ 8-:>HO.+(+: � *�.1:>?N29?7AVT?NVW'324.d5 [ ?N2-U\.+%-'�A
57* [ .DS

r0

:>H�.1%-'o<3'I2J.1(+?7:;8 [ ?0<D5p.1:>?N2qS
t0
:>H�.1%-'o<3'I2J.1(+?7:;8F5 [ .+:;VT'7S�5C2-86:;2J.1'3UN(15 [ H57(O'X.157G7'I2r?s=N'3(B.1%-'T'324.+:;(O'THO?N*-(O<I'T=N? [ *-VT'X572-8r'I57(O.+%-E4*F57G7'W8-*-(+5C.1:>?N2 e $&%-'T:;2J.1'IU7(15 [ ?7A

ḟ(r, t)?s=7'I(t.1%�'�=N? [ *�VW'�:;HuG02�? j 2T5CHt.1%�'dH+?N*�(+<I'�.1:>VW'#Al*-2-<3.+:;?N2vS STF (t)
e $&%-'dH+'3<I?N2-8XHO,F5C.1:;5 [ VT?NVW'324.IS

µ
(2,0) S�:;H\(+' [ 5C.+'I8w.+?).1%�' �sY"xyHO,F5C.1:;5 [ ' ��.+'I2J.X?CA&.1%-'z(+*�,�.1*-(O'7S�.1%-'zH+'3<I?N2�8@.1'3VW,M?7(15 [ VT?NVT'I2J.DS

µ(0,2) S�:;Hd(O' [ 5C.1'38f.1?{.1%�'^8-*-(+5C.1:>?N2f?7A�(O*-,�.1*�(+'B572-8f.1%�'^VT: ��'I86VT?NVT'I2J.DS
µ

(1,1) S�:;H�(+' [ 5C.+'I8f.1?|.1%-',-(O?N,F57UJ5p.1:;?726?7Au(+*-,�.+*-(+'}572-8Q8�'IH+<3(+: � 'IHg.1%-'B?b=N'I(15 [;[ (O*-,�.1*�(+'B8-:;(O'I<3.+:>=0:~. � e
$&%�'IH+'f,F57(+57VT'3.1'3(+H\<3?N24.157:;2r:;2�Al?7(+VW5C.1:~?N2r5 � ?7*�.\.1%-'z(O*-,�.+*-(+' [ 'I2-UC.1%qS�8�*-(15C.+:;?72k5C2-8k8-:>(+'3<ZY.1:>?N2L?7Ad,-(O?N,F5CUJ5C.1:>?N2 e � ? [>[ ? j :>2�U�.d57<]G4*-H � �Da � � 5�S �  5C2-8@_Q< ,^*-:;(O' ��h
����	  S j 'W<I572w8-'d�F2-'T.1%-'<]%F57(15C<3.+'I(+:>HO.1:><o8�:;VT'I2-HO:;?N2qS

xc(n)
S�?CA�.+%-'^H [ :>,f8-:;H.1(+: � *�.1:>?N2z:>2�5{8-:>(+'I<Z.1:>?N2

n
��.1%-'o<�%F5C(157<Z.1'I(O:;H.1:;<8-*-(+5C.1:>?N2qS

τc

S�.1%�'z<]%F57(+57<3.+'I(+:>HO.+:;<T(+*-,�.+*-(+' [ '32-U7.1%vS
Lc

S�.1%-'W<]%F57(+57<3.+'I(+:>HO.+:;<X=N' [ ?0<3:>. �
Vc

572-8r.1%-'5b=7'I(15CUN'^=N' [ ?�<3:>. �f?7A�.1%�'}:>2-HO.15724.1572-'3?N*-HgHO,F5C.1:;5 [ <3'I2J.1(+?7:;8qS
V0

57H&Al? [;[ ? j H �
xc(n) = 2

√

nT µ(2,0)n,
� ��e 	 

τc = 2
√

µ(0,2),

Vc = Lc/τc, V0 = µ
(1,1)/µ(0,2),
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$&%-'�8�:;VT'I2-HO:;?N2�H�?7A�.1%-'#A
57* [ .�<I?N(O(+'IHO,M?N2-8\.1?g.1%-'�'3:;UN'324=p5 [ *-'3H�?7A
µ(2,0) SbH+?�.1%F5p. Lc

<I?N(O(+'3H+,M?N2-8�Hu.1?:>.+H [ 57(+UN'3HO.t'I:>UN'I2J=C5 [ *-'7Ss.1%-' j :>8�.1%vS Wc
<I?7(+(+'3H+,M?N2-8�H�.+?o:>.+HtH+'3<I?N2�8 [ 57(OUN'IH.�'3:;UN'324=p5 [ *-' e $&%-'dH+VW5 [ Y[ '3HO.}'3:;UN'324=p5 [ *-'CS

Thc

S�(O'I,-(O'IH+'324.+H\.1%�'X.1%�:;<]G42-'IHOH\?7A�.1%�'TH+?7*-(+<3'W(O'IUN:>?N2L572-8 .1%-'X<I?N(O(+'IHO,M?N2-8-:>2-U'I:>UN'324=N'I<Z.1?N( H+%�?N* [ 8)%-' [ ,):>2/<I?N2�HO.1(+57:;2-:>2-UX.1%-'}A
57* [ .�, [ 5C2-' e $&%-'\8-:;(O'I<3.+:>=0:>. �6(+5C.1:>?T:;H�8-'+�-2-'I8`57H.1%�'�(+5C.1:>?}?7Av.1%-' VW57UN2-:~.1*-8�'g?7A
V0

.+?
Vc
e � .�(+572-UN'3H�Al(+?NV � Al?N(�5}, '3(OAl'3<3. [ �TH �0VTVT'3.1(O:;< � : [ 5C.1'3(15 [(+*�,�.1*-(O'o.1? �^Al?7(&5 *�2-:>Al?N(OV *-2-: [ 5C.+'I(15 [ (O*-,�.1*�(+' e � 26A
57<Z.DS�Al?N(&5{,M'I(Al'I<Z.�*-2�: [ 5p.1'I(+5 [ ,-(+?N,-57UJ5C.+:;?N2vS.1%�'{57,-,F57(O'I2J.o?N( <]%F57(15C<3.1'3(+:>HO.1:><\(+*�,�.1*-(O'|=7' [ ?0<3:>. �Q:>H 'IE4*F5 [ .1?W.+%-'{5b=N'3(157UN'}=N' [ ?0<3:>. �Q?CA�.1%�'|:;2-H"Y.]5C24.]5C2-'I?7*-H�H+,F5C.+:R5 [ <3'I24.+(+?N:>8qS j %-'3(+'D5CH�Al?7(�5�,M'I(OAl'3<3. � : [ 5C.1'3(15 [ ,�(+?N,F5CUJ5C.1:>?N2qS Vc

:>Hu. j :><I'd57H�V{*-<]%57H^Al?N(o.1%�'T<I57H+'T?7A�5�*-2-: [ 5C.+'I(+5 [ ,-(O?N,F57UJ5p.1:;?72 572-8
V0

:;H^'IE4*F5 [ .1? ��e � ?N(o.1%�:;H^(+'D5CH+?N2qS j 'X<D5722-?7.�:;24.+'I(O,-(+'Z.�8-:;(O'I<Z. [ �
Vc

57H#.+%-'�=N' [ ?0<3:>. � (+*-,�.+*-(+' j %-'I2W.1%-'�,-(+?N,-57UJ5C.+:;?N2X:>H�HO.+(+?N2�U [ � � : [ 5C.+'I(+5 [ e$&%-' (O*-,�.+*-(+'|=N' [ ?�<3:>. �/V{*-H.o.1%�'I2 � '{:;2J.1'3(+,-(O'3.1'38L5CH^5zAl(15C<3.1:>?N2)?7A
Vc
SMAl?N(�' ��57VT, [ '7S 8-:~=�:>8-'

Vc� ��5C,-,-(+? ��:;VW5C.1' [ �T. j ?T:>A R
:;H&2-'I57( [ �f'IE4*F5 [ .1? ��e

���
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x :;(+'3<3.+:>=0:>.�
9' � 'I<Z.1HQ,-(+?08-*�<I' =p57(+:;5C.1:>?N2-Hf?7A}.1%-' �� $ � HQHO%F57,M'IH3S j %�:;<]% 57(+'`VW?N(O'`?N( [ '3H+H

� (O?J578-'32-'I8)57<3<I?N(O8-:;2-U .1?X.+%-'\5 � :;V{*�.+%�?7Au.+%-'}H.]5C.1:>?N2-H e�� 'I2-<3'7S .+%-' ��� $ � H�? � .157:;2�'I8�Al(O?NV .1%-'2-?N20Y [ :>2-'I57(#:;24=N'3(+HO:;?N2qS��
$�?0<]%-'I,M?N(.&'Z.&5 [ e S h����Nc 5���S4<D572 � '�*�H+'I8f.+?|'IHO.+:;VW5C.1'g.1%�'�(+' [ 5C.+:>=N'�H+'3<I?N2-8
.1'3VW,M?7(15 [ VW?NVT'I2J.1Hd?N(d.1%-'^=C5C(+:R5C2-<I'3H��

µ
(0,2)
s
��*-H+:>2-UX'IE4*F5C.+:;?N2�� eih�e

$&%�'B? � HO'I(=N'I8
µ

(0,2)
s

57(+'o(+' [ 5C.+'I8f.1?{.1%�'o.1(+*�'^H+'I<3?N2-8QVT?NVW'324.+H�.1%�(+?N*-U7%6.1%�'oAl? [;[ ? j :>2-U|(+' [ 5pY.1:>?N2�� _/< ,^*-:>(+'7S h
����	 �	�
µ(0,2)

s ≈ µ(0,2) − 2s · µ(1,1) + s
T · µ(2,0) · s ��� e ���

j %-'3(+'
s
:;H{.+%-'�H [ ? j 2-'IHOHX=N'I<Z.1?N(X?7A�5`,-%-57H+'�����S�,�� ?N( � � [ 'D5D=�:>2-Un.1%�'�H+?7*-(+<3'Q: e ' e :>. <I57(+(O:;'3H:;2�Al?N(+VW5C.+:>?72�5 � ?N*�.g.+%-'BUN'I?7VW'Z.1(�
f?7A�.1%�'}(+5�
 e

$&%�'}H+'I<3?N2-8Q.1'IVT,M?N(+5 [ VT?NVT'I24.
µ

(0,2)
s

<I572 � 'B*-HO'I8)57HgH+'3<I?N2-8-57(�
�? � HO'I(=C5 � [ 'IHg.1?X<I?N2�HO.1(+57:;25`HO:;VT, [ 'z(+*-,�.1*-(O'�G4:;2�'IVW5C.1:><zVW?08�' [ (+'3,-(+'3H+'324.1'38 � 
w.1%-'6HO'I<3?N2-8 ?N(+8-'3( VT?NVT'I24.+H{?7Ag.1%-'6H [ :;,8-:>HO.1(O: � *�.1:;?72 � 
TH+? [ =�:>2-UB.1%-' H�
0H.1'IV ��� e ��� e � E0*-5C.1:>?N2!��� e �"��:;H�'IE4*-:~=C5 [ 'I2J.�.+?|H+? [ =0:;2�U}.1%�'�:>24=N'3(+HO'
,-(O? � [ '3V

Am = b
S j %-'I(O'X=N'I<Z.1?N(

b
<I?724.]5C:;2-H

µ
(0,2)
s

Sv=N'I<Z.1?N(
m

<I?N2J.]57:>2-Ho.1%-' � � :>2-8-'I,M'32-8-'324.' [ 'IVT'I2J.1H^?7A
µ(0,2) S

µ
(1,1) 572�8

µ
(2,0) 5C2-8LVz5p.1(+:$#

A
<3?N24.157:;2�H^.+%-'X(15%
nUN'I?7VW'Z.1(�
n:>2�Al?N(OVz5p.1:~?N2 e

&r'6H+? [ =N'z.1%-:>H{H'
�H.1'3V � 
wVW:>2-:>VT: � :>2-U ‖ Am − b ‖ e $&%-:;H{:;2J=N'I(OH+'6,-(O? � [ '3V :>H|.+%-'I?7(+'3.+:;<I5 [;[ 
H+? [ =C5 � [ ' � 'I<I57*-H+'�.1%�'�VT?NVW'324.+H#?7A
ḟ(r, t)

<D572 � 'g*-2-:;E4*-' [ 
 8-'Z.1'3(+VT:;2-'38TAl(O?NV .+%-'�8-:>H+, [ 57<I'3VW'324.
�F' [ 8(� .�*-G7<]%-:;2qS��baNa����&57HOH+*-VT:;2-UX.+%F5C.

Ṁ(r, t) = M̄ḟ(r, t)
e _/?N(O'I?b=N'I(IS .+%-'}8-: � 'I(O'I24.�VW?NVT'I2J.1H?7A�5TAl*-2-<Z.1:;?72n<D5C2`2-?C. � '{<3?N2-H+:>8-'3(+'I8 57H�<3?NVW, [ 'Z.1' [ 
�:;2-8-'3,M'I2-8�'I24.o=C57(O:R5 � [ '3H :;2/.1%-'|:;2J=N'I(OH+:>?N2 e

� 2-8-'3'I8P:~.T:;HX'D57H'
 .1?rHO%-? j .1%-5C.T.+%-'/VW5C.1(O:)#kAl?7(+VT'I8 j :>.+% .1%-'QH+'3<I?N2-89?N(+8-'3(TVW?7VW'324.1HX?7Ao5,M?NHO:>.1:~=N'/Al*�2-<3.+:;?N29H+%-?N* [ 8P(+'IHO,M'I<Z.6.1%-'/Al? [;[ ? j :>2-Ur<I?72-8-:>.+:;?N2*��+�(15CVW'3(IS �ba�� ��, .�*-G7<]%-:;2qS �baNa��-,_/< ,B*-:>(+'^'3. 5 [ e S h���� ���	�
[

µ(0,2)
µ

(1,1)T

µ
(1,1)

µ
(2,0)

]

≥ 0
��� e c �

$&%F5C.z:>HT.+?wH+5�
 .1%-5C.W.+%-'/H+'I<3?N2-8�Y ?N(+8�'I(zVT?NVT'I24.TVW5C.1(O:)#@:;HT,M?NH+:~.1:~=N'QH+'IVT: Y�8-'d�F2-:>.+'7S j %-:;<]%9:;H'IE4*-:~=C5 [ 'I2J.g.1?X:;VT,M?NHO'o.1%�'B2-?N2Q2-'3UJ5C.1:~=0:>.�
z?7Au.+%-'B'I:>UN'I2J=C5 [ *-'IHg?CAu.1%�'BVz5C.+(+:$# e



��� �

� *-<�%T5o<I?N2�HO.1(+57:;2J.�:>H�HO.+(+?N2-U [ 
\2-?N2�Y [ :>2-'D5C( � '3<D57*�H+'g:>.�:>VW,M?NHO'IHt.+%-'&,M?NHO:>.1:~=0:>.�
}?7A .1%-'d'I:;U7'I2J=C5pY[ *�'IH�?CAM.+%-'&Vz5p.1(+:$# � eic�e	& :~.1'3(15C.+*-(+'d?72XH+'3VW: Y�8-'d�F2-:~.1'�,-(+?NU7(157VTVT:>2-U�%F57H � '3'I2TUN(O'D5C. [ 
\8-'Z=N' [ ?7,M'I88-*-(O:;2-U|.1%-'^,F5CHO.&Al' j 
N'I57(+H ����572�8-'I2 � 'I(+U7%-'}572-8�.�?�
08qS �baNa c , .�?�
08Q572-8���572-8-'32 � '3(+UN%-'CS h�����	 ,
.�?N(O<�%�'I(+H3S h����Nc � e

$�?\*-H+'�5}HO'IVT:~Y�8�'+�F2-:~.1'�5 [ UN?N(O:~.1%�VQS j ' 2-'I'38z.1?}(+'IH.]5C.+' ?N*-(�,�(+? � [ 'IV ?7AqVT:;2-:>VX: � :>2-U}5 [ :;2-'I57(Al*-2-<Z.1:>?N2fHO* � �O'3<3.d.1? 5|,M?7H+:>.+:>=0:>.�
X<3?N2-HO.+(157:>24.d57H��lAl?N(�VW?7(+' 8-'3.157: [ H�?N2z.+%-'o?N,�.1:;VT: � 5C.1:~?N2WH+* � �O'3<3..1?X,M?NHO:>.1:~=0:>.�
z<3?N2-HO.+(157:>24.gH+'3'}<]%F57,�.+'I( ����VT:;2-:>VX: � ' cH+* � �O'3<3.�.1?
[

c (Am − b)T

(Am − b) I
N

]

≥ 0
��� e ���

572-8
[

µ(0,2)
µ

(1,1)T

µ
(1,1)

µ
(2,0)

]

≥ 0
��� e�� �

$&%-'��-(+HO.{VW5C.1(O:)# :;H|5
(N + 1) × (N + 1)

Vz5p.1(+:$# j %�'I(+' c
:;H|5)8-*�VWV�
`=C57(+:;5 � [ 'TH+*-<]%k.1%F5C.

‖ Am−b ‖≤ c
572-8

I
N :>H�.+%-' :;8-'324.1:~. 
 Vz5p.1(+:$# j :~.1%z8�:;VT'I2-HO:;?N2T'IE4*F5 [ .1?}.1%-' 20*-V � '3(�?7A�8F5p.]5�S

N
S�*-HO'I8 e $&%-:>HB(+'3HO.]5p.1'IVT'I2J.\:>H^'IE4*-:~=C5 [ '324.^.1?QHO? [ =0:>2-U6.+%-' [ :;2-'I57(oH'
�H.1'IV ��� e ����H+* � �O'3<3.}.1?6.1%-'<I?72-HO.+(157:>24.{?CA�,M?7H+:>.+:>=0:>.�
 ?7A&.1%-'zVz5p.1(+:$# ��� e c � e &r'f*-H+'z.1%-'f5 [ U7?N(+:~.+%-V ?7A .�?N(O<�%�'I(+H � h����Nc �^.1?H+? [ =N' .+%-:;H^,�(+? � [ 'IV e $&%-' . j ?�Vz5C.+(+:><I'3HB57(O' .1%�'I2L*-H+'38w57H}56H+:>2-U [ '|. j ? � [ ?0<]G)Vz5C.+(+:$# S j :>.+%L5�F(OHO.

(N + 1) × (N + 1)
� [ ?0<]Gf572-8/5 H+'I<3?N2-8

4 × 4
� [ ?0<�G e

���	� 
 ��� � � � �
�u:;UN*�(+'IH � eih Y � e ��H+%-? j .1%-'g(+'3H+* [ .1H#?7A .+%-'i�F2-:>.+'I2-'3H+H�572-5 [ 
0H+:>H�Al?N(�.1%-'&Al?N*-(�<]%-?NHO'I2z'Z=N'I2J.1H e �F?N('D5C<�%�'Z=N'I2J.DS j '^(+'3,-(+'3H+'I2J.�?N2j�FUN*-(O'B5|.+%-'^(O'I,F5C(O.1:~.1:>?N2z?7A�.1%�'^VT'D57HO*-(+'386=C57(O:R572�<I'7S µ(0,2)

s
?N2f.1%-'Al?0<D5 [ HO,-%-'3(+'7S j %-:><�%n:;H H+*�,M'I(+:>VW,M?7H+'I8n?N2).+%-'\Al?0<D5 [ VT'I<]%F572-:>H+V H+? [ *�.1:>?N2 e $&%-'|H+: � '|?7A�.+%-'\.1(+: Y572-U [ '3Hd57(O'�,-(O?N,M?N(O.+:;?N2-5 [ .1?\.1%-'o5C,-,F57(O'I24.d8�*-(15C.+:;?N2z572-8z.1%�'I:;(�<3? [ ?7(�<3?N(+(O'IH+,M?72-8-Hd.+?|.+%-' [ 'I2�U7.1%?7A#.1%�'X57,-,F5C(+'I2J.B8-*-(+5C.1:>?N2(� � [ *-'{:>A#:>.o:>HoH+%-?N(.1'3(o.1%F572n.1%-'{VW'I572 � $�� 572-8`(+'38L:~A�:~.o:;H [ ?N2-UN'3(.1%-572 .1%-'XVT'D5C2 � $�� e �t:;U7*-(+'3H � <3?N(+(O'IHO,M?N2-8-HB.1?6.1%-'X8-:>(+'I<Z.1:~=�:~. 
/=N'3<3.+?N(IS

µ
(1,1) S�,�(+?��O'I<Z.1'I8L?N2.1%�'}(1578-:;5C.+:;?72�,F5p.+.1'3(+2 e &r'}<D572/<3?NVT,F57(O'^.1%-'}(O'I,F57(.1:~.1:;?72�?CAt.+%-'}VT'D57HO*-(+'38/=p57(+:;572-<3'7S

µ
(0,2)
s

?N2.1%�'�Al?0<D5 [ H+,-%-'3(+'CS j :>.+%T.1%-' (O*-,�.+*-(+' 8-:>(+'3<3.1:>?N2XAl?N*-2�8 � 
X:;2J=N'I(OH+:;?72 e � 2zVT?NH.�<I57H+'3H�.1%-'3H+' . j ?\:;2�YAl?N(OVz5C.+:>?N2T57(+'�:>2WE4*-:>.+' UN?0?08z5CUN(+'3'IVT'I2J. e �t:;U7*-(+'3H�< HO%-? j .+%-' ,-(O?��O'I<3.+:;?N2T?7Av.1%-' HO'I<3?N2-8fH+,F5p.1:R5 [VT?NVW'324.IS
µ

(2,0) S�?N2f.+%-'�Al?0<I5 [ H+,-%�'I(+' e &r'^HO*-,M'I(O:;VT,M?NH+' .1%-'�.+%-(+'3'o, ?C.1'324.1:;5 [ , [ 572�'IH�<I?N(O(+'IHO,M?N2�Y8-:>2-UT.+?T.1%-'B.1%-(O'I'\'I:>UN'I2J=C5 [ *-'IH�?7A
µ

(2,0) j (+:~.+.+'I2)5 � ?s=N' e $&%-'\H+VW5 [>[ '3HO.�'3:;U7'I24=p5 [ *�'}<I?N(O(+'3H+,M?N2-8�H.1?L.+%-'/HOVz5 [;[ 'IH.T8-:;VT'I2�H+:;?72 ?7A�.1%�'/' [>[ :>,-HO?N:>8 H+?L.1%F5C.T.+%-'QA
5C* [ .T, [ 572-'6Al?N*-2-8 � 
 :;2J=N'I(+HO:;?N2 :;H?N(.1%-?NU7?N2F5 [ .+?�.1%-'X<I?N(O(+'3H+,M?N2-8-:>2-UQ'I:;U7'I24=7'I<3.+?N(},F5CH+H+:>2-U � 
n.1%-'T8�'I'3, � [ *�'X,M? [ '3H e $&%-(O'I'T:;2-8-'�Y,M'I2�8-'I2J.�?7(+:;'324.15C.1:>?N2}:>2�Al?N(OVz5p.1:~?N2\5C(+'�.+? � '�<I?NVT,F5C(+'I8 �s.1%�'�A
5C* [ .�, [ 572-'�H+? [ *�.1:>?N2}H+*�,M'I(+:>VW,M?7H+'I8?N2`.1%-'T5C,-,F57(O'I24.B8-*-(15p.1:>?N2-H ��t:;UN*�(+'IH^5��ZSv.+%-'X8-:>(+'I<Z.1:~=0:>.�
/.1'3(+VQS −2s · µ(1,1) ���t:>UN*-(O'IH � �ZS�572-8.1%�'�H+'I<3?N2-8KH+,-5C.1:;5 [ VW?NVT'I2J.DS
s · µ

(2,0) · sT ���u:;UN*-(O'IH{<�� e $&%-'Q8-'3UN(+'3'Q?CAo57U7(+'3'IVT'I24.X:;2k.1%-'3H+'8-:>(+'I<Z.1:>?N2-H :;H (15p.1%-'3( =C57(+:;5 � [ ' e $&%-'{,F57(+57VT'3.1'3(
µ

(1,1) (O'I,-(O'IHO'I24.+:;2-Uz.1%-'x�F2-:~.1'\=N' [ ?0<3:>.�
Q(+*-,�.+*-(+',-(O?N,F57UJ5p.1:;?72nH+'3'IVTH^.1? � '7Sq%-? j 'Z=N'I(IS�:>2nA
57:;( [ 
QUN?0?08 57UN(O'I'3VW'324. j :>.1%n.+%-' ?s=N'3(15 [>[ 8-:>HO.1(O: � *�.+:;?72
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Mw = 8.2
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G9C
s · µ20 · sT

−1 −0.5 0 0.5 1
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

T]C µ02

s ^ F WA_ K[C µ02

s ^ F W
` ^ C µ02

s ^ F W U _

aCcbdKeB[PRZ W KHTgf�P�GhB[IQGhZ�IQB9XRKeT
µ02

s

_ L�CbdKHBYP�Z W KHTifjP�GhB9IkGlZIQB9XRKHT µ02

s

` O4CbdKeB[PRZ W KeTmf�PAGhB[IQGhZ�IQB9XRKeT µ02

s

U _

40 45 50 55 60 65 70 75 80
40

45

50

55

60

65

70

75

80

Calculated − s2

M
ea

su
re

d 
−

 s
2

40 45 50 55 60 65 70 75 80
40

45

50

55

60

65

70

75

80

Calculated − s2

M
ea

su
re

d 
−

 s
2

40 45 50 55 60 65 70 75 80
40

45

50

55

60

65

70

75

80

Calculated − s2

M
ea

su
re

d 
−

 s
2

npo�qsr � e h�tvu '3H+* [ .1H{?CA&.1%-'fHO'I<3?N2-8 VT?NVT'I2J.1H|572F5 [ 
0H+:;H}Al?N(}.1%-'xw ?N(.1%-'3(+2 .�? [ :>=0:;5Q'I57(O.+%-E4*F57G7'
� �DaNa 	 �
�Nc���� a�� e�y 2	�FUN*-(O'&5 e .1%-'dHO: � '&572�8 <I? [ ?N(OHt?7AF.+%-'�.+(+:R5C2-U [ 'IHu(O'I,-(O'IHO'I24.�.+%-'dVT'D57HO*-(+'38 H+'3<I?N2-8?N(O8-'I(�.+:;VT'�VW?NVT'I2J.�Al?7(�.+%-' � j 5D=N' [ '3.1H �
,-(O?N,M?N(O.+:;?N2-5 [ .1?&.1%-'#H+E4*F5C(+'�?7A�.+%-'�57,-,F5C(+'I2J.�8-*-(15p.1:;?72�� e. [ *-' �
(+'38���.1(O:R5C2-U [ 'IH�<I?7(+(+'3H+,M?N2-86.+? ?/z-H+'3(O=N'I8 � $�� � H&H+%�?N(O.+'I( � [ ?N2-UN'3( ��.1%F5C2f.1%-'^5D=N'I(+57UN' � $�� ,.1%�' 
`5C(+'{H+*�,M'I(+:>VW,M?7H+'I8`?N2n.1%-'|Al?0<D5 [ VT'I<]%F572-:>H+V e $&%-'	�-UN*-(+'3H [ 5/zM' [ '38{z e � −2s · µ11 ��5C2-8`< e
�
s · µ20 · sT �&(O'I,-(O'IH+'324. .1%-'}<3?N24.+(+:4z-*�.1:>?N2�?7Au.1%-'��-(+HO.�572�8/H+'I<3?N2-8)?N(O8-'I(g.+'I(OVWHg(+'3H+,M'I<Z.1:~=N' [ 
6.1?.1%�'&57,-,F5C(+'324.�8�*-(15C.+:;?N2 e �t:;U7*-(+'3Ht8�Y�A (+'I,�(+'IHO'I2J.�.1%-'d<3?NVT,F57(O:;H+?72|zM'3. j 'I'32T?}z�H+'I(=N'I8��
<3:;(O< [ '3H ��572-8VT?08-' [ 'I8 ��zF57<]G0U7(+?N*�2-8���57,-,F57(O'I2J.&H+?N*�(+<I'o.+:;VT' 8-*-(+5C.1:>?N2-H�Al?7(�.1%-'���S � 572-86,�� ,-%F57HO'IH e�� [;[ .1%-'Al?0<D5 [ HO,-%-'I(O'IH}' #�<3'I,�.B.1%-' ,�� <I? [ *-VT2`<3?N(+(O'IH+,M?72-8L.+?6.+%-' [ ? j 'I(o%-'IVT:;HO,-%-'3(+' e �t:>UN*-(O'IHoUCY :�5 [ HO?(+'3,-(+'3H+'324.B.+%-' <3?NVT,F57(O:;H+?72{zM'3. j '3'I2L?}z-HO'I(=N'I8r572-8`VT?08-' [ 'I8`57,�,F57(+'324.^H+?7*-(+<3'{.1:;VT'\8-*-(+5C.1:>?N2-HAl?N(d.+%-'BH157VT'B,�%F57H+'3H e



�����

?7A#.1%-'X5C,-,F57(O'I2J.B8-*-(+5C.1:>?N2`VT'D5CH+*-(O'IVT'I24.+H e)y .^:;Ho:>VW,M?N(.]572J. .1?62-?7.+'{.1%-' (O' [ 5C.1:~=N'|8-: � 'I(O'I2-<3'X?CAVW57UN2-:~.1*-8-'TAl?N(\.+%-'z.1'I(OVWH −2s · µ
(1,1) 572�8

s · µ
(2,0) · sT 57H{HO%-? j 2gz�
w.+%-'f<I? [ ?N(\H+<D5 [ ' e $&%-'Al?N(OVW'3(IS j %-:><�%T:;H j ' [;[ (O'IHO? [ =N'38W:;2TVT?NH.�<D5CH+'3HIS0%F57H#?7A .1'32 [ 57(+U7'I(�=C5 [ *-'3H#.1%-572T.+%-'�H+'3<I?72-8zH+,F5p.1:R5 [VT?NVW'324.&.+'I(OV e �u:;UN*�(+'IH&8�Y AtUN:~=N'}572-?7.+%-'I(g(+'3,-(+'3H+'I2J.]5C.+:;?N2/?CAt.+%-'\57,-,-57(+'324. ?/z-H+'3(O=N'I8)8-*-(+5C.1:>?N2-H

�
<3:;(O< [ '3H ��<I?7VW,F5C(+'I8 j :~.1%z.1%-'^57,-,F5C(+'I2J.gVT?08-' [ '3868-*�(15C.+:;?N2-H�H+%�? j 2�:;2z.1%�'^<3? [ ?N(O'I8xzF57<]G4UN(+?N*�2-8Al?N(X(+'3H+,M'3<3.1:~=N' [ 

P
S
S
S�572-8

pP
,�%F57H+'3HIS�'D5C<�%9?72-'/57H+H+?0<3:R5p.1'I8 j :~.1%K:~.1HX,F57(.1:;<3* [ 5C( (15C8-:R5C.+:>?N2,F5C.O.1'3(+2 e � ,-,F57(O'I2J.XVT?08-' [ 'I8k8-*-(+5C.1:>?N2-H|<3?N(+(O'IH+,M?72-8@.1?n.+%-'fH+*-V ?7A&.1%-'z.1%�(+'I'fH+'3<I?N2-80Y�8-'3UN(+'3'VT?NVW'324.+H#.1'3(+VTH�?CA�'3E0*-5C.1:>?N2 � e � e �u:;UN*-(O'IH�UpY�:M5 [ H+?}<I?NVT,F57(O'IH3S0:;2z5}VT?N(+'g8-:;(O'I<3. j 5%
NS4.1%�'�=C5 [ *�'IH?7A�.1%-'BVT'D57HO*-(+'38)5C2-8QVW?08�' [ '38Q57,-,-57(+'324.�8-*-(+5C.1:>?N2-H e

!$#�#5&���� ��	 #v� �%������	��� ���%�R�������-	��'���������
��?�	
$&%�' w ?7(O.1%�'I(+2 .�? [ :>=0:;5z'D5C(O.1%-E4*F5CG7'T:;Ho.1%-' [ 57(+U7'IHO.^8-'I'3,r'3=N'I2J.\'3=N'3(}(+'3<I?N(O8-'I8 e � '3=N'3(15 [ 57*�Y.1%�?N(+H^HO.+*-8-:>'I8 .+%-' ,-(+?N,M'3(O.1:>'IH^?7A�:>.1HoHO?N*-(+<3'X*-H+:>2-U�V{* [ .1:>, [ '|HO*'zM'3=N'324.1H}H+?N*-(O<I'X(+'3,-(+'3H+'324.]5p.1:>?N2 e$&%-'gH+*�zM'3=N'I2J.1H�57,-,M'I57(�.1? [ :;'�?N2 .1%-'&H+*'z�Y %-?N(O: � ?724.]5 [ , [ 572�'&<I?7(+(+'3H+,M?N2�8-:;2-U^.1?}5C2T'I57HO. j 57(O8X.1%-'322-?N(.1% j 57(+8w,-(+?N,-57UJ5C.+:;?N2r5 [ ?72-U/?N2-'W?7Ad.1%-'W2-?08F5 [ , [ 572-'3H ���F(O?N% [ :><�%qS h����7c , .�'I<]GL'3. 5 [ e S �baNa��-,
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57* [ .|H+'3UNVT'I24.+H�� � 572-8 � h 572-8k.1%-'fVz5C:;2rA
57* [ . � �
��t:;U e�� zvS <%��572�8 ��� HO?N*-(O<I'IHuHO*-(+(O?N*-2-8-'38|z 
o.1%-'

P j 5b=N'ZAl?N(+VTHu5C2-8}.+%-'�<I5 [ <3* [ 5p.1'I8H'
�2J.1%-'Z.1:><IH e $&%-'f2F57VT'z?7A&.1%�'fHO.]5p.1:;?72k:>H|:>2-8-:;<I5C.1'38wAl?7(|'D5C<�% j 5D=N'3Al?N(OV 5/zM?b=N'.+%-'B<I?N(O(+'3H+,M?N2-8�:;2-UW5��3:;V{*�.+%Q572�8Q'I,-:><I'324.1(+5 [ 8�:;HO.1572-<3' e e}e}e}e\e}e}e}e\e}e}e\e}e ���
��e a � � j 5b=N'3Al?7(+VTHX572-8@.1%-'6H�
02J.1%-'Z.1:;<3HT?}z�.]57:>2-'I8kAl?N(|.1%-' [ 57HO. <3?NVW, [ 'Z.1'fV{* [ .+:>, [ 'HO?N*-(+<3'|:;2J=N'I(OH+:;?72)<3?N2-HO:;8-'3(+:;2�UTA
57* [ .+H � � S � h 572-8 � � ���u:;U e�� zqS <�� e $&%�'|2F57VT'}?7A.+%-'�HO.15C.1:>?N2W:;H�:>2-8-:><D5C.+'I8WAl?7(�'D5C<�% j 5D=N'3Al?N(OV 5/zM?b=N' .1%-' <I?N(O(+'IHO,M?N2-8-:>2-U 5!�I:;V{*�.+%5C2-8Q'I,-:><I'324.1(+5 [ 8�:;HO.1572-<3' e e\e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e � �
��e�� � 5�� � ,F5C.+:R5 [ 8-:>HO.+(+: z�*�.1:>?N2\?7AF.1%-' � (+HO. � � ' [ 'IVT'I2J.]57('
\H+?7*-(+<3'IH�%F5D=�:>2-U�.+%-'dVT?NHO.�:>V Y,M?7(O.]572J.|57HOH+?0<3:R5C.+'I8rH+'I:>H+VT:;<XVT?NVT'I2J.1H}5 [ ?72-U�.+%-'W8-: �v'3(+'324.}A
57* [ . z�(1572-<]%-'3H � � S

� h 572-8 � � S�(+'3H+* [ .1:>2-U�Al(+?NV .+%-'W<3?NVW, [ '3.+'T:>24=N'I(OH+:>?N2r:;2J=N? [ =0:>2-U ��� ' [ '3VT'I24.157(�
HO?N*-(+<3'IH e z�� � ,F5p.1:;?pY .1'3VT, ?7(15 [ 8-:>HO.+(+: z�*�.1:>?N2f?7A�.+%-' ��� ' [ 'IVT'I2J.]57('
fHO?N*-(O<I'IH�5 [ ?N2�U.+%-'W8�: � 'I(+'324.}A
5C* [ . z-(1572�<�%�'IH � � S � h 572�8 � ��e $&%�'z?7(+:>UN:>2L<3?N(+(O'IHO,M?N2-8-H\.+?Q.1%�''3,-:;<3'I2J.1'I( [ ?0<I5C.1:>?N2 e $&%-'�H+:��I'�?7A .1%�'�H�
0V�zM? [ H#:;H#(O' [ 5C.1:~=N'&.+?B.1%-'�H+'3:;HOVW:><gVT?NVT'I2J.?CAo'D5C<�%K' [ '3VT'I24.157(�
@HO?N*-(O<I' e <�� � ?N*�(+<I'�.1:>VW'fAl*-2�<3.1:>?N2 ?}z�.157:;2-'38 j :>.+% ��� ' [ 'ZYVT'I2J.]57('
fH+?7*-(+<3'IH 5 [ ?72-U{.1%�'^.1%-(O'I'^A
57* [ .sz-(15C2-<]%-'IH � � S � h S � ��e & %-:>.+'o.1(+:;572-U [ '3H<3?N(+(O'IHO, ?72-8-H^.1?f.1%-' ,-(O?N,F57UN5C.1:>?N2n?N2-z-(1572�<�% � � SvU7(15�
/.+(+:R5C2-U [ 'IH .1?�z-(+572-<]% � h5C2-8 z [ 5C<�GW.+(+:R5C2-U [ 'IH�.1? z-(15C2-<]% � ��e e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e �7a
� e�� � :;VT, [ : � '38WVW57,W?7A�VW5 �O?N(�A
57* [ .1H�:;2z5C2-8f57(+?N*�2-8W.1%-' $&: zM'Z. � [ 5C.+'D5C* e � 57* [ .+H�572-8G4:>2-'IVW5C.1:><oVT?08-: � '386Al(+?7Vy$t5C,-,M?N2-2-:>'I(g'Z. 5 [ e � h���� � z�� e9e}e}e}e\e}e}e}e\e}e}e\e}e � �
� e h _)5C,W?7A .1%-' �^*-2 [ *-2XA
57* [ .#H+%�? j :>2-U �45�� � '3:;HOVW:><I:~. 
{5 [ ?N2-U}5C2-8z57(O?N*-2-8X.1%-' �^*-20Y[ *-2TA
5C* [ .�Al(+?NV � a c�� .1? � ������� �7h���� � Al(+?NV .1%�' ylucy'� � '3:;HOVW:��^*�'I(�
{'3=N'324.+HdHO'D57(O<]%Al?7(T'3=N'324.+Hf%F5D=0:;2-Uw5

Mb > 4.
572-8 � 57(=C57(+8 Al?0<D5 [ VT'3<�%F5C2-:;HOVWHX?7Ao.+%-'/VW57:;2'Z=N'I2J.1H e $&%-' � a � �f572-8 � a c�� 'Z=N'I2J.1H|5C(+'T5 [ H+?6(+'3,-(+'3H+'I2J.1'38 e z�� �u:;(OHO.^?N(+8-'3(BH+'3UCYVT'I2J.]5C.+:;?N2\?7A .+%-' �^*-2 [ *-2|A
57* [ .uVW?08-: � 'I8\Al(+?NV ��572 8-'3( &r?0'I(+8 'Z.#5 [ e � � aNa � � e <��

� 'I:;HOVW:><I:~. 
X?N26572-8657(+?N*�2-8f.+%-' �^*-2 [ *-2zA
57* [ .�Al(O?NV � ������� �Nh���� � .+? � � ���bh��Nh����!�Al(O?NV .+%-' ylucy'� � '3:;HOVW:��o*-'I('
/'3=N'324.1HBH+'I57(+<]%`Al?N(o'Z=N'I2J.1HB%F5b=0:>2-U�5
Mb > 4.

572�8
� 57(O=p57(+8XAl?0<D5 [ VW'3<�%F5C2-:;HOVWH�?7A .1%�'�VW57:;2 '3=N'324.+H e $&%-'�H+: �3'�?CA .1%-'g8-?7.1H#:;H�(+' [ 5C.1'38.+? .+%-'^Vz5CUN2-:~.1*-8-'�?7A�.1%�'^'3=N'324.1H e + � 572�8�+ h . j ?X,M?NHO. h!��� � < [ *�HO.1'3(+H&?7Au'Z=N'I2J.1H
�lH+'I'|.1' #0. � e +�:;(O< [ 'IH�%F5b=N'{(1578�:;*-H�?7A h���� 572-8 � ��� G0V <3'I2J.1'I(O'I8L?72n.1%�' � 57(=C57(+8<3'I2J.1(+?7:;8 e e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e � a



� � �

� e�� x�'Z.]5C: [ '38 VW57, ?7A�.1%-' A
5C* [ .+H^:>24=N? [ =N'I8 :;2`.+%-'X(+*�,�.1*-(O'X:;2-:~.1:;5p.1:~?N2`572-8 � ' [ 8 '3=0:~Y8�'I2-<3'f?CAd.+%-' h���� � � ?7G7?�#�: [ :�'I57(O.+%-E4*F57G7' e $&%-' h!��� � ,M?NHO.Y�H+'3:;HOVW:><I:~. 
)Al(+?7V .1%�'
ylucy'� � 'I:>H+VT: �o*-'3(�
{'Z=N'I2J.1H�HO'D57(O<]%WAl?7(�'3=N'I2J.1H�%-5b=0:;2�U\5

Mb > 4.
:;H�VW57,-,M'38 e $&%-'

� 57(O=p57(+8)Al?0<D5 [ VT'I<]%F572-:>H+V ?7A�.1%�'{VW57:>2n5pA .1'I(OH+%-?0<]G/?CA
Mw = 5.2

:>H�:>2-8-:><D5C.+'I8 e$&%�'}(+'38Q.+(+:R5C2-U [ 'o<I?7(+(+'3H+,M?N2�8-H�.+?X.+%-'B'I,-:><I'324.1'3(�(O' [ ?0<D5C.+:;?N26?CA #�2-UN8-57% [ � h����Jh � e a �
� e�� �^*�.1'3V�zM'I(OUCY u :;<]%4.+'I( [ 5 j HBAl?N(B.+%-' h���� � � ?7G7?�#�: [ :#572�8r.1%-' h����Jh x�'I2-5 [ :#'D5C(O.1%0YE4*F5CG7'IH 5pA .1'I(OH+%-?0<]G4H{:>2-< [ *-8-:>2-UQ'Z=N'I2J.1H{?CA&VW57UN2-:~.1*-8�'TU7(+'D5p.1'I(B.1%F5C2 � Al(O?NV .1%�'

w�# y + � h����!� ��<D5C.15 [ ?7UN*-'{.1%-5C.}?0<I<3*-(+(O'I8w:>2 .+%-' �6VW?724.1%�H^Al? [;[ ? j :>2-Uf.1%-'3H+'X. j ?'I57(O.+%-E4*F57G7'3H e e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e a h
� e � �s� � �
��	��)2�� w�*-V�zM'I(o?7A�'Z=N'I2J.1HB?7A

Mb ≥ 4
Al(+?7V .1%-' w # y + � h����!� ��<D5C.15 [ ?7UN*-'.+%F5C.T%F5C,-,M'I2-'38P57(+?7*-2-8 .1%-'�H+?N*�.+%�Y j 'IH.1'I(O2 ��+ � �W5C2-8 .+%-'Q2-?7(O.1%0Y�'D5CHO.1'3(+2 ��+ h �< [ *-H.1'3(+H H+%-? j 2n:>2 � UN*�(+' � e h <\8-*�(+:;2�Uz5T,M'I(O:;?08Q.+%F5C. <3?s=N'I(OH � 
N'D5C(+HizM'3Al?N(O'}.1%�'h!��� � � ?NGC?�#�: [ :�Vz5C:;2{HO%-?0<�G{572-8 � 
N'D57(OH�572-8T5o%F5 [ A 5CA .+'I( e ##57<]%0zF5C(�<3?N(+(O'IH+,M?72-8-H.+?X.+%-'B20*-V�zM'3(g?7Au'3=N'I2J.1HgAl?N(g5X,M'3(+:;?08�?7Au?N2-'BVT?N2J.1% e e}e}e}e\e}e}e}e\e}e}e\e}e a �

� eic +�?7* [ ?NV�z^H.1(+'3H+H�VT?08-' [ :;2-U�Al?7(q.1%-' � ?NG7?%#�: [ :C'D57(.1%-E4*F57GC'�*-H+:>2-U&.1%-'#HO*-(OA
5C<I'#8-:;H.1(+: Yz�*�.1:>?N2W?7AqH [ :;,XAl(+?7V � * u :>24.+'I(OAl'3(+?NVT'3.+(�
 :>24=N'I(OH+:>?N2TAl(+?NV ��57H+HO'I(+(O'�'3.�5 [ e � h���� ���VT'D5CH+*-(O'I8/Al?N(�H [ :;,Q?N2/.1%�'�z-(1572�<�%-'3H � � S � h 5C2-8 � � H+%�? j 2n?N2 � UN*-(+' � e h z � 5��Al?7(^5z,-*-(O' w&Y � 2-?7(+VW5 [ A
57* [ . z���Al?7(o5f,-*-(O' w � � �W(+'Z=N'I(OH+' A
57* [ . e <%��Al?N(o5f,-*-(O'w � � �{HO.+(+:>G7'ZY�H [ :>,fA
57* [ .&$&%-'B<I? [ ?N(dH+<D5 [ 'B:>H&:;2 zF5C( e�e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e a c
c�e�� &r?N( [ 8`VW57,`HO%-? j :>2-U [ ?0<I5C.+:;?N2)?7A�:>24.+'I(+VT'I8�:R5C.+'{572-8 8-'3'I,L'I57(O.+%-E4*F57G7'IHB%F5b=0:;2�U

Mw ≥ 6.5
5C2-8{8-'I,�.1% ≥ 100km

:;2\.1%-'�,M'3(+:>?08 � a7a � Y h���� � e�u '38 <3:;(O< [ '3Hu(+'I,�(+'IHO'I2J.
100 ≤ 8-'I,�.+% ≤ 350

G0VQSCUN(+'3'I2X<3:;(O< [ '3H�(O'I,-(O'IHO'I24.
350 ≤ 8-'3,�.1% ≤ 550

G4V 5C2-8 z [ *�'<3:;(O< [ '3H�(+'3,-(+'3H+'324.�x�'3,�.1% ≥ 550
G0V e $&%-'�20*�V zM'3(�<I?N(O(+'IHO,M?N2-8|.+?�.1%-'�'3=N'324.+H [ :;H.1'I8:>26.]5/z [ ' �Newe}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e � �Nc

c�e h x�:>HO.+(+: z�*�.1:>?N26?7A � 57(=C57(O8 +&_/$�VT?NVT'I2J.1Hg5CH�5 Al*-2�<3.1:>?N2�?7At8�'I,�.+% e�e}e\e}e}e\e}e � � �
c�e�� u 'IHO* [ .+Hg?7AuH+:;V{* [ 5C.+'I8�572�2-'D5 [ :;2-U|Al?N(d.1%-(O'I'B'3=N'324.1H e ��'ZA . � 5 [ :;U72-'38 � j 5b=7'IH�2-?N(YVW5 [ :��I'38 j :~.1%{.1%-'&57VW, [ :~.+*-8-'�A
57<Z.1?N(OH ��z [ 57<]G �t572-8T5D=N'I(+57UN'&HO?N*-(+<3'&.+:;VT'�Al*-2-<Z.1:;?72
�l(+'I8�� e _/:;8�8 [ ' � u 'IHO* [ .+H ?7A�.1%-'}.1%�(+'I'\VW?7VW'324.�.+'I2-HO?N(�:>24=N'3(+H+:>?N2-H�5C2-8 � 57(=C57(+8
+&_Q$ HO? [ *�.1:>?N2 e $&%-'T,M? [ 5C(+:>.�
)?CA�.1%-'T8-5C.]5�*�H+'I8w57(+'X, [ ?7.+.+'I8 ?N2 .1%-' .1%-(+'3'T?}z�Y.157:;2�'I8/H+? [ *�.1:>?N2-H e $&%-' � 57(O=p57(+8!+&_Q$ 572-8),-*�(+'\8-'3=0:R5p.1?N(O:;< zM'D57<]%$z-5 [;[ H�� [ 5C(+UN'3(HO: �3'��u57(O'�8-:>(+'3<3. [ 
}<3?NVT,F57(+5/z [ ' e

α
:;H�.+%-'d572-U [ 'pzM'Z. j 'I'I2{.1%-'�,-(O:;2-<3:;,F5 [ 5 #�:;Hu?7AF?N*-(VT?NVT'I2J.�.1'I2�H+?N(o572�8).1%-'|,�(+:;2�<I:;,-5 [ 5 #�:;H ?CA�.+%-' � 5C(O=C57(O8nH+? [ *�.+:;?N2 e%u :;UN%J. � � z0YHO'I(O=7'I8L5CVW, [ :~.1*�8-'IH�H�
0HO.+'IVW5C.+:;<D5 [;[ 
6<3?NVT,F57(+'38 j :~.1%/.+%-'I?N(O'3.+:;<I5 [ ?N2-'3H�� * zM?s=N' �VT'D5CH+*-(O'{?CA#H+:>VW: [ 5C(+: .�
 j :~.1% � 57(O=p57(+8�,�zM' [ ? j � VW'I57H+*�(+'|?7A�H+<D5p.+.1'3(^572�8n*-2-VT?CY8�' [;[ 'I8�'��v'3<3.1H�:>2�8F5C.]5 �
:>2-< [ *-8-:>2-U 8�:;(+'3<3.+:>=0:>.�
 � e}e\e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e �����

c�e�� � ?N*-(+<3'T.1:>VW'{Al*-2-<Z.1:>?N2-H}?}z�.157:;2�'I8LAl(O?NV .1%-'T2-?N2 [ :;2-'I57(^:;2J=N'I(+HO:;?N2r57H\5�Al*-2-<Z.1:;?72?CA^8�'I,�.+% e $&%�')HO?N*-(+<3'/.+:;VT'6Al*-2-<Z.1:>?N2-HT%F5b=7' zM'3'I2PHO<D5 [ 'I8K.+?w5r<3?NVTVW?72 H+: �3'7SAl? [;[ ? j :>2�U .+%-' � ?7*-HO.1?729'3.f5 [ e � � a7a � �{,-(+?0<3'I8-*�(+' e $&%�')8-'3,�.1%9:;HT:;2�8-:;<I5C.1'38K:;2
zM? [ 8Q572-8�.+%-'B20*-V�zM'3(g?7A�.1%-'B'Z=N'I24. <3?N(+(O'IH+,M?72-8-Hg.1?X.+%-' � (OHO.�<I? [ *-VT2�?7A�.]5/z [ ' �7e ��� �



� ���

c�e � u 'I,�(+'IHO'I2J.]5C.+:;?N2f?7A�.+%-'�H+? [ *�.1:>?N2-H�?CA�.1%-' .1%�(+'I'�VW?7VW'324.�.1'I2�H+?N(�:;2J=N'I(+HO:;?N2�H ��$&%-'24*-V�zM'I(�?N2 .1%-' [ '3A .�<I?7(+(+'3H+,M?N2�8-H#.1?^.1%�'g'3=N'324. [ :;H.1'I8 :;2{.]5/z [ ' � S7.1%�' � (+H. zM'D5C<�%0Yz-5 [;[ <I?N(O(+'IHO,M?N2-8-H|.1?/.1%-' � 57(O=C5C(+8 +&_/$ H+? [ *�.1:>?N2 � �iu ���ZS�.1%-'zH+'3<I?N2�8 <3?N(+(O'IHY,M?72-8-H�.1?\.1%-'�,-*-(O'o8-'Z=0:R5C.+?N(+:>< H+? [ *�.+:;?N2 ���#x���S j %-:><�%f:;H�8-:>(+'I<Z. [ 
T<I?7VW,F5C(15/z [ '�.+?.+%-' � 57(=C57(O8nH+? [ *�.1:>?N2qSF.+%-'\.1%-:>(+8)<3?N(+(O'IH+,M?72-8-Ho.+?z.+%-'|*-2-<3?N2-HO.+(157:>2-'38`:;2J=N'I(OH+:;?72
� ��ZSF572-8�.+%-'^Al?N*-(.1%�<I?N(O(+'IHO,M?N2-8-Hg.1? .1%-'B8-?7*'z [ '�Y�<3?N*-, [ '^H+? [ *�.+:;?N2 �
x�+ � ege}e\e}e ��� �

c�eic +�?7VW,F5C(+:;HO?N2|?7A ?N*�(t,-*-(+'�8-'3=0:;5C.1?N(O:;<�VT?NVT'I2J.u.1'32-H+?7(�H+? [ *�.1:>?N2 j :>.1%\.1%-' � 57(=C57(+8
+&_Q$PAl?N( �05���VW57U72-:>.+*-8-'7S}z��#572�U [ 'czM'Z. j 'I'I2z.+%-' ,�(+:;2�<I:;,-5 [ 5�#�:;H�?7Av?N*-(�VT?NVT'I2J..+'I2-HO?N(W572-8 .1%-'Q,�(+:;2�<I:>,F5 [ 5�#�:>HX?7A .1%-' � 57(=C57(+8 H+? [ *�.1:>?N2 5C2-8K<%� 2-?72�Y�8-?7*'z [ '�Y<3?N*-, [ 'B<3?NVW,M?72-'I2J. e e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e\e}e}e}e\e}e}e}e\e}e}e\e}e ��� �

c�e � u 578-:;5C.1'38W'I2-'3(+U"
X.1?|HO'I:>H+VT:;<�VT?NVT'I2J.�(+5C.1:>?BAl?N(�5 [;[ .1%-' HO.+*-8-:>'I8z'3=N'I2J.1H e $&%-'�(+'38,M?7:;24.+H{H+%-? j 'Z=N'I24.+HXAl?7({8-'3,�.1% H+%F5 [>[ ? j 'I(\.+%F572 � � � G4VQSu.1%-'6U7(+'I'32 Al?7({8-'3,�.1%
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�>� � ��� � # w,� � � �0��� # � ��� & ���f��&l� ��� ��� � � NC� �r$ ��� $ 2 ��� � ��� � � @ � ��# ���'����F @ ��� �S# * � �S)��D� � *
�E���  �� L �  !��� � @ ���S# � ��� � " � ���'� � � �  ����� # Q ��� �d�.&�< � � � < � # ����� � ����� ��t ����� � #�$ ����� �

�&� # + �' � � ��i���)'�0��� � .1� ���� � ) �G� � S�0� � � � i!� �S�C�0� � �����(� ���a+ � � = �7�1� &  1  �
	 :� # � � �[t $ = # � I���I3�
�&� # + �� � � ��� u � �3�GN � z�)�� � �0� ��� � = � �!�  5�7 0*� <  � 7 �  7 !� �^9�7 7 �	  5�1�3%� +���� � . � � � ��� � � ��� # � I!I � �
#C� u � # �� !� ��� � � + � � � ��� � ���
� �8�� � !��� � �� �
� @��S�3@ z �S@ ) � � � ���� �� ��� � � � ��zB� $ ��� $ �



� � $

# umy � # �S�'�0��F @ �S� � u � ) � ���'�(� y � )'� � � @ � �  + NV!��
!�� �   3 587�7 �\�\� � � < � ��5 ��� � ;
 7,��) 7 � 1 < � � 3�77� 	�4�� ��-�7on�p�p!p�p�� � ' � � #�$ ��� � �

NO� �3� � � �0���B�# ���	�0��F @ ��� �&./� �(��� ��� ) . ) ��� �0� ���-��. � � ����� �B# � @ � ./� ) �S# � ��� * � � . � � � �� !�  � )M� ���
� � �
�� ��� �
) ��� � ��� ���0� � * ) � �3� C��
> � 7 3 � ) 	�� �.� 	�� #	� K�
 $��� = I!I t � � I # � I � � �

� � �G���� ��� ���B� NC� �b� �S� @ � �  +?���
� � " + i� @ ) � ���'����F @ ��� � )�� = �7�1� ��� %��
	 1 5 �� 4 � 1 � � :� &�< ��� # � ���
$!$� t $ K!� # � I��I3�

� ���G��!� ��� �(�A� Nh� � � �3 !��� ��� �  �0� . ) � � � � � �����  �0� � �3)b�� ��� ) � � ���s) ��.1��� �S� � ���s� ���P��� Q � ��) � ���  +
� �S�'�0�3F @ ��� �Z+ i�d� �B.1� ���G� ��� ) . )�� 4�� ) 	��E	 1 5 �� 4 � 1 � � :� �/� B� #	� K � � I ��t � I� # � I!I $ �

� � �G��!� ��� ���B��� � � 3 	 1 5 !���� 1���� 	 � � � . z�� ���� !� @ ��� Q � ��) � ��� � � � )') # $ ����= �
�&� � @ # 2 � * �J�D��� # �3� 2&@ # 2 �,w ���  .1� ��� # � ����� � �?� � �  . � �����  ��  .1� �����g� ��� ) �� �./�
� ���D� �  �
 + �0� � ) @ � + �S� � � @�� � @ � � ��)')�i� � �S� ��� � � �0�r�0� � � � w?WQ �
. z � � $ ��� �  � � �D� � @ �3� @ �b� �S�'�0�3F @ ��� ��#
� !�	�0� � � � N � z � � # � � ��� ��� - �/<  7 � 7 3 � ) 	 � < 	 # � � ��� � ��t�=�� #G$ ���!K �

2 � � @ �W������� @ �'� � � �'i� � )�)  + � � ���  !�^����� � " + i� @ ) � ���	�0��F @ ��� � � ��� � �0)&� � �
�� ��� � ��. � ��� �d�D� �  � )	"�0� � � � )'� � � � ���0�!� ���B� �S�'�0�3F @ ��� �  + � I =�� � 4�� ) 	��E	 1 5 !� 49� 1 � � :�����  ��5 � # K � = �[t � = # � I �!$ �
2 � �Z� @ ���
./� � #! �BNh� ���  ���3��� � # �&�EL � � � � # �>�  h�
� � � � � # �%� � @  #ok � � � ���B#"� � 2 � � # � ��� y � � � "+ @ �
� � � )��  �S�'� � � �  �����3 ��� @ )'��� � ) ��� � z � �H� �
���/����� � �
�B# ���
� � Q ��+ � @ � �0) ��� �0� �C� ��)'� � � � � ����� � � ����� �B#
� ���^� Q �����
� � ��+ ��Y� . � �'!�V) �
� ) ./� �  � � # �0� � �
N � � � ��� @ � � � � #  � ��� � � � )	� � � �#� � � � @ � � �Y� @ � � #
�Z� � ) @�
 � � ��� � � � > � 7 3 � ) 	��EC ����� :� # � $ �$
 � ��� K I�I t�=�� K # � I!I K �

y � � � @ ) � � ��� � NC� � )'�0����� ���� � � ) �  � ) �%� �4���S�-�G� ��� �����
� �0f � ) � �'&)( � 5 	  ��5 �!1�� #G$!$ 
 � �*� � ��t ��= #
$ ���!� �

� � !)'�� � � � � u �)+-,.,0/2143.36587:9-;-<09=/�7?>A@�/850/2>CB6D';-;-@67ED2>�F-G �
2 � � � �S� ������� � ���:' � 7 � 1 � 0 � % � 1  � 7 � 7	� �!1 5 ����� 1���� 	 7 � 5 < � � � < � 1 � �
	 � 	 ��5 7 � !� � 0 7 � 9 � � < 7 � 3 � �
� 7 0 � � + 	 1 5 !���� 1���� 	 5 7�9 	 ��5 % 1  � 7 � + !� � 785/)F+ 1 �10 �!�  ��5�365 �  1  � 7 � � ��� � � � �Z� � � . !� � # � I� � �

H�� � ��� z � �'�d� # � � � ���S� �  �  + �0� � � !� . � �B.  ��� )4 + �0� � � ���'����z.� � ���'����F @ ��� � )' @ ��� � )
� > � 7 3 � ) 	��
C�� � � = 	  5 � & 7,< � #G$!$�� $�$ ��t $!$ = # � I � � �

� � �\� �O � ) # � � u-@ � # � �3� w � � ��� ) � R�Z� NC� � �
 . � ���I� � @�� � @ � � � ��i� � )�)  + �0� � � I!I = ���
� �
H � !� � ) # y ���  ��� ) � � #%� �S�'�0�3F @ ��� � 
 LT�*J � � I �4+ �' . � ����� ) �
� ) ./� �  �J�dQ � )
� > � 7 3 � ) 	�� �.� 	�� @ �  B� #
$ � � � $ I K�t � $ I� # � I�I � �

� � � � �Z� ���
� � ���K � � � � @ � ����� ��� * ��� � ) ���a+ "H��  � �3� � ���� .1� �(�G� ��� ) . + �� �3��� � " + i� @ ) � ���	�0��"
F @ ��� � )�� � 1 �� 5 � # ��� � �L� ����t � � ��# � I�!I3�

� � � � �O� �
��� � ���M� � �  @ )'�� � �PNC� � ./� �(��� ��� �
)  +Z�3��� � � ���	�0��F @ �S� � )�� = �7�7� � �.� %�� 	 1 5 !�
4 � 1 � � B� &�< ��� # $ � � �R= I t $ � � # � I!I K �
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2 �8NO� �O� �� ! ) � ��� 2 � � � �J��� � �
��- � � 785 � ' �!� 7 � 0 � � 3 �"7,< � 	 �!1 5 ����� 1���� 	 � ��!� �%� ����� � #.� /z%!� ���A#
w,� �3� # � I = I��

� �S�'QS�S� � � LgNO� �   3l587�7 �\�\� � 	 � �
	 �:7 � 7('*) �"� 1 5 % 1 5 0�� � 0*� 7h] � - 	 ��1 5 < ���"�  � � #�$ ����� �
� � � � � ��� � ����� � ��� NO� � � �-� �S�� � � u-@�� � @ � � � � )	�0!�C�f + �0� � � I� � LT!�  � ���-����� # � � ���a+ !� ��� � #!� ���	�0��"
F @ ��� ��+ �� . �0� ����� Q � �') �  �  + )'���� �� &. �� �  � � � ��!� � )���� � �!�"� &�� �
	 � � & 7,< � = � � #E� = � �RK!K���t �RK � � #
� I� � �

� � � � � ��� � ����� � ��� NO� � � �-� �D�0 � �6N ����� ) �
� ) ./� � � ��.1� + @ � �<� �  � ) + !� � ���  !� )��G� ��� R� ) @ z � @ �
� �  �
�� ��� � ���'����F @ ��� � )���� � �!�"� &�� �
	 � � & 7F< ��= � � #	� K � I =!K�t � ����� # � I� K �

w,� * � � ��)�� �
��� �\NC� � 2 � ) � � ��) �  �  + � @ � + �S� � � �dQ � )- � L @ � � ��� ��� � � ��� L ����� �3��� � �!�"� &�� �
	 � � & 7,< �
= � � # � � � � � t��!� # � I K�� �

w,� * � � �S)�� ����� � u � ��� �S� �  �  �S�'� � � �  + � @ � + ��� � � �RQ � ) + �� .   ��� �*�i @ ��� � ) ��� �1L @ � � � " �E��� � � ���
L �
��� @ . ��� � �!�"� &�� �
	 � � & 7,< ��= � � # K �	
 � �*� � �� t�� I � # � I =�� �

NO� � � �?� �S�0 � � # Q ���3��� � �b+ !�f� ��� ��. � ��� ���S� �  � )^ + ) ���a+ "H� � � ������ ��@ � ) � )f + ) ��� � ��� � ���'����F @ ��� �
� @3� � @ � � � 4�� ) 	��A	 1 5 !� 4 � 1 � � B� &�< � # =�� � �9t $ � # � I!I � �

�&� #C� � /z'z�)O� ��� * � � � � �  \� �S)'� � � ��� )	���/z ����� � ��� ) � y . � ��� ���S� �  � ) + !�-�0� � �� �� !���  +���� � � � .1�
��� �S� �
� ���T�3��� � + i� @ ) � ���	�0��F @ ��� � )�� C �9> � 7�3 � ) 	�� �.� 	�� # I � � � � # K $ �[t � � # K!��� # � I����

�3� � � �  ��� � �3� � = 0 1�3  1  � 7 � �!�X� 1  � 5�1 � 1 �10 = 5  � � < � 1 � & ) 	  � � 	 �ZNC� � � ��� Q � ��) � ���  + L � �(� �� � �
 � � )�) # * �3� * �ez%!� # � I � K �

� � �  @ )	�0 � ��NC� � �  � " �  @ z ��� " �� @3� ��� �� . �  ���
� �- +Y���
� � � ���	�0��F @ �S� � )&� ��� ��� � � ��� ���T + �0� �
) �
� ) .   ������ � �� ��� � > � 7 3 � ) 	�� �.� 	��A@ �  :� # $ � � �R= � � t �R= I � # � I!I � �

� � �  @ )'�0 � � y � � @ �
� � �  +M��� � �0� #B+ i�d� � .1� ���G� ��� ) .g# � ��� � � �
�� ��� �>) � ��� ����  � ��� � )��G� � � � ���
� @ ���S� �  �  +A� ���'����F @ ��� � )� @ �'� � � ��./��+ @ � �<� �  � )�� C�� > � 7 3 � ) 	�� ��� 	�� # � ��=$
 � = � � ��� # � � � t ��� # �RK�� #
$ ����� �

� � �  @ )'�� �B#:� � L:� � ��� � # � ��� ��� #C��� ��� � ��� �BN ��.1�4+ @ � �
� �  � )� +E�3��� � � ���	�0��F @ �S� � ) + �� . z����� � "zG� �3� � ��� )�����'�'" � � � �  � )'�0�����i)
� C��
> � 7 3 � ) 	�� �.� 	�� # � ��� � $ I # �!I K�t $ I # I � � # � I!I�3�
� � �  @ )'�0 � � ��� �3� #4��� ��� � ��� �ZNC� � � ��. � !�0� �Y��� )'�0� � z @ � �  �  + ) �
� ) ./� �U��� ��� �D� �  � � @ � ���� r���
� �
� �S�'�0�3F @ ��� � � @�� � @ � � �$&�< � � � < � #G$ =�K �L�� �[t �E� � # � I!I � �

�3� * � � @ � )� � ���� @ �'� � ��� � � � � �� + !� ��� Q � ��) �  �  + �0� �>.  .1��� �&� �
� )�!�
� C�� > ��7 3 � ) 	�� �.� 	�� # I �

 � � ��� � =!K�t �� � # � I��I3�

� � y ��� � ��� �>� � � � � ����d�3� 2  � )^� ��� ��� ��� �,)'� � )') QS�S��� � � ��� � �S�'�0��F @ �S� � ) � � � & > � 7 3 � ) 	�� ��� 	��
@ �  :� #%$ � 
 � ��*� ����� I t�����K $�#�$ ����� �

 �LH�� y � .1�,� � � � ��� � }z�) � �	QS�S� �  �  + ) @ z � Q �
� �0) ��� � ����� ) ��� ) ./� �^�J�RQ �<+ !� . ) � �0� � � I�I � �� ��� Q � �
���
� � � �S�'�0��F @ �S� � � � Q � ) � � ��� � C��
> � 7 3 � ) 	�� �.� 	�� # � ��� � � ��# I � I t � ��# I � $�# � I!I���
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�&� y )0����� ) � �3�K �MLg ��� ���
� 2 � )'�0� � z @ � �  �  + )'�0� � )�) � ) ��� ��� �T��� )'� �
�������3 l��� ����!) � � � � �r+ �� . �
 !� }zG� � ) @ �	Q � �b +V+ i�d� �B.1� ���G� �3� ) . )' � @ � �  � )C +Y. � � � ���&� ���	�0��F @ ��� � )��$�.� %��9> � 7�3 � ) 	�� & 3 1 < �
4�� ) 	�� # I 
 � ��� � ����t � � � # � I � � �

y � � � � � �S� �  � � � � ��� ) .  �   !� ��� � � �
� � � � y � � � � � �!� �  �!� 7 � !� � �/�  ��5 � 1  � 7 � 1 � &�� �
	 � 7 � 7(' � <!1 � ] � �  ��5 #
� � 
 ��� � � $�<#�$ ��� � �

L:� y )�� ���j#� � L:�E�i� � ��� � � #6� � �  @ )	�0 �B# � �3� �3� #C� � ��� � ��� � # � � ��� � #D� @ ���S� �  � � ��� ) � �����  + �0� ��$ �����
� @ . �S���0�D" * ��� � . � �c� ���	�0��F @ ��� ����. �  !� ))z0�c��� � �?� " w � �E����������� � 1  � 5 � # � �  ��\�  ��� � � � � ��� � � � �D"
� @ � � ���!= � K # $ ����K �

2 � � � � #0� � 2 � �j# � ��� �U�-� @ �AN @ !) @  �V�S� �-� �S�'�0��F @ �S� �-+ � @ � � ��� � ���3 �G� �� �'WQ ��� � � �E��� 	 �!1 5 < � 7 �
	 1 5 ����� 1���� 	 � 1 � � �	 �!� ] � �!� 1�+�� �!��� � 1 � '�&�� �
	 � 7 � 7(' � <!1 � � � 5 �!1 � +�� �!��� � 1 � ' 4 5 � 	 	 +�� � 5 � � �  � #
� �  �� ) =!=�t � � # � I����

L:� �\� ��!)	��� ��� u � �?� �?� ��� . � ��� � * )	� @ ���
� �� )  @ ����� �0,� ��� � � Q ��� �  +A.  .1��� �\� �
� )����)�� &�� �
	 � �
�.� 	��E@ �  B� # =�� � � � t3K ��# � I�!I3�

�&� u ��� @ ��� � �B# * � 2 �iL ������� � # � �3� �>� u �HG @ �� !� ����w- � " �  @ z ��� "H�
 @�� ���J� ���'����F @ ��� � � ��NC� � !�C�!� ��� %��
> � 7 3 � ) 	�� # � �  !� ) K $ K�t3K!� I # � I�I�3�

� ���Z� � � . !� � �4NC� �^���3� �  � � ����� ��) �^���  � � �S� � ���	�0��F @ ��� � )�� C��.> � 7 3 � ) 	�� �.� 	�� # � $ � $ I� �[t $ I� ��#
� I �E� �

� ���Z� � � . !� � � u4@�� � @ � � � ��i� � )�)& + ) @ z � @ �
� �  � " �� ���,� ���	�0��F @ ��� � )�� = �7�1� ��� %��E	 1 5 !� 4 � 1 � � :�
&�< ��� # � � � $ I ��t � $!$�# � I� = �

� � �Z� � � . !� � � ��� 2 � �\� * ����� ��)� � �VNC� � !� � � � �d� � zG��) � ) + ��M)' .1�?��. � � � � ��� � � ��� �S� �  � ) ��� ) �
� ) . S"
�   �!� � � �!�"� &�� �
	 � 7 �"� & 7,< ��= � � # =�K � � � � ��t � � I K # � I � K �
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��� � �!�"� &�� � 	 � � & 7,< � = � ��5 � #
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 . � ��� )��S� �
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