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GCHJILKNMPOQHJRTSVUXWZY[K]\ZK[^JH`_aRbKEHJRcI(_a^`_adXeXfgH`WhSjib_gOQkQYEK[OmlhemnokqpXUr^J^sKEStUX^vuxw F7yayaz l|{Nfg\|UXR}egHJKE^JOQKEOmWgkgM
ILK[ib_XkQR~KN�qY[H�SjHJWZd�icK[RckQ^`SbRLicK[dhUribOQH`WQd�Sj\QK�HJWhSbK[ibH`_ai�_X�tSj\ZK*�gkQWxu�GC\QHJR�SjKEYV\QWQH`�gkZKXf���\ZHJYV\
daH�paK[R�HJWZ��_XibI(UrSjH`_aW�UXl�_XkZS�SbijU�paKE^�SbHJILK[R�w�H`W�Sbib_gOQkQYEK[O�H`W*RbKEYESbHJ_aW F u��qu��a{}��_ai��}U�paK��QUXYV�XKNSjR
IL_�pgH`WQdml�KNS���KEK[W�UrW�e*S���_���_aH`WhSjR�_aW�Sj\ZKLRc_a^�Uri�RbkQiT��UXY[Krf�H`R UXW.HJIL��_aiTSVUXWhS�YE_aIL�Q^JKEI(KEW�S
Sj_mdX^J_al|Ur^�M�IL_gOQK \QK[^`HJ_aRcK[HJRcI(_X^J_adXe�UrR�H`S�H`R�UXlQ^`K¡Sj_m�Qic_alsK�RbkQlQRckQic��UrY[K~RcSbibkQYNSjkQicK(UrWQO.OZehM
W|UXILHJYER?HJW~Sj\QicK[KtOQHJILK[WQRcHJ_aWZR[u?�q_XI(K�_X��Sj\QKtI¢UrHJW~ibKERbkQ^�SjR�YE_aWQYEK[ibW(£|_7��R�UXWZO(��U7pXKNMPRb�sK[K[O
�sK[icSbkQiblQUrSjH`_aWQR?kQWQOQKEibWQK[UrSj\¢RbkQWQRc��_rSjR]wvnokZprUX^`^QKES�UX^¤u�f F7yXya¥Z¦�§ _aRb_7pgHJYV\ZKEp(¨�nokZprUX^`^¤f F�yayh©q¦
§ _aRb_7pgHJYV\ZKEpªKES(UX^vu`f��X«a«a« ¦?¬ \|UX_.KES(UX^vu`f��X«a« F {Nf?^�UXicdaKNMPRbY[UX^JK<RckQlQRckQic��UXYEK*�s_a^JKN�}UribO�£|_7��R
w¤�HJ^`K[R�KNS¢Ur^¤u�f F7yayh©g¦  H`^JKER�KES(UX^¤u�f F7yXya® {Nf�UXWQO¯RbkQ�sK[icdaijUrWgkZ^�UrSbHJ_aW�£|_7��R*wvnokZprUX^`^}KES(UX^vu`f
F7yaya©q¦ nokZprUX^`^x¨��HJ°E_aWxf±�r«a«a«h{²u
GC\QK~HJWhSjKEib�QicKESjUrSjH`_aW�_X�?SjH`I(K²M�OQH`RcSVUrWQY[K�OQUrSVU<Y[UXW�lsK�OQH�pqH`OQK[O�H`WhSj_5U<��_aic��UXicO�UrWQO�UXW

HJWhpXK[ibRcK��Qic_alQ^JKEI�u³GC\QK���_aic��UXibO¯�Qib_XlQ^JKEI H`RLSb_�OQKNSjK[icI(H`WQK5Sj\QK�ibK[^JUrSjH`_aWQRc\QHJ��l�KNS���KEK[W
´cµ·¶V¸�¹`º¼»�½·¹¿¾�À¼ÁÃÂÄ¹J¸v»bÅVÆÄÇT¹`Á�»²Ât¹È»�¹¿¾�Á�º¼Ç¤¾Ä¶¤Éa¹�ÀT¸�¶V¸¤À¼¹È¶cÊEÀTÂ¼½P¸v»VË�¹¿¾�À¼ÁÃÂÄ¹J¸v»bÅVÆÄÇT¹`Á�»²Â�ºx¹�»?¹Ã¾7¸vÀPÀ:¹JÁÃË}ÀTÌ�ÅVÁ�º�¹È¶VÂaÇ¤ÀÉÄ¶¤ÉÄÀÍ¸PºÏÎ�Ð:ÁÃ¸vÇP¾¢Ñ�Ò}»VºÍ»²ÓcÁ�ÇP¾�ÀTÓcÔ�Õ�ÖNÖEÖj×¼Ð·ÁÃ¸vÇP¾¢ÀÍ¹?¶²ØÚÙÚÔÛÕ�ÖNÖEÜN¶j×CÝxÁÚÞb»VÂ5Ñ�Ð·ÁÃ¸¤Ç¤¾�ÔÛÕ�ÖNÖVÕTßNÙ�àa¾ÄÀo¹Ã¾7¸vÀPÀ�Ë}¶²ÁÃÂºTÀPÇÍ¹JÁ�»VÂÄº¡»�½Ï¹Ã¾7Á�º¡Ç¤¾Ä¶¤Éa¹�ÀT¸�¶²¸vÀ�áP¶jºTÀPÅ<»VÂ(ÉXÆÄáTØâÁ�ºv¾�ÀPÅÏÉÄ¶¤ÉÄÀÍ¸PºP×�¹Ã¾ÄÀtÉ�¶²¸�¹`Á�ÇTÆ7ØÚ¶²¸Pº�ã|ÁÃØÃØ?áPÀ¡À¤äÍÉXØÚ¶²ÁÃÂXÀPÅm¶V¹C¹¿¾�ÀáPÀ�å²ÁÃÂrÂÄÁÃÂ[å]»�½�À¤¶EÇ¤¾oºTÀ¤ÇT¹JÁ�»VÂXÙ
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Sj\ZK�_alQRcK[icprUrSbHJ_aWQUX^ÛO|UÄSVU.w�SbijU�paKE^�M¤SjHJILKÏ��KEicSjkZibl|UrSbHJ_aWZR-,/.|{]UXWQO�H`WhSjK[icW|UX^�Rb_a^JUXi]�Qic_a�sK[icSbHJKER
w�OZK[WQ_XSbK[O�lhe1032�{Nu� KEWQK[ibUX^J^�eafÄSj\QH`RÛibKE^�UrSbHJ_aWZRb\QH`��H`RÛRb_XkQda\hS$HJW�Sj\QK���_XibI_X�sU]^`HJWQK[UXi�H`WhSjK[dXijUX^
K[��k|UÄSjHJ_XWxf ,4.6587 2:9<; O>=?,/0@2swA=s{>B 2 wC=s{ED w z u F {
��\QKEibK¢Sb\QKF,/0@2swA= { ibKE�QibKERbK[WhS�Sb\QK¢OQKNpgH�UrSbHJ_aWQRÏHJW�HJWhSjKEibW|Ur^�Rc_a^�UXiÏ�Qic_a��KEicSbHJK[RÏ��ib_aI U�Sj\QK²M
_aicKESjH`Y�UX^�ibKN��K[ibKEWQY[KmIL_gOQK[^vu�GC\QK5HJWQOQK²��G&ibKE��KEibR�Sb_.UX^J^ ibKE^JKEprUXWhS�S�eg�sK[R~_X�tHJWZOQK[�sK[WQOZK[WhS
�sK[icSbkQiblQUrSjH`_aWQR[f RbkZYV\ UXR~Rb_akZWQO¯Rc��KEK[Oxf�£|_7��R[f}_ai�I(UXdaWZKESjH`YFH|K[^`OxuªGC\QK�HJWhSjKEdaijUX^�I ; O>=OQKEWQ_XSjKER�Rc�|UrSjHJUX^±HJWhSjKEdaijUÄSjHJ_XWL_7pXK[i�Sb\QKtpX_a^JkZI(Kt_X�xSb\QKo�gkQWxu$GC\QK��XK[icWQK[^`R}_X��Sj\QK�HJWhSjKEdaijUX^`R[fB 2 wC=s{²fQdaH�paKoSj\ZKÏRcK[WQRcH`SbH`pgH`S�e¢_X�:SjijU�pXK[^xSjH`I(KER�Sj_~�sK[iTSjkQicl|UrSjH`_aWQR}_r��Sb\QK�Rb_a^JUXi}IL_qOZK[^¤uÛGC\QK
HJWhpXK[ibRcK��Zib_alQ^`K[I�H`R�Sj_ HJWhpXK[icS Sj\ZK�Url�_7paK�KE�gkQUrSjH`_aWxf�H¤u KXu¼Sj_ÏK[RcSbHJI(UrSjKJ,K032|fqUrR�Uo��kQWZYESjH`_aW~_X�
�s_aRbH�SjHJ_XWL=·f±��ib_aI+Sb\QK¡_XlQRbKEicpaKEOM,/. u�GC\ZHJRtYV\|UX�ZSbK[i]H`R�YE_aWQYEK[ibWZK[O�_aWQ^�em��H`Sb\�Sj\ZK���_aiT�}UXicO
�Qic_alQ^JKEI�uÛGC\QK�H`WhpaK[icRbKÏ�Qib_XlQ^JKEI ��HJ^`^ lsK OQHJRcY[kQRcRbK[O*HJW<Sj\ZKNHQibRcStRcK[YESbHJ_aW�_X��O�\|UX�ZSbK[i�PQuQ YEY[kQibUrSjKtY[_aIL�QkZSjUrSjH`_aWQR$_X��Sj\QK�RcK[WQRcH`SjH�pgH`S�e�_X�sSjibU�paK[^±SjH`I(KER�Sj_ RbkZlQRbkQiT��UXY[K�Y[_aWZOQH`SbHJ_aWQR
UXicK�WQKEY[KERbRjUrice*��_XitI(UX��HJWZd(��k|UXWhSbH`SVUÄSjH`pXK�H`WZ��K[icK[WQYEK[R]UXl�_XkZS�Sj\QK��qkQW*��ic_aI�SjH`I(K²M�OQH`RcSjUXWQY[K
O|UrSjUZuÛGC\ZK}S���_�UX�Q�Qic_��ZH`I¢UÄSjHJ_XWQR¼Sb\|UrS$\QU7pXKCS�eq�ZHJY�Ur^J^`eÏlsK[KEWLKEI(�Z^J_7eaKEOLH`W�Sj\QKCIL_gOQK[^`HJWQdt_X�
SjH`I(K²M�OQH`RcSjUXWQY[KÏO|UrSjUZfsH¤u KXu]Rc_a^`pgH`WQd(Sb\QK���_aiT�}UribO��Qic_alQ^`K[I�f UXicK�Sb\QK�ijU�e�UXWQO*RbHJWZda^JK²M�Rb_XkQibYEK
UX�Q�Zib_��qHJI(UrSjH`_aWQR[u
GC\QK�ijU�e�Ur�Q�Qib_��qHJI(UrSbHJ_aW�K[RcSbHJI(UrSjKER�SjibU7pXK[^¿MPSjH`I(K �sK[icSbkQiblQUrSjH`_aWQR?UXR���K[H`da\hSjK[O~H`W�SbK[daibUX^JR

UX^`_aWQd.Sj\QK�dXK[_aILKESbibHJY[UX^CijU�e¯Y[_aWZWQK[YNSjHJWZd�Sj\QK�_alQRcK[icprUrSbHJ_aW¯��_XHJWhSjR�w § _aRb_7pgHJYV\ZKEpsf F7yXya¥ U ¦
n1R��qHJ^�pXU�KES UX^vu`f F7yaya¥ {ÛUXWQO~\|UXR$lsK[KEW(KEI(�Z^J_7eaKEOLH`W�Sj\QKClZkQ^J��_X�±Sj\QK}SbHJILKNM�OZHJRcSjUXWQYEKCUXW|UX^�egRbHJR
Sj\QUrSm\|UXR¢l�KEK[W³OQ_aWQK�Sj_�O|UrSbKªw�KruÚdZu § _aRb_7pgHJYV\ZKEp³¨ nokZprUX^`^¤f F7yayh©g¦�§ _aRc_�pgH`YV\QKEp KNS5UX^vu`f
�X«a«X« ¦ O�\Q_akªKNS¢Ur^¤u�f$�X«a« Fa¦?¬ \|UX_.KNSLUX^¤u�f?�X«a« F {Nu�StU�e�Sb\QK[_aiTe�HJREf�\Z_���KEpXK[iEf���KE^J^C��WQ_7��W
Sj_�lsK�H`W|UXYEY[kQibUrSjKm��\QKEW UX�Q�Z^JHJKEO�Sj_.RcSbibkQYNSjkQicK[R(��H�Sj\�Rbk�TLYEHJK[WhSb^`e�RcI¢UX^`^}^JKEWQdXSb\�RcY�UX^`K[REf
HJW �|UXicSbHJYEkQ^�UXi~��\QKEW³Sb\QK�^`K[WQdXSb\ RbY[UX^JK�_r��Sj\QK��sK[iTSjkQicl|UrSbHJ_aW H`R<RbI(UX^`^JK[i�Sb\|UXW Sj\ZK%H|ibRTSU|ibKERbWQKE^�°E_aWQK�w�KXu dQu�V�_adXO|UXW¯¨WO}UX^J^�e�f F7yayh©q¦�X KEWQRbKEW KES¢UX^¤u�f?�X«X«a« ¦�Y kZWQd�KNS<UX^vu`f �r«a« Fa¦V�H`ibYV\�KESLUX^vu`f?�r«a« F Uh{²u[Z�\ _aiTSjR�Sj_.IL_7paK5l�KNea_aWZO]H|icRcSL_aibOZK[i~ijU�e�Sb\QK[_aiTe�\|U�paK5��_gY[kQRcK[O
_aW�Sj\QK^V�_aicW�UX�Q�Zib_��qHJI(UrSjH`_aW�w¤�HJ°E_aW�KNS�Ur^¤u�f¼�X«a«a« ¦ V�HJibYV\�¨ § _aRb_7pgHJYV\ZKEpsf��r«a«a«h{�UXWQO�U
��k|UX^`H`SVUÄSjH`pXK_U|ibK[RcWQK[^ °[_XWQK<UX�Z�Qib_hUrYV\ w X KEWQRbKEW�KES¡UX^¤u�f F7yayX®Z¦�X K[WQRcK[W�KNS�UX^vu`f·�X«a« F {²u?V�_XSb\
_X��Sj\ZK[RbK�UX�Z�Qib_hUrYV\QK[RLUXicKml|UXRbKEOª_aWª�QibKNpqH`_akQR���_aib��HJW�Sb\QKmdaK[_X�Q\heqRcHJYER(^`H`SjKEijUrSbkQibK�w�KruÚdQu
¬ \|UX_.¨ X _aicO|UXWxf F�yaya®Z¦�` UXib��kQKEibH`WQd.KESLUX^vu`f F7yayayq¦ n�UX\Q^`K[W�KNSLUX^¤u�f$�X«X«a«Zf���_ai¡Sb\QKaV�_aicW
UX�Q�Zib_��qHJI(UrSjH`_aW±{�UrWQO�w�KXu dQus�qWQKEHJOQKEit¨�b·_aI(UÄ��f F7yaya¥ fZ��_ai}Sj\ZKcU|icK[RbWZK[^·°[_XWQKÏUX�Q�Qic_hUXYV\±{²ud�WLSb\QK�RbH`WQda^JK²M�Rc_akQibYEKCUX�Q�Zib_��qHJI(UrSjH`_aW¡Sj\ZKtK�\ KEYES _X��ijUXWZOQ_aI-OZHJRcSbibH`lQkZSjKEO��}U�paKtRb_XkQibYEK[R
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HJRtIL_qOQKE^JKEO�lhe�U(RcHJWQda^`K�Rc_akQicY[K�UÄS]_aWZK¡_X��Sj\QK�_alQRbKEicprUrSbHJ_aW���_aH`WhSjR¡w X K[WZRbK[W�KNSoUr^¤u�f �r«a«a« ¦V�H`ibYV\�¨ § _aRc_�pgH`YV\QKEpsf��X«a«a«a{Nu dPS5H`Rm�gWZ_���W�Sj\|UÄSmSj\QK.I(UXHJW Rc_akQicY[K�_X����U�paKER�_aW³Sj\ZK
�qkQW H`R¢WQK[UXiTMPRbkQiT��UXY[K*Y[_aWhpaKEYESbHJ_aW	w�KXu dQu��tHJdhUrI ¨ § _aRc_�pgH`YV\QKEpsf F7yXyay {~UXWQO UXR<U�ibKERbkQ^�S
Sj\ZK¢RbH`WQda^`KNM�Rc_akQicY[K<Ur�Q�Qib_��qHJI(UrSbHJ_aW�HJR�WQ_XS¡UXW�_alhpgHJ_akZRb^`e��Q\hegRbH`Y�UX^�UX�Q�Qic_��ZH`I¢UÄSjHJ_XWxu5GC\QK
UX�Q�Zib_��qHJI(UrSjH`_aW<HJREf|\Q_7��KNpaKEi[fsI(_XSbH`prUrSbK[OmlhemijU�e<Sb\QK[_Xice�UXWQO5lhemSj\ZK�� O�^�UXKEibls_akZS�Y[_XW	�cK[Y²M
SjkZibK�
��� V�e�YEib_aRcRTM�YE_aibicK[^JUrSjH`WQdmWQ_aH`RbK�SjibUXY[KER ibK[YE_aibOZK[O�UrS�S���_�^J_gY�UÄSjHJ_XWQR]_aW�Sb\QK~RbkQiT��UXY[Krf
��K�Y[UXW�Y[_aWQRTSjickQYES~Sj\ZK5��U�paK�H|K[^`O¯Sj\QUrS���_XkQ^JOªlsK�icK[YE_aibOQKEO UÄS~_aWQKm_X�tSj\QK5^`_qY[UrSjH`_aWQR¡H��
Sj\ZK[ibK���UXR�U~Rc_akQicY[K�UrSCSj\QK _XSb\QK[iEu�
 w�KruÚdZu StH`YV�XKEScS�¨ O�^�UXKEibls_akZS[f F7yayay {Nu
G}��_�RcSbkQOQHJKER?\|U�paK]KEI(�Z\|UXRbH`°[KEO~Sb\QKt^JHJILH`SjUrSjH`_aWQR:_X�sSj\QKtRbH`WQda^`K}Rb_akZibY[K�UX�Q�Zib_��qHJI(UrSjH`_aWxu

��_q_gO|UXicO�w F7yayh© {�KEI(�Q^`_7eaK[O<UÏOQH`RcSbibHJlZkZSjKEOqM�Rc_akQibYEK]IL_qOZK[^QSj_�K[RTSjHJI(UrSbK�Sb\QK]K�\ KEYES�_X�x��U�paK
UXlQRc_aib�qSjHJ_XW�lhemRckQWQRc��_XSbR�_XW�SbijU�paKE^:SbHJILK[REu�GC\QKÏK3\�K[YEStOQH`RbYE_�pXK[icK[O�H`W5Sb\|UrS��|Ur��KEitY[UXWQWQ_rS
K�UrRbHJ^�e�lsK�I(_gOQK[^`K[O~HJW�Sb\QK�RbHJWZda^JK²M�Rb_XkQibYEK�UX�Q�Qic_7�qH`I¢UrSbHJ_aW u��HJ°E_aWL¨8V�HJicYV\�w¤�X«a«a�a{ÛRb\Q_7��K[O
Sj\QUrSoSjibU�paK[^¿MPSbHJILK��rK[ibWZK[^JREf ��_aioRckQic��UrY[K�daibU�pqH�S�e���U�paKER[f:HJW*Sb\QK�RcHJWQda^`KNMPRb_akQicY[K�Ur�Q�Qib_��qHJI(UÄM
SjH`_aW�UXWZO�HJW.U¢OQH`RcSbibHJlZkZSjKEOqM�Rc_akQibYEK�I(_gOQKE^�YE_akQ^JO�lsK���k|UX^`H`SjUrSjH�paK[^�e5OQH \�K[icK[WhS�u Q OQKNSVUXH`^JKEO
HJWhpXK[RcSbHJdhUÄSjHJ_XW�_X��Sj\QKmUrY[Y[kZijUXYNe�_r�}Sj\QK¢RbHJWZda^JK²M�Rb_XkQibYEK¢UX�Z�Qib_��qHJI(UrSjH`_aW.\|UXR�WQ_XS¡eXKES¡l�KEK[W
OQ_aWZKXu
GC\QHJRCYV\QUX�ZSjKEiCI¢Ur�XK[R�Sj\QicK[K�HJIL�s_aicSjUXWhS�YE^�UXH`I(REuÛGC\QK-H|icRcSCH`R�Sj\|UÄSCijU�e¢UX�Q�Qic_7�qH`I¢UrSbHJ_aW

SjibU�paK[^�SjH`I(KER~UXibK�HJWQUXY[YEkQijUrSbKm��_ai~��KEicSjkZibl|UrSbHJ_aWZR~��H�Sj\�^JKEWQdXSj\�RbY[UX^JKER(RcI¢Ur^J^JKEi�Sj\|UrW¯Sj\ZKH|icRcS U|ibKERbWQKE^ °E_aWQKXu$GC\ZK�RbK[YE_aWQOmH`R�Sj\QUrS�V�_XibWmUX�Z�Qib_��qHJI(UrSjH`_aW~SjijU�pXK[^ SbHJILK[R�UXibK]UXY[YEkQijUrSbK
Sj_5^`_���K[RTS¡_XibOQKEi�HJW.��KEicSbkQibl|UÄSjHJ_XW�RTSjicK[WQdXSb\xuLGC\QK�H|W|UX^$YE^�UXH`I HJRoSb\|UrS�Sb\QK~RbHJWZda^JK²M�Rb_XkQibYEK
UX�Q�Zib_��qHJI(UrSjH`_aW�WQK[dX^JK[YNSjR U RbY�UÄSbSjKEibH`WQd �Qib_gY[KERbR}UrWQO¢UrR�U�icK[RbkZ^`S RbH`WQda^JK²M�Rc_akQibYEKCSjijU�pXK[^�M¤SjH`I(K
�XKEibWQKE^JRtY�UXW�lsK�RbkQlQRTSVUXWhSbH�UX^`^`e<H`WQY[_XibibKEYES[u
GC\QK�ibKEI¢UrHJWQOQKEi<_X��Sb\QHJR<YV\QUX�ZSjKEimHJR<_XibdhUXWZHJ°[KEO HJW Sb\QibKEK�RbKEYESbHJ_aWQREu�GC\ZK H|ibRTS�ftRbK[Y²M

SjH`_aW z u��qfqK[IL�Q^J_7egR}Sj\QK�V�_aibW5Ur�Q�Qib_��qHJI(UrSbHJ_aWLSj_�Y[_XI(�QkqSjK�H|WQH�SjK²MP��U7pXK[^`K[WQdXSb\mSjijU�pXK[^�M¤SjH`I(K
RbKEWQRbH�SjH�pqH�SjH`K[R?HJW�Sj\ZK�RcHJWQda^`KNMPRb_akQicY[KtUX�Q�Zib_��qHJI(UrSjH`_aWxu�d�W<UXOQOZH`SjH`_aWxfaSb\QK�HQibRcS�RbKEYESbHJ_aWLdaH`pXK[R�U
lQicHJKE�:W�kQILK[icHJY[UX^ YE_aI(�QUXibH`Rb_aW<lsKES���K[KEW%V�_aibW5UXWZOmijU�e<Ur�Q�Qib_��qHJI(UrSbHJ_aWLSjijU�pXK[^ SbHJILK[R[uÛGC\QK
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_X��Sj\ZK<_aRbYEHJ^`^�UrSbHJ_aWQR lhe�Sb\QK<��ibKE��kQK[WQYNe���HJOqSj\�_X��Sj\ZK6H|^`SbK[iEu �t_aWQK<_r�tSb\QK[RcKmibKERbkQ^�SjR~UXicK
��kQWQOQUXI(KEWhSVUX^`^`e.WQKN� ¦ Sb\QK[RcKm�XKEibWQKE^JR[f$OZkQlQlsK[O �cl|UrW|UXW|UÄMPOQ_akQdX\QW�kZS 
��rK[icWQK[^`R[f$\|U�paK¢l�KEK[W
RcSbkQOQH`K[O�H`W�Sj\ZK¢daKE_a�Q\hegRbHJYER�^JH�SjKEijUrSbkQibK���_ai Sj\QK(Y�UXRcK¢_X�C��U�paK<�Zib_a�|UrdhUrSjH`_aW�HJW�Sb\QK¢K[UXicSb\
w�KruÚdZu ` UXib��kQKEibH`WQd~KES�UX^¤u�f F7yXyay {Nu
GC\QK5Y[_aIL�QkZSjUrSjH`_aW|UX^?lQkZibOQKEW���_ai¡_alZSVUrHJWQH`WQd�Sb\QK[RcKm�XK[icWQK[^`R~HJR�RckQlQRcSjUXWhSjHJUX^¤u Z?UXYV\ª_X�
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UÛH`dakQibK z u F �m�q^`HJY[KER¡Sj\Zib_akQdX\ªU�SbijU�paKE^�M¤SjHJILK¢�rK[icWQK[^vf H`W�Sj\QKmRc_akQicY[KNMPibKEY[K[H�paKEi(daicK�UrSTM�YEHJibYE^JK�Q^JUXWQK�w�^JKN�ÈS<�|UXWZK[^È{(UXWQO �sK[ic��KEWQOQHJYEkQ^�Uri(Sj_�Sb\QK�ibU7e¯�|UrSb\³UrS<Sb\QK�^J_7��K[i¢SbkQibWZHJWQd��s_aH`W�S
w�icHJda\hS]�|UXWQKE^È{Nf I�kQ^`SbHJ�Q^`HJKEO�lhe�Sj\QK�l|UrYV�gdXib_akQWZO�Rc_akQWQO.Rc��KEK[OxuÏGC\QK�Rb_XkQibYEK~UXWQO�ibKEY[KEH`paKEi
UXicK¢^J_gY�UÄSjK[O�_aW�Sb\QK¢RckQic��UrY[K<UÄS¡Sj\ZK : FaF =��
	�UXWQO FaF =��
	¡I(UXib��RÏibKERb�sK[YESbH`pXK[^`eXf$HJW�Sj\QK(^JKE�ÈS\|UXWZO¢�|UXWZK[^¤u�GC\QK]YE_a^J_Xi$RbY�Ur^JK�OQ_gK[R WQ_XS�HJWQOQH`Y�UrSbK}Sj\QK���kQ^`^QijUXWZdaK�_r� prUXibHJUrSjH`_aW�_X��Sj\QK�prUX^JkQK
_X�·Sb\QK]�rK[ibWZK[^ ¦ H`S�HJR�SbibkQWZY�UrSbK[OmHJW¢_aibOQKEi�Sb_�Rb\Q_7�³Sj\ZKoOQKESjUXHJ^`R[u�GC\QK�lQ^�UrYV�L^`HJWQKtY[_XWQWQK[YNSjH`WQdSj\ZK�Rc_akQibYEK�Sb_ÏSb\QK�icK[YEK[H`pXK[i�HJR$Sj\QKtijU�e~�|UÄSj\¢Y[UX^JYEkQ^�UÄSjK[O~��_ai U��}U�paK]�|UXYV�XKNS���H�Sj\<U Y[KEWhSjijUr^
�sK[ibH`_qOL_X�·� =�� I(H`W�kZSjKER[u�GC\QH`R��rK[icWQK[^s�}UXR Y�Ur^JY[kZ^�UrSbK[O¢kZRbHJWZd ¥ «X«a«Ï�(I(_gOQKER ��H�Sj\ ��� F «a«X«UXWQO�Sb\QKFH|^�SjK[iÏ��kQWQYNSjHJ_XW � ���  UXkQRcRbH�UrW�HJW���icK[��kQK[WZYEe���H�Sj\ªU*YEK[WhSjibUX^���ibKE��kQK[WQYNeª_X� z =��I Y ° UXWQOLU � Y�` _X�Û«4=�� ¥ I Y °Xu
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Sj\ZK<S���_�OQH`I(KEWQRbH`_aW|UX^ Rb^`HJYEK[R�YE_aI(�ZkZSjKEO�\QK[icK<Sj_g_a� ® \Q_akQicR�_aWªU.�� Y °���KEWhSjHJkZI d���f
UX^�Sj\Q_akZda\¡Sj\ZKCY[_gOQK���UXR���ibH�SbSjKEW~HJW ` Q G b Q V�UrWQO�WQ_XS UrS�UX^J^q_a�ZSbHJILHJ°[KEOxu Q u § _aRc_7pqH`YV\QKEp
ibKN��ib_XSbK¡Sj\ZK�Y[_gOQK�HJW U '-SÛG S Q �-UXWQO�RbU7��_aWQ^�e�U<I(H`WQ_aitHJIL�Qib_7paKEI(KEWhS�u ��K�\|U�paK�WQ_rS
eaKNS]RcK[icHJ_akQRc^`e¢HJWhpaKERcSjH`dhUrSbK[O5Sj\QK �Qic_alQ^JKEI�_X��\Q_7��Sb_(Rc��KEK[O�kQ�5Sj\QK Y�Ur^JY[kZ^�UrSbHJ_aWQREu

� @�% �(P F9H;Th@EG @#� �`G3D ��� H %LDCG3T H @ G�P �  @EF<G P6G$� � P�� � D[F<G3D&�;T
G¼ijU�paKE^�MPSbHJILK~�XK[icWQK[^`R���_ai Rc_akQWQO�Rc��KEK[O�Y[UXW�UX^`Rb_�l�KLOQKEibH`pXK[O�H`W�Sb\QK¢ibU�e�UX�Q�Qic_7�qH`I¢UrSbHJ_aW
w�KruÚdZu § _aRb_7pgHJYV\QKNp.¨ nokZprUX^J^vf F�yayh© {²u+U|_ai]Sb\QK�Rb�Z\QK[icHJY�Ur^J^`e�RTeqILILKESjicHJY�Y[UXRbK�Sb\QKEe�Y�UXW.lsK
��ibH�SbSbK[W B�%��
	hw;:X{ 5 :�� F \ '"=' = :+' =�� ) 3��qw;:X{) : w z u zh© {
��\QKEibK '  HJR}Sb\QK¡UrY[_akQRTSjH`YÏYEkZScMP_ \���icK[��kQK[WZYEeaf�' H`R}Sj\QK ��ibKE��kQK[WQYNeafsHJWmSj\ZHJR�Y�UXRcK z =���I Y °XfUXWQOB3��qw;:X{ÛI(K[UXRbkZibK[R$Sb\QK��Q\|UXRcKtSbHJILKCUX^J_XWQdoSj\QK�ibU7e�UXR?U ��kZWQYESbHJ_aW~_X��ijUXOZHJkQREu ��_rSjHJYEK}Sj\|UÄS
Sj\ZK¡ijU�e��XKEibWQKE^JR�UXicK¡RcHJWQdakZ^�UXi�UrStSj\QK�^`_7��KEi�SjkZibWQH`WQd¢�s_aHJWhS]UXR�ULibK[RckQ^`S]_X�$Sj\ZK¡OQKEibH`prUrSbH`pXK
_X�¼Sj\QK �Q\QUXRbK SjH`I(KruQ Y[_aIL�|UXicHJRb_XW�_X�?Sj\QK~ijU�e.UrWQO V�_aibW.�rK[ibWZK[^JREf·��_ai UmOQHJRTSVUXWQYEK~_X���a� =�� 	 f·HJR�Rc\Q_7��W�H`WUÛH`dakQibK z u��qu�GC\ZK V�_aicW UX�Q�Qic_��ZH`I¢UÄSjHJ_XW¯�rK[ibWZK[^���UXR<YE_aIL�QkZSjKEO lhe kQRcHJWQd�Sj\QK*WQ_aibI(UX^
IL_qOQK�Y[_akZ�Q^JH`WQd�UX�Q�Zib_hUXYV\m��_aiJ,��¯w�KE�±u�J z u za¥ OÈ{ UXWQOmSj\QK]I¢UXYV\ZHJWQKEice(_X�¼RbK[YNSjH`_aW z u��qu F u$GC\QKH|^�SjK[i���kQWQYESbHJ_aW�H`RoSj\QK�RbUXILK~UXR�HJW*Sb\QK~�QibKNpgHJ_akQR�RckQlQRcK[YESbHJ_aW f¼HvuÚKru� UXkQRcRbHJUXW.Y[K[WhSbK[ibKEO�UÄS
z =��(I Y °¡��H�Sj\�U Y � Y�` _X��«4=�� ¥ I Y °ru Q dhUXH`W ¥ «X«a«¢WQ_aicI¢Ur^�IL_qOZK[R���K[icK~kQRbKEO�HJW�Sj\ZK
Y�Ur^JY[kZ^�UrSbHJ_aWxu³GC\QK�ibU�e UrWQO V�_aicW �XKEibWQKE^JRmUXicK�_X��Sb\QK*RbUXI(K�_aibOZK[i<_X� I(UXdaWZH`SjkZOQK*UrWQO
K[RcRbKEW�SbH�UX^`^`e._X��Sj\QKLRjUXILKLRbHJdXWxfÛHvuÚKrumHJWQYEibK�UrRbK[R�HJW�Rb_akZWQO�Rb�sK[KEO�daH`pXK(OZK[Y[icK�UXRcK[R�H`W�SbijU�paKE^
SjH`I(Kru ��_rSjHJYEK]Sj\QUrS}Sj\ZK�ijU�e<�rK[ibWZK[^·HJR�HJOQKEW�SbHJY[UX^J^�e~°[K[ic_~l�KE^J_7�³Sj\QK�^`_���K[i�SjkQicWQHJWQd��s_aH`W�S�_X�
Sj\ZK(ibU7eXu?d�W�YE_aWhSjijUrRcS�fÛUXR ��KLRjU�� HJW UÛH`dakQibK z u F f:Sj\QK^V�_aicW�UX�Z�Qib_��qHJI(UrSjH`_aW��XKEibWQKE^�\|UrR
��K[HJdX\�S�lsK[^J_7��Sj\QKLijU�e��|UÄSj\xu(GC\QK(ibU�e.�XK[icWQK[^ HJR RcHJWQdakZ^�UXi UrS Sb\QK(^`_7��KEi SbkQibWZHJWQd���_XHJWhS�f
��\QH`^JKoSj\ZKcV�_aibW�UX�Q�Zib_��qHJI(UrSjH`_aWm�XKEibWQKE^¼H`RJH|WQH�SjKXud�W�_aibOZK[i�Sb_�I(UX�XK¢U���kQicSb\QK[i¡Y[_aIL�|UXicHJRb_XW�lsKES���K[K[W�Sb\QK<ijU�e�UXWQO[V�_aibW�Ur�Q�Qib_��qHJI(UÄM
SjH`_aWQREf±��K¡I(UXOQK�U(RcK[icHJK[R�_X�Û��_Xic��UXibO�Y[UX^JYEkQ^�UÄSjHJ_XWQR[fQHvuÚKruCY�UX^`Y[kQ^JUrSjH`_aWQRC_X�ÛSjijU�pXK[^�M¤SjH`I(K��sK[iÍM
SjkZibl|UrSbHJ_aWZR¡OQkQK<Sb_���WQ_7��WªRb_akQWZOqM�Rc��KEK[Oª��KEicSbkQibl|UÄSjHJ_XWQR[u�GC\QKmicK[RckQ^`S�_r�CSj\QKERbK<��_aiT�}UXicO
Y�Ur^JY[kZ^�UrSbHJ_aWQR�H`R�Rc\Q_7��W�HJWLUÛHJdakZibK z u z u�U|_ait�sK[icSbkQiblQUrSjH`_aWQR���H`Sj\�^�UXicdaK Rb�|UÄSjH�Ur^¼RcY�UX^`Kmw�^JKE�ÈS
�|UXWZK[^È{}Sj\ZK+V�_XibW�UrWQO*ibU7e�UX�Z�Qib_��qHJI(UrSjH`_aWQR�UXdXibK[Kru�d�W*Sj\ZK�icHJda\hSt�|UXWQKE^¼Sb\QK¡Rc�|UrSbH�UX^·RcY�UX^`K
_X��Sj\QK Rb_XkQWQOqMPRb�sK[K[O*��KEicSjkZibl|UrSbHJ_aW5H`RticK[OQkZY[K[O�lhe�U~��UXYNSj_ai�_X��SjKEW*UXWZO�Sb\QKÏS���_<Ur�Q�Qib_��qH�M
I(UrSjH`_aWQR�dXH`paK���kQH�SjK�OQH \ KEibKEW�S�icK[RckQ^`SbR[u�d�W5�|UXicSbHJYEkQ^�UXiEfqSb\QK�ijU�e5UX�Z�Qib_��qHJI(UrSjH`_aW¢dXH`paKER�°[K[ic_
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Ray and Born kernels

r (fractional radius)

K
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UÛH`dakQibK z u�� � Q YE_aI(�QUXibH`Rb_aW�_X�]_aWQK²M�OQH`I(KEWQRbH`_aW|UX^�ijU�eªUXWQO V�_XibW��XK[icWQK[^`R�w�_alZSjUXHJWQKEOªl�eUXRcRbkQILHJWQdLSj\QK���KEicSbkQibl|UÄSjHJ_XW�Sb_¢Sj\QK�Rb_akZWQO�Rb�sK[KEO�OQK[�sK[WZOQRo_aWQ^�e5_aW*ibUXOQH`kQRV{²u �t_XSjKÏSj\|UÄS
Sj\ZK�ibU7e5�rK[icWQK[^¼HJRCRcHJWQdakZ^�UXi�UrS�Sb\QK�^`_7��KEitSbkQibWQH`WQd~��_XHJWhS���\QHJ^`KoSj\QKcV�_aicW��rK[ibWZK[^¼HJR�H|WQH�SjKXu
GC\QK�pXK[icSbHJY[UX^$UÄ�qHJR]HJR]SbibkQWQY[UrSjKEO�UXWQO�OQ_gK[R�WQ_rS�Rb\Q_7��Sj\QK¡��kZ^J^ÛibUXWQdaK¡_X�?pXUribH�UÄSjHJ_XW*_X�?Sj\ZK
�XKEibWQKE^JR WQK[UXi�Sj\QK~RbkZic��UXYEKXu�GC\QKLijU�e��rK[icWQK[^?HJRo��_Xi Um��icK[��kQKEWQYEe._X� z u��<I Y °Xu�GC\QK V�_aicWUX�Q�Zib_��qHJI(UrSjH`_aW��XKEibWQKE^�H`R�Y[_aIL�QkZSbK[Oª��ib_aI ¥ «a«a«�WQ_XibI(UX^}IL_qOQKER[f?��H`Sb\¯U H|^�SjK[i�Sb\|UrS~H`R UXkQRbRcH�UXW f���H`Sj\ªU�YEK[WhSjibUX^}��ibKE��kQK[WQYNe�_X� z u��*I Y °mUXWQO Y � Y�` _X��«Zu�� ¥ I Y °Xu�GC\QKERbK�XKEibWQKE^JR�UXicK*��_aimU��sK[icSbkQiblQUrSjH`_aW Sj_�Sb\QK�Rb_akZWQO³Rb�sK[K[O-w�WZ_XS<Sj\ZK�Rb��k|UXicK�_r�ÏSb\QK�Rb_XkQWQO
Rb�sK[KEO±{Nu
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Vary Depth of Thick Peturbation

r (fractional radius)

dt
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s)
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Vary Depth of Thin Perturbation

r (fractional radius)

dt
 (

s)
 

UÛH`dakQibK z u z �}G¼ijU�paKE^�M¤SjHJILKÏ��KEicSjkZibl|UrSbHJ_aWZR�OQkZK¡Sj_(Rb_akQWZOqM�Rc��KEK[O.��KEicSbkQibl|UÄSjHJ_XWQR�H`W�Sb\QK�ijU�ew�Rc_a^JH`Oª^JHJWZK7{¡UXWZO V�_XibW�w�O|UXRc\QK[O¯^JH`WQK7{�UX�Z�Qib_��qHJI(UrSjH`_aWQREu�GC\QK�^`KE�ÈS~�|UrWQK[^�HJR���_XiLRc_akQWQOgM
Rb�sK[KEO��sK[icSbkQiblQUrSjH`_aWQR���H`Sj\* UXkQRbRcH�UXW�OQK[�sK[WZOQK[WQYEK�_aW�ijUXOQH`kQR[f|��H�Sj\�UXI(�Z^JH`SbkQOQK�_X� F = ¥�� fU � Y�` _X��«4=��"% ; f�UrWQO�pXUricegHJWQd5YEK[WhSjibUX^$ijUXOZHJkQREf&:qu1d�W.Sj\ZKLicHJda\hS��QUXWQK[^�Sb\QK U � Y�` H`RibKEOQkQYEK[O¢Sb_¡«4=Ú«h�"% ; UXWZOLSb\QK]UrI(�Q^`H`SbkQOQK}H`WQY[icK�UXRcK[O(Sb_ F « � uÛGC\QK�Y�UX^`Y[kQ^JUrSjH`_aWQRÛ��K[icK�OQ_XWQKkQRcHJWQd�Sj\ZKÏ�rK[icWQK[^`R�Rc\Q_7��W*HJW UÛH`dakQicK z u��qu
��\QKEW�Sj\ZKÏRc_akQWQOgM�Rb�sK[KEO*�sK[iTSjkQicl|UrSjH`_aWmHJRC^`_qY[UrSjKEO5l�KE^J_7�&Sb\QK ^J_7��K[iCSjkQicWQHJWZd���_aH`WhS�f|UXRC��K
RjU��&HJW?U�HJdakQicK z u��qu Z�pXK[W�UXls_�pXKoSj\QK�SjkQicWQHJWQd¡��_aH`WhS�fqSb\QK]S���_~UX�Q�Qic_��ZH`I¢UÄSjHJ_XWQR�Y[UXW5OQH \�K[i
lhe5U���UXYESb_aiC_X�¼S���_~��_ai}Sj\ZK Sb\QHJW5Rc_akQWQOqMPRb�sK[KEO*�sK[icSbkQiblQUrSjH`_aW�w�ibH`da\hS��|UXWQKE^È{

354V3 �
	�� � BtBtA�= �¡B� >B��;�	�� � >L= 9 ��9�@ � ��� ������=$>���D�	
� �Ï;$D[>L9���F

d�WmSj\QH`R}RbKEYESbHJ_aWm��K�UrOQOQibKERbREf|l�e¢Y[_aIL�|UXicHJRc_aW<��H`Sb\mKN�ZUXYEStW�kQILK[icHJY�Ur^ ibKERbkQ^�SjREfZSj\QK�H`RbRckQK�_X�
Sj\ZK�prUX^JH`OQH`S�eo_X�QSj\ZKJV�_aicW�UX�Q�Zib_��qHJI(UrSjH`_aWxf7��\QHJYV\¡HJR�U�H|WQH�SjK²MP��U7pXK[^`K[WQdXSb\�RbH`WQda^JK²M�RcY�UrScSjK[icHJWQd
UX�Q�Zib_��qHJI(UrSjH`_aW�w�KXu dQuZ�ZUX��kQijUrH¤f F7yay �X{NfgHJW¢YE_aI�lQH`W|UrSbHJ_aW~��H`Sb\(Sj\ZKo^JH`WQK�UXicHJ°[UrSjH`_aW�_X�·Sj\ZK]OQK²M
�sK[WQOQKEWQY[Km_r�}SjibU7pXK[^ SjHJILKL_aW�Sj\ZK¢�sK[icSbkQiblsK[O���U�paKN��_aibI�u ��K<UX^`Rb_�RcSjkZOZe�Sb\QKmUXYEY[kQibUXYEe
_X��Sj\QKNH|ibRTScMP_aibOQKEi�ibU�e*Ur�Q�Qib_��qHJI(UrSbHJ_aWxu ��KÏ��_aic�5��H�Sj\5Sj\QKÏRjUrI(KÏI(_gOQKE^:UXR Y kQWQd(KES]UX^¤u
w¤�r«a«a«h{?lQkZS���H�Sj\m�|UrijUXILKESbK[ibR�UXWQOmRc_akQibYEKo��kQWQYNSjHJ_XWmUX�Q�Qic_a�QicH�UrSbK�Sj_�SjHJILKNMPOQHJRTSVUXWZY[Kt\QK[^`HJ_rM
RbKEHJRcI(_a^`_adXe ibUrSj\QKEi�Sb\|UXW¡SbK[ibicK[RTSjibHJUX^ZRcK[H`RbIL_a^J_adreau:GC\QK}IL_qOZK[^gHJR�pXK[iTe¡H`OQK�UX^`HJ°EK[O �¼UXOQHJUXl|UrSbHJY
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UXYE_akQRcSbHJY���U�paK��Qic_a�|UXdhUÄSjHJ_XW¡HJW�U]Sj\QicK[K}OQH`I(KEWQRbH`_aW|UX^g\Q_aIL_adaKEWQK[_XkQR�l|UXYV��daic_akQWQO~ILK[OQH`kQI
��H`Sb\�Rb_akZWQOqM�Rc��KEK[O���KEicSbkQibl|UÄSjHJ_XWQRoSj\|UÄS UXibK�YE_aWQRTSVUXWhS _aW.Rb�Z\QK[icK[R[u �³\QHJ^`K¡paKEice�RcHJIL�Q^JH`RTM
SjH`YXf Sj\QK�I(_gOQKE^tOZ_qKER¢UX^`^J_7��U�ibKE^�UrSbH`pXK[^`e�RcSbijUXH`da\hSb��_aiT�}UXicO H`W�pXK[RTSjHJdaUrSjH`_aWª_X�oSj\ZK*UXlZHJ^JH�S�e
_X�?Sj\ZK_V�_aibW.UrWQO.ijU�e�UX�Z�Qib_��qHJI(UrSjH`_aWQRtSj_mY�Ur�ZSjkQicK�Sj\QK�K�\ KEYES _X� ^`_qY[UX^JH`°[K[O�Rb_akZWQOqM�Rc��KEK[O
HJWZ\Q_aIL_adaK[WZK[H`S�e(_aW�UXY[_XkQRcSbHJYo��U7pXK[REu

��K]RcSjkZOZe(Sb\QKoRcY�UrScSjK[icHJWQd¡_X�¼UXY[_XkQRcSbHJY���U�paKER[f|HJW(Sj\QicK[KoOQH`I(KEWQRbH`_aWQREfg��ic_aI U¡Rb�Q\ZK[ibH`Y�UX^
ibKEdaHJ_XW���\QKEibK¡Sb\QK¡Rc_akQWQO�Rc��KEK[O�OQH \ KEibR���ib_aI�Sj\ZK¡l|UXYV��daic_akQWQO�Rc_akQWQO�Rc��KEK[O ¦ Sj\QH`R�H`R�Sj\ZK
RjUrI(KÏ�Qib_XlQ^JKEI"RTSjkQOZHJK[O*l�e Y kQWQd<KNS�UX^vu¼w¤�X«a«X«h{tUrWQO Y kQWQd<KNS�UX^vu¼w¤�X«a« F {Nu�GC\QK��QibKERbRbkZibK
£|kQYNSjk|UÄSjHJ_XWQR[f � w��JD+3c{Nf�UrRbRb_gY[HJUrSjKEO���H`Sb\�Sj\QK�UXYE_akQRTSjHJY}��U�paKtUXicK}da_7paKEibWQKEO(lhe�Sb\QKCRcSjUXWQO|UXicO
��U7pXK�KE��k|UrSjH`_aWxf - Z =

Z 3 = : 8 = w�� {�� = < � w�� D 3c{ 5���w93c{ ,qw�� :���ib{ D w z u za® {
��\QKEibK	8 = w��?{:HJR�Sb\QK�Rc��k|UXibK�_X�±Rb_akZWQO�Rb�sK[KEOxf���w93c{·Sb\QK}Rb_XkQibYEK���kQWQYNSjHJ_XWxfaUXWZO	� i·Sb\QK}Rc_akQibYEK
^J_gY�UÄSjHJ_XWxu ��K kQRbK

��w*3c{ 5³KN�q��wL:�
 3 = {ZYE_aR¼w(' 7+3c{ w z u zay {
��H`Sb\ '67�a� #]5 z I Y °~UXWZO�
%5 P � F «�����R�� = f:YE_aibicK[Rb�s_aWQOZHJWQdmSj_�UmRb_a^JUXiTMP^JH`�XK�U � Y�`
_X�:Sj\ZKo��_7��K[iCRc��KEYESjickQI+_X�¼« = © �¡I Y °ru�GC\QK�l|UrYV�gdXib_akQWZO�ILK[OQH`kQI \|UXRCU�Rc_akQWQO5Rc��KEK[O5_X�
8������5 F «���I��rRtRb_~Sj\|UÄStSb\QKÏY[K[WhSbijUX^·��U7pXK[^`K[WQdXSb\*H`R z = z^` I�u ��K YV\Q_q_XRbK Sj_LHJWhpaKERcSjH`dhUrSbK
Sj\ZK*Y�UrRbK*��\QKEibK*Sb\QK*Rc_akQicY[KXf�icK[Y[KEH`pXK[i[ftUXWZO Sj\QK�Y[KEW�SbK[i<_r��Sj\QK�Rb�Q\QKEibK�YE_aWhSVUXH`WQHJWZd�Sj\ZK
Rb_XkQWQOqMPRb�sK[K[O��sK[icSbkQiblQUrSjH`_aWmUXicKoY[_a^`^JH`WQK�UXiEuÛGC\QK�dXK[_aILKESbice(HJR}Rc\Q_7��W�H`W?UÛHJdXkQibK z u PZu ��_XSbK
Sj\QUrS}KNpaK[iTe�Sj\QH`WQd~HJW(Sb\QKo�Qic_alQ^`K[I HJR�YEeg^JH`WQOQibH`Y�UX^`^`e�RTegI(ILKESbibHJY�UXls_akZS�Sj\QKo^`HJWQKtY[_XWQWQK[YNSjH`WQd
Sj\ZK<Rb_akZibY[K�UXWZO�Sj\QK<icK[YEK[H`pXK[iEf?��\ZHJYV\ªRbkQlZRcSVUrW�SbH�UX^`^`e�RbH`I(�Z^JH HQK[R Sj\QKmYE_aI(�ZkZSVUrSbHJ_aWZR[u ��K
Y[_XWQRbH`OQK[i}_XWQ^`e�Sb\QKodaKE_aI(KNSjiTeL��\ZK[ibKoSb\QKoRc_akQWQOqMPRb�sK[KEOm��KEicSjkZibl|UrSbHJ_aW¢HJR�ILHJOq�}U�eLl�KNS���KEK[W
Sj\ZKÏRc_akQicY[K�UXWQOmSj\QK icK[Y[KEH`pXK[i[f|��\QH`YV\*UribK y « ` I�UX�QUXicS[u

��K�YE_aWQRcHJOQKEioS���_mS�eg��KER�_X� Rb_akZWQOqM�Rc��KEK[O���KEicSbkQibl|UÄSjHJ_XWQR[u GC\QK�H|icRcS�f���\QHJYV\���KLicKE��KEi
Sj_.UrR¡Sj\QK �TkQWQH`��_XibI 
*Y�UrRbKXf HJR¡U���KEicSbkQibl|UÄSjHJ_XW�Sj\|UrS�HJR�kQWZH`��_aicI H`WQRbH`OQKmU�Rc�Q\QK[icKXu�GC\QK
RbKEY[_aWZOxf���\QHJYV\���K<icKE��K[i�Sj_�UrR �cRbIL_g_XSj\ 
�HJR¡U*Rb_XkQWQOqMPRb�sK[K[O��sK[iTSjkQicl|UrSbHJ_aW�Sb\|UrS�SVUX�sK[icR
RbIL_g_XSj\Q^�e�Sj_�°[K[ic_~UrS Sj\QKoRckQic��UrY[K]_r�·Sj\QK�Rb�Q\QKEibKru U|_ai?Sj\ZK��ckQWQH���_aibI 
ÏRb�Q\QKEibK]Sb\QK]H`WhSjK[icHJ_ai
Rb_XkQWQO�Rb�sK[K[O�HJR

8�����5d8������Vw F \ c�{�D������ � % w z u Ph«h{
UXWQO KE^JRbKN��\QK[icK$Sj\QK$Rc_akQWQOÏRb�sK[KEO�H`R Sj\QK$lQUXYV��daib_akZWQO�Rc_akQWQOÏRb�sK[KEOxf98������bu
U±_Xi Sj\QK �TRbIL_q_XSb\ 
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UÛH`dakQibK z u P � Q ��ijUrI(Ko��ic_aI�U�H|WQH`SbK�OQH \�K[icK[WQYEK�Y[UX^JYEkQ^�UÄSjHJ_XWm_X��Sb\QKÏ�QibKERbRbkZibKcHQK[^JO f|Rb\Q_7��WUXRtdaijU�ehM�RcY�UX^`KXf|��_aiCSj\ZK�RcI(_g_XSj\�Rb�Z\QK[icK¡�sK[icSbkQiblQUrSjH`_aW���H�Sj\$c�5 :�«4=��(UXWQO�% 5 F � ` I�uGC\QK�Rb_akQicY[KoH`R�UÄS�Sb\QK]kQ�Z��KEi�lQ^JUXYV�~�Q^JkQR RbH`daW�w � 5&« D���5 :�Ph� ` I¢{ UrWQO¢Sj\ZK]ibKEY[KEH`paKEi�H`RUrS$Sb\QKC^J_7��K[i�w � 5&«�D��_5 Ph� ` I<{²uÛGC\QKtlQ^JUXYV�¡YEHJibYE^JKER$UXibK�YE_aWhSj_akQicR?_X�±Sj\QK�Rb_XkQWQOLRb�sK[K[O f��H`Sb\�Sb\QK¡Rc_akQWQO�Rc��KEK[O�RcI¢UX^`^JKERcS�HJW�Sj\QK�HJWQWZK[ibIL_aRTS�YEHJicY[^JKru�GC\QK¡\QK[U�pge�lQ^JUXYV�m^JH`WQK[RtRb\Q_7�
Sj\ZK}ijU�e��|UrSj\ZR$Y[_aWQWZK[YESbHJWQdZfaHJW¡Sb\QK}�Q^JUXWQK}_r�|Sj\QK}H`I¢UrdaKXfÄSj\QK}Rc_akQicY[K�UXWQO�Sj\QKCicK[Y[KEH`pXK[i[uÛGC\QK
S���_�Y[kQiTpaKEO��QUrSj\QR�Y[_aicibKERb�s_aWQO<Sj_ÏSj\QK�OQH \�ijUrYESjKEO¢��U7pXKXfZ��\ZHJYV\mU�pa_XHJOQR Sj\QKoRc^J_7� YEK[WhSjKEi}_X�
Sj\ZKCRb�Q\QKEibKru$GC\QHJR�H`R$UoY[kqS�Sj\Qic_akQda\�Sb\QK�Sj\ZibK[KCOZHJILK[WQRcHJ_aW|Ur^q�Qic_alQ^`K[I�fXlQkZS UrRÛSj\QKC�Zib_alQ^`K[I
HJRCYNeg^JHJWZOQibH`Y�UX^`^`eLRcegILI(KNSjibH`Y UXib_XkQWQOmSj\QK ^`HJWQK � 5&«�WQ_LHJWZ��_aicI¢UÄSjHJ_XW¢HJRC^`_aRcS[u
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Rb_XkQWQOqMPRb�sK[K[O���KEicSbkQibl|UÄSjHJ_XWxfZSj\ZKÏRc_akQWQO�Rb�sK[KEO*H`W5Sb\QK Rb�Q\ZK[ibKÏHJRCdXH`paKEW�lhe

8����hw��?{�5d8����� - F \ c � � F \ Y[_XR # � �����% � <aD ����� � �"%K= w z u P F {
d�WLl�_XSb\(Y[UXRbKER %�HJR�Sb\QK Y � Y�` _X� Sb\QK���KEicSbkQibl|UÄSjHJ_XW(UrWQO%c³H`R�Sj\QKtI¢U��ZH`I�kQI��ijUXYNSjH`_aW|UX^
Rb_XkQWQOqMPRb�sK[K[Om�sK[iTSjkQicl|UrSbHJ_aWxu ��_XSbKtSb\|UrS ��_ai?l�_rSj\(Sb\QKtkQWQH`��_XibI UXWZO¢RbIL_g_XSj\LRb_akZWQOqM�Rc��KEK[O
�sK[icSbkQiblQUrSjH`_aWQR?Sj\QK H|ibRTScMP_aibOQKEi�ibU�eLSb\QK[_Xice�SjibU�paK[^¿MPSbHJILKt�sK[iTSjkQicl|UrSbHJ_aWLHJRG:]�9c % �+8��������_ai U
ijU�emdX_aHJWQd�Sb\Qib_XkQda\5Sj\QK Y[KEWhSjK[it_X�¼Sj\QK Rc�Q\QK[icKXuQ ^�Sj\Q_akZda\���K�Y[UX^JYEkQ^�UÄSjK¡icK[RckQ^`SbRo��_ai�Sb\QK��QibKERbRckQibK�H|KE^JO�OQH`ibK[YNSj^�eaf ��K~UXibK¡I(_aRTS�HJWhSbK[iTM
K[RTSjKEO<HJWLSj\QK�SjibU7pXK[^¿MPSjH`I(K��sK[iTSjkQicl|UrSjH`_aW(UXRbRc_qYEH�UrSbK[O(��H�Sj\~Sj\QK�Rb_akZWQOqM�Rc��KEK[Om�sK[iTSjkQicl|UrSjH`_aWxuQ R�HJR}lsK[YE_aI(H`WQd¡RTSVUXWZO|UXibOmH`W<daKE_a�Q\hegRbHJYERÏw�KruÚdQu Y kQWZd�KES�UX^vu`fZ�X«a«X«h{$��K�OQK�H|WQKoSj\ZK]SjibU7pXK[^¿M
SjH`I(K*��KEicSjkZibl|UrSbHJ_aW³UrR5Sb\QK�SjH`I(K�Rc\QH`�ÈS¢Sj\|UrS5I(UÄ�qHJILHJ°EK[R¢Sb\QK.Y[_aicibKE^�UrSbHJ_aW lsKES���K[KEW�Sj\ZK
kQWQ�sK[iTSjkQicl�KEO�UXWZO��sK[iTSjkQicl�KEO���U�paKE��_XibILR[u?GC\QKÏY[ib_XRbRTMPY[_aicibKE^�UrSbHJ_aW<��K�OZK3H|WQKÏUXR �

� w*3c{�5 9 O43 � � w�� � D+3 � { � 7�w�� � D+3 � : 3c{ w z u P��a{
��\QKEibK � w�� �@D+3 �¿{<HJR<Sb\QK���kQ^`^]�}U�pXKE��_aicI UrSmSj\QK.icK[Y[KEH`pXK[i�UXWQO � 75Sj\QK���U�paKE��_XibI UrS5Sj\ZK
ibKEY[KEH`paKEi�H`WmSj\QKÏUXlQRcK[WQYEK¡_X�ÛU~Rb_akQWZOqM�Rc��KEK[O*�sK[iTSjkQicl|UrSbHJ_aWxu?GC\QK�SbijU�paKE^�MPSbHJILK�Rb\QH��ÈS�f��K3²f|H`R
daH�paK[W�lhe

� w��K3c{�5�I(UÄ�qHJI�kQI�= w z u P z {
�	�7�	��  �O� �5� 
 4
��K�kQRbK���_akQioOQH \ KEibKEW�S]I(KNSj\Q_gOQR]Sb_<Y�Ur^JY[kZ^�UrSbK�SjibU�paK[^¼SjH`I(KER���H|ibRTScMP_aibOQKEioijU�e�Sj\QKE_aiceXf Sj\ZKV�_aicW<UX�Z�Qib_��qHJI(UrSjH`_aWxfhOQH`ibKEYES HQWQH`SbK�OQH \ KEibKEWQY[K�Y�UX^`Y[kQ^JUrSjH`_aW~_X�xSj\ZK���U7pXK3H|KE^JOxfQUXWQO¢��_ai?Sj\ZK
Y�UrRbK�_X�±Sj\QK�kQWZH`��_aicI�Rc�Q\QK[icKtU Rc�Q\QKEibHJY[UX^Q\|UribIL_aWQHJY�KN�q�|UXWQRcHJ_aW u�GC\QK�ijU�e¡Sb\QK[_Xice���K�kQRbKCH`R
RcSjUXWQO|UribO�w�KruÚdQu § _XRb_7pgHJYV\QKNpm¨-nokqpXUr^J^¤f F7yXyh© {NuÛGC\QK V�_aibW5Ur�Q�Qib_��qHJI(UrSbHJ_aWL��KÏUX^`Rb_�UX�Z�Q^`e
HJW Sj\ZK kZRbk|UX^h��U�e<w�KXu dQu/V�H`ibYV\�¨ § _aRb_7pgHJYV\QKNpsfa�X«X«a«h{Nu¼GC\QK Rb�Q\ZK[ibH`Y�UX^�\|UribIL_aWQHJYÛKN�q�|UXWQRcHJ_aW f
��\QH`YV\���K(kQRcKL��_XioSj\QKLkQWQH���_aibI�Rb�Q\QKEibK(Y�UXRcKXf¼HJRÏUXR HJW ` _aicRbK(¨ U|K[Rc\glQUXYV\³w F�y � z {²u^U|_ai
Sj\ZKLOZHJibKEYES-H|WZH`SjK~OQH \ KEibKEWQY[K~Y�Ur^JY[kZ^�UrSbHJ_aWxf���\QHJYV\.��K(UX�Q�Z^`e*Sb_mSj\QK~RbIL_g_XSj\.Rb�Z\QK[icK(Y[UXRbKrf
��KokQRbK]UXW<K²�Z�Z^JHJYEH`S���M�n&Y[_gOQKtSj\|UrS SVUr�XK[R}UXOZprUXWhSVUXdXK]_X�xSb\QK]YNeg^JHJWZOQibH`Y�UX^|RTeqILILKESjiTe~_X�·Sj\ZK
�Qic_alQ^JKEI�wv�qYV\Q^J_rSbSjI(UXWQW f��X«a«a«a{Nu¼G�_Ï_alZSjUXHJW�SbijU�paKE^±SbHJILK[RÛ��ic_aI�Sb\QK�W�kQI(KEibH`Y�UX^Z��U�paKN��_aibILR
��K HQStU~�|UXibUXls_a^�U�Urib_akQWZO�Sb\QK ��K[UX�<_X�¼Sj\QK YEib_aRcRTM�YE_aibicK[^JUrSjH`_aWxu
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��K¢UX�Z�Q^JH`K[O.Sj\QKLSjK[YV\ZWQHJ��kQKER�OQK[RcY[icHJlsK[O�H`W�Sb\QK¢�QicKEpgHJ_XkQR�RcK[YNSjHJ_XW�Sj_*U�prUXicHJKES�e._r�}Y�UrRbK[REf
��_ai$ls_XSj\~Sj\ZKtkZWQH`��_aicI-Rc�Q\QK[icK]UrWQOLSb\QK�RbIL_q_rSj\~Rb_akZWQOqM�Rc��KEK[O(��KEicSjkZibl|UrSbHJ_aWZR$OQK[RcY[ibH`l�KEO¢H`W
�qKEYESjH`_aW z u z u U�HJdakQicK z u P¡H`R}U���ibUXILKt��ic_aI UcH|WQH�SjK]OZH \�K[ibKEWQY[K]Y�UX^`Y[kQ^JUrSjH`_aW(_r�xSj\QK]�QibKERbRbkZibKH|KE^JOxf}��_ai¢U�RbIL_g_XSj\ Rc_akQWQOgM�Rb�sK[KEO³��KEicSjkZibl|UrSbHJ_aW���H`Sb\ c 5 :�«4=���UXWQO % 5 F � ` I�u
��U7pXK[R¢UXibK5Y[icK�UrSbK[O UrS~Sj\QK�Rb_akZibY[K�UXWQO¯I(_7pXK�_akqS��}UXicOQR[f�RbY�UÄSbSjKEibH`WQd���ic_aI Sb\QK�Rc_akQWQOgM
Rb�sK[KEO³��KEicSjkZibl|UrSbHJ_aW f�UXWQO Sb\QK[W³UXicK�_alQRcK[iTpaK[O�UrS(Sj\QK*ibK[YEK[H�paK[iEu d�W Sj\QH`R<KN�ZUXIL�Q^`K�Sj\ZK
OQH`ibK[YNS~�}U�paKrf���\QH`YV\ da_gK[R�Sj\Zib_akQdX\�Sb\QK5Y[K[WhSbK[i¢_r��Sb\QK5Rb�Q\QKEibKrf�UXibicH`paKERLUrS�Sj\QK�ibKEY[KEH`paKEi
Ur�ÈSbK[i]Sb\QK�OQH \ ibUXYESbK[O���U7pXKXf·��\QH`YV\�da_qKER�UXic_akQWQO�Sb\QK�Y[KEWhSjK[i _X�$Sb\QK�Rb�Z\QK[icKXu ��_XSbHJY[KÏSj\|UÄS
OQH`ibK[YNSj^�e _aW�UÄ�qH`R¼Sb\QK�OZH \�ijUXYNSjK[OÏ�}U�pXK}HJR:��_qYEkQRbKEO�UXWQO�^�UXicdaK[i:H`W�UXIL�Q^JH�SjkQOZK�Sj\|UXWÏSj\QK�OQHJicK[YNS
��U7pXKXu$GC\QH`RÛH`R�lsK[Y[UXkQRbK}��_Xi¼Sb\QHJR�daK[_aILKESbiceÏUX^`^�_X�|Sj\QK�OQH \�ijUrYESjKEO¡��U7pXK[R?UXOZO�Y[_aWZRcSjickQYESbH`pXK[^`e
UrSCSb\QK ibK[YEK[H�paK[iEuUÛHJdXkQibK z u���Rc\Q_7��R�Y[ic_aRbRÍM�Y[_XibibKE^�UrSbHJ_aWZR�wCZ$�su J z u Ph�HOÈ{<��_ai�U�prUXicHJKES�e³_r��kQWQH���_aibI UrWQO
RbIL_g_XSj\(Rb�Q\QKEibKER[u ��K�ibKEI(H`WQOLSb\QK]icK�UXOZK[i�Sb\|UrS�Sj\QKtSjijU�pXK[^�M¤SjH`I(KC�sK[iTSjkQicl|UrSjH`_aW<UrRbRb_gY[HJUrSjKEO
��H`Sb\¢Sj\ZK]Rb_XkQWQOqMPRb�sK[K[Om�sK[iTSjkQicl|UrSbHJ_aW(HJR�Sb\QK�SbHJILK�^JUXd Sj\|UrS�I¢U��ZH`I(H`°[KER?Sb\QK]YEib_aRcR}Y[_XibibKE^�UÄM
SjH`_aWxu Z?UXYV\��|UXWQKE^·RbkQILI(UXibH`°[K[R�Sj\QK ibKERbkQ^�SjRC��_ai}Rc�Q\QKEibK Y � Y�` lsKES���K[K[W�«LUrWQO��a� ` I�uU|_ai Sj\QKL��K[UX�XKERcS~Rb_XkQWQOqMPRb�sK[K[O��sK[iTSjkQicl|UrSbHJ_aWQREf�c 5��Ï«4=Ú« F f¼Sj\QK(Y[ic_aRbRÍM�Y[_XibibKE^�UrSbHJ_aWZR ��_Xi
Sj\ZK]kQWQH���_aibI Rc�Q\QK[icKXfZSb_a�<�|UrHJi _X�·�Q^`_XSjREfqIL_aRcSb^`e~Rc\Q_7��Sb\QKoRcI¢UX^`^|Rb\QH��ÈS}H`W(Sj\ZKo��K[UX�~_X�·Sj\ZK
Y[ic_aRbRÍM�YE_aibicK[^�UÄSjHJ_XW�Sj_5WQ_aWqMP°[KEib_5SjHJILK�^JUXdQfx��H`Sb\�Sj\QK�SjH`I(K¡Rb\QH��ÈSÏUXY[YEkQijUrSbK[^�e�OQK[RcY[icHJlsK[O�l�e
Sj\ZK+V�_XibW�Ur�Q�Qib_��qHJI(UrSbHJ_aWmY[UX^JYEkQ^�UrSbHJ_aW�wÈSj\QKÏlQ^�UrYV�m^JHJWZK7{Nu U|_ai�Rb�Q\ZK[ibKER]��H`Sb\�%�� F � ` I
Sj\ZKÏOZH \�ijUXYNSjK[Om��U�paK¡I(UX�rK[RtU�pqH`RbH`lQ^JK�YE_aWhSjibH`lQkZSbHJ_aW<Sb_~Sb\QK Y[ic_aRbRÍM�Y[_XibibKE^�UrSbHJ_aW uQ R~Sj\QK5I(UXdaWQH�SjkQOZKm_X�]Sb\QK5Rb_akQWZOqM�Rc��KEK[O �sK[iTSjkQicl|UrSjH`_aWªHJR�H`WQY[icK�UXRcK[O¯Sb\QK5OQH \�ijUrYESjKEO
��U7pXK�l�KEY[_aILK[R]I(_aicK¡H`I(�s_aicSjUXWhS�u�U|_ai�Sb\QK � c � 5-«4=Ú«h�LkZWQH`��_aicI1Rb_akQWZOqM�Rc��KEK[O.��KEicSbkQibl|U�M
SjH`_aWQREfXRb\Z_���W¡HJW�Sb\QK�ILHJOZOQ^JK?�|UXH`i:_X�|�Q^`_XSjREfÄSb\QK�OQH \ ibUXYESbK[O¡��U�paK}H`R�H`W��Z^�UXYEK[RÛRTSjic_aWQdaKEi�Sj\QUXW
Sj\ZK�OQH`ibKEYESC��U7pXKXu}GC\ZK+V�_XibW�UX�Q�Qic_7�qH`I¢UrSbHJ_aW<SbijU�paKE^·SjHJILKXfZ\Q_7��KNpaK[iEf icK[I(UXHJWQR�UrRbRb_gY[HJUrSjKEO
��H`Sb\�Sb\QK~OQHJicK[YNSÏ��U�paKL�|UXiTS�_r��Sb\QK(YEib_aRcRTMPY[_aicibK[^JUrSjH`_aWxf·IL_aRcS WZ_XSjH`Y[K�UrlQ^`e���_aifc 5 :�«4=Ú«h�
kQWQH���_aibI Rb�Q\QKEibKER¡��H`Sb\ %�� �r« ` I�u<GC\QKLSj\QH`ibO��|UXHJi _X���Q^J_rSjR HJR ��_ai�Sj\QK(Y�UXRcK[R�_X�}Sj\ZK
RbIL_g_XSj\�Rb�Q\ZK[ibKER]��H`Sb\ � c�� 5 «4=�«a�qu Y K[ibKrf�kZWQ^JH`�XK Sj\QKÏkQWQH���_aibI+Rc�Q\QKEibK[Rt��H`Sb\*RjUrI(K prUX^JkQK
_X�(c¡f±UXW5H`Rb_a^JUrSjKEO�OZH \�ijUXYNSjK[Om��U�paKÏHJRCWQ_XS�pgHJRcHJlQ^`KXu

��K~WQ_7�-^J_g_a�*H`W�OQKESjUXHJ^$UÄS�Sj\QK~W�kQILK[ibH`Y�UX^�SjijU�pXK[^$SjH`I(KER�UXWQO�\Q_7�-Sb\QKEe�YE_aIL�|UXibK�Sb_
Sj\ZK+V�_XibW�UrWQO�ijU�e�UX�Z�Qib_��qHJI(UrSjH`_aWmSjibU7pXK[^:SjH`I(KER[u�S�K[RckQ^`SbRt��_ai�Sj\ZK c 5�� «4=Ú« F Y[UXRbKERoUXicK
RbkZI(I(UXibH`°[KEO¢HJW(Sj\QKo^`KE�ÈS��|UXWQKE^ _X��U�HJdakQicK z u ¥ u U|_ai Sj\QKERbKoY[UXRbKER}Sj\QK�V�_aibW<UX�Q�Qic_7�qH`I¢UrSbHJ_aW
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0 10 20
−1000

0    

1000 

A = −0.01, Uniform Sphere

t (
s)

0 10 20
−1000

0    

1000 

A = 0.01, Uniform Sphere

0 10 20
−1000

0    

1000 

A = −0.05, Uniform Sphere

t (
s)

0 10 20
−1000

0    

1000 

A = 0.05, Uniform Sphere

0 10 20
−1000

0    

1000 

R (Mm)

A = −0.05, Smooth Sphere

t (
s)

0 10 20
−1000

0    

1000 

R (Mm)

A = 0.05, Smooth Sphere

UÛH`dakQibK z u�� ��O�ib_XRbRTMPY[_aicibKE^�UrSbHJ_aWQR�l�KNS���KEK[W5Sj\QK��}U�paKN��_aibI+UrS�Sb\QK�ibKEY[K[H�paKEi�UXWQO<Sj\ZKokQWQ�sK[iÍMSjkZiblsK[O���U�paKN��_aibI ��_aiÏRb�Q\QKEibKER¡_X� Y � Y�` S-��H�Sj\�kQWQH`��_XibI UXWZO�RbIL_g_XSj\�Rb_akZWQOqM�Rc��KEK[O�sK[icSbkQiblQUrSjH`_aWQR _X� pXUribHJ_XkQR UXIL�Q^JH�SjkQOQKER[u~GC\QKLdaijU�ehM�RcY�UX^`K�OQK[WZ_XSjKER�Sj\ZKLYEib_aRcRTMPY[_aicibK[^JUrSjH`_aWxf
��H`Sb\���\ZH`SjKLY[_XibibKERb�s_aWQOQH`WQd�Sb_*^JUXibdaK��s_aRcH`SjH�paK~prUX^JkQKERÏUXWQO�lZ^�UXYV��Sb_*^�UribdaK�WQKEdhUrSbH`paKLprUX^�M
kQKER[u�GC\QK¢lQ^�UXYV��^JH`WQK[R�UXicK(Sj\ZK?V�_aicW�UX�Q�Qic_��ZH`I¢UÄSjHJ_XW�SbijU�paKE^�SjH`I(KER[u%U±_Xi�K[UXYV\��Q^J_rS¡Sj\ZK
\Q_aicHJ°E_aWhSVUX^¼UÄ�qHJR�HJR�Rb�Q\QKEibK Y � Y�` UXWZO*Sj\QK�paK[iTSjH`Y�UX^�UÄ�qHJR�HJR�SjHJILKÏ^�UXdQutGC\QK¡Sb_a�*�QUXHJit_X��|UXWZK[^JR]HJR]��_ai]kQWQH`��_XibI1Rb�Q\ZK[ibKERÏ��H�Sj\ � c��>5�«4=Ú« F f�Sb\QK�ILHJOQOQ^`K¡�|UrHJi���_Xi]kQWQH���_aibI"Rb�Z\QK[icK[R��H`Sb\ � c�� 5�«4=Ú«h�qfsUXWQO�Sj\QKÏl�_rSbSj_XI+�|UXH`i}��_ai�RbIL_q_XSb\�Rc�Q\QKEibK[R���H`Sj\�� c � 5�« =�«h�gu�GC\QK�^JKE�ÈS
Y[_X^JkQILW�Y[_XW�SjUXHJWZR�Sj\ZK�WQK[daUrSjH�paK�Rc_akQWQOqMPRb�sK[KEO��sK[iTSjkQicl|UrSjH`_aWQR]UXWQO�Sj\ZK�ibH`da\hSoY[_X^JkQILW*Sj\ZK
�s_aRbH�SjH`pXKXu
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SjibU�paK[^ SjH`I(KLHJR¡UX^`��U�eqR���H`Sj\ZHJW�S���_�RbKEY[_aWQOZR�_X�CSj\QK¢WgkZI(KEibHJY[UX^?SjijU�pXK[^�SbHJILKXu Q R¡Rc�Q\QKEibK
ijUrOQHJkQR H`WQY[icK�UXRcK[RÏ�|UXRcSÏSj\ZK(RcHJ°[K~_X��Sj\QK_H|icRcS+U±icK[RcWQK[^?°[_XWQKXf ® =�� ` I�f:Sj\QKLijU�e�UXWQO V�_aicW
UX�Q�Zib_��qHJI(UrSjH`_aWQR�YE_aWhpaK[icdaKXu Q S RcI¢UX^`^QijUrOQHJHgSj\QK�ijU�e~Ur�Q�Qib_��qHJI(UrSbHJ_aW�_7pXK[ibKERcSbHJI(UrSjKER SbijU�paKE^
SjH`I(KER ¦ Sb\QHJRCH`R�U�ibK[RckQ^`St_X�¼��U7pXKNM¤��ib_aWhS�\QK�UX^`HJWQd�w Y kQWZd(KNStUX^¤u�f±�X«a« F {Nu
GC\QK�ibH`da\hS$\|UXWQO~�|UrWQK[^|_X� UÛH`dakQicK z u ¥ Rb\Q_7��R$SjibU7pXK[^QSbHJILK[RÛ��_ai�Sj\QK c 5 � «4=Ú«h�okQWQH`��_XibI

Rb�Z\QK[icK���KEicSbkQibl|UÄSjHJ_XWQRtUXR���kQWZYESjH`_aWQRt_X��Rc�Q\QKEibK�ibUXOQHJkZR[u�U|_ai�Sj\QK ��UXRTS]Rc�Q\QK[icK[R]Sb\QK¡icK[RckQ^`SbR
UXicK��gkQUX^JH�SVUrSbH`paKE^`e5Sj\ZK�RjUXILK~UXRoSj\ZKWc 5 «4=Ú« F Y�UXRcK~UX^`Sb\Q_akQda\�Sb\QK_V�_aicW�UX�Q�Qic_7�qH`I¢UrSbHJ_aW
WQ_�^`_aWQdaKEi�Y[UX�ZSbkQibKER¡Sj\QKLSjH`I(KLOQK[^JU�e�£QkQYESbk|UrSjH`_aWQRÏ��_ai¡H`W�SbK[icI(KEOQH�UrSbK~Rb�Q\QKEibKmRcHJ°[KER[u�GC\QK
cW5 :�«4=�«a�.Y[UXRbK�HJR~IL_aibK5Y[_XI(�Q^`HJY[UrSjKEOxu[U|_ai % � F � ` I Sb\QK�OQH \�ijUXYNSjKEO���U�paK�UrWQO
OQH`ibK[YNSC�}U�pXKÏYE_aWhSjicHJlQkZSbHJ_aWZR}Y�UXWZWQ_XS�lsK�RbK[�QUXijUrSbK[O ¦ Sb\QK�W�kQILK[ibH`Y�UX^sSjibU7pXK[^xSbHJILK[R���_ai�Sj\Q_aRcK
Rb�Z\QK[icK[R�icK[RckQ^`S?��ib_XI�U I(H¿�qSbkQibKC_r� Sj\ZK�S���_�S�eg�sK[R _X�s�}U�paKER[u Q R?HJR?RcK[K[W(HJW UÛH`dakQibK z u��qfa��_Xi% � F � ` I+Sj\QK YEib_aRcRTM�YE_aibicK[^JUrSjH`_aW5KN�q\QHJlZH`SjR}S���_¢RcK[�|UrijUrSbK ��K[UrSjkZibK[REf±_aWQK Y[_aicibKERb�s_aWQOQH`WQd
Sj_�Sj\QKoOZHJibKEYES��}U�paK UrWQO<_aWQK�Sj_¡Sb\QKoOQH \ ibUXYESbK[O¢��U�paKXu�U|_ai Sj\QK�WgkZI(KEibHJY[UX^±SjijU�pXK[^ SbHJILK���_Xi
c 5 :�«4=Ú«h�qf·HJWMU�HJdakQicK z u ¥ fx��KL\QU7pXK~�Q^J_XScSjKEO.Sb\QK�^J_gY�UÄSjHJ_XW�_X�?Sj\QK~�sK�UX��Y[_aicibKERb�s_aWQOQH`WQd
Sj_�Sb\QK5OQHJicK[YES���U�paK5��_ai % � F � ` I�u�GC\QK5ibUX�QHJO�prUXicH�UrSbHJ_aW�_X��Sb\QKmSjibU7pXK[^}SbHJILK<WQK�Uri%85 F � ` I�HJR�U�icK[RbkZ^`S�_X�ÛHJWhSjKEic��K[icK[WQYEK l�KNS���KEK[W*Sb\QK OQHJicK[YEStUrWQO�OZH \�ijUXYNSjK[Om��U�paK[REud�W _aibOZK[i¢Sb_�Y[_aWZRbHJOZK[i<RTSjib_XWQdaK[i¢��KEicSjkZibl|UrSbHJ_aWZR[fC��H`Sb\Q_akZS(Sj\QK�YE_aIL�Q^JH`Y�UrSbHJ_aWQR~H`W�Sbib_rM
OQkQYEK[O�lhe�U*RcSbib_aWQd*OQH \�ijUXYNSjKEO���U7pXKXf$��KmUX^JRc_*YE_aI(�ZkZSjKLSjijU�pXK[^�M¤SjH`I(KLRb\QH��ÈSjR ��_ai¡RcI(_g_XSb\
Rb�Z\QK[icK[R[f RbK[K1UÛHJdakZibK z u © u�GC\QK¡SjibU�paK[^¼SjH`I(KER[f±HJW�Sj\QH`R�Y[UXRbKrf OQ_(WQ_XSo_XRbY[H`^J^JUrSjKo��H�Sj\*Rc�Q\QKEibK
ijUrOQHJkQREfCUXRLSj\QKNe¯OZ_�HJW�Sj\QK�kQWQH`��_XibI Rc�Q\QK[icK�Y�UrRbKXu&GC\QHJRLY�UrW l�K�RbKEK[W HJW�Sj\QK�Y[_aWhSbKN�gS
_X�?Sj\ZK_V�_aibW�UX�Z�Qib_��qHJI(UrSjH`_aW�UrRoSj\QK�RcI(_g_XSj\�Rc_akQWQOgM�Rb�sK[KEO��sK[iTSjkQicl|UrSbHJ_aW.U�paKEijUXdXHJWQdmSj\ZK
_aRcY[HJ^`^�UrSbHJ_aWZRoHJW�Sj\ZKLSbijU�paKE^�MPSbHJILK��XKEibWQKE^JR[u Q RÏHJW.Sj\QKLkQWQH���_aibI/Y[UXRbK~Sj\ZK(ibU7e�Ur�Q�Qib_��qHJI(UÄM
SjH`_aW�RbkQlQRTSVUXWhSbH�UX^`^`em_7paKEibKERcSjH`I¢UÄSjK[RtSjibU7pXK[^¼SjHJILK[RC��_ai�Sj\ZK�RcI¢UX^`^·ijUXOZHJH·Rb�Z\QK[icK[R[u Q ^`Rb_(UXR]H`W
Sj\ZKÏkZWQH`��_aicI�Y[UXRbK Sj\QK V�_XibW�UXWQOaH|ibRTScMP_aibOQKEi�ijU�e5UX�Q�Zib_��qHJI(UrSjH`_aWQR}YE_aWhpaK[icdaKÏHJWmSj\QK ^JUXibdaK
Rb�Z\QK[icK�^`HJILH`S[u U|_ai¡^�UXicdaK<Rb�Z\QK[icK[R~Sj\QKmWQ_XWQ^JH`WQK�UXi¡OQK[�sK[WQOZK[WQYEK�_X�tSj\ZKmWgkZI(KEibHJY[UX^�SbijU�paKE^
SjH`I(Kt_aW c&HJR pqH`RbH`lQ^JKru���WQ^`HJ�rK�H`W¢Sj\QK � c � 5�«4=Ú«h��Y�UrRbK[REfZSj\ZKoK3\�K[YNSC_X�xSb\QKoOQH \ ibUXYESbK[O¢��U�paK
HJRtUX�Z�|UXibKEWhSt��_Xi�Sb\QK � c � 5�« = F Rb�Q\ZK[ibKER[fsY�UXkZRbHJWZd¢U�pgHJRbH`lQ^JK]OQH \�K[icK[WQYEK�lsKES���K[KEW*Sj\QKcV�_aicW
UX�Q�Zib_��qHJI(UrSjH`_aWmUXWQO5Sj\ZKÏW�kQILK[icHJY[UX^ SjibU�paK[^·SbHJILK[R}WQK[UXi %85�� ` I�u
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0 10 20
−60

−40

−20

0

20

40

60
A = ±0.01, Uniform Sphere

dt
 (

s)

R (Mm)
0 10 20

−300

−200

−100

0

100

200

300

R (Mm)

A = ±0.05, Uniform Sphere

UÛH`dakQibK z u ¥ �:G¼ijU�paKE^�MPSbHJILK[R:Rb\ZH`�ÈSjR:��_ai¼kQWQH���_aibI�Rc�Q\QKEibK[R�UXR¼��kZWQYESbHJ_aWQR�_X�QRc�Q\QKEibK}ibUXOQHJkZR[u¼GC\QKRb_X^JHJOL^JH`WQK[R�UXicKtSb\QK]W�kQILK[icHJY�Ur^sicK[RckQ^`SbR���ib_XI�Sj\QK�Rb�Q\QKEibH`Y�UX^s\|UXicI(_aWZHJY�KN�q�|UXWZRbHJ_XW¢ILKESj\Z_qOxu
GC\QKoOQUXRb\QKEOmY[kQiTpaKER�UXibKtSj\QK�V�_aibW<UX�Q�Qic_7�qH`I¢UrSbHJ_aW uÛGC\QKoOZ_XSbSbK[O<^`HJWQKER�UXicK�Sb\QK�H|icRcSC_XibOQKEi
ijU�e<UX�Q�Qic_7�qH`I¢UrSbHJ_aW u�GC\QK ^`KE�ÈS}�QUXWQK[^ Rb\Q_7��RCSj\QK�S���_~Y�UrRbK[R c 5 � «4=Ú« F u$GC\QK�icHJda\hS��|UXWQKE^HJR ��_ai�Sb\QK]Y[UXRbKER	c 5 � «4=�«a�qu�U|_ai Sb\QKoY[UXRbK5c 5 :�«4=Ú«h�ÏSb\QK]W�kQILK[icHJY�Ur^sSbHJILK�H`R�Rb\Z_���W<��_Xi
Sj\ZKC��K[UX�¡H`W�Sj\QKCYEib_aRcRTM�YE_aibicK[^JUrSjH`_aW¡Sj\QUrS?HJR�YE^J_aRcK[RTS$Sj_oSj\ZK V�_aibW~Ur�Q�Qib_��qHJI(UrSbHJ_aWxfXUX^`Sb\Q_akQdX\
��_ai % � F � ` I Sb\QK�^JUXibdXK[RcS��sK�UX� HJW Sj\ZK�Y[ic_aRbRÍM�YE_aibicK[^�UÄSjHJ_XW�YE_aibicK[Rb�s_aWQOZRÛSj_tSj\QK OQH \�ijUrYESjKEO��U7pXK�ibUrSj\ZK[iCSj\|UrW�Sb\QK OQHJicK[YES[u
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0 5 10

−100

−50

0

50

100

A=±0.05, Smooth Sphere

R (Mm)

dt
 (

s)
 

0 5 10

−200

−100

0

100

200

A=±0.1, Smooth Sphere

R (Mm)UÛH`dakQibK z u © �<G�ibU�paK[^CSbHJILK[R¡��_ai¡RbIL_q_XSb\ªRb�Q\QKEibKER¢UXR���kZWQYESbHJ_aWQR�_r��Rc�Q\QKEibK Y � Y�` u$GC\QKRb_X^JHJO~^`HJWQKER?UXibKCSj\ZKtW�kQILK[icHJY[UX^|ibKERbkQ^�SjR[uÛGC\QK�OQUXRb\QKEO¢YEkQicpXK[R}UribKCSj\QK�V�_XibW(UX�Q�Qic_7�qH`I¢UrSbHJ_aW
SjibU�paK[^}SbHJILK[R~UXWZOªSb\QK5OQ_XScSjK[Oª^`HJWQKER~UXibK<Sb\QKFH|ibRTScMP_aibOQKEi~ijU�e�UX�Z�Qib_��qHJI(UrSjH`_aWxu�GC\QK5^JKE�ÈS
�|UXWZK[^·Rb\Z_���R�Sj\ZK S���_¢Y[UXRbKER�c 5 �Ï«4=Ú«h�qu$GC\ZK�icHJda\hS��|UXWZK[^·HJR}��_Xi}Sj\QK Y�UrRbK[R2c 5 � «4= F u
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SjH`I(K²M�OQH`RcSjUXWQY[K]\QK[^`HJ_aRcK[HJRcI(_X^J_adXeLnokqpXUr^J^ KNS�UX^¤uxw F7yaya© {�ILK�UXRckQibK�SjibU�paK[^xSbHJILK[RClheFHQScSjH`WQd~U
 UXkQRbRcH�UXWL�}U�pXK[^JKNS}Sj_¡Y[ib_XRbRTMPY[_aicibKE^�UrSbHJ_aWQREuÛGC\QH`R��Qic_qYEK[OQkZibKoOQH`RcSbHJWQdakZHJRb\ZK[R l�KNS���KEK[W5daib_XkQ�
UXWQO*�Q\|UXRcK¡SjibU7pXK[^¼SjHJILK[REf±l�e*UX^`^J_7��HJWQd~ls_XSj\�Sj\QK�K[WhpaKE^J_a�sK�UXWQO*�Q\|UXRcK�_X��Sb\QK���U�paK[^`KESoSb_
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OQH \ KEibK[WZY[K(w�KruÚdQu § _aRc_7pqH`YV\QKEp�¨�nokZprUX^J^vf F7yXyh© {Nu
GC\QK~OQK3HQWQH`SbHJ_aW._X�?SjibU�paK[^¿MPSbHJILK���KEicSbkQibl|UÄSjHJ_XWQR�OQK[RcY[icHJlsK[O�\QK[icKL^`K�U�paKER _alQRbKEicpXK[ibRÏ��ibKEK

Sj_.ILK�UXRckQibK<��H�Sj\Q_XkZS~ibKN��K[ibKEWQY[KmSb_�U�Rc_a^�UXi¡I(_gOQK[^vu ��KmWQ_XSbKXf \Q_7��KNpaKEi[f�Sb\|UrS~HJW�_XibOQKEi
��_aimU��Qib_a�sK[imH`WhSjK[ic�QibKNSVUrSbHJ_aW _X� I(K[UXRbkZibK[O SbijU�paKE^�MPSbHJILK��sK[iTSjkQicl|UrSbHJ_aWQR(Sj_�lsK�I¢UrOQK�H`S
HJRÏK[RcRbKEW�SbH�UX^ ��_aiÏ_alQRbKEicpXK[ibR�Sb_�ibKE��_XicSÏSj\QKEHJi¡YV\Z_aHJYEK[R¡_r��ibKE��KEibKEWQY[K¢��U�paKE^JKES �
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IL_qOQKE^¤fgSj_���\QHJYV\5��K�WQ_7�&SjkQicWxu
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Sj\ZHJR[f���KoWQK[KEO<Sj_��gWZ_���\Q_7�³Sj_�Y[_aIL�QkZSbK�Sb\QK�SbijU�paKE^�SjH`I(KER ��_Xi�U¡�QUXicSbHJY[kZ^�UXi?Rb_X^�UXi?IL_qOQKE^¤u
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b
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d
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x (Mm)
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m
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m
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e

−10 0 10
−10
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s Mm−2

one way

diff

mean

−1 −0.5 0 0.5 1
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Y[kqSjR�_X�$Sb\QK��XKEibWQKE^JRNB � � �� UX^J_aWZd(Sj\ZK�^JH`WQK[R �a5-«mUXWQO � 5-«ZuNUÛH`dakQicK z u F PhU¢Rc\Q_7��RoSj\|UÄS
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cut at x=0
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cut at y=0
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WQKN��OQK�H|WQH�SjHJ_XW�_X�CSbijU�paKE^�SjH`I(KLHJR�WZK[Y[KERbRbUXice ¦ H`W�Sj\QK¢RbHJWZda^JK²M�Rb_XkQibYEK¢�QH`YESjkZibK¢Sb\QK[icK<HJR�WQ_
Y[ic_aRbRÍM�YE_aibicK[^�UÄSjHJ_XW�UXWQO�Sj\�kQR _akZioK�UXic^JH`K[ioOQK�H|WQH�SjHJ_XW�_X�?SjibU7pXK[^�SbHJILK¡Y�UrW�WZ_XS l�K�kZRbK[O u1d�W
K[��k|UÄSjHJ_XW�w z u F � P�{²f � 7 w �±{�UrWQOa,"��w �±{�UribK]Sb\QK�kQWQ�sK[iTSjkQicl�KEO�UrWQOm��KEicSbkQiblsK[O<��U�paK3HQK[^JOZR�UÄS
�xu$GC\QK �}U�paK�H|K[^`O*H`RCdaK[WQKEijUrSbK[O�l�emULY[UXkQRjUr^·�QibKERbRbkZibKÏRb_akQicY[KÏ�Q^�UrY[K[O�UrS 
 �

��w � D+3 #P{ 5 Y�� w � : 
<D+3 #P{&= w z u F �a�a{
GC\QK���kQWQYNSjH`_aW � YV\|UrijUXYNSjK[icHJ°EK[RCSj\QK��ZibK[RcRbkQicK�Rc_akQicY[KÏUXWQOm��HJ^`^�^JUrSjKEi}lsK�kQRbKEO�Sb_~SbkQWQK�Sj\ZK
Rb_XkQibYEK�Rc��KEYESjickQI�ud�WmSj\QH`RCRbK[YNSjH`_aW<��K YE_aWQRbH`OQK[i}Sb\QK��XKEibWQKE^*B � � # #� fQOQKEibH`pXK[O�HJW<Sb\QK�RbH`WQda^JK²M�Rc_akQibYEKo�QH`YESjkZibKXf
��\QH`YV\�daH`pXK[R]Sb\QK¡RcK[WQRcH`SbH`pgH`S�e�_X��Sb\QK�SbijU�paKE^�M¤SjHJILK ��KEicSbkQibl|UÄSjHJ_XW ,4.���Sb_<U¢^`_qY[UX^x��ijUXYNSjH`_aW|UX^
�sK[icSbkQiblQUrSjH`_aW*H`W*Sj\QK�O|UXIL�QHJWZd¢ijUÄSjKXu�GC\QK�RbH`WQda^`KNM�Rc_akQicY[KÏ�QHJYNSjkQicK�Y�UXWZWQ_XSoK[UXRbH`^`e5lsK�kQRcK[O
Sj_�OQKEibH`pXK�U��rK[ibWZK[^���_ai~U�Rc_akQicY[K���KEicSjkZibl|UrSbHJ_aW f?��\ZHJYV\ OZ_qKERLWZ_XSLHJWhpa_a^�paK�U.RbY�UÄSbSjKEibH`WQd
�Qic_qYEK[RbREuV�emOQK�H|WQH�SjHJ_XW5Sb\QK �XKEibWQKE^
B � � # #� fQ��\ZHJYV\5��K OQKEibH`pXK�H`W Q �Q�sK[WZOQH�� ZCf|RbUrSjH`R H|KER

,4. # #� w�
 D��s{�5 9 � � � O>= ,�ÛwC=�{� B�� � # #� w 
<D�� ¦ =s{&= w z u F � ¥ {

GC\QK OQK3HQWQH`SbHJ_aW _X�gSjibU7pXK[^hSjH`I(KÛdaH`pXK[WÏHJW K[��k|UrSbHJ_aW¢w z u F �KP�{ Y[^`_aRbKE^`eoicK[RcK[I�lQ^`K[R:Sj\QK?OQK�H|WQH�SjHJ_XW
_X��SjijU�pXK[^±SjHJILKCkQRcK[O<H`WLSb\QK�dXK[WQKEijUX^|Sj\ZK[_aiTe�w�K[��R�J V]u ¥ O�UXWQO J V]u y OÈ{$H`� �Ûw �ED 3c{?^`_q_a��R?^JH`�XKCSj\ZK
�s_aRbH�SjH`pXK]SjH`I(K²M�^JUXd�lZijUXWQYV\5_X�:Sb\QKo°[KEib_rMP_aibOZK[iCY[ic_aRbRÍM�YE_aibicK[^�UÄSjHJ_XW¢��ib_aI Sj\ZKoijUXWZOQ_aI�M�Rb_XkQibYEK
IL_qOQKE^$w � z u PQu��a{²u�GC\QHJRCYE_aWQOQH�SjH`_aW<HJIL�Q^`HJK[R?Sj\QUrS}Sj\ZK�Rb�sK[YESbibkQI�_X�:Sj\QK�Rc_akQibYEKXf � w � D�'�{²fqH`R
daH�paK[W�lhemK[��k|UÄSjHJ_XW�wCZ�u ® {²uUÛHJdXkQibK z u F ��HJRÛUoY[_aIL�|UXicHJRb_XW¡_X�|Sb\QK}RbH`WQda^`KNM�Rc_akQicY[K}�rK[ibWZK[^<B � � # #� ��H�Sj\�Sj\ZK}OQHJRTSjicHJlQkZSbK[OqM
Rb_XkQibYEKC�XK[icWQK[^>B �� faYE_aIL�QkZSjKEO�HJW�Sj\QK}�ZibKEpgH`_akQR�RcK[YESbHJ_aW uÛGC\QK}RcHJWQdX^JKNMPRb_akZibY[K��XK[icWQK[^q��UXHJ^`R:Sb_
ibKE�Qib_gOQkQYEK�Sb\QK]\heg��KEibls_a^�UÏRb\|Ur��KEO¢��K�UrSbkQibKER�Sb\|UrS�UXibKtRbKEK[WmHJW~Sj\ZK]ijUrWQOQ_aI�M�Rc_akQibYEK��rK[icWQK[^vf
KEpXK[W¢Sb\Q_akQdX\(Sj\ZK�KE^J^JH`�QRbKER?Y�UXW(l�KtRbKEK[W<H`W(ls_XSj\*w���H�Sj\LSj\QKtRjUXILK�_aibOZK[i _X�xI(UXdaWQH�SjkQOZK�UrWQO
RbH`daW±{²u Q RcHJWQda^`K�Y[UXkQRbUX^�Rc_akQicY[K�UrS 
�HJR WQ_XS�Rbk�TLY[H`K[WhS}Sb_�daK[WZK[ijUÄSjKoUr^J^±_X�xSb\QK���U�paK[R}��\ZHJYV\
UXicKÏicK[^`KEprUXWhSCSj_�Sj\ZKÏ�Zib_alQ^`K[I+_r�ÛYE_aI(�ZkZSjH`WQd�SjibU7pXK[^¿MPSjH`I(K]�XK[icWQK[^`R�w�RbKEKcU�HJdQu z u F7© {NuO�kZSjR~UÄS � 5"«�Sj\Zib_akQdX\[B � � # #� UXWQO[B �� UribK<Rc\Q_7��W�H`W�UÛH`dakQibK z u F7¥ f$UXdaUXHJW���_ai¡Sj\ZK
OQH`RcSVUrWQY[K � 5 F « ` I ��\QH`YV\��}UXR kQRcK[O�HJW.UX^`^Û�QicKEpgHJ_XkQR��Q^J_rSjR�_X� �XKEibWQKE^JREu�GC\QK~�XK[icWQK[^`R
UXdaicK[K���K[^J^$��_ai ��� «Zf·��\QK[icKLSb\QKL\�eg�sK[icl�_a^JU�Rc\|UX�sK[O���K�UrSbkQibKER�H`W B��� UribKLUXlQRcK[WhS�u?U|_ai
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UÛH`dakQibK z u F � � Q Y[_XI(�|UribHJRc_aW�lsKES���K[K[W¢RbHJWZda^JK²M¼UXWQOLOQHJRTSjicHJlQkZSbK[OqMPRb_akZibY[K��rK[ibWZK[^JR?��_ai$O|UrI(�qMHJWZd(ibUrSjKruCGC\QK¡^`KE�ÈSt�|UXWQKE^�Rc\Q_7��R]Sj\ZK�OQH`RcSbibHJlZkZSjKEOqM�Rc_akQibYEK¡�rK[ibWZK[^:��_ai�OQUXI(�ZHJWQdQf B �� w�UX^JRc_Rb\Z_���W�H`W%U�HJdQu z u F7z l|{Nu�GC\QK¡icHJda\hS��|UXWQKE^�H`RtSb\QKÏRbHJWZda^JK²M�Rb_XkQibYEK��rK[ibWZK[^�B � � # #� OZHJRbYEkQRbRcK[O�H`WSj\ZHJRÏRbK[YNSjH`_aW�UXWZO�Y[_XI(�QkqSjK[O�kQRbH`WQd*KE��k|UrSjH`_aWQR¢w ZCu��a{ÏUrWQO wCZ�u ¥ {²uaU±_Xi Sb\QKLRbHJWZda^JK²M�Rb_XkQibYEK�XKEibWQKE^qSb\QK�Rc_akQibYEK}HJR¼^J_gY�UÄSjK[O�UrS 
o��H`Sj\�Y[_g_aibOZHJW|UrSbK[R�w;:]� DV«h{ ` I�u¼GC\QK}_XlQRbKEicprUrSjH`_aW¡�s_aH`W�S
��H`RC^J_gY�UrSbK[O5UrS¡wv« D²�a{ ` Imu
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UÛH`dakQibK z u F7¥ ��O�kZSbR�UX^`_aWQd~Sj\QK�^JHJWZK �F5�«LSb\Qib_XkQda\*Sb\QK�O|UXIL�QH`WQd(�rK[icWQK[^`R-B �� UrWQO B � � # #�Rb\Z_���W.H`W UÛH`dakQibK z u F �qu]GC\ZK�O|UXRb\ZK[O�^JH`WQKÏHJR���_Xi�Sj\ZK�OQHJRTSjicHJlQkZSbK[OqMPRb_akZibY[K¡�XK[icWQK[^�UXWQO�Sj\ZKRb_X^JHJOm^`HJWQK]HJRC��_ai}Sj\ZKÏRcHJWQdX^JKNMPRb_akZibY[K��rK[icWQK[^vu

� � «5Sb\QKLS���_*�rK[icWQK[^`R¡UXicK~�gkZH`SjKLOQH \ KEibK[WhS[u^d�W��|UXicSbHJYEkQ^�UXi�Sj\QKLRbH`WQda^JK²M�Rc_akQibYEK~�XK[icWQK[^?H`R
WQK[UXib^�e<°[KEib_~��_ai � � : © ` I�fZ��\QHJ^`KNB��� \|UXRtU~WQK[daUrSjH�paKoSVUrHJ^ Sb\QK[icKXud�W Sj\ZK�^`HJILH`S�_X�]HJW�HQWQH`SbK�lQUXWQOZ��H`OZSj\�w�ijU�eªSj\ZK[_aiTeQ{²f�Sj\ZK*RbH`WQda^`KNM�Rc_akQicY[K5�XKEibWQKE^�B � � # #�
��_akQ^JO¢l�K�ibK[RTSjicHJYESbK[O<Sb_¡Sj\QK�^JH`WQK�RcK[daILK[WhS �15�«Zf � M � � � � = u$GC\QH`R�H`R�H`W<Y[_aWhSbijUXRTS���H`Sb\_akQi�K�UXic^JH`K[i-H|WQOQH`WQd*Sb\|UrSÏSj\QK<OZHJRcSbibH`lQkZSjKEOqM�Rc_akQicY[K¢�rK[icWQK[^�B �� ��_akQ^`O�ibKEOQkQY[K<Sb_�Sb\QK<ijU�e
�_5�«Zf : � � � � � = u
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UÛH`dakQibK z u F�© � Q dXijUX�Q\ZHJY�Ur^aOQHJRcY[kQRcRbH`_aW�_r�ZSj\ZK RcHJWQdX^JKNMPRb_akZibY[K?�QH`YESbkQibK$��_ai·YE_aI(�ZkZSjH`WQd��XK[icWQK[^`R��_aiÛSb\QKC_aWQK²MP��U�e¡SjibU�paK[^QSbHJILKJ,4.���w 
<D��±{Nu�GC\QKC^JKN�ÈS$\|UXWQO��QUXWQK[^ZHJRÛSb\QKCY[_aWhpXK[WhSjH`_aW|UX^QRcHJWQdX^JKNM
Rb_XkQibYEK*�QH`YESjkZibK5��\QK[icK�U�Y[UXkQRbUX^�Rb_akQicY[K�HJR~KN�q�Q^`_qOQKEO UrS 
�UXWQO�Sj\QK�RbY[UrSbSbK[icK[O ��U7pXK*H`R
_alQRcK[iTpaK[O�UrS �xu�GC\QK�RcY�UrScSjKEibHJWZd���_XHJWhS¢H`R(OZK[WQ_XSbK[O³lhe =·u ��KEicSjkZibl|UrSbHJ_aWZR<^J_gY�UrSbK[O¯_aW
Y[kZicpaKERÏ��H�Sj\.Y[_XWQRcSjUXWhS � = : 
�� \ ��� : = ��Y[_XW�SbibH`lQkZSjK�Sb_mSj\QK~RbY[UrSbSbK[icK[OMH|K[^`O.��H�Sj\�Sj\ZK
RjUrI(K(daK[_aILKESbibH`Y�UX^?OQKE^�U�e�H`W�SbijU�paKE^�SjH`I(Krf�UXWQOªUrR�U*icK[RbkZ^`S�KE^J^JH`�QRbKLRb\QUX��KEO���K�UrSbkQibKER�UXicK
RbKEK[W H`W�Sb\QK�SbijU�paKE^�MPSbHJILKm�XKEibWQKE^¤u Q RcHJWQda^`K5Rb_akQicY[K�UÄS 
�OQ_gK[RLWQ_XS[fC\Q_7��KNpaKEi[f��Qib_gOQkQYEK
UX^`^�_X�}Sb\QKL��U�paKER¡��\QHJYV\�UXibK~icK[^JKNprUXWhS�Sb_�YE_aI(�ZkZSjH`WQd5Y[_aicibK[YNS�SbijU�paKE^�M¤SjHJILK��XKEibWQKE^JREumGC\QK
ibH`da\hScMP\|UXWQOL�|UXWQKE^±Rb\Q_7��R}UrW(K²�QUrI(�Q^`K�_X�·U Y[_aIL�s_aWQK[WhS Sj_ Sj\QK���U7pXK3H|KE^JO¢��\ZHJYV\¢H`R?I(H`RbRbKEO
HJW�Sj\QK¢RbHJWZda^JK²M�Rb_XkQibYEK(�QH`YESbkQibKru Q WªUrW�SbH�MPY�UXkQRbUX^?Rb_akZibY[K<UrS���Y�UrkQRbKER�UXW�H`WQY[_aILHJWZd���U�paK
Sj_7��UXibO ����\QH`YV\�H`RoSj\QKEW�RcY�UrScSjK[icK[O�UrS =�UXWQO�UXicibH`pXK[RÏUrS 
|u U±_Xi-=�WQK�Uri 
�Sj\QH`R�daH`pXK[RÏU
RbH`daW|UX^·Sb\|UrSoH`R�HQibRcS]_alQRcK[icpXK[O�UrS 
�UrWQO*Sj\ZK[W�^JUrSjKEi]UrS �xf HvuÚKru�^`_q_a��Rt^JH`�XK�UL��U7pXK�I(_7pgHJWZd
��ib_XI 
�Sb_ �xu ��K[iTSjkQicl|UrSbHJ_aWQR¡^J_gY�UrSbK[O�_aW�Y[kZicpaKER���H`Sb\�Y[_XWQRcSjUXWhS � = : 
��
: ���F: = �5f
H¤u KXuÛ\�eg�sK[icl�_a^JUXR[fqY[_aWhSbibHJlZkZSjK]Sb_¡Sj\ZKoRbY[UrSbSbK[ibKEOFH|K[^`O¢��H`Sb\¢Sj\ZKoRjUXILK]dXK[_aILKESbibHJY[UX^±OQK[^JU�e¢H`W
SjibU�paK[^±SjH`I(K�w ��_g_qOQUXibOxf F�yayh© {²u ��K[ibK�Sj\ZK]RbH`WQda^`KNM�Rc_akQicY[K��QHJYNSjkQicK�K²�gSjK[WZOQK[O<Sb_¡HJWZY[^JkZOQKtUXWUXWhSjH¿M�Y[UXkQRjUr^ Rb_XkQibYEK�UÄS �·fZ\�eg�sK[icl�_a^JU�Rb\|Ur��KEO���K[UrSjkQicK[R}��_akQ^`O�lsK�RbKEK[W�HJW<Sb\QK�SjijU�pXK[^�M¤SjH`I(K
�XKEibWQKE^JREu �t_XSjKrf�\Z_���KEpXK[iEf Sj\|UÄS]\heg��KEibls_a^�UrR�W|UÄSjkQibUX^J^�e5UX�Q�sK�UXitHJW5Sj\ZK¡OQH`RcSjicHJlQkqSjK[OgM�Rb_XkQibYEK
�XKEibWQKE^JR B � � �� wCUÛHJdQu z u F7z U5UXWQO z u F7z l±{²u�GC\QKL\heq�sK[icl�_X^�UXRo��H�Sj\ � = : 
��G: ��� : = � �	«
UXicK¡WQ_XS]RbKEK[W�UXR�Sb\QKEe�OQ_<WZ_XS�U \�K[YNSoSj\ZK¡�s_aRbH�SjH`pXKNM¤SjHJILK lQijUrWQYV\�_X�$Sj\ZK¡Y[ic_aRbRÍM�YE_aibicK[^�UÄSjHJ_XW
w�Sb\QK RbY[UrSbSbK[ibKEO���U�paK�UXibicH`paKERtUrS�
<Ur�ÈSbK[i}Sj\ZKÏkZWQ��KEicSbkQiblsK[O��}U�paK�UXicibH`pXK[RtUrS �±{Nu


