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ofQg\aQgPRZ{Q�ZF��u�WrS�NEWr`[Wrnj�vWrnj��mEWrnjQ:L<N<Q/��PRUbn<\�W�Z{PaerL<ST�rQ:`T��WYd<`[QgL�Q:`[yY��L<Q�Z�N<PaQ	�-yrof\aPRhid<|rQgPRZF��Wrn<S�X�eYs
\aWr`[PRS{WYZ[PaefL<S[Wrm<dE�YL<ofPaorQ:L��v�p�}st�-Q:STS[n<LjofQ:L�WrL�XEWY`TZ{PRQ:\R\.ef`[PRQ:L^Z{PRQ:`�Z{Q:L-�-QgUbm<`[WrL<XEWr`�Z{PR|rQ:\RL-��n<S[S[W�s
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µ
s�e¡ �eYsMkl`[�jhi|rQ:L�PaU¢�c�AJ[JDs��-WrL<o^WrLj|refU�X<\aQ£ ¤Wrm<¥gn<\aQgPRZ[Q:L.�6u�PaQ

d<PRQ:`¦N<Wr`[ofQg\aQgorZ{QpkcQ:S[hidj`[Q:PRm<n<L<o�STZ[Q:\R\RZ¦QgPaL<Q�]cQ:STQ:L^Z{\RPahid<Q�§6`T]cQ:P¨Z{Qg`[n<L<o�N<Qg`_q�PaL<Q:Wr`�sMuvPahid<`TefPaSTUbn<Sts
©ªd<Qgef`[PRQ!���<`/§6PRLj��Wrhid�st�AZ{`TQ:n<n<Ljo�WrL«XEWr`TZ[PaQg\a\�ef`TPaQgL}Z[PaQg`TZ{QgL¬�6`Tefm�QgL­Wrn��bN<QgL¯®�Wr\a\v�refL¯�}Z{`[Qgn�s
m�Q:`TQ:hid<L}n<L<orQ:L�m�Q:\aPRQ:m<PRo-djefd<Q:`w��`[N<L}n<Ljo°NEWr`g�C±²PRQ~WrL³©8QgPa\RU�eAN<Q:\R\aQgL!N<Q:Sb�/WrL<o^WYL<|refU�X<\RQ� �Q:S
ofQg¥:QgPaorZc]_Pa`[N���\aWrS[STQ:L&S[PRhid&N<n<`Thid	NjPaQ�kcQ:`[Qghid<L}n<L<o�N<Q:`¦´vWrn<X�ZiWrhid<STQ:L	N<Q:`l�vm<STef`[XjZ[PaefLjSTZ{QgL<S[er`[Q:L
WrnjS[ofQ�]¦�rdj\RZ{Q°�-Q:`T|}U~Wr\RQ-NjQ:`~��m<S[er`[XjZ[PaefL<ST|�WrL^Z{Q:LµPRL�klQg¥:PRQ:d}n<L<o=¥gn²�AZ[`[n<|^Z{nj`[Q:\RQ:U�Q:L^Z{QgLµS[Q�ZTs
¥gQ:L.��¶�n<`�u�Q:U�efL<STZ[`{WYZ[PaefL-N<Q:`��vL^]cQ:L<N<m<Wr`[|YQ:PRZ�N<Q:`�QgL^ZM]_Pahi|rQg\RZ[Q:L!©ªd<Qgef`[PRQ�]_Pa`TN/N<PRQb®E`{WYofQ�NjQ:`
��`[PRQ:L^Z{PRQ:`Tn<L<o,N<Qg`
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N<QgL<Q/d^·AX�erZ{d<Q�Z{PRS[hid<Q��	e�N<Qg\a\RQ	NjQ:S&�-WrL<o^WrLj|refU�X<\aQ£ �Q:S�]_Pa`[N�N<Q:`�±²PaL<|YQ:\_N<Qg`

µ
s�e¡ �eYsM§6m�QgL<Q:L

¥gn<`��-Q:Ubmj`{WrL<Ljef`[U�Wr\aQgL³m�Q:S�Z{PRU�UwZ:��±¸�rd<`TQ:L<N³N<Q:`¹U�PRZTZ{\aQg`[Qb±²PRL<|rQg\
βµO

m�Q:P6Q�ZM]¦W-º^» ◦ \aPaQgorZF�STPaL<N�NjPaQ/±²PRL<|rQg\vN<Qg`,Q:PRL<¥:Qg\aL<QgL
µ
sMeF �eYst§6m�Q:L<QgL²Wrm<dE�YL<ofPao³�fefLµN<Qg`��AZ[`[n<|^Z{nj`&N<Q:`,QgPaL<¥gQ:\RL<Q:L

�-eAN<Qg\a\aQY��±³Q:`�Z{QO¥g]_PRS[hid<QgL=¼f» ◦ njL<N¾½f» ◦ S[PRL<N~¿TQ:N<eAhid³STQ:d<`p]lWrd<`TS[hid<QgPaL<\RPahid.��u�PaQ��AZ[`[n<|^Z{nj`�NjQ:`±²PRL<|rQg\�Wrm<d<�rL<ofPRof|rQgPRZªn<LjN-N<Qg`z§ÀPRLjÁEn<STS_N<Q:`��-eAN<Q:\R\R]lWrd<\�]cQ:`TN<Q:L-Pa\R\an<S�Z{`[PRQ:`�Z¦n<L<N	m�Q:S[Xj`[eAhid<Q:L.�

Â�Ã:Ä Å¸ÆgÇ&ÈgÉªÆ£ÊCË�Ç&Ì
�Cef\�Wr`TPaS[WYZ{PRefL<S{WYm<dE�rL<orPaofQ/��X�Q:|^Z{`TefS[|YefX<PaQ¾WrL²ef`TPaQgL}Z[PaQg`TZ{QgL¸�À`Tefm�Q:L²]_n<`[N<Q�n<LjN¸]_PR`[Nµ�APaQ:\¨��Wrhid
���<`w`{�rn<U�\aPRhid<Q~�AZ{`Tn<|^Z{n<`[Wrnj��|}\��r`Tn<L<o!ofQgL}njZ{¥�ZF�6§6PaLjQ,��`[�<d<Q,Í�m�Q:`[STPahid^Z�¥:n��v�p�=WrLÎ§6PaLj|A`TPaS�ZiWr\Ïs
\RQ:LÎÐEL<N<Q�Z&S[PRhid�m�Q:PaSTX<PaQg\aS�]lQgPaS[Q	PaL¬ÑÒkc`[efn<NjQ:`:�ÔÓ¡ÕrÕf»YÖ×�ÀØ�Q:m�Q:L�N<Q:L�Njef`TZ~Wrnj��ofQ����<d<`�Z{Q:L�X<`[PRL<¥:PÏs
X<PRQ:\R\ªWrn<hid�NjQ:`�|A`TPaS�ZiWr\R\aefof`[WrX<d<PRS[hid<QgL��AZ{`Tn<|^Z{n<`[Wrnj��|}\��r`Tn<L<o³¥:n<o^�YL<of\aPRhid<Q:L��A·ASTZ[Q:U�Q:L�Q£ jPRSTZ[PaQ:`�Z
QgPaL<Q�x_Q:PadjQ��refL!��mA¿TQg|}Z[Q:L.�����<`zN<PaQ¹STPahid/L}n<`_�fQg|^Z{ef`TPaQ:\R\aQ�Ù�njL<PaN<PR`[Qg|}Z[PaefL<Wr\aQFÚ¦��`[PaQgL^Z{PaQg`[n<Ljo<�EN.�Ûd.�
��`[PRQ:L^Z{PRQ:`Tn<L<o�m�Q:¥:�jof\aPRhid0Ü�ÝßÞ�Ü�à?Wrn<S[orQ:¥:QgPahid<LjQgZ{QgL¯x_Pahid^Z{n<Ljo<�ªn<L<N¸NEWr`T�<m�Qg`�d<PaLEWYn<S�Qg�fQgL^Z{n<Qg\a\
Wrnjhid�L}n<`�XEWr`�Z{PRQ:\a\RQ~m<¥�]¹�ÀL<Pahid^ZTs�X�Qg`T��Qg|}Z[Q-�p`TN<L}n<L<o³d<Q:`TSTZ{Qg\a\RQ:LÎ\��rSTSTZ:�6Ø�Qgm�QgL�N<�<LjL<Q:L�®�Pa\RU�QgL
n<LjN³�Cef\R·AU�Q:`TQ:L�¥F�rdj\aQ:L!N<Wr¥:n!�fer`�WY\a\aQgUá�-Q:Ubmj`{WrL<Xj`[erZ[Q:PaLjQr�.NEW,m�Q:P6NjPaQ:STQ:L�N<PRQOVp`[PaS�ZiWr\R\aPRS{WYZ[P¨s
efL³S[Qgd<`�SThid<\aQghid^ZOe�NjQ:`�o^Wr`¹L<Pahid^Z�U�yrof\aPRhid¾PRSTZ:�8kcQ:¥:QgPahid<LjQ:L<N?���j`�\RQgZ{¥�Z{Qg`[Q:Sw�6`[efm<\RQ:U(PRSTZF��N<WrS[S
m<PRS[\aWrL<o�L}n<`��fefL­âr½¤�-Q:Ubmj`{WrL<Xj`[erZ[Q:PaLjQ:L­Vp`TPaSTZ{Wr\a\RSTZ[`[n<|^Z{nj`[Q:Lµm�Q:|�WrLjL}Z-S[PRL<N.�ªNEWF�refL¬L}n<`/ãfâ
L<PRhid^ZTs��rQ:`�]¦WrLjNjZ{QY�À§ÀSOÐELjN<Q:LÎS[PRhidÎNEWrd<Qg`OL<Q:m�Q:L¤N<Q:LÎPRU¢®Eef\RofQ:L<NjQ:LÎWrn<S����<d<`T\aPahidjQ:`bN<PRS[|}njZ[PaQ:`ts
Z[Q:L=��`[m�Q:PRZ[Q:L³¥:n<Uä�+��J[JpQgPaL<Q�å�PaQg\a¥:Wrd<\6�fefL?�vL^]lQgL<N<n<LjofQ:L¤Wrnj�zWYL<N<Q:`TQ~m<PRef\aerofPaSThid<Q	ÑçæpQ:ef`TofQ
Q�Z¹Wr\D�¨��Ó¡ÕrÕf¼jè�§6Nj]lWr`[NjSpQgZ�Wr\×�R��ÓFÕfÕfÕjè=élPaL<hge&QgZ�Wr\×�R�=ãr»f»rºrÖ�n<L<N�L<PRhid}Z�sMm<PRef\aerofPaSThid<Qb�}·�S�Z{QgU�Q
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Ñçæp`{WrN�·&n<L<N°éle�efX�Q:`g�³ÓFÕfÕrº<è/�/WrL<hgQFWrn-QgZ�Wr\×�R��Ó¡ÕfÕ��jè°�}Z{yfd<`_n<LjN°�jWYU~WrL^Z:�³Ó¡ÕrÕfÕYÖ+Ùß��or\D�EWrnjhid
xzQ���Q:`[QgL<¥:QgL°PaL�ÑÛkl`Tefn<N<Qg`:�?ÓFÕfÕf»YÖ�Ú��

�zU#Q:PRL<Q�U�Q:hid<WrL<PaS�Z{PRS[hid<Qz§6`[|}\��Y`[n<L<o�N<Qg`l®En<L<|^Z[PaefL�N<Qg`+±?WrS[STQ:`TS[XEWr\¨Z{n<LjowPaL�N<Qg`ceF �PaN<WYZ{P¨�fQ:L
�ÀdjerZ{efS�·AL}Z[d<Q:STQ�orQ:m�Q:L�¥:nO|YyfL<L<QgL.�^PaS�Z N<PRQªVpQ:L<L^Z{LjPaS N<Qg`6WYZ[efU~WY`[Q:LO�AZ{`Tn<|^Z{n<`6N<QgS6|�WYZiWr\¨·}Z{PaSThid<Q:L
¶�Q:L^Z{`Tn<U�SpNjQ:S��+��J[J�n<LEWrm�N<PaLjofmEWr`g�.klPRS[d<Qg`����<d<`TZ[Q�¿TQ:N<eAhid�|rQgPaL<Q�Q:PRL<¥:Qg\aL<Q��	QgZ{dje�N<QO¥gn³QgPaL<QgU
�fef\R\aSTZ{�rL<N<PRofQ:Lw§6`[ofQgm<L<PaS�n<L<NOS[epPRSTZ�Q:PaLO¶�n<S{WrU�U�Q:L<STX<PaQg\}�APRQ:\aQg`�X<d^·AS[PR|�Wr\aPRS[hid<Qg`:�rhidjQ:U�PaS[hidjQ:` n<LjN
m<PaeAhid<Q:U�PaSThid<Q:`���L^Z[Q:`[STn<hid}n<L<ofQgL�L<yrZ[Pao<��åÀer`�WY\a\aQgU�WrnjS�N<Qg`���LEWr\¨·�STQ��refL=§ �v��®6��u�WYZ[Q:L?PRSTZ
m�Qg|YWYL<L^ZF� NEWYS[SOPaU

S1
st¶�n<STZ{WrL<N�N<QgS�V�ef|fst¶�·�|}\Rn<Sb¥g]cQ:P

µ
sMeF �e/�fQg`[m<`T�<hi|^Z{Q/�-L�stu�PaU�Q:`[Q��fef`T\aPRQ�s

ofQ:L.�E��n<S_N<Q:L-|}`[PaS�ZiWr\R\aefor`{WrX<djPaS[hidjQ:L��AZ[n<N<PRQ:L	N<Q:`_\aQ�Z{¥�Z{Q:L��fWrdj`[Q¹PaS�Z_PaL<¥�]_PaS[hidjQ:L	N<PaQ���s���yf`TU�PRofQ
æ¹QgSTZiWY\RZ�N<Q:`v§À\RQ:|^Z{`TefL<QgL<N<Pahid^Z[QbN<Q:S�æ¹QgS{WrU�Z{|rerU�X<\RQ� �Q:S�m�Qg|�WrL<L^Z�Ùß��or\D��V¹WrX.��ã�¥gn<`�uvPRS[|}n<STS[PaerL
N<Q:`�|}`[PRSTZiWY\a\aerof`{WrXjd<PaSThid<Q:L?§À`TofQ:mjL<PaSTS[Q¡Ú£�ÀV�efU�X<\RQ:U�Q:L^Zi�r`�NEWr¥gn¤Q£ �PaSTZ[PaQg`TZ�Q:PRL<Q&x_Q:PRd<Q,�fQg`[S[hidjPaQ�s
N<Q:L<Qg`lX�ef\�WY`[PaS[WYZ{PRefL<S[Wrm<dE�rLjofPaofQg`C�v�p�}st�-Q:STS[n<LjofQ:L&WYL�ef`TPaQgL}Z[PaQg`TZ{QgL~�+��JTJDs��-QgUbm<`[WrLj��`{WYofU�QgL^Z{Q:L
ÑçæpQ:ef`TofQvQ�Z_Wr\×�R��Ó¡Õ��rÕjè��-n<|rQg`�¿TP.Q�ZªWr\×�R�	Ó¡ÕfÕYº<è�u�Wrn&QgZ¦Wr\D�¨��Ó¡ÕfÕ^âAè,��hidjPa\a\RQ:`ÀQgZªWr\D�¨��Ó¡ÕfÕ��jè�u�Wrn
QgZwWr\D�¨��ãY»f»jÓfè�élPaL<hge-Q�Z�Wr\D�¨��ãY»f»rºrÖ×��uvPRQ�§ �v��®6�}sM§6`[ofQgm<L<PaSTS[Q�\aPRQg��Q:`TL�d<PaQg`��fef`�Wr\a\RQ:U �vn<STS{W�s
ofQ:L��<m�Qg`�N<PaQ	��`[PRQ:L^Z{PRQ:`Tn<L<o�N<Q:`��-LAs��-L¤åÀQ:|^Z{ef`TQ:L�N<Q:`�¥g]cQ:P

Mn − µ2O − Mn
�AZ{`Tn<|^Z{n<`TQ:L.�

uvPaQgS[Q/\aWrS[STQ:L�STPahid�N<n<`[hid²®8PRZ{S�WrL�Q:PRL<Q:U �jW�Z{¥/X�ef\aWr`[PRS{WYZ[PaefL<S[Wrm<dE�YL<ofPaorQ:`buvWYZ{QgL�m�QgSTZ[PaU�U�QgL.�
uvPaQ!§6`TofQ:m<LjPaS[STQ°S[PRL<NµNEWrm�Q:P�æ¹QgofQ:LjSTZiWYL<N��fefL�åÀQg`{�rLjN<Q:`Tn<L<o�m<¥�]¹�ª§6L}ZM]_PRhi|}\an<L<oj�lNEW=PRL�N<QgL
��`[�<d<QgL!�v`Tm�QgPRZ{QgL°N<PRQ�Z{djQ:ef`TQgZ{PRS[hid<Q�kcQ:S[hidj`[Q:PRm<n<L<o&NjQ:`�XEWY`TZ{PRQ:\R\aQ:L/��`[N<L}n<Ljo&L<Pahid^Z��ref\a\C|ref`T`[Qg|}Z
m�Qg`[�<hi|}S[PRhid^Z{PaoYZ�]¦WY`�n<L<N�Wrnjhid¾�AZ{`[Wrd<\aQgL<S[hid<�rN<Paorn<L<o,STe ]_PRQb®Eefn<`TPaQg`TÐE\¨Z{Q:`Tn<L<o�Q:`[S�ZpPaU \aWrnj��Q�N<Q:`
¶�Q:PRZ�Wr\RSz�À`Tefm<\RQ:U�Q�Qg`[|�WrL<L^Zz]_n<`[NjQ:L�ÑÛu�Wrn-QgZvWr\D�¨�!ãr»r»rºfhgÖ×��uvPaQp]cQ:STQ:L^Z{\RPahid<QgL�u�WYZ{QgL/N<Qg`z±²PRL�s
|rQ:\À¥�]_PaS[hidjQ:LÎ�-QgUbm<`[WrL<L<ef`TU~WY\aQ:L�n<LjN=�-LAs��-L�sMxz�jhi|AS�Z{`TQ:n<Qg`T�fQg|^Z{ef`TQ:LÎm�QgP+ã������ qI�rL<orQ�STPaL<N
αMn = ](~M,~vMn−Mn

Ú,S[PRL<N��pÓf�çÚ³Ù�½^ã ◦ ��» ◦ Ú!ÑÒ�6`[PRL<h:Q¾QgZ/Wr\×�R� Ó¡ÕfÕf»�ÖD�zã��çÚ�Ù×½f» ◦ �_½f» ◦ Ú!ÑÒ�-n<|YQ:`�¿TPQgZ�Wr\×�R� Ó¡ÕrÕrºrÖ×�8¼�� Ú�ÙDâ�� ◦ �ç½�� ◦ Ú�ÑÛu�Wrn=Q�ZOWr\×�R� Ó¡ÕrÕ^â�Ö×�8º<�çÚ�Ù��r½ ◦ ��Õf» ◦ Ú�ÑÒ��hid<PR\a\aQg`�Q�ZOWr\×�R� Ó¡ÕrÕ��YÖ×��âA� ÚÙ×½f» ◦ �çÕf» ◦ ÚpÑÒuvP¨Z[Z[U�Qg`:��Ó¡ÕfÕfÕ�Ö�n<L<N-½j�çÚpÙ×½f» ◦ �EÕf» ◦ ÚpÑÛu�Wrn	n<L<N-´vWrnjU~WrLjL.�°ãY»f»f¼YÖ×�uvPRQ¦klQgSTZ[PaU�Ubn<L<ozN<Q:S8±²PaL<|YQ:\aS
αMn

PaL�Óf� Ú.s�¼�� Ú�]_n<`[N<Qln<L^Z{Q:`8åÀQ:`T]cQ:LjN<n<L<opQgPaL<Qg`�PaL~ÑçæpQ:er`[ofQ
QgZ/Wr\D�¨�äÓFÕ��fÕYÖpm�Q:SThid<`[PRQ:m�Q:L<QgL¯klQg¥:PaQgd}n<L<o��ref`[orQ:L<efU�U�Q:L.�ªPRL¸NjQ:`[QgL­´zQ:`[\RQ:P¨Z{n<L<oÎSTQ:d<`	of`[erm�Q
Øv�rd<Qg`[n<LjofQ:Lbmj¥g]¹��n<L<¥:nj\��rSTS[PaorQ+åÀQg`[Q:PRLj��Wrhid}n<L<orQ:Lw�ref`[ofQgL<efU�U�QgL�]cef`TN<Q:Lw]lWr`TQ:L�Ùß��or\D�}ÑÛuvPRZTZ{U�Q:`
n<L<N-u�Wrn.�¾Ó¡ÕfÕ���ÖßÚ£�<JML¾Ñç��hidjPa\a\RQ:`¦Q�ZzWr\D�¨��Ó¡ÕfÕ���Ö�]_n<`TN<Q�orQ:¥:QgPaorZ:�jNEWYS[SzNEWrN<n<`Thid-¥gn-|}\RQ:PaLjQv±²PaL<|YQ:\
αMn

m�Q:`TQ:hid<LjQgZ6]_n<`TN<Q:L.�YJMLON<PaQgS[Qg` �v`Tm�QgPRZC]_n<`[N<QlQ:PaLjQ¦|ref`T`[PRofPaQg`TZ{QcklQgS[hid<`TQ:Pamjn<L<opN<Qg` XEWr`�Z{PaQg\a\RQ:L
�p`TN<L}n<L<o��rQ:`T]cQ:LjN<QgZ:�}Wr\a\RQ:`[NjPaL<ofS�Qg`T��ef\RorZ{Q+PaL�º<�çÚCN<PRQc��LEWr\R·ASTQ¦N<Q:`C±²PaL<|YQ:\aWrm<dE�rLjofPaof|YQ:P¨Z{Q:L�N<n<`Thid
�vL<XEWYS[S[njL<o~N<Qg`_®Eefn<`[PRQ:`tsMPaSTef\aPRQ:`�Z{Q:L,��X�Q:|^Z{`TQ:L.��uvPRQ��-QgZ[d<eAN<Q¹N<Q:`_®Eefn<`TPaQg`�st®8Pa\RZ[Q:`Tn<L<owPRSTZ8¿TQgN<eAhid
WrLj���r\R\aPao-ofQ:orQ:LÎST·ASTZ[Q:U�WYZ{PRS[hid<Q�kcQ:PRZ[`{�rorQ,m�QgLEWrhid}mEWr`�Z{Qg`~�AhidEWr\aQgL.��]cQ:STdEWr\am¤N<PRQ,PaL¤â��çÚ�n<LjN�½�� Ú
WrL<ofQgofQ:m�Q:L<QgL/±³Q:`TZ[Q¹N<n<`[hid-�vL<X<WrS[STn<L<o,N<Qg`_ofQ:S[WrUwZ{QgL!��X�Q:|^Z[`[Q:L-N<n<`Thid/ofQgQ:PaorL<QgZ[Qw®�P¨ZiWrLjS{�YZ[¥:Q
Q:`T��er\aorZ[Qr�IuvPRQ�Njef`TZwWrL<ofQgofQ:m�Q:LjQ:L³±³Q:`�Z{Q����<`�N<PaQ

αMn
s�±²PRL<|rQg\6]lQg`[N<QgL�Wr\aS�æp`[n<LjN<\�WrorQb���<`¹N<PaQ

d<PaQg`ªNEWr`[orQ:STZ[Q:\R\RZ{QgL	klQ:`TQ:hid<L}n<L<orQ:L°N<PRQ:L<QgL.�
��\aS ]cQ:PRZ[Q:`TQäSTX�Qg|}Z[`[efST|refXjPaS[hidjQ �-QgZ[d<eAN<Qr�²N<PRQ(Q:`T��er\aof`TQ:Pahid WrL XEWr`�Z{PRQ:\a\¬ef`[PRQ:L^Z{PRQ:`TZ[Q:L

�c�AJ[JDstWYL<ofQ:`TQ:PRhid<Q:`�Z{Q:L(©ªd^·A\�WY|refPRN�s��-QgUbm<`[WrLj��`{WYofU�QgL^Z{Q:LáWrL<orQg]lWrL<NjZ«]_n<`[N<QY�/PRSTZ¸N<PaQ�§À�Àxªs
��X�Qg|^Z{`[erS[|rerX<PaQ�¥gn,L<QgL<L<Q:L��j§6`[S�Z{Qp§À�Àx¦s��-QgS[S[njL<ofQ:L�WYL��fQg|^Z{ef`TPaQ:\R\�er`[PaQgL^Z{PaQg`TZ[Q:L��c�AJ[JDst�8Wr`TZ[Pa|YQ:\aL
��WrL<N<QgL¾m�Q:`TQ:P¨Z{S�N<QgnjZ{\RPahid/�ref`�N<QgL�Q:`T]l�rd<L^Z[Q:L����p�^s��AZ[n<N<PaQgL!STZ{WYZ[Zvn<L<N�|refLjL}Z[Q:L�m�Q:PaSTX<PaQg\aS�]lQgP¨s
S[Q¾QgZiWYm<\aPRQ:`TZ[Q:L.�cNEWrSTS-N<Qg`�X<`[PRU~�r`TQ!uvefLjef`&PaU �c�AJ[J~m�Q:¥g�<of\RPahid²N<Q:`-�-QgUbm<`[WrL«er`[PaQgL^Z{PaQg`TZ&PRSTZ
ÑÒ®E`{WYL<|�QgZlWr\D�¨�&Ó¡Õ �rÕ�ÖD�}ØzQ:n<Qg`[Q���`[m�Q:PRZ[Q:L�]_PaN<U�Q:L�S[Pahid~S[X�Q:¥:PRQ:\R\aQ:L�®E`{WrorQ:L~NjQ:`ª��`TPaQ:L^Z[PaQ:`Tn<L<o�N<Q:S
�/WrL<o^WYL�s�él\Rn<STZ[Q:`[Sg����e�m�QgSTZ{PRU�U�Z{Q:L¾Ñ �vd<`T\aPRL<o�QgZ�Wr\D�¨��Ó¡ÕfÕ���Ö�N<Q:L	±²PaL<|YQ:\�¥�]_PaS[hidjQ:L°QgPaL<QgUÔ�-L�s
�-L�s�åÀQg|^Z{ef`bQgPaL<QgS

MnIII,IV stuvPRU�Qg`[S�n<L<N=N<Qg`��-QgUbm<`{WYL<L<ef`TU~Wr\RQ:L?Wrnj� 65◦ ± 3◦
��§6PaLjQ,WrL<NjQ:`[Q

�v`[m�Q:P¨Z�ÑÒqIWr|}S[djU�PIQgZvWr\×�R�=ÓFÕfÕfÕYÖ�m�Q:S�Z{PRU�UwZ�WrnjSvu�W�Z{Q:L���NjPaQ�WrL/X<Wr`TZ[PaQ:\R\��fQg|^Z{ef`TPaQ:\R\Ief`[PRQ:L^Z{PRQ:`TZ[Q:L
�À`Tefm�Q:L�ofQg]cefL<LjQ:L<QgL�]_n<`TN<Q:L��^n<L^Z{Q:`À§6PRLAm�Q:¥gPaQgdAnjL<o¹N<Q:`À§6`[orQ:m<L<PRS[STQ¦�fefL	ÑÒ��hid<Pa\R\aQg`�QgZ6Wr\D�¨�bÓ¡ÕfÕ��YÖ
N<Q:L!±²PaLj|rQ:\8¥g]_PRS[hid<QgL¾NjQ:`våÀQg`[m<PRL<N<n<L<orS[\aPRL<PaQ¹�ferU

YZ•

¥:n<U �/WrL<ofWrL�s�él\Rn<STZ[Q:`�QgPaL<Qg`[STQ:PRZ[Svn<LjN
N<Q:`-�-QgUbm<`{WYL<L<ef`TU~Wr\RQ:L²WrLjN<Q:`TQ:`[STQ:P¨Z{S	Wrnj�!�fâ ◦ " uvPRQ:S[Qg`&±?Qg`TZ�PaS�Z�U�P¨Z,N<QgL¬§6`TofQ:m<LjPaS[STQ:L«N<Q:`V¹`TPaS�ZiWr\R\aSTZ[`[n<|^Z[n<`_Wrn<S�ÑÒ®EQg`[`[QgPa`[W�Q�Z�Wr\D�¨�!ãr»r»rºrÖ�PRL/Ízm�Qg`[Q:PRL<STZ[PaU�Ubn<L<o " ÑÛ´vWYS[Q:ofW¡]lW~Q�ZvWY\D�¨�?Ó¡ÕfÕ��YÖm�QgSTZ{PRU�U�Q:L¤WrnjS���PaUbnj\�WYZ[PaefL<QgL=N<QgS

S2
s$#F�-nj\RZ{PR\aPRL<Q #£st��PaorLEWr\aSvN<Q:LÎ±²PaL<|YQ:\ª¥�]_PaS[hidjQ:L�NjQ:U

dz2
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��`[mjPRZiWY\.Q:PRL<Q:Sv�-LIÙ�J[J[J�ÚªJMefL<S�n<L<N-N<Q:`v�-Q:Uwm<`{WrLjL<ef`[U�Wr\RQ:L	Wrnj�
50.1◦ ± 1.8◦

��´zPaQ:`[Wrn<Szn<L<N/Wrn<S
N<QgL!�vL<ofWrm�QgL°�fefLÎÑÒ�-n<|YQ:`ß¿TP6QgZ¹Wr\×�R�¤Ó¡ÕfÕYºrÖ8��er\aofQg`[L°STPaQwQgPaL<QgL°±²PaL<|YQ:\��refL

43 − 56◦
¥g]_PaSThid<Q:L

N<QgU ��s���s�åÀQg|^Z{ef`OQgPaL<QgS�WYL<ofQ:LjefU�U�Q:LjQ:L��-LIÙ�J[J[J�Ú�s
µO
s��-LIÙ�J�å¹ÚOuvPRU�Qg`[SOn<L<N¤N<Qg`~�	Q:Ubm<`[WrL�s
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L<ef`[U�Wr\RQ:L.��uvPRQ:S[QgS�§6`[orQ:m<L<PRS�]_PR`[N°WYUá§6L<NjQwN<PRQ:S[QgSpV¹WrX<P¨Z{Q:\RS_Q:PaLjofQ:d<QgL<N<Qg`vN<PRS[|}njZ{PRQ:`�Z�]cQ:`TN<Q:L.�
JML&Q:PaLjQ:`c]cQ:P¨Z{Qg`[Q:L&��`[m�Q:P¨Zl]_Pa`TN,N<PRQ:S[Qg`c±²PRL<|rQg\�Q:m�Q:L���Wr\a\RScm�Q:S�Z{PaU�UwZvÑÒ´�WrL<\RQg·�QgZ_WY\D�¨�~ãY»f»f»YÖ��AklQ:P
�-Q:STS[n<L<orQ:L³WrL!Ø���s�`[Q:Njn<¥:PRQ:`TZ[Q:L!XEWY`TZ{PRQ:\R\Cer`[PaQgL^Z{PaQg`TZ[Q:L°�6`Tefm�QgL!ofQ:djQ:L!N<PRQw�vn�Z{ef`TQ:L!NEWrm�Q:PI�ferL
Q:PaLjQ:U ¶�n<S�ZiWrL<N�N<Q:Sl�/WrLjo^WrL<|YefU�Xj\aQ� �QgSlWrnjS:�}PaL�N<QgU�Q:PaL~�-LIÙ�J[J�Ú�s��-LIÙ�J[JTJ�Ú+uvPRU�Qg` �fef`T\aPRQ:orZÀn<LjN
��ef\aofQg`[L�Wrnj��N<PaQgS[Q:`læp`[n<L<Nj\�WrofQ_n<LjN~N<QgL,§6`[ofQgm<L<PRS[S[QgL~�ferL°ÑÒ��hid<Pa\R\aQg`+Q�Z¦WY\D�¨�~Ó¡ÕfÕ��YÖ�Q:PRL<Q:L�±²PaL<|YQ:\
�fefL³hFWj�

20◦
¥g]_PRS[hid<QgLÎ�-QgUbm<`{WYL<Q:m�Q:L<Q�n<L<N

µ
sMeF �eYst§6m�Q:L<QY�.]¦WYS�PRU�æ¹QgofQ:LjS{WYZ[¥�¥gn<`�¥gnj�fer`�¥gP¨s

Z{PaQg`TZ[Q:L/��`[m�Q:P¨Z�S�Z{Qgd}Z:�.u�W�N<PaQgS[QgS�§6`[ofQgm<L<PRSz���<`zQ:PRL<Q:L/Wr`TZ[PRÐE¥gPaQg\a\.Qg`[¥:Qgn<orZ[Q:L�¶�n<S�ZiWrLjN/m�Q:STZ[PaU�UwZ
]_n<`[N<QY�<N<QgS[S[QgL°�}Z{`[nj|}Z[n<`ªN<QgU LEW�Z{PR�rQ:L

S1
eAN<Q:`

S2
L<Pahid^Zª¥�]¦WrLjofS[\a�rnjÐEoOof\RQ:PRhid,S[QgPaL&Ubn<STS:�A]_Pa`[N

�fefL-Q:PaLjQ:`ªQ:PRL<ofQgd<Q:L<NjQ:`[QgL°uvPRS[|}n<STS[PaerL-PRU ®Eef\aorQ:L<N<QgL	Wrm<ofQgS[Q:djQ:L.�
±²PRQ�WYn<SlN<QgL,\aQ�Z{¥�Z{Q:L��vm<SThid<L<P¨Z[Z{QgL,Q:`TS[PRhid}Z[\aPRhid.�}Q:`[\aWrn<mjZcN<PRQ�§ �v��®6�}s��vLEWY\R·AS[Q�¥g]lWr`cNjPaQ�klQ�s

STZ{PRU�Uwn<L<opN<Qg`+�-L�s��	L�s�±²PRL<|rQg\D�fN<PRQ_klQ:S�Z{PRU�UbnjL<opN<Q:` ±²PRL<|rQg\EN<Q:`
µ
sMeF �eYst§6m�Q:L<QgL�Qg`T]cQ:PaS�Z+S[Pahid

¿TQ:N<eAhid�Wr\RSpS[hid^]_PaQg`[Paoj��¶�]lWr`�PaS�Z�PRU�x_yfL^Z{ofQgLEWrm<STef`[X�Z{PaerL<S[STX�Qg|}Z[`[n<U�n<LjN?S[X�Q:¥gPaQg\a\+Wrn<hid³PaL¾N<Q:`
®�ern<`[PRQ:`TZ[`{WrLjST��ef`TU�PRQ:`TZ[Q:L�Q:PRL<Q¦N<QgnjZ{\RPahid<Ql�8ef\aWr`[PRS{WYZ[PaefL<S[Wrm<dE�YL<ofPaor|rQ:P¨ZIN<Q:`�Q:`[S�Z{QgL�Vze�er`[N<PRLEWYZ{PRefL<Sts
S[hidEWr\RQ¦¥:nOm�Q:ermEWrhid^Z{QgL	Ù�S[PRQ:d<Ql¥r�Òkv�jÑÒ��hid<PR\a\RQ:`CQgZ6WY\D�¨��ÓFÕfÕ��YÖ�Ú���N<PaQl¶�n<ef`TN<L}n<L<op¥gn��AZ{`Tn<|^Z{n<`TQ:\RQ:U�Q:L�s
Z{Q:L�N<QgSz�/WrL<ofWrL<|rerU�X<\RQ� �Q:S�Ù�|}n<`[¥gQ:L

µ
s���stu�PaSTZ{WrL<¥gQ:L&eAN<Q:`l�rQ:`T\��rL<orQ:`TZ[Q:L �fWrdjL�sM©CQ:\R\aQ:`tsM�ªhid<STQ:L�Ú

PaSTZ�Wrm�Q:`_L}n<`z�<m�Q:`zS[X�Q:¥:PRQ:\R\aQ¹®�P¨ZTsM��L<S{��Z{¥:Q¹LE�Yd<Q:`Tn<L<ofS�]lQgPaS[Q�U�yrof\aPRhid.�jJML?Ñç��hidjPa\a\RQ:`ªQ�ZvWY\D�¨�?Ó¡ÕfÕ��YÖ
]_n<`[N<Q�U�P¨Z6Q:PRL<Q:U���L<S{W�Z{¥zofQFWr`Tm�QgPRZ[QgZF�rN<Q:`+Q:PRL<Q_�vnj��STXEWr\RZ[n<L<o�N<Q:`+Q:`TSTZ[Q:L,Vze�er`[N<PRLEWYZ{PRefL<STS[X<dE�Y`[Q
PaL&|}n<`[¥gQ

µ
sMeF �eYsMuvPaS�ZiWrL<¥gQ:L,m�Q:P8Óf� �!�­n<L<N&\a�rL<ofQg`[Q�u�PaSTZ{WrL<¥gQ:L�m�QgPaL<d<Wr\RZ[QgZF����L^Z[Q:`låÀQg`T]cQ:L<N<njL<o

�fefL³®Eefn<`[PRQ:`tsMPaSTef\aPRQ:`�Z{Q:L/��X�Q:|^Z{`TQ:L¾]_n<`[N<Q�N<er`TZpN<Qg`¹U�P¨Z[Z{\RQ:`TQ�±²PaLj|rQ:\�¥g]_PaSThid<Q:L³N<Q:`��	Q:Ubm<`[WrL�s
L<ef`[U�Wr\RQ:L�n<L<N¾N<Q:U¢Óf��� s �zsMxz�jhi|AS�Z{`TQ:n<Qg`�s�åÀQg|^Z{ef`�¥:n³½f¼ ◦ m<PaS �Y» ◦ m�Q:S�Z{PRU�UwZ:����U(§6L<N<Q�N<PaQgS[Q:S
V�WYX<PRZ[Q:\aS ]cQ:`TN<Q:L~N<PaQgS[Q�qCu_st§ ���v®6�}stx_Q:STn<\RZ{WYZ{Q_U�PRZ6NjQ:L~��n<S[S[WrofQgL,N<Q:`6�v��Øv§+�}st��PaUwn<\�WYZ[PaefLjQ:L
�fQ:`Tof\aPRhid<Q:L��

�-QgS[STn<L<ofQgL,�<m�Q:`6Q:PRL<Q:L�\��YL<ofQ:`TQ:L�|fstklQg`[QgPahid.�^N<PRQ8¿TQ:N<eAhid�U�P¨Z6m�Q�Z{`[�rhid^Z{\aPRhid<Q:L�Q� �X�Q:`TPaU�Q:L^Z{Qg\¨s
\aQ:L,��hid^]_PaQg`[Paor|rQ:P¨Z{QgL~�fQg`[m<n<LjN<Q:L�S[PRL<N.�}|ryrL<L^Z{Q:L&djPaQ:`À]cQ:PRZ[Q:`À���<d<`TQ:L.�ANEW�NjPaQ_]¦WrhidjS[Q:LjN<Qp�vL<¥:Wrd<\
��`[Q:PRQ:`I�8Wr`{WrU�QgZ[Q:`IPaU¬§ ����® �}st®�P¨Z�Q:L^Z[S[X<`TQ:hid<QgL<N

N = 2/π∆k∆R + 1
Q:PRL<Q6��Q:PRL<Q:`TQ6�vnj��STXEWr\RZ[n<L<o

N<Q:`¦Qg`[S�Z{Q:L�Vze�er`[N<PRLEWYZ{PRefL<STS[hidEWr\RQ�Qg`[\aWrn<m�Q:L~]_�<`TN<Qr�j§6PaL<QgL�®�er`TZ{SThid<`[P¨Z[Zc|�WrL<L,d<PRQ:`cN<PaQ	�An<WrL^Z{PRZ{W�s
Z{PR�rQ���LEWr\¨·�STQvN<Qg`l�Cef\�WY`[PaS[WYZ{PRefL<S[Wrm<dE�rLjofPaof|YQ:P¨Z6N<Q:`cx_yfL^Z{ofQgLEWrm<STef`[XjZ[PaefLjS[|�WrL^Z{QgL,N<n<`Thid�

���MÝßÞEÝ��×Ý��
��PaUbnj\�WYZ[PaefL<QgL�m<`[PRL<ofQ:L��CN<W-N<PRQ�V¹WrL^Z[Q:L<S�Z{`[nj|}Z[n<`w�ref`wWY\a\aQgU�N<n<`Thid=N<PRQ,æpQ:efU�QgZ[`[PRQON<Q:`�Q:`[S�Z{QgL
V�eAef`[N<PRLEWYZ[PaefL<STS[X<d<�r`[QpWYU �vmjS[ef`Tm�Qg`ªm�QgSTZ{PRU�U�Zl]_Pa`TN.�jJML�Qg`[STZ[Q:L/��PaUwn<\�WYZ[PaefLjQ:L~|YefL<L^Z{Q¹ofQg¥:QgPaorZ
]lQg`[N<QgL.��NEWYS[SwNjPaQ�L<Q:n<QgSTZ[Q,® §À® ®CsDåÀQ:`TS[PaerL³PRL³N<Qg`�©8WYZ�PaL¾N<Q:`wqIWrofQ�PaSTZ:��N<PaQ��8er\�Wr`TPaS{W�Z{PaerL<S{WrmAs
dE�rL<ofPRof|rQgPRZO�refL����p�^stV¹WrL^Z{QgL��}nEWrL^Z[PRZiW�Z{PR�³¥:n¤`[QgX<`[eAN<n<¥gPaQg`[Q:L«ÑÛu�Wrn¤QgZ�Wr\×�R��ãr»r»f¼jè�q�PaQ:mjPaS[hid
QgZpWY\D�¨�!ãr»f»YºrÖD�EnjL<N°NEWrSTSvN<PRQ�V�WYL}Z[Q:L-S[Q:dj`vS[QgL<S[P¨Z{P¨��d<PaL<STPahid^Z{\RPahid	N<Q:`v��`[PRQ:L^Z{PRQ:`[njL<o�NjQ:`v|}n<`T¥:QgL
µ
sMeF �eYstu�PaSTZ{WrL<¥gQ:L&S[PRL<N.�juvn<`[hid-klQg`[�<hi|}S[PRhid^Z{Paorn<L<o�N<Q:`lXEWr`TZ[PaQg\a\aQgL&��`[NjLAnjL<oON<Q:`z�	Q:Ubm<`[WrLj��`[WroYs
U�QgL}Z[Q�PaLÎQ:PRL<Q:Uäd<PaQg`OQ:L^ZM]_Pahi|YQ:\RZ[Q:L��vL<S[WYZ{¥�S[e¡]_PRQ	Njn<`[hid¤�vL<X<WrS[STn<L<o¾N<Q:S~�p§cé+st�-eAN<Q:\R\aSOWrL
N<PaQ/§6�v��®6�^stu�WYZ[Q:Lµ\aWrS[STQ:LµS[PRhidµWrn<hid��}nEWYL}Z[PRZ{WYZ{P¨�fQ/��n<S[S[WrofQgL«WYm<\aQgPRZ{QgL.�+klQ:PRN<Q:S~S[ef\R\�PRL�N<QgL
��ef\aofQgL<N<QgL-��m<S[hid<LjPRZ[Z[Q:L	m�QgS[X<`Te�hidjQ:L-]cQ:`TN<Q:L��

Â~Ã�� ���&É�����Æ�É �&É � !#"wÇOÊIÌ�É_Ç%$�&(')���+*�ÊIÆ,��Ç ÆgÇ *-$.�CÊIÆgÉªÈ�È
/ É�0�Ê)����Æ�ÉªÈgÈ1����Æ�É_Ç�ÊIÆ�É �CÊIÉ_Ç 23�+�4&!É_Ç

uvPaQ&±?Wrd<`[SThid<Q:PRL<\aPRhid<|rQgPRZ����<`ON<PRQ&�vm<STef`[X�Z{PaerL�QgPaL<QgS�x_yfL^Z{orQ:L<X<djerZ{efLjS�Njn<`[hid�Q:PaLÎ�¦Z[efU eAN<Q:`
�-ef\aQg|}�<\p|�WrL<L¸LEWrhid«®�Qg`[U�PaS #:æ¹ef\RN<Q:LjQ:`&x_Q:ofQg\ #/���<`&N<PRQ�Í�m�Q:`To^WrL<ofS�]¦WYd<`[SThid<Q:PRL<\aPRhid<|rQgPRZ	X<`[e
¶�Q:PRZ[Q:PRL<d<Q:P¨Z

Pif

�fefU���n<S[ofWrL<ofST¥:n<S�ZiWrL<N |i〉 PaL�N<QgL~§6L<N<¥gn<STZ{WrL<N |f〉 �^djQ:`T�ref`[orQ:`[n���Q:L,N<nj`[hid~QgPaL<Q¥:Q:P¨ZiWrmjdE�rL<ofPRofQ��AZ[yf`[n<Ljo
V (t) = V e−iωt �jm�Qg`[Q:hidjL<QgZz]lQg`[N<QgL

Pif =
2π

~

∣∣〈f
∣∣V
∣∣ i
〉∣∣2 ρf (E) ,
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]cefm�Q:P
ρf(E)

N<PaQ?uvPahid^Z[Q=N<Q:`!¶�n<STZ{�rL<N<Q=PRU §6L<N<¥:njSTZiWYL<N N<Q:S��}·�S�Z{QgU�S°PRSTZ:���AZ[yf`[njL<ofS[`TQ:hid�s
L}n<L<o�PaL�uvPaX�ef\RLE�rd<Qg`[n<L<o¹���<`ÀQ:PRL<QzQ:m�Q:L<QY��\RPaL<Q:Wr`6X�er\�Wr`TPaS[PRQ:`�Z{QªQ:\RQ:|^Z{`TefU�WrofL<Q�Z{PaSThid<Qª±?Qg\a\RQr�^N<Qg`[Q:L
�Cef\�Wr`TPaS[WYZ{PRefL<S[`TPahid^Z{njL<o?PRL²xzPRhid}Z[n<L<oÎN<QgS�§ÀPRL<d<QgPRZ{S��fQg|}Z[ef`[S

~ε
]cQ:PRSTZ&���<d<`�Z	Wrnj��N<QgL¸��n<S[Nj`[n<hi|

ÑÒ�AZ{yrd<`:�¾Ó¡ÕfÕ^ã Ö��
µ(~ε) ∼ |〈f |~ε · ~r| i〉|2 Ù �j�çãfÚ

��n<ST���<dj`[Q:L	N<QgS�kcQgZ{`[WrofS �An<WrN<`{W�Z{Q:S_n<LjN	QgL^Z{S[Xj`[Q:hidjQ:L<N<QbklQ:L<QgL<L}n<L<o�N<Q:`zVzefU�X�efL<QgL^Z{Q:L�Qg`[ofPRmjZ
d<PRQ:`[Wrn<S �

µ(~ε) = ε2xµxx + ε2yµyy + ε2zµzz

+2 εxεyµxy + 2 εyεzµyz + 2 εzεxµzx .

Ù �j�Ò¼^Ú
uvPRQ:STQ,æp\aQgPahid}n<L<o-m�QgS[hid<`TQ:Pam�ZbQ:PRL<Q:L³ST·AU�U�Q�Z{`[PRS[hid<QgL?©CQ:L<STef`w¥�]lQgPRZ[Q:`O�}Z{nj��Q-ÑÒkc`[efn<NjQ:`:� Ó¡ÕrÕf»YÖ×�
N<Qg`cSTPahid~Wr\aSc§6\a\aPRX<S[erPaNb�APaSTnEWr\aPRS[PRQ:`[QgL�\��rSTSTZF�^]cQ:STdEWr\am~PaU�®Eef\RofQ:L<NjQ:L��fefL��.��� ��à�� ��Ý���Þ��¡Ü�	
	 Ý���� ��Ý�
AÜ�Þ
ofQgS[X<`Te�hidjQ:L�]_PR`[N.� ±²PRQ	Wrn<S~æ¹\RQ:Pahid}n<Ljo ���ç¼�Q:`TS[Pahid^Z[\aPahid�� ]_Pa`[N¤Q:PRL�STef\ahidjQ:S�§À\R\aPRX<S[efPRN=N<n<`Thid�½
n<L<Wrm<dE�rLjofPaofQz�8Wr`{WrU�QgZ[Q:`Àm�Q:S[hidj`[PaQgm�QgL�Ù×½

µij

mj¥g]¹��¼¹±²PRL<|rQg\�n<LjN~N<PRQ�qI�rLjofQ:L�N<Q:`+N<`[QgP�´�Wrn<XjZ�s
WrhidjS[Q:LEÚ��Eu�WYSz��PaUbnj\�WYZ[PaefL<STX<`[erof`{WrU�U#®�§+®�®=m<PaQ�Z{QgZlL}n<L�¥g]lWr`ªN<PaQp�-yfof\RPahid<|YQ:PRZ:�<�APaUbn<\aWYZ{PRefL<QgL
���<`ª\RPaL<Q:Wr`ªX�ef\�Wr`TPaSTPaQ:`�Z{Q��AZ{`[Wrd<\anjL<o�Wrn<S[¥gnj���<d<`TQ:L.��\aPRQg��Qg`TZ_Wrm�Q:`_L<PRhid^Z�NjPa`[Qg|^Z�NjPaQ¹ofQ:STn<hid^Z{QgL°©8QgL�s
STef`[|YefU�X�efL<QgL^Z{Q:L���uvPaQgS[QOUb�jS[S[QgL�NEWrd<Qg`¹Wrn<SpQ:PRL<¥:Qg\aL<QgL¾��PaUwn<\�WYZ[PaefLjQ:L����<`�S[Qghid<S�n<LEWrm<d<�rL<ofPRofQ
�Cef\�Wr`TPaS[WYZ{PRefL<S[`TPahid^Z{njL<ofQ:L�m�Q:STZ[PaU�UwZÀ]lQg`[N<QgL.��]lWrSl]_PRQz��er\aorZ+ofQgS[hid<PRQ:d^Z � ��U0N<PaQ�xzWrn<U�`[Pahid^Z[n<L<o
n<LjN~qI�rL<orQ�N<Qg`+´vWrnjZ{Wrhid<STQ:L,N<QgSl§6\R\aPaXjS[efPRN<S ¥:n�m�QgSTZ[PaU�U�QgL.�r]_Pa`TN�NjQ:S[STQ:L&u�QgÐEL<P¨Z{PRefL<S[or\aQ:PRhid}n<L<o
Wr\RS �}nEWrN<`[WYZ{PRS[hid<Q�®Eef`[U ofQ:SThid<`[PRQ:m�Q:L��

1 = a11x
2 + a22y

2 + a33z
2 + 2 a12xy + 2 a23yz + 2 a31zx

Ù �j�Ûº}Ú
m<¥�]¹�EPaL-�/WYZ[`[PÏ jSThid<`[QgPam^]cQ:PaSTQ �

1 = ~xT
A ~x

Ù��j�çâfÚ
JMU �A·ASTZ[Q:U N<Qg`_´vWrnjXjZiWrhidjS[Q:L�N<QgS_§6\a\aPRX<S[erPaN<S+ofQ:d^Z�æp\aQgPahid}n<L<o ���ÒºOm<¥�]¹���j�çâwPaL,NjPaQ�STefofQ:L<WrL<L^Z{Q
Øzef`[U�Wr\R��er`[U ÑÒkc`[efL<S�Z{QgPaL�n<L<N/��Q:U�Q:LjN�¿[W ¿TQg]¹�!ãr»f»^ã�Ö

1 =
x2

L2
1

+
y2

L2
2

+
z2

L2
3

Ù �j�Ò½^Ú
�<m�Q:`g� uvPRQ:STQ:S�´vWYn<XjZiWYhid<S[QgL<ST·ASTZ[Q:U ]_PR`[N=ofQg`{WrNjQ~�fefLÎN<QgLÎ§6PaofQgL}�rQ:|^Z{er`[Q:L¤N<Qg`OV�eAQ���¥:PRQ:L^Z{QgL�s
U�WYZ{`TP¨ 

A
ofQ:mjPa\aNjQgZF��n<L<N!���<`pN<PRQb¥:n¾N<QgL³§6PRofQ:L^�fQg|^Z{ef`TQ:L?orQ:d<yf`TQ:L<NjQ:L³§ÀPRofQ:L^]cQ:`�Z{Q�PaS�Z�æ¹\×���j�Ò½

Qg`T���<\R\RZF�.uvPaQ�xzPRhid^Z{n<L<o-N<Q:`�N<`[QgPl§6PRofQ:L^�fQg|^Z{ef`TQ:L�Q:L^Z[S[X<`TPahid^ZOWr\RS[e	ofQ:`[WrN<Q�N<Q:`�N<Q:`�N<`[QgPl´�Wrn<XjZ�s
WrhidjS[Q:L

~v1

�
~v2

njL<N
~v3

N<Q:Sp§6\R\aPaXjS[efPRN<Sªn<L<N!N<PRQ�¥gn<ofQgd<yf`[PRofQ:L°§ÀPRofQ:L^]cQ:`�Z{Q
D1

�
D2

n<L<N
D3

STPaL<N
U�PRZlN<Q:`zqI�rL<ofQ

Li

N<Q:`z´�Wrn<XjZ{Wrhid<S[QgL/�<m�Q:`
Li = 1/

√
Di = 1/µi ; i = 1, 2, 3

Ù��j���fÚ
�rQ:`[|}L}�<Xj�ßZ:�IJML¾NjQ:`pL}n<U�Q:`[PRS[hid<QgL�JMU�X<\RQ:U�Q:L^ZiW�Z{PaerLÎÙß �Ubn��ªZ[e��_Q:\a\RPaX<STefPaN��vâA�ÒU	�E�vL<d<WrL<o&�w�çã��çãfÚ
]_PR`[N�¥:njLE�rhid<S�Z~WYn<S�Q:PaLjQ:`���PRUbn<\aWYZ{PRefL?U�PRZwQ:PaLjQ:`w��QgSTZ{orQ:\aQgorZ{QgL¤�8ef\aWr`[PRS{WYZ[PaefL<ST`[PRhid}Z[n<L<oÎÙ�NEWF�fefL
]cQ:`TN<Q:LµSTQ:hid<S,m�Q:LjyrZ{PRorZ£Úw���<`�¿TQ:N<QgLµ�6n<L<|^Z�Wrn��pN<Q:`~§6L<Q:`TofPaQ:Wrhid<S[Q-Q:PRL�åÀQ:|^Z[ef` ~P m�Q:STZ[PaU�UwZF�
N<QgS[STQ:L¾`{�rn<U�\aPRhid<Qw�p`TPaQgL}Z[PaQg`[n<L<o~N<n<`[hid�N<PRQO�8er\�Wr`TPaS{W�Z{PaerL<S[`TPahid^Z{n<Ljo~ofQgofQ:m�Q:L�PaS�ZF��]¦�Yd<`[QgL<N³NjQ:`
klQ�Z{`[Wro!N<Q:`���m<S[ef`TXjZ{PRefL

µ(E)
QgL}Z[S[X<`TPahid^Z°Ù��Aof\D�8�vm<m�� �j�Ò½^Ú�� ��n<S�S[Qghid<S�åÀQg|^Z{ef`TQ:L¤N<PaQgS[Q:`O��`TZ

]_PR`[N�Q:PRL/æp\aQgPahid}n<L<orS[ST·AS�Z{Q:U orQ:m<PR\aN<Q�Z



1
1
1
1
1
1




=




P
(1)2

x P
(1)2

y P
(1)2

z 2P
(1)
x P

(1)
y 2P

(1)
y P

(1)
z 2P

(1)
z P

(1)
x��� ������ ������ ������ ���

P
(6)2

x P
(6)2

y P
(1)2

z 2P
(6)
x P

(6)
y 2P

(6)
y P

(6)
z 2P

(6)
z P

(6)
x







a11

a22

a33

a12

a23

a31




,
Ù �j� �^Ú
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Wrn<S_N<Q:STS[QgL°q�yfS[njL<o�N<PaQ

aij

�EWr\RS[eON<PRQpS[Qghid<S�©CQ:LjS[ef`T|refU�X�erL<Q:L^Z{QgL.��m�QgSTZ[PaU�UwZl]cQ:`TN<Q:L.����n<S_N<Q:`
NEWrL<Lb�ref`[\RPaQ:orQ:L<N<QgLOV�eAQ���¥gPaQ:L^Z[Q:L<U�WYZ{`TP¨ 

A
\aWrS[STQ:LbSTPahidbNEWY`{Wrnj�E��er\aofQgL<Nwn<L^Z[Q:` ��L}]cQ:LjN<n<L<op�ferL

��
 ��	 

�gs��AZ{WrL<NEWr`TNj��n<L<|^Z[PaefL<QgL�N<PaQª§6PRofQ:L^]cQ:`TZ[Qªn<L<N�§6PaofQgL^�fQ:|^Z[ef`[QgL�n<LjN�STefU�PRZ NjPaQªklQ�Z{`[�rofQ¦n<LjN
xzPRhid}Z[n<L<ofQgL/N<Qg`_´vWrnjXjZiWrhidjS[Q:L/m�QgSTZ{PRU�U�Q:L��

JML�N<Q:L�LE�rhid<S�Z{QgLb�vm<S[�YZ{¥gQ:L�S[ef\R\D�FWYn<S[ofQgd<Q:LjNw�fefL�N<Q:`Im�Q:|�WrL<L^Z[Q:Lb�Cef\�WY`[PaS[WYZ{PRefL<S[Wrm<dE�rLjofPaof|YQ:P¨Z
N<Q:`z��X�Q:|^Z[`[Q:L

µ(E,~ε)
PRU Vze�er`[N<PRLEWYZ{QgL<ST·AS�Z{Q:U N<Q:S_WrmjS[ef`Tm<PaQg`[Q:LjN<Q:L��¦Z{erU�S

ΣA

�jQ:PaL&��n<S[Nj`[n<hi|
µ(E,ΘE)

���<`ªN<PaQ¹�Cef\�WY`[PaS[WYZ{PRefL<S[Wrm<dE�rLjofPaof|YQ:P¨ZlN<Qg`���X�Qg|^Z{`[QgL/PRU U�Wr|}`[efST|refXjPaS[hidjQ:L!�}·�S�Z{QgU N<Q:`
�À`Tefm�Qr�

ΣS
�_Wrm<orQ:\aQgPRZ[QgZ&]cQ:`[NjQ:L.�ª]cefm�QgP

ΘE
NjQ:`�±²PaL<|YQ:\p¥g]_PRS[hid<QgL­N<QgU § sM®EQ:\aNAs�åÀQ:|^Z[ef`&N<Q:S

xzyfL^Z[ofQ:L<S�Z{`[Wrd<\aSln<L<N,N<QgU Øzef`[U�Wr\RQ:L^�fQg|}Z[ef`¦N<Qg`lU�Wr|}`[efST|refXjPaS[hidjQ:L	�6`[efm�Q −→
S
PRSTZF��u�Wrm�Q:P�PaS�Zl¥gn

m�Qg`[�<hi|}S[PRhid^Z{PaorQ:L.�fN<WrS[S N<WrS �vmjS[ef`Tm�Qg`[ST·AS�Z{Q:U
ΣA

`[Qg\�WYZ[PR�p¥gn<U3�A·ASTZ{QgU3N<Qg`À�-QgUbm<`{WYLOm<¥g]¹�Yo^WrL<¥
Wr\a\RofQ:U�Q:PRL~¥:n�QgPaL<QgU x_Qg��Q:`TQ:L<¥gST·ASTZ[Q:U

ΣM

Q:PRL<Qpm�Q:\aPRQ:m<PRofQp��`TPaQ:L^Z[PaQ:`Tn<L<oOWYnj�ß]lQgPaSTQ:L	|YWYL<L.�j]l�rd�s
`[Q:LjN-N<PRQ�Q:PRL<¥:Qg\aL<QgL�U�PR|A`TefS[|YefX<PRS[hid<QgL/�	Q:Ubm<`[WrL<S�·�S�Z{QgU�Q

ΣM

m�Qg¥:�<or\aPahid&NjQ:S_U~WY|A`TefS[|YefX<PRS[hid<QgL
�À`Tefm�Q:L<S�·�S�Z{QgU�S

ΣS

X<Wr`TZ[PaQ:\R\c�rQ:|^Z{ef`TPaQg\a\ªef`TPaQ:L^Z[PaQ:`�ZOS[PRL<N.�6N.�Ûd.�6NEWYS[S�¥g]_PRS[hid<QgL�N<Q:L�Ø�er`[U�Wr\aQgL�s
�fQ:|^Z[ef`[QgL-N<Qg`_�-QgUbm<`{WYL<Q:L ~M n<LjN&N<Q:U Ø�ef`TU~Wr\RQ:L^�fQg|^Z{ef`cN<Q:`¦U�Wr|}`[erS[|rerX<PaSThid<Q:L	�6`[efm�Q ~S QgPaL<QåÀef`[¥gn<ofS{WYn<S[`TPahid^Z{n<Ljo-m�Q:S�Z{Q:d^Z:�IuvQ:`�¶�n<S[WrU�U�QgL<dEWrL<o&¥�]_PaSThid<Q:L¾N<Q:L!�rQ:`[SThid<PaQgN<Q:LjQ:L�Vze�ef`TN<PaL<W�s
Z{Q:LjST·ASTZ[Q:U�Q:L�S[e¡]_PaQvN<PaQ�klQ:¥gQ:PRhid<L}n<L<oON<Qg`l±²PaL<|YQ:\�n<L<N,åÀQg|}Z[ef`[QgL&PaS�ZlPRL~�vmjm.� �j�¨ÓOÙ×éªÚ+n<LjN¾Ù×upÚ
Pa\a\Rn<STZ[`[PRQ:`TZ:�

��hidj`[Q:PRmjZ,U�WrL�NjQ:L���n<S[N<`Tn<hi|����<`�N<PaQ	�vmjS[ef`TXjZ{PRefL
µ(E,~ε)

PRLµæp\D� �j�Ò¼=Wr\aS��6`[eAN<n<|^Z&N<QgS
xzPRhid}Z[n<L<ofST|refSTPaL}n<S�N<Q:`¹VzefU�X�efLjQ:L^Z{QgL³N<QgS¹§�st®EQ:\RN�st§6PaLjd<Q:P¨Z{ST�rQ:|^Z{er`[SpU�PRZ�NjQ:L³´vWrn<X�ZiWrhid<STQ:L

~viN<Q:S�§6\a\aPRX<S[erPaN<S
µ(E,~ε) = (~v1 · ~ε1)2 + (~v2 · ~ε2)2 + (~v3 · ~ε3)2 Ù��j�ÒÕ^Ú

n<L<N	¥:Q:`T\aQgorZzN<PaQp��n<S[N<`T�<hi|rQ����<`_N<PaQ¹´�Wrn<XjZ{Wrhid<STQ:L/PRL	xzPRhid}Z[n<L<o�n<L<N-klQ�Z{`{WYo<�
µi = |~vi|2 , Θi = ](~vi,~ε)

Ù��j�¨Ó¡»^Ú
S[e�Q:`[d<�r\RZ_U�WrL��vn<STN<`[�jhi|rQwNjQ:`_�v`�Z

µ(E,~ε) =
3∑

i=1

µi(~vi · ~εi)2 =
3∑

i=1

µi cos2 Θi

Ù �j�¨ÓfÓ Ú

uvPaQgSzorPa\RZl���<`ªNEWrS_N<QgU �vm<STef`[m�Q:`_¥gn<ofQ:djyf`[PRofQ�V�eAef`[N<PRLEWYZ[Q:L<S�·�S�Z{QgU
ΣA

�
��n<S[ofQgd<Q:LjN~�fefL,æ¹\×� �j�¨ÓfÓz\��rSTSTZ+S[PRhid~Q:PRL���n<S[Nj`[n<hi|����<`ÀN<Q:L~®�Wr\a\<X<Wr`TZ[PaQ:\R\aQg`��fQg|}Z[ef`[PRQ:\R\aQ:`c��`[PÏs

Q:L^Z{PRQ:`[njL<o¹Wrm<\RQ:PRZ[Q:L.� ´zPaQg`[m�Q:PAPaSTZ8¥:njLE�rhid<S�ZÀN<PaQl��`[PaQgL^Z{PaQg`[n<LjovN<QgS �vm<STef`[m�Q:`TST·ASTZ[Q:U�S:�fPRL�]cQ:\Rhid<Q:U
N<PaQ 

���MÝßÞEÝ���Ý��³��PaUwn<\�WYZ[PaefLjQ:L�STZ{WYZ[ZTÐEL<N<QgL.�Àm�Qg¥:�<or\aPahid¤N<Qg`~Wr\R\aofQgU�QgPaL=NjQ:L<|}mEWr`TQ:L�åÀer`[¥:njofS[`TPahid�s
Z{n<L<o�ÙD�-QgUbm<`{WYL<L<ef`TU~Wr\RQ¡Ú�m�Q:\aPRQ:m<PRo<��JMU(�fef`T\aPRQ:ofQgL<N<Q:L?®�Wr\a\ ]_PR`[N?NjPaQ�åÀer`[¥:njofS[`TPahid^Z{n<Ljo°N<n<`Thid
N<PaQv�-Q:Uwm<`{WrLjL<ef`[U�Wr\RQ ~M ofQ:ofQgm�QgL.�jnjL<N,NEWrS+�vmjS[ef`TXjZ{PRefL<S[Qg\a\RPaX<STefPaN�Q:PRL<Q:SlWrm<STef`[m<PRQ:`TQ:L<N<QgL,JMefL<S
N<Q:S~�/WrL<ofWrL<|rerU�X<\RQ� �Q:S�|�WrL<LÎ`TQ:\�W�Z{PR�³¥:n¤Padj`Om�Qg\aPaQgm<Pao/`[erZ[PaQ:`�Zb]cQ:`[NjQ:L.� �rQ:NjQ-WYL<¥:n<LjQ:d<U�Q:L<NjQ
�p`TPaQgL}Z[PaQg`[n<L<o³|�WrL<L�Njn<`[hid�QgPaL<Q-x_erZiWYZ[PaefL«Ù×�/WYZ{`TP¨ 

RMA

Ú�N<QgS,�vmjS[ef`Tm�Qg`[ST·AS�Z{Q:U�S
ΣA

PaL�NEWrS
�-Q:Ubmj`{WrL<S�·ASTZ{QgU

ΣM

m�Q:SThid<`[PRQ:m�Q:L�]cQ:`TN<Q:L!Ù��vmjm.� �j�¨Ó��AéªÚ£�}u�WrSÀm�Q:N<QgnjZ{Q�Zc���<`ÀN<PRQªN<`[QgP�´vWrnjXjZTs
Wrhid<S[QgL°N<Qg`ª�vm<STef`[XjZ[PaefL

~v
(M)
i = RMA~v

(A)
i ,

Ù �j�¨Ó ãfÚ
]leAN<n<`Thid!æp\D� ���RÓfÓ¹�<m�Q:`TofQ:d^Z�PaL�Q:PRL<Q¹klQg¥:PaQgd}n<L<o�PaU �	Q:Ubm<`[WrL<S�·�S�Z{QgU-�

µ(E,~ε) =

3∑

i=1

µi

(
~v

(M)
i · ~εi

)2

.
Ù �j�¨Ó¡¼^Ú

uvPRQ�Q� �X�Qg`[PRU�QgL}Z[Q:\R\ª¥:n<o^�YL<of\aPRhid<Q��8er\�Wr`TPaS{W�Z{PaerL�N<Q:S�xzyrL}Z[ofQ:LjSTZ{`[Wrd<\Ïst§�st®EQ:\RN�s�åÀQg|^Z{ef`TSOPaSTZ�PRU
V�eAef`[N<PRLEWYZ[Q:L<S�·�S�Z{QgU

ΣS
N<Qg`,�6`[erm�Q-ofQ:ofQgm�QgL.�+`[Q:\aWYZ{P¨��¥:n�]lQg\ahid<QgU N<PRQ°�	Q:Ubm<`[WrLj��`[WrofU�Q:L^Z{Q
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XEWY`TZ{PRQ:\R\vef`TPaQ:L^Z[PaQ:`�Z�S[PRL<N.�¦N.�Ûd.��¿TQ:NjQ:`&±²PaL<|YQ:\
α
¥g]_PRS[hid<QgL­N<QgL¬Øzef`[U�Wr\aQgL^�fQ:|^Z[ef`[QgL«N<Qg`/�6`TeYs

m�Q ~S n<L<N³N<Q:`w�-QgUbm<`{WYLj��`{WrorU�QgL}Z[Q ~M Z{`TPRZTZ¹U�P¨ZpQ:PRL<Q:`�m�QgSTZ[PaU�UwZ{QgL�±?Wrd<`TS[hid<QgPaL<\RPahid<|YQ:P¨ZwWYnj�t�
��m<m.� �j�RÓpÙ×upÚI¥:Q:PRorZ8N<Q:L�¶�n<S[WrU�U�QgL<dEWrL<o�¥g]_PRS[hid<QgLON<Q:Lb�rQ:`[SThid<PaQgN<Q:LjQ:L�V�eAef`[N<PRLEWYZ[Q:L<S�·�S�Z{QgU�QgL.�
®��j`pXEWr`TZ[PaQg\a\�er`[PaQgL^Z{PaQg`TZ[Q��À`Tefm�Q:L�ÙD�-QgUbm<`{WYL<STZ{WrX�Qg\ßÚ�\��YS[STZ¹STPahid¾N<PaQO`TQ:\aWYZ{P¨�fQ���`[PRQ:L^Z{PRQ:`[njL<o�N<Q:S
�6`[erm�QgL�s��A·AS�Z{Q:U�S

ΣS

n<LjN/N<QgS¹�-Q:Uwm<`{WrLjST·ASTZ[Q:U�S
ΣM

N<nj`[hid!Q:PRL<Q¹±=Wrdj`[S[hidjQ:PaLj\aPahidj|rQ:P¨Z{S��fQ:`�Z{QgP¨s
\Rn<L<oOm�Q:¥:�jof\aPRhid	NjQ:`_�vm^]cQ:Pahid}n<Ljo~�fefL	N<Qg`v�	Q:Ubm<`[WrL�sMØ�ef`TU~Wr\RQ:L�WrLjofQ:m�Q:L.�

P = P (α, β, γ) → P (α)
Ù����RÓFº^Ú

´zPaQ:`CPaS�Z
α
N<Q:`�±²PRL<|rQg\j¥�]_PaS[hidjQ:L��-Q:Uwm<`{WrLAs�n<L<N��6`Tefm�QgL<L<ef`TU~WY\aQ:L�n<L<N

β
n<L<N

γ
STPaL<NwN<PaQcL<e�hid

��Qgd<\aQgL<N<Q:L~m�QgPaN<QgL&§6n<\aQg`[S[hidjQ:L&±²PaL<|YQ:\����<`cNjPaQ�x_erZ{WYZ{PRefL
ΣM → Σs

�}]_PaQvSTPaQzPaL!ÑÛkl`TefL<STZ[Q:PRL,n<L<N
��QgU�QgL<N�¿[W ¿TQ�]¹�µãr»r»^ã�Ö6N<Q�ÐEL<PRQ:`TZ�STPaL<N�Ù���m<m.� �j�¨Ó-��éªÚ��CuvPaQ�Øzef`[U�PaQg`[n<Ljo	NjQ:`p±=WYd<`[SThid<Q:PRL<\aPRhid�s
|YQ:PRZ[ST�rQ:`TZ[Q:PR\an<L<o	]_Pa`TN³STe°ofQg]l�rd<\¨ZF��NEWYS[SwN<WrSwJML^Z{Qgof`{WY\+�jm�Qg`wWr\R\aQ�U�yfof\aPRhid<Q:L³��`[PRQ:L^Z{PRQ:`Tn<L<ofQgL

1Qg`[ofPRmjZF�
∫ π/2

0

dα

∫ 2π

0

dβ

∫ 2π

0

dγP (α)sin(α) = 4π2

∫ 2π

0

dγP (α)sin(α) = 1
Ù����RÓ ârÚ

§6PaL�S[X�Q:¥gPaQ:\R\aQgSl�	e�N<Qg\a\�¥:nj`¦klQgS[hid<`TQ:Pamjn<L<oOXEWr`�Z{PRQ:\a\jef`[PRQ:L^Z{PRQ:`TZ[Q:`c�6`[efm�Q:L�PaSTZcN<PRQ���L<LEWrd<U�QzQ:PaLjQ:`
æ¹Wrn��YsDåÀQ:`�Z{Q:PR\an<Ljo&ÑÒkc\an<U QgZ�Wr\D�¨��Ó¡Õ ����è-®E`TPaQ:STL<Q:`ªQ�Z�Wr\D�¨��Ó¡Õ��f»jè	Ø�WrPa`TL	Q�Z�Wr\D�¨��Ó¡Õ��jÓf��Ó¡Õ��f»�Ö6�

P (α) = Ae−
α2

2Ω2
Ù �j�RÓF½^Ú

®��j`¦Q:PRL<Q¹N<n<`[hid
Ω
m�QgSTZ{PRU�U�Z{Qpkl`TQ:P¨Z{QpN<Qg`¦åÀQ:`TZ[Q:PR\an<L<orST��n<L<|^Z[PaefL&m�Q:S�Z{Q:d^Z�Q:PRL<Q�±=WYd<`[SThid<Q:PRL<\aPRhid�s

|YQ:PRZ
P (α)

NEWY���<`g�6NEWrS[S�NEWrS~�-Q:Uwm<`{WrLjST·ASTZ[Q:U ofQ:ofQgL}�<m�Qg`�NjQ:U �6`[efm�Q:L�st�A·ASTZ[Q:U ofQ:|}PRX<XjZ�PaSTZ:�
uvPRQOm�QgPaN<QgL¾§  AZ[`[Q:U����r\R\aQwSTPaL<N

limΩ→0

n<L<N
limΩ→∞

n<L<N¾Q:L^Z[S[X<`TQ:hid<QgL=N<Q:L³® �r\R\aQgL°X�Qg`T��Qg|}Z[Q:`
��`[PRQ:L^Z{PRQ:`Tn<L<o�m<¥�]¹�fPaSTerZ{`TefX�Q:`�åÀQg`TZ{QgPa\Rn<L<o<�Y§6S6PaSTZ6WrL<¥:njU�Qg`[|rQgL.�fNEWYS[SÀN<PaQgS[QlåÀQg`TZ[Q:Pa\Rn<L<ofS���n<L<|^Z{PRefL
L}n<`����j` `[Qg\�WYZ[PR��|}\aQ:PRL<Ql±³Q:`�Z{Ql�refL�QgZM]lW

Ω < π/4
S[PRL<L^�fef\R\jPRSTZF�ru�W�L}n<` �fQg|^Z{ef`TPaQ:\R\aQ¦�p`TPaQgL}Z[PaQg`[n<L<o

m�QgZ[`{Wrhid^Z{Q�Z_]_Pa`[N��E|YWYL<L�N<Q:`_Q:\RQ:|^Z{`TPaSThid<Qw®EQg\aNj�rQ:|^Z{ef`ªPRU �6`[erm�QgL�s��A·AS�Z{Q:UÔWY\aS
~E/E = (−sinΘE, 0, cosΘE)

Ù �j�RÓ �fÚ
m�Q:SThid<`[PRQ:m�Q:L°]cQ:`[NjQ:L.�.JMUáV�eAef`TN<PaLEW�Z{Q:LjST·ASTZ[Q:U N<Q:`¹�	Q:Ubm<`[WrL

ΣM

PRSTZ�NjPaQw�p`TPaQgL}Z[PaQg`[n<L<o~Q:PaLjQ:S
åÀQg|}Z[ef`[SIm�Q:¥g�<of\aPRhid¹N<Q:`8�-QgUbm<`{WYL<L<ef`TU~Wr\RQ:LpN<nj`[hidwNjQ:L¹±²PaL<|YQ:\

cosΘi = ~vi· ~M
¥g]_PRS[hid<QgL�åÀQg|}Z[ef`Ù��vm<STef`[m�Q:`tstx_�<hi|}STZ{`TQ:n<Qg`bm<¥�]¹� ´vWYn<XjZiWYhid<S[QgL<ef`[PRQ:L^Z{PRQ:`Tn<L<o}Ú¹n<L<N¤�-QgUbm<`{WYL<L<ef`TU~Wr\RQ:L¾N<QgÐ<L<PaQg`TZÙß��or\D�}æp\D� ���RÓ¡»fÚ��^uvPRQz®�`[WrofQ_PaS�ZÀL}n<L.�^]_PaQ_S[PRhid~N<PRQªXEWr`�Z{PaQg\a\RQ_��`[PaQgL^Z{PaQg`[n<Ljo�NjQ:Sl�-Q:Ubmj`{WrL<S�·ASTZ{QgU�SÙ�Wr\aSTeªN<Q:`8�-QgUbm<`{WYL<STZ{WrX�Qg\ßÚ.Wrn��jNEWYS��AX�Qg|}Z[`[n<U WYn<ST]_PR`[|^ZF�FN<WrSIn<L^Z{Q:`IQgPaL<QgU­m�QgSTZ[PaU�UwZ{QgL¹±²PRL<|rQg\

ΘE

¥�]_PaSThid<Q:L&Qg\aQ:|^Z[`[PaSThid<Q:U ®EQ:\RNj�fQg|^Z{ef`+n<L<N&�6`Tefm�QgL<L<ef`TU~WY\aQ:L�ofQgU�QgS[STQ:L,]_Pa`TN.�}u�Wr¥gn~]_Pa`TN~N<PRQx_erZiW�Z{PaerL<S[U�WYZ{`TP¨ ��refL
ΣM

LEWrhid
ΣS

U�PRZ_´zPa\¨��Q�N<Q:`z§6n<\RQ:`�sD±²PaL<|YQ:\IWrnjS[ofQgN<`[�<hi|^Z:��§6SzPaS�Z

RSM =




cos β cos γ − cos α sinβ sinγ sinβ cos γ + cos α cos β sinγ sinα sin γ
− cos β sin γ − cos α sinβ cos γ − sinβ cos γ + cos α cos β cos γ cos α cos γ

sinα sinβ − sinα cos β cos α




W��'S�����ZÑÛkl`[erL<STZ[Q:PaL¾n<L<N=��Q:U�Q:LjN�¿[W ¿TQg]¹�¸ãY»f»^ã�Ö×��§6PaL�åÀQ:|^Z{er`:�IN<Q:STS[QgL�V�efU�X�efL<Q:L^Z[Q:L?PRU(�-QgUbm<`[WrL<ST·^s
S�Z{Q:U ofQ:ofQgm�QgL-STPaL<N��<]_Pa`[N�NEWYL<L-PRU �6`[erm�QgL<ST·ASTZ[Q:U Wr\RS

~v (S) = RSM~v
(M) Ù �j�RÓFÕ^Ú

ofQgS[hid<`TPaQgm�QgL.��uvPRQ
vi

��N<PRQbN<PaQ�¥:n�N<QgL³´�Wrn<XjZ{Wrhid<STQ:L¾ofQ:d<yr`[Q:LjN<Q:L¾§6PaL<djQ:PRZ[ST�rQ:|^Z{ef`TQ:L¾NEWr`TSTZ{Qg\a\RQ:L
n<LjN	PRU �-Q:Ubmj`{WrL<S�·ASTZ{QgU ofQ:orQ:m�Q:L�S[PRL<N.�jUw�<S[STQ:L	LEWrhid �j�¨Ó¡ÕbPaL<S¦�À`Tefm�Q:L<S�·�S�Z{QgU Z{`{WYL<ST��ef`TU�PRQ:`�Z
]cQ:`TN<Q:L.����n<S�æ¹\×�����RÓ¡¼OQg`[ofPRmjZ_S[PRhid	STe

µ(E,~ε) =

3∑

i=1

µi(εi · Rsm vi)
2 .

Ù �j� ãY»^Ú
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#]$�$'&)(+*�,�-�. 0�2���5�cd:=<'?/KM?Me�FH|BAD:mADIJE�C=E�:[ADR)F��MKM?MQ9CH>)7;?u<ME�F���sO7{FmAD>)l f FH|M:=EjA;<�� f Nb>@?MQ�E�R)F

u�WrS~PRSTZ�Q:PRL��vnjS[N<`Tn<hi|��¦N<Q:`��fefL
~ε
Ù�N<Q:UKåÀQ:|^Z[ef`~N<QgS,§�st®EQg\aN<QgSiÚ��

~vi
Ù�NjQ:Lµ´�Wrn<XjZ{Wrhid<S[QgLµN<Q:S

�vm<STef`[XjZ[PaefLjSTZ{QgL<S[er`[SiÚ,n<LjN¸NjQ:Lµ±²PaL<|YQ:\RL
α, β

n<L<N
γ
Ù�N<QgL«�8Wr`{WYU�Q�Z{Q:`TLµN<Q:`�x_erZ{WYZ{PRefL�N<QgS

�-Q:Ubmj`{WrL<S�·ASTZ{QgU�ScofQ:orQ:L}�<m�Q:`+N<Q:U0�6`[erm�QgL<ST·ASTZ[Q:U~Ú+WYm<dE�rL<oYZF�fJMU�LE�Yhid<STZ[Q:L&�Ahid<`[P¨Z[Z+Q:`���ef\aorZ N<PaQ
JML}Z[Q:of`[WYZ{PRefL��<m�Q:`�Wr\a\RQwU�yfof\RPahid<QgL¾�p`TPaQgL}Z[PaQg`[n<L<orQ:L�n<L^Z{Qg`�kcQ:`[�jhi|ASTPahid^Z{PRofn<L<o-N<Q:`p±?Wrd<`TS[hid<QgPaL�s
\aPahidj|rQ:P¨Zª���<`ªN<QgL�¿TQg]cQ:PR\aPRofQ:L	¶�n<S�ZiWrLjN.�

µ(E,~ε) =

∫ π/2

0

dα

∫ 2π

0

dβ

∫ 2π

0

dγ
3∑

i=1

µi cos2 Θvi,ε P (α)sin(α)
Ù��j�çã�Ó Ú

uvPaQ6JML^Z{Qgof`{W�Z{PaerLpLEWrhid
β
n<LjN

γ
Q:`���ef\aoYZ�X<`[erm<\aQgU�\RefS:�£NEWªN<Qg`�JML}Z[Q:of`[WrL<N¹�fefL¹PRd<L<Q:L¹L<PRhid^ZCWrm<dE�rLjorZF�

LAnj`�N<PRQpJML^Z{Q:or`{WYZ[PaefL�LEWrhid
α
PaS�Z_QgZM]lWrS�Wrnj�ß]l�rL<N<PRofQ:`g���/WrL	Q:`TdE�r\RZzWY\aS_§6`[ofQgm<L<PRS

µ(E,ΘE) =
1

3

3∑

i=1

µi +
1

6
(3 cos2(ΘE − 1) Iord

3∑

i=1

µi(3 cos2(Θi) − 1) .
Ù��j�çãfãfÚ

´zPaQ:`wN<QgÐELjPaQ:`�Z
cos Θi = ~vi · ~M

]_PRQ:N<Qg`ON<Q:L�±²PaLj|rQ:\l¥g]_PaSThid<Q:L��-QgUbm<`{WYL<L<ef`TU~Wr\RQ:L ~M
n<LjN

N<Q:L!x_Pahid^Z[n<L<ofQgL°N<Q:`�´vWYn<XjZiWYhid<S[QgL
~vi

N<Q:S��vm<STef`[X�Z{PaerL<STZ[Q:L<STef`[S�m�QgP8N<Qg`v§6L<Qg`[ofPRQ
E
n<LjN/ofQgofQ�s

m�QgL-PRU �-QgUbm<`[WrL<ST·AS�Z{Q:U	è�N<PaQ
µi

S[PaLjN	NjQ:`zklQgZ[`{Wro�N<Qg`ª�vm<STef`[X�Z{PaerL	QgL^Z{\�WYL<o�N<Q:`_´�Wrn<XjZ{Wrhid<S[QgL
n<L<N

ΘE

PaS�ZvN<Qg`z±²PRL<|rQg\8¥�]_PaSThid<Q:L°NjQ:`��Cef\�WY`[PaS[WYZ{PRefL<ST`[Pahid^Z[n<L<o�N<Q:Sv§�st®EQ:\RN�s�åÀQg|}Z[ef`[S ~E n<L<N/N<Q:`
�À`Tefm�Q:L<L<er`[U�Wr\aQgL ~S �<uvQg`z��`[N<L}n<L<orS[XEWr`[WrU�QgZ{Qg` Iord

m�Q:PRL<dEWr\¨Z{Q�Z¦N<PRQp��`[PRQ:L^Z{PRQ:`[njL<ofST]lWrd<`TS[hid<QgPaL�s
\aPahidj|rQ:P¨Z{QgL

P(α)
n<L<N	PaS�Z_N<QgÐ<L<PaQg`TZ�Wr\aS

Iord = 2π2

∫ π/2

0

(3 cos2(α) − 1)P (α) sin(α)dα
Ù �j�çãr¼^Ú

n<L<N��YWr`TPaPRQ:`TZw¥g]_PRS[hid<QgL
Iord = 0

PRU ®�Wr\a\cPaSTerZ{`TefX�Qg`båÀQ:`�Z{Q:PR\an<Ljo!N<Q:`��-QgUbm<`{WYL<ef`[PRQ:L^Z{PRQ:`Tn<L<ofQgL
n<L<N

Iord = 1
PaU�®�WY\a\ X�Q:`���Q:|^Z{Qg`O��`[PRQ:L^Z{PRQ:`[njL<o<��JML=��m<m.���j�çã	PaS�Z�N<PaQ��vm<d<�rL<ofPRof|rQgPRZ�N<Q:Sw��`[N�s

LAnjL<ofS[X<Wr`{WrU�QgZ[Q:`TSz�refU #F�-erS{WrPRh�sMSTX<`[Q:WrN #£sD±²PaL<|YQ:\�NEWY`[ofQgSTZ{Qg\a\¨ZF�
klQ�Z{`[Wrhid^Z{QgZ¦U~WrL~NEWrS¦§6`TofQ:m<LjPaSc���j`lN<PRQ�uvPRhid<`[efPRS[UbnjS�s�æp\aQgPahid}n<L<o �j�çãfã��}S[eOSTPaL<N,QgPaL<PRofQzPaL^Z{Qg`�s

Q:S[S[WrL^Z{Q~§ÀPRofQ:LjS[hidEWY�ßZ[Q:L³¥:n¾m�QgefmEWrhid^Z{QgL.�CuvPaQ�klQg¥:PRQ:d}n<L<o	PaS�Z�QgPaL<QbåÀQg`{Wr\R\aofQgU�QgPaL<Qg`[n<Ljo,N<Q:S�§6`�s
ofQ:m<LjPaS[STQ:S6WYn<S¦ÑÛuvPRZTZ{U�Q:`Cn<L<NOuvWrn.�¹Ó¡ÕfÕ����ræp\D� � ÖD���vL<NjQ:`[SC��ef`[Uwn<\aPRQ:`TZ:�¡STZ[Q:\a\¨ZCN<PaQ+d<PaQg`8QgL^ZM]_Pahi|rQg\RZ[Q
©ªd<Q:ef`TPaQ�N<Q:Spx_yfL^Z{orQ:LEWrmjS[ef`TXjZ{PRefL<S�sMq�PaL<Q:Wr`�sMuvPahid<`TefPaSTUbn<SzWrL°X<Wr`TZ[PaQ:\R\�ef`[PRQ:L^Z{PRQ:`�Z{Q:L°�À`Tefm�Q:L°QgPaL<Q
åÀQ:`{WY\a\aorQ:U�Q:PaLjQ:`[njL<o�N<Q:`�qIuzs��v�p�}s�©ªd<Q:ef`TPaQ����<`�XEWr`TZ[PaQg\a\aQO�p`TPaQgL}Z[PaQg`[n<L<o	n<L^Z{Qg`wN<Qg`wWYn<S[SThid<\aPRQ �Ys
\aPahidjQ:L!klQ�Z{`[Wrhid^Z{n<L<o,�refL�§6PaLj��WYhid<STZ[`[Q:njn<L<o&NEWr`g��]lWrS�|}n<`T¥bofQg¥:Q:PRorZv]cQ:`TN<Q:L�STef\a\���u�Q:`�§6PRLj��Wrhid�s
STZ{`TQ:n<X���WrN³Qg`T��ef`TN<Q:`�Z�xzeYZiWYZ[PaefL<STST·AU�U�Q�Z{`[PRQ�m�Q:¥g�<of\RPahid!N<QgS�x_�<hi|}STZ[`[Qgnj�fQg|}Z[ef`[S,Ù�QgS�orPamjZvLAnj`pN<PaQ
�-yfof\RPahid<|YQ:PRZ�XEWr`[Wr\a\RQ:\aQg`8eAN<Qg`�S[QgL<|}`[Qghid}Z[Q:`l��`[PaQgL^Z{PaQg`[n<LjopWrm�Q:` |YQ:PaLjQ¦N<`[P¨Z[Z[QªuvPaU�Q:LjS[PaerL�ÚInjL<N�N<Q:`
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#%$�$'&)(+*�,�-/.v0�2���5 g l=n�E�I!A_<ME�:�^%>)lmnM:=7;>)FHI�K�F f \�E�:=E�lmnM?�KM?Me!>@I g |�E�p�>�ADR � ADR@R�<ME�: � >@?'� A;lmn�FHCH:=E�KMKM?MeJE�?�CHR�AD?MeE�>@?�E�F g CH:=E�KM|'� A;<ME�F���7;I X k F=7;: k E�:iA~p�KMI g CH:=E�K�E�: k S ΘE k E�pjE�>)l=nM?�E�Ci<ME�?�NP>@?MQ�E�R�p�ri>)F=lmn�E�? <ME�I �%7;: fI!ADR)E�?���E�Q9C=7;:i<ME�:�I!ADQ9:=7{FHQ�7;|M>)F=l=n�E�?o��:=7 k E ~S
KM?�<
<ME�I E�R)E�Q9CH:H>)F=l=n�E�? ��E�R)<'��E�Q9C=7;:�<ME�F x8� ?/CHe�E�?�FHCH:mADnMR)E�F

~E
S ���M:[E�>@?�EL��7;R�AD:H>)FmADCH>)7;?�FH:H>)l=n/CHKM?MeO<ME�F ��f ��E�R)< fTw E�Q/C=7;:=F~|BAD:mADR@R)E�R�p�K ab

>)FHC[<'>)ELX k Fm7;:H|MCH>)7;?Oe�E�e�E k E�?<'KM:=l=n
µ1
� ���M:[E�>@?�EJ��7;R�AD:H>)F ADCH>)7;?�FH:H>)l=n/CHKM?Me�FmE�?MQ/:=E�lmn�C�<�ADp�K�<'KM:=lmn

µ2 = µ3
S
Θ1
>)FHC~<ME�:[NP>@?MQ�E�R�p�ri> fF=l=n�E�?
<ME�: w 7;:Hp�KMe�FH:H>)lmn�CHKM?MeL<ME�:�Iz>@Q9:=7{FHQ�7;|M>)F=l=n�E�? w 7;:Hp�KMe�FH:H>)l=n/CHKM?Me ~M

WYsOE�I k :mAD?M?�7;:HI!ADR)E�Z�KM?�<J<ME�I
w E�Q/C=7;: ~ab

�
Θ2
<ME�:iNb>@?MQ�E�Rqp�ri>)F=lmn�E�? ~M

KM?�<o<ME�: x >)lmn�CHKM?MeJ��7;? µ2
SM^[AL<�A;FiX k F=7;:H|MCH>)7;?�F=E�R@R@>@|�F=7;>)<y>@?<'>)E�F=E�I �BADR@R�p�KMI x 7;CmADCH>)7;?�F=E�R@R@>@|�F=7;>)<ME�?�E�?�CmAD:HC=E�C]>)FHCj��>)FHC]E�>@?�E�N ADnMR�<ME�: x >)lmn�CHKM?Me�E�?���7;? µ2

KM?�<
µ3I � e{R@>)l=n���F=7/<�A;FmFi<ME�:�NP>@?MQ�E�R�p�ri>)F=l=n�E�? ~M

KM?�<o<ME�: x >)l=n�CHKM?Me
��7;? µ3
p�K��	� ◦ ri>@:=<qS

Wr\R\aofQgU�QgPaL<Qv�vm<STef`[XjZ[PaefLjSTZ{QgL<S[er`�ofQgd^ZvSTe~�<m�Q:`zPaL	Q:PRL°x_erZiWYZ[PaefLjS[Q:\R\aPRX<S[efPRN~U�PRZ_QgPaL<Qg`v´�Wrn<XjZ{Wrhid�s
STQOQ:L^Z{\aWrL<o&N<QgU �vmjS[ef`Tm�Qg`�stx_�<hi|}STZ[`[Qgn<Q:`ts�åÀQ:|^Z[ef` ~Rab

n<L<N�N<QgL¾WrL<N<Qg`[Q:L¾m�Q:PaNjQ:L�´vWYn<XjZiWYhid<S[QgL
STQ:L<|}`[Qghid^Z�N<Wr¥:n¸Ùß��or\D�I�vm<m��
�j�Ò¼^Ú�� ��L^Z[Q:`bN<PRQ:STQ:LÎklQgN<PaL<orn<L<ofQgL=S[hid<`TQ:PRmjZ�S[PRhidÎæ¹\RQ:PRhidAnjL<o �j�¨ÓfÓ
Wr\RS �

µ(E) = µ1 cos2Θ1 + µ2 cos2Θ2 + µ3 cos2Θ3

= µ‖ cos2ΘER + 2µ⊥ sin2ΘER

Ù �j� ã�º}Ú
´zPaQ:`Tm�QgP�PRSTZ�m�Qg`[�<hi|}STPahid^Z{PRorZF�cNEWrS[S~N<PaQ-m�Qg\aPaQgm<Pao¾N<`TQ:d}mEWr`TQ:L

~v2,3
S[e�ofQ�]¦�Yd<\RZ�]lQg`[N<QgL¸|YyfL<L<QgL.�

NEWYS[S~PRU�U�Q:`OorPa\RZ
Θ3 = 90◦

�+®EQ:`[LjQ:`�]_nj`[N<Q-N<PaQ-klQ:¥gPaQgdAnjL<o
cosα = sin(90◦ − α)

m�Q:L}njZ{¥�ZF�
ΘER

PaS�Z&N<Qg`,±²PaL<|YQ:\�¥�]_PaS[hidjQ:L­x_�<hi|}STZ[`[Qgnj�fQg|}Z[ef`	n<L<N¸§�st®EQ:\RN�s�åÀQg|}Z[ef`:�luvPaQgS&Q:L^Z{STX<`[PRhid^Z-NjQ:`
��n<S[o^WYL<ofST��er`[Ubn<\RPaQg`[n<L<olPaL�ÑÒu�PRZ[Z[U�Qg`.n<L<N�u�Wrn��zÓFÕfÕ��j� æp\D�:ã�Ö^U�PRZ.N<Q:L�§6L}Z[S[X<`TQ:hid}n<L<orQ:L

µ‖ → χcn<LjN
µ⊥ → χs ��uvQ:`���X�Q:¥:PaWr\R��WY\a\�`[QgS[n<\¨Z{PRQ:`TZvWr\RS[e�Wrn<S�N<QgU Wr\a\RofQ:U�Q:PRL<Q:L-¶�n<S[WrU�U�Q:LjdEWrL<o�N<n<`[hid

N<PRQl®Eef`TN<Q:`Tn<L<o�N<Q:`�xzerZ{WYZ{PRefL<STST·AU�U�QgZ[`[PRQ6n<L<NbN<Qg`6��`[PRQ:L^Z{PRQ:`Tn<L<ovQgPaL<Qg`�´�Wrn<XjZ{Wrhid<STQ¦Q:L^Z{\aWrL<o�N<Q:S
x_�<hi|}STZ[`[Q:n��fQ:|^Z[ef`[Sg�+��\RZ[Q:`[L<WYZ{P¨��\��rSTSTZbSTPahid=NjPaQ~��n<ST]_PR`[|}n<L<o!NjPaQ:STQ:`��}·�U�U�QgZ{`TPaQgQ:PaLjS[hid<`[�rL<|}n<L<o
Wrn��pN<PaQ/uvPahidj`[efPRS[Ubn<StstklQg¥:PRQ:d}n<L<o²Ù×æ¹\×� �j� ãrãfÚ�njL}Z[Q:`TS[n<hid<QgL.� ��L^Z[Q:`,N<QgL��vLjLEWrd<U�Q:L

µ2 = µ3

�
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Θ2 = π/2 − Θ1

n<L<N
Θ3 = π/2

��ef\RorZ �
µ(E,ΘE) =

1

3
(µ1 + 2µ2) +

1

6
(3cos2ΘE − 1) Iord ×

[
µ1

(
3cos2Θ1 − 1

)
+ µ2

(
3
(
1 − cos2Θ1

)
− 1
)

+ µ2

(
3cos2π

2
− 1
)]

=
1

3
(µ1 + 2µ2) +

1

2

(
3cos2ΘE − 1

)
Iord (µ1 − 2µ2)

(
3cos2Θ1 − 1

) Ù �j�çãfâfÚ
��QgZ[¥gZbU�WrL

µ1 → χc n<L<N µ2 → χs �IS[e/PRSTZ�NEWrS�ofQ:`[WrN<Q�NEWrS�§6`[ofQgm<L<PaSg�8N<WrS�PRL�ÑÛuvP¨Z[Z{U�Q:`¹n<LjNu�Wrn.�³Ó¡ÕfÕ��YÖ����<`_§6PaLj��WrhidjSTZ{`TQ:n<njL<o,WrmjofQ:\RQ:PRZ[QgZ¦]_nj`[N<QY�

Â~Ã	� 
 Æ�É 2 ��È�$.�8Æ�')$pÊIÆ ��Ç%' $�&(����Ç&Ì�Æ:Ì 0wÉªÆgÊ �&É ��
 $�Ç�ÊIÉ_Ç%' *!É�0�Ê ��É_Ç
�&É '�� $�Ç&Ì4$�Ç 04��� *�È�É��,É '

��ef\�WYL<ofQ?|YQ:PRL<Q�x_yfL^Z{ofQgLEWrm<STef`[XjZ[PaefLjS[NEWYZ[Q:L¬�refL �+��J[JDsM§6PaL<|}`[PRSTZ{Wr\a\RQ:L«�ref`[\RPaQgofQ:L.�_STPaL<N¯XEWY`TZ{PRQ:\R\
ef`[PRQ:L^Z{PRQ:`TZ[Q³�-Q:Ubmj`{WrL<S�ZiWrX�Q:\¹N<PRQ³QgPaL<¥gPaofQ¾�	yfof\aPRhid<|rQgPRZ:�ªN<n<`[hid¬X�ef\aWr`[PRS{WYZ[PaefLjS{Wrm<d<�rL<ofPRofQ°�	Q:S�s
S[n<L<orQ:L�JMLj��ef`TU~WYZ[PaefLjQ:L°�<m�Q:`vN<PaQb`[�rn<U�\aPRhid<Qb��`TPaQ:L^Z[PaQ:`Tn<L<o,NjQ:S��/WrLjo^WrL<|YefU�Xj\aQ� �QgS¹Wrn<Sv�v�p�}s
�-Q:STS[n<L<orQ:L�¥:n,orQg]_PaLjL<Q:L.����L^Z[Q:`cåÀQg`T]cQ:L<Njn<L<oON<Qg`lPaL~V¹WrX.� �j�çã�Q:L^ZM]_PRhi|rQ:\¨Z{QgL&�vn<STN<`[�<hi|YQp\��rSTSTZ
S[Pahid�Wrm<SThidE�YZ{¥gQ:L.�+]_PaQ�of`Te �³NjQ:`�N<Pahid<`TefPaSThid<Q-§6��Q:|^Z~m�QgPzX�Q:`���Q:|^Z{Qg`,��`TPaQ:L^Z[PaQ:`Tn<L<o�]¦�Y`[Qr�l�/WrL
¥:Q:`T\aQgorZ�æp\D� �j� ãrã/PaL=QgPaL<QgL�PaS[eYZ{`[erX�QgL�n<L<N�Q:PRL<Q:L¤WrLjPaS[eYZ{`[erX�QgL=�vL^Z{QgPa\cn<L^Z{Q:`O��n<S[STXEWr`Tn<L<o¾N<Q:`
ΘE

s��vm<d<�rL<ofPRof|rQgPRZªn<LjN-N<QgS���`TN<L}n<L<ofSTXEWr`{WYU�Q�Z{Q:`TS:�
µ(E,ΘE) = µiso + µunisoIord(3 cos2 Θe − 1)

Ù��j�çãr½^Ú
U�P¨Z

µiso =
1

3

3∑

i=1

µi

njL<N
µuniso =

1

6

3∑

i=1

µi(3 cosΘi − 1)

�vn<SzQ:PRL<Q:UÔ��WYZ{¥¹X�ef\�Wr`TPaS[WYZ{PRefL<S{WYm<dE�rL<orPao�ofQ:U�Q:STS[Q:LjQ:`v��X�Qg|^Z{`[QgL/\aWrS[STQ:L	S[Pahid	N<QgU�QgL}Z[S[X<`TQ:hid<QgL<N
N<Q:`_PaSTerZ{`TefX�Qpn<L<N	N<Q:`zWrL<PRS[erZ[`[efX�Qp�vL^Z[Q:Pa\�m�Qg`[Q:hidjL<Q:L.�

µuniso =
µ(Θ1) − µ(Θ2)

3 Iord(cos2 Θ1 − cos2 Θ2)

Ù �j�çã��fÚ
uvQ:`�PaSTerZ{`TefX�Q�©CQ:PR\6\��rSTSTZ�S[PRhid?Q:m�Q:L���Wr\a\RS¹WrL<dEWrLjN¾�refL�æp\D� ��� ãr½�m�Q:`[Qghid<L<QgL=m<¥g]¹�C\��YS[STZ�STPahid¾N<PaQ
�vm^]lQgPahid}n<L<o~N<Q:S�âfâ ◦ s���X�Q:|^Z{`Tn<U�S_�refU PRS[erZ[`[efX�Q:L-��X�Q:|^Z{`Tn<UÔWrm<SThidE�YZ[¥:Q:L �

µiso = µ(ΘE) − µunisoIord(3 cos2 ΘE − 1)
Ù��j�çã��^Ú

®��<`
ΘE = 54.7◦

�6NjQ:L�STefofQgLEWrL<L^Z{QgL�U�WrofPRS[hid<QgLÎ±²PRL<|rQg\D� �rQ:`[SThid^]_PaL<N<Q�Z&N<Qg`
(3 cos2 ΘE − 1)

s
�vn<STN<`[n<hi|�� N��Òd.�INEWYSO��X�Q:|^Z{`Tn<U�Q:L^Z{STX<`[PRhid^ZON<Q:U�QgPaL<Qg`�n<Ljef`[PRQ:L^Z{PRQ:`TZ[Q:L³�6`[efm�Qr�8®��<`

ΘE = 55◦m�Q�Z{`{�YorZvNjQ:`z�vn<STN<`[n<hi|	PaL	N<Qg`vVp\�WYU�U�Q:` −0.013
��u�WrSvâfâ ◦ s���X�Q:|^Z[`[n<UÔQ:L^Z[S[X<`TPahid^ZpWr\RS[e�m<PaSzWrn��

Q:PaLjQ:L�®�Qgd<\aQg`.PaU«�6`[ef¥gQ:L^Z{m�Q:`TQ:PRhidwN<QgU­PaSTerZ{`TefX�QgL���X�Q:|^Z{`Tn<U­n<L<N�|�WrL<L�WrL¹N<QgS[S[QgLO�AZ[Q:\R\aQ��rQ:`T]cQ:LAs
N<QgZ�]lQg`[N<QgL.��JMUÔ®Eef\RofQ:LjN<Q:L	]_Pa`[N	¥:nj`���n<ST]cQ:`�Z{n<L<o&NjQ:S�u�Pahid<`TefPaSTUbn<S_N<Q:`�x_yfL^Z{ofQgLEWrm<STef`[XjZ[PaefL
NEWrSpuvP¨��Qg`[QgL<¥:STX�Qg|}Z[`[n<U ¥g]_PRS[hid<QgL�Q� �X�Qg`[PRU�QgL}Z[Q:\R\C¥gn<o^�rLjof\aPRhid<Q:`v��`[PaQgL^Z{PaQg`[n<Ljo��ferL!�6`[efm�Qwn<LjN
xzyfL^Z[ofQ:L<S�Z{`[Wrd<\

µld(ΘE) = µ(ΘE) − µiso ≈ µ(ΘE) − µ(55◦)
Ù �j�çãrÕ^Ú

�fQ:`�]lQgL<N<Q�ZF�^klQgP}N<Q:`���`[PaQgL^Z{PaQg`[n<LjofS{WrL<Wr\R·AS[QÀPRL�N<QgLbLE�rhidjSTZ{QgLb�vmjS[hid<L<P¨Z[Z[Q:LbQg`[U�yfof\aPRhid^ZIN<PaQgS[QcuvQ�s
ÐEL<PRZ[PaefLwQ:PaLjQ¦�vm<SThidE�YZ[¥:n<L<o�N<QgSc§6PRLjÁEn<STS[Q:S6NjQ:Sc��`[PaQgL^Z{PaQg`[n<LjofS[of`[WrN<S6WYnj��N<PaQcS[PaUwn<\aPRQ:`TZ[Q:LbX�ef\aWr`[PÏs
S{WYZ[PaefL<S[Wrm<dE�YL<ofPaorQ:L-��X�Q:|^Z{`TQ:L.��uvPaQp]cefd<\I�<m<\RPahid<Qg`[Q�uvQ�ÐEL<PRZ[PaefL��EPaL��vLEWY\aefofPRQ�¥:n-m�QgPaSTX<PaQg\aST]cQ:PRS[Q
efXjZ{PRS[hid<Qg`zuvPahid<`TefPaSTUbn<STS[X�Q:|^Z{`TefS[|YefX<PaQY�E]¦�r`TQ

µ̃ld = (µ0◦ − µ90◦) / (µ0◦ + 2µ90◦) .
Ù �j�Ò¼f»^Ú
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#%$�$'&)(+*�,�-/.O0�2��q5���7;R�AD:H>)F ADCH>)7;?�FmA k nB�D?Me{>@e{Q�E�>@C%<ME�: xd� ?�CHe�E�?BA k F=7;:H|MCH>)7;?�FHQ{AD?�C=E�?�F=| E�Q9CH:=E�?y��7;I sOAD?Me�AD? fQ�7;Iz|MR)Ea�u<ME�F8� g UmU%W R@>@?MQ�E g |BADR@C=E�ZiF=7�ri>)E�<ME�F%AD?M>)F=7;CH:=7;| E�?OX8?/C=E�>@R)F%ADI��%X%� ��g�fhg | E�Q9CH:HKMI µld
W :=E�l=n fC=E g |BADR@C=E�Zz� �M:J|BAD:HCH>)E�R@R)E�cd:H>)E�?�CH>)E�:HKM?Me WY7 k E�?�� Iord = 0.46

Z
F=7jri>)EvEa�9CH:mAD|�7;R@>)E�:HC�ADK'��<ME�? �BADR@R8|�E�: f�YE�Q9C=E�:!cd:H>)E�?�CH>)E�:HKM?MePWYsv>@CHC=E{�
Iord = 1

Z�� �M:L�9>)E�:LEa�'|�E�:H>@IJE�?�C=E�R@R�p�KMe��D?Me{R@>)lmn�EoNP>@?MQ�E�R���6~AD?/C=E�?�FH|�E�Q fCH:=E�?�� �M:L<'>)E	�%:=E�?Mp�� �DR@R)E � ◦ KM?�< �	� ◦ KM?�< Iord = 1
W KM?�C=E�?�R@>@?MQ'F Z�F=7jri>)E <�A;F_?�7;:HIz>)E�:HC=E�
�^ fhg >@e{?BADR

µ̃ld = (µ0◦ − µ90◦) / (µ0◦ + 2µ90◦)
W KM?/C=E�?u:=E�lmn�C=F ZaS��%�Dn�E�:=E � :HR��DKMC=E�:HKM?Me�E�?���FH>)E�n�E�
�Ea�9CjS

uvPRQ:STQwdEWYZ�N<QgL/åÀef`TZ[Q:PR\D�ENEWrSTSvN<Qg`�±³Q:`�Z
µ̃ld

m�Q:`[QgPRZ[S����<`zXEWr`�Z{PaQg\a\RQ��p`TPaQgL}Z[PaQg`[n<L<o�|ref`T`[PRofPaQg`TZzn<L<N
Wrn���NjPaQ�æp`[QgL<¥:X�ef\�WY`[PaS[WYZ{PRefL<QgL�m�Q:¥gefofQ:L²PRSTZF�l®��<`,NjQ:LµåÀQ:`Tof\aQgPahid��ferL¸STPaUbnj\aPaQg`TZ[Q:L�U�PRZ~Q� �X�Q�s
`TPaU�Q:L^Z{Qg\a\aQgL��AX�Qg|}Z[`[QgLµQ:`T]cQ:PRSTZ&STPahidµN<PRQ:STQ:`~SThid<Q:PRL}mEWr`[Q°åÀer`[¥:njo	¿TQ:N<eAhidµWr\RS,Ø�Wrhid^Z{Q:PR\D�+NEW?N<PRQ
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NEWY`:��§6Sz�rQ:`Tm<\aQgPam�Q:L	N<PaQ���`[PRQ:L^Z{PRQ:`[njL<ofQ:L	N<Qg`
µ
s�eF je�§6m�Q:L<QgL.�

β1

n<L<N
β2

�
Wr\RS¦n<L}m�Q:|�WrL<L^Z{Qw��Wr`[WrU�QgZ{Qg`:�
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#]$�$'&)(+*�,�-�.10�2 0�5�Nb>@?MQ�E�R�p�KM:%\�E�F=l=nM:=E�> k KM?Mey<ME�: 
�ADe�E�<ME�: µ f 7��M7 f \�: ��l=Q�E�?�>@I s�AD?Me�AD?MQ�7;Iz|MR)Ea�qS ^%>)E� f Xil=n�FmE�<ME�F�6d7/7;:=<'>@?BADC=E�?�FHG'FHC=E�IJF�<ME�: k E�>)<ME�?LX k F=7;: k E�:�E�>@?�E�F�^%>@IJE�:=F ΣA
pjE�>@e{C�>@? x >)l=n/CHKM?Me~<ME�: w E�: f

k >@?�<'KM?Me%p�ri>)F=lmn�E�?L<ME�? k E�>)<ME�?_sOAD?Me�AD?MpjE�?/CH:=E�?�S;^d>)E�G f Xilmn�F=E�pjE�>@e{C�>@? x >)l=n/CHKM?Me%<ME�: w E�: k >@?�<'KM?Me�FHR@>@?M>)E<ME�: k E�>)<ME�?�\�: ��l=Q�E�?�F ADK�E�:=FHC=7�
qADC=7;IJE ~vµO
SqU�I 6d7/7;:=<'>@?BADC=E�?�F=G9FHC=E�I <ME�F[^%>@IJE�:=F

ΣA
>)F=C~<ME�:[NP>@?MQ�E�R

p�ri>)Fml=n�E�?
µ f 7��M7 f�� k E�?�EdKM?�<!sOE�I k :mAD?M?�7;:HI!ADR)E�? ~M

<MEa`�?M>)E�:HCiADR)F
βµO = arctan ~e

(M)
z

~e
(M)
y

��r�7 k E�> ~e (M) <ME�:
� >@?Mn�E�>@C=FH��E�Q/C=7;:�>@? x >)l=n/CHKM?Me_<ME�:�svE�I k :mAD?M?�7;:HI!ADR)E�?�>)F=CjS�^]E�:�Nb>@?MQ�E�R�p�ri>)F=l=n�E�? <ME�I sv? f sv? fTw E�Q/C=7;:
~vMn−Mn

>)F=C
αMnMn = arctan ~e

(M)
x

~e
(M)
y

S

uvQg`�æ¹`[WrN/WYL/Ízm�Qg`[Q:PRL<STZ[PaU�Ubn<L<oO¥�]_PaSThid<Q:L°��PaUbnj\�WYZ[PaefL,njL<N°§� �X�Qg`[PRU�QgL}Z_]_PR`[N�N<n<`Thid/N<QgL
�An<WrN<`{W�Z{PaSThid<Q:L/®EQ:d<\RQ:`

RLD( ~M) =

∑
(µsim

ld (ΘE) − µexp
ld (ΘE))

2

∑
(µexp

ld (ΘE) − µexp
ld (55◦))

2

Ù �j�Ò¼jÓ Ú
Q:`T��WYS[STZ:�ju�PaQ:STQ�uvQ�ÐEL<P¨Z{PaerL�dEW�ZlN<QgL~åÀef`�Z{Q:PR\D�fN<WrS[ScN<PaQz�vm^]cQ:Pahid}n<LjoO¥g]_PaSThid<Q:L&NjQ:L&WrmjS[ef\RnjZ{QgL~Q� }s
X�Qg`[PaU�Q:L^Z[Q:\a\RQ:L¹n<L<NwS[PaUwn<\aPRQ:`TZ[Q:Lp��m<S[ef`TXjZ{PRefL<STS[X�Q:|^Z{`TQ:LOL<PRhid}Z8PaL¹N<PRQl®EQgd<\aQg`[S[njU�U�Q6Q:PRL<ofQ:d^Z:��STefL�s
N<Q:`TL!LAnj`vN<Qg`vX�ef\�Wr`TPaS[WYZ{PRefL<S{WYm<dE�rL<orPaofQ���L^Z{Q:PR\D��JML!Wr\R\aQgL	��ef\RofQ:LjN<Q:L°��PaUbnj\�WYZ[PaefL<QgL�PaSTZ

Θe =
Ó â ◦ofQg]l�rd<\¨ZF�

®��j`�N<PRQl�vmjdE�rL<ofPRof|rQgPRZ8N<Q:`�S[|�Wr\�WY`[Q:LOæ¹`Ty �fQ
Rld

�refLO¥g]cQ:PE�8Wr`{WYU�Q�Z{Q:`TL
β1

n<L<N
β2

m<PaQ�Z{QgZ S[Pahid
Q:PaLjQ&¥g]cQ:PaNjPaU�Q:L<STPaefLEWY\aQ�u�Wr`[S�Z{Qg\a\anjL<o�Wr\aS

Rld(β1, β2)
WrL.��]_PRQ,S[PRQ,N<Q:LÎLE�Yhid<STZ[Q:L¤�vm<SThid<L<PRZTZ{QgL

m�QgLAn�Z{¥gZz]_Pa`TN.�
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	�� / É � '����&Æ�É ��É_Ç&É S1
�

� � �&ÉªÈ�ÈgÉ
¶�PRQ:\EN<QgSc��ef\RofQ:L<NjQ:L��vm<SThid<L<PRZTZ{ScPaSTZcQ:Sg����n<S[S[WrofQgL,�<m�Q:`+N<PaQv��`[PaQgL^Z{PaQg`[n<Ljo�N<Qg`

µ
sMeF �eYst§6PaLjd<Q:P¨Z{Q:L��

N<PRQ,klQgSTZ{WrL<NjZ[Q:Pa\lN<Q:S��+��JTJDs��/WrLjo^WrL<|YefU�Xj\aQ� �QgSOS[PaLjN.� WrnjSbN<Q:`��Cef\�WY`[PaS[WYZ{PRefL<S[Wrm<dE�rLjofPaof|YQ:P¨Z�NjQ:`
x_yfL^Z{ofQgLEWrm<STef`[m�Z{PaerL<S[|�WrL^Z{QgL<STZ[`[n<|^Z[n<`°Wrmj¥:n<\RQ:PRZ[Q:L.�z¶�njLE�rhid<S�Z/STef\a\RQ:L¸WrL<dEWYL<N¬QgPaL<QgS-STX�Qg¥:PaQg\a\RQ:L
�-eAN<Qg\a\aS!NjPaQÎ]lQgS[Q:L^Z[\aPahidjQ:L�§6`[orQ:m<L<PRS[STQ��fer`[ofQgSTZ{Qg\a\¨Z¾]cQ:`TN<Q:L��wm�Qg�fer`³PRU ±?QgPRZ[Q:`[QgL3N<Qg`?§6PRL�s
ÁEnjS[S�N<Q:S	|rerL<|}`[QgZ[Q:L­�-e�NjQ:\a\RS,n<L^Z{Qg`[STn<hid^Z/]_Pa`TN.�¦��LEWr\R·ASTPaQ:`�Z&]_Pa`TN¸QgPaL«�A·ASTZ[Q:U WrnjS	¥�]lQgP

µ
s

eF �eYs��rQ:`Tm<`[�<hi|^Z[Q:L��-L�stu�PaU�Q:`[QgL.��N<WrSbPaL=V�WYX<PRZ[Q:\ ���ç½°|YefL<S�Z{`[njPaQ:`�Zb]_n<`TN<Qr�6u�Q:`��� �PaNEW�Z{PaerL<S[¥gn�s
S�ZiWrL<N¾Q:L^Z[S[X<`TPahid^Z

MnIII
2 MnIV

2

����n<S�qIuzst§ ���v®6�}st�-Q:STS[n<L<orQ:L=|YyfL<L<QgL?¥g]cQ:Pc�-LAs��-L�sDåÀQ:|^Z{er`[Q:L
n<L^Z[Q:`[SThid<PaQgN<Q:LÎ]cQ:`[NjQ:L.� NjPaQ,d<PRQ:`�¥:n<LE�Yhid<STZ�Wr\RS

α1 = 60◦
njL<N

α2 = 90◦
WrL<orQ:L<efU�U�Q:L=STPaL<N

ÑÛuvPRZTZ{U�Q:`g�/Ó¡ÕfÕrÕYÖD�juvPaQp�-L�stq�PRo^WrL<N�sMuvPaS�ZiWrLj¥:Q:L~S[PaLjN&N<Q:L	§ ���v®6�}st§6`TofQ:m<LjPaS[STQ:L	WrL<orQ:XEWrSTSTZ�Ù�n<L�s
Z[Q:`�kcQ:`[�jhi|ASTPahid^Z{PRofn<L<o�N<Qg`vå+Wr\RQ:L<¥£sM�vmjSTZiWYL<N<S�sMxzQgofQ:\RL-���<`vN<PaQ�U�P¨Z[Z{\RQ:`TQ:L	�vm<S�Zi�rL<NjQbN<Q:`vQ:PaLj¥:Q:\Ïs
L<QgL¤�� jPRNEWYZ[PaefL<ST¥:n<S�Zi�rLjN<Q,n<L<N¤Vze�ef`TN<PaL<WYZ{PRefL<S[¥:Wrd<\RQ:L�Ú£�8u�n<`[hidÎN<PRQ,§ ���v®6�}sM��L<XEWrSTS[n<Ljo¾]_PR`[N
QgPaL<Q�uvPRSTZ{WrL<¥:PRL<d<efU�efofQgL<PRZ{�YZ,Qg`[¥�]_n<L<ofQgL.��NjPaQ°�fer`-WY\a\aQgU ���j`	NjPaQ

MnIV sMJMefL<QgL«`TQ:hid^Z	|}`{�Y�ßZ[PaoQg`[S[hidjQ:PaL^Z:� Wrm�Q:`g�C]_PRQ�m�Q:`TQ:PRZ[SwQg`T]l�rd<L^ZF�8U�P¨Zw§6`TofQ:m<LjPaS[STQ:LÎWrnjSbu�®�©lst�AZ{njN<PaQgL?�fQg`[of\RQ:Pahid}mEWY`wPaS�Z
ÑÒ��PaQgofmEWrdjL.��ãr»f»f»YÖ×��u�WvN<PRQª¶�n<er`[N<L}n<L<ovN<Q:`8Q:PaLj¥:Q:\RL<Q:LO�/WrL<o^WYL<PaefLjQ:Lw¥gnbN<QgLb��PRQ:`��8efSTPRZ{PRefL<QgLwPaU
�-eAN<Qg\a\ L<PRhid^Z�m�Q:|�WrLjL}Z�PRSTZF��Uw�<S[STQ:L=WY\a\aQwN<Q:L<|}mEWY`[Q:L?V�efUwm<PaLEW�Z{PaerL<Q:L!m�QgZ[`{Wrhid^Z{Q�Z�]cQ:`TN<Q:L��CSTeYs
]cefd<\�PaL�klQg¥:n<oOWYnj�.N<PRQ�¶�n<S{WrU�U�Q:L<STQgZ{¥gn<L<o�N<Q:`cm�QgPaN<QgL~uvPRU�Qg`[Q�Wrn<S+N<Q:L��fQg`[S[hidjPaQ:NjQ:L<QgL

MnIII sn<LjN
MnIV s�¶�QgL}Z[`[QgL°Wr\RS_Wrn<hid°WYnj� N<PRQpm�QgPaN<QgL-U�yfof\RPahid<QgL-�p`TPaQgL}Z[PaQg`[n<L<orQ:L�N<Q:`v�-L�st�-L�s��ªhid<S[QgLN<Qg`puvPRU�Qg`[Qr��JMSTZ¹QgS¹Wr\aSTe,Q:L^Z{SThid<Q:PRN<Q:LjN.�Iefm!m�QgPaSTX<PaQg\aST]cQ:PRS[Qbm�Q:PRN<Q

MnIII PRL!Q:PRL<Q:UáuvPaU�Q:`�e�NjQ:`
PRL,�fQ:`TS[hid<PRQ:N<QgL<Q:L°WrL<ofQgef`[N<LjQgZ_S[PRL<N�� ��L<N�]_PaQv]_PR`[|^Z_S[PRhid-NjPaQ¹¶�n<er`[N<L}n<L<o�¥gn<U Õf» ◦ s+m<¥g]¹��½f» ◦ suvPRU�Qg`+Wrn<S��¹�-P¨ZlNjQ:U�åÀQ:`Tof\aQgPahid�N<PaQgS[Q:`lV�efUwm<PaLEW�Z{PaerL<Q:L�PaS�ZcQgPaL�Q:`[S�Z{Qg`¦PaL<d<�r`[QgL}Z[Q:`+©8QgSTZc���<`lN<PRQ
�-eAN<Qg\a\�WYm<dE�rL<orPaof|YQ:PRZlN<Q:`_§6`TofQ:m<LjPaS[STQ�orQ:ofQgm�QgL.�

�vmjm<Pa\RN<n<L<o �j�ÒÕ&¥:Q:PRorZ¹¥g]cQ:PcV�erUbm<PaL<WYZ{PRefL<Q:L°���j`pNEWrS¹����Ø�§+�}sMefX�Z{PaU�PaQg`TZ[Q��-eAN<Q:\R\���JMU \aPaLAs
|YQ:L=©CQ:PR\+PRSTZ�N<PRQ�orQgZ{`Ter��Q:L<Q,¶�n<ef`[NjLAnjL<o/N<Qg`b�� �PaN<WYZ{PRefL<S[¥gn<STZ{�rL<N<Q�¥:n?N<Q:L?uvPaU�Q:`TQ:L�Ñ

MnIIIL5

MnIVL6

Ö¨siÑ
MnIIIL6 MnIVL6

Ö×� PaU¯`TQ:hid^Z{QgL�Ñ
MnIVL6 MnIVL6

ÖÏs£Ñ
MnIIIL5 MnIIIL6

ÖD� JMLbm�Q:PRN<Q:Lw® �r\Ïs
\RQ:L¾PaSTZ�N<Qg`bæpQ:S[WrUwZT�fQ:`T\�Wrn��¦N<QgSwuvPRhid<`[erPaS[Uwn<S�st��X�Qg|^Z{`[njU�S�`[QgX<`[eAN<n<¥gPaQ:`�ZF�C��m^]lerd<\cNjPaQO�APaS[njQ:\a\RQ
Ízm�Qg`[Q:PRL<STZ[PaU�Ubn<L<o�PaL��vmjm.� ���çÕ&Ù�W�sMNEÚ6m�Q:STS[Qg`¦Q:`TS[hid<QgPaL^Z_Wr\RScPRL!Ù�Q£s��{Ú��}PaS�ZlNjQ:`

Rld

sD±?Qg`TZcPaU�¥�]lQgP¨s
Z[Q:L,®�Wr\R\<QgZM]lWrSc|A\RQ:PRL<Q:`g�^JML���m<m.� �j�ÒÕ,Ù�NEÚ6njL<N!Ù�d�ÚÀPRSTZ+¥:n�Q:`T|rQ:LjL<Q:L.�ANEWrSTSlN<PRQzÍ�m�Q:`[QgPaL<S�Z{PRU�UbnjL<o
N<Qg`bPaSTerZ{`TefX�Q:LÎ��X�Q:|^Z[`[Q:LÎ�fer`OWr\a\RQ:U�PaLµÙ×W�s�N�Ú�STQ:d<`Oofn�ZOPaS�ZF� u�Q:`�´vWYn<XjZ{njL}Z[Q:`TS[hid<PRQ:N¤¥g]_PaSThid<Q:L
N<QgL°�AX�Qg|}Z[`[QgL-PRU \aPRL<|rQgL�n<L<N	PaU `TQ:hid^Z{QgL/©CQ:PR\.�fefL	�vm<m�� �j�çÕO\RPaQ:oYZ¦PaU klQ:`TQ:PRhid-¥�]_PaS[hidjQ:L°½fâr½^â
n<LjN/½^â �f»OQ�åb�<]ce°Ù�m�ÚlQ:PRL<Q�Í�m�Q:`[|}`TQ:n<¥gn<L<o~NjQ:`���X�Q:|^Z{`TQ:L/`TQ:X<`Te�Njn<¥:PRQ:`TZ:�<]¦�Yd<`[QgL<N�Ùß�iÚlL}n<`_Q:PRL<Q
��L<LE�rd<Qg`[n<Ljo�WYnj�ß]lQgPaS�ZF��u�WrS_WYm<S[ef\RnjZ{Q��	PaL<PRUbn<U N<Q:`_®EQ:dj\aQ:`���n<L<|^Z{PRefL&\aPRQ:orZc���<`z�-eAN<Q:\R\6Ù�W^Úlm�QgP
Ù
β1 = 60◦; β2 = −30◦

Úpn<L<N=���<`b�-e�NjQ:\a\�Ù�m�Ú�m�Q:PvÙ
β1 = 35◦; β2 = −35◦

Ú��CJML=�vm<m��
�j�ÒÕ=Ù�h¡Ú
n<LjN?Ù�o}ÚcÐEL<NjQ:L/STPahid	u�Wr`TSTZ[Q:\a\Rn<L<ofQgL�N<Q:`_¥:njofQ:d<yr`[PaorQ:L-ãruzsDåÀQ:`TZ[Q:PR\an<L<orQ:L&N<QgS

Rld

sM®EQ:d<\RQ:`T]cQ:`�Z{QgS:�
JML	m�QgPaN<QgL/®��r\a\RQ:L&�YWr`[PRPaQ:`�ZªN<Qg`�x¦s�±³Q:`�Zz¥g]_PaSThid<Q:L/QgZM]lW~»j�çã�njL<N/h:Wj��Õj��uvPRQw�-W� �PaU�W�\RPaQgofQ:L�PaU
]cQ:STQ:L^Z{\RPahid<QgL!WrL/NjQ:L!§6hi|rQgL!N<Q:`���nEWrN<`[WrL^Z{Q:L���Wr\RS[e�m�QgP

(β1, β2) =
Ù�» ◦ ��» ◦ Ú��8Ù�Õf» ◦ ��Õf» ◦ Ú��8Ù×Õf» ◦ �sMÕf» ◦ Ú£��ÙßsMÕf» ◦ �}Õf» ◦ ÚÀQ�Z{hY�R�}JML�Q:PaLjQ:U ��U�|}`[QgPaS6�fefL�hFWj�A¼f» ◦ n<U�NjPaQ:STQz�ÀnjL<|^Z{QvPRSTZ+N<Qg`lx¦s�±³Q:`�ZcLje�hid

U�PaL<NjQ:STZ[Q:L<SªâO�/Wr\�djyfd<Q:`_WY\aSlPRU �	PaL<PRUbn<U	�j¶�]_PRS[hid<QgL�N<PaQgS[Q:L�®EQgd<\aQg`[U�W� �PaU�W�\RPaQ:orQ:L&klQg`[QgPahid<Q
U�PRZTZ{\aQg`[QgL-n<LjN°ofQ:`TPaL<orQ:L°®EQgd<\aQg`[S:��u�Wrm�Q:PI���r\R\RZ�Wrnj�t��NEWrSTS�N<PRQwqIWrofQ�N<Q:`��-PaLjPaU�W�L<PRhid^Z�ST·AU�U�Q£s
Z[`[PaSThid.��N.�Ûd.��NjQ:`�®EQgd<\aQg`�m�Q:PlÙ

β1 = −45◦; β2 = −45◦
Úªn<L<N�Ù

β1 = 45◦; β2 = 45◦
ÚªL<Pahid^Zvof\aQgPahid

PRSTZF�
uvPRQ:S[QO©8WYZ[S{Wrhid<QO�jm�Qg`[`{WYS[hid^Z�Wrnj�+N<Q:L�Qg`[STZ[Q:L¾kl\RPahi|���Qg`[|}\��r`�Z�STPahid~¿TQ:N<eAhid¾Wrn<S�NjQ:`¹qIWrofQbNjQ:`

�-QgUbm<`[WrL<L<ef`TU~WY\aQ:L	¥:nj`�x_erZiWYZ[PaefLjS{Wrhid<STQ&Ù�N<Q:Uá�-L�st�-L�sDåÀQ:|^Z{ef`{ÚwÙ��vm<m.� �j�¨Ó¡»^Úz��PaLjN/m�Q:PaSTX<PaQg\aSts
]cQ:PRS[Qr�Y]_PaQªPaLwN<PaQgS[Q:U#®�WY\a\D� N<PRQ

µ
st�¸��Wrn<Q:`TSTZ[er�.W�Z{efU�QªWrn<S6NjQ:`

~vMn−Mn×~vO−O
st§6m�Q:L<QªofQgN<`[Qgd^ZF�

STe,PaS�ZvN<Qg`�±²PRL<|rQg\�¥g]_PRS[hid<QgL¾�-Q:Uwm<`{WrLjL<ef`[U�Wr\RQ:L/njL<N
~vMn−µO

���<`
β = +45◦

n<L<N
β = −45◦�rQ:`[SThid<PaQgN<Q:L?n<L<N?STefU�PRZ�Wrn<hid³NEWrS�S[PRUbn<\aPRQ:`�Z{Q���X�Q:|^Z{`Tn<U(S[e¡]_PRQ�N<Qg`

Rld

s�±³Q:`TZ:�C®��<`p���<`¹Q:PRL<Q:L
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S1
��� � �I> 
�
�>

#]$�$'&)(+*�,�-�. 0�2���5tcd:H>)E�?�CH>)E�:HKM?Me <ME�:
µ f 7��M7 f�� k E�?�E{S ��>@C <ME�: NP>@?MQ�E�R

β1
KM?�<

β2
>@? E�> f?�E�I �]Xd� ��g�f 7;|MCH>@Iz>)E�:HC=E�? sO7/<ME�R@R WY^]E�CmAD>@R)F >@I 
�Ea�'C Z >@? p�r�E�>t687;?'`�e{KM:mADCH>)7;?�E�?�S W A�Z f WY<BZ[

MnIIIL5 − MnIV L6

]
60◦

+
[
MnIIIL6 − MnIV L6

]
90◦
KM?�< WYE�Z f W n�Z [MnIV L6 − MnIV L6

]
60◦

+[
MnIIIL5 − MnIIIL6

]
90◦
W A�Z8KM?�<�WYE�Z�pjE�>@e�E�? �HE�r�E�>@R)F[Fml=n�E�I!ADCH>)F=lmn <�A;F]p�KMe{:HKM?�<ME�R@>)E�e�E�?�<ME!sO7/<ME�R@RTS

UV?PW k Z%KM?�<PW4�aZd>)FHC~<�A;F � :He�E k ?M>)F����M:~<'>)EJ687;I k >@?BADCH>)7;?1<ME�: k E�>)<ME�?�cd:H>)E�?/CH>)E�:HKM?Me�E�? β1
KM?�<

β2
Iz>@C

<ME�I e�E�:H>@?Me�FHC=E�?
Rld f N�E�:HC%<�AD:He�E�FHC=E�R@R@Cj��r��DnM:=E�?�<}WYl�ZiKM?�< W e/Z�<'>)E�X k nB�D?Me{>@e{Q�E�>@Cd<ME�F Rld f N�E�:HC=E�F���7;?<ME�?

µ f 7��M7 f cd:H>)E�?�CH>)E�:HKM?Me�E�? β1
KM?�<

β2
ri>)E�<ME�:He�E k E�?�S'^%E�: w E�:He{R)E�>)lmn <ME�:�>)F=7;CH:=7;|�E�? g | E�Q9CH:=E�? Iz>@C�<ME�?Ea�'|�E�:H>@IJE�?�C=E�R@R)E�? ^]ADC=E�?L`�?�<ME�C�FH>)l=nJ>@?uWY<BZ�KM?�<vW n�ZaS{^d>)E��d?�C=E�:=Fml=nM>)E�<ME k E�FHC=E�n�E�?J��7;:�ADR@R)E�I >@I w E�:HR�ADK'�p�ri>)Fml=n�E�? �������%KM?�< ��� �	�]E w �Dr�7JW k Z�<'>)E�6]:=E�KMp�KM?Me�<ME�: g |�E�Q/CH:=E�?z?M>)lmn�C���7;R@R':=E�|M:=79<'KMp�>)E�:HCdW ��E�<M79l=nJAD? f<ME�KMC=E�C Za�M7 k r�7;nMR�<ME�: x�f N�E�:HC����M:i<ME�? e�AD?MpjE�? ��>@CiE�CVr�A;Fie�E�:H>@?Me�E�:i>)FHCjS9^%>)E��;^ fhg CH:HKMQ9CHKM:i>)FHC�>@? k E�>)<ME�?

���DR@R)E�?uFmE�nM:d�DnM?MR@>)l=n�S

±²PaL<|YQ:\
α = 0◦

m�Q:STZ[Q:d^Z-JMS[erZ[`[efX<PRQ!m�Qg¥:�<or\aPahid
β
n<L<N²���<`

α = 90◦
QgPaL<Q�Ó �r» ◦ s��}·�U�U�QgZ{`TPaQY�®��<`¹Wr\R\aQ�±³Q:`�Z{QONEWY¥g]_PaSThid<Q:L³S[PRL<N!S[ef\Rhid<Q�Q:PRLj��Wrhid<QgL?�}·�U�U�QgZ{`TPaQ:Wrn<S[S[WrofQgL!L<Pahid^Z�U�yrof\aPRhid.���vm�s

m<Pa\RN<n<L<o��j�¨ÓfÓ��rQ:`{WYL<S[hidEWYn<\aPRhid}ZbN<Q:LÎæp`[njL<N³���<`�N<PaQO��Qgd<\aQgL<N<Q&�}·�U�U�QgZ{`TPaQ�WrL<d<WrL<N=N<Qg`O�AZ[`[n<|fs
Z{n<`bNjQ:`OuvPRhid<`[erPaS[Uwn<S�stæ¹\RQ:Pahid}n<Ljo �j�çãfã��8®��<`�Q:PaL³]_Pa\a\R|}�<`[\RPahid�PaU xzWrn<U ef`[PRQ:L^Z{PRQ:`TZ[Q:Sw§À\R\aPRX<S[efPRN
S[PaLjN«N<PRQ!±²PaL<|YQ:\¹¥g]_PRS[hid<QgL­N<Q:L¸Q:PRL<¥:Qg\aL<QgL¬´�Wrn<XjZ{Wrhid<STQ:L­n<LjN¬N<Qg`	¥£sM�ªhid<STQµÙ×�-Q:Ubmj`{WrL<Ljef`�s
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U�Wr\aQFÚwNEWr`TofQ:S�Z{Q:\R\RZ:�+�/WrL�STPaQgd}Z�S[eY��ef`TZ:�6NEWrS[S����<`�¿TQ:N<Q	Q:PRL<¥:Qg\aL<Q-´vWrnjXjZiWrhidjS[Q°QgPaL<Q-�A·AU�U�Q�Z{`[PRQ
m�Q:¥g�<of\aPRhid�QgPaL<QgS&¶�Q:LjPRZM]_PaLj|rQ:\RS

Θ
(max)
i

�+m�QgP�N<QgU
µuniso

U~W� �PRU~Wr\c]_Pa`[N��+�ref`[\RPaQ:oYZ�njL<NµQ:S�ofPa\¨Z
µunisio(Θ

(max)
i − ξ) = µunisio(Θ

(max)
i + ξ)

�E®��<`¦NjPaQ���n<U�U�Q�N<Q:`ªNj`[Q:P
µuniso

sM©CQ:`[U�QpofPR\RZ¦NjPaQ:S8¿TQ£s
N<eAhid¾L<Pahid^Z�U�Qgd<`:�Iu�W	N<PaQ��AZ[`[n<|^Z[n<`�NjQ:`w�/WrL<o^WYL�stuvPRU�Qg`[Q�¿TQgN<e�hid³L<Pahid^Z�S[Qgd<`�]cQ:P¨Z¹�fefL³Q:PaLjQ:`
C2

st�A·AU�U�QgZ[`[PaQ�m�Q:¥g�<of\aPRhid=N<QgS��-L�s��	L�s�åÀQg|}Z[ef`[SwQ:L^Z[��Qg`[L^Z�PaS�ZF�CPaSTZwQ:PRL<Q~LE�Yd<Q:`Tn<L<ofS�]lQgPaS[Q-�A·AUOs
U�QgZ[`[PaQcPaLON<QgL�ãruzs

Rld(β1, β2)
stu�WY`[STZ[Q:\R\an<L<orQ:LO¥:n�Qg`[|rQgL<L<QgL.�AuvPaQgS[QªLE�rdjQ:`[njL<ofST]cQ:PRS[Q��A·AU�U�Q�Z{`[PRQ

]_PR`[N,n<U S[ewS[hid<\RQ:hid^Z{Qg`:�Y¿TQ�]cQ:P¨Z{Qg`¦m�QgPaSTX<PaQg\aST]cQ:PRS[Q�N<PaQvkl`[�<hi|YQ:L<S[Wrn<Qg`[STZ[er��WYZ{efU�Q�Wrn<ScN<Q:`
µ
sMeF �eYs

§6m�Q:L<Q¦�rQ:`[SThid<efm�Q:L�S[PaLjN.�fNEWpN<PRQ:S N<PRQ¦Q:`�]¦�Yd<L^Z{Q
C2

s��A·AU�U�Q�Z{`[PRQlm�Q:¥g�<of\aPRhidON<Q:S+�	L�s��-LAs�åÀQ:|^Z[ef`[S
m�Q:STefL<N<Qg`[SzSTZiWY`[|~�rQ:`[\RQgZ[¥gZF�

uvPRQ�orQ:LEWrnjQ#�AZ[`[n<|^Z[n<`«NjQ:`
µ− O

st�AZ{`Tn<|^Z{n<`TQ:LáPaU

#%$B$'&)( *q,�-�.t0�2�3���5 g lmn�E�I!A <ME�: µ f c
g G9IzIJE�CH:H>)E

�+��JTJDs��/WrLjo^WrL<|YefU�Xj\aQ�  PRSTZ¸L<PRhid}Z«m�Q:|�WrL<L^ZF�-Wr\RS[e S[PaLjN
STe ]cefd<\	X<\aWrL<Q«Wr\aS�Wrn<hid WYm<ofQ:|}L<PRhi|^Z{Q­kc`[�<hi|YQ:LÔN<Q:Lj|^s
mEWY`:��¥:n<U�Wr\IS[PRhid!m�QgPaN<Qb�-yfof\RPahid<|YQ:PRZ[Q:L-PaL°S�·�L^Z[d<QgZ[PaS[hidjQ:L
�-eAN<Qg\a\aQgL�ÐEL<N<QgL.�!�vnjhidäN<PRQ0��`[PRQ:L^Z{PRQ:`[njL<o N<Q:`¯�rQ:`�s
\a�rL<ofQg`TZ{QgL#uvPRSTZ{WrL<¥:QgL0WrU

MnIV ÙßZ{`[WrL<S?¥gn#N<QgL
µ
s���s

kl`T�<hi|rQgL<S{WYn<Q:`TSTZ{eY��QgLOe�N<Qg`�W  jPaWr\f¥gn<`
µ
s���st§6m�Q:L<QFÚ�PRSTZCn<L�s

STX�Qg¥:PRÐ<S[hid.��uvPRQ ��nEWYN<`{WrL^Z[Q:L<¥gn<ef`[NjLAnjL<o¬UbnjS[S�N<Q:STdEWr\Rm
PRofL<ef`TPaQ:`�Z.]cQ:`[NjQ:Lbn<LjN�N<PRQ+uvPaST|AnjS[S[PRefLwQg`T��ef\RorZ�PRU¯klQ:`TQ:PRhid
0◦ ≤ β ≤ 90◦

�I�vU klQgPaSTX<PaQg\+djQ:P �YZ�N<WrS:�INEWrSTSwQgSwN<n<`Thid
N<PRQ �zL}m�QgSTZ{PRU�U�Z{d<QgPRZ�N<Q:S¹�-WrL<o^WrLj|refU�X<\aQ£ �Q:S:���fefL/N<Q:U
L<PRhid^Z°m�Q:|�WrL<L^Z!PRSTZF�����¬N<PaQ

µ
sMeF �eYstkc`[�<hi|YQ:L¯X<\aWrL¬eAN<Q:`

WrnjS~N<Qg`&§6m�QgL<Q°�fQg`[S[hidjefm�QgL²S[PaLjN.�¦WrnjhidµL<Pahid^Z,U�yfof\RPahid
PRSTZC��Q:STZ[¥:n<\RQ:ofQgL.���	��
pN<PaQÀåÀQ:`TS[hid<PRQ:m<n<Ljo�Ù�NEWrS8�vm<|}L<PRhi|rQgL�Ú
N<Qg`

µO
stkc`[�<hi|YQcef`TPaQgL}Z[PaQg`TZ�PRSTZ.s�d<PRL�¥gn<`C�-QgUbm<`{WYL<L<ef`TU~W�s

\RQ:L�e�NjQ:`¦�ferL-PRd<`¦]lQgo<�
��L^Z[Q:`�N<PaQgS[Q:U æpQ:STPahid^Z{STX<n<L<|^Z3��er\aorZ�WrnjS3N<QgL¢PaL

��m<m.���j�ÒÕ	ofQg¥:QgPaorZ[Q:L?��L<S{��Z{¥:QgL²Ù×W sMN�Ú�Ù
β1 = 40◦; β2 = 45◦

Úpn<L<N=WYn<S,Ù�Q�s�d�Ú�Ù
β1 = 40◦; β2 =

40◦
Ú��cuvPaQgS~PRSTZ,QgPaL�ofQ:L<Qg`[Qg\a\aQgS,§6`[orQ:m<L<PRS&Wr\R\aQ:`���`[PRQ:L^Z{PRQ:`Tn<L<ofS�Ð<Z{S�U�P¨Z�njL}Z[Q:`TS[hid<PRQ:N<\RPahid<QgL¬�	eYs

N<Qg\a\RQ:L.�IuvQg`wU�PRZTZ{\aQg`[Qb±²PRL<|rQg\c¥�]_PaS[hidjQ:L
µ
s�e¡ �eYsM§6m�QgL<Q~n<LjN��-QgUbm<`{WYL<L<ef`TU~Wr\RQ�PaSTZ�|}\aQgPaL<Qg`wWr\RS

º}â ◦ � u�W&N<PRQ��-PaLjPaU�W�PaL!��m<m.� ���çÕ�Ù�h¡Úvn<L<N�Ù�o}ÚvWrn<STofQ:NjQ:d<L^Z{Q~�AZ[`[n<|^Z{nj`[Q:L�STPaL<N.��\aPaQgorZ�NjPaQO®E`{WYofQ
LEWYd<Qr�r]_PRQªofQ:L<Wrn�NEWrSÀWrm<STef\an�Z{Q_�-PRL<PaUwn<U�m�Q:S�Z{PRU�UwZ�PaS�ZF�r��m<m.� �j�¨Ó ãvS�Z{Q:\R\RZ klQ:PRS[X<PRQ:\aQlU�PRL<PaUbnjU�s
LEWYd<Q:`&�8Wr`{WYU�Q�Z{Q:`�NEWr`,njL<NµPa\R\an<S�Z{`[PRQ:`�Z�NjPaQ!�AQ:L<STPRZ{P¨�APRZi��Z~N<Qg`~���vØv§+�}sMuvPahid<`TefPaSTUbn<StsM�vL<Wr\R·AS[QY�
��n<hid-]cQ:L<L-N<Q:`zm�Q:STZ[Qw®8PRZ�Ù�Q¡ÚªL<e�hid	N<QgnjZ{\RPahid��fefU §� �X�Q:`[PRU�QgL^Z�Wrm^]cQ:PRhid}Z:��S[e�S[PaLjN-N<eAhid�Ù�W�sMhFÚ
n<LjN¤Ù��{ÚzN<QgnjZ{\RPahid/]cQ:P¨Z{Q:`z�fefL!NjQ:L!Q� �X�Q:`TPaU�Q:L^Z{Qg\a\aQgL!u�WYZ[Q:L!QgL}ZT��Q:`TL}Z�WY\aSwÙ�Q¡Úzn<L<N!STZ[Q:\R\aQ:L-|rQgPaL<Q
klQgS[hid<`TQ:PRm<n<L<o¾N<Q:S�m�Q:efm<Wrhid^Z{QgZ[Q:L¤åÀQ:`[\aWrnj��SbN<Wr`:�6u�PaQ¾Ù×» ◦ �6Õf» ◦ Úwm<¥g]¹�zÙ�Õf» ◦ �6» ◦ Úb��WfWY`[Q&\aPRQg��Qg`[LSTPahid^Z{mEWY`�SThid<\aQghid}Z[Q:`TQ!Í�m�Q:`TQ:PaLjSTZ{PRU�Uwn<L<o¤Ù�PRL�WY\a\aQgL���PaUbnj\�WYZ[PaefL<QgL�Ú�]_PRQ-WYn<hid�N<PRQ-WYL<of`[QgL<¥:QgL�s
N<QgL¤klQ:`TQ:PahidjQ&PaL��vmjm.� �j�¨Ó ã=Ù�N�Ú�� JMLÎN<PRQ:STQ:UK�APaL<L<Q,Wr|}¥:Q:X�ZiWrm�Q:\ªm<¥�]¹� U�yfof\aPRhid?SThid<Q:PRL<Q:L�®�PRZ[S
U�PRZzd<yAhid<STZ[Q:L<S

2 min(Rld)
¥gn!S[Q:PRL.��N<Q:L<L¾WrnjSpæp\D� �j�Ò¼jÓb|�WrL<L!U�WrL/QgL^Z{L<Qgd<U�QgL.�.NEWYS[Sv���<`�N<Q:L

®�Wr\R\D�<NEWYS[S�N<PRQb�APaUbn<\aWYZ{PRefL�o^Wr`z|rQgPaL<QgL�uvPahid<`TefPaSTUbn<Sz�fef`Td<Q:`TS{WrorZ�Ù�JMS[eYZ{`[erX<PaQ�N<Q:Sp�-e�NjQ:\a\RSiÚ£��NjQ:`
Rld

sD±?Qg`TZ�Ó¡»f»
� m�Q�Z{`[�rorZF��u�WYS�m�Q:N<QgnjZ{Q�ZF��NEWrS[SzN<PRQwx_Q:ofPRefL<QgL.�EPaL	N<Q:LjQ:L
Rld > 100 %

PaS�ZF��N<Q:`
uvPRhid<`[erPaS[Uwn<SªN<`{WYSTZ{PRS[hid	�<m�Q:`[djyfd^Zz�ref`[djQ:`[orQ:S{WYorZ�]_PR`[N.�

u�WrSlm�QgSTZ{Q�Q:`T`[Q:PRhid^Z{Qp®�P¨Z{Qg`[ofQgm<L<PaS+PaS�Z¦PRL~�vmjm.� ���RÓ¡¼,Ù�Q�s�d�Ú6¥:n&S[Qgd<Q:L��<u�WrSl¥:n<of`Tn<L<N<Qv\aPaQgofQ:LjN<Q
�-eAN<Qg\a\ÀPaS�Z�NjQ:L�§ ���v®6�}sM§À`TofQ:mjL<PaSTS[Q:LÎWYL<ofQ:X<WrS[S�ZF�8Wrm�Qg`�LjPahid^Zb¥gn<S{�YZ[¥:\RPahid³�v��Ø�§c�^sMefXjZ[PaU�PaQg`TZF�
§6`[S�ZiWrnjL<\aPRhid<Q:`�]lQgPaS[QO]_PR`[N�N<PaQOm�Q:S�Z{Q�Í�m�Q:`TQ:PRL<STZ[PaU�Ubn<L<o,Qg`[`TQ:Pahid^Z�U�PRZpQgPaL<Qg`¹V�efUbmjPaLEWYZ[PaefL°Wrn<S
L}n<`

[MnIVL6]4
�Àu�WrS�Q:`TS[hid<QgPaL^Z~Wrnj��NjQ:L¤Q:`[S�Z{QgL�kl\RPahi|?njL<S[PRL<L<Paoj� PaS�Z�Wrm�Qg`�Wrnj��S[hidj\an<STS[`[QgPahid�PaL

�rQ:`[SThid<PaQgN<Q:LjQ:`ª´zPaL<STPahid^ZF�^JML�N<Q:L~Í�m�Q:`[\RQ:ofnjL<ofQ:L~WrU#��Lj��WrL<o�N<PaQgS[QgSlV¹WrX<P¨Z{Qg\aS ]_n<`TN<Q��refL~QgPaL<QgU
�/WYL<o^WrL<|YefU�X<\aQ£ ,m�Q:S�Z{Q:djQ:L<N	Wrn<Sª¥�]lQgP.U�Q:d<`¦eAN<Qg`l]lQgL<PaorQ:`¦STQ:XEWr`[WYZ{QgL	uvPaU�Q:`TQ:L�Wrn<STofQ:ofWrL<ofQgL.�
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S1
��� � �I> 
�
�>

#]$�$'&)(+*�,�-�. 0�2�3M3�5 g G9IzIJE�CH:H>)E�<ME�: R(β1, β2) f ^[AD:=FHC=E�R@R@KM?Me�S�^d>)E!>@?�CHKM>@CH>@��E�:Hr�AD:HC=E�C=E g G/IzIJE�CH:H>)E
ri>@:=<<'KM:=lmnt<'>)E g KMIzIJE � k E�:b<':=E�> cos
2 f \�E�p�>)E�n�KM?Me�E�?tpjE�:=FHC � :HCjS �dKM:�>@I �BADR@R�| E�:�� E�Q/C=E�:bU�?/��E�:=FH>)7;?�F f

g G9IzIJE�CH:H>)E�ADI X k F=7;: k E�:�F=7�ri>)E]� �M:�<ME�? �BADR@R α = 90◦
>)FHC�<'>)E�F=E g G/IzIJE�CH:H>)E~E�:HnBADR@C=E�?�S

u�WrSbPRSTZbQgPaL<Q~`[QFWY\aPaS�Z{PRS[hid<Q~�-yfof\RPahid<|YQ:P¨ZF�8Wrm�Qg`bWrnjhidÎWrL<N<Qg`[Q��AZ[`[n<|^Z[n<`[QgL¤|YyfL<L^Z{QgLÎ¥:n=¥�]lQgP
µ2
s

e¡ �eYsMkl`[�jhi|rQ:LO���<dj`[Q:L���]_PRQc¥Y�çkv�YVpn<mEWrLAstWr`�Z{PaorQ+eAN<Qg`�S[erofQ:LEWYL<L^Z{Q¦kcnjZ[Z[Q:`TÁj·}st�AZ{`Tn<|^Z{n<`TQ:L	ÑÛuvQFx_efS[Q
QgZ+Wr\×�R�bÓFÕfÕrº<è¹kl`TPRZTZ QgZ+WY\D�¨�¹ãr»f»f»�è¹é¦Wr`[`TQ:\R\<QgZÀWY\D�¨��ãr»f»^ã�èp�jWrn<Qg`6n<L<N!�cWrhidEWrLjN<`{Wj��ãY»f»^ã�Ö×�rJML�S[er\¨s
hid<Q:L	® �r\R\aQgL~PaS�ZlQgS¦U�yfof\aPRhid.�}NEWrSTS¦N<PaQvklQ:P¨Z{`[�rofQz¥:n<U uvPahidj`[efPRS[Ubn<SlLAnj`l�fefL&Nj`[Q:P��/WrLjo^WrL<PRefL<Q:L
d<Q:`T`[�<d<`TQ:L°njL<N-N<WrSª��PRQ:`�Z{Q #:u�WrLjof\aQg` #£st�/WrL<o^WYL-WYnj��of`[njL<N-PRS[erZ[`[efX�Q:`_Vze�er`[N<PRLEWYZ{PRefL,L<PRhid^Z�¥gn<U
���p�^stuvPRhid<`[efPRS[UbnjScm�Q:P¨Z{`{�YorZ+n<L<N~N<Wrd<Q:`cQ:PRL

MnIV PaL�N<PaQgS[QgU kcQ:PaSTX<PaQg\EofQg]_PRS[STQ:`[U�W �fQgL,N<efXjX�Qg\RZ
¥F�rd<\¨ZF��NEWvQgS�PaLwm�QgPaN<QgL

µ
sMeF �eYsMkl`[�<hi|YQ:Lb�ref`[|YefU�U�ZF�¡±?QgPRZ[Q:`[djPaLwPRSTZ�N<PaQl�AZ{`Tn<|^Z{n<`�N<Q:S QgPaL<QgL

MnIVPaU(¶�njofQ�N<Q:`�§ ���v®6�}sM��L<XEWrSTS[n<Ljo/S[e	U�e�N<P¨ÐE¥:PRQ:`�Zv]cef`[N<QgL.�INEWrSTS�QgS�QgPaL<Q�WYn<S[ofQgX<`{�YorZ{Q��vS�·AU�s
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#%$�$'&)(+*�,�-/.u0�2�3 ��5���E�?�F=>@CH>@�/>@Cm�DC�<ME�:�6~AD?�C=E�?M|�7;R�AD:H>)FmADCH>)7;?�F�`�C=F�ADI ^]7;|M| E�R f ^%>@IJE�:�ADK'��<'>)E%cd:H>)E�?�CH>)E�:HKM?Me<ME�:
µ f 7j�'7 f�� k E�?�E�?�S�WY<BZ �;^ f ^[AD:=FHC=E�R@R@KM?Me�<ME�: ��E�nMR)E�:��YKM?MQ/CH>)7;? Rld(β1, β2)

�[WYE�Z
AD?M>)Fm7;CH:=7;| E�: g |�E�Q fCH:mADR�AD?�C=E�>@R k E�:=E�lmnM?�E�C�ADI su>@?M>@I�KMI <ME�: �BE�nMR)E�:�� KM?MQ9CH>)7;? Rld(β1, β2) k E�>_W β1 = 140◦
�
β2 = −40◦

Z
F=7jri>)E k E�>�W A�Z[W � ◦ � �	� ◦ Za��W k Z~W �	� ◦ � �	� ◦ Za��WYl�Z[W � ◦ � � ◦ Z�KM?�<�W4�aZ]W �	� ◦ � � ◦ ZaS

U�QgZ[`[PaQ�WYnj�ß]lQgPaS�ZF�À�rd<Lj\aPahidÎN<Qg`��refL
MnIII sMJMefLjQ:L.è6N<PRQ��ªhid<S[Q-S[Q:Lj|A`TQ:hid^Z&¥gn<` µ sMeF �eYst§6m�Q:L<Q	PaS�ZN<QgnjZ{\RPahid��fQ:`T\��rLjofQ:`�ZF�}]lQgL<L�Wrn<hid~]cQ:LjPaofQg`lSTZ{Wr`[|�Wr\RS+���j`

MnIII Ù��Aof\D�}��m<m.���A�ç½���¼�njL<N�k¦¼�mj¥g]¹���m<m.� ���Ò½j�IÙ�W^Ú[Ú£�Eu�WrSzWrL<NjQ:`[Qw�/WrLjo^WrL�s�JMefL�d<PaL<orQ:ofQgL	PRSTZ_QgPaL #gQ:hid^Z[Q:S #
MnIV U�PRZ¦Wrn<S[orQ:X<`[�rorZ{QgU©C`{WrLjS�st§ ��Q:|^ZF���vn<hid~\aPaQgorZ+N<PaQ�U�P¨Z[Z[\aQ:`TQ_uvPaS�ZiWrLj¥vN<Qg`¦q�Pao^WYL<N<Q:L~N<Q:`cQ:`[S�Z{QgL�V�eAef`[N<PRLEWYZ[PaefL<STS[hidEW s

\RQbU�P¨Z
1.93

��Q�ZM]¦WYS��jm�Qg`pN<Q:U�L<Wrhid³NjQ:L³klPaL<Njn<L<ofST\��rL<orQ:L�sDå+Wr\aQgL<¥�sMxzQgofQ:\RL/Q:`�]¦WY`TZ{Q�Z{QgL³±³Q:`TZ
Ù
1.91

��Ú£��uvPaQcÍ�m�Q:`TQ:PaLjSTZ{PRU�Uwn<L<ozN<Q:`8PaS[eYZ{`[erX�QgLb��X�Q:|^Z[`[Q:LOPRSTZC¥g]lWr`8`[Q:\aWYZ{P¨�pS[hidj\aQ:hid^Z:�rN<PRQ:S�|YyfL<L�s
Z[Q+¿TQ:N<eAhid&N<n<`Thid�Q:PaL���PRQ:`�Z{Q:SlX�ef\aWr`[PRS{WYZ[PaefLjS[PaLjS[Q:LjS[PRZ[PR�rQ:Sc�/WrL<ofWrL&m�Q�]_Pa`T|}Z¦S[Q:PRL.�<u�PaQ:STQ:S_klQgPaSTX<PaQg\
PR\a\anjSTZ{`TPaQg`TZF�INEWYS[SON<PRQ��8ef\aWr`[PRS{WYZ[PaefL<S[Wrm<dE�YL<ofPaor|rQ:P¨Z�Q:d<Qg`��refLÎm�QgSTZ[PaU�UwZ{QgL�STZ{`Tn<|^Z{n<`TQ:\R\aQ:L��-Qg`[|fs
U�Wr\aQgL&m�QgSTZ[PaU�UwZ¦]_Pa`TN	Wr\aS¦�refU |rerL<|}`[QgZ[Q:L��� �PaN<WYZ{PRefL<S[¥gn<STZ{WrL<N<STU�eAN<Qg\a\D�

uvPRQz\RPaL<|YQz��XEWr\¨Z{Q¦�refL���m<m �j�¨Ó¡¼�Ù×W�s�N�Ú�¥:QgPaorZ+PRU�æpQ:ofQgL<S{WYZ[¥_¥:n<U#�ref`{WrLjofQ:o^WYL<ofQ:LjQ:L��vm<S[WYZ{¥
N<PRQpqIuzs��v�p�}st��PaUwn<\�WYZ[PaefL�U�PRZcQ:PaLjQ:U �	e�N<Qg\a\×��NEWYS[Sªefd<LjQc¿TQ:N<Q�æpQ:efU�QgZ[`[PRQ:efXjZ[PaU�PaQg`[n<L<o�U�PRZ[Z[Q:\RS
§ ���v®6�}sMx�u�®�eAN<Q:`�N<nj`[hid«�v��Ø�§c�^st®�P¨Z{S�Q:`TSTZ{Qg\a\¨Z&]_n<`[N<QY�z§ÀS�PRSTZ	NEWrd<Qg`�S[Q:dj`-S�·�U�U�QgZ{`TPaSThid.�
��n<hid?d<PRQ:`p]cQ:Pahid^Z�NEWrS�§6`[ofQgm<L<PRS��refL?N<QgL?¥gnj�fef`�m�Q:S[Xj`[eAhid<Q:L<QgLÎ��PRUbn<\�W�Z{PaerL<Q:L!m�Q:¥g�<of\aPRhid�N<Q:S
U�PRZTZ{\aQg`[QgL�±²PaLj|rQ:\RS¦N<Qg`

µ
sMeF �eYsMkl`[�<hi|YQ:L�st��`[PaQgL^Z{PaQg`[n<Ljo

βmaen

L<Pahid^ZªN<`[WrSTZ[PaSThid-WYm.�j©8Wrm.�����RÓv��WYSTZ
N<PRQ¹§6`[ofQgm<L<PaSTS[Qp���<`zWrn<STofQg]l�rd<\¨Z{Q��-eAN<Q:\R\aQ�Lje�hid	Q:PRL<U~WY\.¥:n<S[WrU�U�QgL.�



� � � � � ���i� � 7 ��5C7F7 � ��@��C>�� 	 ��G�>�"8@ � 7F7:>-BH������>B��7 ����� > �I>�@I>
S1
��� � �I> 
�
�>

#]$�$'&)(+*�,�-�. 0�243 ��5dcd:H>)E�?�CH>)E�:HKM?Me�FH`�CyIz>@CoFHG/IzIJE�CH:H>)Fml=n�E�Iy��?M>)l=n/C � �]X � g�f AD?Me�E�|BA;F=FHC=E�I sO79<ME�R@RLW A f<BZ!KM?�< k E�F=C=E�F
E�:H:=E�>)lmn�C=E�F � :He�E k ?M>)FoE�>@?�E�Fucd:H>)E�?/CH>)E�:HKM?Me�F�`�C=F WYE f n�Z �[W A�Z [MnIVL6 − MnIVL6

]
60◦

+[
MnIIIL6 − MnIIIL6

]
90◦
��WYE�Z [

MnIVL5 − MnIVL6

]
60◦

+
[
MnIVL6 − MnIVL6

]
90◦
S�^]A;F�sv79<ME�R@RdW k ZE�?/C=FH|M:H>)l=n/C]?M>)l=n�C%��7;R@R�<ME�?Ol=n�E�Iz>)F=lmn�E�? � :Hr�AD:HCHKM?Me�E�?�� ri>@:=<vA k E�:dAD?�FmADCHp�r�E�>)FmE�E�>@?�E�: µ3 f 7j�'7 g CH:HKMQ/CHKM:e�E�:=E�lmn�CjS

JML-�vm<m<PR\aN<njL<o �j�¨ÓFº/Ù�\RPaL<|YQw´��r\R�ßZ[Q¡Ú¦PaS�ZvL<eAhid°QgPaL<U�Wr\�N<PRQ�mjPaS[djQ:`vm�QgZ[`{Wrhid^Z[QgZ{Qb®�`[WrofQgSTZ{Qg\a\Rn<L<o
Pa\a\Rn<STZ[`[PRQ:`TZ ��®8�<`�]lQg\ahid<Q�VzefUbm<PRLEWYZ{PRefL°N<Qg`�±²PaL<|YQ:\

β1

n<L<N
β2

N<Q:`
µ
s�e¡ �eYsM§6m�QgL<Q:L�N<Qg`�m�Q:PRN<Q:L

�/WrL<o^WYL<N<PaU�Q:`TQ�]_Pa`TN-N<Qg`z®�Qgd<\aQg`ª¥g]_PRS[hid<QgL°S[PRUbn<\aPRQ:`�Z{Q:`ln<L<N	ofQ:U�Q:STS[Q:LjQ:`��8ef\aWr`[PRS{WYZ[PaefL<S[Wrm<dE�YL�s
ofPaof|YQ:P¨Z6U�PRL<PaU�Wr\ �luvPaQ¦®�`[WrofQY�rN<PRQªS[Pahid�WrLjS[hid<\RPaQ �YZF�rPRSTZ:�r]_PaQ¦S�ZiWr`T|bNEWrS6Qg`[dEWY\RZ{QgL<Q_§6`[ofQgm<L<PRS6NEWrm�Q:P
�fefL³N<Q:`�S[X�Q:¥gPaQ:\R\aQgL�±?Wrd<\6NjQ:Sw�-e�NjQ:\a\RS¹Wrm<dE�YL<orZF�I§6PRL<Q�klQFWrL^ZM]cef`TZ[n<L<o°NjPaQ:STQ:`�®E`{WrorQ�STef\a\�LAnjL
��ef\aofQgL.�

JML,NjQ:`l`TQ:hid^Z{QgL	´v�r\¨�ßZ{QzS[PaLjN~���<`l¥�]lQgP��rQ:`[SThid<PaQgN<Q:LjQw�	e�N<Qg\a\RQwÙ�efm�Q:L&§ ���v®6�}s n<L<N,���vØv§+�}s
WrL<ofQgXEWrS[S�ZbWYn<S���m<m.� �j�ÒÕj��n<L^Z[Q:L?PRN<QFWY\aPaSTPaQg`TZpn<LjN³STQ:d<`�ST·AU�U�Q�Z{`[PRS[hid³Wrn<S��vm<m�� �j�RÓF¼?Ù�W^ÚpÚ�N<PaQ
®�PRZ[Q:`[orQ:m<L<PRS[STQ

β
(min)
1,2

�<m�Q:`ÀN<QgU�Q:`T`[Q:PRhid^Z{Q:L
R

(min)
ld

NEWr`[orQ:STZ[Q:\R\RZF�^¶�np¿TQgN<Q:`cV�efUwm<PaLEW�Z{PaerLbN<Q:`+Q:PRL�s
¥:Q:\RL<Q:L	�vmjS[ef`Tm�Qg`�Ù

Mn(a) s Mn(d) ÚlPaL&N<QgL-m�Q:PRN<Q:L-�/WrLjo^WrL<N<PRU�Qg`[QgL&\aPaQ���Q:`�Z¦N<Qg`z�p`TPaQgL}Z[PaQg`[n<L<orSTÐ<ZQ:PaL-��WrWr`
(β

(min)
1 , β

(min)
2 )

��Wrn<S_N<QgU N<Q:`_U�PRZ[Z[\aQg`[Qv±²PRL<|rQg\
βmean

m�Q:`TQ:hid<L<Q�Zv]cQ:`TN<Q:L-|YWYL<L.��Ø�njL
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α β βmean Rld Riso

� MnIIIL5−MnIV L6

MnIIIL6−MnIV L6

���
◦

���
◦

���
◦

� �
◦ � � ◦ � � º !#"�$&% �'���	(*)

+ MnIIIL6−MnIIIL6

MnIV L6−MnIV L6

���
◦

���
◦

��,
◦

+ ,
◦ � � ◦ + � � ��-��.��-0/2143#�

� MnIV L6−MnIV L6

MnIV L6−MnIV L6

���
◦

���
◦

� ,
◦

���
◦ 5 � ◦ �6� � k E�F=C�`�C

798�$2:'( (;:]0�2�3�5 � :He�E k ?M>)FmF=E�<ME�: µ f 7��M7 f cd:H>)E�?�CH>)E�:HKM?Me�F�`�C=F����M:�ADK�F=e�E�r��DnMR@C=E�n�G9| 7;CHn�E�CH>)Fml=n�E�c � � f sO7/<ME�R@R)E{S
��>@C=<?>�>)FHC�?M>)lmn�Ci>@?A@ k E�:=E�>@?�FHCH>@IzI�KM?MezIz>@C�<ME�?
|�7{FHCHKMR@>)E�:HC=E�?yc8�9>)<�ADCH>)7;?�F=p�K�FHCm�D?�<ME�?��ME�:He{> k C�A k E�:�<ME�?Q/R)E�>@?�F=C=E�?yE�:H:=E�>)l=n�C=E�?

Rld f N�E�:HC�W p�KM:8UV?�C=E�:H|M:=E�CmADCH>)7;?�FH>)E�n�E�
�Ea�9C ZaS

|�WrL<L&U�WrL�Wr\R\aQ�U�yfor\aPahidjQ:L&VzefUbm<PRLEWYZ{PRefL<QgL,N<Q:`ª��`TZ
[ab]60◦ B [cd]90◦

�
[cd]60◦ B [ab]90◦

n<ST]¹�jm<Pa\Ïs
N<QgL.��qC�YS[STZ�U�WrL/¥gn.��N<WrS[S�NEWrSv�p`TPaofPRLEWr\RU�eAN<Q:\R\�Qg`[STQgZ{¥�Zv]_PR`[N/Njn<`[hid°QgPaL<Q�©CQ:Pa\R|refUwm<PaLEW�Z{PaerL	NjQ:`
æpQ:S�ZiWr\¨Z�ÑÒWfW��Òm<m�ÖD�IS[e	]¦�Yhid<STZwN<PaQ�¶.Wrd<\6NjQ:`�U�yfor\aPahidjQ:L¾V�efUwm<PaLEW�Z{PaerL<Q:L.��n<L<N³N<Q:`�§6PaLjÁEnjS[SwNjQ:`
QgPaL<¥gQ:\aLjQ:L,��m<S[ef`Tm�Qg`¦Wrn���NEWrSª§6`TofQ:m<LjPaSl|�WrLjL,�<m�Q:`[Xj`[�j�ßZc]lQg`[N<QgL.�j��n��fQ:`TN<Q:U m�Q:STZ[Q:d^ZªN<PRQp�-yroYs
\RPahid<|YQ:PRZ:�cN<WrS[S&PRU LEW�Z{PR�rQ:L¸�/WYL<o^WrL<|YefU�X<\aQ£ �L}n<`&N<`TQ:P¹�-WrL<o^WrLAsMJMefL<QgL²�<m�Qg`

µ
s�e¡ �eYsMkl`[�jhi|rQ:L

�rQ:`[mjn<L<N<QgL?S[PRL<N¾n<L<N�NEWrSp�APaQg`TZ{Q��/WYL<o^WrL�s�JMefL�m�QgPaSTX<PaQg\aST]cQ:PRS[QO�<m�Q:`pQgPaL<Q�U�efL<eYs
µ
sMeF �eYsMkl`[�<hi|YQ

U�PRZvN<Q:L��<m<`TPaofQgL°�fQg`[m<n<LjN<Q:L³PaSTZ:��uvPRQ:S[QgS���hid<Q:U�W&|�WrL<L!LE�rdjQ:`[njL<ofST]cQ:PRS[Q�m�Qg`[�<hi|}STPahid^Z{PRorZ¹]lQg`�s
N<QgL.�^PaLjN<Q:U�U~WrLOLjQ:m�Q:L�V�efUbmjPaLEWYZ[PaefLjQ:LbN<Qg`À�v`TZ

MnIII
2 MnIV

2

Wrn<hid�S[er\ahid<Q_N<Qg`6�v`TZ
MnIIIMnIV

3¥gn<\��rSTSTZ:�.PaL�N<QgL<Q:L³Q:PaL
MnIV sMJMefL�ofQ�]_PaSTS[Q:`TU~W �fQ:L¾N<efX<X�Q:\¨Z¹ofQ:¥:�rd<\¨Zp]_Pa`[N���uvPaQ�§6`TofQ:m<LjPaS[STQ�NjQ:`��`[PRQ:L^Z{PRQ:`Tn<L<ofS�Ð<Z{S����<`bWr\R\aQ�N<PaQgS[Q~V�efUbmjPaLEWYZ[PaefLjQ:L?STPaL<N?PaL?��m<m.� �j�RÓ:ºÎÙ�`TQ:hid^Z{S{Úw�<m�Qg`wN<QgUä¥gn�s

ofQgd<yf`TPaofQgL
R

(min)
ld

sD±?Qg`TZwWrnj��ofQ�Z{`[WrofQ:L��C��nj�_N<QgL=Q:`TSTZ{QgL�kl\RPahi|!PaS�ZwNjPaQ�efm�Qg`[Q~æ¹`[WrX<d<PR|��CNjPaQ�U�P¨Z
N<QgUÔ§ ����® �}scn<L<N-�v��Ø�§c�^stWrL<orQ:XEWrSTSTZ[Q:L°n<LjN/NEWrdjQ:`zn<L<ST·AU�U�Q�Z{`TPaS[hidjQ:L!�	e�N<Qg\a\6Ó�m�Qg`[Qghid<L<QgZ
]cef`[NjQ:L¤PaSTZbN<Q:`On<L^Z[Q:`[QgL.�ÀN<PaQ~U�P¨ZbN<QgU ST·AU�U�Q�Z{`[PRS[hid<QgL.� L}n<`�WrL<d<WrL<N��fefL¤klPRL<N<n<LjofS[\a�rL<ofQgL�s
å+Wr\RQ:L<¥£stx_Q:ofQg\aLÎofQgL<Q:`TPaQ:`�Z{QgL²�-eAN<Q:\R\zã¾m�Q:`[Qghid<L<Q�Z,]_n<`[NjQr�+S[Q:dj`,�rd<Lj\aPahid��+�-PRZ�N<QgU �	e�N<Qg\a\pÓ
\aWrS[STQ:L,STPahid&QgZM]lWrS¦m�Q:STS[Qg`[Q

Rld
s�±³Q:`�Z{QbÙ�n<L^Z{Qg`_ãr»���ÚÀQ:`[`TQ:PRhid<Q:L.�A]_PaQ�m�QgPaS[XjPaQ:\RST]cQ:PRS[QvNjPaQvPRL,�vmjm.�

�j�ÒÕ�orQ:¥:QgPaorZ[Q:L.�}±³Q:PRZ[Q:`Td<PaL�\aPRQ:orZ+N<Qg`lU�PRZ[Z[\aQg`[Qª±²PaL<|YQ:\
βmean

PRL~m�Q:PaNjQ:L��-eAN<Qg\a\aQgL~LEWYd<Qvº^» ◦ �^]_PaQN<nj`[hid=N<PRQ~x_Q:or`[Q:STS[PRefL=N<n<`Thid=N<PRQ
βmean

sD±?Qg`TZ[Q!Ù�njL}Z[Q:`Tm<`[eAhid<Q:LjQ,S[hid^]lWr`[¥gQ�qIPRL<PaQFÚpWrL<ofQgN<Q:njZ[QgZ
]_PR`[N.�cuvPaQ°klQ:`TQ:PahidjQ/�fefL

β ≥ 60◦
Ù
µ
sMeF �eYst§6m�Q:L<Q°STQ:L<|}`TQ:hid^Z/¥gn<`��-QgUbm<`[WrL<L<ef`TU~WY\aQ:LEÚ�STPaL<N

PRL�m�QgPaN<QgL��-eAN<Qg\a\aQgL�L<Pahid^Z�eAN<Q:`OL}n<`�n<U NjQ:L��À`TQ:PRS�QgPaL<QgS�S[Q:dj`�djefd<Q:L
Rld

s�±³Q:`�Z{QgS�U�PRZwN<Q:L
��PRUbn<\aWYZ{PRefL<Q:L��fQg`[QgPaL}mEWr`g�.Q:m�Q:L<STe&]_PaQb|}\aQgPaL<Q�±?Qg`TZ{Q��fefL

β
Ù
µ
s�e¡ �eYsM§6m�QgL<QbXEWr`[Wr\a\RQ:\I¥:nj`��-Q:UOs

m<`[WrL<L<er`[U�Wr\aQgL�Ú��YuvPaQz�}Z{`[Qgn<n<L<o�N<Qg`À§À`TofQ:mjL<PaSTS[Qzm�QgP<|}\aQ:PRL<Q:L�®EQ:dj\aQ:`�]lQg`TZ[Q:L-Ù
Rld < 30 %

Ú�PRSTZ ���<`
NEWYSpn<L<ST·AU�U�Q�Z{`TPaS[hidjQ~�	e�N<Qg\a\8QgZM]lWrS�orQ:`[PRL<ofQg`:��njL<N³djPaQ:`vQ:`[SThid<Q:PRL<Q:L¾±?Qg`TZ[Q����j`�N<PaQOQgPaL<¥gQ:\RL<Q:L
µ
s�eF je�s�±²PaLj|rQ:\}�ferL

β < 30◦
Wr\aSCn<L^]lWrd<`[SThid<Q:PRL<\aPRhid.�r]l�rd<`TQ:L<NOSTPahidON<PRQ:S[QgS n<L^Z{Qg`[Qªq�PRU�P¨Z�WYn<S�N<QgU

S�·�U�U�QgZ{`TPaSThid<Q:L��	e�N<Qg\a\IQ:djQ:`�WY\aS
β > 20◦

NEWr`TSTZ[Q:\a\¨ZF��uvPRQwklQg`[QgPahid<Qw�refL
β > 60◦

n<L<N
β < 20◦|YyfL<L<QgL�Wr\aSTe,Wr\RS�STQ:d<`�njL}]lWrd<`TS[hid<QgPaL<\RPahid!ofQg\RZ[Q:L.���v\RSp�-P¨Z[Z[Q:\R]cQ:`�Z�N<Qg`vU�PRZTZ{\aQg`[QgL	±²PRL<|rQg\
βmeanQg`[ofQgm�QgL,S[PRhid&Wrn<ScN<Q:L&uvWYZ{QgL,N<Q:`cefm�Q:`[QgL&u�Wr`TSTZ[Q:\a\Rn<L<o

41.4◦± 3◦
��WYn<SlN<Qg`ln<L^Z[Q:`[QgL

37.5◦± 6◦
�

uvQg`¹®EQ:d<\RQ:`pPaS�Z¹PaU ��PaLjL<QOQ:PRL<Q:`��AZ{WrL<NEWY`[NEWrm^]cQ:PRhidAnjL<o°Wr\R\aQg`�V�erUbm<PaL<WYZ{PRefL<Q:L/N<Q:S��-eAN<Q:\R\aSpofQ£s
ofQgm�QgL.��]lWrS¦¥�]¦WY`¦L}n<`¦m�Q:of`TQ:L<¥�ZªS[PRL<L^�fef\R\�PRSTZF�ANEW_¿TQgN<Q:SlQ:PaLj¥:Q:\RL<Q¹�-eAN<Qg\a\�U�yfor\aPahid�]l�r`[QY�jQ:`T\�WrnjmjZ
¿TQgN<e�hid��vm<SThidE�YZ[¥:n<L<o����j`8N<PRQ¦�}Z{`[Qgn<n<L<ovN<Q:`8Q:PaLj¥:Q:\RL<Q:Lw§6`[ofQgm<L<PaSTS[Q+�fefLbNjQ:LbQgPaL<¥gQ:\aLjQ:LO�	e�N<Qg\a\RQ:L
¥gn<\��rSTSTZ:�

��d<L<Q=��m<m<PR\aN<n<Ljo�S[QgPwQgPaL<Q³N<`[P¨Z[Z{Q?�-Q�Z{d<eAN<Q=¥gn<`!klQgSTZ{PRU�Uwn<L<o�NjQ:`!¶�n��fQ:`T\��rSTS[PRof|rQgPRZ°NjQ:`
klQgSTZ[PaU�Ubn<L<o³N<Q:`�±²PaL<|YQ:\

β1,2

mj¥g]¹�
βmean

WrL<ofQ����<d<`TZ �lu�PaQ��AZ[`[n<|^Z[n<`[QgLµN<Q:`,PRL�V¹WrX<P¨Z{Qg\v½j�çâ
m�Q:STX<`[eAhid<Q:LjQ:L3S�·AL}Z[d<QgZ[PaSThid<Q:L

µ
sMeF �eYstVzefU�X<\aQ£ jQ?S[PaLjN�PRU

MnIIIMnIV s&n<L<N PaU MnIVMnIV s¶�n<S�ZiWrLjN-m�Q:|�WrL<L^Z:��¶�]lWr`ª]cQ:PaS�Z�]cQ:NjQ:`vNjPaQpofQgU�QgS[S[QgL<Q��v�p�}sMV¹WrL^Z{Q��<m�Qg`[U�� �fPRofQpÍ�m�Q:`TQ:PRL<STZ[PaUOs
UbnjL<o¹U�P¨Z6N<Q:L~�/WrLjo^WrL<|YefU�Xj\aQ� }sMu�WYZ{QgL~WYnj�t�^L<eAhid�`TQ:X<`Te�N<nj¥:PaQg`TZ+N<PRQ_x�u�®�N<PRQt¿TQ:LjPaofQ¦NjQ:Sc�c�AJ[JDs
�/WYL<o^WrL<|YefU�X<\aQ£ jQgS:���vn<hid�PaS�Z¦N<Qg`

MnIIIMnIV s�¶�njSTZiWYL<N.�}]¦Wrdj`[S[hidjQ:PaLj\aPahid&PRU ��L^Z{Qg`[S[hidjPaQ:N�¥gn<U
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S1
��� � �I> 
�
�>

#]$�$'&)(+*�,�-�. 0�243 �q5 ��>@C=E�:He�E k ?M>)F=F=E_���M:%<'>)E!cd:H>)E�?/CH>)E�:HKM?Meu<ME�:]p�r�E�> µ f 7��M7 f�� k E�?�E�?}AD?�p�r�E�>���E�:=F=lmnM>)E�<ME f?�E�?�sO7/<ME�R@R)E�?�� <ME�: � �%X � g�f KM?�< �]Xd� ��g�f AD?Me�E�|BA;F=FHC=E�? g CH:HKMQ9CHKM:%>@?�sO7/<ME�R@R ��WYX kMk S �'S �OW A�Z8F=7jri>)E<ME�:_FHG9IzIJE�CH:H>)F=l=n�E�? g CH:HKMQ/CHKM:�>@? sO7/<ME�R@R �}WYX kMk S �'S��0> W A�ZHZaS�UV? <ME�:_X kMk >@R)<'KM?MevR@>@?MQ9F�>)FHC~?�79l=nMI!ADR)F<�A;F g lmn�E�I!A�<ME�: w AD:H>�ADCH>)7;?o<ME�:�Nb>@?MQ�E�RBp�ri>)F=lmn�E�? µ f 7j�'7 f�� k E�?�EdKM?�<
sOE�I k :mAD?M?�7;:HI!ADR)E�?u>@?!p�r�E�> ��E�: fFml=nM>)E�<ME�?�E�?�^%>@IJE�:=E�?}>@R@R@K�FHCH:H>)E�:HCjS�^%>)E �%:mAD|MnM>@Q�E�?�>@?}<ME�:�:=E�l=n/C=E�? �]�DR �YC=E!FHC=E�R@R)E�? � k E�:_<ME�I Iz>@?M>@I!ADRE�:H:=E�>)lmn k AD:=E�? Rld f N�E�:HC_E�>@?�E�F�sO7/<ME�R@R)F�<'>)E!E�?�C=F=|M:=E�l=n�E�?�<ME�?�Nb>@?MQ�E�R�<�AD:j��<qS n�S�<'>)E�cd:H>)E�?�CH>)E�:HKM?Me�<ME�F^%>@IJE�:=F[Iz>@C[E�>@?�E�ItNb>@?MQ�E�R���7;? �	� ◦ p�ri>)F=lmn�E�? sv? f su? fTw E�Q9C=7;:[KM?�<�svE�I k :mAD?M?�7;:HI!ADR)EvW β60◦
� k R�ADK�E� KBA;<':mADC=E�Za��<'>)E~cd:H>)E�?�CH>)E�:HKM?Me
<ME�F �	� ◦ f ^%>@IJE�:=F�W β90◦

�9:=7;C=E[6]:=E�>)F=E�Z�F=7jri>)E[<ME�?ysv>@CHC=E�R@r�E�:HC%ADK�F k E�>)<ME�?W
βmean

��F=lmn�r�AD:HpjE%^%:=E�>)E�lmQ�E�ZaS9^%>)EdF=l=n/r�AD:HpjE]KM?�C=E�: k :=79l=n�E�?�E 
q>@?M>)E%E�?�C=F=|M:H>)l=n�C�E�>@?�E�:�R@>@?�EjAD:=E�? x E�e{:=E�F=FH> f7;?z<ME�:�sv>@CHC=E�R@r�E�:HC=E
βmean

S;^%>)E�E�>@?MpjE�R@?�E�?J��KM?MQ9CH|BA{AD:=E
R

(min)
ld (β1, β2)

E�?�C=FHC=E�n�E�?J<'KM:=lmnJ<'>)E�I � e{R@>)lmn�E�?6d7;I k >@?BADCH>)7;?�E�?�<ME�:d�/>)E�:�>@?vE�>@?�E�I sO7/<ME�R@R�E�?�CHnBADR@C=E�?�E�?�X k F=7;: k E�:�>@?O<ME�? k E�>)<ME�?u^%>@IJE�:=E�?1W��+A k � l�<����� l�<q��A k �����+A;l{� k <����qE�C=l{S Z]^[A�>@? ADR@R)E�?�nM>)E�: k E�CH:mA;l=n/C=E�C=E�?�� g UmU f s�AD?Me�AD?MQ�7;Iz|MR)Ea�9IJ79<ME�R@R)E�? p�r�E�> MnIV fKM?�<up�r�E�>
MnIII f Uh7;?�E�?uFH>@I�KMR@>)E�:HCdriKM:=<ME�?��BE�:He�E k E�?uFH>)lmn�� �z��A{AD:=E{�Br�E�?M?yI!AD?OADK�lmn 
�E�>@R@Q�7;I k >@?BADCH>)7 f?�E�?�W��+A{A'� kMk �qE�:�� A;F=F=C�KM?�<�ADR@R)E ���DR@R)E8��7;? MnIII

2 MnIV
2

F=7�ri>)E%ADK�lmn
��7;?
MnIIIMnIV

3 k E�: ��l=Q'FH>)l=n/CH>@e{CjSM^d>)E6d7;I k >@?BADCH>)7;?�E�?�<ME�:�R)E�CHp�C=E�?uXd:HC�E�?�C=F=|M:=E�l=n�E�? >�� � f �]E�7;IJE�CH:H>)E�?��Bri>)E[<ME�I ��^]AD?Me{R)E�: � f sO79<ME�R@RTS

�c�AJ[Ji�AL<Pahid^Z+�fef\R\aSTZ{�rL<N<PRo¹\aef|�Wr\RPaS[PRQ:`�ZF�rnjL<N~N<Qg`c��L^Z{Q:PR\�WrL&�jWYn<Q:`TSTZ{e	��PRo^WrL<NjQ:L~PRSTZ+ofQg`[PaLjofQ:`g��WY\aSÀPaL
N<Q:`cLEWYZ{P¨�fQgL&�AZ[`[n<|^Z{nj`c�fQg`[Ubn�Z{QgZ:��©C`[eYZ{¥�WY\a\EN<PRQ:S[Qg`l§6PRL}]l�rL<NjQ�STZ[Q:\a\¨Z+S[ewQgPaL<Qzm�Q:|�WrL<L^Z{Q��AZ{`Tn<|^Z{n<`
Q:PaLjQ~�	yfof\aPRhid<|rQgPRZpN<Wr`:��N<QgL=æp`{WYN³WYL�±²PR\a\R|A�j`�PaL!N<Qg`��-e�NjQ:\a\Rm<Pa\RN<n<L<o~¥:n¾|refL^Z{`Tef\a\RPaQg`[Q:L�����Q�Z{¥gZ
U~WrL,Wrn<S¦N<QgL&|}`[PaS�ZiWr\R\aefor`{WrX<djPaS[hid�hidEWr`[Wr|^Z{Qg`[PaSTPaQg`TZ{QgL	�AZ{`Tn<|^Z{n<`TQ:L&PRL,efm�Q:L&m�Q:S[hidj`[PaQgm�QgL<Q:`¦±³Q:PRS[Q
uvefX<X�Q:\ÏstuvPRU�Qg`�s��	e�N<Qg\a\RQz¥gn<S{WYU�U�Q:L,njL<N�S[PaUwn<\aPRQ:`TZ+U�PRZcN<Q:LjS[Q:\Rm�QgL	��Wr`[WrU�Q�Z{Qg`[L,]_PaQ�efm�Q:L&N<QgL
uvPahid<`TefPaSTUbn<S8N<Q:`�xzyfL^Z[ofQ:LEWYm<S[ef`TXjZ{PRefL<ST|YWYL}Z[Q:L.�YS[e�Qg`[dE�Y\RZ8U~WrL

βmean = 40◦±1◦
U�PRZCN<QgL���m�Qg`�s

m<¥g]¹� �zL}Z[Q:`Tof`[QgL<¥:QgL³���<`pN<PRQbQ:PRL<¥:Qg\aL<QgL!±²PaL<|YQ:\
β1

n<LjN
β2

�refL
50◦

m<¥g]¹�
30◦

��uvPRQOS[e	Wrnj�+N<`TQ:P
�fQ:`TS[hid<PRQ:N<QgL<Qw±³Q:PRS[Q:L	ofQ�]lefLjL<Q:L<QgL!�-eAN<Qg\a\aQp\RPaQ���Q:`[L�WY\aS[eO]cQ:P¨Z{ofQgd<Q:L<N	PaNjQ:L^Z{PRS[hid<Q�§6`[ofQgm<L<PRS[S[Q	
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®��<`ªNjPaQ¹��`[PRQ:L^Z{PRQ:`Tn<L<o�Q:PRL<Q:Sªd^·AX�eYZ{d<Q�Z{PaSThid<Q:L
MnIII s MnIV sMuvPaU�Q:`TS¦dEWrm�Q:L-´vWYS[Q:ofW¡]lW�QgZzWr\×�ÑÏÓ¡ÕfÕ���ÖÀN<n<`[hid=��PaUwn<\�WYZ[PaefL!NjQ:`w�p`TPaQgL}Z[PaQg`[n<L<orS{Wrm<d<�rL<ofPRof|rQgPRZ¹N<QgS

S2

s #F�-n<\¨Z{Pa\RPaL<Q�#£s��APaofLEWY\aS_Q:PRL<Q:L
±²PRL<|rQg\<¥g]_PRS[hid<QgL�N<QgU0��s���s�åÀQg|^Z{ef` NjQ:`+�-QgUbm<`{WYL<L<ef`TU~Wr\RQ:Lw�refL

43◦ ≤ βµO ≤ 56◦
m�Q:STZ[PaU�UwZF�

´zPaQ:`Tm�QgP~ofPRL<ofQgL�N<PaQ���njZ{er`[Q:L Wrn���of`[n<LjN�N<Q:SÎNEWrU�Wr\RPaofQgL#q�PRZ[Q:`{W�Z{n<`TSTZiWYL<N<Q:S=�refL0¥g]cQ:P
60◦
s

±²PRL<|rQg\aL�Ù
αMnMn

Ú+¥�]_PaSThid<Q:L�N<QgL&m�QgPaN<QgL��-L�st�-L�s�åÀQg|^Z{ef`TQ:L&n<L<N~N<Q:`_�	Q:Ubm<`[WrL<L<er`[U�Wr\aQgL,Wrn<Sg�
JML�N<Q:L��fef`T\aPaQgofQ:LjN<Q:Lw��PaUwn<\�WYZ[PaefLjQ:Lp|rer`[`[Qg\aPRQ:`TZINjQ:`�±²PaL<|YQ:\

βmean

NjQ:njZ[\aPahid¹U�PRZIN<QgL�±²PRL<|rQg\aL
¥�]_PaS[hidjQ:L�N<Qg`��-Q:Uwm<`{WrLjL<ef`[U�Wr\RQ:L?njL<N=N<QgL¤�-L�s��	L�s�åÀQg|}Z[ef`[QgL

α1

n<L<N
α2

n<L<N�¥�]¦Wr`�PaL=NjQ:`
±³Q:PRS[Qr�EN<WrS[S_Q:PRL�of`[y �rQ:`[Qg`ªU�P¨Z[Z[\aQ:`TQ:`¦�-L�s��	L�s�±²PRL<|rQg\

αmean
Q:PaLjQ:L�|}\aQ:PRL<Q:`TQ:L	U�P¨Z[Z[\aQ:`TQ:L

µ
sMeF �eYs

±²PRL<|rQg\
βmean

m�Qg]_Pa`T|^ZF�Y®��<d<`�Z6U~WYLwN<PRQlefm�Q:LOofQg¥:QgPaorZ[Q:LOx_Q:hid<L}n<LjofQ:L�n<L^Z{Qg` N<Q:`��vL<LEWYd<U�Q+�fefL
α1 = α2 = 60◦

N<nj`[hid.�}S[e¹ÐEL<NjQgZcU~WrL�WrnjS+NjQ:U
S1

sMu�WYZ{QgL<S{W�Z{¥_Q:PRL<Q:L�±²PaL<|YQ:\
βmean = 49.4±4

�
]lWrS_PaL�N<QgL	�refL?ÑÛ´vWYS[Q:ofW¡]lW�Q�Z�Wr\D�¨��Ó¡ÕfÕ��YÖ�PaU

S2

s�¶�n<S�ZiWrLjN	m�Q:S�Z{PRU�UwZ[Q:L	klQg`[Q:PRhid	���Y\a\RZ:�
�vL	N<PRQ:S[Qg`z�AZ{Qg\a\RQpPaSTZ_djQ:`T�ref`[¥gn<d<Qgm�QgL.��NEWrS[SzPaL�ÑÛ´vWYS[Q:ofW¡]lW�Q�ZzWr\D�¨��Ó¡ÕfÕ���Ö.]_PaQ¹Wrnjhid-PRL³ÑÛ´vWYL�s

\RQg·=Q�Z�Wr\D�¨��ãr»f»r»YÖl�refL�NjQ:LÎ��PRQ:`OPRU �/WYL<o^WrL<|YefU�X<\aQ£ =�fer`[dEWrLjN<Q:L<QgLµ�/WYL<o^WrL<PRefL<QgL¤L}n<` 
 ���
MnIII sMJMefL&m�QgZ[`{Wrhid^Z{Q�Z_]_Pa`[N��j]¦�Yd<`[QgL<N-m�Q:P�N<Q:`���PRUbn<\�W�Z{PaerL~N<Qg`_�8ef\aWr`[PRS{WYZ[PaefL<S[Wrm<dE�YL<ofPaor|rQ:P¨ZlNjQ:`�v�p�}sMV�WYL}Z[Q:L¾N<PaQOorQ:S{WYUwZ{Q

µ
s�eF je�stkl`T�<hi|rQgL<STZ[`[n<|^Z{nj`wPaL�N<PRQ���PaUwn<\�WYZ[PaefL-Q:PRL<ofQ:d^Z:���vn<S¹N<QgL=��PÏs

Ubnj\�WYZ[PaefL<QgL~WYL&§ ����® �}sM|YefL<S[PRSTZ[Q:L^Z{QgL°�-eAN<Qg\a\aQgL~Qg`[ofPRmjZ¦STPahid,N<PRQp��hidj\an<STST��ef\RofQ:`Tn<L<o<��NEWrS[SlL<Pahid^Z
L}n<`�Q:PRL<Q�N<Q:`�m�Q:PaNjQ:L

µ
sMeF �eYs�� � 
�� 
���ofQgofQ:L¤N<PRQ/�	Q:Ubm<`[WrL 
 � 
�� 
�ofQgL<Q:PRorZ�PaSTZ�STefL<N<Qg`[L¾¿TQgN<Q

QgPaL<¥gQ:\aLjQpn<U U�Q:d<`_Wr\RS
30◦

n<L<N�]lQgL<PaorQ:`zWr\aS
60◦

U�P¨ZªQ:PRL<Q:U �-PRZTZ{\aQg`[QgL�±²PRL<|rQg\.�fefL
50◦

�
JML³Ñç��hidjPa\a\RQ:`¦Q�ZzWr\D�¨��Ó¡ÕfÕ���Ö.]_n<`[NjQ�QgPaL<Q¹X�ef\�WY`[PaS[WYZ{PRefL<S[Wrm<dE�rLjofPaofQz§ ���v®6�}s ��L^Z{Qg`[S[njhidAnjL<o&WrL

XEWY`TZ{PRQ:\R\z�rQ:|^Z{ef`TPaQg\a\ver`[PaQgL^Z{PaQg`TZ[Q:L²�+��J[JDst�-Q:Uwm<`{WrL���`{WrofU�Q:L^Z[Q:L��fer`[ofQgSTZ{Qg\a\¨ZF�¦u�PaQ!XEWr`�Z{PRQ:\a\RQ°��`TN�s
L}n<L<o�N<Q:`c�6`[efm�Q:L�]_n<`TN<QvN<er`TZ+PaL�N<Q:`+©ªd<Qgef`[PRQ_���j`l§6PaL���Wrhid<STZ[`[Qgn<n<L<o�|ref`T`[Q:|^Zlm�QgdEWrL<N<Qg\RZ:�^�v\a\RQ:`ts
N<PRL<ofS ]_n<`TN<Q_N<PaQ_uvWYZ{QgLEWrLEWr\¨·AS[Q_U�P¨Z6´zPa\R��Qc�fefL�®Eefn<`[PRQ:`tsMPaSTef\aPRQ:`�Z{Q:Lw��X�Q:|^Z{`TQ:L�N<n<`[hidjofQg���<dj`TZF�f]lWrS
¥gn/Q:PRL<Q:`zofQ�]_PaS[STQ:L!Ízm�Qg`[SThidE�YZ{¥gn<L<o&N<QgSvU�PRZTZ{\aQg`[QgL�±²PRL<|rQg\aSz¥g]_PRS[hid<QgL!N<Q:`v�-Q:Uwm<`{WrLjL<ef`[U�Wr\RQ:L
n<LjN�N<QgL&�-LAs��-L�sDåÀQ:|^Z{er`[Q:L�U�P¨Z

αMn ≈ 80◦
���jd<`TZ[Qr�Auvn<`Thid,Q:PRL<Q:L�ofQ:QgPaofLjQgZ{QgL~®8PRZTs��vL<S[WYZ{¥¦]_nj`�s

N<QÀPRL�N<Qg`I¥:PRZ[PaQg`TZ{QgL¹�v`[m�Q:P¨ZCNEWr`[�jm�Qg`[d<PRLEWrn<S��fQg`[STn<hid^ZF�rJML���ef`[U�WYZ{PRefL<QgLp�<m�Qg`8NjPaQc��`[PaQgL^Z{PaQg`[n<LjozNjQ:`
µ
s�eF je�stkl`T�<hi|rQgL<\aPRo^WrL<N<QgL°¥:n!orQg]_PaLjL<Q:L.��u�WY���<`�]_n<`[N<QONjPaQ�±²PRL<|rQg\�WrmjdE�rL<ofPRof|rQgPRZ�N<Q:`pSThid<Q:PRL}mEW�s
`TQ:L-V�eAef`[N<PRLEWYZ[PaefL<ST¥FWrdj\aQ:L~n<L^Z{Q:`zN<Qg`z��L<LEWrdjU�Qpm�Q:S�Z{PaU�UwZ:�<NEWrSTSzXj`[e~�/WrL<o^WYL�sMJMefL�¥�]lQgPC|}n<`T¥:Q
�/WYL<o^WrL�sMq�Pao^WrLjN�stuvPRSTZ{WrL<¥:QgL&m�QgPÀÓf��� � S[e¡]_PRQ¹�APRQ:`_\��rLjofQ:`TQpm�QgPCQgPaL<QgU U�PRZ[Z[\aQg`[Q:L&��m<STZ{WrL<N��fefL
ã��Ò» �¬�ref`[\RPaQgofQ:L.�A�vn��8NjQ:`ªk¦WYS[PaSlN<PaQgS[Q:Sª�-e�NjQ:\a\ÏsMPRL<S[X<PR`[PRQ:`TZ[Q:L�®�PRZ�sM��L<S{WYZ[¥:QgSc]_n<`TN<QpN<Q:`lU�P¨Z[Z{\RQ:`TQ
±²PRL<|rQg\

Θ1.8

���<`�N<PaQ	|}n<`[¥gQ:L²uvPRSTZ{WrL<¥:QgLµPaL��vm<dE�YL<ofPaor|rQ:P¨Z��refU ¥:n<or`[n<L<NjQ°ofQ:\RQ:orZ[Q:L �zL<ef`TN�s
L}n<L<orS[of`[WrN�m�Q:S�Z{PRU�UwZ:� u�WYS~§6`[orQ:m<L<PRSO���<`��+��J[JDst�-Q:Ubmj`{WrLj��`[WrofU�Q:L^Z{QY�6N<PaQ�WYn<S���X<PaL<WYZ�Q� AZ{`[W�s
d<PRQ:`�Zª]_n<`[N<QgL.��\�Wro�¥g]_PRS[hid<QgL°U�PaL<PRU~Wr\�½f¼ ◦ n<L<N-U~W  jPRU~WY\ �fã ◦ ��uvQ:`_±²PaL<|YQ:\ Θ1.8

`TQ:X<`[�rS[QgL}Z[PaQg`TZ
N<QgL=U�PRZ[Z[\aQg`[Q:L�±²PaLj|rQ:\+¥g]_PRS[hid<QgL�N<Q:L�|}n<`T¥:QgL¤�-L�s

µ
�vsMuvPaS�ZiWrLj¥:Q:L³n<L<N=NjQ:`O�	Q:Ubm<`[WrL<L<er`[U�W�s

\RQ:L.�fNjQ:`6m�Q:STZ[PaU�UwZ6PRSTZÀN<n<`Thid�NjPaQz��`[PRQ:L^Z{PRQ:`[njL<opN<Q:Sl�-L�st�-L�sDåÀQ:|^Z{ef`TSÀN<Q:`
Mn2

Ù
µ
s��

)2
s��}Z{`[nj|}Z[n<`

STe ]_PRQ�N<Q:L¾±²PaL<|YQ:\
](Oµ − Mn − Oµ)

�IuvQg`b¶�n<S[WrU�U�QgL<dEWrL<o�¥�]_PaS[hidjQ:L=N<PRQ:STQ:U ±²PRL<|rQg\
Θ1.8n<LjN�N<Q:U PRL=N<Qg`Od<PaQg`w�fef`T\aPRQ:ofQgL<N<Q:L���`[m�Q:P¨Zw�fQg`T]cQ:L<NjQgZ{QgL�±²PaLj|rQ:\

βµO
PaS�ZbPRL��vm<m.�
�j�RÓ¡â	���<`

n<L^Z[Q:`[SThid<PaQgN<\aPRhid<Q�±³Q:`�Z{Q
αMn

NEWr`[orQ:STZ[Q:\R\RZF�<±²PRQwWYn<SvN<Qg`�uvQ�ÐEL<P¨Z{PaerL-�ferL
βµO

PaL/��m<m.� �j�¨Ówd<Qg`�s
�ref`[ofQgd^ZF�ªPaS�Z&N<PRQ:S[Qg`&±²PaL<|YQ:\

βµO

���j`&N<Q:L«®�Wr\a\×�cNEWYS[S
αMn = 0◦

�fef`T\aPaQgorZF�cn<L}m�QgSTZ[PaU�UwZF�l®��<`
Wr\R\aQ�WrL<NjQ:`[QgL°±?Qg`TZ[Qw�fefL

αMn

�YWr`TPaPaQg`TZzN<Qg`pklQgZ[`{Wro��fefL
βµO

¥g]_PRS[hid<QgL³» ◦ n<L<N�Õf» ◦ ��u�Q:`v±²PRL�s|YQ:\
Θ1.8

PRSTZp���<`
αMn = 90◦

orQ:LEWrn¾N<Qg`�d<Wr\am�Qb±²PaL<|YQ:\
](Oµ − Mn − Oµ)

��\RPaQgorZpWr\RS[ew¿TQOLEWrhid
�-eAN<Qg\a\�¥g]_PaSThid<Q:L�º<Ó ◦ n<L<N&º}â ◦ �<§6PaL�]lQgPRZ{Qg`[Qg`_��X�Q:¥:PaWr\R��WY\a\E¥:nj`¦JM\a\Rn<STZ[`{WYZ[PaefL�N<Q:Sª¶�n<S{WrU�U�Q:L<dEWYL�sofQgSO¥g]_PRS[hid<QgL

βµO

njL<N
Θ1.8

PRSTZ
αMn = 90◦

n<LjN
βµO = 90◦

� ´�PaQg`bQ:`TofPam�ZOS[PRhid¤QgPaL�U�PRZTZ{\aQg`[Qg`
±²PRL<|rQg\c�ferL�Õr» ◦ Wrn<hid=���<`wN<PaQ~±²PRL<|rQg\ Θ1.8

N<Q:`O�-L�s
µO
s�åÀQg|}Z[ef`[QgLÎ¥:n<`��	Q:Ubm<`[WrL<L<er`[U�Wr\aQgL.�

®��j`
βµO = 0◦

`TQ:STn<\RZ[PaQ:`�ZªPaL~N<PaQgS[Q:U ®�Wr\a\�Ù
αMn = 90◦

Ú�¿TQ:N<eAhid�L<Pahid^Z
Θ1.8 = 0◦

S[erL<N<Q:`TL�ofQ:U�� �
sin Θ1.8 = (sin Θ

(1)
1.8 + sin Θ

(2)
1.8)/2

Q:PRLwU�PRZ[Z[\aQg`[Q:`.±²PRL<|rQg\
Θ1.8 = 49◦

Ñç��hidjPa\a\RQ:`IQgZ�Wr\×�R�pÓ¡ÕrÕ��YÖ×� ®��<`
U�yfof\RPahid<Q+��`[PRQ:L^Z{PRQ:`Tn<L<ofQgLwN<QgS6�-L�st�-L�sDåÀQ:|^Z{ef`TS PaU �+��JTJDs��/WYL<o^WrL<|YefU�X<\aQ£ �PaSTZ8N<Qg`6¶�n<S[WrU�U�Q:LAs
dEWYL<o/¥�]_PaS[hidjQ:L

Θ1.8

n<L<N
βµO

PRL³��m<m.�
���RÓ â�ofQ:¥gQ:PRorZF�C§6PaL³U�P¨Z[Z{\RQ:`TQ:`p±²PaL<|YQ:\
αMn = 80◦

]lWr`
N<QgS�§6`[ofQgm<L<PaSwN<Q:`Od<PRQ:`bNjPaS[|}njZ[PaQg`TZ{QgL��v`Tm�QgPRZ�ÑÒ��hid<PR\a\aQg`wQ�Z�Wr\D�¨�#Ó¡ÕrÕ��YÖcn<L<NÎN<PaQ~Q:L^Z{STX<`[Qghid<Q:L<NjQ
Vpn<`��fQ�Ù���m<m.� �j�¨Ó âwof`T�<L<Q¹q�PaLjPaQ¡Ú6�YWr`[PRPaQ:`�Z¦¥�]_PaS[hidjQ:L ∼ �^ã ◦ n<LjN ∼ º^Õ ◦ �<¶�]lQgP�d<ef`TPa¥:erL}Z{Wr\aQvq�PaL<PRQ:L
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#]$�$'&)(+*�,�-�.v0�243 �q5�cd:H>)E�?�CH>)E�:HKM?Mez<ME�:
µ f 7��M7 f�� k E�?�E8p�KM:�svE�I k :mAD?M?�7;:HI!ADR)E�?�S�WTc k E�?�Z ����K�FmADIzIJE�?MnBAD?Mep�ri>)Fml=n�E�? <ME�I >@? X kMk S �'S���<MEa`�?M>)E�:HC=E�? Nb>@?MQ�E�R βµO

KM?�< <ME�I Iz>@CHCHR)E�:=E�? Nb>@?MQ�E�R
Θ1.8

p�ri>)Fml=n�E�?
Q9KM:HpjE�? x ��l=Q'FHCH:=E�K�E�:H��E�Q/C=7;:=E�?�KM?�< <ME�:JsvE�I k :mAD?M?�7;:HI!ADR)E�?���<ME�:!>@? � g l=nM>@R@R)E�:
E�C!ADRTS@� � �	� � ��p�KP\�E fF=CH>@IzI�KM?Mez<ME�:�cd:H>)E�?/CH>)E�:HKM?MeL<ME�:

µ f 7��M7 f \�: ��lmQ�E�?oE�>@?Me�E�F=E�CHp�C�riKM:=<ME{S/^%>)E βµO f Θ1.8 f \�E�p�>)E�n�KM?MeL>)FHC�Iz>@C<ME�I Nb>@?MQ�E�R
αMn

p�ri>)F=l=n�E�?�<ME�I sv? f sv? fTw E�Q/C=7;:%KM?�<v<ME�:%svE�I k :mAD?M?�7;:HI!ADR)E�?���E�:HQ/? �M|'� CjS � �M:8��E�: fFml=nM>)E�<ME�?�E[Iz>@CHCHR)E�:=E]Nb>@?MQ�E�R
αMn

>)FHCi<'>)E�F=E]\�E�p�>)E�n/KM?MeJE�>@?Me�E�pjE�>)l=nM?�E�CjS�^%E�:�N�E�:HC
αMn = 70◦

riKM:=<ME]>@?
<'>)E�FmE�:�X8: k E�>@Ci��E�:Hr�E�?�<ME�C�W :=7;C=E 
q>@?M>)E�Z�r��DnM:=E�?�<v<'>)E]nM>)E�:ip�>@CH>)E�:HC=E[X8: k E�>@C�E�>@?�E�?oN�E�:HCi��7;? αMn = 80◦

k E�FHCH>@IzI�C!nBADCHC=E{S � �M:J^]E�CmAD>@R)F ��F=>)E�n�E	
�Ea�'CjSdW �d?�C=E�?�Z ��U�R@R@K�FHCH:mADCH>)7;?P<ME�:�cd:H>)E�?�CH>)E�:HKM?Me1<ME�:JIz>@CHCHR)E�:=E�?
µ f 7j�'7 fhg CH:HKMQ9CHKM:�>@I � g U=U f sOAD?Me�AD?MQ�7;Iz|MR)Ea�qS�^d>)E!svE�I k :mAD?M?�7;:HI!ADR)E
>)F=C~>@? p f�x >)l=n�CHKM?MeOe�E�r��DnMR@C_KM?�<<ME�:�NP>@?MQ�E�R

αMn k E�CH:m�De{C�� � ◦ S�^%>)E���:=7D�HE�Q9CH>)7;?�E�?
>@?!<'>)Ei� f p f k p�r~S�G f p f�� k E�?�E8R�A;F=F=E�?!<'>)Edcd:H>)E�?/CH>)E�:HKM?Me<ME�:
Mn2(µ f c )2 f�� >@?Mn�E�>@C%� �M:%E�>@?�E�?vIz>@CHCHR)E�:=E�?�Nb>@?MQ�E�R βmean = 40◦

E�:HQ�E�?M?�E�?�S ��E�:H?�E�:]ri>@:=<O<ME�KMCHR@>)l=n��
r�AD:HKMI

Θ1.8
?M>)lmn�C8KM?/C=E�:dE�>@?�E�?yN�E�:HC8��7;?uE�C�r�A ��� ◦ �TADR@R)E�?oQ;AD?M?�S

U~Wr`T|}PaQ:`TQ:L!N<QgL�N<ef`TZ�m�QgSTZ{PRU�U�Z{Q:L
Θ1.8

sMklQ:`TQ:PRhid.��JML�N<Qg`pd<PaQg`v�fef`T\aPRQ:ofQgL<N<Q:L!��`[m�Q:P¨Z�]_n<`[NjQOQ:PaL
U�P¨Z[Z{\RQ:`TQ:`�±²PaL<|YQ:\A�fefL ∼ �r» ◦ WrL<ofQgL<efU�U�QgL.�¡]_PaQlQg`�PRLbqIuzst§ �v��®6�}sM®�PRZ[S8erd<L<Q¦®Eefnj`[PaQg`�s�JMS[ef\aWYZ{PRefLm�QgSTZ{PRU�U�Zc]_n<`TN<QbÑÛuvP¨Z[Z{U�Q:`g��Ó¡ÕfÕfÕjè�uvWrn,n<L<N,´vWrn<U�WrL<L��~ãY»f»f¼YÖ�n<L<N~N<Q:`cQ:L^Z{STX<`[Qghid<Q:L<NjQ

βµO

s
Θ1.8

st¶�n<S{WYU�U�Q:L<d<WrL<o!Ù�`[erZ[Qbq�PaLjPaQ¡Ú¦�fQg`[\a�rnj�ßZ�Q�ZM]¦WYS�Á�Wrhid<Qg`¹Wr\aSzN<Q:`����<`
αMn = 80◦

��uvn<`Thid�N<PaQ
�vLEWr\¨·AS[Q_N<Q:`+�Cef\�Wr`TPaS[WYZ{PRefL<S{WYm<dE�rL<orPaof|YQ:PRZ8N<QgSÀ�v��Ø�§c�^stklQg`[Q:PRhid<Q:SÀ]_n<`TN<Q_PaL�N<PaQgS[QgU�V¹WrX<PRZ[Q:\�Q:PaL
U�P¨Z[Z{\RQ:`TQ:`6±²PaL<|YQ:\

βµO
�refL&º^» ◦ Qg`[U�PRZTZ{Q:\¨ZF�}uvPRQ��rQ:`TZ[Pa|�Wr\RQ:L&q�PaLjPaQ:L�PaL��vm<m.� �j�¨Ó â�U�Wr`[|}PaQg`[QgL~N<QgL
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klQg`[QgPahid.�}N<Qg`lWrLjdEWrL<N�N<Q:`c§6`[ofQgm<L<PaSTS[Q_���<`
βmean

PRL���m<m.� �j�¨ÓFº�U�yfof\RPahidOPRSTZF�AuvPRQz§À`TofQ:mjL<PaSTS[QvNjQ:`
��LEWr\R·ASTQ,�fefL¤§ ���v®6�}s¹n<LjNÎ�v��Ø�§c�^stq�PaL<Q:Wr`�sMuvPahidj`[efPRS[Ubn<Ststu�W�Z{Q:L�STPaL<N�PRL�N<Q:L¤WrLjofQ:ofQgm�QgL<Q:L
æpQ:LEWYn<Paof|YQ:P¨Z{S[or`[Q:Lj¥:Q:L¾�fQg`TZ{`[�rof\RPahid.��]_PaQ�N<Qg`bklQg`[Q:PRhid.�CPaL?NjQ:U�S[PRhid?d<ef`TPa¥gefL^ZiWr\RQ�§ �v��®6�}s�n<L<N
�rQ:`TZ[Pa|�Wr\RQ����vØv§+�}stæ¹`TQ:L<¥gQ:LÎ�<m�Q:`[SThid<L<QgPaN<QgL.�ÀWrL<N<QgnjZ{Q�ZF��åÀer`OWr\a\RQ:U�Wrn���of`[n<LjN�N<Q:SOofQg`[PRL<ofQ:`TQ:L
αMn

sD±?Qg`TZ{QgSpQ:`TofQ:m�Q:L¾S[PRhid³WYn<SpN<Q:`p�v��Øv§+�}s��vLEWY\R·AS[QbZ[Q:L<N<QgL<¥:PRQ:\R\ QgZM]lWrS�|A\RQ:PRL<Q:`TQw±?Qg`TZ[Q
Θ1.8Wr\RS�N<PRQ¦PaL,Ñç��hidjPa\a\RQ:`8QgZÀWr\×�R�wÓ¡ÕfÕ��YÖjWrL<orQ:ofQgm�QgL<Q:L.�fu�WrSÀ§6`[ofQgm<L<PRS6\�WrnjZ[QgZ�NEWrd<Qg` �<m�Q:`[QgPaL<S�Z{PRU�U�Q:L<N��

NEWYS[SzN<PaQ¹U�PRZ[Z[\aQg`[Q���`[PRQ:L^Z{PRQ:`[njL<o
βmean

N<Qg`
µ
s�eF je�s��AZ[`[n<|^Z{nj`[Q:L-m�QgPIn<L<ofQ����rd<`zº^» ◦ \aPaQgorZF�jJMU n<L�s

Z[Q:`[QgL�©8QgPa\��refL³��m<m.� ���RÓFº�STPaL<N!N<PRQ��6`[e�¿TQg|}Z[PaefLjQ:L¾Q:PaLjQ:`�U�PRZTZ{\aQg`[QgL
µ
sMeF �eYsM§ÀPRL<d<QgPRZpPRL!N<PaQ� }s�¥�s

m<¥�]¹�r·^sM¥£st§6m�QgL<QªNEWr`TofQ:S�Z{Qg\a\RZ�n<L<N�U�WrLb|�WrL<LOQg`[|rQgL<L<QgL.�}NEWrS[S6NjQ:`À��s���sDåÀQ:|^Z{ef`8LEWrd<Qg¥:n�N<P�WYofefLEWr\
�rQ:`[\a�rnj�ßZª]l�rd<`TQ:L<N-N<Q:`��-L�st�-L�sDåÀQ:|^Z{ef`_Qgd<Q:`_PaL�N<Qg`��-Q:Ubmj`{WrL<Qgm�QgL<Q�\aPaQgorZF�

¶�n<S[WrU�U�Q:L���WrS[STQ:L<N�PRSTZb��QgSTZ{¥gn<STZ[Q:\R\aQ:L���NEWrSTSON<PaQ~§6`[ofQgm<L<PaSTS[Q&N<Qg`�qIuzs��v��Øv§+�}s��vLEWY\R·AS[Q,STeYs
]cefd<\�U�P¨Z	N<Q:L¯§À�Àx¦s�Wr\RS-WYn<hid¯U�P¨Z	N<Q:L¯qIuzsM§ ����® �}s��-QgS[STn<L<ofQgL WrL­XEWr`�Z{PRQ:\a\per`[PaQgL^Z{PaQg`TZ[Q:L
�+��JTJDs��-QgUbm<`{WYLj��`{WrorU�QgL}Z[Q:L,�rQ:`TZ[`{�ror\aPahid~S[PaLjN&n<L<N�N<PaQgS[Q�m�Q:¥g�<of\RPahid&N<QgSªU�P¨Z[Z{\RQ:`TQ:L�±²PRL<|rQg\aS¦NjQ:`
µ
s�eF je�st§6m�QgL<Q:L³m�QgSTZ{�YZ{PRofQ:L.�IuvWr`[�<m�Q:`Td<PaL<Wrn<S�|refL<L^Z[Q:L�N<n<`Thid=N<PRQ�qIuzsD���vØv§+�}sM��LEWr\¨·�STQ&æp`[QgL�s
¥gQ:L����<`pN<PaQOQgPaL<¥gQ:\RL<Q:L!±²PaLj|rQ:\

βµO

WrL<ofQgofQ:m�Q:L�]lQg`[N<QgL.�CuvQ:`¹U�PRZTZ{\aQg`[Q�±²PaL<|YQ:\
βmean

m�Q�Z{`{�YorZ
Q�ZM]¦W�º^» ◦ n<L<N	N<PaQc¿TQ�]lQgPa\RSªQ:PaLj¥:Q:\RL<Q:L�±²PaLj|rQ:\ βµO

U�Qgd<`_Wr\aS_¼r» ◦ njL<N	]cQ:LjPaofQg`�WY\aSª½f» ◦ ��vmjS[hid<\RPaQ:STS[QgL<N PRSTZ djQ:`T�ref`[¥gn<d<Qgm�QgL.� NEWrS[S NjPaQ ��PRUbn<\�W�Z{PaerL N<Qg` ���vØv§+�}s
�Cef\�Wr`TPaS[WYZ{PRefL<S{WYm<dE�rL<orPaof|YQ:PRZ X<`[PRL<¥:PRX<PaQg\a\­N<PRQ �	yfof\aPRhid<|rQgPRZáQ:`Tyr��LjQgZF�²�fer`[dEWrLjN<Q:L<QK�-e�NjQ:\a\RQ
Wrn��bPadj`[Q�åÀQ:`TZ[`{�ror\aPahidj|rQ:P¨Z	U�P¨Z�N<Q:L¬�v�p�}sMu�WYZ[Q:L­¥gn«Z{QgSTZ[Q:L­m<¥�]¹�����<`	S[X�Q:¥gPaQg\a\aQ³�-eAN<Qg\a\aQ�N<PRQ
��`[PRQ:L^Z{PRQ:`Tn<L<ozm�Qg¥:�<of\RPahidbNjQ:`6�	Q:Ubm<`[WrL<L<er`[U�Wr\aQgL�X<`[�r¥:PRS[Q+��Q:STZ[¥:n<\RQ:ofQgL.��JMU�´zPaL}m<\RPahi|¹Wrnj�j]lQgPRZ{Qg`[Q
®Eef`�Z{S[hidj`[PRZTZ{Q�N<Q:`v�À`TerZ{QgPaL�sMVp`[PaS�ZiWr\R\aefor`{WrX<djPaQ�STe ]_PRQbN<PRQbV�erUbm<PaL<WYZ{PRefL-U�PRZ	�}nEWrL^Z{QgL<hid<QgU�PRS[hid<QgL
�AZ[`[n<|^Z[n<`[efX�Z{PaU�PaQg`[n<LjofQ:L m�QgS[P¨Z{¥gZ�N<PaQ¸�vL<Wr\R·AS[Q¬N<Q:S¤����Ø�§+�}stq�PaLjQFWr`tstuvPRhid<`[efPRS[UbnjS�Wr\RS[e�NEWrS
�CerZ{QgL}Z[P�Wr\��fef`TdEWrL<N<QgL!�-eAN<Qg\a\R�ref`[SThid<\��YofQp¥:n	�<m�Q:`[Xj`[�j��QgL-n<LjN-¥gn	�rQ:`T��QgPaL<Qg`[L.�


