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F'GIHKJ1L?MONQP?MCRSHTHVUOWYXZW�M[N RSMOH\HVG^]`_ aObdceGINQP\GIHTMCfgbYhZL\aOhZi G P?M*P?H
fKM*P\GjfKk*P\iSl8XZGIHmf6aOR P/i W8P\GjL\GIH\H\MCW8P?HjnpoqRrP\GjL\f6G^s*M�HVGjLTGjWdt
N XZW4u8M*Pvh$GjLxw.GjWZa*ySPxz{MCW�]dGjR bZL\aCPvh$GjLx]dGjWZaOf6i W�MCLvRSM/N RSMOH\HVG
]`_ aObdceGINQP\GIHj|dP?MCW8PrW�M*P\XZL?MCRSH}N aOf#fKM*P\GjfKk*P\iSNjHj|$l8XZG	P\GjWZGjW�RSM
hZL\aOhZi G P?M*P~]`_ MCXdP\a8HVGjfgbZRSMCW��jMZn

� l8XZGIHeP?MThZL\aOhZi G P?M*Pxi W�]diSNjM�l8XZG6h�MCLVP?H	]dG6R_ aObdceGINQP\GKHVUOW
HVGjfgbZRSMCW8P?H	MTR_ aObdceGINQP\G6HVGjW�N GjLIng��GjL	G �dGjf6hZR GO|'XZW�MTbZL?MCW�NjM
]`_ XZWmMCL\bZL\G=�IHAGjWKN GjLVP?M	fKMCWZGjL?M	HVGjfgbZRSMCW8P9MvR_ MCL\bZL\G~HVGjW�N GjLIn
�,MCWZfKM*P\Gji �`|qRSM�HVGjfgbZRSMCW��jM{WZa���M�]dG�HVGjL6WZGIN GIH\H\kCL\iSMCf6GjW8P
GIHeP\L\iSNQP?MZ|4GjW/GjR`HVGjW8P\i P~]`_ �ZaOf6aCP\�IN iSMZn���ad]dGjf�P\GjWZi L=aObdceGINQP\GIH
f6aOR P=i L\L\Gj�OXZRSMCL?H9l8XZGO|daOb�HVGjL\s*M*P?H.M�]di J1GjL\GjW8P?H.GIH\NjMCR GIHj|dHVi �OXZi W
HVGjfgbZRSMCW8P?H6M^R_ aObdceGINQP\G�i WZiSN iSMCRn � i �d��h�MOH\H\M^GjW�f6i L?MCL�XZW
W4�ZsOaOR�aKRSMgJ1aOL\fKM6]dGjR`fKMCh�M6]`_ XZW�MKN a8HeP?MZn

�~W�MCL\bZL\GO|�XZW�W4�ZsOaOR,a/XZW�M/N a8HeP?M/HVUOW{GjRql8XZG6z{MCW�]dGjR t
bZL\aCP�MCWZaOf6GjW�M6�?�\�O� ���*� �m���*��d�\�*� �Qnm��GjL�RSM�HVGjs*M�i f6hZL\GIN iSHVi U
i~i L\L\Gj�OXZRSMCL\i P?M*PKWZa�MO]df6G P\GjW�XZW�P\L?MONQP?MCf6GjW8PTHVi f6hZR GOn�oqW
NjMCW4s4i|�GjW�GjR9NjMCf6h�]dGKRSM�fKM*P\GjfKk*P\iSNjM/P\L\aOb$Gjf�XZWZGIH	J1L?MONQt
P?MCRSHj|4N aOW�HeP\L\XZ��]dGIH9MCfgbmL\Gj�OR GIHqb$GjW/]dG ��WZiS]dGIHj|dl8XZGvHVUOWKhZL\aOX
L\Gj�OXZRSMCL?H9i�l8XZGxz{MCW�]dGjR bZL\aCP~MCWZaOf6GjW�M��?�*�j Q�d���¡�A�?�\�O� ���*� �Qn

¢ aOW8P\L?kCL\iSMCf6GjW8P}MCR'l8XZGxh$ad]dL\iSM6HVGjfgbZRSMCL~]dGjR'L\GIHVXZR P?M*P=�Zt
W�MCR|�R GIHvL\Gj�OR GIHrh$GjLxN aOW�HeP\L\XZi LrXZW�MmJ1L?MONQP?MCR,h$ad]dGjW�HVGjL	f6aOR P
HVGjWZ£ji R R GIHjn � i �d¤|$h$GjLrG �dGjf6hZR GO|�RSM�¥��*� ��¦O§/¨q�*�����*��©eªI«O«O¬89a
RSM{N aOL\b�Mm®}�I��¦O§/��§ �{]dGm¯AaOW[°radN?�Y©eªI±O²C³4xHVUOW�GjR.L\GIHVXZR t
P?M*P�]`_ i P\GjL?MCL�i Wd��WZi P\GIH�sOGj�8MO]dGIH	XZW�M�aOh$GjL?MON i U�f6aOR P�HVi f6hZR G
©1sOGj�OGjX/RSMg���OXZL?MTª´Qn

µ,i �OXZL?M�ªO¶�·¹¸Qºg»C¼,½�¸ ¾?¿1¼ ÀÂÁ`Ã ÄIÅ{Æ\Ç�È´À�ÇeÅd¿�É9ÇeÊ.Á*¼¹Ëj¼SÁ*¼ ÀÂÇeÅ�¿1¾\ÇeÆ
½�¸ ¾?¿1Æx¼ È4Ä*¸ Ê Æg¼=ÇeÅ�Ê ÊSÇQËIÇeÀ�ÇeÊ}¿�Çe¾VÌKÍQÇeÅd¿1¾V¸ ÊSÉq¾\Ç�½`ÇQ¿1¼ ÀÎÊeÃ Ï?½`Çe¾V¸IÍV¼ Ð
¸ À6Ñ{ÇeÊ ÆmÁOÏ Æm¿�Çe¾VÌ?Ï Æ�¾\ÇeÆ?¿¸ Åd¿1Æg¼=¼¹¿�Çe¾\ÇeÀÂÊeÃ Ï?½`Çe¾V¸IÍV¼ Ð{¼ ÅZÁ8ÇeÒ8Å8¼SÁO¸jÓ
À�ÇeÅd¿�É9Í?Ï À�¸mÊ Ô Àx¼¹¿	ÏOÑC¿�ÇeÅ8¼ À�ÇeÊ=Í?Ï ÅQÕ ÄIÅd¿	Á8Ç/Ö'¸ Åd¿Ï ¾Q×Ø·�Ñ ºgÙ�¸
Í?Ï ¾ Ñ´¸KÁ8ÇKÚZÏ Å�Û=Ï*Í�Ü�¾\ÇeÆQÄIÊ¹¿¸mÁ`Ã ¼¹¿�Çe¾V¸ ¾r¼ ÅZÁ8ÇeÒ8Å8¼SÁO¸ À�ÇeÅd¿AÊeÃ Ï?½`Çe¾V¸jÓ
ÍV¼ Ð.Æ\Ç�È4ÝCÇeÅd¿eÞZ½�¸ ¾?¿1¼ ÀpÁ`Ã ÄIÅ	Æ\Ç�È´À�ÇeÅd¿Z¼8ÆQÄ4ÑjÆ?¿1¼¹¿eÄCß À�ÇeÊ�¿�Çe¾VÌAÍQÇeÅd¿1¾V¸ Ê
½`ÇeÊ Æ�ÁOÏ Æ	Æ\Ç�È´À�ÇeÅd¿1ÆrÆQÄ ½`Çe¾�¼ Ï ¾�ÆgÁ`Ã ÄIÅ�¿1¾�¼ ¸ ÅOÈ´ÊSÇ�Ç?à8ÄI¼ Ê á*¿�Çe¾\É�â1ÇeÀãÇeÊ
Àg¸*¿�Çe¼ ä6¸ À6ÑvÍ?¸´ÁO¸	Í?Ï Æ?¿¸*¿qÁ8ÇqÊ ¸}½�Ï Ê ¼ ÈCÏ Åd¸ Ê�¾\ÇeÆQÄIÊ¹¿¸ Åd¿�É�ÇQ¿Íj×

oqWåGjR~NjMCf6hå]dGjRSH6WZaOfgbZL\GIH6N aOf6hZR G �da8H��Zi}��M^J1L?MONQP?MCRSH
∗ æ8çOè?éZêAëvê ìCíIîxïSð`ñ?ò¡óeôeõ öQ÷*ñIø,ùVúQûQü ý9þeÿ��´öjó��öQò=ôe÷���� ÿ	� óVñ�
Côeò.õ ñ

� ÷� � ôeò¡ÿ	� ��ñ����´ô.ð`ñ?ò¡óeôeõ öQ÷*ñxï������Iù\ý��Zñ?ó��	�*ñ?õ �}ôe÷����ò¡ô��*ñ?õ õ ñ}ôe÷����� �ñõ�! ô��"
´ò¡ôeÿ�ñ�#%$'&($' �)+*%,�-.#/,�ï 0¡öQò1�� 2�3O÷4$ ��4$ ôeÿ ý5$

f6aOR PvN aOWZGj�OX�]dGIH=i�GjW{N GjLVP?M6fKMCWZGjL?M	� �'6K�´�j§Q�Qn874UOW�GjR,N aOWdt
ceXZW8PK]dG/z{MCW�]dGjR bZL\aCP�i.RSM�J¡MCf6¤ R iSM^]dGjRSH�N aOW*ceXZW8P?H�]dG:9OXZR iSM
©1h$GjL�;	MOHeP\aOW<9OXZR iSM�ªI«O±O¬*t?ªI±>=*«8Qn � l8XZGIHeP\GIHxJ1L?MONQP?MCRSHxGIHeP?MCW
MOH\HVadN iSMO]dGIH=M�RSM�L\Gj�ORSM�]`_ i P\GjL?MON i UKHVGj�@?ZGjW8PI¶

zn+1 = z2
n + µ,

©eª´
aOW

µ
�IH�XZW�h�MCL?kCf6G P\L\GKN aOf6hZR G ��i

z ∈ C
nA74i9i P\GjL\Gjf ©eª´

M�h�MCLVP\i L~]`_ XZW
z0 ∈ C

i WZiSN iSMCR`aObdP\GjWZi f#XZW�MKHVX�NjN GIH\HVi U
{zn}l8XZG	h$aCPrHVGjL~]di sOGjL\�OGjW8P}a6WZa�nAoqR�N aOW*ceXZW8Pr]dG�9OXZR iSM

Jµ

GIHeP?k
J1aOL\fKM*P6h$GjRSH6hZXZW8P?H

z0

]dGjR}hZRSM�N aOf6hZR G ��h$GjLKMCRSH6l8X�MCRSH�RSM
HVX�NjN GIH\HVi UKWZaT�IHr]di sOGjL\�OGjW8PIn � l8XZGIHeP	N aOW*ceXZW8P

Jµ

P?MCfgb$�gGIH
NjMCL?MONQP\GjL\i P\£IMmh$GjRqJ1G Pg]dGmHVGjLxGjRqfKk*�di f�N aOW*ceXZW8P�i W4s*MCL\iSMCW8P

µ,i �OXZL?MCBd¶�D8¾V¸IÍ ¿¸ ÊAÁ8Ç�EOÄIÊ ¼ ¸KÍ?Ï ¾�¾\ÇeÆ½�Ï ÅZÇeÅd¿=¸ Ê`½�¸ ¾Vá À�ÇQ¿1¾\Ç
µ =

0, 237931 + 0, 539322i

µ,i �OXZL?M�¬Z¶�D8¾V¸IÍ ¿¸ ÊAÁ8Ç�EOÄIÊ ¼ ¸KÍ?Ï ¾�¾\ÇeÆ½�Ï ÅZÇeÅd¿=¸ Ê`½�¸ ¾Vá À�ÇQ¿1¾\Ç
µ =

−0, 748903 + 0, 134736i

F�G H�I'J�K L/M1N(O4IQP�R L�K S�N�TAU'V�L�I/W�IXL/M	V	IQO4IZY\[@[]



µ,i �OXZL?M�³�¶}Ö'Ï ÅQÕ ÄIÅd¿AÁ8Ç��K¸ ÅZÁ8ÇeÊ¡Ñj¾VÏ*¿�¼�¸ Àv½dÊ ¼ ¸IÍV¼ Ï Å8ÆqÆQÄ*Í?ÍQÇeÆ�Æ�¼¹ËIÇeÆ

HVaCP?MgRSM�P\L?MCW�HeJ1aOL\fKMON i U
z → z2 + µ

n
F�M�fKMCWZGjL?M�f6�IHgHVGjWZ£ji R RSM�]dGTN aOW�HeP\L\XZi L�XZW[N aOW*ceXZW8P�]dG

9OXZR iSMmMCfgb{aOL?]di W�MO]daOLrN aOW�HViSHeP\Gji ��MKGjR i f6i W�MCLvGjRSH~hZXZW8P?H	]dGjR
hZRSMvN aOf6hZR G ��l8XZG}]daOWZi W�R R adN=MrXZW�M	HVX�NjN GIH\HVi Uv]di sOGjL\�OGjW8PIn�oqR
l8XZG6l8XZGI]di�J1aOL\fKMCL?kKRSMmJ1L?MONQP?MCR�bZX�H\NjMO]ZMZn ¢ aOfÂl8XZG�GIHvh$aCP
]dGjf6a8HeP\L?MCL~l8XZGO|$HVi

|z| > 2
|�RSMmHVX�N GIH\HVi Um]di sOGjL\�OGji �/HVGjf6hZL\GO|

h$GjL=]dGIN iS]di L.HVi$XZWThZXZW8P=Hj_ ��Mg]`_ GjR i f6i W�MCL9agWZa�|8W'_ �Zi���MxhZL\aOX
]`_ i P\GjL?MCLx©eª´9��W�H~l8XZG

|zn| > 2 .
©	BO

F'GIH}���OXZL\GIH B6i�¬Kf6a8HeP\L\GjW{]dXZGIH~J1L?MONQP?MCRSH~]dG(9OXZR iSMZ|�l8XZG
HVUOWxGjRSH�N aOW*ceXZW8P?H'GjW�WZGj�OL\GOn'oqRSH�hZXZW8P?H�sOGj�W�H'Hj_ ��MCW�N aOR aOL\GecVM*P
GjWgJ1XZW�N i U�]dGjRdWZaOfgbZL\G}]`_ i P\GjL?MON i aOW�H,WZGIN GIH\H\kCL\i GIH,h$GjLqMCL\L\i b�MCL
M
|zn| > 2

i`L\GjbZXdP¡cVMCLVt�R a�n
oqRZN aOW*ceXZW8Pq]dG}z{MCW�]dGjR bZL\aCP�P?MCfgb$�=GIHeP?krL\GjRSMON i aOW�M*P�MCfgb

RSMgi P\GjL?MON i U6]dGvR_ aOh$GjL?MON i U�©eª´Q|dh$GjL\��GjW/GjR�hZRSM6]dGjRSH.h�MCL?kCf6G t
P\L\GIH

µ
n��9H�GjRdN aOW*ceXZW8Pq]dG.hZXZW8P?H

µ ∈ C
h$GjLAMCRSH�l8X�MCRSH

z0 = 0]dUOW�M/R R adNKM/XZW�M�HVX�NjN GIH\HVi U/WZa{]di sOGjL\�OGjW8PIn6oqW�RSMT���OXZL?M/³
GIHrf6a8HeP\L?MKGjR�N aOW*ceXZW8P	]dG�z{MCW�]dGjR bZL\aCPvi�]dXZGIHvMCf6hZR iSMON i aOW�H
HVX�NjN GIH\HVi sOGIH9l8XZGrJ¡MCW/h�MCR GIH\M�RSMghZL\aOhZi G P?M*P=]`_ MCXdP\a8HVGjfgbZRSMCW��jM
]dG	RSM�J1L?MONQP?MCRn

�9Hxi W8P\GjL\GIH\H\MCW8P	J1GjL�hZL\a*sOGIH	MCfgb�]di J1GjL\GjW8P?H�MCf6hZR iSMON i aOW�H
]dGqRSM=J1L?MONQP?MCRCh$GjL'P\L\aOb�MCLVt��Zi*L?MON aOW�H`iOi fKM*P\�OGIH`GIHVh$GINQP?MON XZRSMCL?Hjn
��GjL\��XZWYN aOh�GjW�HK�ZGjf h�MOH\HVGecVM*PKh$GjLKP\aCP?HKGjRSHKL?MON aOW�HK]dGjR
N aOW*ceXZW8P�]dGmz{MCW�]dGjR bZL\aCP�i9�ZGjf�s4iSHePxP\aCP\GIH�R GIHxf6ad]ZMCR i P?M*P?H
]dGxN aOW*ceXZW8P?H~]dG�9OXZR iSMZ|Zl8XZ�xl8XZGI]ZM�h$GjL}J1GjL��

��ad]dGjf�hZL\a*s*MCL.]`_ i P\GjL?MCL=MCR P\L\GIH.MChZR iSNjMON i aOW�H.]di J1GjL\GjW8P?H=]dG
RSMg©eª´Qn���_ �Zi4��M~XZW�M~i Wd��WZi P?M*P�i4NjMO]ZMOH\N XZW�M~]daOW�MCL?k}]di J1GjL\GjW8P?H
J1L?MONQP?MCRSHjn

�~W�M^MCR P\L?M�aOh�N i U�|�f6aOR P�f6�IHgi W8P\GjL\GIH\H\MCW8PI|�N aOW�HViSHeP\Gji ��M
bZX�H\NjMCL}WZaOX�H=GIHVh�MCiSH=GjW�l8XZ��N aOW�HeP\L\XZi LVt��Zi$J1L?MONQP?MCRSHjn � i �d¤|ZRSM
L\Gj�ORSM�©eª´xi.RSM{N aOW�]diSN i U^HVXd�$N i GjW8P6]dG/]di sOGjL\�O�jW�N iSM

|z| > 2HVGjf6hZL\G�GIH	h$ad]dL?MCW^XdP\i R i P\£IMCLxGjW�XZW�GIHVh�MCi�GjW�l8XZ�6GIHeP\i �OXZi W
]dG ��WZiS]dGIH.R GIH=aOh$GjL?MON i aOW�H.]dG	HVXZfKMgi`fgXZR P\i hZR iSNjMON i U�i`GjR�f6�Ct
]dXZR�]dGxNjMO]ZM�GjR Gjf6GjW8PIn

Fq_ GIHVh�MCiq]dGjRSH�l8X�M*P\GjL\WZi aOW�H	Hj_ ��M�i W8P\GjL\hZL\G P?M*Pxf6aOR P\GIHxsOG t
�8MO]dGIH9N aOf�XZW�M�G �4P\GjW�HVi U�l8X�MO]dL\iS]di f6GjW�HVi aOW�MCR$]dGjR�hZRSMgN aOf�t
hZR G �`n��~W�M�J1L?MONQP?MCR.]dGjRqP\i hZX�H�MCW8P\GjL\i aOLxGjW�GjR9hZRSM{N aOf6hZR G �
HVGjf6hZL\GmGIHgh$ad]dL?k�GIHeP\GjW�]dL\GTM{XZW�M�J1L?MONQP?MCR.GjW�R_ GIHVh�MCi=]dGjRSH

l8X�M*P\GjL\WZi aOW�Hj|`]dG6RSM/l8X�MCRAh$ad]dL\Gjfãs4iSHVX�MCR i P\£IMCL	HVGINjN i aOW�HvbZi t
]di f6GjW�HVi aOW�MCRSH.agP\L\iS]di f6GjW�HVi aOW�MCRSHjn���GjL}M�RSMgL\Gj�ORSM/©eª´9�Za�s*M
J1GjL}GjR'fKM*P\Gji �/z{MCW�]dGjR bZL\aCP}GjRSH}MCW4udH}HVG P?MCW8P?MZn

�~W�MmMCR P\L?MKaOh�N i UK�IH~hZL\GjW�]dL\GgN aOfÎMKGIHVh�MCi�XZW�MmkCR �OGjbZL?M
]dG ¢ R i ��aOL?]`n
	 D 
���A<?>������/D�� ���9<��
Fq_ kCR �OGjbZL?M^]dG ¢ R i ��aOL?][a�kCR �OGjbZL?M{�OGjaOf6� P\L\iSNjMZ|9N aOf RSM�s*M
]dGjWZaOf6i W�MCL�� nO°6n ¢ R i ��aOL?]/©eªI«>=*«8Q|C�IHAXZW�MvG �4P\GjW�HVi UxfgXZR P\i t
]di f6GjW�HVi aOW�MCR�]dGjRSH=WZaOfgbZL\GIH.N aOf6hZR G �da8H9i`]dGjRSH=l8X�M*P\GjL\WZi aOW�Hjn
�~W�MgkCR �OGjbZL?Mx]dG ¢ R i ��aOL?]mMO]df6G P.XZWTN aOW*ceXZW8P=]dG

N
�OGjWZGjL?M*t

]daOL?H	sOGINQP\aOL\iSMCRSHvi W�]dGjh$GjW�]dGjW8P?Hg]dGml8X�MO]dL?M*P
+1

a
−1

|,l8XZG
MCW8P\iSN aOf6fgXdP\GjWmGjW8P\L\GvHVi$i`l8XZGvMCfgbmGjRSH.HVGjX�H9hZL\ad]dX�NQP\GIH9aOL\i t
�Oi WZGjW{R GIH

2N fKMC�OWZi P\X�]ZHr�OGjaOf6� P\L\iSl8XZGIH}G �4P\GjW�HVi sOGIH~R i WZGIMCR t
f6GjW8P9i W�]dGjh$GjW�]dGjW8P?H9l8XZG~MOH\HVadN i Gjf M	R ¤ WZi GIHj|8hZRSMCW�Hj|OsOaOR XZfKHj|
G P?NCnq]dGxR_ GIHVh�MCi

e2
n = ±1 , en em = −em en , ∀n 6= m.

©¡¬8
�~W�M�kCR �OGjbZL?M�N aOW�N L\G P?M�l8XZGI]ZM[]dG P\GjL\f6i W�MO]ZM�h$GjRxWZaOfgbZL\G
]dGKsOGINQP\aOL?Hv�OGjWZGjL?MO]daOL?HriAh$GjL�RSM�HVi �OW�M*P\XZL?M�©1GjRqWZaOfgbZL\GK]dG
R GIH	l8XZGgP\GjWZGjW�l8X�MO]dL?M*Pvh$a8HVi P\i X�a/WZGj�8M*P\i X$Qn � i �d¤|

C2,1

�IH
R_ kCR �OGjbZL?M}]dG ¢ R i ��aOL?]	�OGjWZGjL?MO]ZM=h$GjL�]da8H'sOGINQP\aOL?H']dG.l8X�MO]dL?M*P
h$a8HVi P\i X{i�XZW^]dG�l8X�MO]dL?M*PvWZGj�8M*P\i X'nv�~W{GjR Gjf6GjW8Px]`_ MOl8XZGIHeP?M
kCR �OGjbZL?Mg�IH=XZW�h$aOR i WZaOf6i']dGjR`P\i hZX�Hj¶

z = α+β1e1 +β2e2+β3e3+γ1e12 +γ2e23 +γ3e13 +δe123©1³4
aOW��ZGjf�MCbZL\GjX*cVM*PI¶

eab = eaeb

n��rXZGI]ZM/MCL?M/N RSMCLxl8XZG6XZW�M
kCR �OGjbZL?M�]dGrP\L\GIH9�OGjWZGjL?MO]daOL?Hq�IH9XZWTGIHVh�MCi`]dG

23 = 8
]di f6GjWdt

HVi aOW�H6i|=GjWå�OGjWZGjL?MCR|.XZW�M�kCR �OGjbZL?M�]dG
N

s*MCL\iSMCbZR GIH6�IHKXZW
GIHVh�MCi']dG

2N
]di f6GjW�HVi aOW�Hjn

��GjLgHVXZfKMCLg]da8H�]`_ MOl8XZGIHeP?Hxh$aOR i WZaOf6iSH�HVGTHVXZf6GjW�]di L\GINQt
P?MCf6GjW8P�N a4G �$N i GjW8P6M{N a4G �$N i GjW8PIn�oqR.hZL\ad]dX�NQP\GTGIHg]dG ��WZGji �
]dG/fKMCWZGjL?M^l8XZG/s*MCR=RSM{hZL\aOhZi G P?M*PK]diSHeP\L\i bZXdP\i s*MZ|AP\GjWZi W8PKGjW
N aOf6hdP\G�l8XZG/NjMO]ZM{sOGj�8MO]ZM{l8XZGTfgXZR P\i hZR iSl8XZGjf ]da8Hgf6aOWZaCt
f6iSH}�ZGjf#]dGO¶
•
fgXZR P\i hZR iSNjMCL}GjRSH~N a4G �$N i GjW8P?Hj|

•
MChZR iSNjMCL=RSM6L\Gj�ORSM�]`_ MCW8P\iSN aOf6fgXdP?MON i U�©¡¬8.i

•
L\GI]dXZi L}GjRSH}l8X�MO]dL?M*P?H=]dGjRSH}GjR Gjf6GjW8P?H}]dGxRSM�b�MOHVGOn

H�I'J�K L/M1N�O4I P�R L�K S�N�T U'V>L�I/W�IXL/M	V	I�O4I�Y\[@[] F��



µ,i �OXZL?M��d¶}Ö'Ï ÅQÕ ÄIÅd¿AÁ8Ç��K¸ ÅZÁ8ÇeÊ¡Ñj¾VÏ*¿�ÆVÏOÑj¾\Ç
C1,0

µ,i �OXZL?M��Z¶=Ö'Ï ÅQÕ ÄIÅd¿�Á8Ç EOÄIÊ ¼ ¸}ÆVÏOÑj¾\Ç
C1,0

½`Çe¾A¸ Ê�ËQ¸ Ê Ï ¾9Á8ÇeÊ8½�¸ ¾VájÓ
À�ÇQ¿1¾\Ç

µ = −2, 2

¯AGj�OGjf#N aOf M�G �dGjf6hZR G	GjR'hZL\ad]dX�NQP\GxHVGj�@?ZGjW8P}GjW
C2,1

¶

3e3 · 2e13 = 6e3e1e3 = −6e1e3e3 =

−6e1e
2
3 = −6e1(−1) = 6e1F'GIH9kCR �OGjbZL\GIHA]dG ¢ R i ��aOL?]6L\GIMCRSH~©¡M�N a4G �$N i GjW8P?HqL\GIMCRSH?�]daCt

WZGjW�N aOfãMmL\GIHVXZR P?M*P	XZW�HrGIHVh�MCiSHvMCfgb^XZW�MmGIHeP\L\X�NQP\XZL?Mmf6�IH
L\iSNjMri4s*MCL\iSMO]ZMvl8XZG.GjRdhZRSMvN aOf6hZR G �gidMCR P\L\GIH,�OGjWZGjL?MCR i P\£IMON i aOW�H
l8XZG6Hj_ aObdP\GjWZGjW�MTh�MCLVP\i L	]`_ MOl8XZGIHeP	hZRSMTa�]dGjRSH	l8X�M*P\GjL\WZi aOW�Hj|
h$GjL?l8XZ��MTf6�IHv]dG�R_ GjR Gjf6GjW8P	GIH\NjMCRSMCLriA]dGjRSHvGjR Gjf6GjW8P?Hv]dG�RSM
b�MOHVG/P\GjWZi f GjRSHmhZL\ad]dX�NQP\GIH6bZi W�MCL\iSHj|.P\GjL\W�MCL\iSHj|.G P?NCn�]`_ GjR G t
f6GjW8P?Hm]dG�RSM�b�MOHVGO|=NjMO]ZM�XZW�]`_ GjR RSHm]dG{l8X�MO]dL?M*P

±1
n�oqRSH

N aOf6hZR G �da8HKHVUOWåRSM�HVXZb�kCR �OGjbZL?M^h�MCL\GjR RSM�]dG
C0,2

i
C2,0

|=a
R_ kCR �OGjbZL?M

C0,1

n�oqRSH�l8X�M*P\GjL\WZi aOW�Hj|v]dG ��WZi P?H/aå]dGIH\N aOb$GjLVP?H
h$GjL��rMCf6i R P\aOW ©eªI«C³8¬8Q|.HVUOW�RSM�HVXZb�kCR �OGjbZL?M^h�MCL\GjR RSM�]dG�R GIH
kCR �OGjbZL\GIHv]dG ¢ R i ��aOL?]

C0,3

i
C3,0

|�a�b$�6R_ kCR �OGjbZL?M
C0,2

n �
C3,0

|diSHVaOf6aOLVJ¡MgMgRSM�P?MCW/XdP\i R i P\£IMO]ZM6kCR �OGjbZL?M�]dG	R GIH.fKM*P\L\i X�H
]dGK�AMCXZR i|

σi

�Zi9�IHxi W�N R �8H�]dGKfKMCWZGjL?M�W�M*P\XZL?MCRAGjR9�OL\XZh�]dG
R GIH�L\aCP?MON i aOW�H

SO(3)
i~M

C3,1

|9GjR}�OL\XZh[]dG/P\L?MCW�HeJ1aOL\fKMON i t
aOW�H=]dG	F'aOL\GjW8P\£v]dGvRSM�P\GjaOL\iSMg]dG	RSMgL\GjRSM*P\i s4i P?M*PInAµ,i W�MCR f6GjW8PI|
h$aCP?HVGjLAN aOW4sO�.L\GIN aOL?]ZMCL�l8XZG=XZW�M	kCR �OGjbZL?M~�IH�XZW�GIHVh�MCidsOGINQP\aCt
L\iSMCRdMCfgbgXZW�hZL\ad]dX�NQP\G=i W8P\GjL\W'n�oqRSHAsOGINQP\aOL?H'P\L\iS]di f6GjW�HVi aOW�MCRSH
MCfgbgGjR4hZL\ad]dX�NQP\G.sOGINQP\aOL\iSMCR8HVUOWgXZW�MvkCR �OGjbZL?M}WZa	MOH\HVadN iSM*P\i s*M
i$HVGjW�HVG}GjR Gjf6GjW8PqXZWZi P?M*PInAFq_ kCR �OGjbZL?M	]dG ¢ R i ��aOL?]��IHAR_ kCR �OGjbZL?M

µ,i �OXZL?M =4¶��4¸ Ê Ê	��
YÁ`Ã ÄIÅKÍ?Ï ÅQÕ ÄIÅd¿AÁ8Ç EOÄIÊ ¼ ¸vÆVÏOÑj¾\Ç
C0,2

MOH\HVadN iSM*P\i s*M	i`MCfgbmGjR Gjf6GjW8P.XZWZi P?M*P}l8XZGri W�N aOL\h$aOL?MvP\aCP\GIH9R GIH
aOh$GjL?MON i aOW�H=]dGjR'NjkCRSN XZR'sOGINQP\aOL\iSMCR�©¡F'aOXZWZGIHeP\a�|`ªI±O±>=CQn
� ��������,BCE �������.D��S>
¢ aOf�cVM=�ZGjf�s4iSHeP'R_ kCR �OGjbZL?M

C0,1

�IH`GjRON aOW*ceXZW8P,]dGjRSH`WZaOfgbZL\GIH
N aOf6hZR G �da8H=i�GjRSHrN aOW*ceXZW8P?H~]dG 9OXZR iSM6i,z{MCW�]dGjR bZL\aCPrl8XZGgHj_ �Zi
aObdP\GjWZGjW�HVUOWghZL\aOX�N aOWZGj�OXdP?Hjn�74iZMCL?M~hZL\a*sOGjf MCfgbgR_ kCR �OGjbZL?M
C1,0

|*P\L\aOb$Gjf l8XZG9GjRdN aOL\L\GIHVh$aOWZGjW8P,N aOW*ceXZW8Pq]dG=z{MCW�]dGjR bZL\aCP
�IHqHVi f6hZR Gjf6GjW8PqGjR�l8X�MO]dL?M*Pql8XZG}f6a8HeP\L?MvRSMv���OXZL?M��dn��,MCfgb$�
f6a8HeP\L\GjfÎGjW^RSMK���OXZL?M��mRSMmJ1L?MONQP?MCR�]dG(9OXZR iSM/N aOL\L\GIHVh$aOWZGjW8P
MCR`h�MCL?kCf6G P\L\G

µ = −2, 2
n

F'GIHvkCR �OGjbZL\GIH
C0,2

|
C1,1

i
C2,0

P\GjWZGjW�l8X�M*P\L\G�]di f6GjW�HVi t
aOW�HjnA�~Wm¥��d���']dGxl8X�MCRSHVGjsOaOR�]`_ MOl8XZGIHeP?Hx§Q�¥����S�x©¡MCi �d¤��IH}N aOf
GjRSH}]dGIHVi �OW�MCL\Gjf ]`_ MCL?MgGjW�]ZM´s*MCW8P=GjW�M*P\GjW�N i U6M�RSM6N aOW�HeP\L\X�NQt
N i UK]dG	J1L?MONQP?MCRSH?qGIH}h$aCP~L\GjhZL\GIHVGjW8P?MCL.h$GjLI¶

z = α + βe1 + γe2 + δe12.

oqRSH}N aOW*ceXZW8P?H}]dGQ9OXZR iSMgaK]dG	z{MCW�]dGjR bZL\aCP~l8XZGvaObdP\GjWZi f#HVUOW
aObdceGINQP\GIHAl8X�MO]dL\iS]di f6GjW�HVi aOW�MCRSH�l8XZG}WZa	GIHAh$ad]dGjW6s4iSHVX�MCR i P\£IMCL
J¡kON i R f6GjW8PInA�~W�MgfKMCWZGjL?Mg]`_ aObdP\GjWZi L.XZW�M����OXZL?M�L\GjhZL\GIHVGjW8P?M*t
bZR G/N aOW�HViSHeP\Gji ��M�J1GjL�XZW�P?MCR R.a^HVGINjN i U�n 74i9�Z�dGjf ]dXZGIH�]di t
L\GINjN i aOW�HvaObdP\GjWZi fã���OXZL\GIHvbZiS]di f6GjW�HVi aOW�MCRSH6©¡M/h�MCLVP\i Lx]`_ MCL?M
B��	Q|CN aOf RSM	l8XZG=f6a8HeP\L?MrRSMr���OXZL?MQ=4n��,HVidWZaOf6�IH,�Z�dGjf XZW�M
]dGmR GIH�l8X�M*P\L\Gm]di L\GINjN i aOW�Hxi.]dGji �dGjf�s*MCL\iSMCLxR GIH�MCR P\L\GIH	P\L\GIHj|
RSM/J1L?MONQP?MCRAL\GIHVXZR P?MCW8Px�IHxXZW�aObdceGINQP\G�P\L\iS]di f6GjW�HVi aOW�MCRr©¡]`_ MCL?M
GjW�]ZM´s*MCW8PI|Z¬��	Qn

F'GIH9���OXZL\GIH=«OMgi'«CbTf6a8HeP\L\GjW/]di sOGjL?HVa8HqP?MCR RSH=]`_ XZW�MgJ1L?MONQt
P?MCR9]dG 9OXZR iSM/GjW�R_ GIHVh�MCi9]dGjRSH�l8X�M*P\GjL\WZi aOW�HviS]dGjW8P\i �$NjM*PgMCfgb
R_ kCR �OGjbZL?M

C0,2

|�h$GjLgMCR9s*MCR aOL�]dGjR9h�MCL?kCf6G P\L\G
µ = −0, 8 +

0, 285e1

n�F�Mv���OXZL?Mv«OMv�IHAGjRdP?MCR RZh$GjLqR_ �Zi h$GjL\hZRSk
δ = 0

©1hZL\G t
WZGjf�GjR=N aOf6h$aOWZGjW8PgHVGj�OaOW�H

e12

N aOW�HeP?MCW8P�i9i �OX�MCR.M�£jGjL\a4Q|
f6GjW8P\L\G^l8XZG^RSM����OXZL?M�«CbØN aOL\L\GIHVh$aOW�MCR~P?MCR Rrh$GjL/R_ �Zi h$GjLVt
hZRSk

β = 0
©1GIHxN aOW�HViS]dGjL?M/l8XZG�GjRqN a4G �$N i GjW8P�]dG

e1

�IHvW4XZR¹Qn
� l8XZGIHeP\GIHvHVUOW{R GIH~J1L?MONQP?MCRSHvl8XZGgs*MKP\L\aOb�MCLrGjR�fKM*P\Gji �{z{MCWdt
]dGjR bZL\aCP=GjWTGIHeP\GjW�]dL\G	MgR_ GIHVh�MCi`]dGjRSH=l8X�M*P\GjL\WZi aOW�H9GjR`f6� P\ad]dG
l8XZGKi WZiSN iSMCR f6GjW8Px��M´s4iSM�MChZR iSNjM*P�MCRqhZRSM�N aOf6hZR G �`n � l8XZ¤qR GIH
�ZGjfãP\aOL\W�M*PxM/aObdP\GjWZi L	h$GjLxXZW�MCR P\L\G6NjMCf6¤|'GjW�GjRAfKMCL?N�]dG
R_ kCR �OGjbZL?M�]dG ¢ R i ��aOL?]

C0,2

n
oqR�NjMCf6¤	i WZiSN iSM*P�GjW�H/h$GjL\f6G PI|vh$GjL\��|~P\L\aOb�MCL/aå]dG ��WZi L

J1L?MONQP?MCRSH6N aOf6hZR G P?MCf6GjW8PmWZa*sOGIH�XdP\i R i P\£IMCW8PTMCR P\L\GIH6kCR �OGjbZL\GIHj|

� � H�I'J�K L/M1N(O4IQP�R L�K S�N�TAU'V�L�I/W�IXL/M	V	IQO4IZY\[@[]



��� ���

µ,i �OXZL?Mx«Z¶�
.¼¹ËIÇe¾�ÆVÏ Æ9¿¸ Ê Ê ÆqÁ8ÇeÊdÍ?Ï ÅQÕ ÄIÅd¿'Á8Ç�EOÄIÊ ¼ ¸}ÆVÏOÑj¾\Ç
C0,2

Í?Ï ¾�¾\ÇeÆ½�Ï ÅZÇeÅd¿'¸ ÊC½�¸ ¾Vá À�ÇQ¿1¾\Ç
µ = −0, 8+0, 285e1

��� �4¸ Ê Ê�� 
�½`Çe¾�ÊeÃ Ü8¼ ½`Çe¾½dÊ á
δ = 0

× ��� �4¸ Ê Ê�� 
�½`Çe¾qÊeÃ Ü8¼ ½`Çe¾½dÊ á
β = 0

��� ��� �	�


 � �	�

µ,i �OXZL?Mx±Z¶ 
.¼¹ËIÇe¾�ÆVÏ Æ9¿¸ Ê Ê ÆqÁ8ÇeÊZÍ?Ï ÅQÕ ÄIÅd¿'Á8Ç�EOÄIÊ ¼ ¸}ÆVÏOÑj¾\Ç
C2,0

Í?Ï ¾�¾\ÇeÆ½�Ï ÅZÇeÅd¿'¸ ÊO½�¸ ¾Vá À�ÇQ¿1¾\Ç
µ = −1, 5+0, 75e1

× ��� �4¸ Ê Ê�� 
�½`Çe¾,ÊeÃ Ü8¼ ½`Çe¾½dÊ á
β = 0

× ��� �4¸ Ê Ê� 
[½`Çe¾AÊeÃ Ü8¼ ½`Çe¾½dÊ á
δ = 0

× �	� �4¸ Ê Ê	��
�½`ÇeÊd½dÊ ¸
β = δ = 0

× 
 � �4¸ Ê Ê�� 
[½`Çe¾AÊeÃ Ü8¼ ½`Çe¾½dÊ á
γ = 0

× �	� �4¸ Ê Ê�� 
�½`Çe¾qÊeÃ Ü8¼ ½`Çe¾½dÊ á
α = 0

H�I'J�K L/M1N�O4I P�R L�K S�N�T U'V>L�I/W�IXL/M	V	I�O4I�Y\[@[] ���



N aOf#MCL?M�RSM
C2,0

|�l8XZGx�OGjWZGjL?MgXZW�GIHVh�MCi`�Zi h$GjL\b$�OR iSNxl8X�MO]dL\i t
]di f6GjW�HVi aOW�MCR|Ch$GjL?l8XZ�=P\�~GjR Gjf6GjW8P?Hq]dG}RSM	b�MOHVG}MCfgbKl8X�MO]dL?M*P
h$a8HVi P\i X'¶

e2
1 = e2

2 = +1

e2
12 = e1e2e1e2 = −e1e1e2e2 = −e2

1e
2
2 = −1

F'GIH6J1L?MONQP?MCRSHml8XZG^Hj_ �ZiraObdP\GjWZGjWYHVUOW�f6aOR PTf6�IHTN XZL\i a8HVGIHKi
s*MCL\iSMO]dGIHj|´cVMKl8XZGxRSMKHVGjs*M6GIHeP\L\X�NQP\XZL?M�hZL\GIHVGjW8P?M6L\Gjf6i WZiSH\N �jWdt
N i GIHg]dGjR.NjMCL?kONQP\GjLx�Zi h$GjL\b$�OR iSNm]dGTR_ GIHVh�MCin�oqW�RSM����OXZL?M�±OM
f6a8HeP\L?M6GjR�P?MCR R,h$GjLrR_ �Zi h$GjL\hZRSk

β = 0
]dGjR�N aOW*ceXZW8Pv]dG(9OXZR iSM

N aOL\L\GIHVh$aOWZGjW8PqMCRZh�MCL?kCf6G P\L\G
µ = −1, 5+0, 75e1

|8GjWKR_ kCR �OG t
bZL?M

C2,0

nAoqW�NjMCW4s4i|4RSMgJ1L?MONQP?MCR`l8XZG	Hj_ aObdP\�vJ1GjW8P}XZW/P?MCR R']dGjR
fKM*P\Gji �/N aOW*ceXZW8Pv]dG�9OXZR iSM�h$GjL~R_ �Zi h$GjL\hZRSk

δ = 0
�IH}N aOf6hZR G t

P?MCf6GjW8Pv]di J1GjL\GjW8Pg©¹���OXZL?MK±Cb$Qn � RSM����OXZL?M6±ONxGIH}f6a8HeP\L?M6GjR
P?MCR R�B�� l8XZGgHj_ aObdP\�	�Z�ZMCW8P

β = δ = 0
n}F'GIH=���OXZL\GIH~±O]�i,±CG

N aOL\L\GIHVh$aOWZGjW/MgP?MCR RSH~¬�� ]dGjR'fKM*P\Gji �/N aOW*ceXZW8Pr]dG�9OXZR iSM6h$GjRSH
�Zi h$GjL\hZRSMCW�H

γ = 0
i
α = 0

|dL\GIHVh$GINQP\i s*MCf6GjW8PIn
74i8HVGj�OXZi f�MCfgbxMOl8XZGIHeP'fKM*P\Gji �9ceadNAaObdP\GjWZi fØJ1aOL\f6GIH'HVXZ�Ct

�OGIHeP\i sOGIHj¶,RSMg���OXZL?M/ªI²g�IH}GjR']dL?MON	MCXdP\aO�Zi h$GjL\b$�OR iSN��I|ZRSMg���OXdt
L?M�ªOª~HVGjfgbZRSMvXZW�M	f6aCP\a	J1XdP\XZL\iSHeP?MxiZRSM6ªBrJ¡M	h$GjW�H\MCLAGjWKXZW�M
W�MCX�]dG������=��§ �Q�\�T¦O§�� §Q���~�*� �	���¡§Q�Qn

Fq_ kCR �OGjbZL?M
C1,1

|Oh$GjRdJ1G P.]dG}HVGjLAiSHVaOf6aOLVJ¡MvM	RSM
C2,0

|O]dUOW�M
R GIHqfKM*P\Gji �dGIH�J1L?MONQP?MCRSHj|Oi W8P\GjL?NjMCW4s4iSMCW8PqGjRSHqGji �da8H

e2

i
e12

n�oqW
G J1GINQP\GO|�MO]daOWZGjf�t�WZa8H=l8XZGO¶

C2,0 e2
1 = +1 e2

2 = +1 e2
12 = −1

C1,1 e2
1 = +1 e2

2 = −1 e2
12 = +1

µ,i �OXZL?M�ªI²Z¶ �4¸ Ê Ê�� 
�½`Çe¾�ÊeÃ Ü8¼ ½`Çe¾½dÊ á
γ = 0

Á8ÇeÊdÍ?Ï ÅQÕ ÄIÅd¿'Á8Ç�EOÄIÊ ¼ ¸
Í?Ï ¾�¾\ÇeÆ½�Ï ÅZÇeÅd¿�¸

µ = 0, 4− 0, 3e12

ÇeÅ
C2,0

×'Ù�¸~¼ Àg¸*¿¹ÈOÇ.Á8ÇeÊdâ¹Ï Å8Æ

 Æ=ÇeÊ'¿¸ Ê Ê ��
ØÁ8ÇqÊ ¸vÀg¸*¿�Çe¼ ä4¸~â ¾V¸IÍ ¿¸ ÊZ½`Çe¾

γ = 0
¼
δ = 1, 5

� ,�/�´ôeÿ1��ñQ� �~ñ����Qô8�Qñ����*ñ?÷��jñ?ò=ôeõ 
´ò1� �}ôeò 
´ò¡ô��"�'ñ?õ��������������! #"#�
$&% ��' ��� %�(*)�+ �-,/.10 + � + "324 % ��5 %�( + "�ø�öQò�� ñ?÷� ��6Vñ���
Côeò~õ ñ �Cñ?ó��´õ ��ñX�:�´ô
7 ÷!8 öQò1�:9��	� óVñ �´ôAõ ñ �<; &($

µ,i �OXZL?M6ªOªO¶�4¸ Ê Ê�� 
�½`Çe¾,ÊeÃ Ü8¼ ½`Çe¾½dÊ á
δ = 0

Á8ÇeÊZÍ?Ï ÅQÕ ÄIÅd¿'Á8Ç EOÄIÊ ¼ ¸
Í?Ï ¾�¾\ÇeÆ½�Ï ÅZÇeÅd¿�¸

µ = 0, 5 + 0, 6e12

ÇeÅ
C2,0

µ,i �OXZL?M6ªBd¶�4¸ Ê Ê�� 
�½`Çe¾,ÊeÃ Ü8¼ ½`Çe¾½dÊ á
δ = 0

Á8ÇeÊZÍ?Ï ÅQÕ ÄIÅd¿'Á8Ç EOÄIÊ ¼ ¸
Í?Ï ¾�¾\ÇeÆ½�Ï ÅZÇeÅd¿�¸
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