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[	m(O�Q?T�p�m\W/RrO�o/WqjN~ ��¸ ZSR&O�W/e½Wq[�j	Y�O�MS[�]�T�R&jrm\T c Y�oqo/Y�]�W/MS��{dZST�[UjrWqY�MS[��y~�hSW/RUT�p7jroq~soqY�Y�^XWqMS�0O�j&j	mST�QSRUY�¹(oqT
Y c
Dmt(uhx)

V�T�RU[	ZS[8j	mSTiWqMSp�RUTnO�[UW/MS��Q\Wqjrp�m°Y c jrmSTtQSm(O�[UT£�-W � T b Q(O�[U[	W/M\� c R	Y�e¾O}[�jrRUY�MS��ov~£jN]�Wq[Uj	T�h
QSm(O�[UT5jrYPOtZSMSW c Y�R	e¿MST�e�O�j	W/pn�7ª�W!��À0Y�]ÁhSYXT�[zj	mST8[�jrR	T�MS��j	m�Y c o/YXpnO�o�Y�RUW/T�MdjrO�jrWqY�M(O�oBQ?Y�j	T�MyjrW/O�o�O�MSh
jrmdZS[3jrmSTIo/YXpnO�o�Y�R	hST�RtO�uwT�p�jEjrmSTIe�O�p�R	Y�[	p�Y�QSW/pPjrR	O�MS[Uo*O�j	W/Y�M(O�o�hSWvuwZS[UW/Y�M(Â�WqW!�6��WqMSp�TPj	mSTIjN]�Wq[UjtY c
jrmSTih\W/R	T�p�j	Y�R8Y�M°j	mSTP[	m\Y�RUj6oqT�MS��jrm���[	pnO�o/T���T�MST�RrO�j	T�[6o/YXpnO�oJ�\W*O���W*O�o/WqjN~�Y c jrmSTiM\T�etO�jrWqp7�NoqW/^�TEQ\m(O�[	T b
pnO�MI[	ZSp�m`�SW*O¶�\W/O�o/WvjN~EW/MShSZ\p�Ts[	Wq��MSWq¹SpnO�Myj�T�u�T�p7jr[0Y�MPjrmST
e�O�p�R	Y�[	p�Y�QSW/p�hSWvuwZ\[	W/Y�M«Â`W/WqW!� ¼ mSW/p�mIW/[kj	mST
T�u�T�p�jkY c jrmST$my~XhSRUY�h\~XM(O�etWqpnO�o�� � p�Y�Z\QSo/WqMS�P�.W/M�j	mST

DMF etO�jrRUWv�S�¡Y�MijrmST$oqY�MS����RrO�M\��T0h\Wqu�ZS[	WqY�M«Â
� mST�M b Y�ZSRJ¹(M(O�o«{dZST�[�jrWqY�MiW/[�ª�WqV\�JÃkO�Mi[Um(O�Q?TzT�MSO�MyjrW/Y�etT�R	[J��T0hSW/[�jrW/M\��ZSW/[UmST�hE�y~tj	mST0j	RrO�M\[	o*O�jrW/Y�M(O�o
hSWqu�ZS[	WqY�MPQSRUY�p�T�[	[rÂ

» o/Y�M\�£j	mST�[UT}o/WqMST�[ b j	mST`QSO�Q�T�RtWq[3[UjrRUZSp�j	ZSR	T�hÄO�[ c Y�o/oqY�]�[ � LNM¤[	T�p�jrWqY�M ; ]lT}[	Z\etetO�R	Wqº�Tij	mST
etT7jrmSYXhSY�oqY���~®QSR	T�[	T�Myj	T�hÅWqM¯L c Y�R8j	mSTGT�V�O�o/ZSO�jrWqY�MY c jrmSTGetO�p�RUY�[	p�Y�QSWqpijrRrO�MS[	Q?Y�RUj3p�Y�T7xEp�W/T�MyjtWqM
p�mSY�o/T�[Uj	T�R	Wqp}QSmSO�[	T�[ b �y~Å[UQ�T�p�W c ~XWqMS�®j	mST}oqTnO�hSWqMS�£p�Y�MyjrRUW/�SZ�jrW/Y�MS[Ej	YeEW/��R	O�jrWqY�M¯O�o/Y�MS�£j	mST�mST�o/WqpnO�o
O���W/[

uhx
�°� T�p�mSMSWqpnO�o�h\T�j�O�W/o/[5R	T�{dZSWqR	T�h¢j	Y£p�Y�eEQSZ\jrT

Dmt(uhx)
O�RUTPhST�[Up�R	Wq��T�h¤WqM�[	T�p�jrWqY�M¤��O�MSh

�



W/M�jrm\TtÆ¡� » �J�®�XZSQSQ?Y�RUj	W/MS�PLNM c Y�R	etO�jrWqY�M�_�Ç a�� LNM£[UT�p7jrW/Y�M£�P]lT3Y�Z\jroqW/MST�jrmST6eEY�h\T�o&p�O�o/p�ZSo*O�jrW/Y�MS[ �
� mST�O�MS[U]lT�R
jrYI{XZ\T�[Uj	W/Y�M\[�W*�$O�MSh°WqW!�0Wq[s��WqV�T�M£W/M£[	T�p7jrWqY�M¥P�y~£p�Y�MS[UW/hST�R	WqMS�PjrmSTE[	WqetQSoqT�[�jsetYXhST�o
[U~X[Uj	T�e b W � T �vb jrmST0T�o/oqW/QS[UY�W/hSO�oSeEY�o/T�p�ZSoqT � �(Y�RlO5p�o/TnO�R�O�M\[U]lT�R�j	Y8{dZST�[�jrW/Y�MiW/WqW!� b W/M�[UT�p7jrW/Y�M § ]lTzj�O�^�T
W/MyjrY�O�p�p�Y�ZSMyj6jrmSTP�?T�MyjU��R	YXheEY�o/T�p�ZSoqTiO�[5j	mSTP[	WqetQ\o/T�[�j8Y��dÈUT�p�j3Q?Y�[U[	T�[U[	WqMS��md~XhSRUY�h�~�MSO�etWqpnO�ol� �
p�Y�ZSQ\o/W/M\�i]�Wqjrm\Y�Z\jsp�mSWqRrO�oqWqjN~ �EÉ ZST�[Uj	W/Y�M�WqV\�$W/[ c O�p�T�h£W/M�[UT�p�j	W/Y�M°²P�d~�p�Y�MS[UW/hST�R	WqMS�PjrmST3QSRUY�Q�T�o/oqT�R��
o/W/^�T�etY�o/T�p�ZSo/T�[ ��� m\T�o/O�[Uj�[UT�p7jrW/Y�M`Wq[�hST�V�Y�jrT�h`jrY6j	mSTse�O�WqMPp�Y�M\p�o/Z\[	W/Y�MS[ �

Ê Ë Ì�HJA&C�Í�H�C�ÎGK�HÏDPK�Ð£FIÍBK7C5> K�> H�ÑPC
Ò�Ó�Í+@�ÓkAK�HÔÎ`ÑGÌ
ÍBÓ�Í

LNMÕQ(O�RUj£L`]lT¤mSO�V�T¤j	R	TnO�jrT�hÖjrm\T¤QSRUY��SoqT�e Y c T�V�O�oqZ(O�j	W/MS�×j	mST¤etO�p�R	Y�[Up�Y�QSWqpjrR	O�MS[	Q?Y�R�j®p�Y�T7x6�
p�W/T�Myj`eEY�MSWvjrY�RUT�hØO�oqY�MS�¯O���T�MST�RUW/p�hSW/RUT�p7jrW/Y�M

u
b
Dmt(u)

b W/MØW/[UY�jrRUY�QSW/p b M\T�etO�jrWqp b O�MShØjN]�W/[Uj	T�h
MST�etO�jrWqp�Ù�p�m\Y�o/T�[UjrT�R	WqpzQSm(O�[	T�[ � LNMijrmSWq[k[	T�p�jrWqY�Mi]lT�R	T�VXWqT�]g[	ZSp�mIeET�jrm\Y�hSY�o/Y���~ c Y�Rljrm\T�o*O�jUjrT�Rl[	WvjrZ(O��
jrW/Y�M b O�M\hP[	Q?T�p�W/O�o/Wqº�T0Wqjkj	Y8jrmST�p�O�[	T�Y c eEY�o/T�p�ZSo/O�RJetWq��RrO�j	W/Y�MtetY�MSWqj	Y�R	T�hPO�o/Y�MS�5jrm\T$mST�oqW/p�O�o+O���Wq[kY c
jrmSTsQSm(O�[	TshST�M\Y�jrT�h}�y~

uhx
�

�W/R	[�j b ]�TlR	T�pnO�oqow�.[	T�T�¹(��ZSRUT Ó �Bj	mST�[�~�[�jrT�et[Y c O���T�[T�eEQSo/Y�~�T�h8WqM�Q(O�RUjL+jrY|hST�[Up�R	Wq��Tl[UjrO�jrWqp�[O�MSh
h\~XM(O�eEW/p�[¡WqMtO�p�mSY�o/T�[�jrT�R	W/p�[	O�etQ\o/T�eEY�hST�o/T�htO�[lO�jN]�W/[�jrT�h�MST�e�O�j	W/pkQ\m(O�[	T ��¼ T|[UjrO�RUjJ�y~6WqMdj	R	YXhSZSp��
W/MS��Oi©`Y�oqT�p�ZSo*O�R0�(RrO�eET�O�j	jrO�p�mST�h`jrYPOEetY�VXW/MS�tQSR	Y���T��NeEY�o/T�p�ZSoqT b ©}�

= (xMF ,yMF , zMF )
�0� mST

ZSMSW/{dZST�RUT�[�jrR	Wqp�j	W/Y�MPO���Y�Z�jkjrmST�p�m\Y�W/p�T�Y c ©}��R	T���O�R	hS[�Wvjr[kY�R	W/��W/M b ]�mSWqp�mI[UmSY�ZSoqhG��T$oqY�p�O�jrT�hGO�jkj	mST
[	Y���pnO�oqo/T�hiÃ�T�MyjrT�R�Y c� Wqu�ZS[UW/Y�M��:Ã � �lY c j	mST$eEY�o/T�p�ZSoqT0WqMiY�R	h\T�R�j	Y6[	W/eEQSoqW c ~8j	mST c Y�RUe�O�o«jrRUTnO�j	etT�Myj
�:O�[¡p�o/O�R	Wv¹(T�h6WqM6jrmST c Y�oqo/Y�]�W/MS�y� b ]�m\W/o/Tkj	mST�Y�R	WqT�Myj�O�jrW/Y�M6Y c j	mST0©}��O���T�[JpnO�ME��T|O�RU�SWqj	RrO�RUW/ov~�p�m\Y�[	T�M �
� mST�M]lTPW/MyjrRUY�h\ZSp�T�O�Ú�O���Y�RrO�j	Y�RU~®�(RrO�eET b Ú��

= (xLF ,yLF , zLF )
b ]�Wqj	m

zLF = uhx
O�o/Y�MS�`j	mST

mST�oqW/pnO�o(O���W/[ b ]�m\W/o/T
xLF Wq[�j�O�^�T�Mip�Y�o/oqW/MST�O�R&jrYsjrm\T0hSWqR	T�p�jrY�RlO�jJj	mST|Y�R	Wq��W/M3Y c jrmST c RrO�eET
�.]�m\W/p�m�p�O�M

��T6O�R	�SWvjrRrO�R	W/ov~ioqY�p�O�jrT�h«� �z¼ Wvjrm�RUT c T�R	T�M\p�T8jrYGÚ�� b jrm\T5V�O�R	W/O��So/TsjrmSO�j$[UQ�T�p�Wq¹ST�[$jrm\T8W/MS[�j�O�MyjrO�MST�Y�ZS[
etY�oqT�p�ZSo*O�R&[Uj�O�jrT�W/[

Q = (r,Ω)
b ]�m\T�R	T

r = (x, y, z)
O�R	T�jrm\T0p�Y�Y�RUhSW/MSO�jrT�[�Y c j	mST0©}�£p�T�MyjrT�RkO�M\h

Ω

W/[kjrm\T
[UT�j|Y c Æ�ZSo/T�R�O�MS��oqT�[�hST7¹(MST�h}O�p�p�Y�R	h\W/MS�6jrYE��Y�[	T�Û�[�p�Y�MyV�T�Myj	W/Y�M°_ Ó�Ó7aBc Y�Rkjrm\Tsj	RrO�M\[ c Y�RUe�O�j	W/Y�M
Ú�� → ©}� �

�(RUY�e�jrmSTto/Y�MS����jrWqetT6oqW/eEWqjsY c j	mST�eEY�oqT�p�Z\o*O�RseETnO�M���[	{dZ(O�RUT�hh\W/[	Q\o*O�p�T�eET�Myjr[ b jrmST�p�YXT�xEp�WqT�Myj

¥



Dmt(u)
W/[�T7V�O�o/Z(O�jrT�hIO�[

Dmt(u) ≡ lim
t→∞

[u ·∆r(t)]2/2t
� Ó �

]�mST�RUT�jrmSTtjrW/eETET�V�Y�o/Z\j	W/Y�MY c
∆r(t)

Wq[5hST7jrT�RUetWqMST�h°�d~£jrm\TiR	Y�j	Y���j	RrO�M\[	o*O�jrW/Y�M(O�o��-� � ��h\~XM(O�eEW/p�[
Y c j	mST3QSR	Y��?T �t� mSTi� � eEY�jrWqY�M�m(O�[
��T�T�M®etYXhST�oqT�h£O�[�OIh\Wqu�ZS[	WvV�T3QSR	YXp�T�[	[�W/M�jrmSTEY�V�T�R	h(O�eEQ?T�h
R	T���W/eET�_�� a�b ]�Wvjrm

(r,Ω) = Q
j	mSTPR	T�o/T�V�O�Myj6[�jrYXp�m(O�[�jrW/piV�O�RUW*O��\o/T�[ ��� mSTPW/MSQ\Z\j8jrY�j	mSTPeEY�hST�o/WqMS�

p�Y�MS[UW/[�jr[5Y c W!�zjrm\T�T�{dZSWqo/Wq�SR	WqZSeÜhSWq[Uj	R	W/�\Z\jrWqY�M c ZSMSp�j	W/Y�M
peq(Q)

b O�MShWqW!�0j	mST j}`wuoe�qI�Iu~q~aW`wu c R	W/p7jrWqY�M
jrT�M\[	Y�R c Y�Rkj	mST
� � [Ue�O�oqov��[UjrT�QS[kh\~XM(O�etWqp�[�W/MPj	mSTso/YXpnO�o?V�Wq[	p�Y�ZS[�T�MyVXW/RUY�MSeET�Myj �

LNMGY�RUhST�RljrY6hST�O�o�]�WvjrmGO8Q?Y�[	WvjrW/Y�M�W/MyV�O�RUW*O�Myjkh\W/[Uj	R	Wq�SZ\jrWqY�M b O c ZSR�jrmST�RkR	T c T�R	T�MSp�T c R	O�etT b MSO�etT�oq~
jrmST � W/RUT�p7jrY�R��(RrO�eET � �

= (xDF ,yDF , zDF )
b m(O�[���T�T�M
W/MyjrRUY�hSZ\p�T�h �&� mSTlO���T�[�Y c(� �}O�RUTJQ?Y�[UWqjrWqY�M��

hST�Q?T�MSh\T�Myjnª�jrmSTkº���O���Wq[Wq[&[Uj	W/oqoyp�Y�oqo/W/M\TnO�RBjrY|jrmST�mST�oqW/pnO�odO���W/[��-O�[ c Y�R&Ú���� b �SZ�j&jrm\TJ�d��O���Wq[&p�Y�MS[UjrO�Myjroq~
Q�Y�WqMyjr[
O�o/Y�MS�PjrmSTEo/YXpnO�o�h\W/R	T�p�j	Y�R
O�jsjrmST�O�p�j	Z(O�o�o/YXpnO�jrW/Y�M£Y c jrm\Ti©}�gp�T�Mdj	T�R � �«Y�R�OGo/T c jU��m(O�MShST�h
jN]�W/[Uj	T�hIQSm(O�[UT b jrm\T
RUT�o/O�jrWqY�Mi�?T�jN]lT�T�M`jrmST
O���T�[�Y c&� �¢O�MSh`Ú��¯Wq[

xDF = xLF cos(qz) + yLF sin(qz)

yDF = −xLF sin(qz) + yLF cos(qz)

zDF = zLF = uhx
� ; �

]�mST�RUT
q = 2π/p

Wq[kO�]�OnV�T7V�T�p7jrY�R�Û�[|eEY�hSZ\o/ZS[J��T�W/MS�
p
jrm\T$QSWqj	p�miY c j	mST$QSm(O�[	T ��¼ WvjrmiRUT c T�R	T�M\p�T$jrY

jrmST � �°O¶�\T�[ b jrmST|MST�]Ø[�jrYXp�m(O�[�jrW/p�V�O�R	W/O��SoqT�[JO�R	T
(rDF ,Ω′) = Q′ O�MShtj	mST0h\W/[Uj	R	Wq�SZ\jrWqY�M c ZSMSp7jrW/Y�MtWq[

W/MyV�O�R	W/O�Myj�ZSM\hST�RkeEY�oqT�p�Z\o*O�R�jrR	O�MS[Uo*O�j	W/Y�M b W � T �qb
peq(Q

′) ≡ peq(Ω
′)
� ��Z\p�m`O�p�m(O�MS��TzY c V�O�R	W/O��So/T�[lmSO�[

��T�T�M�T7��QSoqY�Wqj	T�h�WqM�Y�R	h\T�Rzj	YihST�RUWqV�T8jrmST8T���QSR	T�[	[	WqY�M�Y c jrmST5hSWqu�ZS[	WqY�M}p�Y�T7xEp�W/T�Myj c Y�RzetO�p�RUY�[	p�Y�QSWqp
jrRrO�MS[	o/O�jrWqY�MPetY�MSWqj	Y�R	T�hGO�o/Y�M\�3OE��T�MST�RUW/p�hSWqR	T�p�jrWqY�M

u
W/MIO6o/T c jU�NmSO�MShST�h`p�mSY�o/T�[�jrT�R	W/p�·([	T�T�Q(O�RUj�L c Y�R

jrmST c Y�RUe�O�o�hST�RUWqV�O�j	W/Y�MP[�j�O�R�jrW/M\� c R	Y�eÝj	mSTshST�¹SMSWqj	W/Y�MPT�{�� Ó � �
» [3O�R	T�QSR	T�[	T�MyjrO�jrWvV�TGpnO�[UT b W/Mj	mSW/[5]lY�RU^®]lTPp�Y�MS[UW/hST�R8jrmSTPh\Wqu�ZS[	WqY�M�O�oqY�MS�}j	mSTPhSW/RUT�p7jrW/Y�MY c

jrmSTPmST�o/WqpnO�o�O���W/[8Y c j	mSTGQSm(O�[UT b
uhx

�°Þ ~�T�etQSoqY�~�WqMS�}j	mSTP[rO�eETiMSY�j�O�j	W/Y�M�WqMdj	R	YXhSZSp�T�h�W/M�L b O�MSh
[	Q?T�p�W c ~XW/MS�6jrm\T
��T�MST�RrO�oBT��\Q\R	T�[U[	WqY�MS[ c Y�R

u ≡ uhx
b jrmSTshSWvuwZS[UW/Y�MGp�Y�T7xtp�W/T�Mdj

Dmt(uhx)
R	T�[UZSoqj	[|O�[

Dmt(uhx) = uhx ·DDF
TT (Ω′)uhx −

∫

dΩ′f(Ω′)(Γ′
0)

−1f(Ω′)peq(Ω
′)

�:���

]�WqjrmPj	mST c ZSMSp�j	W/Y�M
f(Ω′)

��WvV�T�MG�y~

f(Ω′) = peq(Ω
′)−1uhx ·DDF

TR (Ω′)MDFpeq(Ω
′) + q uhx ·DDF

TT (Ω′)uhxpeq(Ω
′)−1MDF

z peq(Ω
′)

�-�y�

§



O�MShGjrmST c Y�oqo/Y�]�W/M\�8Y�Q?T�RrO�jrY�R
Γ′

0

O�p�j	W/MS�3Y�MPjrm\T
Y�R	W/T�Myj�O�j	W/Y�M(O�owhST���R	T�T�[�Y c&c RUT�T�hSY�e

Γ′
0 = −





q uhxM
DF
z

MDF



 ·DDF (Ω′)peq(Ω
′)





q uhxM
DF
z

MDF



 peq(Ω
′)−1 ��¥��

]�mST�RUT
MDF W/[3jrmST}W/M\¹(M\WqjrT�[	Wqe�O�o�R	Y�jrO�jrWqY�MÅY�Q?T�R	O�jrY�RtT��\Q\R	T�[U[	T�hßWqM¤jrm\T � � � LNMÅjrm\T}T�{dZ(O�jrW/Y�MS[

O���Y�V�T b
DDF (Ω′)

W/[sjrmST
6 × 6

hSWqu�ZS[	WqY�M£e�O�j	R	W±� c Y�R�jrmST�� � [Ue�O�oqov��[UjrT�QS[sh\~XM(O�eEW/p�[�RUT c T�RUR	T�h°jrY
jrmST � �ØO���T�[ b ]�m\W/p�m�W/[�Q(O�RUjrWvjrWqY�MST�h�WqMyjrYPQSZSRUT6jrRrO�MS[	o/O�jrWqY�M(O�o�� ��� � b QSZSR	T3RUY�j�O�j	W/Y�MSO�o��-�0�0� b O�MSh
p�Y�ZSQ\o/W/M\�6R	Y�j	Y���j	RrO�MS[Uo*O�j	W/Y�MSO�o�:� ��b(� �0�

3× 3
�So/YXp�^d[ �

L�ji[	mSY�Z\o/hÄ�?T�[Uj	R	T�[U[	T�hgj	m(O�jiT�{d[£�:�y���7��¥��Em(OnV�T��?T�T�MÄhST�RUWqV�T�hØ�y~×T7��QSoqY�Wqj	W/MS��jrm\T�[U~XeEetT7jrRU~
R	T�o/O�jrWqY�MS[ c Y�R�j	mSTP�So/YXp�^d[6Y c

DDF (Ω′)
mSY�oqhSW/MS�`W c j	mSTPY�R	Wq��W/M®Y c ©}�µW/[5p�mSY�[	T�M¤p�Y�W/M\p�W/h\T�Myj8]�Wqj	m
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QSWqj	p�m��NhST�Q�T�MShST�Mdj5T�u�T�p7jr[5Y�M®jrm\TteEY�o/T�p�ZSo/O�RsO�oqW/��MSeET�Myj
O�RUTtW*�$O`eEY�h\ZSo*O�j	W/Y�M�Y c jrm\Tt[�jrR	T�MS��j	mY c
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hSW/RUT�p�j	Y�R|T7��Q�T�R	WqT�MSp�T�h£O�j0[	ZSp�m�o/YXpnO�jrW/Y�M b jrmSRUY�ZS��m}O�[	T�p�Y�M\h��NR	O�MS^IW/MyjrT�RrO�p7jrW/Y�M`]�mSWqp�m�hST�[�j�O��\W/o/Wqº�T�[
jrmSTGO�oqW/��M\etT�Mdj5Y c jrmSTP[UZSR c O�p�T7��MSY�RUe�O�o�O�o/Y�MS�}jrm\TIh\W/R	T�p�j	Y�R8Wqj	[	T�o c ·¡jrmST�M b j	mSTPY�V�T�RrO�oqoketT�O�M���¹(T�oqh
Q�Y�j	T�MyjrW/O�oBO�p7jrWqMS�6Y�MGjrmSTseEY�o/T�p�ZSoqT�O�j�Y�RUW/T�MyjrO�jrWqY�M

Ω′ W/[���WvV�T�MI�y~ijrm\T c Y�o/o/Y�]�WqMS�8[	Z\R c O�p�T
WqMyjrT���RrO�o

Vq(Ω
′)

kBT
= ε

∫

S

dσ(P )P2(s(P,Ω
′) · n(P,Ω′))

� ÓfÓ �

]�mST�RUT
s(P,Ω′)

W/[�j	mSTtM\Y�R	etO�o&V�T�p�j	Y�RsjrYPjrmSTE[	Z\R c O�p�T��!]�Wqjrm°ÃkO�R�jrT�[UW*O�M�p�Y�etQ?Y�MST�Myjr[
R	T c T�R	RUT�h®j	Y
� ���¡O�jlj	mSTzQ?Y�WqMdj

P
b
n(P,Ω′)

Wq[Jj	mSTzh\W/R	T�p�j	Y�R¡T7��Q�T�R	WqT�MSp�T�hGO�jJjrmST0[rO�eET|o/YXpnO�j	W/Y�M b O�MSh
P2(· · · )

Wq[
jrmST�[UT�p�Y�MSh��NR	O�MS^6ÚBT���T�MSh\R	T�Q?Y�oq~XMSY�eEW*O�o �B� mST�Q(O�R	O�eET�jrT�R

ε > 0
�-mSO�VXWqMS��QSmy~X[	W/p�O�o(ZSMSWvjr[�Y c WqMyV�T�RU[	T

[	ZSR c O�p�T
O�RUTnOy��{dZ(O�Myj	Wq¹(T�[|j	mSTs[UjrRUT�MS��jrmIY c j	mST
O�o/Wq��MSeET�Myj �
LNM�RUT c�� _ Ó ¥ a:b jrm\T6��T�MST�RrO�o c Y�R	eêT�{�� Ó�Ó �0Wq[$T�o/O��?Y�RrO�j	T�h c Y�R0jrmST6[UQ�T�p�Wq¹SpEp�O�[	T6Y c mST�o/WqpnO�o�hSW/RUT�p��

jrY�R�¹(T�o/h£QSR	Y��?T�h®O�jsjrm\TteEY�o/T�p�ZSo/O�R$oqT�MS��j	m��N[UpnO�oqT �E� mSTtO�M(O�ov~�[UW/[so/T�O�hS[�jrYGjrm\T c Y�oqo/Y�]�W/M\�i��T�M\T�RrO�o
T7��Q(O�MS[UW/Y�MIY�MPjrm\T
�SO�[	T
Y c R	Y�jrO�jrWqY�M(O�o ¼ W/��M\T�R c ZSMSp7jrWqY�MS[

Vq(Ω
′)

kBT
=

∑

m=0,±2

+2
∑

k=−2

w2,m,k(q)D
2
m,k(Ω

′) +
∑

J≥3

∑

m=±2

+J
∑

k=−J

wJ,m,k(q)D
J
m,k(Ω

′)
� Ó¶; �

]�mST�RUT¡j	mST
q
��hST�Q?T�M\hST�Myj�]�T�W/��myj	[

wJ,m,k(q)
pnO�M
��T�M\T�RrO�o/oq~0�?T�p�Y�eEQSo/T��d��V�O�o/Z\T�h b ]�Wvjrm$jrm\TJp�Y�MS[�jrRrO�W/Myj

wJ,m,k(q)
∗ = (−1)m+kwJ,−m,−k(q)

WqetQ?Y�[	T�h��y~°jrm\TIRUT�{dZSWqR	T�eET�Myj6j	m(O�j8j	mSTPT7��Q(O�M\[	W/Y�M¤T�{Ä� Ó�; �
e8ZS[Uj�?T�O|R	TnO�o c Z\MSp�j	W/Y�M ��� mST�[	Tkp�Y�T7xtp�W/T�Mdj	[�O�RUTlRUT�o/O�jrT�h
j	Y0jrm\TleEY�o/T�p�ZSo/O�RB[U~XeEetT7jrR�~ b hSW/eET�MS[UW/Y�M\[
O�MShI[	ZSR c O�p�T�jrY�Q�Y�oqY���~ �

» [kjrmST�Q\Wqjrp�mPWqMSp�RUTnO�[UT�[k]�WvjrmPR	T�[	Q?T�p7j�jrY8jrm\T�o/W/M\TnO�RJhSW/eET�M\[	W/Y�MS[kY c j	mST�etY�o/T�p�ZSo/T b j	mST�[	T�p�Y�M\h��
RrO�MS^GjrT�R	eE[ c Y�R

J = 2
�?T�p�Y�etT5hSY�eEW/M(O�MyjzW/M�T�{�� Ó�; � � LNM�jrmST6Q\R	T�[UT�Myj�]lY�R	^I]�T3R	T c T�Rzj	YP[	ZSp�m®O

o/W/eEWqjlpnO�[	Ts�y~IO�hSY�Q\j	W/MS�8j	mST c Y�o/oqY�]�W/MS�8eEYXhST�o c Y�R	e c Y�RkjrmSTsQ?Y�jrT�Mdj	W*O�o

Vq(Ω
′)

kBT
=

+2
∑

m,k=−2

w2,m,k(q)D
2
m,k(Ω

′)
� Ó ���

Ó�ã



]�mSW/p�m8Wq[ lUù=c�uog Y�MSoq~ c Y�R q = 0
b W � T �qb�c Y�R�ZSMyjN]�W/[Uj	T�h8M\T�etO�jrWqp�[ ��� mSTlT7��QSo/Wqp�Wvj c Y�R	e½Y c j	mSTJp�YXT�xEp�WqT�Myjr[

w2,m,k(q)
]�W/oqo��?TJRUT�Q?Y�RUj	T�h c Y�RBjrmST¡p�O�[	TJY c T�o/oqW/QS[UY�W/hSO�o�eEY�oqT�p�Z\o/T��.[	T�TJ[	T�p�j	W/Y�M5¥�� ��� mST�[	TJp�YXT�xEp�WqT�Myjr[

p�Y�MS[�jrWvjrZ\j	T|j	mST0WqMSQSZ\jlQ(O�R	O�eET�jrT�R	[JO��?Y�Z\jJjrmST �ogwcfgi`wu~� Y c jrm\T0[�~�[�jrT�e ��¼ T0[�jrR	T�[	[Jjrm(O�j b T7V�T�MPO�jJjrmSWq[
o/Y�]�T�[Uj�o/T7V�T�oJY c O�QSQSRUY���Wqe�O�j	W/Y�M b jrmSTte�O�WqM�T�u�T�p�j	[5Y c jrmSTthSW/RUT�p7jrY�R�jN]�W/[�j5h\W/[	p�ZS[	[UT�h�WqM®[UT�p�j	W/Y�M ;
pnO�MI��T�p�O�Q\j	ZSR	T�h �

ë|ì�ú û�òSó�ðBôlõ�ö�õ�ó�ñJô0ö¡÷küzð+ø�ðBôzü0ðBôzýwð�ñ¡þ�õ\ï0ð®ü0óNÿ�����ó�ñ¡ô�� ö�õ�ò\ó��ßò\ðBþ�ð+ò\ò\ðBü½õ�ñ	��


� mST�Y�R	WqT�Myj�O�jrW/Y�M(O�o�hST�Q?T�M\hST�MSp�T®Y c j	mST�hSWvuwZS[UW/Y�MÅe�O�j	R	W±�¢R	T c T�R	RUT�hÄjrYj	mST � � [U~X[�jrT�e Y c O���T�[
W/[ c ZSo/ov~�[	Q?T�p�Wq¹(T�hÄ�d~¢T�{µ� § � � À0Y�]lT�V�T�R b ]lT�MST�T�hØO�MÅY�Q�T�RrO�j	WqV�T c Y�R	e Y c [	ZSp�mÄh\T�Q?T�MShST�MSp�T�WqM
jrT�RUet[�Y cJ¼ Wq��MST�R$R	Y�jrO�jrWqY�M(O�o c ZSMSp7jrWqY�MS[�RrO�jrmST�R$jrm(O�M�QSRUY�h\ZSp�j	[�Y c Æ�ZSoqT�R$etO�j	R	Wv�}T�oqT�eET�Myjr[ �5� mSWq[
pnO�MG�?TsO�p�mSW/T7V�T�h`¹(RU[Uj��y~PT7��QSoqY�Wqj	W/MS��jrmST�jrR	O�MS[ c Y�R	etO�jrWqY�MiQSRUY�Q?T�RUj	W/T�[�Y c jrmSTsW/RUR	WqhSZSp�Wq�So/T|[	Q\mST�RUW/pnO�o
p�Y�eEQ�Y�MST�Myjr[6Y c j	mSTP[	T�p�Y�MShX�NRrO�MS^°jrT�MS[	Y�R	W*O�o��SoqY�p�^d[

DDF
TT

b
DDF

RR

b
DDF

RT ≡ DDF
TR

ZSMShST�RERUY�j�O�jrW/Y�M
Y c jrmST�RUT c T�RUT�MSp�T c RrO�eET_ Ó�Ó�a:b O�MShÄjrmST�Mgp�Y�MyV�T�RUjrWqMS�¯�(O�p�^¢jrY¢ÃkO�R�jrT�[UW*O�MØp�Y�etQ?Y�MST�Myjr[£�-[UT�T�j	mST
��ZSQSQ?Y�RUj	W/MS�6LNM c Y�R	etO�jrWqY�M�_�Ç a � ��� mST
R	T�[UZSoqj	W/MS�6T���QSR	T�[	[	WqY�M}Wq[

[

DDF
∗∗ (Ω′)

]

ij
=

∑

L=0,2

+L
∑

M,M ′=−L

γ∗∗ij (L,M,M ′)DL
M,M ′(Ω′)∗

� Ó �y�

]�mST�RUT ∗∗ [�j�O�MSh\[ c Y�R ����b �0� b � � ≡ � � b O�MSh�jrmST6WqMShSWqp�T�[ i, j o/O��?T�o&j	mST3O���T�[sY c�� � �B� mST3[UZSe
T�{¯� Ó �d�zW/[�RUT�[�jrR	Wqp�j	T�h�jrY

L = 0, 2
��T�pnO�Z\[	TEO�o/ojrmST3�SoqY�p�^d[sO�RUT6[	T�p�Y�MSh���RrO�M\^�[U~XeteET�j	R	Wqp5jrT�MS[	Y�RU[ �

� mSTzp�Y�T7xtp�W/T�Mdj	[
γ∗∗ij (L,M,M ′)

R	T�[	ZSovjkO�[lp�Y�e8�SWqM(O�jrWqY�MS[�Y c T�oqT�eET�Myjr[JY c
DMF b O�MSh�O�R	T�T��\Q\o/W/p�Wqj	oq~

��WqV�T�M�WqM`jrm\T6��ZSQ\Q�Y�R�jrWqMS��LNM c Y�R	etO�jrWqY�M£_�Ç a:�|� mXZ\[ b j	mST5T�o/T�eET�Myj	[zY c j	mST5etO�j	R	Wv�
DMF p�Y�M\[UjrWvjrZ\j	T

jrmSTEW/MSQ\Z\jsQ(O�R	O�etT7jrT�R	[ c Y�R�jrmST sf`��~�o`badcfgR`k�fl5sf�²nWcfj}`wu~� b O�MSh®p�O�M°�?T3T�V�O�oqZ(O�jrT�h c RUY�e¬T�{¢�:Çy�$Y�MSp�T
jrmST c R	Wqp�j	W/Y�M�j	T�MS[UY�R|W/[�[	Z\QSQSo/WqT�h �

ë|ì-ë î�ïzð�� ö�õXòSó�� ï0öJô0üz÷�ó�ô�

À0T�RUTnO c j	T�R|]�T�Y�Z\jroqW/MST�j	mST�Q\R	YXp�T�h\ZSR	T5O�hSY�Q\j	T�h}j	Y�p�O�o/p�ZSo*O�j	T
Dmt(uhx)

O�p�p�Y�R	hSWqMS�3jrY�T�{d[3�:�y���7�:¥�� �
� mSTt¹(RU[Uj5O�hShST�MShSZSe¾O�jsj	mSTtR � m � [ � Y c T�{Å�-�y�$W/[s[	WqetQ\oq~�O�M°T�{dZSWqo/Wq�SR	WqZSe¬OnV�T�RrO���TE]�mSWqp�m°p�O�M°�?T
T�V�O�o/ZSO�jrT�hI�y~GT�etQSoqY�~�WqMS�6jrmSTsT��\QSO�MS[	WqY�MIT�{£� Ó �d� c Y�RkjrmSTs[UQ�T�p�Wq¹Sp�T�o/T�eET�Myj|Y c jrmST ��� �\o/YXp�^��.j	mST
T7��QSo/Wqp�WvjsT7��QSR	T�[	[UW/Y�M�Wq[
��WqV�T�M°WqM®jrm\Ti��Z\QSQ�Y�RUjrWqMS�ILNM c Y�R	etO�j	W/Y�M¢_�Ç a � � �(R	Y�e�MSY�]³Y�M®]lT c YXp�ZS[�Y�M

Ó�Ó



jrmST$RUY�Z\j	T0jrY5T�V�O�o/ZSO�jrT�jrmSTz[	T�p�Y�MShIO�hSh\T�MShSZ\e Y c T�{��-�y� �&» Q(O�R�jkY c j	mST$[UW/��M b [	Z\p�m`O�p�Y�MyjrRUW/�SZ�jrW/Y�M
pnO�MI��T�RUT�]�RUWqj	j	T�M`O�[

∫

dΩ′ f(Ω′) (Γ′
0)

−1f(Ω′)peq(Ω
′) ≡

∫ ∞

0

dtG(t)
� Ó ¥��

]�Wqjrm

G(t) =

∫

dΩ′ f(Ω′)e−Γ′

0
tf(Ω′)peq(Ω

′)
� Ó�§ �

¸ M\TEp�O�M�R	T�p�Y���M\W/º�T6j	m(O�j
G(t)

m(O�[�j	mST3[rO�eET6[Uj	R	ZSp7jrZSRUTEY c j	mST3W/MyjrT���RrO�o&[	Q?T�p�W c ~XW/MS�IOPR	Y�jrO�jrWqY�M(O�o
jrW/eET7��p�Y�RUR	T�o*O�j	W/Y�M c ZSMSp7jrW/Y�M b O�MSh�j	m(O�j�jrm\T6R � m � [ � Y c T�{� Ó ¥��|W/[�MSY�j	mSW/M\�P�SZ\jsWqj	[$[	Q?T�p7jrR	O�o�hST�M\[	WqjN~
�:�(Y�ZSRUW/T�R���Ú�O�QSo/O�p�T�j	RrO�MS[ c Y�R	e���T�V�O�o/ZSO�jrT�h�O�jzº�T�RUY�� c RUT�{dZST�MSp�~ � ��ZSp�m�W/Myj	T�R	Q\R	T�jrO�jrWqY�M}Y c jrmST�[	T�p�Y�MSh
O�hShST�MShSZSe Y c T�{Ä�-�y�5OnV�Y�WqhS[8jrY�]lY�RU^®]�Wqj	mjrmSTPWqMyV�T�R�jrT�h¤Y�Q?T�R	O�jrY�R

(Γ′
0)

−1 b O�MSh¢O�o/oqY�]�[5Y�MSTij	Y
O�hSY�Q\j�j	mSTs[UjrO�MSh(O�RUh`eET�j	mSYXhSY�o/Y���W/T�[�ZS[UT�h c Y�RkjrmSTspnO�o/p�Z\o*O�j	W/Y�MiY c j	W/eET7�Np�Y�R	RUT�o/O�jrWqY�M c ZSM\p�jrWqY�MS[ �

�W/R	[�j+]lTJT�etQ\o/Y�~0j	mST�[U~XeEetT7jrRUW/º�T�h c Y�R	eßY c jrmST�T7V�Y�oqZ\jrWqY�M�Y�Q?T�R	O�jrY�R b
Γ̃′

0 = p
−1/2
eq (Ω′)Γ′

0p
1/2
eq (Ω′)

b
[	YEp�Y�MyV�T�RUj	W/MS�ET�{�� Ó�§ ��WqMdj	Y6jrmST c Y�oqo/Y�]�W/MS��[U~XeEetT7jrR	Wqp c Y�R	e

G(t) =

∫

dΩ′ f(Ω′)p1/2
eq (Ω′)e−Γ̃′

0
tf(Ω′)p1/2

eq (Ω′) ≡ 〈F (Ω′)∗|e−Γ̃′

0
t|F (Ω′)〉 � Ó ²��

]�Wqjrm
F (Ω′) = f(Ω′)peq(Ω

′)
� �(Y�RtjrmST�o/O�j	j	T�R�WqhST�Myj	WqjN~¤W/MÄT�{µ� Ó ²�� b jrmST�p�Y�MyV�T�Myj	W/Y�M(O�o$�SRrO¶�N^�T7j

MSY�j�O�jrW/Y�MEmSO�[l�?T�T�MiO�h\Y�Q\jrT�htj	Y�RUT�QSRUT�[	T�Myj�jrm\T0mST�R	eEWqj	W*O�M6[UpnO�o/O�R¡QSR	YXhSZSp7jl]�WvjrmE��T�MST�RrO�o«QSRUY�Q?T�RUj	W/T�[

〈f1(Ω
′)|f2(Ω

′)〉 ≡
∫

dΩ′ f1(Ω
′)∗f2(Ω

′) = 〈f2(Ω
′)|f1(Ω

′)〉∗

〈f1(Ω
′)|O|f2(Ω

′)〉 ≡
∫

dΩ′ f1(Ω
′)∗Of2(Ω

′) = 〈f2(Ω
′)|O†|f1(Ω

′)〉∗ � Ó Ç��

��T�W/MS� O Wq[�OE��T�MST�R	W/p�Y�Q�T�RrO�j	Y�R�O�p�j	W/MS�3Y�M c ZSM\p�jrWqY�MS[�Y c
Ω′ b O�MSh O† hST�MSY�jrWqMS�3Wqj	[�O�h�ÈUY�WqMdj �

Æ�{dZ(O�j	W/Y�M¢� Ó ²���pnO�M��?T8T7��Q(O�M\hST�h£Y�MyjrYGO�p�Y�eEQSo/T7jrT8[UT�jsY c Y�R�jrmSY�MSY�R	etO�o c ZSMSp7jrW/Y�MS[$[	QSO�MSMSWqMS�
jrmST6[UQ(O�p�T6Y c j	mST6Æ�ZSo/T�RsO�MS��oqT�[ b ~XW/T�oqhSW/M\�POie�O�jrR	W±� c Y�R	e Y c jrmST6[UpnO�o/O�R$QSRUY�h\ZSp�j �5» [�eET�Myj	W/Y�MST�h
��T c Y�R	T b jrmSTsM(O�j	ZSRrO�o+p�mSY�Wqp�TsW/[kj	m(O�j�Y c ZS[	WqMS�6jrmSTsMSY�R	etO�o/Wqº�T�h ¼ Wq��MST�R c ZSMSp�j	W/Y�M\[

|N〉 ≡ |jN , mN , kN〉 =

(

2jN + 1

8π2

)1/2

DjN

mN ,kN
(Ω′) , 〈N |N ′〉 = δN,N ′

� Ó�â �

]�Wqjrm
N ≡ (jN , mN , kN)

hST�MSY�jrW/M\�¯j	mST£p�ZSe8Z\o*O�j	WqV�T�[UT�jIY c W/MShSWqp�T�[PY c j	mST��(O�[	Wq[GT�o/T�etT�Myjr[GY c
RrO�MS^d[

jN ≥ 0
O�MSh

mM , kM = −JN , · · · ,+JN
� LNMÅQ\RrO�p7jrW/p b O�¹(MSWvjrT7��[	Wqº�TGe�O�jrR	W±��Wq[tm(O�MShSo/T�h

Ó¶;



�d~�j	R	ZSM\pnO�j	W/MS�GjrmST3R	O�MS^
jN

W/M�p�Y�R	R	T�[	Q?Y�MShST�MSp�TtY c OG��WvV�T�M£V�O�o/ZST
jmax

� Æ�{dZ(O�jrWqY�MÅ� Ó ²��$Wq[$jrmdZS[
p�Y�MyV�T�RUj	T�h}WqMyjrY

G(t) = FTre−Γ̃
′

0
tF

� ;�ã �

]�WqjrmPj	mSTsT�o/T�etT�Myjr[�Y c jrmST�V�T�p�j	Y�R
F
O�MShIY c jrmSTsp�Y�etQ\o/T7�d��mST�RUetWvjrW*O�M�etO�jrRUWv�

Γ̃′

0

��WqV�T�MI�d~

(F)N = 〈N |F (Ω′)〉 , (Γ̃′

0
)N1,N2

= 〈N1|Γ̃′
0|N2〉

� ;FÓ �

O�MSh`j	Y��?T c Y�R	etO�o/ov~�T7V�O�o/Z(O�j	T�h}O�p�p�Y�R	hSWqMS�tj	YtT�{d[3� Ó Ç�� �k� mST�T7��QSoqW/p�Wvj c Y�R	e¿Y c
Γ̃′

0

pnO�M`��T�hST�RUWqV�T�h
c R	Y�e j	mSTz[�~�eEeET�jrRUW/º�O�jrWqY�M3Y c

Γ′
0

��WvV�T�MtW/MtT�{`��¥�� ��Þ ~ET�eEQSoqY¶~XWqMS�
MDF = iJDF b O�MShtp�Y�MS[UW/hST�R	WqMS�

jrmSTsT�{dZSWvV�O�o/T�MSp�TsY c jrmST � �µO�MSh}� � �SoqY�p�^d[�Y c jrmSTshSWvuwZ\[	W/Y�MIetO�j	R	Wv� b Y�MSTs��T�j	[

Γ̃′
0 = q2O†

zuhx ·DDF
TT (Ω′)uhxOz + q

[

O†
zuhx ·DDF

RT (Ω′)O + O
†DDF

RT (Ω′)uhxOz

]

+

+O
†DDF

RR (Ω′)O
� ;�; �

]�WqjrmPj	mST c Y�o/oqY¶]�WqMS�G�.MSY�j�mST�R	eEWqjrT�O�M«�lV�T�p�j	Y�R	W/O�o+Y�Q?T�R	O�jrY�R

O =
1

2
[JDFVq(Ω

′)] + JDF � ; ���

Þ ~iT�etQSoqY�~�WqMS��j	mST�T7��Q(O�MS[	WqY�MGY c
Vq(Ω

′)
Y�MijrmST��SO�[	T�Y c�¼ Wq��MST�R c ZSMSp7jrW/Y�MS[ b j	mST$WqMdj	T���R	O�o/[ c Y�R�j	mST

e�O�j	R	W±�iT�o/T�eET�Myj	[|WqMPT�{£� ;FÓ ��pnO�MI�?Ts[	ZS�?hSWvV�WqhST�hIW/Myj	Y3j	T�RUet[�Y c jrm\T
^dWqMSh

〈N1|O†
αgαβ(Ω′)Oβ|N2〉

� ; �y�

]�mST�RUT0jrm\T c ZSM\p�jrWqY�MS[
gαβ(Ω′)

O�[U[	ZSeET|[	Q?T�p�Wv¹(p c Y�R	eE[JO�p�p�Y�R	hSWqMS�sjrY�j	mST|hSWqu�T�RUT�Myj�p�Y�MyjrRUW/�SZ\j	W/Y�M\[JWqM
T�{�� ;�; � � LNMyj	T���R	O�jrWqY�MG�d~iQ(O�RUj	[|O�o/oqY¶]�[kj	mST�p�Y�MdV�T�R�jrW/Y�M}Y c T�{�� ; �d��WqMdj	Y6jrmST c Y�RUe

〈(OαΦN1
(Ω′))|gαβ(Ω

′)(OβΦN2
(Ω′)〉 � ; ¥��

]�Wqjrm
ΦN(Ω′) ≡ |N〉 ��WqV�T�M×WqM×T�{ß� Ónâ � �ß� mST�RUT c Y�RUT b Y�MST`MST�T�hS[ijrY[UQ�T�p�W c ~¢j	mST�O�p�jrWqY�M×Y c jrmST

p�Y�eEQ�Y�MST�Myjr[�Y c
O
Y�MPjrmSTs�SR	O��lO�MShP�N^�T�j c ZSMSp7jrWqY�MS[ b O�MShGjrmST�MIj	YET7V�O�o/Z(O�jrT$jrm\T
WqMyjrT���RrO�o+T�{�� ; ¥�� �

Æ�V�O�oqZ(O�jrWqY�MPY c jrmST�[	T
W/MyjrT���RrO�oq[�R	T�{XZ\W/R	T�[�jrmST
R	T�WqjrT�RrO�j	T�hIZS[	T
Y c [UjrO�MSh(O�RUhIj	Y�Y�o/[�Y c jrmST�O�MS��ZSo*O�R
etY�eET�Myj	ZSe O�oq��T��\RrO_ Ó�Ó�a:b O�MSh¯W/M�Q(O�R�jrWqp�ZSo/O�R�ª��-W!�
T7��QSo/Wqp�Wvj3O�p�j	W/Y�M�Y c j	mST

JDF
α

p�Y�etQ?Y�MST�Mdj	[3Y�M
jrmST ¼ W/��MST�R c ZSM\p�jrWqY�MS[�·��-WqW!��T7��QSoqY�WqjrO�jrWqY�MGY c jrmST5[U~XeteET�j	RU~IQSRUY�Q�T�RUj	W/T�[0Y c j	mST ¼ W/��MST�R c ZSMSp�j	W/Y�M\[

Dj
m,k(Ω

′)
O�MSh�Y c jrmST8p�Y�T7xEp�W/T�Myjr[

w2,m,k(q)
WqM�T�{� Ó ���0ZSMShST�R�p�m(O�MS��T6Y c [	W/��M�Y c jrmST6Q\R	Y�ÈUT�p�jrWqY�M
Ó �



W/MShST�p�T�[
m, k

·«�-WqW/W*�?T7��QSoqW/p�Wqj�W/Myj	T���R	O�jrWqY�M�Y c Q\R	YXhSZSp�j	[Y c [	T7V�T�RrO�o ¼ W/��M\T�R c ZSMSp7jrW/Y�MS[l�-ZSQsjrYz¥��+W/MyV�Y�oqVy�
W/MS�ij	mSTEÃ�o/T��S[	p�m����sY�R	h(O�M�p�Y�ZSQSoqW/MS�Pp�Y�T7xEp�W/T�Myjr[3_ Ó�Ó�a ·��.WqV\�0p�Y�etQSO�p�j�^�T�T�QSW/MS�GY c jrm\T6T7��QSR	T�[	[UW/Y�MS[ �
��W/MSp�TijrmSTGO�o/��T��SRrO}Wq[8{dZSWqj	TPT�o/O���Y�RrO�j	T�h b&c Y�R5jrmSTP�?T�M\T�¹(p7jtY c|c Z�jrZSRUTGO�QSQSoqW/pnO�jrW/Y�MS[�j	mSTPR	T�[	ZSovjrW/M\�
T7��QSR	T�[	[UW/Y�MS[sY c jrm\T6e�O�j	R	W±�}T�o/T�etT�Mdj	[

(Γ̃′

0
)N1,N2

b Y c j	mST8V�T�p�jrY�R
T�o/T�etT�Mdj	[
(F)N

b O�MSh�Y c j	mST8¹(R	[�j
O�hShST�MShSZSeêW/M�T�{��:���zO�R	T�[	ZSQ\QSo/WqT�h�W/M`jrmSTE��Z\QSQ�Y�RUjrWqMS�iLNM c Y�R	etO�jrWqY�M°_�Ç a:� Æ�V�T�M�W c j	mST6QSRUY�p�T�hSZSRUT
O���Y�V�T�Y�Z\jroqW/MST�h8W/[&{XZ\WqjrT���T�MST�RrO�o b jrm\T�T7��QSo/Wqp�Wvj�R	T�o*O�j	W/Y�M\[&R	T c T�R�j	Y$jrmSTkp�O�[	T�Y c

Vq(Ω
′)
O�Q\QSR	Yn��W/etO�jrT�h

jrY3[	T�p�Y�MSh`Y�R	h\T�R�jrT�R	eE[�O�[�W/MGT�{�� Ó �y� �
� m\T�[	pnO�o*O�RkQ\R	YXhSZSp�j�T�{�� ;�ã �lp�O�MP��T$j	mST�MGT7V�O�o/Z(O�j	T�hP�y~iRUT�p�ZSR	RUW/MS�8j	Y8jrmSTsÚ�O�MSp�º�Y�[�O�o/��Y�RUWqj	mSe

_ Ó�§�akc Y�R5j	mSTGp�Y�eEQSo/T��d�NmST�R	eEWqjrW/O�M°etO�j	R	Wv�
Γ̃′

0

�� mSTIÚ�O�MSp�º�Y�[3QSR	YXp�T�hSZSRUT`��T�MST�R	O�jrT�[6jrmSTPY�Q�jrW/etO�o
[	ZS�S[UQ(O�p�TPY c�c ZSMSp7jrW/Y�MS[8Y�MyjrY`]�mSW/p�m�[UZSp�m¯[	pnO�o*O�R�QSR	YXhSZSp7j6pnO�M��?TiT��\QSO�MShST�h � ��ZSp�m¯O�[	Z\�S[	Q(O�p�T
p�Y�MS[UW/[�jr[�Y c O6�SWv��Y�RUj	mSY�MSY�RUe�O�o?�SO�[	TsY c�c ZSMSp7jrW/Y�MS[�hSWqVXWqhST�hPWqMdj	Y ��l��hg �:Ú���O�M\h eh`¿�y|�g �-�z�l[UZS�S��RUY�ZSQS[ b
]�mSY�[	T|T�oqT�eET�Myjr[JO�RUT�hST�M\Y�jrT�h�R	T�[	Q?T�p7jrWqV�T�ov~3�d~ |NL〉

O�MSh |NR〉
b O�M\hE]�Wvjrm 〈NL|N ′

R〉 = δN,N ′

�&� mSWq[
[	ZS�S[UQ(O�p�T5W/[���T�MST�R	O�jrT�h��y~GetT�O�MS[|Y c O6jrm\R	T�T���j	T�R	eE[|WqjrT�RrO�j	WqV�T
Q\R	YXp�T�h\ZSR	T
W/MyV�Y�oqVXW/MS�6j	mST�T�o/T�etT�Mdj	[
Y c

Γ̃′

0

O�MSh`[�j�O�R�jrWqMS� c R	Y�e jrmST�¹(RU[Uj|T�oqT�eET�Myjr[ |1L〉 = |F (Ω′)∗〉/N O�MSh |1R〉 = |F (Ω′)〉/N b ]�mST�R	T

N 2 = 〈F (Ω′)2〉 T�MS[	Z\R	T�[kj	mST$MSY�R	etO�o/WqºnO�j	W/Y�M 〈1L|1R〉 = 1
��� mSTzV�T�p�j	Y�R	W/O�o?R	T�Q\R	T�[UT�Myj�O�jrW/Y�MPY c jrmST�[	T

c ZSMSp�j	W/Y�M\[$O�RUT5jrmST5[	Y���pnO�oqo/T�h ��l��hgi� O�MSh eh`¿�y|�gi�U�ogwcfehgi`kn��{�fl~uog�qye�� b ]�m\Y�[	T8T�o/T�etT�Mdj	[�O�RUT8R	T�[	Q?T�p�j	WqV�T�oq~
〈N |1L〉 = (F)∗N/N

O�MSh 〈N |1R〉 = (F)N/N
��� mSTkh\W/eET�MS[UW/Y�M�Y c jrm\T���T�MST�R	O�jrT�h6[	ZS�S[UQ(O�p�T�[�T�{dZ(O�o/[

jrmSTsp�mSY�[UT�M`MXZ\e8��T�R�Y c WvjrT�RrO�j	W/Y�MS[��-MS[�jrT�Q\[�� � Æ�{dZ(O�jrWqY�M®� ;�ã ��W/[kjrm\T�MIp�Y�MyV�T�RUj	T�h�WqMdj	Y

G(t) = N 2〈1L|e−Γ̃′

0
t|1R〉 = N 2

[

e−Tt
]

1,1

� ;�§ �

]�mST�RUT
T
Wq[kjrmST�j	R	Wv��hSW*O���Y�M(O�o?etO�jrRUWv�

i, j = 1, · · · , nsteps : (T)i,j = αiδi,j + βmin{i,j}+1 δ|i−j|,1

� ; ²��

]�Wqjrm
αi
b
βi
�-��T�MST�RrO�oqoq~tp�Y�eEQSo/T��S����T�MST�RrO�j	T�h`�d~�jrmSTsWqj	T�R	O�jrWvV�T�QSRUY�p�T�hSZSRUT �J� mST�M b �y~PWqMS[	T�RUj	W/MS�3T�{

� ;�§ ��W/Myj	Y�T�{°� Ó ¥�� b jrmST5R	T�{dZSWqR	T�h�[	Q?T�p7jrRrO�o&hST�MS[	WvjN~�O�j0º�T�R	Y�� c R	T�{XZ\T�MSp7~�R	T�[	ZSovjr[zO�[ N 2[T−1]1,1
�$Þ ~

T7��QSo/Y�WqjrWqMS�sjrmST$�SO�[	Wqpz�SoqY�p�^��NQSO�RUj	WqjrWqY�MSWqMS��Y c jrm\T$W/MyV�T�R	[UT�e�O�j	R	W±�6jrY8T7V�O�o/Z(O�jrT0j	mST$T�o/T�eET�Myj
1, 1

Y�MST
��T�j	[�j	mST c Y�o/oqY�]�W/MS�8p�Y�MyjrWqMXZ\T�h�� c RrO�p7jrW/Y�M c Y�R	e

∫ ∞

0

dtG(t) = N 2
[

T−1
]

1,1
=

N 2

α1 − β2
2

α2 −
β2

3

α3 − · · ·
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Ó �



]�mSW/p�mIW/[
�-O�Q(O�R�j�Y c j	mSTs[	Wq��M«�ljrm\T
[UT�p�Y�MSh�O�hShST�M\hSZSe O�j�j	mSTsR � m � [�Y c T�{��:�y� �
» j}jrmST�p�Y�etQ\Z\j�O�j	W/Y�MSO�os[Uj�O���T b � ¸ � � � »zä p�YXhST�[�mSO�V�T���T�T�Mµ]�RUWqj	j	T�Mµj	Y×W/eEQSo/T�etT�Myj`j	mST

etT7jrmSYXhSY�oqY���~¢O��?Y�V�T�hST�[	p�RUW/�?T�h �Á� mST�p�mST�p�^ÄY c jrm\T�p�Y�MyV�T�R	��T�MSp�T£Y�M×j	mST}V�O�o/Z\T�[iY c
Dmt(uhx)

m(O�[��?T�T�M£hSY�M\T8]�Wqjrm�RUT�[	Q?T�p7jsjrYPjrmST6T��XjrT�M\[	W/Y�M®Y c j	mST6Y�RUj	mSY�MSY�R	etO�o&�(O�[	T`�-W � T �qb ]�Wvjrm�R	T�[	Q?T�p7j
j	Y

jmax

� b O�M\h�jrYPjrmST6MdZSe5��T�R�Y c [UjrT�QS[sY c jrmSTEÚ�O�MSp�º�Y�[�Q\R	YXp�T�h\ZSR	T`�
nsteps

� � LNM£O�oqo�j	mST3pnO�[UT�[sQSR	T��
[	T�Myj	T�h¯W/M°j	mSW/[
]�Y�R	^ b p�Y�MyV�T�R	��T�MSp�TG]�WvjrmSWqM

5 × 10−3 � m(O�[5��T�T�M¯O�p�mSWqT�V�T�h�]�Wqj	m
jmax = 8

O�MSh

nsteps = 200
� L�js[	mSY�ZSo/h£��T6[�jrRUT�[	[UT�h°j	m(O�j�j	mSTEÚ�O�MSp�º�Y�[�Q\R	YXp�T�h\ZSR	T3W/[�T7xEp�W/T�Myj5Y�M\oq~�WqM�pnO�[UTEY c

[	Q(O�RU[	T3etO�jrRUW/p�T�[
Γ̃′

0

�E¸ M�jrm\TEp�Y�MyjrR	O�RU~ b�c RUY�eÜT�{¯� ;�ã �0Y�MST3[UmSY�ZSoqh£Q\R	YXp�T�T�hST6jrmSRUY�ZS��m�jrm\T8jrW/eET7�
p�Y�MS[UZSeEW/MS�8h\W/R	T�p�j�W/MyV�T�R	[	WqY�MPY c j	mST3�-��T�MST�RrO�oqoq~3V�T�RU~io/O�R	��T���e�O�j	R	W±�

Γ̃′
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b Y�RkT�{dZSWvV�O�o/T�Mdj�QSR	YXp�T�hSZSRUT�[
o/W/^�T5jrm\T6hSW*O���Y�M(O�oqW/ºnO�jrW/Y�MIRUY�Z\j	T ��ä Y�j	W/p�T�jrm(O�j�j	mST6ZS[UT6Y c O�M�Y�R	WqT�Myj�O�j	W/Y�MSO�o�Q�Y�j	T�MyjrW/O�o&p�Y�Myj�O�WqMSW/M\�
Y�MSoq~�[	T�p�Y�MShX�NRrO�MS^ijrT�R	eE[
�-[	T�T�T�{�� Ó �y�	�kO�oqo/Y�]�[kY�M\Tsj	Y3^�T�T�Q`j	mSTse�O�j	R	W±�

Γ̃′

0
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�«Y�Rljrm\T�etYXhST�o?pnO�o/p�Z\o*O�j	W/Y�MS[JY c
Dmt(uhx)

V�T�RU[	ZS[�j	mST$QSWvjrp�mPY c jrm\TzjN]�W/[�jrT�hGQSmSO�[	T$]lT�p�mSY�[UTsj	mSR	T�T
O�R	p�mST7jN~XQ�T�eEY�o/T�p�ZSoqT�[�ª Ó �O�M6T�oqo/W/Q\[	Y�Wqh(O�oyeEY�o/T�p�ZSoqTJ]�Wvjrm6MSYs� � p�Y�ZSQSoqW/MS�$WqM5jrm\T�R	Y�j	Y���j	RrO�MS[Uo*O�j	W/Y�MSO�o
hSWqu�ZS[	WqY�M�etO�jrRUWv� bw; �zOi�?T�MyjU��R	YXh�etY�oqT�p�ZSo/T�m(OnV�WqMS�P� � p�Y�ZSQSo/WqMS� b O�MSh£�y�|Oip�mSW/R	O�o&QSRUY�Q?T�o/oqT�R��No/Wq^�T
etY�oqT�p�ZSo/TietO�hST�Y c jN]lY�jN]�W/[Uj	T�h¢hSW/[U^d[ �¯� mSTIO�M(O�ov~X[	W/[8]�Wqo/ol[Uj�O�RUj c R	Y�eÔjrm\TI[UW/eEQSo/T�[Uj3O�R	p�mST7jN~�Q?T
��T�Y�eET�j	RU~ b W � T �qb jrmSTtT�o/oqW/QS[UY�W/hSO�o&eEY�o/T�p�ZSoqT �i� m\T�QSZSRUQ�Y�[	T�Wq[�jrY}T7V�O�o/Z(O�jrT b [	T�Q(O�RrO�jrT�ov~ b jrmSTET�u�T�p7jr[
Y�M

Dmt(uhx)
hSZST8jrY\ª0W*��jrm\T8QSm(O�[UT6�SW*O¶�\W/O�o/WvjN~PW/M\hSZSp�T�h��d~`jrmST5hSW/RUT�p�j	Y�RzjN]�Wq[UjsO�j0jrmST6eEY�oqT�p�Z\o*O�R

o/T�M\��jrm���[	p�O�o/T�·XWqW!��j	mST|W/MSp�R	TnO�[	W/M\��Y c jrmST|o/YXpnO�oSY�R	h\T�RJQ(O�RrO�etT7jrT�R
P2 = 〈R2

0,0〉DF ′

·XW/WqW!��j	mST0[Uo/Y�]�hSY�]�M
Y c j	mST�RUY�j�O�jrW/Y�M(O�owh�~�MSO�etWqp�[0O��?Y�Z\j�jrmSTseEY�o/T�p�ZSo/O�R�[	m\Y�RUj��NeEY�o/T�p�ZSo/O�R�O���T�[ �k� mST�M}]�Ts]�W/oqowjrZ\R	M`j	Y
�SW*O���W/O�o�eEY�oqT�p�Z\o/T�[&Q�Y�[U[	T�[	[	WqMS�
� � p�Y�ZSQ\o/W/M\�$W/M8j	mST�etWqp�RUY�[	p�Y�QSW/p�hSWqu�ZS[	WqY�M8etO�jrRUWv� b �?T���WqMSMSWqMS�z]�Wqj	m
jrmST���T�Mdj��NRUY�h`etY�oqT�p�ZSo/T�·(p�Y�MS[UW/hST�RrO�j	W/Y�MIY c j	mST�jN]lYi��T�Y�eET�jrRUW/psT�MSO�MyjrW/Y�etT�R	[|Y c j	mST5QSRUY�Q?T�o/oqT�R��No/Wq^�T
etY�oqT�p�ZSo/Tz]�Wqo/o�p�Y�eEQSo/T7jrT$j	mST
O�M(O�ov~�[UW/[��y~PT��\Q\o/Y�RUW/MS�8j	mSTsT�u�T�p�j	[0Y c j	mSTs[	m(O�Q?T�Û�[|p�mSW/R	O�o/WvjN~ c T�O�jrZSRUT �

» [�QSR	T7VXW/Y�ZS[Uoq~thSW/[Up�ZS[U[	T�h b W/MSQ\Z\jr[ c Y�R�jrmSTzpnO�oqp�ZSo/O�jrWqY�MiO�RUTzjrm\T�hSWqu�ZS[	WqY�MietO�jrRUWv�EWqMijrmST$eEY�oqT�p7�
ZSo*O�R c RrO�etT b Y���j�O�WqMST�hi�y~�W/MyV�T�RUjrWqMS�5j	mST c R	Wqp�j	W/Y�MEjrT�M\[	Y�R

ξMF O�p�p�Y�RUhSW/MS��jrY6Æ�W/M\[UjrT�W/M+Û�[kRUT�o*O�jrW/Y�M�T�{
�:Çy� b O�MSh6jrm\Ts�-QSWvjrp�m���hST�Q?T�M\hST�Myj���p�Y�T7xtp�W/T�Mdj	[

w2,m,k(q)
T�Mdj	T�RUW/MS��T�{P� Ó �y� c Y�R&j	mST�Y�RUW/T�MyjrO�jrWqY�M(O�odQ?Y��

Ó ¥



jrT�Myj	W*O�o �� mST�[	T�{dZ(O�Myj	WqjrWqT�[&O�R	Tl[	Q?T�p�Wv¹(T�h c Y�Rjrm\T�jrmSRUT�T�O�R	p�mST7jN~�Q?T���T�Y�etT7jrRUW/T�[W/M5j	mSTkMST��Xj�[	T�p�jrWqY�MS[�·
jrmST c Y�oqo/Y�]�W/MS�5R	T�etO�RU^X[�[UmSY�ZSoqh`m\W/��mSoqW/��myjljrmSTs��T�MST�R	O�o�O�QSQSRUYyO�p�mGjrY6jrm\T
QSO�RrO�eET�j	T�RUW/ºnO�jrW/Y�M �

� Y°T7V�O�o/Z(O�jrTPjrmSTIT�oqT�eET�Myjr[EY c
ξMF ]lT}WqMyV�Y�^�T`[�j�O�MShSO�R	h¤etYXhST�oq[ c Y�R6jrmST`� �Ýc RUW/p�j	W/Y�M¯Y c O

R	W/��W/h}�?YXh\~}eEY�VXW/MS�iWqM�O�M�W/[UY�jrRUY�QSWqp� (ZSWqh¯_�� b ¥ bw§\b+â\bBÓ�ã�a:�s� mST�[UTtO�QSQSR	Y�O�p�mST�[
O�RUT8�(O�[UT�h�Y�M�j	mST
[	Y�oqZ\jrWqY�M}Y c jrmST8{dZ(O�[	Wv��[UjrO�jrWqp c Y�RUe Y c jrmST5md~XhSRUY�h�~�MSO�etWqp5T�{XZSO�jrWqY�MS[ c Y�Rzp�RUT�T�QSW/MS��etY�j	W/Y�MIY c j	mST
 (ZSW/h b ]�mSW/p�m¯RUT�{dZSW/RUT�[5j	Y�p�Y�M�¹(MSTijrm\TPO�M(O�ov~X[	W/[
jrY�[Ue�O�o/o¡V�O�o/ZST�[8Y c �?Y�jrm°j	mSTijrR	O�MS[Uo*O�j	W/Y�M(O�o¡O�MSh
jrmSTGR	Y�j�O�j	W/Y�M(O�ok��T�~XMSY�oqhS[3MXZ\e8��T�R	[I_�¥ a��¯� mSTP (Z\W/h¯W/[6jrRUTnO�j	T�h¤O�[6W/M\p�Y�eEQSR	T�[	[UW/�SoqT b O�MSh¢W/MST�RUj	W*O�o
p�Y�MyjrRUW/�SZ�jrW/Y�MS[kO�RUTzMST���o/T�p�j	T�hi]�Wqj	miR	T�[	Q?T�p7j�jrY5j	mST0VXW/[Up�Y�Z\[kjrT�RUet[lW/M�j	mST ä OnV�WqT�R����Xj	Y�^�T�[�T�{dZ(O�j	W/Y�M �
� mSTl[UW/eEQSo/Wv¹(T�h�T�{dZ(O�jrWqY�MS[�Y c jrmST¡eEY�jrWqY�MsO�RUTJ[UY�oqV�T�h��d~sWqetQ?Y�[UW/MS��j	mST� (ZSWqh
j	Y0�?TJO�j�R	T�[Uj&O�j�W/M\¹(M\WqjrT
hSW/[�j�O�MSp�T c RUY�e¿jrmST���YXh\~ b O�MSh}�d~`ZS[UW/MS�t[UjrWqp�^`�?Y�ZSM\h(O�RU~Ip�Y�MShSWvjrW/Y�MS[0Y c jrmST
V�T�o/YXp�WqjN~G¹(T�o/h�O�j0j	mST
��YXh\~?Û�[�[	ZSR c O�p�T � LNM×hST�[	QSWvjrT�Y c j	mST�[UT�ZSMSRUTnO�oqW/[�jrW/pI�?Y�ZSMSh(O�RU~¢p�Y�M\hSWqj	W/Y�MS[EW c O�QSQSoqW/T�h¢jrYY��XÈUT�p7jr[
Y c etY�oqT�p�ZSo*O�R
hSWqetT�MS[	WqY�MS[ b j	mST�[UTGetYXhST�oq[8QSRUY¶VXWqhST c R	Wqp�jrWqY�M°p�Y�T7xEp�W/T�Myjr[6jrm(O�j3O�o/oqY�] O�M¢O�p�p�ZSRrO�j	T
R	T�Q\R	YXhSZSp�j	W/Y�M�Y c [UQ�T�p�j	R	Y�[Up�Y�QSWqpPY��S[UT�RUV�O��\o/T�[6[UT�MS[UWqj	WqV�TPj	Y�jrmSTG� � eEY�jrWqY�MS[�Y c [	W/M\��o/TieEY�oqT�p�Z\o/T�[
W/M`j	mST8Y�V�T�R	h(O�etQ?T�h�RUT���WqetT �zä T�V�T�RUj	mST�oqT�[	[ b ]�T5]�O�Myj$j	Yi[Uj	R	T�[U[$jrm(O�jzjrm\T�[	T5etYXhST�oq[$O�Q\QSR	Yn��W/etO�jrT
jrmST6eEY�o/T�p�ZSo/O�RzT�MyV�WqR	Y�M\etT�Mdj�j	YGO�M¤�:OnV�T�RrO���T��zW/[UY�jrRUY�QSWqp5 (ZSWqh�]�Wqjrm¤�-O�V�T�R	O���T��z[UmSTnO�RsVXWq[	p�Y�[	WqjN~

η
�

� mST�RUT c Y�RUT b jrmSTIO�[U[	ZSeEQ\jrWqY�M]lT`O�R	T c Y�RUp�T�h�j	Y£etO�^�TPW/[5j	m(O�j6jrm\TPMST�etO�jrWqp7��o/W/^�T�T�MdVXWqR	Y�MSeET�Myj3Wq[
QSR	Y��?T�h`�y~Ij	mST
etY�oqT�p�ZSo/TsO�[zO�MIW/[	Y�jrR	Y�QSW/pseET�hSWqZSe c R	Y�e´jrmST
Q�Y�W/Myj|Y c VXW/T7]½Y c j	mSTsV�Wq[	p�Y�ZS[zh\RrO�� �
LNhST�MyjrWv¹(pnO�jrW/Y�M}Y c j	mST l��!l~uogi`k�fl VXWq[	p�Y�[	WqjN~ η c RUY�e´jrmST�hSW/[U[	WqQ(O�jrWvV�Tsp�YXT�xEp�W/T�Myj	[$T�MyjrT�R	WqMS�tj	mST5[�jrR	T�[	[
jrT�M\[	Y�R c Y�RtjrmST�oqY�p�O�o/ov~¯O�MSWq[	Y�j	R	Y�QSWqp}QSmSO�[	T¤�.]�m\W/p�mØO�RUT b O�jGo/T�O�[Uj b j	mST�¹SV�T£WqMShST�Q�T�MShST�MyjIÚBT�[Uo/WqT
p�YXT�xEp�WqT�Myjr[ c Y�R�ZSMSW/O���W*O�owMST�etO�jrWqpsO�o/Wq��MSeET�Myjs_ ;�a ��Wq[�MSY�j0O6jrR	WvVXW*O�o?j�O�[U^ �k¸ MIj	mSTsY�jrmST�R0mSO�MSh b j	mST
V�Wq[	p�Y�[	WvjN~�T�Mdj	T�RU[�Y�MSoq~tO�[�O8[	p�O�o/WqMS�5Q(O�RrO�eET�j	T�R c Y�R

Dmt(uhx)
� ��WqMSp�Tz]lT�O�RUT$W/Myj	T�R	T�[Uj	T�hPW/M e~lo�¿cfgR`k�fl

V�O�R	W*O�jrW/Y�MS[�Y c jrm\T�jrR	O�MS[UQ�Y�R�jzp�Y�T7xEp�W/T�Myj$V�T�R	[	Z\[zjrmST5QSWqj	p�m}Y c j	mST8QSmSO�[	T b O�M}O�p�p�ZSRrO�j	T8T�[�jrWqe�O�j	W/Y�M
Y c
η
Wq[6MSY�jER	T�{XZ\W/R	T�h+·�jrmSTPV�O�o/Z\T

η = 0.01 Pa s
b ]�m\W/p�mÅWq[6]�Wqjrm\W/M�jrmSTPjN~XQSWqpnO�o�RrO�MS��TGY c [UmSTnO�R

V�Wq[	p�Y�[	WvjrW/T�[�Y c o/Y�]àetY�oqT�p�ZSo*O�R���]lT�Wq��myj�MST�etO�jrWqp�[
_ ;�a�b ]�Wqo/oB�?T�ZS[UT�h�WqM}O�o/o+jrm\T�p�O�o/p�ZSo*O�j	W/Y�M\[�R	T c T�R	RUT�h
jrY
T = 300 � �
Ã�Y�MSp�T�R	MSWqMS��jrmST�Q(O�RrO�eET�j	T�R	WqºnO�j	W/Y�MÅY c jrmST�Y�RUW/T�MdjrO�jrWqY�M(O�o|Q?Y�jrT�Mdj	W*O�o b ]�T�jrO�^�T�W/Myj	Y¯O�p�p�Y�ZSMyj

jrm(O�j�jrmST�oqY�p�O�o��\W*O���W*O�o/WqjN~3h\ZST$jrY8j	mST�hSW/RUT�p7jrY�R�jN]�Wq[Uj�O�jkjrmST�eEY�oqT�p�Z\o*O�Rlo/T�M\��jrm���[	p�O�o/T0W/[�V�T�RU~i[	etO�o/o
T�V�T�M c Y�R6[UmSY�R�j3QSWqj	p�mST�[I_ Ó ¥ a:�¢¸ Z\R6md~XQ?Y�jrm\T�[	Wq[3W/[8jrmSO�j6jrmSTG�SW/O���W*O�oqWqjN~�]lY�ZSo/h¯WqMdj	R	YXhSZSp�TPY�MSoq~O
etWqMSY�R$p�Y�R	RUT�p�j	W/Y�M�jrYGjrm\T3V�O�oqZST�[sY c

Dmt(uhx)
T7V�O�o/Z(O�j	T�h c Y�R�ZSMSW/O���W*O�o�O�o/Wq��MSeET�Myj �6» p�p�Y�RUhSW/MS��oq~ b

Ó�§



jrmST
Q(O�R	O�etT7jrT�R	W/º�O�jrWqY�MPY c jrmST
Y�RUW/T�MyjrO�jrWqY�M(O�o+Q?Y�j	T�MyjrW/O�oBO�j
q = 0

p�Y�MS[�jrWvjrZ\j	T�[�jrmST
R	T c T�R	T�MSp�T c Y�R|O�o/o
O�R	p�mST7jN~XQ�T3eEY�o/T�p�ZSoqT�[ � LNM�Y�RUhST�Rzj	YPV�O�o/W/hSO�jrT
[	ZSp�m®O�[U[	ZSeEQ\jrWqY�M b j	mST6p�Y�R	R	T�p�j	W/Y�M�hSZ\T8jrYijrm\T6o/YXpnO�o
�SW*O���W/O�o/WvjN~E]�Wqo/o���Ts{dZ(O�MyjrWv¹(T�hIY�MSov~ c Y�Rkj	mSTs[	WqetQSoqT�[�j�Y��XÈUT�p�j b W � T �qb j	mSTsT�oqo/W/Q\[	Y�Wqh(O�o«etY�o/T�p�ZSo/T �

�W/M(O�oqoq~ b j	mSTso*O�RU��T�R�oqW/MST�O�RkhSWqetT�MS[	WqY�MGY c � ã�� Wq[�p�mSY�[	T�M c Y�Rkj	mST
O�R	p�mST7jN~XQ�T
etY�o/T�p�ZSo/T�[ � LNM}O�o/o
jrmSTEpnO�[UT�[ b pnO�oqp�ZSo/O�jrWqY�MS[�Y c

Dmt(uhx)
m(OnV�Ti�?T�T�MhSY�MST c Y�R
[	T7V�T�R	O�olV�O�oqZST�[
Y c jrmSTtQSWqj	p�m°RrO�MS��W/M\�

c R	Y�e
500

� ZSQPjrY3V�T�RU~GoqY�MS�6QSWvjrp�mST�[|p�Y�R	RUT�[UQ�Y�M\hSW/MS�3jrY6j	mSTsZSMyjN]�W/[Uj	T�h`MST�etO�jrWqp$QSm(O�[	T �

� �ØÒ�Ò7K7Î`ÍBC
K�DGÌsÒÄç C
Ò�Ó�HkFPÒ7Ó

Ú�T7j3ZS[6p�Y�MS[	WqhST�R3O�M�T�o/oqW/QS[UY�W/h®Y c R	T�V�Y�o/Z�jrW/Y�M¯O���Y�Z\j6Wqj	[8etO¶ÈUY�R6O���Wq[ b W � T �vb O�QSR	Y�o/O�jrTt[	QSm\T�R	Y�W/h¯Y c
o/T�Myj	��m

2a
O�MShE]�W/h\j	m

2b
]�Wvjrm

a > b
��� mST0O���W/[

zMF Y c ©`�£Wq[JjrO�^�T�MPO�o/Y�MS��jrmST|e�O�ÈUY�RJO���W/[JY c j	mST
T�o/oqW/QS[UY�W/h b ]�m\W/o/T
jrmST�jrRrO�MS[UV�T�R	[UTEO���T�[sO�RUT6O�R	�\WqjrR	O�R	Wqoq~Pp�m\Y�[	T�M®hSZ\T5jrYij	mST8p�~XoqW/MShSRUW/p�[U~XeteET�j	RU~`Y c
jrmST
etY�o/T�p�ZSo/T6�-[	T�T5�W/� �l; � ��� Z\T
j	YEj	mST�eEY�oqT�p�Z\o*O�Rk[�~XeteET�j	RU~ b j	mST
Y�R	Wq��W/MPY c ©}�ß�.jrm\T5Ã�T�MyjrT�R0Y c
� Wqu�ZS[	WqY�M«�kp�Y�W/MSp�W/hST�[0]�Wqj	m`j	mST5p�T�MyjrT�R$Y c etO�[	[ �|ä Y�RUY�jrY���jrR	O�MS[Uo*O�j	W/Y�M(O�owp�Y�ZSQSo/WqMS�ET�eET�R	��T�[zWqM`j	mST
c R	W/p7jrWqY�M}etO�jrRUWv� b W � T �vb

ξMF
RT = ξMF

TR = 0
� ©`Y�RUT�Y�V�T�R�jrmST8h\W*O���Y�M(O�o��So/YXp�^d[$Y c j	mST c R	Wqp�j	W/Y�M`e�O�j	R	W±� b

ξMF
TT

O�MSh
ξMF

RR

b O�R	T�ZSMSW/O���W*O�o�jrT�M\[	Y�RU[|�?Y�j	mIh\W*O���Y�M(O�o+WqMijrmST
O�hSY�Q\jrT�h�©}� �
� m\TlT�o/T�eET�Myj	[Y c jrmST c RUW/p�j	W/Y�MsetO�jrRUWv�$O�R	T¡{dZ(O�Myj	Wq¹(T�h5�y~setT�O�MS[�Y c �T�RUR	WqM+Û�[�eEY�hST�oy�(O�[UT�h5Y�M
j	mST

[	Y�oqZ\jrWqY�MGY c j	mST�my~XhSRUY�h\~XM(O�etWqp�T�{XZSO�jrWqY�MS[�T�eEQSo/Y�~XW/M\�E[�jrWqp�^y����Y�ZSMSh(O�R�~Gp�Y�M\hSWqj	W/Y�MS[|O�j�j	mST�eEY�oqT�p7�
ZSo*O�R
[	Z\R c O�p�T�_¦¥ a���� mST�o/TnO�hSW/MS�`T7��QSRUT�[	[UW/Y�M\[3O�R	Tim\T�R	T�O c jrT�R8[	Z\etetO�R	Wqº�T�h � �(Y�R
jrmST�j	RrO�M\[	o*O�jrW/Y�M(O�o
�So/YXp�^�Y�M\T
mSO�[

(

ξMF
TT

)

XX
=

(

ξMF
TT

)

Y Y
= 32π

a2 − b2
(2a2 − 3b2)S + 2a

η

(

ξMF
TT

)

ZZ
= 16π

a2 − b2
(2a2 − b2)S − 2a

η
� ;�â �

]�mSW/oqT c Y�RkjrmSTsRUY�j�O�j	W/Y�MSO�o��\o/YXp�^

(

ξMF
RR

)

XX
=

(

ξMF
RR

)

Y Y
=

32π

3

a4 − b4
(2a2 − b2)S − 2a

η

(

ξMF
RR

)

ZZ
=

32π

3

(a2 − b2)b2
2a− b2S η

�:� ã �

Ó ²



]�mST�RUT
j	mSTs{XZSO�MyjrWqjN~
S
W/[�h\T�¹(MST�h�O�[

a > b : S =
2√

a2 − b2
ln
a+
√
a2 − b2
b

�:� Ó �
O�MSh

η
W/[ijrm\T£VXW/[Up�Y�[UWqjN~ÄY c jrm\T®eEY�oqT�p�Z\o*O�RtT�MyVXW/R	Y�MSetT�Myj �Ý� m\T�M b j	mST®RUT�{dZSWqR	T�hgMSY�MX��V�O�MSWq[	mSWqMS�

T�o/T�etT�Myjr[�Y c jrmSTshSWvuwZS[UW/Y�MPetO�j	R	Wv�iO�RUT
��WqV�T�MG�d~

i = X, Y, Z :
(

DMF
TT

)

ii
= kBT

(

ξMF
TT

)−1

ii
,

(

DMF
RR

)

ii
= kBT

(

ξMF
RR

)−1

ii

�:� ; �

� mST�hSWqu�ZS[UW/Y�MietO�j	R	Wv�EmSO�[���T�T�MGT�V�O�oqZ(O�j	T�h c Y�RJjrmST���T�Y�eET�jrRUW/p�O�o�QSO�RrO�eET�j	T�RU[kW/MSh\W/pnO�jrT�h�W/MP�&Wq� �¡;�b
O�MSh c Y�R

η = 0.01 Pa s
b
T = 300 � �(� mST�V�O�o/ZST�[0O�R	T�R	T�Q�Y�RUjrT�h`WqM � O��\o/T Ó��

¼ T¡jrZSRUM5MSY�]j	Yz[	Q?T�p�W c ~�j	mST�O�o/W/��MSetT�MyjBQSR	Y�Q�T�RUjrWqT�[�Y c j	mSTJetY�oqT�p�ZSo/T � LNM�Y�R	h\T�R�jrY|Q(O�RrO�etT7jrT�RUW/º�T
jrmST�QSWvjrp�m���hST�Q?T�M\hST�MyjGY�RUW/T�MyjrO�jrWqY�M(O�o|Q�Y�jrT�Myj	W*O�o b ]�T�O�h\Y�Q\jPjrm\T�[	ZSR c O�p�T�WqMdj	T�R	O�p�j	W/Y�M×eEYXhST�o5�-[UT�T
[	T�p7jrWqY�M ; ��WqM�jrmST c Y�R	eÜhST�V�T�o/Y�Q�T�h°W/M�RUT c�� _ Ó ¥ a��t� mSTteEYXhST�oqW/MS�iRUT�{dZSWqR	T�[sjrm\TtQ(O�RrO�eET�j	T�R	WqºnO�j	W/Y�M
Y c j	mSTsT�oqo/W/[UQ�Y�W/h(O�o«[UZSR c O�p�Ts�d~GT�etQ\o/Y�~XW/MS�8[UQSmST�R	W/p�O�oBp�YXY�RUhSW/M(O�jrT�[�RUT c T�R	R	T�hIj	Y6jrmST�©}�¢O���T�[ b W � T �vb

θ

O�MSh
φ
O�[�Q?Y�o/O�R$O�M\h�O�º�Wqe8Z\jrmSO�o&O�MS��o/T�[$W/h\T�MyjrW c ~�WqMS�POi[UZSR c O�p�T6Q�Y�W/MyjsO�j�h\W/[UjrO�MSp�T

r0(θ)
c RUY�e j	mST

Y�R	Wq��W/M`Y c ©}� � �(Y�Rzj	mST6[	Q?T�p�Wq¹(p6��T�Y�eET�j	RU~ b jrmST6Y�RUW/T�MdjrO�jrWqY�M(O�o�Q?Y�jrT�Mdj	W*O�oR	T�[	ZSovjr[$jrYP�?T6T7��QSRUT�[U[	T�h
O�[

Vq(Ω
′)

kBT
=

∑

m=0,±2

w2,m,0(q)D
2
m,0(Ω

′) +
∑

J≥4, even

∑

m=±2

wJ,m,0(q)D
J
m,0(Ω

′)
�:�����

]�WqjrmPj	mSTsp�YXT�xEp�WqT�Myjr[|Y c jrmSTsT7��Q(O�MS[	WqY�M`��WqV�T�MG�d~

wJ,m,0(q) = ε d2
m,0(π/2)

J+2
∑

l=|J−2|, even

+l
∑

n=−l

(−1)l/2 Il,n,m,−n(q)C(l, 2, J ; 0, m)C(l, 2, J ;n,−n)
�:���y�

]�mST�RUT
C(J1, J2, J3;m1, m2)

O�R	T|Ã�o/T��S[	p�mX����Y�R	h(O�Mtp�Y�T7xtp�W/T�Mdj	[JO�MSh
dJ

l,m(· · · ) O�RUT e~l�s �pu~l�s ¼ W/��MST�R
c ZSMSp�j	W/Y�M\[s_ Ó�Ó7a���� m\T c O�p�jrY�R	[

Il,n,m,−n(q)
O�RUT$jrmST c Y�o/o/Y�]�WqMS�

q
�NhST�Q�T�MShST�Mdj|eEY�o/T�p�ZSo/O�R���[	ZSR c O�p�T0W/MyjrT��

��RrO�oq[

Il,n,m,−n(q) = 2π(2l + 1)

∫ π

0

dθ sin θ
√

r0(θ)4 + (a2 − b2)2 sin2 θ cos2 θ×
× jl(|m|qr0(θ)) dl

n,0(θ) χn(θ)
�:��¥��

]�Wqjrm
r0(θ) = [a2 − (a2 − b2) sin2 θ]1/2 b O�M\hGj	mST c ZSMSp7jrW/Y�MS[ χn(θ)

hST7¹(MST�h}O�[

χn(θ) =







d2
−n,0(θ + β(θ)) if 0 ≤ θ ≤ π/2

d2
−n,0(θ − β(θ)) if π/2 < θ ≤ π

�:� § �
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a > b

b ]�m\T�R	T

β(θ) = arccos

[

1 +

(

(a2 − b2) sin θ cos θ

a2 − (a2 − b2) sin2 θ

)2
]−1/2 �:�y²��
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O�MSh�MST���o/T�p�j	W/MS�
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P2

W/MShSZ\p�T�[5O`hST�p�RUTnO�[UTiY c j	mST
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O�[�~XetQ\j	Y�jrWqp$V�O�o/ZSTsO�j�W/M\¹(M\WqjrT�Q\Wqjrp�m �
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W/M£jrmSTEVXW/[	p�Y�ZS[�T�MyVXW/R	Y�MSetT�MyjG�.j	mST�o/O��?T�o/[ ⊥ O�MSh ‖ O�RUT�R	T c T�RUR	T�h®jrY`j	mST
o/Y�MS��WqjrZ\hSW/M(O�o�O�MSh®jrRrO�MS[UV�T�R	[UTPO���T�[�Y c j	mST�RUY�hS[r� � LNM°j	mST�oqY�MS����R	YXh�o/W/eEWqj b p�Y�R	R	T�[	Q?Y�MShSWqMS�`j	Y`j	mST
p�Y�MSh\WqjrWqY�M

l/R� 1
b jrmST c Y�oqo/Y�]�W/M\�8R	T�o*O�j	W/Y�MS[�mSY�o/h£_á� a

ξT
⊥ = 2ξT

‖ = bl , ξR
⊥ = bl3/12 , ξR

‖ = el3
�:��Ç��

]�Wqjrm

b = 4πη/ ln(l/R) , e = 8πη(R/l)2/3
�:� â �

�«Y�R�[rO�^�T
Y c p�Y�etQ(O�p�j�T7��QSRUT�[U[	W/Y�MS[ b ]lT�hST7¹(MST�jrm\T c Y�o/o/Y�]�WqMS�8Q(O�R	O�eET�jrT�R	[

f1 = 2ξT
⊥ sin2 α/2 + 2ξT

‖ cos2 α/2

f2 = 2ξT
⊥ cos2 α/2 + 2ξT

‖ sin2 α/2

f3 = ξR
⊥ + (l/2)2ξT

⊥

�-� ã �

]�mST�RUT
π − α

W/[�j	mST�O�MS��o/T c Y�RUetT�h®�y~�jrm\TEjN]lY}RUY�hS[��-[UT�T��&W/� � �y� �t¼ T���T�MST�R�Û�[5T��\Q\R	T�[U[	WqY�MS[8O�R	T
mST�RUT c O�j	T�R�R	T7]�R	WqjUjrT�M}O�p�p�Y�RUhSW/M\�8jrYEY�ZSR�MSY�jrO�jrWqY�M � �(Y�Rkj	mST�jrR	O�MS[	o/O�jrWqY�M(O�o?hSW/O���Y�M(O�ow�SoqY�p�^iY�MST�m(O�[

(ξMF
TT )XX = f2 , (ξMF

TT )Y Y = 2ξT
⊥ , (ξMF

TT )ZZ = f1

�-� Ó �

c Y�RkjrmSTsRUY�j�O�j	W/Y�MSO�owhSW/O���Y�MSO�ow�SoqY�p�^

(ξMF
RR )XX = 2f3 cos2 α/2 + 2ξR

‖ sin2 α/2

;FÓ



(ξMF
RR )Y Y = 2f3 + d2f1 − 2dξT

⊥l sinα/2

(ξMF
RR )ZZ = 2f3 sin2 α/2 + 2ξR

‖ cos2 α/2 + 2d2ξT
⊥ − 2dξT

⊥l sinα/2
�.� ; �

]�mSW/oqT c Y�RkjrmSTsp�Y�ZSQSoqW/MS�6�SoqY�p�^d[kj	mSTsZSMSW/{dZSTsMSY�M���V�O�MSWq[	mSWqMS�6T�oqT�eET�Myjr[|O�RUT

(ξMF
RT )Y Z = (ξMF

TR )ZY = ξT
⊥l sinα/2− d f1

(ξMF
RT )ZY = (ξMF

TR )Y Z = −ξT
⊥l sinα/2 + 2dξT

⊥

�-�y���

� mSTihSWq[	QSo/O�p�T�etT�Mdj
d
W/[�MSY�j8^dMSY�]�M¯O}Q\R	W/Y�R	W b jrmSO�j8Wq[ b j	mSTio/YXpnO�jrW/Y�M®Y c j	mSTPÃ � Q?Y�oqT�m(O�[
jrY��?T

hST�j	T�R	eEW/M\T�h c R	Y�e j	mST$p�mSY�[UT�MI��T�Y�etT7jrR	WqpnO�o?Q(O�R	O�eET�jrT�R	[ ��� Y8j	mSW/[kQ\ZSR	Q?Y�[	T$]lT�[UjrO�RUj c R	Y�e O8R	Y�Z\��m
T�[Uj	W/etO�jrWqY�MiY c

d
WqMijrmST�V�T�RU~GoqY�MS����R	YXhPo/WqetWvj$_á� a:b

l/R� 1 : d ' 2l sinα/2

4− cos2 α/2 sin2 α/2

�-���y�

� mST�MGjrmST c RUW/p�j	W/Y�MX�NetO�jrRUWv�3Wq[��SZSW/ovj c Y�RkV�O�oqZST�[
d > 0

RrO�MS��W/M\�3O�R	Y�Z\MShPjrmST
O��?Y�V�TsT�[�jrW/etO�j	W/Y�M b O�MSh
jrmSTPhSWvuwZ\[	W/Y�Me�O�jrR	W±�Wq[8Y��\jrO�W/M\T�h¯O�[

DMF = kBT (ξMF )−1 c Y�R8T�O�p�m¤Y c j	mST�eÏZSQ�jrY�¹(MSh�j	mST
�-ZSMSWq{dZST��

d
V�O�oqZST0]�mSWqp�mP~�WqT�oqhS[�[�~�eEeET�jrRUW/pz� � O�MSh � �à�SoqY�p�^d[kY c jrmST�hSWvuwZ\[	W/Y�Mie�O�jrR	W±� � �(Y�Rlj	mST

��T�Y�eET�j	R	WqpnO�o�QSO�RrO�eET�j	T�RU[
WqMShSWqpnO�j	T�h�W/M£�&Wq� � � b j	mST3T�[�jrW/etO�j	T�h�V�O�o/ZST6Wq[
d = 4.7

�5��Þ ~�p�mSYXY�[UW/MS�

η = 0.01 Pa s
O�MSh

T = 300 � b jrm\T6R	T�[UZSoqj	W/MS�tMSY�M���V�O�MSW/[UmSW/M\��T�oqT�eET�Myjr[zY c jrmST6h\Wqu�ZS[	WqY�M}etO�jrRUWv�
O�R	T�oqW/[Uj	T�hGW/M � O��SoqT ;��

� m\T�Y�RUW/T�MyjrO�jrWqY�M(O�oQ�Y�j	T�MyjrW/O�o¡O�p7jrW/M\�IY�M®jrm\TteEY�o/T�p�ZSoqT8W/[sQ(O�RrO�eET�j	T�R	Wqº�T�h b O�[
[�jrRUT�[	[UT�h¯O�jsj	mST
T�MSh£Y c [UT�p7jrW/Y�M¥ b �y~�MST���o/T�p�jrWqMS�PjrmST3oqY�p�O�o��SW/O���W*O�oqWqjN~IW/MSh\ZSp�T�h®�y~�jrm\TEh\W/R	T�p�j	Y�R�jN]�W/[Uj �3� mXZ\[5T�{
� Ó �y��Wq[�[	Q?T�p�Wq¹(T�h}O�[

Vq=0(Ω
′)/kBT =

∑

m=0,±2

+2
∑

k=−2

w2,m,k(0)D2
m,k(Ω

′)
�-�d¥��

� Y¯T�V�O�oqZ(O�j	T}jrmST�p�Y�T7xEp�W/T�Myjr[
w2,m,k(0)

]lT£T���QSo/Y�Wvj�j	mST�O�hShSWvjrWvV�T�M(O�jrZSRUT�Y c jrmST�Y�RUW/T�MdjrO�jrWqY�M(O�o
Q�Y�j	T�MyjrW/O�o|W/MÅj	mST�pnO�[	T

q = 0
� Ã�Y�R	RUT�[UQ�Y�M\hSW/MS��oq~ b

Vq=0(Ω
′)
W/[tY��\jrO�W/MST�h×�y~×[UZSeteEW/M\�°ZSQ×j	mST

W/MShST�Q�T�MShST�Mdj0p�Y�Mdj	R	Wq�SZ\jrWqY�MS[ c RUY�eÝj	mST�jN]�YER	YXhS[�W/MPj	mST c Y�R	e

w2,m,k(0) = d2
m,0(π/2) c0

[

D2
k,0(Ω

(1)) +D2
k,0(Ω

(2))
] �-� § �

]�mST�RUT
Ω(1) = (π, α/2, 0)

O�MSh
Ω(2) = (π, π−α/2, 0)

O�RUTzjrm\T$[	T7jr[kY c Æ�ZSoqT�RkO�MS��o/T�[l]�mSWqp�mP[	Q?T�p�W c ~
jrmST�j	RrO�M\[ c Y�RUe�O�j	W/Y�M\[ c RUY�e ©}�`jrYzo/YXpnO�o c RrO�etT�[]�Wqj	m8o/Y�MS��Wqj	ZShSWqM(O�odO���T�[&p�Y�oqo/W/M\TnO�RBjrY0jrmSTkoqY�MS�zO���T�[

;�;



Y c jrmST6RUY�hS[ � ©IY�R	T�Y¶V�T�R b
c0 ≡ c

(1)
0 = c

(2)
0 < 0

W/[�OPp�Y�T7xtp�W/T�Mdj�]�m\W/p�m�{dZ(O�MyjrWv¹(T�[$j	mST6[Uj	R	T�M\��jrm�Y c
pnO�o/O�etWvjrWqp0O�o/W/��MSetT�Myj�Y c j	mST�o/Y�M\�6O���T�[�Y c j	mST$jN]�Y6T�{dZSWqV�O�oqT�Myj�R	YXhS[�]�WvjrmPR	T�[	Q?T�p7j�jrY8jrm\T�hSW/RUT�p�j	Y�R �
Þ ~°T���QSo/Wqp�WqjrO�jrWqMS�PjrmST�W/MyV�Y�ovV�T�h ¼ W/��MST�R c ZSM\p�jrWqY�MS[ b [	Y�eETPO�oq��T��\RrO�WqpERUTnO�RURrO�M\��T�eET�Myjr[5Y c T�{Å�-� § �
~�WqT�oqhGj	mST c Y�o/oqY�]�W/MS��T7��QSR	T�[	[UW/Y�MS[0Y c jrmSTsMSY�MX��V�O�MSWq[	mSWqMS�6p�YXT�xEp�WqT�Myjr[ c Y�R

m = 0,±2

w2,m,0(0) = d2
m,0(π/2) c0 (3 cos2 α/2− 1)

w2,m,±2(0) = d2
m,0(π/2) c0

√

3/2 sin2 α/2
�-�y²��

� mST�p�Y�T7xEp�W/T�Myj
c0
Wq[�p�mSY�[UT�M}j	Yt��T�MST�R	O�jrT
O3o/YXpnO�owY�R	hST�R�Q(O�RrO�etT7jrT�R

P2 ≡ 〈R2
0,0〉DF ′ ' 0.60

�J� mST
V�O�o/ZST�[�Y c

c0
O�MShIY c j	mSTs��T�M\T�RrO�jrT�hIY�RUhST�R�Q(O�R	O�eET�jrT�R	[
�.[	T�T
T�{d[5� Ó�ã �	�kO�RUT�p�Y�oqo/T�p7jrT�hIWqM � O��\o/T ;��

Þ O�[	T�h6Y�M5jrm\TkO��?Y�V�TkQ(O�RrO�eET�j	T�R	WqºnO�j	W/Y�M b p�O�o/p�ZSo*O�jrW/Y�MS[BY c
Dmt(uhx)

m(OnV�T��?T�T�M8hSY�M\T c Y�R�[	T�V�T�R	O�o
V�O�o/ZST�[
Y c jrm\TtQSWvjrp�m+·�jrmST3RUT�[	Z\oqjrWqMS�IQSR	Y�¹So/T6W/[sQSoqY�j	j	T�h£W/M£�&Wq� � Ç �P¸ MST3pnO�M°[	T�TEj	m(O�jsjrm\TtQSRUY�¹(oqT
R	T�[UT�e8�\o/T�[�j	m(O�j�Y c jrmSTsT�o/o/WqQS[	Y�W/h(O�o«eEY�o/T�p�ZSoqT b jrm(O�j�Wq[�MSY3MST�] c TnO�j	ZSR	T�[|T�etT�R	��T$]�m\T�M`j	mST�[	Y�o/Ts� �
p�Y�ZSQ\o/W/M\�`Wq[�WqMS[	T�RUjrT�hW/M�jrm\T�hSWvuwZS[UW/Y�M£etO�jrRUWv� � Æ�V�T�M c Y�R
j	mST��?T�MyjU��R	YXh b O�M°W/M\p�R	T�O�[	WqMS�GjN]�W/[Uj5Y c
jrmST$Q\m(O�[	T�Q\R	YXhSZSp�T�[�O8[	oqY¶]�h\Y¶]�MPY c j	mST$etO�p�RUY�[	p�Y�QSWqpzhSWvuwZS[UW/Y�M ��� mST�o*O�R	��T�[Uj�V�O�RUW*O�j	W/Y�M c R	Y�e j	mST
O�[U~XeEQ\jrY�j	W/p
QSR	Y�¹(o/T5O�j$WqM\¹(MSWvjrT5Q\Wqjrp�m b T�V�O�oqZ(O�j	T�h�O�j

p = 500
��b W/[ ∼ 0.8 � b j	m(O�j$Wq[zY c j	mST8[	O�etT

Y�R	hST�R�Y c etO���M\WqjrZ\hST$Y c jrm(O�j c Y�RkjrmSTsT�o/o/Wq[	Q?Y�W/hSO�o�Y��XÈUT�p7j0Y c p�Y�etQSO�RrO��\o/T$hSWqetT�MS[	WqY�MS[ �

* + AC�Î�Ó�Ò7Ò�ÓkA,(\Ò�K.-5Ó ç C
Ò�Ó�HkFPÒ7Ó

¼ TGp�Y�MS[	WqhST�REMSY�]¿O�QSR	Y�Q�T�o/o/T�R���o/W/^�T�eEY�o/T�p�ZSoqTPe�O�hSTPY c jN]lY£W/hST�Mdj	W/p�O�o�hSW/[U^d[ERUW/��WqhSoq~®o/WqMS^�T�h¢O�MSh
jrW/ovjrT�h`Y�M\T
]�Wvjrm}RUT�[UQ�T�p�j$j	Ytjrm\T�Y�j	mST�R0�y~}O�M�O�MS��o/T

2ψ
��� mST6O�hSY�Q\jrT�h}eEY�o/T�p�ZSo/O�R c RrO�eET�O�MSh`j	mST

��T�Y�eET�j	R	WqpnO�oJQ(O�R	O�etT7jrT�R	[3O�RUTP[	mSY�]�M¢W/M¢�&W/� � � �®� mST`Ã�T�MyjrT�R3Y c$� Wqu�ZS[	WqY�M�p�Y�WqMSp�WqhST�[8]�Wvjrmj	mST
etWqhShSo/T
Q?Y�W/MyjsO�oqY�MS�EjrmST6p�Y�MSMST�p�jrWqMS�Po/WqMST ��� m\T6Y��XÈUT�p7jsQ�Y�[	[	T�[	[UT�[
[	m(O�Q?T6p�mSWqRrO�oqWqjN~ b ]�Wqj	m�jrmST8jN]lY
T�M(O�Myj	W/Y�eET�RU[lp�m(O�RrO�p7jrT�RUW/º�T�hi�y~EY�QSQ?Y�[	WvjrT|[	Wq��MST�[lY c j	mSTzO�MS��o/T

ψ
��� mST$[Um(O�Q?Tzp�mSWqRrO�oqWqjN~8h\T�jrT�R	eEW/MST�[

� � p�Y�ZSQSoqW/MS�6WqMijrmST c RUW/p�j	W/Y�M��:O�MShGhSWvuwZ\[	W/Y�M«�letO�jrRUWv� ��� mSTsQSRUT�[	T�MSp�T
Y c � � p�Y�ZSQ\o/W/M\�6W/[�W/Myj	ZSWqj	WqV�T
�d~}W/etO���WqMS�tj	YijrRrO�MS[	o/O�jrT5j	mST6Y��XÈUT�p�j�O�oqY�MS��j	mST3O���W/[

xMF ·�[	ZSp�m®OietY�jrW/Y�M}]�W/oqoWqMShSZSp�T8jrmST8]lT�oqo
^XM\Y¶]�M�RUY�j�O�jrW/Y�M}Y c j	mST8QSRUY�Q?T�o/oqT�R|O��?Y�Z\j

xMF Wvjr[	T�o c��|» oq[	Y b jrmST�jrRrO�MS[	o/O�jrWqY�M}O�o/Y�MS�
yMF W/M\hSZSp�T�[

R	Y�jrO�jrWqY�MEO���Y�Z\jlj	mSTz[	O�eETzO���Wq[ ��� mST0p�oqY�p�^��&Y�R�O�Mdj	W/p�o/YXp�^d]�Wq[	T|p�m(O�R	O�p�j	T�R�Y c jrm\TzW/M\hSZSp�T�hiR	Y�j�O�j	W/Y�MS[

; �



hST�Q?T�MSh\[0Y�MPj	mSTs[	W/��MIY c j	mSTsT�o/T�etT�Myjr[�Y c jrmSTsp�Y�R	R	T�[	Q?Y�MShSWqMS�E� � � � �0���\o/YXp�^ b ]�mSW/p�mIW/[�Y�Q\Q�Y�[UWqj	T
c Y�RkjrmST�jN]lYtT�M(O�MyjrWqY�eET�R	[ �

� m\TzT�oqT�eET�Myjr[¡Y c jrmST c R	Wqp�j	W/Y�M6etO�jrRUWv�6O�R	T|hST�j	T�RUetWqMST�hE�y~EO�hSY�Q\j	W/MS��j	mST0eEYXhST�o(Y c ÀzO�Q\Q�T�o«O�MSh
Þ R	T�MSMST�RI_�¥ a:� À0T�R	T�O c jrT�R8]�TG[	Z\etetO�R	Wqº�TEjrmSTGO�Q\QSR	Yn��W/etO�jrT�h�T7��QSRUT�[	[UW/Y�M\[tY c j	mST c R	Wqp�jrWqY�M°j	T�MS[UY�R
T�o/T�etT�Myjr[�W/MP©}� b ]�mSWqp�mPp�Y�M\[UjrWvjrZ\j	T$jrmST�º�T�RUY���j	mPY�R	hST�RkjrRUZSMSpnO�jrW/Y�MiY c�c ZSo/o�T7��Q(O�M\[	W/Y�MIWqMyjrY8Q?Y�]�T�R	[
Y c
R/h � 1

b ]�mST�R	T
R
W/[6jrmST`RrO�h\W/ZS[3Y c j	mSTIhSW/[U^X[E]�mSW/oqT

h
hST�M\Y�jrT�[�jrmSTI[	T�Q(O�R	O�jrWqY�M¤Y c jrmST�W/R

p�T�Myj	R	T�[ � �(Y�Rkj	mST�jrR	O�MS[	o/O�jrWqY�M(O�o?�SoqY�p�^iY�MST�m(O�[

(ξMF
TT )XX =

32

3
η R(2 + cos2 ψ)

(ξMF
TT )Y Y =

32

3
η R(2 + sin2 ψ)

(ξMF
TT )ZZ =

64

3
η R

�-��Çy�

jrmST�M c Y�Rkj	mSTsR	Y�jrO�jrWqY�M(O�o�Y�MST

(ξMF
RR )XX =

32

3
η Rh2(2 + sin2 ψ)

(ξMF
RR )Y Y =

32

3
η Rh2(2 + cos2 ψ)

(ξMF
RR )ZZ =

64

3
η R3 �-� â �

O�MShGjrmST�MSY�M���V�O�MSWq[	mSWqMS�6T�oqT�eET�Myjr[�Y c jrm\T
p�Y�ZSQSoqW/MS�6�\o/YXp�^X[|O�RUT

(ξMF
RT )XX = −(ξMF

RT )Y Y = (ξMF
TR )XX = −(ξMF

TR )Y Y =
32

3
η Rh sinψ cosψ

�:¥ ã �

ä Y�j	W/p�T�jrmSO�j�j	mST0jN]lY8T�MSO�MyjrW/Y�etT�R	[kO�R	Tzh\W/[Uj	W/MS��ZSW/[UmST�hEY�MSov~t�y~3jrm\T$Y�QSQ?Y�[	WvjrT|[	Wq��M�Y c jrmST�� � � � �0�
T�o/T�etT�Myjr[ ��� mST6hSWvuwZS[UW/Y�M�etO�j	R	Wv�`Wq[zjrmST�M�hST�RUWqV�T�h��d~�W/MyV�T�RUjrWqMS�

ξMF � ©`YXhST�o&pnO�oqp�ZSo/O�jrWqY�MS[|m(OnV�T
��T�T�MihSY�MST c Y�R¡jrmST0��T�Y�etT7jrR	WqpnO�o«Q(O�RrO�eET�j	T�R	[JW/M\hSW/p�O�jrT�h�W/M��&W/� � �6O�M\h c Y�R

η = 0.01 Pa s
b
T = 300

� �\� mST�M\Y�M���V�O�M\W/[	m\W/MS�6T�o/T�eET�Myj	[�Y c j	mSTshSWqu�ZS[	WqY�MPetO�jrRUWv�iO�R	T�oqW/[Uj	T�hGW/M � O��SoqTs� �
¼ T3jrZSRUM®MSY�] j	YIj	mST3Q(O�R	O�etT7jrT�R	W/º�O�jrWqY�M�Y c jrmST3Y�RUW/T�MyjrO�jrWqY�M(O�o�Q?Y�j	T�MyjrW/O�o�W/M�j	mSTtoqW/eEWqj

q = 0
�

» [ c Y�R$jrmSTE�?T�MyjU��R	YXh®eEY�o/T�p�ZSoqT b j	mST3Q�Y�j	T�MyjrW/O�o�W/[��\ZSW/ovj
O�[s[	ZSQ?T�RUQ�Y�[UWqj	W/Y�M£Y c p�Y�MyjrRUW/�SZ�jrW/Y�MS[ c R	Y�e
jrmST�[UW/MS��o/TIhSW/[U^X[ �½� mST���T�MST�R	O�ozT��\Q\R	T�[U[	WqY�MÄY c

Vq=0(Ω
′)
��WqV�T�M c Y�Rtjrm\T���T�MyjU�NRUY�h½�-[	T�T�T�{à�-�d¥��

]�Wqjrm�T�{¢�-� § �U�z[Uj	W/o/omSY�oqhS[ � LNM�jrmST3QSRUT�[	T�Myj5p�O�[	T b j	mST3[	T�j	[�Y c Æ�ZSoqT�R
O�MS��oqT�[$j	Y`�?T3W/MS[UT�RUj	T�h£W/M�T�{
�-� § �8O�R	T

Ω(1) = (π − ψ, π/2, 0)
O�M\h

Ω(2) = (ψ, π/2, 0)
b ]�mSW/p�m¢[	Q?T�p�W c ~j	mSTPjrR	O�MS[ c Y�R	etO�jrWqY�MS[

c R	Y�e ©}�£jrY8oqY�p�O�o c RrO�eET�[JjrT7jrmST�R	T�hij	Y5hSWq[	^d[�L¡O�MShiL	L b R	T�[	Q?T�p7jrWqV�T�ov~ b ]�mSY�[	T$oqY�MS��WvjrZShSWqM(O�o(O¶�\T�[kO�RUT
Q�T�R	Q?T�MShSWqp�ZSo/O�R$jrYPj	mST3hSW/[U^X[�Û�QSo*O�M\T�[ �3� mST3p�Y�T7xtp�W/T�Mdj

c0 ≡ c
(1)
0 = c

(2)
0 > 0

mST�RUTE{dZ(O�Mdj	Wq¹(T�[
j	mST

; �



[UjrRUT�MS��jrm3Y c hSW/[Up�Y�j	W/p�O�o/Wq��MSeET�Myj&Y c j	mSTkjN]lY
T�{dZSWqV�O�oqT�Myj�eEY�ÈUT�j	W/T�[]�Wqjrm6RUT�[UQ�T�p�j�jrY$j	mST�hSWqR	T�p7jrY�R ��Þ ~
T7��QSo/Wqp�Wvj�O�j	W/MS�kj	mST ¼ Wq��MST�R c ZSM\p�jrWqY�MS[�Y�MSTJhST�RUWqV�T�[&j	mST c Y�o/o/Y�]�WqMS��T7��QSRUT�[	[UW/Y�M\[ c Y�R�jrmSTJMSY�M���V�O�MSW/[UmSW/M\�
p�YXT�xEp�WqT�Myjr[ c Y�R

m = 0,±2

w2,m,0(0) = −d2
m,0(π/2) c0

w2,m,±2(0) = d2
m,0(π/2) c0

√

3/2 cos 2ψ
��¥ Ó �

� mST�p�mSY�[UT�M`V�O�oqZST$Y c
c0
O�MShGY c jrmST���T�MST�RrO�j	T�hIY�R	hST�RkQ(O�R	O�eET�jrT�R	[
�.[	T�TsT�{X[�� Ó�ã �	�lO�R	T$p�Y�o/oqT�p7jrT�hPWqM

� O��\o/Ts� �
¸ M°j	mSTE�(O�[	TtY c [UZSp�m�Q(O�R	O�etT7jrT�R	W/º�O�jrWqY�M b

Dmt(uhx)
m(O�[5�?T�T�M°T�V�O�o/ZSO�jrT�h c Y�RsjrmSTEjN]�Y}T�M(O�MX�

jrW/Y�etT�R	[kO�j�[	T�V�T�R	O�o+V�O�o/ZST�[�Y c jrmSTsQSWvjrp�m ��� m\T
RUT�[UZSoqj	W/MS�8Q\R	Y�¹(oqT�[�O�RUT�[	mSY�]�MIW/MG�&Wq� ��â\b O�MShGR	T7V�T�O�o
jrm(O�j
jrm\T�T�MSO�MyjrW/Y�etT�R	[�O�R	TEhSW/[�jrWqMS��ZSWq[	mST�h®Y�M®jrmSTE�(O�[UT�Y c j	mST�WqR�[Um(O�Q?T�p�mSWqRrO�oqWqjN~ � LNM°jrT�R	eE[�Y c O
QSW/p7jrY�RUW*O�o¡R	T�QSR	T�[	T�MdjrO�jrWqY�M b Y�MSTPeEW/��mdj
jrm\W/MS^�jrY�p�Y�etQSO�R	T�j	mSTP[	mSO�Q�TPp�m\W/RrO�o/WqjN~�Y c j	mSTiQSRUY�Q?T�o/oqT�RU[
]�Wqjrmj	mSTPp�mSWqRrO�oqWqjN~£Y c jrmSTPjN]�Wq[UjrT�h¯QSm(O�[UT b p�Y�MS[UW/hST�R	WqMS��jrm(O�j3O�o/olpnO�oqp�ZSo/O�jrWqY�MS[�O�R	TPRUT c T�R	R	T�h�jrY£O
o/T c j��Nm(O�MShST�h¯jN]�W/[�jrT�h×MST�etO�j	W/p �¤� mST}RUW/��myj��Nm(O�M\hST�h¢T�M(O�Mdj	W/Y�eET�R`�

ψ = +30◦
� b mSO�VXWqMS� q~a�apqI�o`kgrl

p�mSW/R	O�o/WvjN~�]�WvjrmER	T�[UQ�T�p�jJjrYsjrm(O�jlY c j	mST0Q\m(O�[	T b [	mSY�]�[kO��yO�W/M6j	mST�p�m(O�RrO�p�jrT�R	Wq[UjrWqp�etY�M\Y�jrY�M\W/pkWqMSp�RUTnO�[��
W/MS�PY c

Dmt(uhx)
V�T�RU[	ZS[sjrm\T6QSWqj	p�m®O�o/R	T�O�h\~`[	T�T�M c Y�RzjrmST6T�o/oqW/QS[UY�W/h(O�oO�MSh���T�Mdj��NRUY�h�Y��XÈUT�p�j	[ �3¸ M

jrmSTGp�Y�Mdj	RrO�R�~ b jrmSTIT�M(O�Mdj	W/Y�eET�R8]�Wvjrm�jrm\T �Ccfjml p�mSWqRrO�oqWqjN~Y c j	mST`Q\m(O�[	T®� ψ = −30◦
�8[	mSY�]�[�O�M

W/MSp�R	TnO�[	W/M\�PQSR	Y�¹So/T8ZSQ�jrYGOPetO���W/e8Z\e V�O�oqZST8WqM£p�Y�R	RUT�[UQ�Y�M\hST�MSp�TtY c O�M£WqMyjrT�RUetT�hSW*O�jrT5Q\Wqjrp�m b O�MSh
jrmST�M�hST�p�R	T�O�[	WqMS�ijrY�]�O�R	hS[0jrmST5O�[U~XeEQ\jrY�j	W/psV�O�o/ZSTi�.]�mSWqp�m�W/[�jrm\T8[rO�eET c Y�R0�?Y�jrm`jrmST�T�M(O�Myj	W/Y�eET�RU[
W/M�j	mST$ZSMyjN]�W/[�jrT�hIM\T�etO�jrWqp0QSmSO�[	Tn� � ÚBT�jkZ\[�MSY�]ßoqY�Y�^3O�j�j	mST�[UT�QSR	Y�¹So/T�[�W/M�j	mST$Y�QSQ?Y�[UWqjrT|]kOn~ b jrm(O�j
W/[z�y~}R	T�h\ZSp�WqMS�ijrmST6Q\Wqjrp�m �5¸ MST5pnO�M�[	T�T8jrm(O�j$jN]�W/[�jrW/M\��jrmST5QSm(O�[UT6[	o/Y�]�[�hSY�]�M�jrm\T8hSWqu�ZS[UW/Y�M c Y�R
jrmST
T�M(O�Mdj	W/Y�eET�R

ψ = +30◦
b ]�mSW/oqT�Wvj0[UQ�T�T�hS[0ZSQ}j	mST�Y�jrmST�R0Y�M\TP�

ψ = −30◦
� � LNMIjrmST
o*O�jUjrT�R0p�O�[	T b

[	ZSp�m£¨�O�p�p�T�o/T�RrO�j	W/Y�M�¨�W/M\p�R	T�O�[	T�[�ZSQtjrY8O
e�O¶�\Wqe8ZSefO�[¡jrm\T0jN]�W/[�jkWqMSp�RUTnO�[UT�[�·\O c ZSR�jrmST�RJjN]�Wq[Ujkp�O�ZS[UT�[
OGh\T�p�RUTnO�[UW/MS�GY c jrm\T6hSWqu�ZS[	WqY�M�p�YXT�xEp�W/T�Myj�O�MSh b ��T�o/Y�] Oip�R	WvjrW/p�V�O�o/ZST6Y c j	mST3QSWqj	p�m b+c Y�R$�?Y�jrm�j	mST
T�M(O�Myj	W/Y�eET�RU[

Dmt(uhx)
W/[�oqY�]�T�R$jrm(O�M�jrm\TtO�[U~XetQ�jrY�j	W/p5V�O�oqZST6W/M�jrm\TEZ\MdjN]�Wq[Uj	T�h£QSm(O�[UT � �&W/MSO�o/ov~ b

MSY�jrWqp�T�j	m(O�j�jrmSTPo/O�R	��T�[Uj5hSWqu�T�RUT�MSp�TPY c
Dmt(uhx)

�?T�jN]lT�T�M¤j	mST�jN]lY£T�M(O�MyjrWqY�eET�R	[5Y�p�p�ZSRU[6O�j8j	mST
[	mSY�R�jrT�[Uj|QSWqj	p�m b O�MShIWqjkW/[�Y c jrmSTsY�RUhST�R�Y c Y�MSov~ ∼ 1.0 � �

; ¥
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� mST0�-etO�p�RUY�[	p�Y�QSW/pn��hSWvuwZS[UW/Y�M�p�Y�T7xEp�W/T�Myj c Y�R�O�[UY�o/Z�jrT�eEY¶VXWqMS��O�o/Y�MS�kjrmST�m\T�o/WqpnO�o�O���W/[BY c jrm\T¡jN]�Wq[Uj	T�h
QSm(O�[UT b

Dmt(uhx)
b m(O�[l��T�T�MiT7V�O�o/Z(O�jrT�h c Y�RJhSWqu�T�RUT�Myj�eEYXhST�o(eEY�o/T�p�ZSoqT�[JY c ��R	Y�]�W/MS��p�Y�eEQSoqT7��WqjN~ b j	Y

T7��QSo/Y�R	T�jrmST�WqM\ (ZST�MSp�T
Y c jrmSTsoqY�p�O�owY�RUW/T�MdjrO�jrWqY�M(O�o�Y�R	h\T�R�O�MShIY c jrmSTsQSWvjrp�mIY c jrmSTsQSm(O�[	T �
Þ ~Åp�Y�MS[	WqhST�RUW/MS�£jrmST}[	W/eEQSoqTIT�o/oqW/QS[UY�W/h(O�o�etY�oqT�p�ZSo/TIO�[�O°QSR	Y�jrY�jN~XQ?T�Y c T�o/Y�MS��O�jrT�h×etT�[	Y���T�MS[ b

]�T�m(OnV�T c Y�ZSMSh×jrmSO�jGO�MØW/M\p�R	T�O�[	WqMS�hST���R	T�T�Y c o/YXpnO�o|pnO�o*O�eEWqj	W/pGY�R	h\T�R��-O�ji¹\��T�hgQSWvjrp�m«�tp�O�ZS[UT�[
O[	o/Y�]�hSY�]�MgY c jrmST�etO�p�RUY�[	p�Y�QSWqp�hSWqu�ZS[UW/Y�M � ©`Y�RUT�Y�V�T�R b j	mST�o/YXpnO�oz�SW/O���W*O�oqWqjN~¯Y c jrm\T�Y�R	hST�R	WqMS�
W/MShSZ\p�T�ht�y~6jrmST�jN]�W/[�jlY c jrm\T0hSWqR	T�p�jrY�R¡¹ST�o/h3~XW/T�o/hS[JOsMST���oqW/��Wq�So/Tlp�Y�RUR	T�p�jrWqY�M3jrY

Dmt(uhx)
T�V�O�oqZ(O�jrT�h

c Y�R�Z\MSW*O���W/O�o¡O�o/Wq��MSeET�Myj �P� m\T�o*O�j	jrT�R�Y�Z\jrp�Y�etTE[	Z\����T�[�jrT�h�ZS[�j	Y�MST���o/T�p7j�j	mST�oqY�p�O�o��SW/O���W*O�oqWqjN~�WqM
jrmST�O�M(O�oq~X[UW/[EY c jrmST}etY�RUT}p�Y�etQ\o/T7�¢eEY�oqT�p�Z\o*O�R3��T�Y�etT7jrRUW/T�[ �à¼ T�O�oq[	Y°¹(M\h×jrm(O�j�R	T�hSZSp�WqMS�°j	mST
jrZSe8�\o/W/M\�
[UQ�T�T�hiY c jrmST|Q(O�R�jrWqp�o/T�[Uo/Y�]�[lh\Y¶]�MtjrmST|jrRrO�MS[	o/O�jrWqY�M3p�YXT�xEp�WqT�Myj

Dmt(uhx)
� ÃkO�o/p�Z\o*O�j	W/Y�MS[

R	T���O�R	hSWqMS��jrmST��?T�MyjU��R	YXhteEY�oqT�p�Z\o/T b Q�Y�[U[	T�[	[	WqMS�5RUY�jrY���jrR	O�MS[Uo*O�j	W/Y�M8p�Y�ZSQSoqW/MS�sWqM3j	mST�hSWqu�ZS[UW/Y�M3etO�jrRUWv�
�SZ\j$M\Yip�mSW/R	O�o/WvjN~ b R	T7V�T�O�o/T�h�O�[	WqetWqo*O�R���T�m(OnV�WqY�RzY c

Dmt(uhx)
V�T�RU[	ZS[0jrmST8Q\Wqjrp�m�O�[0j	m(O�j c Y�ZSMSh c Y�R

jrmSTsT�oqo/WqQS[	Y�Wqh(O�o?etY�o/T�p�ZSo/T �
¸ M}j	mST8p�Y�MyjrRrO�RU~ b [	Y�eET5M\T�] c TnO�j	ZSR	T�[zT�eET�RU��T�h c Y�R|j	mST8p�mSWqRrO�o�jN]�Y��NhSWq[	^d[$QSRUY�Q�T�o/oqT�R�ªljrmST5jN]lY

[	m(O�Q?TsT�M(O�Mdj	W/Y�eET�RU[�R	T�[	Q?Y�MSh}h\Wqu�T�R	T�Myjroq~tjrY6V�O�R	W/O�jrWqY�MS[kY c j	mSTsQSWqj	p�m � Ã�Y�MS[	WqhST�RUW/MS�6j	mST�[UTs¹SMShSW/M\��[
]�T$p�Y�eET0�(O�p�^Ej	Y5Y�ZSRle�O�W/MEW/[	[UZSTzY c jrmST0Q�Y�[	[	Wq�SW/oqWqjN~6Y c [	T�Q(O�RrO�jrW/M\�5T�MSO�MyjrW/Y�etT�R	[J�d~teETnO�MS[lY c j	mST
e�O�p�R	Y�[Up�Y�Q\W/p3jrRrO�MS[	o/O�jrWqY�M(O�o¡hSWvuwZS[UW/Y�M �I¼ Tim(OnV�T�[	mSY�]�M�jrm(O�j8eEY¶VXWqMS�}WqMO}p�mSWqRrO�oJQSm(O�[	TiY�M\TiY c
jrmST�T�M(O�Myj	W/Y�eET�RU[0Wq[z[	Q?T�T�hST�h�Z\Q}]�mSW/oqT
j	mST5Y�jrmST�RzW/[|[	oqY�]�T�h�hSY�]�M+·w�?T�~�Y�MSh�O�p�R	Wqj	W/p�O�o+jN]�W/[�j3�-W � T �qb
��T�o/Y�]gO5p�RUWqj	W/pnO�o(QSWqj	p�m«� c Y�Rl��Y�jrm�j	mSTzT�M(O�MyjrWqY�etT�R	[JjrmST$h\Wqu�ZS[	WqY�M�Wq[l[Uo/Y�]�T�R�jrmSO�MiW/MtjrmST0ZSMyjN]�W/[Uj	T�h
MST�etO�jrWqp8QSm(O�[	T6�SZ\jsh\Wqu�T�R	T�Myj �5¼ T6m(OnV�T6jrmdZS[sY���j�O�WqMST�h�OPQSRUY�Y c Y c QSRUW/MSp�W/QSoqT�j	m(O�j
Oi[	T�Q(O�R	O�jrWqY�M
p�Y�ZSoqh¯��TGY��\jrO�W/M\T�h � À0Y�]lT�V�T�R b ]lTIm(OnV�TI[	mSY�]�M¤j	m(O�j3jrm\TIo/O�R	��T�[Uj3h\Wqu�T�R	T�MyjrW*O�jrW/Y�M���T7jN]�T�T�MÅj	mST
QSR	Y�Q?T�oqo/T�R��NoqW/^�TiT�M(O�Mdj	W/Y�eET�RU[3Y�p�p�ZSRU[iO�j3V�T�RU~¤o/Y�]´Q\Wqjrp�m¤Y c j	mSTIY�R	hST�RtY czc T�]¿j	T�MS[EY c eEY�oqT�p�Z\o*O�R
o/T�M\��jrmS[ b O�MSh�j	m(O�jsWqj$O�eEY�ZSMyjr[$j	YPY�MSoq~ ∼ 1.0 � � L�jsWq[$R	T�O�[	Y�MSO��So/T�jrYIO�[	[UZSeET8jrm(O�j c Y�R$hSWvuwT�R	T�Myj
Q(O�RrO�etT7jrT�RUW/º�O�jrWqY�MS[�O��?Y�Z\j�j	mST
hST���RUT�T
Y c Y�R	hST�R	WqMS� b O�MSh c Y�R�RUTnO�oqW/[Uj	W/p$p�m\W/RrO�oBetY�oqT�p�ZSo/T�[ b j	mSTsY�R	hST�R
Y c etO���M\WqjrZ\hST$Y c [	ZSp�m`hSWqu�T�RUT�MSp�T�]�Y�Z\o/hIMSY�j�p�m(O�M\��T�p�Y�MS[UW/[Uj	T�Myjrov~ �

L�j�]lY�R�jrmGjrY6MSY�j	W/p�T�mST�RUTsj	m(O�j�RUT��yO�R	hSoqT�[	[�Y c j	mSTs[	Q?T�p�Wv¹(p�^dW/MShGY c eEY�o/T�p�ZSo/O�R�O�R	p�mSWvjrT�p7jrZSRUT b j	mST
hST�VXW*O�jrW/Y�MS[�Y c

Dmt(uhx)
c RUY�e¬jrm\Tio/WqetWvj$V�O�o/ZSTtW/M£jrmSTiM\T�etO�jrWqptQSmSO�[	T�O�R	Ti[UZS�S[�j�O�MyjrW/O�o/ov~�Y c j	mST

[rO�eETsY�R	hST�R0Y c etO���MSWvjrZShST c Y�R|eEY�oqT�p�Z\o/T�[�Y c p�Y�etQ(O�RrO��SoqT�hSW/eET�M\[	W/Y�MS[��-T�V�T�M�W c j	mST
hST�jrO�W/oq[�Y c j	mST

;�§



jrmSTIQSR	Y�¹(o/T�[tWqM¢¹(��ZSR	T�[i¥}� â hST�Q�T�MSh×Y�M¯jrmST`[	Q?T�p�Wq¹(pI��T�Y�etT7jrR	WqpnO�o c TnO�j	ZSR	T�[�� � �XZSp�mÄO�¹(MShSWqMS�
pnO�M£��T6R	O�jrWqY�M(O�oqW/º�T�h}]�Wvjrm�jrmST c Y�oqo/Y�]�W/M\�PO�R	��ZSetT�Myj b �(O�[UT�h£Y�MSov~�Y�M£[	p�O�o/WqMS�PQSR	Y�Q�T�RUjrWqT�[$]�WvjrmSY�Z�j
O�p�p�Y�ZSMyjrWqMS� c Y�R�j	mSTlQ\Wqjrp�mX�NhST�Q�T�MShST�M\p�TkY c jrmSTJT�{dZSWqo/Wq�SR	WqZSeàhSWq[Uj	R	W/�\Z\jrWqY�M � ÚBT�j

L
��TlO0p�mSO�RrO�p7jrT�R	W/[�jrWqp

etY�oqT�p�ZSo*O�RBoqT�MS��jrm+·��d~s¹\��WqMS�0j	mSTJVXWq[	p�Y�[	WqjN~
Y c jrmSTletT�hSW/Z\e b jrm\TlT�o/T�eET�Myj	[&Y c jrmSTlR	Y�j	Y���j	RrO�MS[Uo*O�j	W/Y�MSO�o
hSWqu�ZS[	WqY�M3e�O�jrR	W±�8RUT c T�R	R	T�hEj	Y
j	mST � W/RUT�p7jrY�RJ�(RrO�eETs� � ����[	p�O�o/T�W/M3[UW/eEQSo/T�]�On~EO�p�p�Y�R	h\W/MS��jrY

L
ªj	mST

T�o/T�etT�Myjr[|Y c j	mST ��� �So/YXp�^PO�RUT
Q\R	Y�Q?Y�RUj	W/Y�MSO�owjrY
L−1 b jrmSY�[UT�Y c jrm\T5� � �So/YXp�^d[|V�O�R�~GO�[ L−2 b O�MSh

jrmSY�[UT�Y c jrmST|�|�Å�So/YXp�^
hST�Q?T�MShtY�M
L−3 ��» p�p�Y�R	h\W/MS��ov~ b j	mST c ZSMSp7jrW/Y�M f(Ω′)

[UQ�T�p�Wv¹(T�hEW/M3T�{P�-�d�p�O�M
��TlT7��QSR	T�[	[UT�hEO�[

f(Ω′) = L−2[a+b(L/p)]
b ]�Wqjrm

a
O�MSh

b
p�Y�T7xEp�W/T�Myjr[&h\T�Q?T�MShST�Myj¡Y�M�j	mST�eEY�o/T�p�ZSo/O�R

Y�R	WqT�Myj�O�j	W/Y�M �B� mST�M b jrm\T�Y�Q�T�RrO�j	Y�RBW/M�T�{6�:¥��wW/[w]�RUWqjUjrT�M
O�[
Γ′

0 = L−3[(L/p)2ÂTT +(L/p)B̂RT +ĈRR]

]�Wqjrm
ÂTT

b
B̂RT

O�M\h
ĈRR

Y�Q�T�RrO�j	Y�R	[�O�p�j	W/MS�®Y�MÅj	mST}Y�RUW/T�MdjrO�jrWqY�M(O�okV�O�RUW*O��\o/T�[ �µ¸ MÅj	mSW/[E�(O�[UW/[ b
p�Y�MS[UW/hST�RrO�j	W/Y�M6Y c T�{G�:�y�&oqTnO�h\[�jrYsQSR	T�hSW/p7jJO�hST�Q?T�MSh\T�MSp�T

Dmt(uhx) ∝ L−1F (L/p)
b ]�mST�R	T

F (L/p)
W/[
[	Y�eET��.ZSMS^dMSY�]�M«� c ZSM\p�jrWqY�M°Y c

L/p
�I� mST c O�p7jrY�R

L−1 W/[�W/MyjrRUW/MS[UW/p c Y�RsjrRrO�MS[	o/O�jrWqY�M(O�o�hSWvuwZ\[	W/Y�M
p�YXT�xEp�WqT�Myjr[��:O�MSh`T�[	[UT�MyjrW/O�o/ov~iWqj�[UT�j	[�j	mST�WqR�Y�R	h\T�R�Y c e�O���MSWqj	ZShSTz]�mST�M`j	mST�V�Wq[	p�Y�[	WvjN~PW/[�[UQ�T�p�Wq¹ST�h«� �
¸ MIjrmST
p�Y�Mdj	RrO�R�~ b jrm\T c O�p7jrY�R

F (L/p)
Wq[�jrmST
T�eET�RU��T�Myj c TnO�j	ZSR	Ts]�mST�M`jrmST
etY�o/T�p�ZSo/T�h\Wqu�ZS[	T�[0WqM}O

jN]�W/[Uj	T�h®QSm(O�[UT��-[UZSp�m�O c O�p�j	Y�R
O�QSQSRUYyO�p�mST�[�jrY`ZSMSWvjN~�]�mST�M
L/p

j	T�MShS[
jrYIV�O�MSW/[Um«� � �(Y�R
OG��WqV�T�M
Y�R	WqT�Myj�O�j	W/Y�MSO�oBT�{dZSWqo/W/�\R	W/Z\e´hSW/[�jrRUW/�SZ\j	W/Y�M b j	mST8[UQ�T�p�Wq¹Sp c Y�RUe Y c jrmST c Z\MSp�j	W/Y�M

F
Wq[zhST7jrT�RUetWqMST�h}�d~

jrmSTs[Uj	R	ZSp7jrZSRUTsY c j	mSTshSWqu�ZS[UW/Y�MPetO�jrRUWv�iO�MShG�y~ijrm\T
[UW/��MIO�M\hIRUT�o/O�jrWvV�T�etO���MSWvjrZShSTzY c Wqjr[�T�o/T�etT�Mdj	[
�.jrmSO�j�W/[ b ZSovjrWqe�O�j	T�ov~ b �y~�j	mST���T�Y�etT7jrR	WqpzO�[	Q?T�p�j�j	mST�eEY�o/T�p�ZSoqT�� ��¸ MSoq~ c ZSo/o?MdZSeET�R	WqpnO�o�pnO�oqp�ZSo/O�jrWqY�MS[
pnO�MI[	ZSQ\QSoq~ij	mST
[	Q?T�p�Wv¹(p c Y�R	eÝY cc Z\MSp�j	W/Y�M

F
O�MShGjrm\W/[�m(O�[��?T�T�M b O�[0O3etO�j	j	T�R�Y c�c O�p�j b Y�ZSR�T�u�Y�R�j

W/M6jrmSWq[�]�Y�RU^ � À0Y�]�T7V�T�R b ]�Wvjrm3R	T c T�RUT�MSp�T0jrYsjrm\T0O�R	p�mST7jN~�Q?TzeEY�oqT�p�Z\o/T�[�m\T�R	T�p�Y�MS[	WqhST�RUT�h b Wqj¡T�etT�R	��T�[
jrm(O�j

i)
j	mST$hST7V�W/O�jrWqY�M�Y c

F (L/p)
c RUY�e ZSMSWqjN~tW/[le�O�W/MSov~3hST�j	T�R	eEW/M\T�hi�y~�j	mST�O�RU��ZSeET�Myj

L/p
Wqjr[UT�o c

�-W � T �vb jrmSTI[	Wqº�TGY c j	mSTIetY�oqT�p�ZSo/Tih\Y�T�[tetO�j	j	T�R6eEY�R	TPj	m(O�M¢Wqjr[EO�[UQ�T�p�j�� b O�M\h
ii)

jrmST c ZSM\p�jrWqY�M
F

hST�Q?T�MSh\[s]lTnO�^Xov~�Y�M
L/p

� LNM�Y�jrmST�R$]�Y�R	hS[ b OiR	T�oqT�V�O�Myj c T�O�jrZSRUT5]�mSWqp�m®O�uwT�p�jr[$j	mST8etO���MSWvjrZSh\T5Y c
etYXhSZSo/O�jrWqY�MGY c jrmST5hSWqu�ZS[	WqY�M}p�Y�T7xEp�W/T�Myj�W/[|jrmST8p�Y�eEQ(O�R	Wq[	Y�M`��T7jN]�T�T�M£etY�o/T�p�ZSo*O�R|[UW/º�T6O�MSh�Q\Wqjrp�mwª
{XZSO�MyjrWqjrO�jrWvV�T$h\T�VXW*O�j	W/Y�M\[ c R	Y�efjrm\T�o/W/eEWqj¡V�O�oqZSTzWqMijrmST�MST�e�O�jrW/p0QSm(O�[UT
O�R	T�O�p�mSW/T7V�T�hIY�MSov~�W c o/WqMSTnO�R
T7�XjrT�MS[	WqY�M`Y c j	mSTsetY�oqT�p�ZSo/T�O�MSh`Q\Wqjrp�mG�?T�p�Y�etTsp�Y�etQSO�RrO��\o/T �

LNM3Q(O�RUjrWqp�ZSo/O�R b jrmSWq[�T�VXWqhST�MSp�T�etWq��myj���ZSWqhST�j	mST�hST�[UW/��M6Y c Q\R	Y�Q?T�R�QSmSO�[	T�[¡j	Y���T�T7��QSo/Y�WqjrT�h6W/M8j	mST
hSW/[Up�R	WqetWqM(O�j	W/Y�ME��T7jN]�T�T�M`��T�Y�eET�j	R	Wqp$T�M(O�Mdj	W/Y�eET�RU[kW/MPeEW/p�R	YXhST�VXWqp�T�[ � Æ�V�T�M`W c ]�WvjrmGY�ZSR�eEY�h\T�owp�O�ov�
p�ZSo/O�jrWqY�MS[]lT�Q?Y�W/MyjrT�h6Y�Z\j�j	m(O�j�Wvj�eEW/��myj��?T�hSWvxtp�ZSoqjjrY�Y���j�O�WqM5jrmST�[UT�Q(O�RrO�j	W/Y�M6WqM6QSRrO�p7jrWqp�T b R	T�p�T�Myj

; ²



hST�V�T�o/Y�QSetT�MyjlY c MST7]×[UmSY�RUj��NQSWvjrp�m3p�mSWqRrO�oSetO�j	T�R	W/O�o/[p�Y�Z\o/h3p�m(O�MS��T�j	mST�Q�T�R	[UQ�T�p�jrWvV�T�_ Ó ² bpÓ Ç a W/M c OnV�Y�R
Y c ]�m(O�j�Wq[kp�T�RUj�O�W/MSov~iO8eEY�[Uj�W/eEQ�Y�RUj�O�Mdj�Y��XÈUT�p�jrWvV�T �J» o/Y�M\�5jrmSWq[ko/WqMST b ]lTsO�R	T�p�ZSR	RUT�Myjrov~�WqMdj	T�RUT�[Uj	T�h
W/MI{XZSO�MyjrW c ~XWqMS�Ej	mST
hST���RUT�T
Y c h\W/[	p�R	WqetWqM(O�jrWqY�Mi�?T�jN]lT�T�M�jrmST
T�M(O�Mdj	W/Y�eET�RU[�Y c mST�o/WqpnO�oBMST�p�^do*O�p�T7�NoqW/^�T
etY�oqT�p�ZSo/T�[ b e�O�h\T0Y c oqW/MS^�T�hi[UQSmST�R	T�[ b hSWqu�ZS[UW/MS��W/MiO
jN]�W/[Uj	T�hPQSmSO�[	T$Y c QSWqj	p�mip�Y�eEQ(O�R	O��SoqT|]�Wvjrm�j	mST
etY�oqT�p�ZSo*O�Rlo/T�MS��jrm �

2 � H3-�>PC�4 Ò7Ó�DGè�ç Ó�>6@�Í

¼ T3jrm(O�MS^£©`L�5z� �-�J��L ä ¨�ÚBW/{dZSW/h®Ã�R�~�[�j�O�oq[�¨n�sO�MSh£L ä � � © c Y�Rs[	ZSQ\Q�Y�R�j �P� W/T���Y}�(R	T�º�º�O�jrY`O�o/[UY
O�p�^dMSY�]�o/T�h\��T�[EjrmST650M\WqV�T�R	[UWqjN~¯Y c �&O�h\Y¶V�O c Y�R6[	ZSQ\Q�Y�R�j3jrmSRUY�ZS��mà¨���R	Y���T�j	j	W�hSW���W/p�T�R	p�O7��W/Y�V�O�MSW
�|Wqp�T�RUpnO�j	Y�R	W ;�ã�ã �(¨ b p�YXhSTsMdZSe8�?T�R0Ãk� � � ã ��������Ç �

; Ç
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Æ¡Ú�ÚBL��J� ¸ L �
Y�R	hST�R�Q(O�RrO�etT7jrT�RU[

ε
Ù � −2 QSWqj	p�m«Ù � 〈R2

0,0〉DF′ 〈R2
2,0〉DF′ 〈R2

0,2〉DF′ 〈R2
2,2〉DF′

∞ ã\�¦§�ã ² â ã ã ã
1.8× 10−2

500
ã\��§�ã ² Ó −7.4× 10−5 ã ã

3.3× 10−2 ∞ ã\� Ç ãdÓ Ç ã ã ã
hSWqu�ZS[	WqY�MGe�O�jrR	W±�iT�o/T�etT�Mdj	[

(

DMF
TT

)

XX
=

(

DMF
TT

)

Y Y
= 2.54× 10−7 cm2 s−1

(

DMF
TT

)

ZZ
= 3.13× 10−7 cm2 s−1

(

DMF
RR

)

XX
=

(

DMF
RR

)

Y Y
= 1.88× 107 s−1

(

DMF
RR

)

ZZ
= 5.88× 107 s−1

oqpsrutwv ?Px �&O�R	O�etT7jrT�R	W/º�O�jrWqY�MÄY c jrmST�T�o/W/Q\[	Y�Wqh(O�ozeEY�oqT�p�Z\o/T�T�etQSoqY�~�T�hgW/MÄj	mST®p�O�o/p�ZSo*O�jrW/Y�M×Y c

Dmt(uhx)
�

� Ó
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Y�R	hST�R�Q(O�RrO�etT7jrT�RU[

c0 〈R2
0,0〉DF′ 〈R2

2,0〉DF′ 〈R2
0,2〉DF′ 〈R2

2,2〉DF′

−2.50
ã\��§�ã�§�ã ã ã\��ã �y¥ ; Ç ã
hSWqu�ZS[	WqY�MGe�O�jrR	W±�iT�o/T�etT�Mdj	[

(

DMF
TT

)

XX
= 2.10× 10−7 cm2 s−1

(

DMF
TT

)

Y Y
= 1.86× 10−7 cm2 s−1

(

DMF
TT

)

ZZ
= 3.08× 10−7 cm2 s−1

(

DMF
RR

)

XX
= 2.39× 107 s−1

(

DMF
RR

)

Y Y
= 2.63× 107 s−1

(

DMF
RR

)

ZZ
= 1.50× 108 s−1

(

DMF
RT

)

Y Z
=

(

DMF
RT

)

ZY
= −5.81× 10−1 cm s−1

oqpsrutwv A)x �&O�R	O�eET�jrT�R	WqºnO�j	W/Y�MßY c jrm\T��T�MyjU�NRUY�hàetY�oqT�p�ZSo/T�T�eEQSoqY¶~�T�hµWqMàjrm\T°pnO�o/p�Z\o*O�j	W/Y�MgY c

Dmt(uhx)
�
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�SÃk�|Æ ¼ �J� ¸ �¡Æ¡Ú�Ú�ÆJ�0�
ψ = ±30◦

Y�R	hST�R�Q(O�RrO�etT7jrT�RU[

c0 〈R2
0,0〉DF′ 〈R2

2,0〉DF′ 〈R2
0,2〉DF′ 〈R2

2,2〉DF′

3.90
ã\�¦§�ã�ã Ç ã � ã��¦ã Ç�² ã�ã ã

hSWqu�ZS[	WqY�MGe�O�jrR	W±�iT�o/T�etT�Mdj	[
(

DMF
TT

)

XX
= 2.91× 10−7 cm2 s−1

(

DMF
TT

)

Y Y
= 3.56× 10−7 cm2 s−1

(

DMF
TT

)

ZZ
= 3.88× 10−7 cm2 s−1

(

DMF
RR

)

XX
= 3.56× 107 s−1

(

DMF
RR

)

Y Y
= 2.91× 107 s−1

(

DMF
RR

)

ZZ
= 1.55× 108 s−1

(

DMF
RT

)

XX
= ∓5.60× 10−1 cm s−1

(

DMF
RT

)

Y Y
= ±5.60× 10−1 cm s−1

oqpsrutwv `)x �&O�RrO�eET�j	T�R	WqºnO�j	W/Y�M�Y c jrmST3jN]lY��NhSWq[	^d[5[Up�RUT�]fQSRUY�Q�T�o/oqT�RE�.j	mSTtjN]lY}T�M(O�MyjrWqY�eET�R	[r�$T�e6�
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