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687:9<;5=>6@?BA<CEDGF�CIHKJ#L5D�?G75CNM<6PO!ANQ:CNM<6:R�S89T=>R59<CI=VUGL�WNXNYKM�7ESP6$AEZ�[\=]=][\;:O�D�^
_2`>acb3dfehg3bGi F�jBkmlBnokqpokqrBsqk*t3u<v�w posqtxpow y\z�rBtxno{2|3} } z!j~|3p,|&p�y�|3�Bw } w �qw rB�&kc��kqscy2txr�yojBkm�~t���t3u:|��~�Bw ��A�<t��Ekcv#kqn�Lhkc��lhkqnow {,kqr#yop5pojBt���yoj~|fy5yojBk��~t���t3uN|��~�Bw ��{,w �xj#y�u txno{�pojBk�|3n5�~|3rB�Bp5txn5pojBk�|3n5} |qz#kqnop�L~r~|3nonot���~|3rB�Bpmw r��<jBw s�j�yojBk&v#kq} tGsqw y\z�t3u8yojBk&�~�Bw ��s�j~|3rB�xkqp*poj~|3nolB} z#A�[\r��xkqrBkqn�|3}�L5|3�Bw |3�~|fyow s�pojBk�|3nm} |qz#kqnop*|3noktx�Bpokqn�v#kq��rBt3y,txrB} z�w r��~�Bw �Bp��B��y2|3} pot�w r�yojBkqno{,t3�\lB} |3p�yow s2{2|fyokqnow |3} p�po�B����kqscy�yot�pojBk�|3n,|fy2|&jBw �xj��\p�yon�|3w rn�|fyok�|3rB��w r&sqtx{��B�Bp�yow txr�A�F�jBkqnokcu txnok$yojBkqnok�w p5�<w �BkqpolBnok�|3��w r#yokqnokqp�y8w r&{,tG�Bkq} w rB�,yojBk$u txno{2|fyow txr&t3uNpojBk�|3n} |qz#kqnop�A�[\r�yojBw p,l~|3lhkqn��Ek�w r#v#kqp�yow �#|fyok*yojBk��~|3pow s*p�z�p�yokq{(t3u8sqtxrBpokqn�vx|fyow txr�} |q�<p�u txn,|�txrBkc�\�Bw {,kqrBpow txr~|3}�~t��V�<w yoj�yokq{,lhkqn�|fyo�Bnokc�\�BkqlhkqrB�Bkqr#y�v�w posqtxpow y\z��Bpow rB��|*sqtx{��Bw r~|fyow txr�t3u5|3r~|3} zGyow s�|3}�|3rB��rG�B{,kqnow s�|3}�yotGtx} p�AZ�k2lBnokqpokqr#y�nokqpo�B} yop�yot&po�B�Bp�y�|3r#yow |fyokmyojBk2sq} |3w {Tyoj~|fy�yojBk,u txno{2|fyow txr!t3u<pojBk�|3n$} |qz#kqnop�w p$�B�Bk,yot�yojBk,u�|3scyyoj~|fy:v�w posqtxpow y\z��Bkqsqnok�|3pokqp:po���,sqw kqr#yo} z��G�Bw s��G} z&|3p5yokq{,lhkqn�|fyo�Bnok$w rBsqnok�|3pokqp8|3rB��|3r~|3} z��qk$yojBk$p�yono�Bscyo�Bnok�|3rB�p�y�|3�Bw } w y\zmlBnotxlhkqn�yow kqp<t3u>yojBk�} |qz#kqnop�A�*�G���$� d3�>axi |*lhtxp�yokqnow txnowNkqnonotxn�kqp�yow {2|fyokqp�L�|3�~|3l�yow v#k2kqnonotxn�sqtxr#yonotx}�L��B} t����\�Bl�L sqtxrBpokqn�vx|fyow txr
} |q�<p�Lw r#vx|3now |3r#y$nokqscy�|3rB�x} kqp�L�lB} |3rBkm¡Ntx�Bkcy�yok,�~t���L nok�|3scyow txr��\�Bw ���Bpow txr!kq�G�~|fyow txrBp�L�nokqpow �B�~|3}Ikqnonotxnop�L>pojBk�|3n�} |qz#kqnop�Lyokq{,lhkqn�|fyo�Bnokc�\�BkqlhkqrB�Bkqr#y5v�w posqtxpow y\z_2¢�£�af¤]`�¥ � g3b2gG¦ eha�af§ ¨�gxeBbx§ ��© axi

ª8«­¬�®$¯>° ±,²m³m´I¯ µq±$®¶�· ¸&¹�º�»h¼Eºh½5¾f· ¿�À2Á�»hÁI¸GÂ2¿�À�¾fº
Ã Ä�Å>¸GÂ3Àq¾3»hÄ�Å�¾f· ¸�¿ Ä>Æ�Ã ¸GÄ�Ç#¸&ºh½�Å>¿�ÀfÀ�¿ Á�»~¾f¿ º�Ä�º�Ä�¾f· ¸�¼�»hÂf¹�¸#È¾f¿ É�¸�ÊI¸G·�»BË]¿ º�Â�ºh½�À�Ì>Àq¾f¸GÉ
À�ºh½�·]Ì]ÁI¸GÂfÊIº�¼ ¿�Ç�Ç#º�Ä�À�¸GÂfË~»~¾f¿ º�ÄÍ¼�»BÎ2ÀGÏ�Ð�¸�Ç#º�Ä�À�¿�Å>¸GÂ�¾f· ¸�Ê�»�À�¿�ÇÀ�Ì>Àq¾f¸GÉ'½Ñº�Â�»Vº�Ä ¸#ÈcÅ>¿ É�¸GÄ�À�¿ º�Ä�»h¼m¹�»�À
Æ�º~ÎÒÎ,¿ ¾f· ¿ ÄK¾f· ¸�½ÑÂ3»hÉ�¸GÎ�º�ÂfÓ­ºh½&¾f· ¸GÂfÉ�º�É�¸�Ç3·�»hÄ ¿�ÇGÀGÏ¶�· ¸�Ô<»h¹�Â3»hÄ ¹�¿�»hÄ
Å>¸�ÀfÇ#Âf¿ Á>¾f¿ º�Ä�ºh½�¾f· ¸*Ê�»h¼�»hÄ�Ç#¸m¼�»BÎ2À$ºh½<É
»�ÀfÀGÕ�É�º�É�¸GÄ�¾fÃ ÉÖ»hÄ�Å�¸GÄ ¸GÂf¹�Ì�Î,¿ ¾f·Âf¸#½Ñ¸GÂf¸GÄ�Ç#¸&Å>¸GÄ�À�¿ ¾qÌ�×�Ø*ÙPÚ�Ì]¿ ¸G¼�Å À
ÛÜÝ ÜÞ]ßIàxáÑâ<ã�ä�å:æ�çhè�áÑâ<ã�ä�å ÙKé ã é�ê â ê@Ú ã é!ê äxãç~à#áÑâ<ã�ä�å:æ�ë�è�áÑâ<ã�ä�å ÙKé ã é�ê â ê@Ú ã é!ê äxãá�ì]áÑâ<ã�ä�å<íïîð çNáÑâ<ã�ä�å ð åcà5æÍá�ë8áÑâ<ã�ä�åcçNáÑâ<ã�ä�å�åqè&íVñGè�áÑâ<ã�ä�å ÙKé ã é�ê â ê@Ú ã é!ê äxã á Ú�Ï Ú åÎ,· ¸GÂf¸ ß Å>¸GÄ ºh¾f¸�À�¾f· ¸�Å>¸#½Ñº�ÂfÉ
»~¾f¿ º�Äò¹�Â3»�Å>¿ ¸GÄ�¾�Õ ç ¾f· ¸�Ë�¸G¼ º>Ç#¿ ¾qÌ�Õ ë ¾f· ¸�Àq¾fÂf¸�ÀfÀGÕ ì ¾f· ¸�¿ Ä�¾f¸GÂfÄ�»h¼¸GÄ ¸GÂf¹�Ì�»hÄ�Å ñ ¾f· ¸&· ¸�»~¾�Æ�Ã>óEÏô�¾�¿�À�¹�¸GÄ ¸GÂ3»h¼ ¼ ÌVÇ#º�Ä~õq¸�Çx¾fÃ Âf¸�Å­¾f·�»~¾�· ¸�»~¾�Å>¿�ÀfÀ�¿ Á�»~¾f¿ º�ÄÍ»h¼ º�Ä ¸�ÇG»hÄ Ä ºh¾�Á Âf¸GË�¸GÄ�¾�¾f· ¸�½Ñº�Â�ÈÉ
»~¾f¿ º�Ä�ºh½,À�· º>Ç3Ó>À�ö ÷hø�»hÄ�Å�¾f· ¸�ù�Ã ¸�Àq¾f¿ º�Ä�¿�À�Î,· ¸#¾f· ¸GÂ&¾f· ¸�Ç#º�É�Ê ¿ Ä ¸�Å�Å>¿�ÀfÀ�¿ Á�»~¾f¿ Ë�¸�¸#úN¸�Çx¾�ºh½Ë]¿�ÀfÇ#º�À�¿ ¾qÌ�»hÄ�Å�¾f· ¸GÂfÉ
»h¼<Å>¿ úNÃ�À�¿ º�ÄòÉ
»BÌ�Ç#º�Ã Ä�¾f¸GÂfÊ�»h¼�»hÄ�Ç#¸*¾f· ¸�Å>¸�Àq¾3»hÊ ¿ ¼ ¿ ûG¿ Ä ¹
¿ Ä>Æ�Ã ¸GÄ�Ç#¸�ºh½5¾f· ¸Ä º�Ä ¼ ¿ Ä ¸�»hÂf¿ ¾qÌü»hÄ�ÅV¿ Ä�Å>Ã�Ç#¸�¾f· ¸�¸#ó>¿�Àq¾f¸GÄ�Ç#¸�ºh½m¹�¼ º�Ê�»h¼ ¼ ÌüÀ�É�º]ºh¾f·�À�º�¼ Ã>¾f¿ º�Ä�Àòö ø�Ï­ý�º�Àq¾�ºh½2¾f· ¸¸#ó>¿�Àq¾f¿ Ä ¹�»hÄ�»h¼ Ì>À�¿�À�¿ Äò¾f· ¸�¼ ¿ ¾f¸GÂ3»~¾fÃ Âf¸�¿�À2Âf¸�Àq¾fÂf¿�Çx¾f¸�Å�¾fº
¾f· ¸�ÇG»�À�¸*¾f·�»~¾2¾f· ¸�Ë]¿�ÀfÇ#º�À�¿ ¾qÌ�Å>º]¸�À,Ä ºh¾Ë~»hÂfÌ�Î,¿ ¾f·�¾f¸GÉ�ÁI¸GÂ3»~¾fÃ Âf¸�Ï!¶�· ¿�À*¿�À&»�Â3»~¾f· ¸GÂ�Ç#ÂfÃ�Å>¸
»�ÀfÀ�Ã É�Á>¾f¿ º�Ä�ÕE¸�À�ÁI¸�Ç#¿�»h¼ ¼ Ìò½Ñº�Â*Æ�Ã ¿�Å ÀGÏ!¶<º¸G¼ Ã�Ç#¿�Å »~¾f¸,¾f· ¸2¸#úN¸�Çx¾3À$ºh½N¾f· ¸mÅ>¸GÁI¸GÄ�Å>¸GÄ�Ç#¸mºh½N¾f· ¸2Ë]¿�ÀfÇ#º�À�¿ ¾qÌ�º�Ä�¾f¸GÉ�ÁI¸GÂ3»~¾fÃ Âf¸�Õ�þ*»~½Ñ¸GÂfÉ�º�À�»hÄ�Å
J 65kql~|3n�yo{,kqr#y2t3u�O&|fyojBkq{2|fyow sqp�L<¡Ntx} txn�|3�Bt
D#y�|fyok�R<rBw v#kqnopow y\z#LEÿ~txn�y*¡Ntx} } w rBp�L�¡Ntx} txn�|3�BtBL�����������AòF�jBknokqpok�|3nos�j*t3u�6$ABCIp�yokql�w p�l~|3n�yow |3} } z2po�BlBlhtxn�yokq���#z2yojBk�95|fyow txr~|3} DGsqw kqrBsqk�ÿ~tx�BrB�~|fyow txr�L�6:O�D�������	���
���AU�O&|fyojBkq{2|fyow pos�j2[\rBp�yow yo�B��y�L~R<rBw v#kqnopow yokqw yE=]kqw �Bkqr�L�H A 7$A�
Nt�������
���L��������$M�;ò=]kqw �Bkqr�LBF�jBk:9<kcyojBkqno} |3rB�Bp�AF�jBk<nokqpok�|3nos�j�t3u>DhAxQIkqno�B��z�r,=]�BrBkq}hw p�l~|3n�yow |3} } z�po�BlBlhtxn�yokq�2�#z$yojBk:9<kq�Bkqno} |3rB�Bpok:75no�#|3rBw p�|fyow kEv#tGtxnIZ�kcyokqr��pos�j~|3lBlhkq} w ���*75rB�Bkqno�qtGkq�hL�9�Z�7�	����f��	�
c����
���A^ ¡Nkqr#yokqn�u txn�;5��vx|3rBsqkq�ò¡Ntx{,lB��yow rB��M�kqpok�|3nos�j�L<¡E|3} w u txnorBw |�[\rBp�yow yo��yok�t3u:F>kqs�jBrBtx} tx�3z#L�H�|3p�|3�Bkqr~|�L<¡N;
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1 V

uniform shear flow

b�c dCe�f	e f �[g%h�iQjIk�iQlIm nQi,kDopm jIk�qIr�nQj,lNi,r�jts�oth�ipqIu�v�jIw�x
GN/%/�5U9�+ FC-D;68�)y),/�;6BC-D;y;6B�8{z�|}-D~�+.)y+.)'4�8	564�8	FC9�+.GNS�?.-�5y;6/1;6B�8{4�?.-D;68�)y? /�G	-D;68�9�-D;Wz����1-�FC9z���_�^W`M8�-�)6),S�@<8y;6BC-D;�;6B�8<4�?.-D;68�-D;Hz����{+.)H-D;H568�)=;H-�FC91;6B�8<4�?.-D;68�-D;Hz��A_W@</DR�8�)LV+ ;6B�GN/�FC)=;U-�F7;PR�8	? /�GN+ ;=�#��+ F�-<9�+ 568�GI;6+ /�F:/�5,;6B�/�J�/�FC-�?�;6/�z1-�FC9{;6BC-D;P>�8N;=LT8	8	F#;6B�8H4�?.-D;68�)	\;6B�8�KC/DL�+.)Q4C-�5U-�? ? 8	?�;6/W;6B�8H4�?.-D;68�)P-�FC9{S�F�+ XY/�56@A+ F{;6B�8'9�+ 568�GI;6+ /�FC)Q/�5,;6B�/�J�/�FC-�?�;6/<z�^`M8y-�)6),S�@<8E;6BC-D;P;6B�8HKC/DL�+.)*GN/�@<4�? 8N;68	? �#9�8�)6GN56+ >�8�9#>%��;6B�8'R�8	? /�GN+ ;=�����Yz��,�,�I\C;68	@<4�8	5,|-D;6S�568y�C�Yz��,�,�I\�-�FC9 ),B�8�-�5�)=;6568�)6)E���Yz��,�,�I^'�pXTLT8yF�/�56@�-�? + �	8yS�F�+ ;U)H),/�;6BC-D;E;6B�8<9�8	FC),+ ;=�1-�FC9;6B�8'),4�8�GN+ ��G�B�8�-D;P-�568�/�F�8�\%;6B�8'GN/�FC),8	56RD-D;6+ /�F{?.-�LP)TXY56/�@��=_�^ _���568�-�9

�D�����C��-�FC9�������������� �=_�^ � �
]�/�5H-:GN/�FC)=;6+ ;6S�;6+ R�8<568	?.-D;6+ /�F
\�LT8�-�)6),S�@<8y;6BC-D;�;6B�8<KCS�+.9 +.)�? + F�8�-�56? ��R%+.)6GN/�SC)	\�;6BC-D;'+.)	\�;6B�8),B�8�-�5V)=;6568�)6)Q+.)V568	?.-D;68�9�;6/W;6B�8�;68	@<4�8	5U-D;6S�568H-�FC9#R�8	? /�GN+ ;=��J�5U-�9�+ 8	F7;P-�)TXY/�? ? /DLP)

�1���[�Y�7�}����� �=_�^  7�
�}F7;68	56FC-�?
8	F�8	56J��#-�FC9:R%+.)6GN/7),+ ;=�#-�568'9�8N;68	56@<+ F�8�9:>%�{;68	@<4�8	5U-D;6S�568HR%+.-�¡%F�/DLVF�GN/�FC)=;6+ ;6S�;6+ R�8568	?.-D;6+ /�FC)	\��M�£¢�7�Y�7�W-�FC9��¤�¥¢�[�Y�7�I^¦�}F�;=�%4�+.G	-�?�KCS�+.9�)	\'¢�%�Y�7�'+.)W+ FCGN568�-�),+ F�J -�FC9�GN/�F%R�8N~�\;6B�8 XYS�FCGI;6+ /�F§¢�[�Y�7��+.){;=�%4�+.G	-�? ? �¨+ FCGN568�-�),+ F�J©+ F�J7-�),8�){-�FC9�9�8�GN568�-�),+ F�J�+ F�? +.ª7S�+.9�)	^«�p;:+.)GN/�F%R�8	F�+ 8	F7;�;6/:8	? + @<+ FC-D;68���>�8N;=LT8	8	F¦�#�¬¢�%�Y�7��-�FC9M���­¢�[�Y�7�H-�FC9MGN/�FC),+.9�8	5HR%+.)6GN/7),+ ;=� -�)-{¡%F�/DLVF1XYS�FCGI;6+ /�FM/�X[;6B�8<+ F7;68	56FC-�?�8	F�8	56J���^'`�+ ;6B ;6B�+.)E+ FM@<+ FC9�\�XY/�5H),+ @<4�? +.GN+ ;=��LT8WLV56+ ;68��XY/�5';6B�8�+ F7;68	56FC-�?�8	F�8	56J��¨�®-�FC9¦/�X$;68	F�568NXY8	5H;6/ + ;<-�)�;6B�8�;68	@<4�8	5U-D;6S�568��I^1¯QB�8	568NXY/�568�;6B�8GN/�FC),8	56RD-D;6+ /�F{?.-�LP)H�=_�^ � �TG	-�F#>�8HLV56+ ;,;68	F�-�)

�D�[�Z�Y�[�Y�7�}���%�=��-�FC9°�������[�Y�7�}�%±� � �=_�^ ²%�
³ + FCGN8�;6B�8�KCS�+.9#+.)V),S�>�´=8�GI;68�9{;6/�)=;68�-�9��{),B�8�-�56+ F�JC\7;6B�8H>�/�S�FC9�-�56�{GN/�FC9�+ ;6+ /�FC)V-�568

���®���,�,�[���µ-�FC9°���=_��,�,�[���[�¶�T·¨��� �=_�^ ¸��
LVB�8	568M�º¹¬��+.){GN/�FC)=;U-�F7;�^»`M8 -�?.),/�+ @<4�/7),81+ F�+ ;6+.-�?�GN/�FC9�+ ;6+ /�FC)����Yz��6�7� �¬�D¼%�Yz���-�FC9�C�Yz��6�7���¨��¼%�Yz��I^`�B�8	F¨�D¼%�Yz��:��z�-�FC9½��¼7�Yz��:�¬¾�\QLVB�8	568�¾¿¹§�¦GN/�FC)=;U-�F7;�\�;6B�8	F¨;6B�81),/�? S�;6+ /�F©;6/�=_�^ ²%�p|I�=_�^ ¸��T9�8�)6GN56+ >�8�)V-#À�ÁCÂ ÃNÄDÅIÆAÇ6È�ÉUÊDÅ�ËVÄDÌ

���Yz��,�,�����Hz��¶�C�Yz��,�,����Í��Y�,�I�
LVB�8	568'Í��Y�,�T+.)P9�8N;68	56@<+ F�8�9{>%�
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4 .�5�67"983,�:
./0+;)8�01<
�/=>,�:
.@?A8>;CB�././DA��,�:
.E�
"
 F�8�0��G��:
.��30+D
0�83HA4 .@ F ,I2�./#� "A�J;K ,�:9�L�
"
 F�8�0��MD
0�83HA4 .ONP��./.@QR #A5AS�5 SUTV5�W@83,�.@�34*��8X,�:A�>,+,�:
.@2�8��
"A<
�30�Y[Z\8�"A<� ,� 8�"A� �!D
4 Y9,�:
.LF�8�4 4 8>;K "
#!Z\8�"A��./0�]�.�<_^-�A�3"-,� ,`YaF�8�0K,�:
.%��8�4 ��,� 8�"A�b83FKN`S�5 c�TedVN`S�5 f�T

gihkj N`SUTRl j NPm-T hon 'p j3q Nsr�t�u�T�v�r hwn 'p x Nsr�t�u�T$+N�yANsr�t�u�T�T v�r�z N`S�5 {-T
6e,R,��
0�"A�R8���,�,�:A�>,R,�:
 *��Z\8�"A��./0�]�.�<%^-�A�3"-,� ,`YLD
4*�UY��R�EZ\0� ,� *Z/�34-0�8�4 .I "O,�:
.)4*�30�#�.\ds,� �!.+2�./:A�U]� 8�083FR,�:
.O��8�4 ��,� 8�"A�/567"!,�:
 *�+DA�3D�./0�=-;).K "�]�.��`,� #-�>,�.b,�:
.@2�./:A�U]� 8�0+83F(��8�4 ��,� 8�"A��,�:A�>,)�`,1�30�,I"
.��30J,�:
.@�
"
 F�8�0����:
.��30)?A8>;%5J67"|83,�:
./0@;)8�01<
�/=�;).%�`,��A<�Y9,�:
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