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�(S<_�EF7:9<5[=
HI9\QR=^G

exp(ikr)
HJKL;ZC~9oHP=@KLVcCg;�_k`F5[A@;ZKTSU5yKL5

k
GZED9UA^=cfµHP=XA\9<5�;Z?>=\9<;q9<7L7Md[SU`F?ZKT=@?JA^SUNpE]SU5[=@5g;>G�KL5ySU5[=

NY9<;ZC[=@NY9<;ZKTA\9<7eSUE]=@?i9<;ZKTSU5�ar|�G>;Z`[O�|rKL5FVl9	E]=@?Z;Z`F?ZaD9<;ZKTSU5�SU5�;ZC[=m_kSU?ZN
∆Q ∝ exp{i(kr − ωt)}

� þ�< b þ �
HJC[=@?>=

∆Q
?>=j_k=@?>Ge;>Sm9�E]=@?Z;Z`F?ZaD9<;ZKTSU5WS<_]9qÇr`D9<5g;ZKL;�|

Q
9UG>G>SµA@K:9<;>=^OoHJKL;ZC	;ZC[=�sDStHub>=yÅ�C[=I=@N8=@?ZVR=@5[A^=IS<_

9�_�9UA@;>SU?
exp(−iωt)

_kSU7L7TStHqG�GZKL5[A^=IHP=J9<?>=�A^SU5[GZKTOF=@?ZKL5FVXsDS\H¸GZ;i9<aFKL7LKL;6|M� 9 GZKL5r`[G>SUKTO[9<7[O�KTGZ;Z`F?ZaD9<5[A^=IHJKL7L7
a]=X;Z?i9<5[GZEMSU?Z;>=^O~HJKL;ZC~;ZC[=XsDS\HufM9<5[Oy_�SU?�9	VcKLQR=@5

r
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k
f
ω
_�SU7L7TS\HqGq_�?>SUN�;ZC[=u=^Çr`D9<;ZKTSU5[GqS<_(N8SU;ZKTSU5{b���=h`[Gi=X;ZC[=X5[SU;i9<;ZKTSU5

ω = ωr + iωi

� þ�< b � �
HJC[=@?>=h;ZC[=uG>KLVc5~S<_

ωi

OF=^A@KTOF=^G�HJC[=@;ZC[=@?q;ZC[=uO�KTGZ;Z`F?ZaD9<5[A^=oKL5[A@?>=\9UG>=^G�SU?qOF=^A@?>=\9UG>=^G�HJKL;ZC~;ZKLN8=c�
• Æ ;i9<aFKL7LKL;6|�K�_ ωi < 0

_�SU?z9<7L7
k
��5[=^A^=^GiGi9<?Z|�A^SU5[O�KL;ZKTSU5}�

•
465[GZ;i9<aFKL7LKL;�|yK�_

ωi > 0
_�SU?qG>SUN8=

k
�kGZ`@?YA@KT=@5r;zA^SU5[O�KL;ZKTSU5}�
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HJKL7L7�;ZC[=@5~CD9^QR=cb

• I SU;ZC ωr = 0
9<5[O

ωr 6= 0
NY9^|uSµA^A@`F?�KL5uCr|µO�?>SµO�|µ5D9<NpKTA\9<7µGZ;i9<aFKL7LKL;6|u;ZC[=^SU?Z|RbÈd[SU?

ωr = 0 , ωi >

0
;ZC[=	EM=@?Z;Z`F?ZaD9<;ZKTSU5�KTGmEF?>=^O�KTA@;>=^O�;>S�Vc?>S\H�A^SU5g;ZKL5r`[SU`[GZ7L|nHJKL;ZCn;ZKLN8=cbhdDSU?

ωr 6= 0 , ωi > 0
9

E]=@?ZKTSµO�KTAzScG>A@KL7L7:9<;ZKTSU5�HJKL;ZC�9hVc?>S\HJKL5FV89<NpEF7LKL;Z`[OF=p�kG>=^=zdeKLVc`F?>= þ�< b � �(KTGPEF?>=^O�KTA@;>=^O�KL5[GZ;>=\9UO�Jµ;ZCFKTG
KTG�A\9<7L7T=^OKEML<¾jÃ�¿j½�ÁONj¹�Âw¹k½QPSRgbUT

VmSU5F7LKL5[=\9<?mG>;i9<aFKL7LKL;�|~;ZC[=^SU?Z|�;i9<�R=^GmS\QR=@?mHJC[=@?>=o;ZC[=o7LKL5[=\9<?zVcKLQR=^Gz`FE{bJÅ�CFKTGzKTGm9<5n=j�µ;>=@5[GZKLQR=u�D=@7TO
KL58dÈ7L`FKTO8O�|µ5D9<NpKTA^G\bÈ��=qA\9<5F5[SU;�KL5[A@7L`[OF=�9<5r|WS<_]KL;�KL5p;ZCFKTG�A^SU`F?>G>=cfµ9<5[Op?>=j_�=@?�KL5[GZ;>=\9UOp;>Sm_�SU?�KL5[GZ;i9<5[A^=
W 7 ?i9XG^KL5�9<5[OZYz=@KTO þ�[�\�þ^] b

_ Ê	Ñ}ØÏÒ�ÑMÞ�ÐÏÔ�Ì�ÞiÌ�ËÍÔ�Ð�ÖwÔ�Ù�Ì�ÎÏÑFÌ�ËÜãJÑ}áÏÑ×ÕcÑ´ÐUátÑ´Ð<Ó´ÑDátËa`RÑ6Ù�Ñ´Ð^ÌrÖäÙ�Ôjã�Ì�Î<ÞiÌrÔ�Ögï ùrÙ�Ë�Ì�Ì�ÔjÐJñZò�÷j÷iôÏÞiÒrÚ]Ñ×ÛÜÛ\ÞiÒFÞ�Ó´ÔjÐÏÒ�ËÜáÏÑ×Ù�Þià<ÛÍÑMÕ<ÞiÙ�ÌÔ�Ö�Ì�ÎÏÑ�Ó´ÛÜÞ�Ò�Ò�ËÍÓZÞiÛ]Î^ßÏátÙ�Ô\átßtÐ<Þ�ãJËÍÓZÞ�ÛFÛÍË�Ì�Ñ×Ù�Þ>Ì�ØÏÙ�Ñjçmù]Î<Ñ×Ù�Ñ�Ý
exp(σt)

ËÍÒBØÏÒ�ÑZá�ËÍÐÏÒkÌ�ÑZÞjá	ÔiÖ
exp(−iωt)

çJÊ�Î<Ñ×ÐWÞmÒ�ËÍÐ\Ø<Ò�Ô�ËäáÏÞ�ÛÕcÑ×Ù�Ì�ØtÙ�àUÞiÌ�ËÍÔ�ÐlËÍÒ�Ì�ÔoàcÑXØ<Ò�ÑZáRÝMØÏÒ�ËÍÐ<ë	Ô�ØÏÙJÐÏÔ�Ì�Þ>Ì�ËÜÔ�ÐlÚ{ÎÏËÜÓ�ÎYËÜÒ�Ì�ÎÏÑmØÏÒ�ØUÞ�Û{Ô�Ð<ÑzÖwÔ�Ù�ÞoÕ<ÛÜÞ�ÐÏÑzÚ�ÞZâ@Ñ�Ý]ËÍÒqÞ�ÐlÞ�Ñ´ÒkÌ�Ñ×Î<Ñ×Ì�ËÍÓZÞiÛËÍãJÕÏÙ�Ô>â@Ñ´ãJÑ×Ð\ÌZçb6ÊyÎ<ËÍÓ6ÎzãqÞ´ßzàcÑ(Þ�ÐXØÏÐ\Ì�ËÍãJÑ´Û�ßqÐ<Þ�ãJÑjç
ced Ô�ÙPàcÔjØ<Ð<á<Þ>Ù�ß�ÛÜÞ´ß^Ñ×ÙPËÍÐ<ÒkÌ�Þià<ËÍÛÍËÍÌ�ß^Ý�Ì�Î<Ñ6Ù�ÑJËÜÒ�Ì�Î<ÑJÕtÙ�Ñ´â\ËÍÔjØ<Ò�Û�ß�ãJÑ´Ð^Ì�ËÍÔjÐ<Ñ´á�Ò�Ë�Ì�ØUÞ>Ì�ËÜÔ�ÐWÖ�ÔiÙ

ωr 6= 0
Ú{ÎÏÑ×Ù�ÑqÞXÕcÑ×Ù�ËÍÔ\áÏËÍÓáÏËÍÒkÌ�ØtÙ�àUÞ�ÐÏÓ´Ñ�ËÜÐÏÓ×Ù�ÑZÞiÒ�ËÜÐÏëIËÍÐgfihkj^l�mÈÕ<Þ�Ò�Ò�Ñ´Ò�à^ß�Þ�Ð�Ôjà<Ò�Ñ6Ù�âjÞ>Ì�ËÜÔ�ÐqÕcÔjËÍÐ^Ì�à^ß�Ó´Ô�ÐtâjÑ´Ó×Ì�ËÍÔjÐonLãJÔ�Ù�ÑeÞ�àcÔ�ØÏÌMÌ�Î<ÞiÌMÛäÞ>Ì�Ñ×Ù{ÔjÐMp6ç[ù]Î<ËÍÒËÍÒ{Ø<Ò�ØUÞiÛÍÛÍßzÐ<ÔiÌ{Ó´ÛÜÞ�Ò�Ò�Ë�åUÑ´áhÞ�Ò{Ô>â@Ñ×Ù�ÒkÌ�Þ�àÏËÍÛÜË�Ì�ß^ç
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FmS\H�QU9<7LKTOo9<?>=B;ZC[=�EF?>=^O�KTA@;ZKTSU5[GÈS<_F;ZC[=�7LKL5[=\9<?ZKHG\=^O�;ZC[=^SU?Z|	��465u;ZCFKTGÈA^SU`F?>G>=�HP=PHJKL7L7R;Z?>=\9<;eaMSU`F5[O[9<?Z|
7:9^|R=@?uG>;i9<aFKL7LKL;�|Rf{HJC[=@?>=	VRSµSrOnQR=@?ZK��DA\9<;ZKTSU5�CD9UGXa]=^=@5n_kSU`F5[O�f]aF`F;o9<7TGiSlEFKLE]=�sDS\Huf�HJC[=@?>=W;ZC[=	;ZC[=^SU?Z|
OFSµ=^GJ5[SU;qEF?>=^O�KTA@;q;ZC[=uSUa[Gi=@?ZQR=^O�;Z?i9<5[GZKL;ZKTSU5~;>Sp;Z`F?ZaF`F7T=@5[A^=cb�

��
�������� ���������������! #"$�&%'�(�*),+�-/.10'�2���3",45��67+�-$8:9;�=<�+���+>9@?

·{=@;J`[GqA^SU5[G>KTOF=@?z9WA\9UG>=mHJC[=@?>=h;�HISWs[`FKTOFGqGZ7LKTOF=hG>N8SrSU;ZCF7L|�ED9<?i9<7L7T=@7{;>Sp=\9UA>C�SU;ZC[=@?\f[G>=^=hdÈKLVc`F?>= þ�< b � b
��=hHJKL7L7�9UG>G>`FN8=c�

•
� 7 sDStH�S<_ÈKTOF=\9<7{s[`FKTOFG�� R → ∞

�
• 7 KA��=@?>=@5g;~QR=@7TSµA@KL;ZKT=^G u1

9<5[O
u2
��HJKL;ZC[SU`F;�7TScG>G�S<_	VR=@5[=@?i9<7o9<EFEF7LKTA\9<aFKL7LKL;�|]�

u1 → u0
9<5[O

u2 → 0
f�HJKL;ZC

u0
KL5y;ZC[=

x
O�KL?>=^A@;ZKTSU5�9<7TSU5FVp;ZC[=XA^SUNpN8SU5~GZ`F?´_�9UA^=cfµHJC[=@?>=X;ZC[=mEF?>=^G>GZ`F?>=mKTG

p0
�

• 7 KA��=@?>=@5g;zOF=@5[G>KL;ZKT=^Go��9<7L;ZC[SU`FVcC�5[SU;z9<5~=^GiG>=@5g;ZK:9<7ÈA^SU5[O�KL;ZKTSU5}�
•

VmSnVc?i9^QµKL;�|�=B�]=^A@;>G~�k=j�FA^=@EF;8=@QR=@5g;Z`D9<7L7L|¸9UG89<5�9<?ZVc`FN8=@5g;8;ZCD9<;p;ZC[=�N8ScGZ;pOF=@5[G>=�s[`FKTO�sDS\HqG
a]=@7TS\H�;ZC[=uSU;ZC[=@?��

C d Ô�Ù{Ù�Ô�Ì�Þ>Ì�ËÜÐÏëqìMÔjØÏÑ×Ì�Ì�Ñ�íUÔZÚ�Þ�Ð<áXéMê´Ð<ÞiÙ�ámÓ×ÔjÐ\â@Ñ´Ó×Ì�ËÍÔ�ÐmÔjÐÏÑ�Þ�ÛÍÒ�Ô�åUÐ<áÏÒ�ë�Ô^Ô\ámâ@Ñ×Ù�Ë�åUÓ´ÞiÌ�ËÍÔjÐgÝUÒ�Ñ´Ñ�ï ùrÙ�Ë�Ì�Ì�ÔjÐ�ñZòj÷�÷iôTç
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dÈKLVc`F?>= þ�< b � � � 7 ED9<?i9<7L7T=@7{sDStH�S<_È;6HPS8s[`FKTOFGqHJKL;ZC�9pGZ`F?´_�9UA^=hS<_�O�KTG>A^SU5g;ZKL5r`FKL;�|

•
9 ;q;ZC[=oSU`F;>G>=@;\����7:9<5[=oG>`F?´_�9UA^=hS<_�O�KTG>A^SU5g;ZKL5r`FKL;�|~a]=@;�HI=^=@5�;ZC[=Xs[`FKTOFG
��=JHJKL7L7[G>C[S\H�;ZCD9<;�;ZC[=qEF7:9<5[=qGZ`F?´_�9UA^=JS<_]O�KTG>A^SU5r;ZKL5g`FKL;6|8KTG�9<7LHI9\|µGP`F5[GZ;i9<aF7T=cb(·{=@;�`[G�G>`FEM=@?ZE]ScG>=q9

HP=\9<�]fr9<5[OWKL5pEF?ZKL5[A@KLEF7T=�KL5��[5FKL;>=^GZKLNY9<7�fµO�KTGZ;Z`F?ZaD9<5[A^=qS<_�GZ`F?´_�9UA^=JA^SµSU?>O�KL5D9<;>=^G\fgQR=@7TSrA@KL;ZKT=^GB9<5[O8EF?>=^G>GZ`F?>=
KL5�;ZC[=uGZ`F?´_�9UA^=uS<_�O�KTG>A^SU5g;ZKL5r`FKL;�|Rf}HJKL;ZC~;ZC[=hE]=@?Z;Z`F?ZaD9<;ZKTSU5[G

ζ
f
u
′
9<5[O

p′
aM=@KL5FV8EF?>SUE]SU?Z;ZKTSU5D9<7�;>S

ei(kx−ωt)

4jb�=cbLfD9WGZED9<;ZK:9<7{E]=@?Z;Z`F?ZaD9<;ZKTSU5�HJKL;ZCn9	VcKLQR=@5
k
fFHJC[=@?>=

ω
KTGJ;>Spa]=m_kSU`F5[O�bPÅ�C[=���`F7T=@?z9<5[O~A^SU5r;ZKL5g`FKL;6|

=^Çr`D9<;ZKTSU5[GJ_�SU?�s[`FKTO þ HJKL;ZC~;ZC[=hE]=@?Z;Z`F?ZaD9<;ZKTSU5�KL5[A@7L`[OF=^O�9<?>=

∂t(u0 + u
′) + ((u0 + u

′)·∇)(u0 + u
′) = −

1

ρ
∇(p0 + p′)

∇·(u0 + u
′) = 0

FmS\HP=@QR=@?\fI;ZC[=y=@`[Ç�9<;ZKTSU5[GpNo`[GZ;Y9<7TGiS�aM=yGi9<;ZKTG´�D=^O�_�SU?p;ZC[=�`F5FEM=@?Z;Z`F?Za]=^O�GZ;i9<;>=cfBHJKL;ZC
u
′ = 0

9<5[O
p′ = 0

bmÅ�C[=�;>=@?ZN8GXA^SU5g;i9<KL5FKL5FV
u0
9<5[O

p0
SU5F7L|�HJKL7L7È;ZC[=@?>=j_�SU?>=WA\9<5[A^=@7�bX4�_�KL5&9UOFO�KL;ZKTSU5�HP=	5[=@Vc7T=^A@;

;ZC[=p;>=@?ZN
(u′ ·∇)u′

f�HJCFKTAiC#KTGuGi=^A^SU5[O&SU?>OF=@?uKL5
u
′
f{HI=pVR=@;o9y7LKL5[=\9<?ZKHG\=^O�Gi=@;oS<_�=^Çr`D9<;ZKTSU5[GX_�SU?h;ZC[=

E]=@?Z;Z`F?ZaD9<;ZKTSU5{b��mGZKL5FVY9<7TG>SW;ZCD9<;
u0
EMSUKL5r;>GJKL5~;ZC[=

x
O�KL?>=^A@;ZKTSU5{fDHP=hVR=@;

∂tu
′ + u0∂xu

′ = −
1

ρ
∇p′

� þ�< b � �
∇·u′ = 0

� þ�< b � �
Åe9<�µKL5FVm;ZC[=�O�KLQR=@?ZVR=@5[A^=�SU5uaMSU;ZC	GZKTOF=^G�S<_[;ZC[=���`F7T=@?e=^Çr`D9<;ZKTSU5{fc9<5[Ou`[GZKL5FVz;ZC[=B=^Çr`D9<;ZKTSU5�S<_DA^SU5r;ZKL5g`FKL;�|Rf
HP=uVR=@;q;ZC[=h·�9<EF7:9UA^=o=^Çr`D9<;ZKTSU5

∇2p′ = 0
� þ�< b
	R�

I |lKL5[Gi=@?Z;ZKL5FVl9WG>SU7L`F;ZKTSU5�SU5~;ZC[=�9UG>GZ`FN8=^O�_�SU?ZN��

p′ = f(y)ei(kx−ωt)

HP=uVR=@;
d2f

dy2
− k2f = 0 , f(y) =

A^SU5[GZ;i9<5g;
· e±ky


�Ê	ÑÈÚ{ËÍÛÍÛµÓ´Ô�Ð<Ò�ËÜáÏÑ×Ù
y
âjÞiÛÍØ<Ñ´Ò�Ó´ÔiÙ�Ù�Ñ´Ò�ÕcÔjÐ<áÏËÍÐ<ë�Ì�ÔPÌ�Î<ÑÈÌ�Ù�ÞiÐ<Ò�â@Ñ×Ù�Ò�ÞiÛµátËÍÒ�Õ<ÛÜÞ�Ó´Ñ×ãJÑ´Ð^Ì{Ô�ÖFÌ�Î<ÑÈÒ�ØÏÙ�ÖLÞiÓ´Ñ�Ô�Ö[átËÍÒ�Ó´ÔjÐ^Ì�ËÍÐ\Ø<Ë�Ì�ß^ç
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HJC[=@?>=uSU5F7L|y;ZC[=X7TS\HI=@?zGZKLVc5�A\9<5�aM=X`[G>=^O~HJC[=@5~;ZC[=

y
9Ï��KTGJE]SUKL5g;>GqKL5�;ZC[=hO�KL?>=^A@;ZKTSU5�S<_Ès[`FKTO þ �

p′ ∝ ei(kx−ωt)e−ky � þ�< b��R�
I |�KL5[G>=@?Z;ZKL5FV�;ZCFKTG	=j��EF?>=^G>GZKTSU5�KL5r;>S�;ZC[= y

A^SUNpE]SU5[=@5g;WS<_ ��ÇMbP� þ�< b � �jfÈHP=Y�[5[O ��`[GZKL5FV�KL5[OF=j� þ _�SU?
s[`FKTO þ �j�

u′

y =
kp′1

iρ1(ku0 − ω)

� þ�< b��c�
Å�C[=�O�KTG>EF7:9UA^=@N8=@5g;�S<_h;ZC[=�GZ`F?´_�9UA^=~S<_oO�KTG>A^SU5r;ZKL5g`FKL;6| KL5 ;ZC[=

y
O�KL?>=^A@;ZKTSU5�KTG

ζ = ζ(x, t)
fq9<5[O KL;>G

QR=@7TSµA@KL;�|�S<_�O�KTGZEF7:9UA^=@N8=@5r;o9<;zA^SU5[GZ;i9<5r;
x
KTG

∂tζ
bJÅ�CFKTGzNo`[G>;�a]=o=^Çr`D9<7e;>SY;ZC[=

y
A^SUNpE]SU5[=@5g;hS<_�;ZC[=

sDS\H�QR=@7TSrA@KL;6|�9<;�;ZC[=uGZ`F?´_�9UA^=cb�Å�Sp;ZC[=h7TStHP=^GZ;mSU?>OF=@?\fFHJKL;ZC
u′

y

=^Çg`D9<7�;>SW;ZC[=hQU9<7L`[=�9<;J;ZC[=uGZ`F?´_�9UA^=c�

∂tζ = u′

y − u0∂xζ

465[G>=@?Z;ZKL5FV
ζ ∝ ei(kx−ωt) HP=hVR=@;\�

u′

y = iζ(ku0 − ω)
� þ�< b \ �

I |�=@7LKLNpKL5D9<;ZKTSU5nS<_ u′
y

a]=@;�HI=^=@5 ��ÇµG\b{� þ�< b��c�J9<5[O#� þ�< b \ ��HP=hVR=@;

p′1 = −
ζρ1(ku0 − ω)2

k

� þ�< b [ �
9 GZKLNpKL7:9<?uA\9<7TA@`F7:9<;ZKTSU5#HISU`F7TO�CD9^QR=8VcKLQR=@5�;ZC[=pEF?>=^G>GZ`F?>=

p′2
SU5#;ZC[=pSU;ZC[=@?oGZKTOF=pS<_�;ZC[=8GZ`F?´_�9UA^=cf�;ZC[=

SU5F7L|yO�KA�]=@?>=@5[A^=^G�aM=@KL5FV
u0 → 0

9<5[O~A>CD9<5FVR=�S<_(G>KLVc5~GZKL5[A^=
y < 0

9<5[O~;ZCg`[G
p′2 ∝ eky �

p′2 =
ζρ2ω

2

k

� þ�< b þ�< �
Å�C[=yEF?>=^G>GZ`F?>=^G

p′1
9<5[O

p′2
fBKL5��[5FKL;>=^GZKLNY9<7L7L|¸A@7TScG>=y;>S�;ZC[=�GZ`F?´_�9UA^=ySU5�=\9UA>C GZKTOF=yS<_X;ZC[=�GZ`F?´_�9UA^=�S<_

O�KTG>A^SU5r;ZKL5g`FKL;�|RfMN�`[GZ;JaM=o=^Çg`D9<7��
ρ1(ku0 − ω)2 = −ρ2ω

2

Æ SU7LQµKL5FV�_�SU? ω fµHP=��[5[O�;ZCD9<;P;ZC[=mVcKLQR=@5�EM=@?Z;Z`F?ZaD9<;ZKTSU5~A^SU?Z?>=^G>EMSU5[OFGI;>S�;�HPSWN8SµOF=^GPHJCFKTA>C�a]SU;ZClCD9\QR=9<5~KLNY9<VcKL5D9<?Z|�_k?>=^Çg`[=@5[A@|yA^SUNpEMSU5[=@5r;\�

ω = ku0
ρ1

ρ1 + ρ2
(1 ± i

√

ρ2

ρ1
)

� þ�< b þcþ �
��=I5[SU;ZKTA^=�;ZCD9<;�;ZC[=IsDS\H¸HJKL7L7�a]=P`F5[G>;i9<aF7T=J=@QR=@5pHJKL;ZCp?>=@Vg9<?>OW;>SzKL5��[5FKL;>=^G>KLNY9<7L7L|	GZNY9<7L7[O�KTG>;Z`F?ZaD9<5[A^=^G\f
a]=^A\9<`[G>=hS<_È;ZC[=uN8SrOF=hHJKL;ZC

ωi > 0
b��

465y;ZC[=hA\9UG>=mHJKL;ZC�9u�[5FKL;>=XQµKTG>A^ScGZKL;6|n���[5FKL;>=
R
�ISU5[=mCD9UGJ5[S	7TSU5FVR=@?�9WGZCD9<?ZEy;i9<5FVR=@5r;ZK:9<7�O�KTG>A^SU5g;ZKA�

5g`FKL;6|Rb�Å�C[=uQR=@7TSµA@KL;�|yHJKL7L7�Qc9<?Z|Y_k?>SUN�SU5[=oQU9<7L`[=h;>Sl9<5[SU;ZC[=@?m9UA@?>ScG>Gm9W7:9^|R=@?zHJKL;ZCn9	�[5FKL;>=h;ZCFKTAi�r5[=^GiG\f
G>=^=mdÈKLVc`F?>= þ�< b � b I SU;ZCy=j�µE]=@?ZKLN8=@5g;i9<7{9<5[O�;ZC[=^SU?>=@;ZKTA\9<7]?>=^GZ`F7L;>GIKL5[O�KTA\9<;>=m;ZCD9<;I;ZC[=zKL5[GZ;i9<aFKL7LKL;6|lG>=@;>GIKL59Ï_k;>=@?m98G>C[SU?Z;�;ZKLN8=o_kSU?z7:9<?ZVR=

R
9<7TG>S8KL5�;ZCFKTGzA\9UG>=cbJdDSU?z7:9<;>=@?m?>=j_k=@?>=@5[A^=o;>SY;ZCFKTG�;�|µEM=	S<_�KL5[GZ;i9<aFKL7LKL;�|Rf

HP=u5[SU;ZKTA^=h;ZCD9<;J_�SU?��[5FKL;>=
R
;ZC[=XQR=@7TSµA@KL;�|yEF?>S<�[7T=hCD9UGm9<5&¹�º��q¾	�^½k¹ EUº�C@EU¹�ºD½@b

9 HP=@7L7L�µ5[S\HJ5�=j�µE]=@?ZKLN8=@5g;i9<7mSUa[G>=@?ZQc9<;ZKTSU5 S<_X;ZC[=�
h=@7LQrKL5 � Fm=@7LNpC[SU7HG�KL5[G>;i9<aFKL7LKL;�|�A\9<5�a]=yNY9UOF=
HJKL;ZC�7:9\|R=@?>=^O~s[`FKTOFGtf[HJC[=@?>=�9p7LKLVcCg;>=@?zs[`FKTO�sDS\HqGmSU5~;>SUEnS<_�9pC[=\9^QµKT=@?�KL5n9p;ZCFKL5�QR=^G>G>=@7�bP� C[=@5~;ZC[=

�	
 ÐÏÑ]ãqÞ´ßBëjÑ×Ì}ÞÈãJÔiÙ�Ñ]ËÍÐ\Ì�ØÏË�Ì�ËÜâjÑ]Ø<Ð<áÏÑ×Ù�ÒkÌ�ÞiÐUáÏËÍÐÏëÈÔ�Ö<Ì�Î<ÑMÙ�ÑZÞiÒ�ÔjÐ�ÖwÔ�Ù[Ì�Î<Ñ�ËÍÐ<ÒkÌ�Þià<ËÍÛÍË�Ì�ßPà\ß�Ó×ÔjÐ<Ò�ËÜátÑ×Ù�ËÍÐ<ë d ËÍëjØtÙ�Ñ(ñZótç �já��iÑ�ç

 Ð<Ó×Ñ�Þ�ÕcÑ×Ù�Ì�ØÏÙ�àcÑZáqíUÔZÚ�ÎUÞ�ÒeáÏÑ×â@Ñ´ÛÍÔjÕcÑZáRÝ<Ì�ÎÏÑ(íUØ<ËÜází<ÔZÚ{ËÜÐÏëJÕUÞiÒkÌÈÞ�� Ì�Ô�Õ��<ÖwÔ�Ù�ãJÑZázà\ß�Ì�Î<Ñ(í<Ø<ËÜámÔ�ÐmÌ�Î<Ñ�ÔiÌ�Î<Ñ×ÙeÒ�ËÜáÏÑ�Ú{ËÍÛÜÛÎUÞZâ@ÑeÌ�Ô�ãJÔ>â@ÑeÖ�Þ�ÒkÌ�Ñ×Ù�Ì�ÎUÞiÐzÌ�Î<ÑeíUØ<ËÜá�ËÜÐXÞ�� Ì�Ù�ÔjØ<ë�Î��Íç}éMÑ×Ù�ÐÏÔjØ<ÛÍÛÍË�� ÒeÑ	�^Ø<ÞiÌ�ËÍÔjÐmÚ{ËÍÛÍÛrÌ�ÎÏÑ´ÐmÕtÙ�ÑZáÏËÍÓ×Ì�ÞPÕÏÙ�Ñ´Ò�Ò�ØtÙ�Ñ�áÏËÍÒkÌ�Ù�ËÍà<ØÏÌ�ËÍÔ�ÐÚ{Î<ËÍÓ�ÎmÚ{ËÍÛÍÛµãqÞ�ûjÑeÌ�Î<ÑÈÕcÑ×Ù�Ì�ØÏÙ�à<ÞiÌ�ËÍÔjÐXëiÙ�ÔZÚ�ç
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deKLVc`F?>= þ�< b � � ��7:9<5[=uED9<?i9<7L7T=@7{sDS\H©9<;���9R�I�[5FKL;>=o9<5[O���a��<At�IKL5��[5FKL;>=
R
f�HJCFKTA>C$�kO��<=t��KTGJ`F5[GZ;i9<aF7T=

dÈKLVc`F?>= þ�< b
	�� 
h=@7LQµKL5 � Fm=@7LNpC[SU7HGoKL5[GZ;i9<aFKL7LKL;6|�HJKL;ZC�7:9^|R=@?>=^O�s[`FKTOFG

QR=^G>G>=@7(KTGXNY9UOF=W;>S�GZ7:9<5r;\f�;ZC[=WVc?i9^QµKL;�|nHJKL7L7�KL5g;Z?>SµO�`[A^=Y9lN8SU;ZKTSU5�;i9<5FVR=@5r;ZK:9<7�;>Sy;ZC[=WGZ`F?´_�9UA^=cb	4�_B;ZC[=
OF=^GZ;i9<aFKL7LKHG^KL5FVW=B�]=^A@;PO�`[=q;>ShKL;PKTGBGZ;Z?>SU5FVo=@5[SU`FVcCl;>SoStQR=@?>A^SUN8=�;ZC[=zGZ;i9<aFKL7LKHG^KL5FV�=B��=^A@;PS<_];ZC[=q7:9\|R=@?ZKL5FV[f
SU5[=hNY9\|ySUa[Gi=@?ZQR=hED9<;Z;>=@?Z5[Gz9UGJKL5~dÈKLVc`F?>= þ�< b
	�b��

�� u¡�� �h¨�¥�¦J§	�	¬�
 £>¤�¯[±}¦J²W£>³>£´±µª
9 G�KL5[O�KTA\9<;>=^O8ar|WdÈKLVc`F?>=
���o9<5g;6|µOF=@?\fµNY9<5r|WS<_];ZC[=JQR=@7TSµA@KL;�|WEF?>S<�[7T=^G�HI=qCD9\QR=J;Z?>=\9<;>=^O8KL58;ZCFKTGBA^SU`F?>G>=
9<?>=uS<_(;ZC[=hGZC[=\9<?JsDStH ;�|µEM=cb���=hA@7:9UG>GZK�_k|lEF?>S<�[7T=^G�HJKL;ZC[SU`F;q7:9^|R=@?ZKL5FVy9UG�_kSU7L7TStHqG\�
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