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Z=HK[STKM�t54K[UN3GcGIJ NUJA{R��dP[ �1OPHKHK[3gA[UHKTKOPt�dP[¬GI¨�[UHK{RJ�L2V�E�Z={ROPNhZ=d ��HKJ�NU[UTKTK[UTcNhZ=M�TK[UL5t/V1L�OPTKTKOP��ZfGIOPJAE1Z=E�L
¨�[hZfGzNUJAE�L�M�N3GIOPJAE�@�¬J.�[3gA[UH"!�JAM2GITKOPL�[ GI¨�JATK[RHK[UoAOPJAE�T"!�GI¨�[Rn�J. OPT^{ M�Ns¨
{RJAHK[ HK[UoAM�deZ=H]Z=E�L�OPT
M�TKM�Z=dPdBV1oAJ.gA[UHKE�[UL t/V1GI¨�[^TYGsZ=E�L�Z=HKLvdeZhcTcJ=XuZ=L�OeZ=t�ZfGIOPNSHK[3gA[UHKTKOPt�dP[^¨/V�L�HKJ�L2V�E�Z={ROPNUTU@

§�¨�OPTSX�JAHYGIM�E�ZfGI[ NUOPHKNUM�{RTYGsZ=E�NU[ Z=dPdPJ.cT�GI¨�[UE GI¨�[:OPE/GIHKJ�L�M�N3GIOPJAE J=X � N3GIOBGIOPJAM�TSOPE � E�OBGI[UTKOP{(Z=d
TKM�HYX�Z=NU[UTRZ=NUHKJATKT:c¨�OPNs¨ GI¨�[n�M�OPL
g=Z=HKOeZ=t�dP[UT:Z=HK[5Z=TKTKM�{R[UL GIJ t [L�OPTKNUJAE/GIOPE�M�JAM�TL1+'CB �DB;GI¨�[L�OPT  

KML�NPORQ=ORSUTVO(ORSDQWTPXYNVZ3Q=[�Q]\U^D_ OR_ N3^`Q]a:QcbMOR_ Z3Qed f+gRQ]hiQegCjkORN+TmlMnpo�q:r sutwv�nyxVz|{~} �V}�ORN+T�b]N3d d QcbMOR_ N3^mNPh!_�[�Qe^*OR_�beTPd
� TPg�OR_�b]d Qcj�N3gwNPh � TPg�OR_�b]d Qcj�NPhIORSDQ�jRTP��Q	j � Qcb]_ Qcje���1�UbCS�Tu[�Q]\U^D_ OR_ N3^�beTP^2XYQ	Q]�1ORQe^U[�Qc[�_ hIORSDQ��U�D_�[�_�jwb]N3� � N*j�Qc[2NPh� TPg�OR_�b]d Qcj5NPh�[�_ a:QegRQe^*O�j � Qcb]_ Qcj!���1QcbMOR_ N3^=�D� ���M�

?
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NUJAE/GIOPE�M�OBGFV TKM�HYX�Z=NU[UT�3 @8��TRZ HK[UTKM�dBG�! GI¨�[5{(ZfGI¨�[U{(ZfGIOPNhZ=d�L�[UTKNUHKOP�2GIOPJAE8J=X¬GI¨�[UTK[5��¨�[UE�JA{R[UE�Z OPT
oAHK[hZfGIdBV TKOP{R��dPO � [ULRZ=E�L(GI¨�[�J.gA[UHIZ=dPd Z=����HKJh�2OP{(ZfGIOPJAE J=X�GI¨�OPTyZ=����HKJ/Z=Ns¨(OPTª[ ��GIHK[U{R[UdBVRoAJ�J�L c¨�[UE
GI¨�[^TK¨�J�N �(X�HKJAE/Gc¨�Z=TcZ:NUJAE�TYGsZ=E/G�cOPL2GI¨c¨�OPNs¨vOPTy{ M�Ns¨vTK{(Z=dPdP[UHªGI¨�Z=EGI¨�[SGFV���OPNhZ=d�dP[UE�o=GI¨5TKNhZ=dP[
X�JAH¬GI¨�[]g=Z=HKOeZfGIOPJAEvJ=XuGI¨�[zn�J. g=Z=HKOeZ=t�dP[UT¬Z=E�L c¨�[UE GI¨�[]GI¨�[UHK{(Z=d�Z=E�L GI¨�[zg�OPTKNUJAM�T¬GIOP{R[]TKNhZ=dP[UT
Z=HK[:{ M�Ns¨ TK{(Z=dPdP[UH¬GI¨�Z=E GI¨�[ JAE�[:TK[3G^t/V GI¨�[:{RJ=GIOPJAE J=XªGI¨�[ X�HKJAE/Gh@]CFE�oA[UE�[UHIZ=dC!�L�OPTKNUJAE/GIOPE�M�OBGFV
TKM�HYX�Z=NU[UT�NhZ=Et [SL�OPTYGIOPE�oAM�OPTK¨�[UL1OPE B�;�=�F�>5B,F D3>8:A@">5B 	 D !�c¨�OPNs¨5Z=HK[STKM�HYX�Z=NU[UT�TK[U��Z=HIZfGIOPE�ozGF�J:��Z=HYGIT
J=X�Z {R[UL�OPM�{ cOBGI¨�JAM2GcZ=E/V(n�M�OPL1n�J.¦GI¨�HKJAM�oA¨GI¨�[wTKM�HYX�Z=NU[�!�Z=E�L5OPE D�6�; B���@�:<;�=�FJD Z=E�L : 	 >5B,F @C;�=
@�:<;�=�FJD�� c¨�OPNs¨ Z=HK[^L�OPTKNUJAE/GIOPE�M�OBGFV1TKM�HYX�Z=NU[UTcGI¨�ZfG¬Z=HK[^NUHKJATKTK[UL t/V5Z:n�M�OPLn�J.^@

� NUJAE�TKOPTYGI[UE/G]¨/V�L�HKJ�L2V�E�Z={ROPNhZ=duL�[UTKNUHKOP�2GIOPJAE J=XªGI¨�[:n�J.9Ns¨�Z=E�oA[UTzZ=NUHKJATKT]ZTK¨�J�N � JAHwHK[  
Z=N3GIOPJAEX�HKJAE/GcNhZ=Evt [w� [UHYX�JAHK{R[ULvZfX,GI[UH�OP{R� JATKOPE�ozGI¨�[^NUJAE�TK[UHYg=ZfGIOPJAEvJ=X�t�Z=HYVAJAEvE�M�{ t [UH"!�[UE�[UHKo=V
Z=E�L<{RJA{R[UE/GIM�{ Z=NUHKJATKT(GI¨�[5X�HKJAE/G�!�JAH [ ��M�OBg=Z=dP[UE/GIdBV0!�ZfX,GI[UHRHK[ ��M�OPHKOPE�o GI¨�ZfG � c¨�ZfG(oAJ�[UTROPE/GIJ
GI¨�[]TK¨�J�N �1X�HKJAE/G�{ M�TYG¬NUJA{R[^JAM2G 
�@ª§�¨�[ Z=t J.gA[]NUJAE�L�OBGIOPJAE�TcZ=HK[]J=X,GI[UEvNhZ=dPdP[UL�� >8?�� JAH�� >8=*B,F @C;�=
B�;�=�9�@JF @C;�=-D Z=E�L Z=dPdPJ. GIJ1[ �2��HK[UTKT���M�Z=E/GIOBGIOP[UT¬JAE JAE�[zTKOPL�[zJ=X�GI¨�[zTK¨�J�N �5X�HKJAE/GSOPEvGI[UHK{RT�J=XuGI¨�[
TIZ={R[ ��M�Z=E/GIOBGIOP[UTyJAE1GI¨�[wJ=GI¨�[UH�TKOPL�[=@�§�¨�[woA[UE�[UHIZ=d�HK[UdeZfGIOBg�OPTYGIOPN�GIHK[hZfGI{R[UE/GcJ=X$GI¨�[ 4KM�E�N3GIOPJAENUJAE+ 
L�OBGIOPJAE�T Z=NUHKJATKTyZ^L�OPTKNUJAE/GIOPE�M�OBGFV:TKM�HYX�Z=NU[�E�[U[UL�T���Z=HYGIOPNUM�deZ=H�NhZ=HK[¬OPE:GI¨�[¬NhZ=TK[�J=X$Z^��¨�Z=TK[�OPE/GI[UHYX�Z=NU[
c¨�OPNs¨¨�Z=TyOPE/GIHKOPE�TKOPNc��¨/V�TKOPNhZ=d���HKJA� [UHYGIOP[UT 1��DB ��B�TKM�HYX�Z=NU[S[UE�[UHKo=V(L�[UE�TKOBGFV1JAH�TKM�HYX�Z=NU[�GI[UE�TKOPJAE 3 @uCFE
GI¨�OPT^NhZ=TK[�!;GI¨�[RTK¨�J�N � X�HKJAE/GzNhZ=E�E�J dPJAE�oA[UHwt [RNUJAE�TKOPL�[UHK[UL Z=T]Z � N3GIOBGIOPJAM�Tw{(ZfGI¨�[U{(ZfGIOPNhZ=duTKM�H  
X�Z=NU[^Z=E�LOBGITyOPE2n�M�[UE�NU[wJAE1GI¨�[wdPJ�NhZ=d NUM�HYg=ZfGIM�HK[wJ=X;TK��Z=NU[3GIOP{R[SE�[U[UL�T�GIJ:t [SGsZ��=[UE5OPE/GIJ Z=NUNUJAM�E/Gh@
W�M�t�TK[UN3GIOPJAE ��@`_�@`_ L�OPTKNUM�TKTK[UT�¨�J. GI¨�OPTcNhZ=E5t [^L�JAE�[^t/V5M�TKOPE�o:GI¨�[&�^Z=M�TKT  Yx�J�L�Z��"�UO$[ ��M�ZfGIOPJAE�TU@

CFE�GI¨�[ X�JAdPdPJ.cOPE�o1�[(HK[3g�OP[3�GI¨�[R{(Z=OPE�Z=TK� [UN3GITzJ=X�GI¨�[RHK[UdeZfGIOBg�OPTYGIOPNzGI¨�[UJAHYV�J=Xy¨/V�L�HKJ�L2V  
E�Z={ROPNhZ=d�TK¨�J�N ��Tcc¨�OPNs¨5yZ=T � HKTYG¬L�[3gA[UdPJA� [ULvt/V§�Z=M�t�� ?��=k���Z=E�L5GI¨�[UEvTKM�t�TK[ ��M�[UE/GIdBVv[ ��GI[UE�L�[UL
t/V�«$OPNs¨�E�[UHKJ.cOPN"��� kAm8!;k=�-!;k/��� @-�vJATYGzJ=X�GI¨�[(Z=HKoAM�{R[UE/GIT^L�OPTKNUM�TKTK[UL ¨�[UHK[ cOPdPdut [RM�TK[UL�OPE GI¨�[
E�[ ��G�TK[UN3GIOPJAE !�OPEc¨�OPNs¨5GI¨�[^��HKJA� [UHYGIOP[UTcJ=X�HK[hZ=N3GIOPJAEX�HKJAE/GIT¬Z=HK[w��HK[UTK[UE/GI[UL�@

C�G OPT OP{R� JAHYGsZ=E/G]GIJ TYGIHK[UTKT:GI¨�ZfG GI¨�[TYGsZ=E�L�Z=HKL Z=E�Z=dBV�TKOPTzJ=X¬HK[UdeZfGIOBg�OPTYGIOPNRTK¨�J�N ��T cOBGI¨ E�J
OPE/GIHKOPE�TKOPNª��¨/V�TKOPNhZ=d���HKJA� [UHYGIOP[UT�OPT�g=Z=dPOPL]OPE NUM�HYgA[ULRTK��Z=NU[3GIOP{R[UT�Z=T;�[UdPd�Z=T�n�ZfGh@�CFE�L�[U[UL !/GI¨�OPT�OPT;GI¨�[
NhZ=TK[¬X�JAHªZ=E/V:GI¨�[UJAHYV:cOBGI¨(Z]{R[3GIHKOPN�OPE c¨�JATK[�dPJ�NhZ=d�«$JAHK[UE/G<�¬X�HIZ={R[UT�GI¨�[¬E�JAE�oAHIZhg�OBGsZfGIOPJAE�Z=d�deZhcT
J=Xª��¨/V�TKOPNUT^Z=TKTKM�{R[ GI¨�[UOPHSTYGsZ=E�L�Z=HKL TK� [UNUOeZ=d�HK[UdeZfGIOBg�OPTYGIOPN^X�JAHK{ 1�[ ��M�OBg=Z=dP[UE�NU[ ��HKOPE�NUOP��dP[�!�§�¨�JAHKE�[
� ?.qAm��C!�W�GI[UOPE�¨�Z=HKL2G�� ?��=m��J3 @c§�¨�OPT�OPT¬[ ��M�OBg=Z=dP[UE/G¬GIJ(TIZhV�OPE�oRGI¨�ZfGSOPE ZRNUM�HYgA[UL TK��Z=NU[3GIOP{R[zJAE�[]NhZ=E
Ns¨�J�JATK[�Z=E [3gA[UE/G! JAE:GI¨�[cTK¨�J�N � X�HKJAE/G �JAHKdPL�dPOPE�[�Z=E�L:GI¨�[UE(OPE/GIHKJ�L�M�NU[�OPE OBGIT�E�[UOPoA¨�t JAM�HK¨�J�J�LRZ
dPJ�NhZ=d2«$JAHK[UE/G<��X�HIZ={R[ 1,GI¨�[yHK[UTYGuX�HIZ={R[�J=X�GI¨�[yTK¨�J�N �-3 @�§�¨�OPT�X�HIZ={R[ªNhZ=E Z=dByZhV�T�t [yNs¨�JATK[UE TKJSGI¨�ZfG
@ � GI¨�[STK¨�J�N �ROPT�{RJA{R[UE/GsZ=HKOPdBV ZfGyHK[UTYG�! @J@ � GI¨�[UHK[wZ=HK[SE�JzGI¨�HK[U[  �gA[UdPJ�NUOBGFVRNUJA{R� JAE�[UE/GIT�GsZ=E�oA[UE/GyGIJ
GI¨�[ X�HKJAE/G 1�¨�[UHK[hZfX,GI[UHS�[ TK¨�Z=dPd�HK[3X�[UHSGIJ1GI¨�[:GI¨�HK[U[  �gA[UdPJ�NUOBGFVvgA[UN3GIJAHKT]TKOP{R��dBV Z=TSgA[UdPJ�NUOBGIOP[UT�3¬Z=E�L
@J@J@ � GI¨�[^TK¨�J�N �OPTyGsZ��=[UEvGIJ t []ZfGcHK[UTYG¬JAE5GI¨�[ 1#" ,%$H3y��deZ=E�[=@

&(' b]N3����Qe^*O|N3^�ORQegR��_ ^DN3d N*)3f(_�j5^DQeQc[�Qc[ ��+�QegRQ-,wQ	hiN3d d N�,$ORSDQ b]N3^1Z3Qe^*OR_ N3^�NPh/.�N3�DgCTP^*O�TP^U[�0DgR_ Qc[�gR_�bCSUj|TP^U[[�Qe^DNPORQ1,|_ ORS32Rj�SDN�b546,5T�Z3Q(7�ORSDQ	�UN�,$gRQ�)3_ N3^�b]N3� � gR_�j�_ ^�) ORSDQ![�_�jRb]N3^*OR_ ^1�D_ O f(j��Dg�hyT3b]Q��8,|SD_�bCS�,wQ�TPd�j�NkgRQ]hiQeg�ORN�T3j2 higRN3^*O57*�	TP^U[ _ OCju[�N�,|^Uj ORgRQcTP� �UN�,!� ' j�_ ��_ d�TPg b]N3^1Z3Qe^*OR_ N3^9,|_ d d�XYQ�T3jRj��D��Qc[9,|_ ORS ORSDQ(ORQegR�(j:2Rb]N3� � gRQcjRj�_ N3^,5T�Z3Q(7!TP^U[;2�gCTPgRQ]hyT3bMOR_ N3^6,5T�Z3Q(7D�%<�ORSDQeg5TP��ORSDN3gCjez*SDN�,wQeZ3QegczU�~�V} =:}?> TP^U[DTP�2TP^U[�>I_ hyj�SD_ OA@���beTPd dB2Rj�SDN�b54!,5T�Z3Q(7	ORSDQ[�_�jRb]N3^*OR_ ^1�D_ O f�j��Dg�hyT3b]Q�_ OCj�Qed h zUj�NkORSUTVOC2D,5T�Z3Q(7uTP^U[E2 higRN3^*O57uXYQcb]N3��Q!Q(F*�D_ ZVTPd Qe^*O5ORQegR�(j5hiN3g5ORSDQe���
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CFE GI¨�OPT NUJA{RJ.g�OPE�o^HK[3X�[UHK[UE�NU[¬X�HIZ={R[�!A�[¬NhZ=ERGI¨�OPE �zJ=X�GI¨�[cX�HKJAE/GªZ=T�Z^��deZ=E�Z=HuL�OPTKNUJAE/GIOPE�M�OBGFV
TKM�HYX�Z=NU[wc¨�OPNs¨vL�OBg�OPL�[UTyGI¨�[wGI¨�HK[U[  FTK��Z=NU[]OPE/GIJ Z:HK[UoAOPJAE ?]Z=E�LvZ:HK[UoAOPJAE _:Z=E�Lc¨�OPNs¨vOPT�NUHKJATKTK[UL
t/V � JATKOBGIOBgA[]gA[UdPJ�NUOBGIOP[UT¬X�HKJA{|dP[3X,G�GIJHKOPoA¨/G�c¨�[UE GI¨�[zX�HKJAE/GwOPT�dP[3X,GS��HKJA��Z=o/ZfGIOPE�o1OPE GI¨�[ OPE�[UHYGIOeZ=d
X�HIZ={R[A1�TK[U[]i�OPoAM�HK[z?A@B?/3 @�§�¨�OPT�Z=dPdPJ.cTªGI¨�[UEGIJ:L�[ � E�[]Z=T >/6 	 >H9 JAH >���D,F : 	 >�? JAH H���H GI¨�[SHK[UoAOPJAE
X�HKJA{ c¨�OPNs¨5GI¨�[^n�M�OPLv{RJ.gA[UTcGIJRHK[hZ=Ns¨vGI¨�[^TK¨�J�N �X�HKJAE/G�Z=E�L Z=T G 	 68@J=�9 JAH 95;�� =-D,F : 	 >�? JAH H��5H
GI¨�[^HK[UoAOPJAE5OPE1c¨�OPNs¨5GI¨�[wn�M�OPLv{RJ.gA[UT¬ZfX,GI[UH�¨�Zhg�OPE�oR��Z=TKTK[UL Z=NUHKJATKT�GI¨�[^TK¨�J�N ��@

y

x
z

1

2

1(p   ,  V  ) 1

v

"shocked"

1

2
v

(p   ,  V  ) 2 2

"unshocked"

0 _ )3�DgRQ��3� � � � TVOR_�TPdIb]N3^�\�)3�DgCTVOR_ N3^�NPh?Tkd Q]hpO � gRN � T )*TVOR_ ^�)�j�SDN�b54C,5T�Z3Q
x�JAE�TKOPL�[UHcE�J. GI¨�[wn�M�OPL�TcJAE5[UOBGI¨�[UHcTKOPL�[wJ=X�GI¨�[wX�HKJAE/G�GIJRt [^OPL�[hZ=d$Z=E�LvL�[UTKNUHKOPt [ULvt/VGI¨�[

TYGsZ=E�L�Z=HKLvTYGIHK[UTKT¬[UE�[UHKo=VGI[UE�TKJAHcJ=XuZ:HK[UdeZfGIOBg�OPTYGIOPN�� [UHYX�[UN3G¬n�M�OPL

���
	 � 1���.��3�� � � 	 .��� �
	 , 1 ?A@B?/3

c¨�[UHK[�� ����� 1 ? ,���-3ªOPTyGI¨�[Sn�M�OPL1X�JAM�H  �gA[UdPJ�NUOBGFV1Z=E�L � � 1 ?�* ��� ����� � � 3 � J"! � !2cOBGI¨ ��� ��#%$ ��& #%' @
�¬[UHK[��zOPTcGI¨�[][UE�[UHKo=V L�[UE�TKOBGFV0!( OPTcGI¨�[z��HK[UTKTKM�HK[:Z=E�L)� �
	 OPTcGI¨�[]{R[3GIHKOPNwGI[UE�TKJAHU@¬ac[3X�[UHKHKOPE�oRGIJ
GI¨�[]TK¨�J�N �vNUJAE � oAM�HIZfGIOPJAEvTK¨�J.cE OPE i�OPoAM�HK[ ?A@B?zZ=E�L M�TKOPE�o GI¨�[zTYGIHK[UTKT�[UE�[UHKo=VvGI[UE�TKJAH 1 ?A@B?/3�!��[
NhZ=Ev[ �2��HK[UTKT¬GI¨�[^deZhcT�J=X�NUJAE�TK[UHYg=ZfGIOPJAEvJ=X�[UE�[UHKo=V5Z=E�Lv{RJA{R[UE/GIM�{ HK[UTK� [UN3GIOBgA[UdBVvZ=T

��*�+J � ��*�+� , �,+-+J � �,+-+� , 1 ?A@`_03
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cOBGI¨ GI¨�[cdPJ.�[UHªOPE�L�OPNU[UT OPE�L�OPNhZfGIOPE�o ��M�Z=E/GIOBGIOP[UT JAE GI¨�[cGF�JzTKOPL�[UT J=X�GI¨�[¬TK¨�J�N ��@ ���M�ZfGIOPJAE�T�1 ?A@`_03
E�[U[ULvGIJ t [^TKM�����dP[U{R[UE/GI[UL5cOBGI¨5GI¨�[^NUJAE/GIOPE�M�OBGFV1[ ��M�ZfGIOPJAEvJ=X�t�Z=HYVAJAEvE�M�{ t [UHcL�[UE�TKOBGFV

1���� � 3�� � � } , 1 ?A@ mH3
c¨�[UHK[�� OPT GI¨�[�E�M�{ t [UH�L�[UE�TKOBGFV(J=X$t�Z=HYVAJAE�TU@ªQS[ � E�OPE�o]GI¨�[�[UE/GI¨�Z=dP�/VRL�[UE�TKOBGFV(JAE1[UOBGI¨�[UHªTKOPL�[�J=X
GI¨�[�X�HKJAE/GcZ=T���� � �	� . 
��! 1,cOBGI¨ # � ? ,c_03�!��[wNhZ=E1cHKOBGI[¬GI¨�[�X�JAdPdPJ.cOPE�o 4KM�E�N3GIOPJAE1NUJAE�L�OBGIOPJAE�T
Z=NUHKJATKT:ZvHK[UdeZfGIOBg�OPTYGIOPN TK¨�J�N ���L1�TK[U[5W�M�t�TK[UN3GIOPJAE ��@`_�@`_X�JAH^GI¨�[1oA[UE�[UHIZ=dªHK[UdeZfGIOBg�OPTYGIOPN X�JAHK{jJ=XyGI¨�[
4KM�E�N3GIOPJAE5NUJAE�L�OBGIOPJAE�T�3 @

� J � �J � J � � � � �� � � , 1 ?A@ �53
� J � �J � �J .� J � � � � �� � �� .� � , 1 ?A@`�03
 � � J � J � J � � � � � � ��� 1 ?A@ qH3

��[UTKOPL�[UTR[ ��M�ZfGIOPJAE�T 1 ?A@ �53 � 1 ?A@ qH3�!ªZ X�M�HYGI¨�[UH NUJAE�L�OBGIOPJAE OPT:E�[U[UL�[UL¢OPE8JAHKL�[UH GIJ [UdPOP{ROPE�ZfGI[
M�E���¨/V�TKOPNhZ=d$TKJAdPM2GIOPJAE�TyZ=E�L1GI¨�OPT�NUJAE�L�OBGIOPJAE1OPTyTYGIHKOPN3GIdBVRHK[UdeZfGI[UL1GIJ GI¨�[SNUJA{R��dP[ �1OPHKHK[3gA[UHKTKOPt�dP[���HKJ! 
NU[UTKTK[UTRGI¨�ZfG:GsZ��=[v��deZ=NU[OPE GI¨�[5TK{(Z=dPd�HK[UoAOPJAE8J=X¬GI¨�[5TK¨�J�N ��X�HKJAE/G(Z=E�L t�Z=TKOPNhZ=dPdBV�[ �2NUdPM�L�[UT(Z=T
��¨/V�TKOPNhZ=dPdBV¢HK[hZ=dPOPTYGIOPNvGI¨�JATK[ TK¨�J�N ��Tc¨�OPNs¨¦L�J E�J=G5��HKJ�L�M�NU[�Z=El[UE/GIHKJA�/V OPE�NUHK[hZ=TK[=@9CFE J=GI¨�[UH
�JAHKL�T"!�GI¨�[Sg=Z=dPM�[UTyJ=X�GI¨�[wTK� [UNUO � Nw[UE/GIHKJA�/VJAE[UOBGI¨�[UHyTKOPL�[wJ=X�Z ��¨/V�TKOPNhZ=d�TK¨�J�N �1¨�ZhgA[wGIJ:TIZfGIOPTYX,V
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D�>�? 	w[ ��M�ZfGIOPJAE�J=XyTYGsZfGI[ cOPdPdu¨�JAdPL�JAE�[UOBGI¨�[UH]TKOPL�[ J=XyGI¨�[RTK¨�J�N ��@§�¨�OPT]OPT^E�J=G]GI¨�[RNhZ=TK[RX�JAH]Z
HK[hZ=N3GIOPJAE X�HKJAE/G�!�X�JAHSc¨�OPNs¨�GI¨�[ROPHKHK[3gA[UHKTKOPt�dP[ ��HKJ�NU[UTKTK[UT]GsZ���OPE�ov��deZ=NU[RZfG^GI¨�[ X�HKJAE/G 95; ��HKJ�L�M�NU[
Z5HIZ=L�OPNhZ=d�Ns¨�Z=E�oA[ROPE GI¨�[RNs¨�[U{ROPNhZ=d Z=E�L���¨/V�TKOPNhZ=d ��HKJA� [UHYGIOP[UT]J=X�GI¨�[:n�M�OPL�@(��TzZ5HK[UTKM�dBG�!�n�M�OPL
[UdP[U{R[UE/GIT�JAE][UOBGI¨�[UH$TKOPL�[ J=X�Z�HK[hZ=N3GIOPJAEwX�HKJAE/G�Z=HK[�L�[UTKNUHKOPt [ULzt/V 9�@ � 	 : 	 =�F [ ��M�ZfGIOPJAE�T$J=X�TYGsZfGI[�!f[hZ=Ns¨
Z=NUNUJAM�E/GIOPE�oX�JAHSGI¨�[ L�O#"�[UHK[UE/G]OPE/GI[UHKE�Z=dut�OPE�L�OPE�o[UE�[UHKoAOP[UT 1�Z=TwOPE GI¨�[ NhZ=TK[ J=XyZE�JAE�HK[UdeZfGIOBg�OPTYGIOPN
n�M�OPL 3�JAH X�JAH�GI¨�[�L�O#"�[UHK[UE/G�E�M�{ t [UH�J=X$L�[UoAHK[U[UT�J=X�X�HK[U[UL�JA{ JAH g=Z=NUM�M�{ [UE�[UHKoAOP[UT 1�Z=T�OPE GI¨�[�NhZ=TK[
J=XuZ HK[UdeZfGIOBg�OPTYGIOPN¬n�M�OPL 3 @

�wOBgA[UERGI¨�OPT L�O#"�[UHK[UE�NU[�!�GI¨�[�Z=E�Z=dBV�TKOPT J=X�HK[hZ=N3GIOPJAE X�HKJAE/GITª��HKJ�NU[U[UL�T�OPERNUdPJATK[�Z=E�Z=dPJAo=VzGIJ^GI¨�[
Z=E�Z=dBV�TKOPT�J=XªTK¨�J�N �vX�HKJAE/GITwZ=E�L GI¨�[:HK[UdP[3g=Z=E/GwL�O#"�[UHK[UE�NU[UTwNhZ=E t [ [hZ=TKOPdBVv� JAOPE/GI[UL JAM2Gwt/V {R[hZ=E�T
J=XyGI¨�[ � 	 >5B,F @C;�= JAH � : >�=-D,@JF @C;�= JAH�� 	 F ;�=�>�F @C;�=�� � 	 E > ��: >�F @C;�= ��9�@ >HG�>�F Z=E�L�c¨�OPNs¨�HK[U��HK[UTK[UE/GIT
[ ��M�OBg=Z=dP[UE/G J=X�GI¨�[c§�Z=M�t(Z=L�OeZ=t�ZfG�1 ?A@B?�_03;X�JAH ZwHK[UdeZfGIOBg�OPTYGIOPN�HK[hZ=N3GIOPJAE:X�HKJAE/Gh@uC�GªOPT�E�J.<NUJAE/gA[UE�OP[UE/G
GIJ OPE/GIHKJ�L�M�NU[RGI¨�[ B�;�?���: 	 D�D,@C;�= B�; 	�� B,@ 	 =�F 1�QwZ=E�OP[UdP[3cOPN"�(Z=E�L acM�M�T��fZ=E�[U[UE � mAk��C! ��JAE�JA{R[3GKGIJ
Z=E�L ©�Z=E/GsZ=E�J�� _f� �J3

$ �
� J � �J � �J� � � �� � ��

, 1 ?A@`_=kH3

t/V5{R[hZ=E�T�J=X;c¨�OPNs¨5GI¨�[^HK[hZ=N3GIOPJAEvZ=L�OeZ=t�ZfGcNhZ=E5t [wcHKOBGKGI[UE Z=T

� � $ * � J * 1  � *  J 3"1 $ . ?/3 � } � 1 ?A@ mA}H3
©�¨/V�TKOPNhZ=d�TKJAdPM2GIOPJAE�TzJ=X 1 ?A@ mA}H3]E�[U[UL GIJ TIZfGIOPTYX,V�GI¨�[1NUJAE�TK[UHYg=ZfGIOPJAE J=X¬{RJA{R[UE/GIM�{ OPE�GI¨�[

E�[3 X�JAHK{



�:B�� ���J�-� ' � '���� '+&�����.8&���	 � � ��� ������ �,�H&/� '+./������./��� � ?A?

� �� � �� � 1 $ &�� � 3"1  � *  J 3 &)1 $ *<?/3 1 ?A@ m2?/3
Z=E�L Z=HK[woAOBgA[UEvHK[UTK� [UN3GIOBgA[UdBVt/V

 J �  � Z=E�L � ��� � J 1 $ � ?/3�, 1 ?A@ m/_03
JAH

 J �  � Z=E�L � � � � J 1 $ � ?/3 � 1 ?A@ mAmH3
CFE�[ ��M�Z=dPOBGIOP[UT 1 ?A@ m/_03(Z=E�L 1 ?A@ mAmH3(L�OPTYGIOPE�oAM�OPTK¨<GI¨�[ HK[hZ=N3GIOPJAE¦Z=L�OeZ=t�ZfGOPE/GIJ
GF�J L�O#"�[UHK[UE/G

t�HIZ=E�Ns¨�[UTwc¨�OPNs¨ Z=HK[ NhZ=dPdP[UL � 	 F ;�=�>�F @C;�= � : >�=*B�6 Z=E�L � 	 E > ��: >�F @C;�= � : >�=*B�6 HK[UTK� [UN3GIOBgA[UdBV 1�TK[U[
i�OPoAM�HK[ ?A@ �53 @

µ

1

V

C-J

p

detonation branch

weak

weak deflagration branch

strong

strong

Taub adiabat
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�(' �Uj�Q]hi�Dd���^DQe��N3^D_�b gR�Dd Qu_�j�ORN�gRQe��Qe�uXYQeg�ORSUTVO���s	��� gRQcT3bMOR_ N3^�higRN3^*OCj�TPgRQ!ORSDN*j�Q hiN3g1,|SD_�bCS=ORSDQuZ3Qed N�b]_ OR_ QcjTPSDQcT3[�TP^U[kXYQeSD_ ^U[kORSDQ5higRN3^*O�TPgRQ5XYNPORS(Qe_ ORSDQeg�j��DXUj�N3^D_�b5N3g�j�� � QegCj�N3^D_�bP� �5SDQ�N �D� N*j�_ ORQ5SDN3d�[Dj�hiN3g|l����������5gRQcT3bMOR_ N3^higRN3^*OCje�
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��T�{R[UE/GIOPJAE�[UL1OPERGI¨�[S��HK[3g�OPJAM�T�TK[UN3GIOPJAE !2L�[3GIJAE�ZfGIOPJAERX�HKJAE/GIT���HKJA��Z=o/ZfGI[�TKM�� [UHKTKJAE�OPNhZ=dPdBV HK[UdeZfGIOBgA[
GIJRGI¨�[UOPHc{R[UL�OPM�{|Z=¨�[hZ=L�@���TSZRNUJAE�TK[ ��M�[UE�NU[�!$E�J(NhZ=M�TIZ=d;OPE2n�M�[UE�NU[]X�HKJA{�GI¨�[^X�HKJAE/G�OPT¬� JATKTKOPt�dP[
JAE OBGIT�M���TYGIHK[hZ={ HK[UoAOPJAE J=X�GI¨�[zn�J. c¨�OPNs¨ NhZ=E�E�J=GSt [z� [UHYGIM�HKt [UL 1�TK[U[ Z=dPTKJW�M�t�TK[UN3GIOPJAE ?A@ m2@B?
X�JAHyZ=E[ ��GI[UE�L�[ULvL�OPTKNUM�TKTKOPJAEJ=X$GI¨�[SNhZ=M�TIZ=d�TYGIHKM�N3GIM�HK[wJ=X�HK[hZ=N3GIOPJAE(X�HKJAE/GIT�3 @ � ¨�[UEM�E�� [UHYGIM�HKt [UL
n�M�OPLRZfGªHK[UTYGªOPT�NUHKJATKTK[UL1t/V Z^L�[3GIJAE�ZfGIOPJAE:X�HKJAE/G�!/OBG OPT�NUJA{R��HK[UTKTK[UL !�¨�[hZfGI[UL1Z=E�LRTK[3GªOPE/GIJ^{RJ=GIOPJAE�@
CFE oA[UE�[UHIZ=dC!�GI¨�[z{RJ=GIOPJAE5OP{R{R[UL�OeZfGI[UdBV1t [U¨�OPE�LvGI¨�[]X�HKJAE/G�OPT¬Ns¨�Z=HIZ=N3GI[UHKO��U[UL t/V ZRn�J. HK[UoAOPJAEvOPE
c¨�OPNs¨5GI¨�[wn�M�OPL5OPT�TK{RJ�J=GI¨�dBV1L�[UNUJA{R��HK[UTKTK[UL Z=E�LvL�[UNU[UdP[UHIZfGI[UL 1�TK[U[zi�OPoAM�HK[ ?A@`�03 @

rarefaction wave (r)

x

t

detonation front

rarefaction wave (h)

0 _ )3�DgRQ2�3� � ��bCSDQe�(TVOR_�b j � T3b]Q]OR_ ��Qu[�_�T )3gCTP�GNPh�T=�
	u�u[�_ ��Qe^Uj�_ N3^UTPdI�UN�,&T3b]gRN*jRj|T[�Q]ORN3^UTVOR_ N3^ ,5T�Z3Q3� �5SDQuSDQcT�Z1f�d _ ^DQ�b]�DgRZ3Q!ORgCT3b]Qcj|ORSDQ ,wN3gRd�[�d _ ^DQ NPh?ORSDQ�[�Q]ORN3^UTVOR_ N3^higRN3^*Ocz ,|SD_ d Q(ORSDQ�[�NPO�ORQc[;d _ ^DQcj gRQ � gRQcj�Qe^*O!ORSDQ�SDQcT3[�_ ^�)+�iSY�!TP^U[�gRQcTPg2�igM��higRN3^*OCj!NPhORSDQ=gCTPgRQ]hyT3bMOR_ N3^E,5T�Z3Q3��L�NPORQ�ORSUTVOC,|_ ORSD_ ^mORSD_�j�ORgRQcTVOR��Qe^*O�ORSDQ=SDQcT3[+NPh	ORSDQ=gCTPg �Q]hyT3bMOR_ N3^C,5T�Z3Q�TP^U[�ORSDQ	[�Q]ORN3^UTVOR_ N3^(higRN3^*OwTPgRQ�b]N3_ ^Ub]_�[�Qe^*O5TP^U[2TPgRQ�SDQegRQ�gRQ � gRQcj�Qe^*ORQc[T3j [�_�j OR_ ^�)3�D_�j�SDQc[ hiN3gub]d�TPgR_ O fWN3^Dd f3� �5SDQ�b]N3^*OR_ ^1�DN3�Uj TPgRgRN�,wQc[ d _ ^DQ(gRQ � gRQcj�Qe^*OCj�ORSDQ,wN3gRd�[�d _ ^DQ!NPh�T�\Y[��Ub]_�TPdI�U�D_�[�Qed Qe��Qe^*Ocz�,|SD_ d Q��|TP^U[� TPgRQ�\Y[��Ub]_�TPdIOR_ ��QuTP^U[=j � T3b]Qb]N1N3gC[�_ ^UTVORQcje�
§�¨�OPTzn�J. HK[UoAOPJAE�OPT NhZ=dPdP[UL : >�: 	 @">5B,F @C;�= � >�� 	zZ=E�L OPTzdPOP{ROBGI[UL�t/V Z TKM�� [UHKTKJAE�OPNdP[hZ=L�OPE�o

X�HKJAE/GSZ=E�L t/V ZRHK[hZ=H¬[UL�oA[zJAH	� GsZ=OPd 
 J=X�GI¨�[zHIZ=HK[3X�Z=N3GIOPJAE5yZhgA[ 1,GI¨�OPT¬{RJ.gA[UTSZfG¬GI¨�[zdPJ�NhZ=d$TKJAM�E�L
TK� [U[UL�OPE GI¨�[RNhZ=TK[ c¨�[UHK[ GI¨�[ gA[UdPJ�NUOBGFV OPT �U[UHKJ ZfGwGI¨�[RL�J.cE�TYGIHK[hZ={jt JAM�E�L�Z=HYV J=X�GI¨�[:n�J.�3��h@

� +�QegRQ�,wQ/,|_ d d1TPd ,5T�f�j XYQ��Uj�_ ^�)�XYN3�D^U[DTPgRf�b]N3^U[�_ OR_ N3^Uj ,|SD_�bCSuj�Q]OIORSDQ�Z3Qed N�b]_ O f�ORN @eQegRN �i_ ^kT�j��D_ OCTPXDd Q�gRQ]hiQegRQe^Ub]QhigCTP��Q��wTVO�XYNPORS�Qe^U[Dj5NPh ORSDQ beTPd�b]�Dd�TVOR_ N3^UTPd [�N3�(TP_ ^I�
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§�¨�[^HK[hZ=H�[UL�oA[wJ=X;GI¨�[wHIZ=HK[3X�Z=N3GIOPJAE1yZhgA[^t [U¨�ZhgA[UT�Z=TcZ � 	 >��29�@�D B�;�=�F @J=?>8@JF 7 Z=E�L5HK[U��HK[UTK[UE/GITcGI¨�[
dPJ�NUM�T�J=Xu� JAOPE/GITcZfG�c¨�OPNs¨5GI¨�[^n�M�OPLg=Z=HKOeZ=t�dP[UT�Z=E�L5GI¨�[UOPH � HKTYG¬L�[UHKOBg=ZfGIOBgA[UT¬Z=HK[^NUJAE/GIOPE�M�JAM�T"!�t�M2G
¨�ZhgA[]L�OPTKNUJAE/GIOPE�M�JAM�Tc¨�OPoA¨�[UH�JAHKL�[UHcL�[UHKOBg=ZfGIOBgA[UTU@

��T�TK¨�J.cE:OPE §�Z=t�dP[yC�!=L�[3GIJAE�ZfGIOPJAE�T�NhZ=E:t [�L�OPTYGIOPE�oAM�OPTK¨�[UL:Z=NUNUJAHKL�OPE�o�GIJSGI¨�[y{(Z=oAE�OBGIM�L�[ªJ=X
GI¨�[¬n�M�OPLRgA[UdPJ�NUOBGFV t [U¨�OPE�LRGI¨�[�L�[3GIJAE�ZfGIOPJAERX�HKJAE/G 1�{R[hZ=TKM�HK[UL1OPE GI¨�[�HK[UTYG�X�HIZ={R[¬J=X�GI¨�[¬X�HKJAE/G�3 Z=T
NUJA{R��Z=HK[UL(cOBGI¨1GI¨�[SdPJ�NhZ=d�TKJAM�E�LTK� [U[UL�@ CFE1GI¨�OPT�TK[UE�TK[�!�GI¨�[3V1Z=HK[SL�[ � E�[ULvZ=T��[hZ�� !�TYGIHKJAE�o:Z=E�L
x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G¬GI¨�JATK[zL�[3GIJAE�ZfGIOPJAE�T¬¨�Zhg�OPE�o(HK[UTK� [UN3GIOBgA[UdBV TKM�� [UHKTKJAE�OPN�!�TKM�t�TKJAE�OPN�!�Z=E�L TKJAE�OPN
L�J.cE�TYGIHK[hZ={ n�J.cTU@ C�G OPT]�JAHYGI¨
{R[UE/GIOPJAE�OPE�o ¨�[UHK[(GI¨�ZfG:ZvX�JAHK{(Z=d TKOP{ROPdeZ=HKOBGFV [ �2OPTYGIT t [3GF�[U[UE
L�[3GIJAE�ZfGIOPJAE�TªZ=E�LRZ=E�J=GI¨�[UH NUdeZ=TKT J=X�HK[hZ=N3GIOPJAE:X�HKJAE/GIT NhZ=dPdP[UL B�;�=�9 	 =-D�>�F @C;�= 9�@�D B�;�=�F @J=?>8@JF @ 	 D @�x�deZ=T  
TKOPNhZ=dPdBV0!AGI¨�[UTK[SZ=HK[¬L�OPTKNUJAE/GIOPE�M�OBGFV:TKM�HYX�Z=NU[UTyZ=NUHKJATKTªc¨�OPNs¨1Z]TKM�� [UHKTIZfGIM�HIZfGI[UL(g=Z=� JAM�H M�E�L�[UHKoAJ�[UTyZ
��¨�Z=TK[wGIHIZ=E�TYX�JAHK{(ZfGIOPJAE1t [UNUJA{ROPE�o Z:NUJAE�L�[UE�TK[ULvg=Z=� JAM�H 1��DB ��B�X�JAo53 @uC�G¬OPTyHK[UdP[3g=Z=E/G�GIJ M�E�L�[UHKdPOPE�[
GI¨�ZfGSNUJAE�L�[UE�TIZfGIOPJAE L�OPTKNUJAE/GIOPE�M�OBGIOP[UT�Z=HK[ L�OPTYGIOPE�N3GS��¨�[UE�JA{R[UE�Z1Z=E�L L�J1E�J=GSTKOP{R��dBV5HK[UTKM�dBGSX�HKJA{
GI¨�[zNUJA{R��HK[UTKTKOPJAE J=X Z n�M�OPL Z=NUHKJATKTSZ(TK¨�J�N �yZhgA[=@SCFE oA[UE�[UHIZ=dC! OPEvX�Z=N3G�!�GI¨�[zNUJA{R��HK[UTKTKOPJAE J=X Z
n�M�OPL [UdP[U{R[UE/GªZ=NUHKJATKTªZSTK¨�J�N � yZhgA[¬��HKJ�L�M�NU[UTªZwdPJ�NhZ=d2OPE�NUHK[hZ=TK[�J=X GI¨�[�GI[U{R� [UHIZfGIM�HK[�deZ=HKoA[UH�GI¨�Z=E
GI¨�[cdPJ�NhZ=d2OPE�NUHK[hZ=TK[cJ=X GI¨�[cL�[UoAHK[U[cJ=X�TKM�� [UHKTIZfGIM�HIZfGIOPJAE�@�§�¨�OPT OPTuGI¨�[cHK[hZ=TKJAE:X�JAHuc¨�OPNs¨RJAE�dBVzGI¨�JATK[
n�M�OPL�T^cOBGI¨�deZ=HKoA[ ¨�[hZfGzNhZ=��Z=NUOBGIOP[UT]Z=HK[(Z=t�dP[ GIJvM�E�L�[UHKoAJ GI¨�OPTwGFV�� [(J=X���¨�Z=TK[RGIHIZ=E�TYX�JAHK{(ZfGIOPJAE�@
W�OP{ROPdeZ=H�GIJ L�[3GIJAE�ZfGIOPJAE�X�HKJAE/GIT"!�NUJAE�L�[UE�TIZfGIOPJAE
L�OPTKNUJAE/GIOPE�M�OBGIOP[UT]Z=HK[([ �2J=GI¨�[UHK{ROPNR��HKJ�NU[UTKTK[UT:Z=E�L
GI¨�[UOPHSX�JAHK{(Z=duL�[UTKNUHKOP�2GIOPJAE NUdPJATK[UdBV HK[UTK[U{ t�dP[UT^GI¨�[ JAE�[ J=XyL�[3GIJAE�ZfGIOPJAE�TScOBGI¨ c¨�OPNs¨ GI¨�[3V TK¨�Z=HK[
{(Z=E/VRJ=X�GI¨�[UOPHª��HKJA� [UHYGIOP[UT 1�«�Z=E�L�Z=MZ=E�L«$OBX�TK¨�OBG<�9� kA}��C!2§�¨�JA{R��TKJAEZ=E�L��wOP{ � ?.q2? �C!�§�¨�JA{R��TKJAE
[3G Z=d @�� ?.q/_��J3 @ x�JAE�L�[UE�TIZfGIOPJAE
L�OPTKNUJAE/GIOPE�M�OBGIOP[UTz¨�ZhgA[E�J=G t [U[UE
gA[UHYV�X�M�dPdBV OPE/gA[UTYGIOPo/ZfGI[UL
M��
GIJ
E�J. t�M2GcGI¨�[3V¨�ZhgA[]t [U[UEv{R[UE/GIOPJAE�[UL5OPE5NUJAE�E�[UN3GIOPJAEcOBGI¨GI¨�[^NUJATK{RJAdPJAoAOPNhZ=d � HKTYG¬JAHKL�[UHc��¨�Z=TK[
GIHIZ=E�TKOBGIOPJAE�T 1�������dP[Uo/ZfGI[SZ=E�L5�¬JAo/Z=E � q��C!�«�Z=OPE�[�� �/���J3�c¨�OPNs¨�[�cOPdPd t [SL�OPTKNUM�TKTKOPE�o:OPERGI¨�[wdeZfGI[UH
Ns¨�Z=�2GI[UHKT¬J=X;GI¨�OPT�§�¨�[UTKOPTU@

CF{R� JAHYGsZ=E/G¬X�[hZfGIM�HK[UT�J=X�L�[3GIJAE�ZfGIOPJAE�T¬NhZ=E t [zL�[UL�M�NU[UL t/VvNUJAM�E/GIOPE�oRGI¨�[zE�M�{ t [UH�J=X �YM�E+ 
��E�J.cE�T�
 c¨�OPNs¨ Z=HK[ GFV���OPNhZ=dSJ=XzGI¨�[ ¨/V�L�HKJ�L2V�E�Z={ROPNhZ=dSTKJAdPM2GIOPJAE J=X Z L�[3GIJAE�ZfGIOPJAElyZhgA[=@ CFE
oA[UE�[UHIZ=dC!��[ E�[U[UL GIJ5NhZ=dPNUM�deZfGI[]GI¨�[ [UE�[UHKo=V L�[UE�TKOBGIOP[UT^Z=E�L GI¨�[:gA[UdPJ�NUOBGIOP[UTSJAE [hZ=Ns¨�TKOPL�[:J=X GI¨�[
L�OPTKNUJAE/GIOPE�M�OBGFVvTKM�HYX�Z=NU[ Z=E�L GI¨�[zgA[UdPJ�NUOBGFVvZfG�c¨�OPNs¨ GI¨�OPT¬X�HKJAE/G�{RJ.gA[UTSHK[UdeZfGIOBgA[^GIJ1TKJA{R[]NUJ�JAHKL�O  
E�ZfGI[ TYV�TYGI[U{v@(CFE GI¨�[RNhZ=TK[ J=X�Z5L�[3GIJAE�ZfGIOPJAE !�GI¨�[UTK[RHK[U��HK[UTK[UE/G � gA[RM�E ��E�J.cE�T 1+'CB �DB-� J ! � J ! � � !
� � Z=E�L ��� ��� 3:Z=E�L NhZ=E t [5t�Z=deZ=E�NU[UL t/V GI¨�[GF�J�[ ��M�ZfGIOPJAE�T [ �2��HK[UTKTKOPE�o�GI¨�[5NUJAE�TK[UHYg=ZfGIOPJAE J=X
[UE�[UHKo=V5Z=E�L{RJA{R[UE/GIM�{v@���JAM�E�L�Z=HYV1NUJAE�L�OBGIOPJAE�TM1�L�[U� [UE�L�OPE�o:JAEGI¨�[wTK� [UNUO � NwoA[UJA{R[3GIHYV(J=X�GI¨�[
X�HKJAE/G�3�cOPdPd�M�TKM�Z=dPdBV5Z=dPdPJ. GIJRTK� [UNUOBX,V1GI¨�[wgA[UdPJ�NUOBGFV5Z=E�L5GI¨�[^TYGsZfGI[]J=X;GI¨�[]M�E�HK[hZ=N3GI[ULvn�M�OPL !�GI¨�M�T
HK[UL�M�NUOPE�o GIJ JAE�[wGI¨�[^E�M�{ t [UHcJ=X�M�E ��E�J.cE�TU@

�¬J.�[3gA[UH"!uGI¨�[UHK[(OPTzZvTK� [UNUOeZ=d NUdeZ=TKT]J=X�L�[3GIJAE�ZfGIOPJAE�Twc¨�JATK[1¨/V�L�HKJ�L2V�E�Z={ROPNhZ=d TKJAdPM2GIOPJAE OPT
NUJA{R��dP[3GI[UdBVlL�[3GI[UHK{ROPE�[UL ./�)��� OPE GI[UHK{RTvJ=X GI¨�[�t JAM�E�L�Z=HYV NUJAE�L�OBGIOPJAE�TvZ=E�L J=XzGI¨�[�[UE�[UHKo=V �
{RJA{R[UE/GIM�{ NUJAE�TK[UHYg=ZfGIOPJAE�@u§�¨�OPT�OPT�GI¨�[yNhZ=TK[yJ=X�GI¨�[cx�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GuL�[3GIJAE�ZfGIOPJAE�T"!=X�JAH;c¨�OPNs¨
GI¨�[¬gA[UdPJ�NUOBGFVRJAM2GyJ=X�GI¨�[¬X�HKJAE/Gy[ ��M�Z=dPTªGI¨�[�dPJ�NhZ=d�TKJAM�E�LTK� [U[UL�@ªx�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GyL�[3GIJAE�ZfGIOPJAE�T
HK[U��HK[UTK[UE/GzZ1��Z=HYGIOPNUM�deZ=HKdBV5HK[UdP[3g=Z=E/GwNUdeZ=TKTSJ=XªHK[hZ=N3GIOPJAE X�HKJAE/GIT"!�X�JAH�c¨�OPNs¨ OBGwNhZ=E t [ TK¨�J.cE GI¨�ZfG
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GI¨�[]n�M�OPLvgA[UdPJ�NUOBGFV Z=¨�[hZ=L J=XuGI¨�[zX�HKJAE/GSZ=E�L GI¨�[z[UE/GIHKJA�/V J=X�GI¨�[]n�M�OPL t [U¨�OPE�L GI¨�[]X�HKJAE/GwZ=HK[ ZfG
Z5{ROPE�OP{ M�{ 1 x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GzL�[3GIJAE�ZfGIOPJAE�T]Z=HK[:GI¨�[UE�GI¨�[RTKdPJ.�[UTYGzJ=X�Z=dPd�� JATKTKOPt�dP[ L�[3GIJAE�Z  
GIOPJAE�T�3 @ �vJAHK[UJ.gA[UH"!$GI¨�[:[UE/GIHKJA�/V24KM�{R��Z=NUHKJATKT^Z5x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G^L�[3GIJAE�ZfGIOPJAE X�HKJAE/GwOPTwZfG]Z
{(Z��2OP{ M�{v@

§�¨�[�� [UNUM�dPOeZ=H E�ZfGIM�HK[�J=X x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G�L�[3GIJAE�ZfGIOPJAE�T OPT M�E�L�[UHKdPOPE�[UL�OPE GI¨�[
�Ix�¨�Z=��{(Z=E+ �%=JAM�oAM�[3Gc¨/V�� J=GI¨�[UTKOPT�
)!�Z=NUNUJAHKL�OPE�o:GIJ:c¨�OPNs¨vL�[3GIJAE�ZfGIOPJAE�T�OPE5Ns¨�[U{ROPNhZ=d�NUJA{ t�M�TYGIOPJAE
TK¨�JAM�dPL J�NUNUM�H ;�=�IK7 M�E�L�[UH�GI¨�[�X�JAHK{9J=X$x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G L�[3GIJAE�ZfGIOPJAE�TªZ=E�LRZw��HKJ�J=X�J=X GI¨�OPTuX�JAH
Z=EOPL�[hZ=d TK[UdBX�TKOP{ROPdeZ=H L�[3GIJAE�ZfGIOPJAE1NhZ=Et [�X�JAM�E�LOPE5x�JAM�HIZ=E/GcZ=E�L5i�HKOP[UL�HKOPNs¨�T:� m/����JAH�OPE«�Z=E�L�Z=M
Z=E�L�«$OBX�TK¨�OBG<��� kA}�� @R��dBGI¨�JAM�oA¨ OPE E�ZfGIM�HK[RL�[3GIJAE�ZfGIOPJAE�TwOPE Ns¨�[U{ROPNhZ=d�NUJA{ t�M�TYGIOPJAE�J=X,GI[UE�Z=��� [hZ=H
Z=NUNUJA{R��Z=E�OP[ULvt/VvE�JAE�dPOPE�[hZ=H�[ "�[UN3GITE1�TKM�Ns¨ Z=TcGIHIZ=E�TYgA[UHKTK[ TK¨�J�N �yZhgA[UTSJAHcGIM�HKt�M�dP[UE�NU[���i�OPN �=[3GKG
Z=E�L:QwZhg�OPT � �/q��J3�!AOBG�TK[U[U{RT�GI¨�ZfG�GI¨�[y¨/V�� J=GI¨�[UTKOPTuOPT�oA[UE�[UHIZ=dPdBVwgA[UHKO � [UL GIJwZ¬oAJ�J�L Z=����HKJh�2OP{(ZfGIOPJAE !
cOBGI¨ L�[3GIJAE�ZfGIOPJAEzX�HKJAE/GITuc¨�OPNs¨ Z=dBGI¨�JAM�oA¨ NUJA{R��dPOPNhZfGI[UL !f��HKJA��Z=o/ZfGI[�ZfG�ZSNUJAE�TYGsZ=E/G�gA[UdPJ�NUOBGFV]NUdPJATK[
GIJ:GI¨�[^GI¨�[UJAHK[3GIOPNhZ=d�x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3Gcg=Z=dPM�[21�«$[3cOPT¬Z=E�L5gAJAE��dPt [E� kA���C! � OPdPdPOeZ={RT � ?.qAk��C!�«$[U[
� k/���J3 @

C�G1TK¨�JAM�dPLlt [ M�E�L�[UHKdPOPE�[UL¢GI¨�ZfGZ=dBGI¨�JAM�oA¨¢�[hZ�� L�[3GIJAE�ZfGIOPJAE�T(OPE<Ns¨�[U{ROPNhZ=d¬NUJA{ t�M�TYGIOPJAE
TIZfGIOPTYX,VRGI¨�[wNUJAE�TK[UHYg=ZfGIOPJAEdeZhcT"!�GI¨�[3V1NhZ=E�E�J=Gct [SHK[hZ=dPO��U[UL1OPE��HIZ=N3GIOPNU[��h@�� TKOP{R��dP[���HKJ�J=X�J=X�GI¨�OPT
NhZ=E NUJA{R[1X�HKJA{ NUJAE�TKOPL�[UHKOPE�o�Z L�[3GIJAE�ZfGIOPJAE X�HKJAE/GRZ=TRZ HK[UoAOPJAE J=X � E�OBGI[1cOPL2GI¨¢Z=NUHKJATKT:c¨�OPNs¨
GI¨�[]HK[hZ=N3GIOPJAE5GsZ��=[UTS��deZ=NU[]Z=E�Lvc¨�JATK[]X�JAHYyZ=HKL deZhVA[UH¬OPT¬HK[U��HK[UTK[UE/GI[UL t/V ZRTK¨�J�N �X�HKJAE/G¬{RJ.g�OPE�o
OPE/GIJvGI¨�[1M�E�HK[hZ=N3GI[UL n�M�OPL 1�«�Z=E�L�Z=M Z=E�L8«$OBX�TK¨�OBG<��� kA}��J3��.@ CFE�GI¨�OPTzNhZ=TK[�!�GI¨�[1[3gAJAdPM2GIOPJAE�J=X�GI¨�[
¨/V�L�HKJ�L2V�E�Z={ROPNhZ=d ��M�Z=E/GIOBGIOP[UT(Z=NUHKJATKT(GI¨�[ HK[hZ=N3GIOPJAE¢X�HKJAE/G1NhZ=E<t [vX�JAdPdPJ.�[UL¢t/V¢M�TKOPE�o
Z�TK¨�J�N �
Z=L�OeZ=t�ZfG^GI¨�HKJAM�oA¨ Zv� JAOPE/G�� HK[U��HK[UTK[UE/GIOPE�o GI¨�[(M�E�HK[hZ=N3GI[UL
n�M�OPL
Z=E�L ZvGIHIZ=E�TKOBGIOPJAE�Z=L�OeZ=t�ZfGzZ=T
TK¨�J.cE OPEvi�OPoAM�HK[ ?A@ q2@

� ¨�[UE GI¨�[ n�M�OPL¦{RJ.gA[UT Z=NUHKJATKTvGI¨�[�TK¨�J�N �lyZhgA[�!]OBG5OPTv¨�[hZfGI[UL Z=E�L NUJA{R��HK[UTKTK[UL Z=E�L
[ "�[UN3GIOBgA[UdBV {RJ.gA[UTSJAE GI¨�[zNs¨�JAHKL����wX�HKJA{|� JAOPE/G	�GIJ1� JAOPE/G	�.@w§�¨�[ ��¨/V�TKOPNhZ=duNUJAE�L�OBGIOPJAE�T¬¨�ZhgA[
GI¨�[UHK[3X�JAHK[zt [U[UE NUHK[hZfGI[UL X�JAHcGI¨�[ HK[hZ=N3GIOPJAEvGIJRGsZ��=[ ��deZ=NU[zZ=E�L Z=T¬GI¨�OPT¬��HKJ�NU[U[UL�T�GI¨�[zn�M�OPL TYGsZfGI[
{RJ.gA[UT�L�J.cE/yZ=HKL�T�X�HKJA{ � JAOPE/G
��Z=dPJAE�o�GI¨�[�Ns¨�JAHKL�����@uCFEzL�JAOPE�ocGI¨�OPT"!�GI¨�[�¨�[hZfG�J=X2GI¨�[�HK[hZ=N3GIOPJAE]OPT
HK[UdP[hZ=TK[UL !2GI¨�[�n�M�OPL1[ �2��Z=E�L�TcZ=E�LOBGIT���HK[UTKTKM�HK[^L�[UNUHK[hZ=TK[UTcM�E/GIOPd�GI¨�[�c¨�JAdP[S¨�[hZfG�J=X$GI¨�[SHK[hZ=N3GIOPJAE
¨�Z=T t [U[UE [3gAJAdBgA[UL�@ §�¨�[ � E�Z=d���¨/V�TKOPNhZ=d�TYGsZfGI[cOPdPd�GI¨�[UE NUJAHKHK[UTK� JAE�L8GIJ GI¨�[5� JAOPE/G � JAE8GI¨�[
GIHIZ=E�TKOBGIOPJAE^Z=L�OeZ=t�ZfG$c¨�OPNs¨]OPT�HK[U��HK[UTK[UE/GsZfGIOBgA[�J=X�ZcTYGIHKJAE�o¬L�[3GIJAE�ZfGIOPJAE;J * @;C�X2GI¨�[ HK[hZ=N3GIOPJAE]OPE/gAJAdBgA[UT

� �|QcT3bMOR_ N3^(higRN3^*OCj�SUT�Z3Q�XYQeQe^�gRQcb]Qe^*ORd f(b]N3^Uj�_�[�QegRQc[khiN3g|j OR�U[�f1_ ^�) ORSDQ	S1f�[�gRN�[�f1^UTP��_�bej�NPhIORSDQ � SUT3j�Q�_ ^*ORQeg�hyT3b]Q[��DgR_ ^�)�b]N*j���N3d N*)3_�beTPd \UgCj O�N3gC[�Qeg � SUT3j�QuORgCTP^Uj�_ OR_ N3^Uj�TP^U[ ORSD_�j-,|_ d d?XYQ�hi�Dg�ORSDQeg![�_�jRb]�UjRj�Qc[W_ ^;.�SUT � ORQeg �kTP^U[ �U�+�N�,wQeZ3QegczwXYQcbeTP�Uj�Q NPh!ORSDQ [�_ a:QegRQe^Ub]Qcj2XYQ]O#,wQeQe^$bCSDQe��_�beTPd	b]N3�uXD�Uj OR_ N3^$TP^U[ � SUT3j�Q=ORgCTP^Uj�_ OR_ N3^Ujez|^DQe_ ORSDQeg2ORSDQZVTPd _�[�_ O f�NPh:ORSDQ .�SUT � �(TP^ � 	 N3��)3�DQ]O�S1f � NPORSDQcj�_�j�^DN3g�ORSDQ	TPgA)3�D��Qe^*OCj�TPXYN3��OB,wQcT 4k[�Q]ORN3^UTVOR_ N3^UjwbeTP^(XYQ�Q]�1ORQe^U[�Qc[ORNkORSDQ b]N3^*ORQ]�1O�NPh�b]N*j���N3d N*)3_�beTPd � SUT3j�Q	ORgCTP^Uj�_ OR_ N3^Uj!� > TP_ ^DQ� � ���~z����DgA41_ � �1�DN3^D_ N�TP^U[ > TP_ ^DQ� � ���i�M�
� .�N3�DgCTP^*O|TP^U[�0DgR_ Qc[�gR_�bCSUj� � ���ISUT�Z3Q�TPd�j�Nkj���)*)3Qcj ORQc[(ORSDQ!�(TVORSDQe�(TVOR_�beTPd:Q(F*�D_ ZVTPd Qe^Ub]Q�XYQ]O#,wQeQe^�T�[�Q]ORN3^UTVOR_ N3^TP^U[�Tk[�Q]�YT )3gCTVOR_ N3^2_ ^D_ OR_�TVORQc[2X1f2Tkj�SDN�b54�higRN3^*Oc� �A^2ORSD_�j|j�Qe^Uj�Q3z�Tkj ORgRN3^�)k[�Q]ORN3^UTVOR_ N3^�,wN3�Dd�[2XYQ�Q(F*�D_ ZVTPd Qe^*OwORN�Tj�SDN�b54(higRN3^*O5hiN3d d N�,wQc[2X1f�T!,wQcT 4�[�Q]�YT )3gCTVOR_ N3^�TP^U[�T!,wQcT 4�[�Q]ORN3^UTVOR_ N3^�,wN3�Dd�[�XYQ!Q(F*�D_ ZVTPd Qe^*O5ORN2T�j�SDN�b54(higRN3^*OhiN3d d N�,wQc[2X1f�T�j ORgRN3^�)�[�Q]�YT )3gCTVOR_ N3^I�K�� � Q!TPgRQ�SDQegRQ�T3jRj��D��_ ^�) ORSUTVO|[�_ a:�Uj�_ N3^�TP^U[2Z1_�jRb]N*j�_ O f��(T�f�XYQ	^DQ�)3d QcbMORQc[2_ ^2ORSDQ	gRQcT3bMOR_ N3^C@eN3^DQ3z�j�N ORSUTVOwORSDQ
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Ns¨�[U{ROPNhZ=d NUJA{ t�M�TYGIOPJAE !;GI¨�[UE
GI¨�[(NUJAE�L�OBGIOPJAE�JAE�GI¨�[([UE/GIHKJA�/V�OPE�NUHK[hZ=TK[1Z=NUHKJATKT]GI¨�[(L�[3GIJAE�ZfGIOPJAE
X�HKJAE/GwL�J�[UTSE�J=G^Z=dPdPJ. GI¨�[ dPJ.�[UHS� JAOPE/G # 1,GI¨�ZfGS�JAM�dPL NUJAHKHK[UTK� JAE�L GIJ5ZR�[hZ�� L�[3GIJAE�ZfGIOPJAE 3�GIJ
t [^HK[hZ=Ns¨�[UL !�GI¨�M�T¬[ �2NUdPM�L�OPE�o:�[hZ��L�[3GIJAE�ZfGIOPJAE�TU@

µ V

f

p

a

d

c

e

b

0 _ )3�DgRQ!�3� � ��bCSDQe�(TVOR_�b�[�_�T )3gCTP�(j?j�SDN�,|_ ^�)�ORSDQ�_ � � N*jRj�_ XD_ d _ O fkNPh ,wQcT 4k[�Q]ORN3^UTVOR_ N3^Uj_ ^ bCSDQe��_�beTPd XD�DgR^D_ ^�)U� �5SDQk[DT3j�SDQc[�d _ ^DQ S1f � QegRXYN3d�T(_�j|ORSDQkj�SDN�b54�T3[�_�TPXUTVO�ORSDgRN3��)3SORSDQ � N3_ ^*O��Yz�,|SD_ d Q�ORSDQ b]N3^*OR_ ^1�DN3�Ujwd _ ^DQ!S1f � QegRXYN3d�Tk_�jwORSDQ�ORgCTP^Uj�_ OR_ N3^�T3[�_�TPXUTVOc�
CFE�W�M�t�TK[UN3GIOPJAE8?A@ m2@`_8!��[:TK¨�Z=dPd;��HKJ.gA[ GI¨�ZfGSTYGIHKJAE�o5Z=E�L�x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GSL�[3GIJAE�ZfGIOPJAE�T

Z=HK[S[3gAJAdPM2GIOPJAE�Z=HYV(Z=E�L5dPOPE�[hZ=HKdBV:TYGsZ=t�dP[�GIJ:NUJAHKHKM�o/ZfGIOPJAE�T�J=X$GI¨�[wL�[3GIJAE�ZfGIOPJAE(X�HKJAE/Gh@ �¬J.�[3gA[UH"!��[
TK¨�Z=dPd$Z=dPTKJ oAOBgA[^Z:t�HKOP[3X���HKJ�J=X�GI¨�ZfG�!�OPEoA[UE�[UHIZ=dC!�t JAM�E�L�Z=HYVNUJAE�L�OBGIOPJAE�TyL�JRE�J=G¬Z=dPdPJ. X�JAH�TYGIHKJAE�o
L�[3GIJAE�ZfGIOPJAE�T�GIJRt [^��HKJ�L�M�NU[UL OPEv��HIZ=N3GIOPNU[=@�i�HKJA{ GI¨�OPT¬Z=E�L5GI¨�[zZ=t J.gA[zZ=HKoAM�{R[UE/GIT�Z=t JAM2G��[hZ��
L�[3GIJAE�ZfGIOPJAE�T�OPE^Ns¨�[U{ROPNhZ=d/NUJA{ t�M�TYGIOPJAE !fZ=E]OPE�L�OPHK[UN3G;��HKJ�J=X2J=X�GI¨�[yx�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G�¨/V�� J=GI¨�[UTKOPT
NhZ=Evt [^L�[UL�M�NU[UL�@

��������� � ���?	����
	��
��x���}

QS[3n�Z=oAHIZfGIOPJAE(yZhgA[UT 1�JAH D,I�;�� B�;�?2G*>HD,F @C;�= yZhgA[UT�3�¨�ZhgA[^t [U[UE5[ ��GI[UE�TKOBgA[UdBVOPE/gA[UTYGIOPo/ZfGI[ULcOBGI¨�OPE
GI¨�[�NUdeZ=TKTKOPNhZ=d�GI¨�[UJAHYV J=X�NUJA{ t�M�TYGIOPJAE Z=E�L:deZ={ROPE�Z=H$n�Z={R[UTU@��SM�OBGI[�L�O#"�[UHK[UE/GIdBV]X�HKJA{ L�[3GIJAE�ZfGIOPJAE�T"!
L�[3n�Z=oAHIZfGIOPJAE X�HKJAE/GIT({RJ.gA[ TKM�t�TKJAE�OPNhZ=dPdBV8HK[UdeZfGIOBgA[5GIJ�GI¨�[UOPHR{R[UL�OPM�{ Z=¨�[hZ=LlZ=E�L GI¨�OPT(OPT GI¨�[UE

�(T3jRj|TP^U[���N3��Qe^*OR�D��ORgCTP^Uj hiQeg�beTP^�OCT 43Q � d�T3b]Q!N3^Dd f2X1f���QcTP^Uj5NPh �U�D_�[��UN�,!� �5SD_�jezD_ ^�OR�DgR^IzDQcj OCTPXDd _�j�SDQcjwORSUTVOORSDQ!��NPOR_ N3^�NPh ORSDQ � S1f�j�_�beTPdIj OCTVORQ�SUT3jwORN�OCT 43Q � d�T3b]Q!TPd N3^�)�T�b]N3^Uj OCTP^*O�� �i{~} �V}Dj�d N � Q��wb]�DgRZ3Q3�
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[ ��M�OBg=Z=dP[UE/G GIJ]¨�ZhgA[�!�OPE GI¨�[¬HK[UTYGªX�HIZ={R[�J=X�GI¨�[�X�HKJAE/G�!/GI¨�[cgA[UdPJ�NUOBGFV:J=X�GI¨�[cn�M�OPLRt [U¨�OPE�L GI¨�[�X�HKJAE/G
t [UOPE�o deZ=HKoA[UH�GI¨�Z=E5GI¨�ZfG�Z=¨�[hZ=L J=XuOBGh@���[UOPE�oRZ TKM�t�TKJAE�OPN^X�HKJAE/G�!�GI¨�[]L�[3n�Z=oAHIZfGIOPJAE5L�J�[UT¬� [UHYGIM�HKt
GI¨�[:n�M�OPL Z=¨�[hZ=L�J=X�OBGwt/V {R[hZ=E�T^J=X�Z ��: 	 B�;�?���: 	 D�D,@C;�= � >�� 	¬c¨�OPNs¨ GIHIZhgA[UdPT^OPE GI¨�[ M�E�HK[hZ=N3GI[UL
{R[UL�OPM�{ Z=¨�[hZ=LvJ=X;GI¨�[wL�[3n�Z=oAHIZfGIOPJAEX�HKJAE/Gh@��yG�GI¨�[^dP[hZ=L�OPE�o:[UL�oA[wJ=X;GI¨�[^��HK[UNUJA{R��HK[UTKTKOPJAEyZhgA[
GI¨�[UHK[SOPTyZzTK¨�J�N �RX�HKJAE/GcZfGydP[hZ=TYGyOPE1��HKOPE�NUOP��dP[ 1�OBG�{(ZhVR¨�ZhgA[w[UTKTK[UE/GIOeZ=dPdBV g=Z=E�OPTK¨�OPE�o:Z={R��dPOBGIM�L�[cOPE
��HIZ=N3GIOPNU[ 3;c¨�OPNs¨ {RJ.gA[UT�TKM�� [UHKTKJAE�OPNhZ=dPdBVzHK[UdeZfGIOBgA[�GIJwGI¨�[�{R[UL�OPM�{9Z=¨�[hZ=L J=X�OBG�Z=E�L ¨�Z=TuGI¨�[�[ "�[UN3G
J=X�Z=NUNU[UdP[UHIZfGIOPE�o)!$NUJA{R��HK[UTKTKOPE�ovZ=E�L ¨�[hZfGIOPE�o1GI¨�[:n�M�OPL t [3X�JAHK[ OBGwOPTSTY�[U�2Gzt/V GI¨�[:L�[3n�Z=oAHIZfGIOPJAE
X�HKJAE/Gh@ C�GITHKJAdP[ OPTRGI¨�[UHK[3X�JAHK[ GI¨�ZfGJ=X^[UTYGsZ=t�dPOPTK¨�OPE�o
TKM�OBGsZ=t�dP[ ¨/V�L�HKJ�L2V�E�Z={ROPNhZ=dSZ=E�LlNs¨�[U{ROPNhZ=d
NUJAE�L�OBGIOPJAE�TuM�E�L�[UH�c¨�OPNs¨ GI¨�[cHK[hZ=N3GIOPJAE JAH�NUJA{ t�M�TYGIOPJAE NhZ=E:GsZ��=[c��deZ=NU[ 1,GI¨�[cTIZ={R[�HKJAdP[�OPT���deZhVA[UL
t/V<GI¨�[ TKM�� [UHKTKJAE�OPN HK[hZ=N3GIOPJAE<X�HKJAE/G5OBGITK[UdBX]OPE Z L�[3GIJAE�ZfGIOPJAE 3 @9C�G5OPT1�JAHYGI¨ M�E�L�[UHKdPOPE�OPE�o
GI¨�ZfG
GI¨�[ n�M�OPL�M�E�L�[UHKoAJ�[UTzZvNs¨�[U{ROPNhZ=d�JAH^��¨/V�TKOPNhZ=d GIHIZ=E�TYX�JAHK{(ZfGIOPJAE JAE�dBV c¨�[UE
OBG^OPT^TY�[U�2G t/V GI¨�[
L�[3n�Z=oAHIZfGIOPJAE5X�HKJAE/GSZ=E�L GI¨�ZfG¬GI¨�[UHK[zOPT¬E�J(Ns¨�[U{ROPNhZ=d;L�O#"�[UHK[UE�NU[zt [3GF�[U[UE GI¨�[]n�M�OPL�T�JAEvGI¨�[]GF�J
TKOPL�[UTcJ=X;GI¨�[^��HK[UNUJA{R��HK[UTKTKOPJAEvTK¨�J�N �1X�HKJAE/Gh@

t

standard deflagration supersonic deflagration

front
precompression shock

deflagration front

rarefaction wave (r)

deflagration front

precompression shock
front

t

xx

0 _ )3�DgRQ �3� � ��bCSDQe�(TVOR_�b�j � T3b]Q]OR_ ��Q�[�_�T )3gCTP�(juNPhk�
	u��[�_ ��Qe^Uj�_ N3^UTPdw�UN�,�j�T3b]gRN*jRj[�Q]�YT )3gCTVOR_ N3^ ,5T�Z3Qcje� �5SDQ d Q]hpO�[�_�T )3gCTP��gRQ]hiQegCj5ORN�T2j OCTP^U[DTPgC[;�yj��DXUj�N3^D_�bc�|[�Q]�YT )3gCT �OR_ N3^Iz�,|SD_ d Q�ORSDQ(gR_ )3S*O!N3^DQkORN T�j�� � QegCj�N3^D_�b�[�Q]�YT )3gCTVOR_ N3^I� �5SDQ(SDQcT�Z1f=d _ ^DQ2b]�DgRZ3QcjORgCT3b]QkORSDQ ,wN3gRd�[�d _ ^DQ�NPh�ORSDQ2[�Q]�YT )3gCTVOR_ N3^ higRN3^*OCjez ,|SD_ d Q�ORSDQ(d N3^�)�A[DT3j�SDQc[ d _ ^DQcj!TPgRQORSDQ ,wN3gRd�[�d _ ^DQcj|NPh ORSDQ � gRQcb]N3� � gRQcjRj�_ N3^�j�SDN�b54(higRN3^*Oc� �5SDQ [�NPO�ORQc[�d _ ^DQ _ ^�ORSDQ gR_ )3S*O[�_�T )3gCTP� gRQ � gRQcj�Qe^*OCj5ORSDQugRQcTPgk�igM�5higRN3^*O�NPh?ORSDQugCTPgRQ]hyT3bMOR_ N3^ ,5T�Z3Q3� �5SDQkb]N3^*OR_ ^1�DN3�UjTPgRgRN�,wQc[kd _ ^DQcjwgRQ � gRQcj�Qe^*O�ORSDQ1,wN3gRd�[�d _ ^DQcj?\Y[��Ub]_�TPdY�U�D_�[2Qed Qe��Qe^*OCjez ,|SD_ d Q ��TP^U[���TPgRQ\Y[��Ub]_�TPd OR_ ��Q TP^U[�j � T3b]Q!b]N1N3gC[�_ ^UTVORQcje�
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ac[UdeZfGIOBgA[zGIJ1GI¨�[zX�HKJAE/G�!�GI¨�[ n�M�OPL t [U¨�OPE�L GI¨�[:L�[3n�Z=oAHIZfGIOPJAE NhZ=E [UOBGI¨�[UHSt [:ZfGwHK[UTYG 1�Z=TSOPE
GI¨�[cNhZ=TK[cJ=X$ZwTYGsZ=E�L�Z=HKLRTKM�t�TKJAE�OPNcL�[3n�Z=oAHIZfGIOPJAE 3;JAH�¨�ZhgA[�Z � E�OBGI[�TKM�t�TKJAE�OPN�gA[UdPJ�NUOBGFVA@�§�¨�OPT OPTuGI¨�[
NhZ=TK[ X�JAH;Z D3>�� 	 :<D ;�=�@CB 9 	 E > ��: >�F @C;�= 1��wM�H���O  YW�M�JAE�OPJ¬Z=E�Lz«�Z=OPE�[�� �/_��J3�!�X�JAH$c¨�OPNs¨]GI¨�[ªL�[3n�Z=oAHIZfGIOPJAE
X�HKJAE/G¬{RJ.gA[UTcTKM�� [UHKTKJAE�OPNhZ=dPdBV1HK[UdeZfGIOBgA[SGIJ:GI¨�[]Z � �2[UL NUJ�JAHKL�OPE�ZfGI[wTYV�TYGI[U{`JMJ 1�TK[U[]i�OPoAM�HK[:?A@`�03 @

CFE GI¨�[UOPH�NUJA{R��M2GsZfGIOPJAE�T"! �wM�H���O  YW�M�JAE�OPJ(Z=E�L «�Z=OPE�[]¨�ZhgA[ NUJAE�TKOPL�[UHK[UL GI¨�[zTKM�� [UHKTKJAE�OPN L�[  
n�Z=oAHIZfGIOPJAEzZ=T�NUJA{R� JATK[UL J=X�ZSx�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GuL�[3n�Z=oAHIZfGIOPJAE^X�JAdPdPJ.�[ULzt/V Z¬HIZ=HK[3X�Z=N3GIOPJAE]yZhgA[=@
� ¨�OPdP[cOPE GI¨�[UOPHª{RJ�L�[UdPT �wM�H���O  YW�M�JAE�OPJ]Z=E�L«�Z=OPE�[c¨�ZhgA[SZ=TKTKM�{R[UL(GI¨�ZfGªGI¨�[�L�J.cE�TYGIHK[hZ={ n�J. OPT
TKJAE�OPNcHK[UdeZfGIOBgA[�GIJ^GI¨�[�X�HKJAE/G 1+'CB �DB�� � � � � � 3�!/�[�¨�[UHK[¬E�J=GI[�GI¨�ZfG GI¨�OPT HK[UTYGIHKOPN3GIOBgA[¬¨/V�� J=GI¨�[UTKOPTªL�J�[UTE�J=GSE�[U[UL GIJ(t [z{(Z=L�[=@¬CFE�L�[U[UL !�OBG�OPT¬OPE ��HKOPE�NUOP��dP[]� JATKTKOPt�dP[^GIJ(NUJAE�TYGIHKM�N3GwTKJAdPM2GIOPJAE�TcX�JAH¬TKM�� [UH  
TKJAE�OPN�L�[3n�Z=oAHIZfGIOPJAE�T�OPEzc¨�OPNs¨ � � � � � � Z=E�L � ��� � � � NUJAHKHK[UTK� JAE�L�OPE�oSHK[UTK� [UN3GIOBgA[UdBVzGIJSTKM�� [UHKTKJAE�OPN�[hZ�� Z=E�L�TYGIHKJAE�o5L�[3n�Z=oAHIZfGIOPJAE�TwX�JAdPdPJ.�[UL t/V HIZ=HK[3X�Z=N3GIOPJAE yZhgA[UTU@(C�G]TK¨�JAM�dPL�t [:E�J=GI[UL GI¨�ZfGzZ
TKM�� [UHKTKJAE�OPNwL�[3n�Z=oAHIZfGIOPJAE1NUJAM�dPL1[3gA[UE/GIM�Z=dPdBV1[3gAJAdBgA[wOPE/GIJ:Z L�[3GIJAE�ZfGIOPJAE1OBX�GI¨�[wL�[3n�Z=oAHIZfGIOPJAE(X�HKJAE/G
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Ns¨�Z=HIZ=N3GI[UHKOPTYGIOPN:NUM�HYgA[UT � �

�
Z=E�L � �� Z=HK[ t J=GI¨ OPE GI¨�[:L�OPHK[UN3GIOPJAE J=X GI¨�[:n�J.^@:§�¨�OPTwL�O#"�[UHK[UE�NU[ OPT

Z X�M�E�L�Z={R[UE/GsZ=d�JAE�[�!�[UTYGsZ=t�dPOPTK¨�OPE�o GI¨�ZfG GI¨�[UHK[vOPTRZ { M2GIM�Z=dyNhZ=M�TIZ=dcNUJAE�E�[UN3GIOPJAE¢t [3GF�[U[UE¢GI¨�[
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Z=HK[^dPOPE�[hZ=HKdBV(TYGsZ=t�dP[�!�Z=dPd�GI¨�[^J=GI¨�[UHcGFV�� [UT¬J=XuHK[hZ=N3GIOPJAEX�HKJAE/GITcNUJAM�dPLvt [^M�E�TYGsZ=t�dP[=@ � ¨�OPdP[wTYGIHKJAE�o
L�[3n�Z=oAHIZfGIOPJAE�T^Z=HK[ Z=TKTKM�{R[UL GIJ5t [ OP{R� JATKTKOPt�dP[zt [UNhZ=M�TK[ J=X�E�[Uo/ZfGIOBgA[ [UE/GIHKJA�/V ��HKJ�L�M�N3GIOPJAE 1�TK[U[



_f� �:B�� ���J�-� ' � '���� '+&�����.8&��
	 � � ��� ������ �,�H&/� '+./������./��� �

W�M�t�TK[UN3GIOPJAE ?A@`_�@`_03�!u§�Z=t�dP[1CKC^TK¨�J.cT GI¨�ZfG GI¨�[1TYGsZ=t�OPdPOBGFV J=XSx�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G L�[3n�Z=oAHIZfGIOPJAE�T"!
�[hZ���L�[3n�Z=oAHIZfGIOPJAE�T Z=E�L
�[hZ���L�[3GIJAE�ZfGIOPJAE�T NhZ=E t [Z=TKTK[UTKTK[UL JAE�dBV�OBXcZ X�M�HYGI¨�[UH NUJAE�L�OBGIOPJAE�OPT
TK� [UNUO � [UL�@

Q��§ ���¬��§�C����SW Q� iu«$� �^ac��§�C����SW

��[hZ�� ��*8m � ? ��* m � ?
x�¨�Z=��{(Z=E � %=JAM�oAM�[3G m�*8m � } ��* m � ?
W�GIHKJAE�o m�*8m � } � * m � _

� TPXDd Q � ���5SDQ([�Q�)3gRQeQuNPhw�D^U[�QegC[�Q]ORQegR��_ ^UT3b]f�hiN3g	ORSDQ([�_ a:QegRQe^*O�O f � Qcj�NPhwgRQcT3bMOR_ N3^higRN3^*Oc� �5SDQk^1�D�uXYQeg!_�j�beTPd�b]�Dd�TVORQc[WT3j�ORSDQ�[�_ a:QegRQe^Ub]Q�XYQ]O#,wQeQe^ ORSDQ�^1�D�uXYQeg�NPhw�D^ �
41^DN�,|^ � TPgCTP��Q]ORQegCjB,|SD_�bCS=b]N3�Dd�[�XYQuT3jRj�N�b]_�TVORQc[C,|_ ORS=T(j��(TPd d � Qeg�OR�DgRXUTVOR_ N3^�NPh ORSDQhigRN3^*O�TP^U[mORSDQ ^1�D�uXYQeg�NPh!XYN3�D^U[DTPgRf�b]N3^U[�_ OR_ N3^Uj�ORSUTVO�ORSDQ � Qeg�OR�DgRXUTVOR_ N3^`SUT3j(ORNjRTVOR_�j hif3�

����� ��� �;�.	��!��z��i� � x� � �\�.x���	��
��x���}

§�¨�[^TYGsZ=t�OPdPOBGFV(J=X�NUdeZ=TKTKOPNhZ=d�L�[3GIJAE�ZfGIOPJAEX�HKJAE/GIT�¨�Z=Tct [U[UEvTYGIM�L�OP[UL1��M�OBGI[w[ ��GI[UE�TKOBgA[UdBV5OPE1GI¨�[^JAE�[  
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M���TYGIHK[hZ={ n�J.�HK[UoAOPJAE<J=XzZ
L�[3GIJAE�ZfGIOPJAE¢X�HKJAE/G�!cOBG1OPT1E�J=G� JATKTKOPt�dP[vGIJ [ �2NUdPM�L�[ GI¨�[U{pOPE¢GI¨�[
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Z=E�L GI¨�[UE8[ ��Z={ROPE�[1GI¨�[TYGsZ=t�OPdPOBGFV�J=X¬oA[UE�[UHKOPNL�OPTKNUJAE/GIOPE�M�OBGFV�X�HKJAE/GIT cOBGI¨8HK[UTK� [UN3G GIJ NUJAHKHKM�o/Z  
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{RJA{R[UE/GIM�{jZ=NUHKJATKT Z5X�HKJAE/GzTKM�t54K[UN3G:GIJ Z
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� � _ ,ªm
C�G:OPT]E�J. E�[UNU[UTKTIZ=HYV
GIJ Z=TKNU[UHYGsZ=OPE�GI¨�[Rg=Z=dPM�[UTzJ=X�GI¨�[1NUJ�[ �RNUOP[UE/GIT � � X�JAH]c¨�OPNs¨�GI¨�[1TKJ! 

dPM2GIOPJAE 1 ?A@ �/kH3�!�cOBGI¨ [UOPoA[UE/g=Z=dPM�[UT21 ?A@`�A�03 � 1 ?A@`�=kH3�Z=E�L [UOPoA[UE/gA[UN3GIJAHKT 1 ?A@ q2?/3 � 1 ?A@ q/_03�!�TIZfGIOPT � [UTwGI¨�[
E�[UNU[UTKTIZ=HYV t JAM�E�L�Z=HYV NUJAE�L�OBGIOPJAE�TU@^i�JAH¬GI¨�OPT�HK[hZ=TKJAE �[:¨�ZhgA[ GIJNs¨�[UN � GI¨�ZfG�!�OBXuGI¨�[UHK[ Z=HK[zGIOP{R[
oAHKJ.cOPE�o OPE�TYGsZ=t�OPdPOBGIOP[UT"!�GI¨�[[ "�[UN3GIT J=XcGI¨�[UTK[5TK¨�JAM�dPL t [dPOP{ROBGI[UL�OPE TK��Z=NU[5Z=E�L8E�J=G:[ ��GI[UE�L8GIJ
OPE � E�OBGFV0!�TKJ GI¨�ZfG

dPOP{
+�� ���

� �� 1 ' , $ , ")3 � � } � 1 ?A@ qAmH3
�¬X,GI[UH¬Z X�[3 Z=dPoA[Ut�HIZ=OPN�GIHIZ=E�TYX�JAHK{(ZfGIOPJAE�T"!2OBGcOPT�� JATKTKOPt�dP[SGIJ:gA[UHKOBX,V1GI¨�ZfG

1�ZH3 CF{ 1 � 3 � } �	� CF{ 1 �� J 3 � } ,
1�t 3 CF{ 1 � 3 � } �	� CF{ 1 �� � 3 � } ,
1�N 3 CF{ 1 � 3 � } �	� CF{ 1 �� � 3 � } X�JAHc} � � � 1 ?�* � � 3

1 ?A@ q=�53

Z=E�L

1�L 3 CF{ 1 � 3 � } � � CF{ 1 �� J 3 � }�,
1�[ 3 CF{ 1 � 3 � } � � CF{ 1 �� � 3 � }�,
1,X�3 CF{ 1 � 3 � } � � CF{ 1 �� � 3 � } X�JAH'* � � � � � } �

1 ?A@ q/�03
CFEvJAHKL�[UH�X�JAHM1 ?A@ qAmH3ªGIJ t [^TIZfGIOPT � [UL !�OBG�OPT�E�[UNU[UTKTIZ=HYV5GI¨�ZfGcCF{ 1 �� � 3 � }:JAHyGI¨�ZfG�GI¨�[^NUJAHKHK[  

TK� JAE�L�OPE�o1NUJ�[ �RNUOP[UE/GIT � � Z=HK[ �U[UHKJ(X�JAH $ � }(Z=E�L GI¨�ZfGSCF{ 1 �� � 3 � }(JAH � � � }RX�JAH $ � }2@�i�JAH
{RJ�L�[UTycOBGI¨vCF{ 1 � 3 � } �[^GI¨�[UEv¨�ZhgA[
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1�ZH3 � J � � � � � � � } X�JAH $ � } ,
1�t 3 � J��� } , � � �� } , � � � } X�JAH $ � }�Z=E�L � � } 1�TYGIHKJAE�o ,�x * %H3�,
1�N 3 � J��� } , � � �� } , � � �� } X�JAH $ � }�Z=E�L � � } 1,�[hZ��-3 �

1 ?A@ qAqH3
CFE J=GI¨�[UHc�JAHKL�T"!�GI¨�[]NUJAE�L�OBGIOPJAE�T 1 ?A@ qAqH3yTKOPoAE�OBX,V(GI¨�ZfG�E�JR� [UHYGIM�HKt�ZfGIOPJAE�TcNhZ=E oAHKJ. Z=¨�[hZ=L

J=X�GI¨�[(L�[3GIJAE�ZfGIOPJAE�X�HKJAE/G 1+'CB �DB �� 1 ' , $ , ")3 � }vX�JAH $ � }H3�!�c¨�OPdP[ GI¨�OPTzOPTzE�J=G E�[UNU[UTKTIZ=HKOPdBV�GI¨�[
NhZ=TK[RX�JAH^GI¨�[(� JATKOBGIOBgA[ $ ¨�Z=dBX  F��deZ=E�[�!$c¨�[UHK[1oAHKJ.cOPE�o {RJ�L�[UTzZ=HK[(Z=dPdPJ.�[UL�GIJ [ �2OPTYG TKOPE�NU[(JAE�dBV
JAE�[^NUJ�[ �RNUOP[UE/G¬E�[U[UL�TcGIJ t [M�U[UHKJ OPEGI¨�[^NhZ=TK[^J=X�TYGIHKJAE�o(Z=E�L x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G¬L�[3GIJAE�ZfGIOPJAE�T"!
Z=E�L¢E�JAE�[vOPE8GI¨�[vNhZ=TK[ J=X��[hZ��8L�[3GIJAE�ZfGIOPJAE�TU@¢§�¨�OPTRdeZfGKGI[UH HK[UTKM�dBGRHK[U��HK[UTK[UE/GIT5Z=E OP{R� JAHYGsZ=E/G
L�O#"�[UHK[UE�NU[ t [3GF�[U[UElTYGIHKJAE�o Z=E�L �[hZ�� L�[3GIJAE�ZfGIOPJAE�T(Z=E�L¢cOPdPd�t [5X�M�HYGI¨�[UH(M�E�L�[UHKdPOPE�[UL¢OPE GI¨�[
X�JAdPdPJ.cOPE�o�@¬§�¨�[:NUJAE�L�OBGIOPJAE 1 ?A@ qAq  ZH3�JAE GI¨�[ NUJ�[ �RNUOP[UE/GIT � � ¨�Z=TSOBGIT���¨/V�TKOPNhZ=d�OPE/GI[UHK��HK[3GsZfGIOPJAE OPE
GI¨�[^X�Z=N3G¬GI¨�ZfG¬OPE5GI¨�[zE�[Uo/ZfGIOBgA[ $ ¨�Z=dBX  F��deZ=E�[�GI¨�[]n�J. OPTcTKM�� [UHKTKJAE�OPN Z=E�L �Y[UE/GI[UHKOPE�o 
 GI¨�[^X�HKJAE/G
Z=E�L !�Z=TªZwNUJAE�TK[ ��M�[UE�NU[�!�E�J^TKJAE�OPN�TKOPoAE�Z=d 1�Z=E�L:GI¨�[UHK[3X�JAHK[cE�J]� [UHYGIM�HKt�ZfGIOPJAE 3;NhZ=ERt [yGIHIZ=E�TK{ROBGKGI[UL
M���TYGIHK[hZ={ J=XuGI¨�OPT¬n�J.^@¬§�¨�OPT�NhZ=E Z=dPTKJ(t [zTK[U[UE {(Z���OPE�o(M�TK[zJ=Xªi�OPoAM�HK[ ?A@ �Rc¨�OPNs¨ TK¨�J.cTSGI¨�ZfG
GI¨�[^t�Z=N �/yZ=HKL Ns¨�Z=HIZ=N3GI[UHKOPTYGIOPN � J� ¨�Z=TcZ=dByZhV�T�Z:� JATKOBGIOBgA[wTKdPJA� [wOPEGI¨�[^NhZ=TK[^J=X�L�[3GIJAE�ZfGIOPJAE�TU@

� OBGI¨�OPEzGI¨�[�GI¨�[UJAHYV J=X�TK¨�J�N �]yZhgA[cTYGsZ=t�OPdPOBGFV0!=OBG�OPT ��E�J.cE:GI¨�ZfGuGI¨�[yNUJAE�L�OBGIOPJAE�T;X�JAHuZSTK¨�J�N �
GIJvt [ [3gAJAdPM2GIOPJAE�Z=HYV 1+'CB �DB � J � � � J ! � � � � � � 3�!�«�Z=E�L�Z=M�Z=E�L�«$OBX�TK¨�OBG<��� kA}��J3wZ=HK[ JAE�dBV E�[UNU[UTKTIZ=HYV
t�M2GªE�J=GªTKM��RNUOP[UE/GªGIJ]��HKJ.gA[cGI¨�ZfGªOBG�cOPdPd2E�J=GªL�[3gA[UdPJA�(OPE�TYGsZ=t�OPdPOBGIOP[UTU@�§�¨�OPT {R[hZ=E�T�GI¨�ZfG�Z=ER[3gAJAdPM+ 
GIOPJAE�Z=HYV(TK¨�J�N �1NUJAM�dPLt [UNUJA{R[wM�E�TYGsZ=t�dP[ScOBGI¨HK[UTK� [UN3GcGIJ TK{(Z=dPd � [UHYGIM�HKt�ZfGIOPJAE�T�J=X�GI¨�[wL�OPTKNUJAE/GIO  
E�M�OBGFVTKM�HYX�Z=NU[�!�c¨�OPNs¨5�JAM�dPL5GI¨�[UE Z=��� [hZ=H¬Z=T F B�;�:�:P>��H>�F @C;�=-DIH J=X;GI¨�[wX�HKJAE/G3J 	A1�TK[U[zi�OPoAM�HK[:?A@ k03 @

x�JAHKHKM�o/ZfGIOPJAE�TYGsZ=t�OPdPOBGFV�Z=E�Z=dBV�TK[UTzJ=X�GI¨�[(GFV�� [1��HK[UTK[UE/GI[UL8¨�[UHK[1¨�ZhgA[t [U[UE
� [UHYX�JAHK{R[UL
OPE
GI¨�[c��Z=TYG�t J=GI¨ X�JAHªZwE�JAE+ FHK[UdeZfGIOBg�OPTYGIOPNyTK¨�J�N �L1�Q � V/Z��=J.g�� mA���C! �wJAE/GIJAHKJ.g�OPNs¨�� �=���C!+�HK� [UE�t [UN ��� �A���C!
«�Z=E�L�Z=M(Z=E�LR«$OBX�TK¨�OBG<� � kA}��J3�Z=E�L X�JAH ZwHK[UdeZfGIOBg�OPTYGIOPN�x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GªL�[3GIJAE�ZfGIOPJAE 1���t�E�[3V�� ? �J3 @
��HIZfGI¨�[UHL�O#"�[UHK[UE/G5Z=����HKJ/Z=Ns¨lX�JAHZ
HK[UdeZfGIOBg�OPTYGIOPNvTK¨�J�N � yZhgA[�¨�Z=T1t [U[UE ��HKJA� JATK[UL t/Vl��E�OPdP[
Z=E�L acM�TKTKJ � ?.}-!ª?�_���c¨�[UHK[(GI¨�[1OPE/GIM�OBGIOBgA[RL�[ � E�OBGIOPJAE�J=XcNUJAHKHKM�o/ZfGIOPJAE�TYGsZ=t�OPdPOBGFV OPE/GIHKJ�L�M�NU[UL
t/V
� ¨�OBGI¨�Z={ � ?.qA����¨�Z=Twt [U[UE GIHIZ=E�TKdeZfGI[UL OPE/GIJ5Z{RJAHK[ HKOPoAJAHKJAM�T�X�JAHK{ 1,�[ HK[UNhZ=dPd;GI¨�ZfG]Z=NUNUJAHKL�OPE�o
GIJ � ¨�OBGI¨�Z={L!�ZRNUJAHKHKM�o/ZfGI[ULvTK¨�J�N �yZhgA[zOPTcTYGsZ=t�dP[^OBX�GI¨�[]TK¨�J�N �1gA[UdPJ�NUOBGFV5L�[UNUHK[hZ=TK[UT¬c¨�[UHK[]GI¨�[
X�HKJAE/GcOPE5[ �2��Z=E�L�OPE�o(Z=E�LvOPE�NUHK[hZ=TK[UT�c¨�[UHK[]OBG�OPTcNUJAE/GIHIZ=N3GIOPE�o53 @

��[ E�[ ��G5L�OPTKNUM�TKTGI¨�[ NUJAHKHKM�o/ZfGIOPJAE<TYGsZ=t�OPdPOBGFV J=X]HK[UdeZfGIOBg�OPTYGIOPNvTYGIHKJAE�o L�[3GIJAE�ZfGIOPJAE<X�HKJAE/GIT
Z=E�L¢TK¨�J.�¨�J.�GI¨�[UTK[ HK[UdeZfGI[GIJ GI¨�[vTK� [UNUOeZ=dcNhZ=TK[vJ=X]x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GRL�[3GIJAE�ZfGIOPJAE�TU@¢§�¨�[

K ��� Q	^DNPORQ�ORSUTVO5_ O|_�j � N*jRj�_ XDd Q3z1_ ^ � gR_ ^Ub]_ � d Q3z*ORN!,|gR_ ORQ	^DQcb]QcjRjRTPgRf�TP^U[2j�� �2b]_ Qe^*O|b]N3^U[�_ OR_ N3^Uj�hiN3g|Tuj�SDN�b546,5T�Z3Q^DNPO�ORN�[�QcbeT�f�_ ^*ORN�T(^1�D�uXYQeg�NPh�[�_ a:QegRQe^*O�[�_�jRb]N3^*OR_ ^1�D_ O f�j��Dg�hyT3b]Qcj ���	N3gRQe^Uj ORQe_ ^ TP^U[��YSU[DTP^DNVZ  ��� �i�M� +�N�,wQeZ3QegczORSDQcj�Q�b]N3^U[�_ OR_ N3^Ujk[�NW^DNPO � gRNVZ1_�[�Q�_ ^�hiN3gR�(TVOR_ N3^+TPXYN3��OuORSDQ�QeZ3N3d ��OR_ N3^�NPh�ORSDQ�j�SDN�b54 ,|SDQe^�ORSD_�jk_�j�j��DX�� QcbMOkORNb]N3gRgR��)*TVOR_ N3^Uj�NPh ORSDQ�higRN3^*Oc�
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� HKTYG TYGI[U� NUJAE�TKOPTYGIT:OPE [UTYGsZ=t�dPOPTK¨�OPE�o GI¨�[NUJAHKHK[UN3G [UOPoA[UE/g=Z=dPM�[UT GIJ Ns¨�J�JATK[=@ � Z���OPE�o M�TK[J=XcGI¨�[
NUJAE�L�OBGIOPJAE�T 1 ?A@ q=�53 � 1 ?A@ q/�03�! GIJAoA[3GI¨�[UHRcOBGI¨�1 ?A@ qAqH3�!�OBG(OPT [3g�OPL�[UE/G1GI¨�ZfG(OBGROPTRE�[UNU[UTKTIZ=HYV¢GIJ�M�TK[
GI¨�[ [UOPoA[UE/g=Z=dPM�[UT �� J , �� � 1�Z=E�L GI¨�[ NUJAHKHK[UTK� JAE�L�OPE�o8[UOPoA[UE/gA[UN3GIJAHKT�3OPElGI¨�[ NhZ=TK[�J=XzTYGIHKJAE�o Z=E�L
x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3G^L�[3GIJAE�ZfGIOPJAE�T21 � � }H3¬c¨�OPdP[:Z=dPd�J=XªGI¨�[:[UOPoA[UE/g=Z=dPM�[UT �� J , �� � , �� � �JAM�dPL E�[U[UL
GIJ t [wM�TK[UL OPE1GI¨�[^NhZ=TK[^J=X;�[hZ��1L�[3GIJAE�ZfGIOPJAE�T 1 � � }H3 @�§�¨�[^TK[UNUJAE�L TYGI[U�vNUJAE�TKOPTYGITcJ=X�HK[ ��M�OPHKOPE�o
GI¨�ZfGGI¨�[ � [UHYGIM�HKt [UL¦¨/V�L�HKJ�L2V�E�Z={ROPNhZ=dS[ ��M�ZfGIOPJAE�TTIZfGIOPTYX,V 4KM�E�N3GIOPJAE NUJAE�L�OBGIOPJAE�TZfGGI¨�[ X�HKJAE/G
[ �2��HK[UTKTKOPE�o GI¨�[(NUJAE�TK[UHYg=ZfGIOPJAE�J=X�[UE�[UHKo=V�Z=E�L�{RJA{R[UE/GIM�{�HK[UTK� [UN3GIOBgA[UdBVA@§�¨�[UTK[1¨�ZhgA[1Z=dPHK[hZ=L2V
t [U[UEOPE/GIHKJ�L�M�NU[ULOPEW�[UN3GIOPJAE ?A@B?;� 'CB �DB�Z=T�[ ��M�ZfGIOPJAE�TM1 ?A@ �53 � 1 ?A@`�03 �C!�t�M2G��[S��HK[UTK[UE/G�GI¨�[U{ ¨�[UHK[SOPE
GI¨�[^E�[3 NUJA{R��Z=N3G�X�JAHK{1�

� � � � � + � � � }�, 1 ?A@ q/�03

� � � � � �+ .� � � � } , 1 ?A@ qA�H3

� � � � � � }�, 1 ?A@ qAkH3
c¨�[UHK[DJ � � ��� � � � � *�� � � � J *�� � @ �¬J=GI[:GI¨�ZfG]GI¨�[UTK[ 4KM�E�N3GIOPJAE�NUJAE�L�OBGIOPJAE�TwE�[U[UL Z=dByZhV�T
GIJ(t [][ �2��HK[UTKTK[UL OPE5GI¨�[]X�HKJAE/G¬HK[UTYG�X�HIZ={R[]Z=E�LvGI¨�ZfG¬GI¨�[zdeZfGKGI[UHcNUJAOPE�NUOPL�[UT�cOBGI¨vGI¨�[zNUJ�JAHKL�OPE�ZfGI[
X�HIZ={R[wJAE�dBV(c¨�[UEvGI¨�[wX�HKJAE/GcOPT�M�E�� [UHYGIM�HKt [UL�@

«$[3G:M�T:E�J. TKM���� JATK[1GI¨�ZfG GI¨�[(X�HKJAE/G OPT � [UHYGIM�HKt [UL
cOBGI¨ Z � [UHKOPJ�L�OPNRJATKNUOPdPdeZfGIOPJAE OPE�GI¨�[
"  Z��2OPTyL�OPHK[UN3GIOPJAE5J=X;GI¨�[wGFV�� [ 1�TK[U[zi�OPoAM�HK[ ?A@ kH3

� � � * � �(��� � �
�
� ��� , 1 ?A@`�=}H3

Z=E�L¢dP[3GRM�TRNhZ=dPNUM�deZfGI[1GI¨�[vHK[UTKM�dBGIOPE�o X�JAHK{ J=X�GI¨�[v� [UHYGIM�HKt [UL 4KM�E�N3GIOPJAE NUJAE�L�OBGIOPJAE�TU@¢i�JAH:GI¨�OPT
��M�HK� JATK[:OBGSOPTSNUJAE/gA[UE�OP[UE/G^GIJOPE/GIHKJ�L�M�NU[ JAHYGI¨�JAoAJAE�Z=d�M�E�OBG�GI¨�HK[U[  �gA[UN3GIJAHKT^E�JAHK{(Z=d 1 � 3�Z=E�L GsZ=E+ 
oA[UE/G 1 � 3cGIJGI¨�[ X�HKJAE/G21�TK[U[Ri�OPoAM�HK[1?A@ kH3cc¨�OPNs¨ !�ZfGSGI¨�[ � HKTYG]JAHKL�[UHSOPE GI¨�[:� [UHYGIM�HKt�ZfGIOPJAE !�¨�ZhgA[
NUJA{R� JAE�[UE/GIT

� � 1 ? ,�* 3 �3%" ,�}H3 � 1 ? , 
 # � ,�}H3�, � � 1 3 �3%" ,c? ,ª}H3 � 1+* 
 # � ,¬? ,�}H3 � 1 ?A@`��?/3

K �(+�QegRQcTVhpORQeg?� �D� Qeg�_ ^U[�_�b]Qcj 	$TP^U[�� ,|_ d dDXYQ��Uj�Qc[kORN!_ ^U[�_�beTVORQ F*�UTP^*OR_ OR_ Qcj?_ ����Qc[�_�TVORQed f�TPSDQcT3[kNPh TP^U[�XYQeSD_ ^U[ORSDQ�higRN3^*Oc�
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C�G¬OPTcE�J. E�[UNU[UTKTIZ=HYVvGIJR[3g=Z=dPM�ZfGI[SGI¨�[]� [UHYGIM�HKt [UL [ �2��HK[UTKTKOPJAE�T¬X�JAH�GI¨�[wn�M�OPL5gA[UdPJ�NUOBGIOP[UT�JAE
[UOBGI¨�[UH�TKOPL�[wJ=X;GI¨�[wX�HKJAE/G�!�Z=TyGI¨�[UTK[zZ=HK[Sg�OP[3�[UL OPE1GI¨�[wX�HKJAE/GcHK[UTYGcX�HIZ={R[=@�i�JAHyGI¨�OPT���M�HK� JATK[^OBG�OPT
E�[UNU[UTKTIZ=HYV1GIJz� [UHYX�JAHK{ ZzHK[UdeZfGIOBg�OPTYGIOPN�gA[UdPJ�NUOBGFV GIHIZ=E�TYX�JAHK{(ZfGIOPJAE cOBGI¨1HK[UTK� [UN3GyGIJzGI¨�[SL�[3GIJAE�ZfGIOPJAE
gA[UdPJ�NUOBGFV �� � � 1 3 � & 3 ' 3 � � 1+* 
 � � 3 � !yTKJ
Z=T:GIJ�JAt2GsZ=OPE GI¨�[5X�JAdPdPJ.cOPE�o [ �2��HK[UTKTKOPJAE�T(X�JAH:GI¨�[
� [UHYGIM�HKt [ULvE�JAHK{(Z=d$Z=E�LGsZ=E�oA[UE/GIOeZ=d�gA[UdPJ�NUOBGIOP[UT�HK[UdeZfGIOBgA[SGIJ:GI¨�[wX�HKJAE/G

�� ���� � � � � + � . � � + � . 
 � �
?�. 
 � � + � �

, � � � � ,;} � � � �� � + � . � � + � .

 � �
� ��

, 1 ?A@`�A_03

�� �� � � � � � � � � * 
 # � + � � , 1 ?A@`�=mH3
 � ? ,�_

Z=E�L5GIJ:c¨�OPNs¨vNUJAHKHK[UTK� JAE�L�T�Z:� [UHYGIM�HKt [ULvo/Z={R{(ZzX�Z=N3GIJAH

� � � � � � �� � + �
�
� � + � .


 � �
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� , 1 ?A@`�f�53
 � ? ,�_
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§�¨�[yOPE�TYGsZ=t�OPdPOBGIOP[UT$L�[UTKNUHKOPt [UL:t/V]GI¨�OPT;HKJ�J=G�¨�ZhgA[cZ¬oAHKJ.�GI¨:HIZfGI[ªc¨�OPNs¨ OPT�OPE�L�[U� [UE�L�[UE/G�J=X �%!
OPE�NUHK[hZ=TK[UT�dPOPE�[hZ=HKdBV^cOBGI¨ GI¨�[yyZhgA[UE�M�{ t [UH # Z=E�L ��HKJ�L�M�NU[UTªZ=E:OPE�[3g�OBGsZ=t�dP[�[UE�[UHKo=V:L�OBgA[UHKoA[UE�NU[¬ZfG
¨�OPoA¨RX�HK[ ��M�[UE�NUOP[UTU@ §�¨�[3VRNUdP[hZ=HKdBV HK[U��HK[UTK[UE/GyGI¨�[�HK[UdPOPNUTªJ=X�GI¨�[�M�E�TYGsZ=t�dP[¬{RJ�L�[UT�NUJAE/GsZ=OPE�[UL(OPERGI¨�[
HKJ�J=G � J J=X GI¨�[cL�OPTK� [UHKTKOPJAE HK[UdeZfGIOPJAEL1 ?A@ �AmH3uZ=E�L !/OPERZ=E�Z=dPJAo=VzcOBGI¨:c¨�ZfGªL�[UL�M�NU[ULRX�JAHªx�¨�Z=��{(Z=E+ 
%=JAM�oAM�[3GzL�[3GIJAE�ZfGIOPJAE�T"!�GI¨�[RHK[UTKM�dBGIT]TK¨�J.cE
OPE�i�OPoAM�HK[?A@B?.}5HK[3X�[UH^GIJ Z5��¨/V�TKOPNhZ=dPdBV OPE�NUJAE�TKOPTYGI[UE/G
TKJAdPM2GIOPJAE5Z=E�LvTK¨�JAM�dPL5t [^L�OPTKNhZ=HKL�[UL�@

��TvZ HK[UTKM�dBG�!¬�[�NhZ=E NUJAE�NUdPM�L�[ GI¨�ZfG5TYGIHKJAE�o L�[3GIJAE�ZfGIOPJAE�T5Z=dPTKJ8Z=HK[ dPOPE�[hZ=HKdBV D,F�>HG"I 	(GIJ
NUJAHKHKM�o/ZfGIOPJAE�TJ=X]GI¨�[ X�HKJAE/G Z=E�L OPElGI¨�OPT1GI¨�[3V HK[UTK[U{ t�dP[�x�¨�Z=��{(Z=E+ �%=JAM�oAM�[3GvL�[3GIJAE�ZfGIOPJAE�T1GIJ
c¨�OPNs¨ GI¨�[3V:HK[UL�M�NU[cX�JAH � � }2@u�lTKOP{ROPdeZ=H�HK[UTKM�dBG�1+'CB �DBfGI¨�ZfGªZ=ER[3gAJAdPM2GIOPJAE�Z=HYVzX�HKJAE/G OPT Z=dPTKJ^TYGsZ=t�dP[
cOBGI¨8HK[UTK� [UN3GRGIJ�NUJAHKHKM�o/ZfGIOPJAE�T�3�!ª¨�Z=T t [U[UE¢JAt2GsZ=OPE�[UL Z=dPTKJ t/V8��E�OPdP[Z=E�L¢acM�TKTKJ � ?A?�!�?�_8!�?.}��
OPE GI¨�[:NUJAE/GI[ ��G]J=XªGI¨�[:TYGsZ=t�OPdPOBGFVvJ=X�TK¨�J�N � yZhgA[UTU@R©�HKJ�NU[U[UL�OPE�ocOBGI¨�OPE GI¨�[ GI¨�[UJAHYV J=X�TKOPE�oAM�deZ=H
¨/V�� [UHKTKM�HYX�Z=NU[UT"!�GI¨�[3VNhZ={R[wGIJ:GI¨�[^NUJAE�NUdPM�TKOPJAEGI¨�ZfG�GI¨�[^dPOPE�[hZ=HyTYGsZ=t�OPdPOBGFV(NUJAE�L�OBGIOPJAE�T�X�JAH���deZ=E�Z=H
HK[UdeZfGIOBg�OPTYGIOPN5TK¨�J�N �8yZhgA[UT5NUJAOPE�NUOPL�[vcOBGI¨¢GI¨�JATK[ JAt2GsZ=OPE�[UL<OPE GI¨�[ X�HIZ={R[3�JAH�� J=X^NUJAHKHKM�o/ZfGIOPJAE
TYGsZ=t�OPdPOBGFVA@

��[3X�JAHK[:GIM�HKE�OPE�o5GIJ5GI¨�[ L�OPTKNUM�TKTKOPJAE�J=XªGI¨�[RTYGsZ=t�OPdPOBGFV J=XyL�[3n�Z=oAHIZfGIOPJAE X�HKJAE/GIT"!�Z5NUJA{R{R[UE/G
TK¨�JAM�dPLlt [ {(Z=L�[ JAElTYGIHKJAE�o8L�[3GIJAE�ZfGIOPJAE�TZ=E�LlGI¨�[ � JATKTKOPt�OPdPOBGFV J=X][U{R��dPJ.V�OPE�o�GI¨�[U{pX�JAH(GI¨�[
oAHKJ.�GI¨1J=X�E�[3¦��¨�Z=TK[wt�M�t�t�dP[UTyL�M�HKOPE�ozNUJATK{RJAdPJAoAOPNhZ=d���¨�Z=TK[�GIHIZ=E�TKOBGIOPJAE�TU@ ��[S¨�ZhgA[ 4KM�TYG���HKJ.gA[UL
GI¨�ZfGTYGIHKJAE�o8L�[3GIJAE�ZfGIOPJAE�TZ=HK[ t J=GI¨l[3gAJAdPM2GIOPJAE�Z=HYV<Z=E�L TYGsZ=t�dP[ cOBGI¨lHK[UTK� [UN3G5GIJ8NUJAHKHKM�o/ZfGIOPJAE
OPE�TYGsZ=t�OPdPOBGIOP[UT"!�¨�J.�[3gA[UHzOBG]OPT^� JATKTKOPt�dP[ GIJvL�[U{RJAE�TYGIHIZfGI[ GI¨�ZfG]TKM�Ns¨�n�J. NUJAE � oAM�HIZfGIOPJAE�T^NhZ=E�E�J=G
t [cHK[hZ=dPO��U[UL L�M�HKOPE�o]t�M�t�t�dP[coAHKJ.�GI¨(Z=T GI¨�[3V NhZ=E�E�J=GªTIZfGIOPTYX,V GI¨�[cHK[ ��M�OPHK[UL(t JAM�E�L�Z=HYV:NUJAE�L�OBGIOPJAE�T
X�JAHcZ TK[UdBX�TKOP{ROPdeZ=HªTKJAdPM2GIOPJAE�@ ©�HKJ�J=X�T�J=X�GI¨�OPT�¨�ZhgA[]t [U[UE oAOBgA[UEvt/V5«�Z=E�L�Z=M Z=E�L «$OBX�TK¨�OBG<�;� kA}��$X�JAH
E�JAE�HK[UdeZfGIOBg�OPTYGIOPN ��deZ=E�Z=H Z=E�L TK��¨�[UHKOPNhZ=dªX�HKJAE/GIT"!�t/V8W�GI[UOPE�¨�Z=HKL2G � ?��=m��ªX�JAH HK[UdeZfGIOBg�OPTYGIOPN TK��¨�[UHKOPNhZ=d
X�HKJAE/GIT Z=E�L t/V «�Z=OPE�[ � �/����X�JAHzGI¨�[NhZ=TK[J=X¬HK[UdeZfGIOBg�OPTYGIOPNR��deZ=E�Z=H]X�HKJAE/GITU@�§�¨�[OP{R� JATKTKOPt�OPdPOBGFV J=X
¨�Zhg�OPE�o GI¨�OPT NUdeZ=TKT J=XSHK[hZ=N3GIOPJAE8X�HKJAE/GITRZ=TRHK[U��HK[UTK[UE/GsZfGIOBgA[ J=X�GI¨�[v{RJ=GIOPJAE J=X�GI¨�[vTKM�HYX�Z=NU[vJ=XwZ
�Yt�M�t�t�dP[ 
5NhZ=E t [:TK¨�J.cE�Z=dPTKJcOBGI¨ TKOP{R��dP[UHwZ=HKoAM�{R[UE/GITU@ x�JAE�TKOPL�[UH^Z1n�M�OPL [UdP[U{R[UE/Gwc¨�OPNs¨�OPT
OP{R{R[UL�OeZfGI[UdBV t [U¨�OPE�L ZvTYGIHKJAE�o L�[3GIJAE�ZfGIOPJAE
Z=E�L�c¨�OPNs¨
¨�Z=T 4KM�TYG t [U[UE
GIHIZ=E�TYX�JAHK{R[UL
OPE/GIJvGI¨�[
E�[3���¨�Z=TK[�1,�[5¨�[UHK[5{(Z��=[GI¨�[5OP{R��dPOPNUOBGzZ=TKTKM�{R�2GIOPJAE GI¨�ZfG:GI¨�[TKJAM�E�L TK� [U[UL�T(Z=HK[NUJAE�TYGsZ=E/G
JAE¢[UOBGI¨�[UH(TKOPL�[ J=XSGI¨�[vX�HKJAE/G�3 @ §�¨�OPTRn�M�OPL¢[UdP[U{R[UE/G�!yc¨�OPNs¨¢yZ=T(OPE�OBGIOeZ=dPdBV
ZfG(HK[UTYG�!c¨�Z=T(t [U[UE
��M2G OPE/GIJ {RJ=GIOPJAE
t/V
GI¨�[X�HKJAE/G:c¨�OPNs¨8cOPdPdªt [5TK[U[UE t/V
GI¨�[n�M�OPL8[UdP[U{R[UE/GRZ=T:HK[UNU[UL�OPE�o�ZfGRZ
TKM�t�TKJAE�OPN gA[UdPJ�NUOBGFVA@1W�V�{R{R[3GIHYV Z=E�L GI¨�[ ��HK[UTK[UE�NU[1J=XyZ=E�JAHKOPoAOPE X�JAHwGI¨�[ t�M�t�t�dP[�!;HK[ ��M�OPHK[ GI¨�ZfG
GI¨�[ n�M�OPL gA[UdPJ�NUOBGFV t [U¨�OPE�L GI¨�[ X�HKJAE/G]t [UNUJA{R[UT �U[UHKJ TKJA{R[3c¨�[UHK[(OPE GI¨�[ n�J. ��HKJ � dP[RZ=E�L�GI¨�OPT
NUJAM�dPL J�NUNUM�HS[UOBGI¨�[UH�g�OeZ1Z1HIZ=HK[3X�Z=N3GIOPJAE yZhgA[�!�JAH�g�OeZ1Z1TK¨�J�N �vyZhgA[=@ �¬J.�[3gA[UH"!$GI¨�[ X�HKJAE/Gw[UL�oA[
J=X�GI¨�[�HIZ=HK[3X�Z=N3GIOPJAE yZhgA[SJAH GI¨�[¬L�OPTKNUJAE/GIOPE�M�OBGFV TKM�HYX�Z=NU[¬�JAM�dPL(t [�TK[U[UEZ=Tª{RJ.g�OPE�ozZfGªGI¨�[�TKJAM�E�L
TK� [U[ULRJAHuX�Z=TYGI[UH�HK[UdeZfGIOBgA[�GI¨�[yn�M�OPL [UdP[U{R[UE/GªZ=E�LRZ=T ZwNUJAE�TK[ ��M�[UE�NU[�[UOBGI¨�[UH�JAE�[y�JAM�dPL OPE�[3g�OBGsZ=t�dBV
J.gA[UHYGsZ��=[ GI¨�[zL�[3GIJAE�ZfGIOPJAEvX�HKJAE/Gh@���TwZRHK[UTKM�dBG�!�E�[UOBGI¨�[UH�J=X�GI¨�[UTK[zGF�J1n�J.cTSNhZ=E t [z[UTYGsZ=t�dPOPTK¨�[UL
t [U¨�OPE�L¢Z TYGIHKJAE�o�L�[3GIJAE�ZfGIOPJAE8X�HKJAE/G c¨�OPNs¨ OPT:GI¨�[UE¢M�E�Z=t�dP[GIJ�Z=L/4KM�TYGROBGITK[UdBX¬GIJ GI¨�[vHK[ ��M�OPHK[UL
t JAM�E�L�Z=HYV NUJAE�L�OBGIOPJAE�TwZ=E�L TKJNhZ=E�E�J=G^t [:��HKJ�L�M�NU[UL�OPE ��HIZ=N3GIOPNU[:Z=T^ZTYGsZfGIOPJAE�Z=HYV TKJAdPM2GIOPJAE X�JAH
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§�¨�[ dPOPE�[hZ=H�TYGsZ=t�OPdPOBGFVJ=X�NUdeZ=TKTKOPNhZ=d���deZ=E�Z=HcL�[3n�Z=oAHIZfGIOPJAEvX�HKJAE/GITcyZ=T � HKTYGSTYGIM�L�OP[UL t/V «�Z=E�L�Z=M OPE
Z:TK[U{ROPE�Z=d �JAH��1J=X�?.k=�A��� �Ak��$OPE1c¨�OPNs¨v¨�[^TK¨�J.�[ULvGI¨�ZfG�!�ZfGcdPOPE�[hZ=H�JAHKL�[UH�OPEGI¨�[w� [UHYGIM�HKt�ZfGIOPJAE !
Z 
ATKdPJ.¦NUJA{ t�M�TYGIOPJAE(X�HKJAE/G 
 1,�[hZ��(L�[3n�Z=oAHIZfGIOPJAE 3�OPT�M�E�TYGsZ=t�dP[wZfG�Z=E/V(yZhgA[UdP[UE�o=GI¨�@ §�¨�OPTyHK[UTKM�dBG
yZ=T�NUJA{R��ZfGIOPt�dP[�cOBGI¨vGI¨�[]JAt�TK[UHYgA[UL OPHKHK[UoAM�deZ=HKOBGIOP[UTyOPEv��HKJA��Z=o/ZfGIOPE�o ��deZ=E�Z=H�NUJA{ t�M�TYGIOPJAE5X�HKJAE/GIT
Z=E�LROPE�L�OPNhZfGI[UL:GI¨�ZfGª¨�OPoA¨�[UH JAHKL�[UH [ "�[UN3GIT �[UHK[¬��HKJAt�Z=t�dBV:HK[UTK� JAE�TKOPt�dP[�X�JAHuGI¨�[¬TIZfGIM�HIZfGIOPJAE J=X GI¨�[
JATKNUOPdPdeZfGIOPJAE�T]Z=E�L
GI¨�[1��HKJ�L�M�N3GIOPJAE J=X�GI¨�[1oAdPJAt�Z=dPdBV TYGsZ=t�dP[1NU[UdPdPM�deZ=H^X�HKJAE/GITU@ CFE8¨�OPTzL�[UHKOBg=ZfGIOPJAE !
«�Z=E�L�Z=MRNUJAE�NU[UE/GIHIZfGI[UL(JAERZS�[hZ��:L�[3n�Z=oAHIZfGIOPJAERZ=E�L {(Z=L�[�M�TK[¬J=X GI¨�[c¨/V�� J=GI¨�[UTKOPT J=X�NUJAE/GIOPE�M�OBGFV
J=X¬GI¨�[5��HK[UTKTKM�HK[ � [UdPL Z=NUHKJATKT GI¨�[L�[3n�Z=oAHIZfGIOPJAE X�HKJAE/Gh@ §�¨�OPT Z=����HKJh�2OP{(ZfGIOPJAE Z=dPdPJ.�[UL8¨�OP{ GIJ
HK[UL�M�NU[]GIJ �U[UHKJRGI¨�[]L�[UoAHK[U[zJ=XuM�E�L�[UHKL�[3GI[UHK{ROPE�Z=N3VvJ=X�GI¨�[^X�HKJAE/GSZ=E�LvGIJRJAt2GsZ=OPE5GI¨�[]TKJAdPM2GIOPJAE5J=X
GI¨�[���HKJAt�dP[U{v@uW�M�Ns¨:Z¬Ns¨�JAOPNU[�OPT;NU[UHYGsZ=OPE�dBV^HK[hZ=TKJAE�Z=t�dP[ c¨�[UEzGI¨�[ªn�M�OPL @�D =*;�F HK[UdeZfGIOBg�OPTYGIOPN Z=E�L]GI¨�[
� [UHYGIM�HKt�ZfGIOPJAE�Tc��HKJ�L�M�NU[UL ZfGcGI¨�[wX�HKJAE/G�Z=HK[^E�J=G¬TKJRTKOPoAE�O � NhZ=E/GcTKJ(Z=T�GIJ(Z=dBGI[UHyGI¨�[^NUJAE/GIOPE�M�OBGFVJ=X
GI¨�[]��HK[UTKTKM�HK[:Z=NUHKJATKTcGI¨�[^X�HKJAE/Gh@��¬J.�[3gA[UH"! c¨�[UE GI¨�[^n�M�OPL @�D HK[UdeZfGIOBg�OPTYGIOPN�!2GI¨�OPT¬Z=����HKJh�2OP{(ZfGIOPJAE
NU[hZ=TK[UT1GIJ�t [ Z�oAJ�J�L¢JAE�[ Z=E�L¢GI¨�[ ��HKJAt�dP[U{ E�[U[UL�T1GIJ�t [ TKJAdBgA[UL¢GsZ���OPE�o�OPE/GIJ
Z=NUNUJAM�E/G1GI¨�[
��HK[UTKTKM�HK[ g=Z=HKOeZfGIOPJAE Z=dPJAE�o1cOBGI¨ GI¨�[:NUJAE�TK[UHYg=ZfGIOPJAE J=Xª{RJA{R[UE/GIM�{�Z=NUHKJATKTSGI¨�[:X�HKJAE/G21,�[ HK[UNhZ=dPd
GI¨�ZfG�GI¨�[^��HK[UTKTKM�HK[zTK¨�JAM�dPL5t [^TK[U[UE Z=T¬Z n�M��vJ=X�{RJA{R[UE/GIM�{ 3 @

� dPOPE�[hZ=HSTYGsZ=t�OPdPOBGFV Z=E�Z=dBV�TKOPTwJ=X�HK[UdeZfGIOBg�OPTYGIOPNzL�[3n�Z=oAHIZfGIOPJAE X�HKJAE/GITw�JAM�dPL�HK[UTK[U{ t�dP[ NUdPJATK[UdBV
GI¨�[�JAE�[¬��HK[UTK[UE/GI[ULOPE GI¨�[���HK[3g�OPJAM�TªTKM�t�TK[UN3GIOPJAE !2t�M2G�cOBGI¨RTKJA{R[¬OP{R� JAHYGsZ=E/G L�O#"�[UHK[UE�NU[UT�[U{R[UHKo! 
OPE�ovt [UNhZ=M�TK[1J=XyGI¨�[RL�O#"�[UHK[UE/G NhZ=M�TIZ=dªTYGIHKM�N3GIM�HK[(t [3GF�[U[UE L�[3n�Z=oAHIZfGIOPJAE�TzZ=E�L�L�[3GIJAE�ZfGIOPJAE�TU@CFE
��Z=HYGIOPNUM�deZ=H"!�OBG:OPT:E�[UNU[UTKTIZ=HYV GIJ HK[UNUJAE�TKOPL�[UH:GI¨�[g=Z=dPM�[UT:J=XcGI¨�[5NUJ�[ �RNUOP[UE/GIT � � J=X¬GI¨�[TKJAdPM2GIOPJAE
1 ?A@`�=}H3yGI¨�ZfGSTIZfGIOPTYX,VGI¨�[ t JAM�E�L�Z=HYVvNUJAE�L�OBGIOPJAE�T 1 ?A@ qAmH3 @¬CFE GI¨�[zNhZ=TK[ J=X ZRL�[3n�Z=oAHIZfGIOPJAE ! OPEvX�Z=N3G�!
GI¨�[]TKJAdPM2GIOPJAE5J=X;GI¨�[]� [UHYGIM�HKt [UL ¨/V�L�HKJ�L2V�E�Z={ROPNhZ=d$[ ��M�ZfGIOPJAE�T¬L�J�[UT¬E�J=G¬[ ��GI[UE�LvGIJROPE � E�OBGFVJAE�dBV
OBX

1�ZH3 � J � � � � } , � � �� } X�JAH $ � } ,
1�t 3 � J��� } , � � �� } , � � � } X�JAH $ � }�Z=E�L � � } 1,�[hZ���,Sx * %H3�,
1�N 3 � J��� } , � � �� } , � � �� } X�JAH $ � }�Z=E�L � � } 1�TYGIHKJAE�o53 �

1 ?A@ �/�03

� � HKTYGNUJAE�TK[ ��M�[UE�NU[ J=XSGI¨�[ NUJAE�L�OBGIOPJAE�T 1 ?A@ �/� �2ZH3:OPT GI¨�ZfG1OBG(OPT(E�J
dPJAE�oA[UHR� JATKTKOPt�dP[5GIJ
Z=TKTKM�{R[ GI¨�[:� [UHYGIM�HKt [UL TYGsZfGI[ gA[UN3GIJAHwJ=X GI¨�[ n�M�OPL Z=¨�[hZ=L �� J 1 ' ,�")3cGIJt [ OPL�[UE/GIOPNhZ=dPdBVL�U[UHKJ 1�Z=T
L�JAE�[(X�JAHzL�[3GIJAE�ZfGIOPJAE�T�3wTKOPE�NU[(GI¨�[UHK[1[ �2OPTYGIT:ZfG dP[hZ=TYG JAE�[(NUJ�[ �RNUOP[UE/G c¨�OPNs¨ L�J�[UT E�J=G E�[U[UL
GIJ
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t [ �U[UHKJ�@c§�¨�OPT�NhZ=E Z=dPTKJRt [zTK[U[UE {(Z���OPE�oRM�TK[zJ=X i�OPoAM�HK[ ?A@ � c¨�OPNs¨ TK¨�J.cT�GI¨�ZfG¬GI¨�[zt�Z=N �/yZ=HKL
Ns¨�Z=HIZ=N3GI[UHKOPTYGIOPN � J� ¨�Z=T Z=dByZhV�TvZ E�[Uo/ZfGIOBgA[ TKdPJA� [ OPE GI¨�[ NhZ=TK[�J=XzL�[3n�Z=oAHIZfGIOPJAE�TU@ �jTK[UNUJAE�L
NUJAE�TK[ ��M�[UE�NU[RNUJAE�NU[UHKE�TSGI¨�[:L�[UoAHK[U[:J=X M�E�L�[UHKL�[3GI[UHK{ROPE�Z=N3V J=XªZ1L�[3n�Z=oAHIZfGIOPJAE ! c¨�OPNs¨ OPTwZ=dByZhV�T
deZ=HKoA[UH¬GI¨�Z=E �U[UHKJ�@wCFE ��Z=HYGIOPNUM�deZ=H"!�GI¨�[ L�[UoAHK[U[:J=X M�E�L�[UHKL�[3GI[UHK{ROPE�Z=N3V J=X�ZR�[hZ�� JAH^x�¨�Z=��{(Z=E+ 
%=JAM�oAM�[3GcL�[3n�Z=oAHIZfGIOPJAEOPTyJAE�[�!�TKOPE�NU[SGI¨�[UHK[]Z=HK[�X�JAM�H�L�O#"�[UHK[UE/Gc��Z=HIZ={R[3GI[UHKTM1+'CB �DB � � Z=¨�[hZ=L5J=X�GI¨�[
X�HKJAE/G�! � J Z=E�L � � t [U¨�OPE�L GI¨�[]X�HKJAE/GwZ=E�L � * 3�GI¨�ZfGSE�[U[UL GIJ1t [zTK� [UNUO � [UL ! c¨�OPdP[]OBG�OPTcGF�J(X�JAHSZ
TYGIHKJAE�o:L�[3n�Z=oAHIZfGIOPJAE1TKOPE�NU[SGI¨�[UHK[^Z=HK[ � gA[^L�O#"�[UHK[UE/G���Z=HIZ={R[3GI[UHKTM1+'CB �DB � � Z=¨�[hZ=LJ=X�GI¨�[�X�HKJAE/G�! � J !
� � Z=E�L � � t [U¨�OPE�LvGI¨�[^X�HKJAE/G�Z=E�L � * 3yc¨�OPNs¨ NUJAM�dPLvt [zZ=TKTKJ�NUOeZfGI[ULvcOBGI¨ ZRTK{(Z=dPd�� [UHYGIM�HKt�ZfGIOPJAE
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�©]8O�QT]8UTsRSaX�ztsRNwxds�XZN4NP�}XqxdSVU�x:��ORs�X�xdUTQ�uTUTSV´juT]�WP]8UT]8OZx�XZSVNPUtNd~F\�xdQTORNPU��TuT�T�TyV]8s�UjuTL8yV]=x�XZ]8QJx�X
XZ\T]�QT]8sRSVOR]8QtsR]8|�xdOZx�XZSVNPUtsRL=xdyV]d� L �UtsRuTLq\,x:sRL8]8U�xdORSVN:XZ\T]8OR��xdy/U�uTLlXZu�x�XZSVNPUTs?��x=zwop]8yVy UT]l�P]8O�xdLlXsRN,xds�XZN�UjuTL8yV]=x�XZ]4�TuT�T�TyV]8s�Sa~pXZ\T]4OR]8\T]=x�XZSVUTWtSVs�sRu �4L8SV]8UvXZyaz[OZxd|TSVQTS��fX�N.op]l�P]8O8m²xds��4]8UvXZSVNPUT]8Qxd�©N.�P]dmTop]�QTNPuT�}X?XZ\�x�XªXZ\T]G|TOR]8L8NP�4|TOR]8sRsRSVNPUtsR\TNeLq��~�ORNPUvX?]8�4SaXRXZ]8Q��vzwop]=xd��QT]<U³xdWPOZx�XZSVNPUTs�|TORN�¡QTuTL8]8Qwx�XF]l�P]8U�sR��xdyVyV]8O�QT]8WPOR]8]8s«Nd~©sRuT|©]8ORL8NeNPyVSVUTWGL8NPuTyVQ:�©]?xd�TyV]�XZN�OR]8\T]=x�XFXZ\T]���UTSa�P]8ORsR]�xdUTQ:op]XZ\T]8OR]l~�NPOR]:OR]8WvxdORQJXZ\T]§|TOR]8sR]8UvX��P]8ORsRSVNPU[Nd~«XZ\T]§SVUT\TNP�4NPWP]8UT]8NPuTs�UjuTL8yV]=x�XZSVNPU[sRL8]8U�xdORSVN�xds�OZx�XZ\T]8OuTUTyVSV�d]8yazP�

*,+�� / � E �,EGCF>@7����4EGC��t;8E��
��NPyVyVN.o?SVUTW§NPUt~�ORNP�$XZ\T]�|T\vzesRSVL=xdy�sRL8]8U�xdORSVN�Nd~�XZ\T]�L8NPsR�4NPyVNPWPSVL=xdy�´ju�xdOR��be\�xdQTORNPU�XZOZxdUTsRSaXZSVNPUtQT]�¡sRL8ORSV�©]8Q�SVU:XZ\T]�|TOR]l�eSVNPuTs«sR]8LlXZSVNPUTs8mjop]M\T]8OR]MSVyVyVuTs�XZOZx�XZ]ªxdUTQ�L8NP�4�4]8UvXpxd�©NPu}X²XZ\T]��4NPs�XpxdLq�jUTN.o?y ¡]8QTWP]8Q:s�XqxdWP]8s�Nd~³XZ\T]pXZOZxdUTsRSaXZSVNPU�����]�uTUTQT]8ORyVSVUT]«XZ\�x�X�XZ\T]�sR]8´juT]8UTL8]�Nd~³sRuTLq\4s�XqxdWP]8s�SVs�OR]=xdsRNPU�xd�TyV]o?SaXZ\TSVU4XZ\T]�~�OZxd�4]lopNPOR�:SVU:o?\TSVLq\wXZ\T]M|©NPsRSaXZSa�P]�y�x�XZ]8UvXp\T]=x�X�SVs«y�xdORWP]MxdspL8NP�4|�xdOR]8Q4o?SaXZ\4XZ\T]�sRuTO¢¡~ xdL8]GXZ]8UTsRSVNPUtxdUTQ�XZ\T]GXZOZxdUTsRSaXZSVNPUwXqxd�d]8s�|Ty�xdL8]�o?SaXZ\tx:sR��xdyVy¤QT]8WPOR]8]�Nd~�sRuT|©]8ORL8NeNPyVSVUTWT�

��]���ORs�X§|TOR]8sR]8UvX�x�sRLq\T]8��x�XZSVLwsR]8´juT]8UTL8]�Nd~���]l�P]8UvXZsR�[QTuTORSVUTW�XZ\T]�XZOZxdUTsRSaXZSVNPU&xdUTQ&XZ\T]8UL8NP�4�4]8UvX?]��eXZ]8UTsRSa�P]8yaz�NPUt]=xdLq\tNd~�XZ\T]8�t�
¸ �-_euT|©]8ORL8NeNPyVSVUTW§Nd~�XZ\T]�´ju�xdOR�w|Ty�xdsR��x}�
¬e����uTL8yV]=x�XZSVNPU�Nd~��TuT�T�TyV]8s?Nd~�XZ\T]�\�xdQTORNPU�|Ty�xdsR��x}�
P}�/�UTSaXZS�xdy³OZxd|TSVQ�WPORN.oªXZ\wNd~ \�xdQTORNPUw�TuT�T�TyV]8sªxdspop]=xd�4QT]<U³xdWPOZx�XZSVNPUTs�Tx��P]8O�z�sR��xdyVy³sR|T\T]8ORSVL=xdy|TOR]8L8NP�4|TOR]8sRsRSVNPU�o�x=�P]�SVsªsR]8UvXMNPu}X�SVUwXZ\T]�´ju�xdOR��|T\�xdsR]G~�ORNP�$]=xdLq\t\�xdQTORNPUt�TuT�T�TyV]d�
�T�?K�XRXqxdSVUT�4]8UvX?Nd~�x§sR]8ya~�sRSV�4SVy�xdO«WPORN.oªXZ\�~�NPO�XZ\T]�QTSVsRL8NPUTUT]8LlXZ]8Q�\�xdQTORNPU��TuT�T�TyV]8s8�
�e� � NeL=xdy�L8NPuT|TyVSVUTW{NPU�XZ\T]Y�TuT�T�TyV][yV]8UTWdXZ\�sRL=xdyV][�©]lX�op]8]8U s�XqxdUTQ�xdORQ U�uTSVQ�|�xdO�XZSVL8yV]8s L �+�}���\�x=�eSVUTW4s�XZORNPUTW4SVUvXZ]8OZxdLlXZSVNPUTs�S�xdUTQtOZxdQTS�x�XZSVNPU U�uTSVQt|�xdO�XZSVL8yV]8s L �+�}���}\�x=�eSVUTW:op]=xd��xdUTQt]8yV]8L�¡
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XZORNP��xdWPUT]lXZSVL4SVUvXZ]8OZxdLlXZSVNPUTs�S�� � \TSVs@L8NPuT|TyVSVUTW,L8NPuTyVQ&NeL8L8uTO§xdyVsRN�~�NPO§x,OZxdQTS�x�XZSVNPU U�uTSVQ�Nd~
UT]8u}XZORSVUTNPsªSa~�QTSVsRL8NPUTUT]8LlXZ]8Q�\�xdQTORNPU��TuT�T�TyV]8s�s�XZSVyVy¤|©]8ORsRSVs�XMx�X�x§sRL=xdyV]�Nd~ � ¸ L8�t�

�}�/�UvXZ]8OZxdLlXZSVNPU[Nd~«XZ\T]:L8NP�4|TOR]8sRsRSVNPUJo�x=�P]8s�|TOR]8L8]8QTSVUTW�XZ\T]:QT]<U³xdWPOZx�XZSVNPU,~�ORNPUvXZs�Nd~pQTSaV¤]8OR]8UvX
�TuT�T�TyV]8s�xdUTQtOR]8\T]=x�XZSVUTW:Nd~��©NdXZ\�|T\�xdsR]8s�UT]=xdOªXZN§XZ\T]�L8ORSaXZSVL=xdy©XZ]8�4|©]8OZx�XZuTOR]d�

e�-_eyVN.o&WPORN.oªXZ\�Nd~}XZ\T]«\�xdQTORNPU��TuT�T�TyV]8s�|�xdL8]8Q@�vzGXZ\T]«]��}|�xdUTsRSVNPU�Nd~}XZ\T]p��UTSa�P]8ORsR]d� 	 SaV¤]8OR]8UvX�TuT�T�TyV]8s?|©]8ORL8NPy�x�XZ]GSVUvXZN:�4NPOR]G]��eXZ]8UTQT]8Q�s�XZORuTLlXZuTOR]8s8�
· � � NvxdyV]8sRL8]8UTL8]�Nd~�|©]8ORL8NPy�x�XZ]8Q�\�xdQTORNPU��TuT�T�TyV]8sªSVUvXZN§�TSVWPWP]8O�\�xdQTORNPU�OR]8WPSVNPUTsªsRN4xds�XZN§�4SVUTS ¡�4SV¶8]�sRuTO�~ xdL8]�]8UT]8ORWdzP� � ORNeQTuTLlXZSVNPU�Nd~�QTSVsRL8NPUTUT]8LlXZ]8Q�´ju�xdOR��|Ty�xdsR��x@OR]8WPSVNPUTs8�
R}�-_eyVN.oBL8NPUvXZOZxdLlXZSVNPU4Nd~¤XZ\T]�QTSVsRL8NPUTUT]8LlXZ]8QwOR]8WPSVNPUTs²Nd~�´ju�xdOR�:|Ty�xdsR��x�o?\TSVLq\4XZ]8UTQ4XZN��©]8L8NP�4]sR|T\T]8ORSVL=xdy£�
¸10 ���pOR]=xd�jSVUTW§Nd~�yVNeL=xdy©L8NPuT|TyVSVUTW§�©]lX�op]8]8Uts�XqxdUTQ�xdORQ U�uTSVQ�|�xdO�XZSVL8yV]8sªxdUTQ�OZxdQTS�x�XZSVNPU U�uTSVQ�|�xdO¢¡XZSVL8yV]8s4NPUrXZ\T]�yV]8UTWdXZ\BsRL=xdyV]�Nd~�XZ\T]�QTSVsRL8NPUTUT]8LlXZ]8Q�´ju�xdOR�{OR]8WPSVNPUTs���K�sRSV�4SVy�xdO§|TORNeL8]8sRsopNPuTyVQB\�x=�P],\�xd|T|©]8UT]8Q�xdyVsRNYo?SaXZ\�xDU�uTSVQrNd~�UT]8u}XZORSVUTNPs�Sa~GQTSVsRL8NPUTUT]8LlXZ]8Q�´ju�xdOR� QTORNP|Tsop]8OR]�|TORNeQTuTL8]8Q�x�X�x:sRL=xdyV]GNd~ � ¸ L8�t�
¸P¸ � ��SVU�xdy¤]l�dxd|©NPOZx�XZSVNPU�Nd~�´ju�xdOR��QTORNP|Ts8�

K�~¨XZ]8O�XZ\T]?UjuTL8yV]=x�XZSVNPU§|©]8ORSVNeQ�mdXZ\T]?��UTSa�P]8ORsR]?SVsF]8sRsR]8UvXZS�xdyVyaz�|©NP|TuTy�x�XZ]8Q:�vz§\�xdQTORNPU:�TuT�T�TyV]8so?SaXZ\�QTSV�4]8UTsRSVNPUTs�UT]=xdO�XZ\T]4L8ORSaXZSVL=xdyFOZxdQTSVuTs8�[,²xdLq\&�TuT�T�TyV]:XZ\T]8U&s�XqxdO�XZs�XZN�]��}|�xdUTQ L XZ\T]4UT]lo�myVN.orXZ]8�4|©]8OZx�XZuTOR]?|T\�xdsR]�SVsFXZ\T]8OR�4NeQ}zeU�xd�4SVL=xdyVyaz�~ x=�PNPuTOR]8QTS«xdUTQ4SaXZs²sRuTO�~ xdL8]MxdL8L8]8yV]8OZx�XZ]8s«uTUvXZSVy�SaXOR]=xdLq\T]8s²xMs�XZ]=xdQ}z@s�Xqx�XZ]p�P]8yVNeL8SaX�z�L8NPOROR]8sR|©NPUTQTSVUTWMXZNGsR]8ya~³sRSV�4SVy�xdO WPORN.oªXZ\@~�NPO�x�op]=xd��QT]<U³xdWPOZx�XZSVNPU~�ORNPUvX=m¥o?\TNPsR]psRNPyVu}XZSVNPU�\�xds��©]8]8U@|TOR]8sR]8UvXZ]8Q@SVUW_e]8LlXZSVNPU§¬e�®¬>O sR]8]pQTS�xdWPOZxd� L x�S�Nd~ ��SVWPuTOR]#�T� P�Q£� � \T]sR]8ya~�sRSV�4SVy�xdO«WPORN.oªXZ\�SVs���ORs�X?�TORNP�d]8U�o?\T]8U�XZ\T]GQTSV�4]8UTsRSVNPUTs�Nd~�XZ\T]G\�xdQTORNPU��TuT�T�TyV]8s � �p�©]8L8NP�4]L8NP�4|�xdOZxd�TyV]§o?SaXZ\YXZ\T]4�4]=xdUY~�OR]8]�|�x�XZ\�Nd~�XZ\T]�OZxdQTS�x�XZSVNPU U�uTSVQ�|�xdO�XZSVL8yV]8s � 747 ��K�X�XZ\TSVs�s�XqxdWP]dmXZ\T]@yVNPUTW�OZxdUTWP]�]8UT]8ORWdz,�4NP�4]8UvXZuT��XZOZxdUTs�~�]8OM�©]lX�op]8]8U[XZ\T]@s�XqxdUTQ�xdORQ U�uTSVQJxdUTQ,XZ\T]@OZxdQTS�x�XZSVNPU
U�uTSVQ�SVs?�4NPs�XM]<V¤]8LlXZSa�P]@xdUTQtXZ\T]�\�xdQTORNPU��TuT�T�TyV]8s8m©o?\TSVLq\top]8OR]@|TOR]l�eSVNPuTsRyaz�XZOZxdUTsR|�xdOR]8UvXMXZN4XZ\T]OZxdQTS�x�XZSVNPU�mes�XqxdO�X?XZN:L8NPuT|TyV]Go?SaXZ\�SaX L sR]8]�xdyVsRN _e]8LlXZSVNPU �}�®¬#S��

 X:SVs�opNPO�XZ\{uTUTQT]8ORyVSVUTSVUTW�XZ\�x�X4x�X§yV]=xds�X§SVU�|TORSVUTL8SV|TyV]�XZ\T]�|TORNeL8]8sRs:Nd~�L8NPuT|TyVSVUTW,�©]lX�op]8]8UXZ\T]@s�XqxdUTQ�xdORQ U�uTSVQJxdUTQ,XZ\T]�OZxdQTS�x�XZSVNPU[U�uTSVQ�L8NPuTyVQ�Xqxd�d]@|Ty�xdL8]§x�X�X�opN�QTSaV¤]8OR]8UvX�yV]8UTWdXZ\,sRL=xdyV]8s
� � � \T]@sR��xdyVyV]8O?Nd~FXZ\T]8sR]@SVs?XZ\T]@NPUT]�sR]lX��vztXZ\T]@]8yV]8LlXZORNP��xdWPUT]lXZSVL�SVUvXZ]8OZxdLlXZSVNPU,xdUTQ,SVs�OR]8yV]l�dxdUvX~�NPO�x�OZxdQTS�x�XZSVNPU U�uTSVQ�L8NP�4|©NPsR]8Q�Nd~�|T\TNdXZNPUTs8m�]8yV]8LlXZORNPUTs���|©NPsRSaXZORNPUTs L�C  S�mM�@uTNPUTstxdUTQ�XZ\T]8SVOxdUvXZSV|�xdO�XZSVL8yV]8s L�4  S�mT]lXZLd�amT~�NPOªo?\TSVLq\ � � ¸10�3 ~��t�
cic �Kq E�mie q�~{e E�n k��1gih�k\yYk�l'q-� miktk#E�l�gih$�'�
gih�k�m+l<�1e}l�gie �<q�����e}� E�l'm�gie}~{n k�u ~{�<��n}�-z�k`�1e �#ktmiktq g�e q-gih�k�g�w@�FE�h�l<u�k�u �

u���gih�l�g@e g/w@�<��n}�Yz�k�q�k�~{k�uiuil'mio\gi�`mik{� ktmTgi�����rl'q���� " ���r��w@kts<ktmFgih�k���q�~{ktm�g+l'e q g�o��<qxgih�e}u�n ktq��'gih:ui~tl'n k�uTe}u@u���~+hgih�l�g gimik�l�gie q��	����
�� " 
�$e}u l�mik�l<u��<q�l'z�n k�l�E E�mi� E1e yxl�gie �<q&�
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n

sR    << λ

s λR    >>sR    << λ

s λR    >>

l
(d)

quark-gluon plasma

(a) (b)

hadron plasma

(c)

nl

CJe �<��mik�u &�� � "1~+h�ktyxl�gie}~FE�e}~4gi�<mie}l'nFmikDE�mik�u�ktq g+l�gie �<q>�'�@gih�k:�1e �#ktmiktq g`u�g+l'�<k�u��'�@gih�kJE�h�l<u�k
gim+l'q�u�e gie �<q�w e gih�gih�k(G ��l'mi� E�n}l<u�yxlYz�kte q��:e q��1e}~tl�gik��$w e gih�gih�k�u�h�l<�1k��$mikt�<e �<q�ut����e}l'�<m+l'y
$al (�u�h���wrurl/E�e}~4gi��mik`�'�Fgih�k`q���~{n k�l�gie �<q u�g+l'�<k\w h�ktq gih�k�u���mis�e s�e q���h�l<�1mi�<q�z���z�z�n k�u�w e gih
~{mie gie}~tl'n&m+l<�1e ��u�� @ h�l]s<k g�o E�e}~tl'n�~{�<yY��s�e q��Yu�kDE�l'm+l�gie �<q�� � w e gih�e q-gih�k`u���mimi�<��q��1e q��JG ��l'mi�E�n}l<u�yxl�����e}l'�<m+l'y $ z (/u�h���wru/l�u���z�u�k G ��ktq gru�g+l'�<k w h�ktq-h�l<�1mi�<q:z���z�z�n k�u yYktk{grl'q��-u�g+l'm�g
E�ktm+~{�<n}l�gie q�� � w h�e n k �1e}l'�<m+l'y $a~�(�u�h���wruxgih�k � �<n n ��w e q�� u�g+l'�<k>l�g:w h�e}~+h h�l<�1mi�<qfz���z�z�n k
~{� l'n k�ui~{ktq�~{k6E�mi�1�1��~{k�u
�1e}ui~{�<q�q�k�~4gik�� G ��l'mi��mikt�<e �<q�ut�Jprq��1ktmJgih�k k �#k�~4g+u
�'�#u���m��al<~{k�giktq�u�e �<q �
gih�k�u�k/mikt�<e �<q�u�giktq��\gi��z�k�~{�<yYk/u�E�h�ktmie}~tl'n1l'q��`n k�l<��gi� gih�k@� �<miyxl�gie �<q`�'��kts�l�E��<m+l�gie q���G ��l'mi�
�1mi�%E�u
w e gih�e q�gih�kru���mimi�<��q��1e q���h�l<�1mi�<q E�n}l<u�yxl��'w h�e}~+hYl'mik u�h���w q�e qx�1e}l'�<m+l'y $a� (4� C��<mTl'n n
�'��gih�kx�1e}l'�<m+l'yxu ��gih�k�g�o E�e}~tl'nF�1e yYktq�u�e �<q>�'��gih�kx�1e}ui~{�<q�q�k�~4gik���G ��l'mi�$�<m�h�l<�1mi�<q mikt�<e �<q�u
� � e}u ~{�<yFE�l'mik��:w e gih-gih�k�yYk�l'q-e q giktm+l<~4gie �<q-n ktq��'gih�ui~tl'n k�� �<m gih�k�m+l<�1e}l�gie �<q ����e}���F�
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~�NPOBxDOZxdQTS�x�XZSVNPU U�uTSVQ�L8NP�4|©NPsR]8Q�Nd~[UT]8u}XZORSVUTNPs�xdUTQ�xdUvXZSVUT]8u}XZORSVUTNPsrNPUTyaz$xdUTQ$~�NPO o?\TSVLq\
� �D¸10&7�5 ~�� � ¸ L8�t� ��\T]lXZ\T]8OMXZ\T]�sR]8L8NPUTQ,OZxdQTS�x�XZSa�P]GXZOZxdUTs�~�]8O�L=xdU�]l�P]8O�Xqxd�d]�|Ty�xdL8]�QT]8|©]8UTQTsNPU�XZ\T]G�4]=xdU��TuT�T�TyV]GsR]8|�xdOZx�XZSVNPU�QTSVs�XqxdUTL8]�x�X�XZ\T]GXZSV�4]MNd~�UjuTL8yV]=x�XZSVNPU�xds�op]8yVy xdsªNPU�XZ\T]G�4]=xdU
�P]8yVNeL8SaX�zJNd~pXZ\T]4�TuT�T�TyV]4sRuTO�~ xdL8]wxdUTQ�m�x�X�XZ\T]4�4NP�4]8UvX=m XZ\T]8sR]4X�opN,´ju�xdUvXZSaXZSV]8s�xdOR]4UTNdX��jUTN.o?U
]8UTNPuTWP\�XZN:WPSa�P]�x§QT]l��UTSaXZSa�P]�xdUTs�op]8O8�

K�~¨XZ]8O?XZ\T]�\�xdQTORNPU��TuT�T�TyV]8s�\�x=�P]@WPORN.o?U�Nd~��vz�xd�©NPu}X�NPUT]�NPORQT]8O�Nd~���xdWPUTSaXZuTQT]�|�xds�X�XZ\T]
X�ze|TSVL=xdyªOZxdQTS�x�XZSVNPU�SVUvXZ]8OZxdLlXZSVNPU{yV]8UTWdXZ\ sRL=xdyV]dm«XZ\T]tL8NPuT|TyVSVUTW[SVs:|TOZxdLlXZSVL=xdyVyaz�L8NP�4|TyV]lXZ]txdUTQ{XZ\T]\vzeQTORNeQ}zeU�xd�4SVL=xdy sRNPyVu}XZSVNPU�L=xdU�xdWvxdSVU�OR]8L8N.�P]8O�x§sR]8ya~�sRSV�4SVy�xdOp�©]8\�x=�eSVNPuTO8� � \TSVs�UT]lo?yaz�x�XRXqxdSVUT]8QsRSV�4SVy�xdORSaX�z:sRNPyVu}XZSVNPUwSVsªQT]l��UTSaXZSa�P]8yazw�TORNP�d]8U�o?\T]8U�XZ\T]�sR|T\T]8ORSVL=xdy�L8NP�4|TOR]8sRsRSVNPU�o�x=�P]8sM|TOR]8L8]8QTSVUTW
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