
���������
	�������������
�
����������������������������� �
�� ����� ���!�"�#��$

�#� %����&�'�
�)( ���)(*	��+�
�!�"�������������

,.-0/1-�23/146587�9;:=<&4>-0/

?�@BADC6E /1-0<�F @ /1:&G3H+7I5 E -0J ? /1-0:=K @�L /MF E 7BNO7�P 9QJ @RE , E 5>- C 7�S @ JT-0/

UWVYX�Z�VY[]\^[3_a`b_aXdcfegX�VY[he._a`ji6kmlYnoc1[3prqasmnoc1[]_t[3nvudnm\3waso[]c1nmx3`1y{z|no}Myac1nm`1l

~�yan���`1V�lYn�eD[he�U�X�son�eg}1cMyanoc1[3_a`�z�[heD[hsoway#�#[

�|[]VYcM`1soX]yt[��aX0cMeYwa�aVY`b_a`Ms��]���#�





���������
	�������������

���
���
�������
������� �����! �������"�	��#�$�&%'����()�����*�+%#�,����(-�*�/.





���������
	������������������������������ ��

!�"$#&%('*)�),+-%/.
02131
4&5�6
07#&+-890;:<52=>#?)@',%/+A+-%(071B83),C(07)�',%/4D'*%�190;E
4
074DF�8902F�8BG�HJI #&4
0K.D%LF/0�M�N@O
H?%(1<:
+,5>=2+�07PQ0�R7S>S2S�F/524
F/%(H?89H&0T:D%(1VUW834&89'*),%/+-8B5TH?%�X@H?#DF/02F/83G>4�Y
Z[#&13),#&+�0�\^];%/:<52+,),%L'/Y
%/19'J:&+-57_`%LFa)-%('bZ[c,Z@dKefUW!Ae�gLh2h>ikjlS2m$n2Roj*Z�S>RkjpS2R&Y,UW!AeqR2S2S
g�jlS2S2h$r>n�8$UW!AeqR7S>S7s2jpS
gLR?g(s
8J%/19't:&+-57_`%LFa),%L'tH?%�1B0QuK%/4
%/+�071B8v)�0k)�H?%�Z�0k)-0213#
4$\$0wR2S2S
gLx&u�yqS>S&gLh2S�8bR7S>S>r>x&u�yqS2S$R7S
g2z





���������
	������������������������

���! #"%$'&)(*",+-+'.0/21435$'6�70(98%":35�
;%&)(�8<"%(9(*+�&)(*=>&)?@;� #"<.5AB=
�
7>3C6C":35DE&,(F�G8H3I(F�!JK35�#$
L "<(F;% 4.4M4 N(*"K1
3POC(F"Q/*.C�0R4358Q(F�S&)$T70(F;K70(*+� #"<$'&,(F"U&).C&)(F�V8�WG=#(�OX3C$-69(*�G8%":35"K35+�;Y(F=
70(@;Y 
358YZI N(*"� 
"%(F6C=#�G8<3C"Y[\+'$�;%$T 4.070$]3^70$'"%$'6C$'"Y[\&)(H+]398%(@;Y$E_`JU(@;�7ba 3C+-(@;Y1
.C"<(F;FMb$�39 N(F;<35"
70(K+-(@;c&)(FOC(F;d(*"<":3C70(@;*Me;Y(F&) #"%(Q1
3H(F;Y8<3X8�35+f&)(*=�/�.V;Y8<358FMV8<3C�V8� #"<.5AB(@;%;%$-.V�
35+'&)(*�G8d/*.C&
 N(*":;Y.V�
35+'&)(*�G8F_hgc;�=#�i3C=08%jF�G8%$]/I #+]35(F"9 N.070(*"98%"<(*k
3C+-+]35"�35+�;%(*=l/*.V;Y8<3X8@MU35 
"%(F�
70"<(
/�.V�G8%$'�G=435&)(*�G8�70()+'3�;Y(FOX32(*Ze N(*"<$'j*�
/*$'39$T6V3C=
70$'"�7#(,+]3�;Y(FOP3�35&)$];m8:3X8@_Hno$-Z0pT&`3X8%(F$qZbM
 N.e7#(*")/�.C&) 
3C"Y8<$-"�8%.C8<;,3CWG=#(F;Y8<;,35�er0;�3C&�ks+Ea ��+-.V$�t�$-�
(F7#3
M� #"<$-&)(*"�8%.C8<;)70.V;H/�.V&u3
70.0/v8<.C":35�
7
;�$035":3o(F+-+0/*.C&w3K/�.5[x70$'"%(@/v8<.C"�&)(F=yMX1
3Q(F;Y8<3X8�=#�
3Q.C N.C"%8%=
�#$q8:3X8�z#�#$]/*3
_�{U(*&
 
3V;%;<3X8�&).C+-8%(@;c1
.C"<(F;f|m=#�G8:;*Me N(*"c+Ea (F;</�.C+]3#MG70=#":35�G8c(F+';}/�.V�#6C"<(F;<;Y.G;�$4;%(*&) #"<(CMVAB.V;dWV=
$-�
3
AB.V;c+'3H/�.V�GOV(*":;%3�WG=#(Q&`35�G8%$'�#6C=
(F;<;Y$'&^MV;%(*&) #"<(U1#(K35 #"<jF;c$41#(Q"%$'6C=#8d&).C+-8F_�~T�#.H�#.C&)?F;
1#(�35 
"%j@;}7#(�/*$-jF�
/�$]3#M#;%$'�#�,8<35&Hk4?�;%.Ck#"<(K&,.V+q8<p';<;%$-&`;�35+-8%"<(F;d8<(*&)(F;FM
;%(*&) #"<(K70(@;�70(�+'3
;%(*OX3U&).V+q8T+'z
/�$]7#3KOe$';%$-��70(F+0&,�V�H(F�H(F+#WG=#(�OG$'Oe$-&^_��o.�(�Z#3C6C(*"<.Q;%$070$]/}WG=#(�;%(*�
;%(�+�a ��+'.C$
3CWG=#(@;m8:3o8<(F;%$0�#.K1
35=#"<$]3U N.C6V=08T(�Z0$';Y8%$'"@_���35&Hk4?}1
3�;Y$'6C=#8�&).V+q8T$'&, N.C"%8<3C�G8�(F+0 
35 N(*"�70(
+]3���"<$'�#$q8:3X8ctc"<3V70(*+'+�Me35&Hk�WG=#$4143POG$]3�70(UAB(*"c$'�#$]/�$]35+'&)(*�G8d+]3�8%(@;Y$f;%.Ck#"<(�(F;% 4(@/v8<"%.G;%/*.C #$]3
���G;%;%k
35=
(*"@_���+'+'3,&^a 1
3�(F�
;%(*�erV358�8%.C8�(F+bWV=
(K;%(K;%.Ck
"%(U3VWG=#(F;Y8<3�8%jF/*�#$]/*3H$f;%.Ck
"%(U8%.58<(F;
+'(F;�3C+q8<"%(@;,8%jF/*�#$]WV=
(F;`1
3Ck#$-8%=
3C+';�7#(I/*35":3C/�8%(F"%$-8%�@3C/�$'��7#(I&`3X8%(F"%$]35+];)$o6V"<�V/�$'(F;)3�35$-Z0�
1#() N.C6C=#8�&`3C�V8<(*�#$'"�=#�
3�+'p-�#$]3�70()"%(@/�(*":/*32 
35":35+

·

+-(F+'3�WG=#(H&^a 1
3� 4(F"%&)j@;�/�.C�
j*$-Ze(F"K3
&).C+-8<3�6C(*�G8�$-�G8<(*"<(F;<;%3C�V8}70(Q&).V+q8�70$'OC(*":;%.V;c�C&�k#$-8<;�70(Q+'3,/�$'j*�4/�$]3#M035&Hk�+�a (*�
"%$]WG=#$-&)(F�V8
 N(*":;Y.V�
35+NWV=
(U35$-Z0��;Y=
 4.G;%3
_�t�(*"<��(F��(*+N6C"<=# 270(Q"%(@/�(F"</F3��#.��#.V&)?F;�1
$N;%.C&��#.G;%3C+q8<"%(@;
8%"<(F;FMG8<3C&�kN?KOe=#+'+y356V"<3CD�"}3CWG=#(@;m8:3�8<(F;%$y3�(F�9�Qp'/�8%.C"U��3C"%"<$]70.
MeWG=#(�(*�
/F35":3�WG=#(��#.,(*�
;
OC(F$-(F&�;%.XOe$-�G8U;%(*&) #"<(�8Fa 35+'(*6C":3)(*+�70$]3`35&�k�(F+�;%(*=�kN.C��1e=#&).C"U$�35&Hk^+'3�;%(*OX3) 
3V;%;%$'�
 N(*"T+]3KABp';%$'/F3`�B.�1
3C=#"%$]3�70(o70$'"� N(*"T+'(F;T&`3X8<(*&`�X8<$'WG=#(@;<�P��$
WG=#(o;Y(F&) #"%(�"<(F/*.C":7#35"<?d/*.C&
+]32 N(*":;Y.V�
32WG=#()(F&�OP3^70(F$qZ#3C"Q(F+T #"%$'&)(*"�+'+-$'k#"<(,70(`��$'(*"<�C(F6V3C3C"<7^WG=#(,1#()+-+'(*6V$q8@_�~U3
(*�^t�(* ���.C|Y3C;FM
WG=#(�&^a (@;m8:�)&).V;Y8%":35�G8o/�.C&�=#�^(*�#6V$-�erV(*"o35(F"%.V�
�5=#8%$]/U N.58Q;%.Ck
"%(FOG$'=#"<(
(*�eOV.C+-8<3X8U7#(�ABp';%$]/*;F_���35&Hk4?�OC.C+]70"<$'3)&)(F�
/�$'.C�
3C"U3`�V.V;%? L 35+]70(*"<�C�^$�3`���C�#$]/*3�t�.V 
3#M
WG=#(�;Y(F&) #"%(�1435��&,.G;m8<"<358�=#�
3)kN.C�
3, #"<.5AB(@;%;%$-.V�
35+'$-8<3X8�$�WG=#(�;Fa 1435�^Oe$';Y8�$-�#&)(F"<;%.V;�(F�
=#�#(@;�/�$'"</*=#&`;m8:�5�
/*$-(@;�$-�4/�.C&) #"<(*�4;Y$'k#+'(F;F_

����+'32OG$]7#321
397ya 1
3POV(*"U8%(*&) 
;K N(*"K8%.C8FMf�#.��#.C&)?@;U N(*"K8%"<(*k435+'+'3C"U$T3CWG=#(@;m8:;U&).5[
&)(*�G8<;�7ba .0/�$bWG=#(K(*&� N(*"<&)(�8%(F�2"<(*+]3XZ#35"d$b70$';YAB"<=08<3C"�7#(*+b70$]3H3,70$]3��#.);%(*"<$-(F�� 4.G;%;%$'k#+-(
;%(*�
;%(9+]3� #"%(@;YjF�
/�$]3S7#(*+];)&,(F=
;`35&)$]/*;F_s��+'+';`;%�C�!(*+];)WV=
(�&^a 1
35��356V=
35�G8:3X8,7#=#"<3C�G8
3CWG=#(@;m8:;Q3C�ere;K7ba (*+]35kN.C":3C/*$-��70(,+]3�8<(F;%$�Mb(F+';KWG=#(H&^a 1
35��"%(@/�.V+-�@3X8QWG=
3C�S1#.91#(H 43C;<;%358
&`35+]35&)(*�G8o$�;%.Ck
"%(*8%.58�(F+-+];o;%�C�^(*+];oWG=#(�A�3C�^WG=#(�+]3)Oe$'7
3)OP3C+-6V=#$y+]3) 4(F�
3`;%(*"oOe$];%/*=
7#3#_
��$'�
/^&).C+-8<3�;%.C"%8270(^8%(F�#$-"2(*+];235&)$]/*;`WG=#(�8<$-�4/^$Q3�(*+'+];)8<3C&�kN?I(*+];`1#$oOe=#+'+Q3C6C":35DE"
3CWG=#(@;m8K #"<$-&)(*"K+'+-$'k#"<(C_�n�(F�StT3C/*.
MN 4(F+T;Y(F=�;%.C&)"%$'=#"<(�k#=#"<+'(�8<3�3CWG=#(F+-+�+'+-=#�erG�270$]3�(F�
WG=#j)+-$TOX3C$-69AB(*"�=#�439 
"%(F6C=#�G8<3�;%.Ck#"<(,;%$];m8<(*&)(F;�70()"<(�AB(F"%jF�
/�$]32$'�#(F"</*$'3C+';�3� #"<$-&)(*"�70(
/*3C"%"<(*":3#MX;%.C&)"<$-=#"<(�WV=
(�OP3�;%(*"T(F+0 #"<$-�
/*$- 
$
7ba =#�
3�+'+'3C"%6G3U$#kN.C�
$'/F3K3C&)$';Y8<358F_�n�+�a��Q+-$'OC(F"FM
(*+�WG=#(H;%(*&) #"<(�(@;m8:��kN?CMb(F+�WG=#(,;Y(F&, 
"%(�8%?,=#�
3�"<$]35+'+'3�32 #=#�G8�$�3C&�kSWG=#$�;%(*&) #"<(�(�8
;%(*�G8<;T&).V+q8�kN?U35+4;Y(F=)/*.V;Y8<358FMC=
�
3� 4(F"<;%.C�43K3C&�k)&).C+-8%(@;TA�3C/*(�8<(F;�8<.58%(@;T(*+'+'(F;�70$'6C�
(F;�70(
/�.V�#j*$-Z0(*"@_�n�+]3��I35$-8%(VM5 N(*+4;%(*=`/*=#"<;T7#(o;Y.0/�$]35+'$-8%�F3V/�$'�Q$
+-(@;T&).C+-8%(F;�1
.C"<(F;T/�.V&) 
35"%8%$]70(F;
35+b+'+]35"<6,7ba 3CWG=#(@;m8:;�35�er0;*M0 N(*+];o;%(*=
;�/*.C�
;%(*+'+];�$b 4(F"o(*�G8%(F�
70"<(Ca &�8<3C�G8ok4?V_�n (*���I35":/5M
 N(*+c�
.V;Y8%"<(`OG$]3X8<6C(23��U.XOX3Ino�#6V+'358%(F"%":3^35&�k�+]3��I3C$q8<(CM� 4(F"�+'(F;��#.V;Y8%"<(F;�(*Z#/�=#":;Y$'.C�4;
 N(*"`+]3�&�=#�G8<3C�erV3#Mc 4(F"�+'3�;%(*OX3�;Y$'�
/*(*"<$q8:3X8`$o N(*+];`�#.V;Y8%"<(F;);%$-+'(*�4/�$];�/�.V&, 435"%8%$-8<;F_�n
(*���o35$'&).C��$�+]3���.V;<35"<$-.��B$�(*��t�3C=4�Q 4(F"K8%(*�
$-"�;%(*&) #"<(�.CkN(*"%8%(@;K+-(@;Q N.C"%8%(@;Q7#(,/F3C;<3
;%(*OX3)$� N(*"Q+'3�;%(*OX3`3C+-(F6C"<$'3
_}nU+�¡y+'=#$];*MN35&HkIWV=
$��#.�(F&�OV(*$'6`6V3C$-"<(�;Y.XOe$'�G8FM# N(*"<�235&Hk



WG=#$c/*.C&) 
35"%8%(F$qZ0.^=#�
3S35&)$';Y8<358�"%(*AB.C":¢*3V7#3� 4(F"�+-(@;�Oe$];%/*$';<;Y$-8%=47#;�Oe$';</�=470(F;F_�n�+�a ��OX3#M
 N(*":;Y.V�
3�&).C+-8�(F;% 4(@/�$]35+�WV=
(H(F&£OX32(F�
;Y(F�erV35"Q=#�
39�#.XOX3�&`35�
(*":327ba (*�0AB.0/F35"K(*+�&)�C�yM
WG=#(�+'$q8<(*":35+'&,(F�G8cOX3�/*35�eOe$]35"T+]3�&)(*OX3�Oe$'7#3�.Ck#"<$-�G8�=#�43� 4.V"Y8:3�WV=
(U/�"<(*$]3K8<3C�
/*3V7#3#MCWG=#(
8%?H+�a (*�
.C"<&,(� 
3C/*$-jF�
/�$]3�7ba (F;</�.V+q8:35"U+'(F;Q&)(*OV(F;U/F35kN�C"<$-(@;o$�WG=#(H;%(*&) #"<(�(*&¤A�32+-(@;U #"<(�[
6C=
�V8<(F;o/*.C"<"%(@/v8<(F;F_dn¥+]3 L +'3C"<3
M# N(*+�;%(*=I/*.C":3X8<6C(�$�+]3`;Y(FOX3`+-=4/�$]70(F;<3)$� N(*"K3X|m=
7#3C"Y[\&)(
;%(*&) #"<(�3H8<"%.Vk
35"�+]3H N(*":;% 4(@/v8%$'OX3)3C70$'(*�G8F_�nU+���$-8%.) 4(F+�;%(*=^1e=#&).C"�35k
;%=#":79WG=#(K8:35�G8<;
kN.C�s&).C&)(F�V8:;�(F�
;�A�3I 
3V;%;<35"@_In¦+Ea �c;m8<(*k
3C�s N(*",+-(@;�A�3C�V8:�C;Y8%$]WG=#(F;H70$-6V"%(@;%;%$'.C�
;�WG=#(
;%(*&) #"<(Q(F&�;Y.V"% #"<(*�
(*��$b(F&�70(*$-Z0(*��&,(F"<3POV(*+'+'358F_�no+bJK3POG$]7bM0 N(*"�+]3H;%(*OX3,70(*&`356V.C6V$'3
M
+]3�;Y(FOP3I 
3C;<;Y$'�� N(*"�+]3^Oe$'7
3#M�(*+d;%(*=�kN.C��1e=#&).V"�$c(F+d;%(*=s;%(*�G8%$-8H70(2+'3�"<(F;% N.C�
;<35k#$'+-[
$-8<3X8@_Sno+dtT35k#+'.
MT35&HksWG=#$d�
.S/�.V&, 435"%8%(*$-Z0.�&).C+-8%(F;�.C #$'�#$'.C�
;� 4(F"%��35&�ksWG=#$d 
3C;<;%.
kN.C�#(@;�(F;Y8%.V�#(F;K8<.58�70$'�
35�G8@_9n�+Ea n�70(F+-$'�#(VM�3C&�k�WV=
$c1#(�/*.C&) 
35"%8%$-8�&).C+-8%(F;�1#.C"<(F;�70(
8%"<(*��Me7#$-�
3C"<;d$b;Y.V 
35":;�$bWG=#(�;Y(F&) #"%(K(*&�;%.C"< #"<(*��3C&�k2+]3�;%(*OX3,3XR4/*$-�,35+];c(@;Y N.C"%8<;d&)?F;
(F;Y8%":35�er0;F_!n¤+'3����V�#$]/*3#Md 4(F"`+-(@;`;Y(@;%;%$'.C�
;)70(�/�$'�#(�Oe$];%/*=
70(F;, #+'(*6G3X8:;*Md 4(F+';`+'+'$-k#"<(F;
"<(F/�.V&`35�
358<;�$#(F+4;%(*=�;%(*�G8%$-8c/�.V&�zy_�no+N�C.V"<70$4�I35�F�C�yMV 4(F"�+-(@;c/*.C�eOC(F"<;%(F;�&`35�G8%$'�#6V=
70(F;
(*+];c7#$-OV(*�
70"<(F;d3�+]3�8:35":7#3#MV 4(F"d+'(F;}3C;<;Y$'6C�43X8%=
"%(@;T/�.C&) 
3C"Y8<$'7#(F;FMV N(*"}+'3�;Y(FOP3� 
3C;<;Y$'�� N(*"
+]3I&)(�8<(*.C"<.C+'.C6V$'3�$�+]3S70.0/�jF�
/�$]3�$} 4(F")+-(@;H/*.V;%(F;�WG=#(�35 #"<(*�4/�7ba (*+'+�_�~�3I+]3I~x.V+'3C�
7#3#M
/�.V&) 
35�erV3�70(K7#(F;% 
3X8%ZfM#3C=08%.V"<3�70(�+'3H 4.V"Y8:3C7#3H7ba 3CWG=#(F;Y8<3�8%(@;Y$EM0 4(F"�&,.G;m8<"<3C"Y[\&)(o=#�
3
Oe$';%$'��3C+q8<(*"<�
3X8<$-OX3K70(�+]3K;%.0/�$'(�8:3X8T(*�`WG=#j�Oe$-Oe$'&�MV 4(F"T(*�
;%(*�erG35"%[E&)(�WV=
(}=
�,&)�V�,&)$'+-+'.C"
?F;� N.V;<;%$-k#+'()$cWG=#()(*�
/F35":32(@;m8:�� #+-(�7ya $'�X|m=
;Y8%$]/�$'(F;FM� N(*"�(@;%/*.C+-8<3C"K+'(F;�&)(FOC(F;�/*.C�0RN70j*�0[
/�$'(F;K$T N(*+];�;Y(F=
;Kk4.C|m.V;�/�.V�
;%(*+'+';F_,�K":�C/*$-(@;K328%.C8<;F_Hnh8<.58<;KOV.V;<35+-8%"<(F;QOC.C+]70"<$'3970$'"Y[\OC.G;
&).C+-8%(@;�&,?@;�/�.G;Y(@;*M�$�&).C+-8�70(*+cWG=#(�7#$'/`7ba =#�
;�1#.I70$'"%$]398<35&Hk4?�7#(*+];�35+-8%"<(F;FMy N(*"<�H|Y3
(*&£/*.C�#(F$qZ0(F=yMb;Y.0/�=
��1#.V&)(H70(, 4.0WG=#(@;Q 435":35=#+'(F;Q$� #"%(*AB(*"<(*$-Z0.�&).V;Y8%":35"%[EOV.V;�(F+�&)(F=
356V"<3CD�&)(F�V8�(F;Y8<3C�G8d35+#OV.V;Y8%"<(�/�.V;Y8<358FMG/�=#+-8%$'OX35�G8d3CWG=#(@;m8:3�35&)$];m8:3X8cWG=#(�(*&h"<(F;%=#+q8:3K8<3C�V8
 #"<(F/*$-.G;%3H$y3X|m=
7
35�G8Y[\OC.G;};%(*&) #"<(�(*��(*+�WG=#(�kN.C�
3C&)(*�G8o #=#6V=#$�_

{o$�1
3�35+-8%"<(F;U 4(F"<;%.C�#(@;Q3C&�kSWG=#$�&^a 1#(�8<"%.Vk
3X8�35+�+-+]35"<697ya 3VWV=
(F;Y8K/*3C&)p�WG=#(,?F;Q+'3
Oe$'7
3#MN 4(F"<;%.C�#(@;UWG=#(H1
35�S;%$'6C=08U&).V+q8�(F;% 4(@/�$]35+];o N(*"K=#�
;Q&).58%$'=
;Q.235+-8%"<(F;FMN$�3C&�kSWG=#$
35":3,&`35�G8%$'�
/�=#�
3�k4.V�
3)"%(F+'3V/�$'�`7ba 3C&)$';Y8<358FM
=
�
3`;Y$'&) #+'(�"%(F+'3V/�$'�,AB"%(@7#3)$� #"<.5AB(@;%;%$'.C�
3C+
.^WV=
(,;Fa 1435�� 4(F"<70=#8�(F�S(F+�8%(*+TkN.C$'"<�V;FMy32OV(*6V3V70(F;Q$'�
/�.V&, 
"%(F�
;Y$'k#+'(CMy70(,+'(F;�"<(*+]3C/�$'.C�4;
1e=#&`35�#(@;*_9t�(*"�3C$qZ0�^8<3C&�kN?`Oe=#+-+}356V"<3CD�"�3CWG=#(@;m8:3�8%(F;%$d3^+]3���=#"<$'(*+EM� N(*"�+'(F;�&,.V+q8<(F;
1#.V"%(@;�/�.V&, 435"%8%$]70(F;FM5(*+N;Y(F=`1e=#&).C"d;%=#"<"%(@35+0$4+'3�;%(*OX3�Oe$];Y$'��70(o+]3�Oe$]7#3#§e3�+'3�¡y=#$];%3
MC N(*"
"<(F;</*3X8:35"%[E&)(�(*��=
�I&).C&)(*�G8U&).C+-8Q70$-ABp]/�$'+�7#(�+'3�&,(FOX3`Oe$'7#3�$�WG=#(�(F&�OX3`&).G;m8<"<3C"o(*+
&)�C�27#(Q+]3�$'&)&,$'6C":3C/*$-��;%=
7#3C&)(*"<$'/F35�
3�3C+N�G35 N�
§e3�+Ea no+'k
3� N(*+f N(�8<$q8}8%"<.V;}70(UOe$]7#3�WG=#(
OX35&¤AB(*"d|m=#�G8<;K$�3�+]32JQ.C"<.5R43� 4(F+';K;Y.V&)�#$';KWG=#(�&`3C+'3C=#"<3V7#35&)(F�V8Q�#.2OX35&� N.070(*"QAB(*"
"<(F35+'$-8<3X8@_

�o.�(F&�Oe=#+'+
.Vk#+-$]7#3C"�70(o N(*":;Y.V�#(F;TWG=#(o N.58:;Y(F"T�#.�1
3C�`;Y$'6C=08T8:35�G8c$'&) 4.V"Y8:35�G8<;T/*.C&
+'(F;�(F;%&,(F�G8<3C7#(F;�35�G8%(F"%$'.C"<&)(*�G8� N(*"<�QWG=#(}1
35��AB(�8TWG=#(d(F+e&,(F=,7#$'3Q3Q70$]3UAB.V;�8<35&Hk4?}&)?F;
356V"<3V7#35k
+-(V_2no+];�/*.C&) 
35�er0;� 
3V;%;<3X8:;�$c #"<(F;%(*�G8:;�70(�+Ea �}¨0nU©Kª�JK35�
$�Mc«Q=#$'&^M��K(F"<3C"<7bM
��.V6C(*"�$
�S35"%8<3#_�n�+'3���3C"%$'�
3Q 4(F+#�#.V;Y8%"<(d8%"<(*k
3C+-+0 #+'(*6G3X8:;*_�n�(*�)�C.G35�e$'&�MV3Q+]3K6C(F�V8�70(
+]3K¬QnU©sWG=#(�(F&�OX35�)3C/*.C+'+-$'"T35&�kH(*+];�k#":3C¢�.G;�.CkN(*"%8<;Fª��V.V35��M5no$-8%.C"@MCJK3POe$'7H$#�I35"%8<3
M535+
�o$]/:�`WG=#(U�#.H?F;d"%(@;Y N.C�4;%3Ck#+-(Q70(*+f&)(*=9k
35$-Z`�#$-OV(*+'+N7ya 3C�#6C+'jF;FMG3�+'3�t�$'+'3C"d$N(*+b�V.C":70$
 N(*"
;%(*&) #"<(}(@;m8:35"T70$];Y N.V;<3X8:;T3�70.C�
3C"Y[\&)(d=
�)/*.C )70(�&`3�(*�H8<3C;<WG=#(F;T7#(�/*.e.C":70$-�43C/�$'�
M53K(F�
#(F"%�435�
70.�$G3�(*����.C�
$C N(*+e;Y(F=�$-�#(@;m8<$-&`3Ck#+-(d;Y=# N.C"%8�$'�0AB.C"<&`�X8<$'/CM@3�+]3 L (@;%/F3� 4(F"�3C/*.C+'+-$'"%[
&)(K3C+ L 3C&) #=
;��o.V"<7`$b3,WG=#$b35":3� #=
/U8%.V"%�
3C"d(F+NA�3POC.C"}3C/*.C+'+-$'�G8Y[\+'3�3 L 3C;Y8%(F+-+]70(*AB(*+];*Me35+
��$]/*3C"<7� N(*"�70(*$-Z#35"%[E&)(�(*+�;Y(F=S/�.070$� #1
3V;Y(*[�R
(F+'7^$�(*�
;%(*�erG35"%[E&)(Ca �^(*+];o"<=
70$'&)(*�G8<;FMN3C+';
&`3X8<(*&`�X8<$'/F;�WG=#(�1#(�/�.V�#(*6V=08�"<(F/�(F�G8%&)(*�G8FM�(@;Y N(F/*$'3C+-&)(*�G8�+]3I�I3C$q8<(�$}+�a no�#�43#MT N(*"<�
;%(*�
;%(`.Ck#+'$]7#35"�+]3^~m;%3Ck4(F+�M�+]3I¨e�C�#$]3#M�+�a nokN(*+}$�+Ea®�K;</*3C"�$�R
�435+'&,(F�G8�3^+�a 3C70&)$'�#$];m8<"<3V/�$'�



70(F+�70(* 
3C"Y8:35&)(*�G8@MN(@;Y N(F/*$'3C+-&)(F�V8�39+'3^¨e$'+-Oe$]3#Mb N(*"�8<"<3V/v8<3C"Y[\&)(H;%(*&) #"<(�8:35�G8�k4?V_H~U3
(*+'+];��#.�(*+];�1#(9/�.C�
(*6C=#8FM� N(*"<�I;%(*�
;�7#=#k08%(2+'3^&)(*OX3�Oe$]7#3�;%(*"<$'3�&)?F;�3POV.C"<"%$]7#3�;Y(F�
;%(
(*+};Y=
 4.V"Y8�&).V"<3C+d70(2�$'.070.C",JU.G;m8<.C$'(*O0;Y�erVM�nU+-kN(*"%8 L 3C&�=
;FM�¯�.e.070r�no+'+-(F�yM�~x�#6C&`35"
©}(*"<6C&`35�9$�¨G8:35�#+'(*r2��=
k#"%$]/:�f_Tn (*+'+';}8:35&�kN?�(*+];�1#$�3C6C":35(F$qZ0.H3VWG=#(F;Y8�8%"<(*k
3C+-+E_

t�(*"<��(FOe$'70(F�G8%&)(*�G8FM�3CWG=#(@;m8:3�8%(F;%$�(F;Y8<��(@;Y N(F/*$'3C+-&)(F�V8�70(@70$]/*3C7
3�3�+'(F;) N(*":;Y.V�#(F;
&)?F;9 #"<.C N(*"<(F;�WV=
(�;%�C�°+'(F;^3C=08%jF�V8<$'WG=#(@;2"<(F;% N.C�
;<35k#+'(F;970(�+'3±;Y(FOX3s(�Z0$];m8<j*�
/*$'3
ª�+'3
&)(*OX39A�35&)$'+-$]3#_�n�+]3^$'3C$'3 L 3C"%&)(�8:3#My N(*"�(@;m8:35"�;%(*&) #"<(`70$';% N.V;<3C7#3^3^70.C�435"�=#��/�.V 
70(�&`3#M
3,+]3,$'3C$'3 L 35"<&)(*�9$�3,+�a 3POe$�M#WG=#(K8%.C8o$�WG=#(}|Y3,�#.`1#$y;%�C��(*�G8%"<(��#.V;<35+-8%"<(F;}&`35$
(*+];� N.070"<?o.Ck#+'$]7#35"@MG3C+4�o3C&).C�` N(*"c+'(F;c�#.V;Y8%"<(F;d/�.V�GOV(*":;Y(@;T70(Q7#$-=#&)(F�#6C(U3�+'3�8:35":7#3#MG35+
&)(*=�6V(*"<&`��$f&,(@;m8<"%(K�C.V"<7#$�Me;Y(F�
;%(U+]3� #"<(F;%j*�
/*$'3�70(*+bWG=
35+N�#.H1
35=#"<$]3�35"<"%$'k
358c.C�2;%.0/o$
;%.Ck#"<(�8<.58}3C+';d&)(*=
;� 435"<(F;FMGWG=#(K1
35�2AB(�8�8%.C8}(F+f 4.G;%;%$-k
+-(K 4(F"�70.C�
3C"Y[\�#.G;c3H&,$b$b3C+N&)(F=
6C(F"%&`�H(*+y&)$'+-+'.C"o7#(Q8<.58@M#&).C+-8%(F;�OV(*6G3C70(@;};<3C/*"%$-R4/F35�G8Y[x;Y(Q 4(F"o�#.G;%3C+q8<"%(@;*_T�K"<�V/�$'(F;F_





� �����������
	

���������������������� � !"$#%"'&)(+*%,.-$(0/21�(+/4365+-$787%*%9�-:5+*8;=<>#?#@#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@# B"=#8"=#8" CEDGFIH�(+1J;4;$7%H�K278*MLNDG*%KO3P-�<OKRQ$7M-$3+30H�3S#?#@#?#@#A#@#@#?#@#?#@#?#@#@# T"=#8"=# U C450(+DO1V5+DG(+-$7W(0H�7%-�XG-:50*%;$<2-�<OKY1�(+/E3Z5[-�7%78*%9�-�50*%;$<2*8<Y,.H�5[-�7%78*M1AQ$7M-$3+36H�3 \"$#]U_^`;EKEH�787%*%<GQ.;�abFG(0*%,c-�(+/d1�(+/E3Z5[-�7%78*%9�-�50*%;$<_#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#e"�B"=# UG#8" f@gN^ihj,.;EKEHJ7Wak;=(P<4DO1�7%H�-�50*%;$<2-$<OKRQ$(+;:lm50no50([-�<O36ak;$(+,c-:50*%;$<I3@#e"�B"=# UG# U f?*%<GHJ50*M1p,.;EKEH�7%3q#?#@#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#e"�r"=# UG# s &tnO-$30H�uwvOHJ7MK2,x;EKEH�7%3y#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�U$z"$# s {p*}|�DO30*8;=<Y*8<Y7%*%LNDG*MKG3P-�<IKR-$,.;$(+FGnG;$DI3~30;$7%*MKG3�#?#@#A#@#@#?#@#?#@#?#@#@#�U��"=# sO#8" ^iH�1[nO-$<G*%30,c3~;�a�KE*}|�DO30*8;=<�#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�U��"=# sO# U {p*8| DO30*%;$<Y*8<R,.H�5[-�7%78*M1?Q$7M-$3+36H�3�#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�U$�"$# � h�*8,q;�a�50nGH?5+nGH�30*%3
#?#@#@#?#@#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�UNT
���@���G���=�+���4���S�������4���������i� �P���:�����E���������������G�������$�E����� � �O�UE#%"'&)nI-$30H�uwvOHJ7MKo,.;EKEH�7Wak;$(PFG(+*%,.-$(0/d1J(0/E365+-$787%*89�-:5+*8;=<c#@#A#@#@#?#@#?#@#?#@#@#�U$\UG#8"=#8" {pHJ(+*%��-�50*%;$<R;�a�50nGH@,.;EKEHJ7�#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�U$\UG#8"=# U h�FGFG7%*%1�-:5+*8;=<o5+;cFG(0*%,c-�(+/d1�(+/E3Z5[-�7%78*%9�-�50*%;$<�#A#@#@#?#@#?#@#?#@#@#�s=sUG#8"=# s {p*M301JDO3030*%;$<>#?#@#@#?#@#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�sNBUE#]U_��DG,.HJ(+*%1�-�7W*%<=5+HJQ=(+-�50*%;$<o;$a�5+nGH@FGnO-=36HJu�vIHJ7MKoH�L=DI-:50*%;$<I3 #@#?#@#?#@#?#@#@#�s=�UE# s_¡�XG-$,xFO78H¢1�-$30H�3£#@#?#@#@#?#@#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�s=\UG# sO#8" {p*8| DO30*%;$<G7%H�3+3~50([-�<O36ak;$(+,c-:5+*8;=<O3¤#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�s=\UG# sO# U ¥ ;=<O1�H�<N50([-:50*%;$<2FG(+;�vO7%H�3¦#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#§�I"UG# sO# s ^¨-$3+3 ©I-�7M-�<O1JHy#@#?#@#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#§�4U
!_ª����«�����E�����I���¢¬c�k�����$� �������O���

D �®sG#%"¯f?*%<GH�5+*%1A,.;EKEHJ7M3P;$a�FG(+*8,c-$(0/o1J(0/E365+-$787%*89�-:5+*8;=<O3�#?#@#A#@#@#?#@#?#@#?#@#@#§�4BsO#8"=#8" °mnOHAQ=HJ;=,xHJ50(+*%1�-�7�,.;EKEHJ7w±²#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#§�4BsO#8"=# U hP1�50DO-$7W³4*8<GHJ50*M1J3P;$a�FG(+*%,.-$(0/d1J(0/E365+-$787%*89�-:5+*8;=<�±´#@#?#@#?#@#?#@#@#§�NrsG#]U µA(+;:lm50nR;�ab-c36*%<GQ$7%H?FO-�(050*M1�7%Hx#A#@#?#@#?#@#@#?#@#?#@#A#@#@#?#@#?#@#?#@#@#�B$zsO# UG#8"
2D

30*8,¶DG7M-:50*%;$<I3J±�#A#@#?#@#?#@#?#@#@#?#@#A#@#?#@#@#?#@#?#@#?#@#@#�BG"sO# UG# U
3D

30*8,¶DG7M-:50*%;$<I3J±�#A#@#?#@#?#@#?#@#@#?#@#A#@#?#@#@#?#@#?#@#?#@#@#�B=BsG# s °�(+-$<O36ak;$(+,.-�50*%;$<O3 lP*850nYFG(+HJH�XE*M3Z5+*8<OQx<4DO1J78H�-:5+*8;=<·#@#A#@#@#?#@#?#@#?#@#@#�B$�sG# � °�(+-$<O36ak;$(+,.-�50*%;$<O3 lP*850n`1�;=<=5+*8<4DG;=DO3m<4DO1�7%H�-�50*%;$<q#@#A#@#@#?#@#?#@#?#@#@#��NB



U ¥P¸A�p°m¡t��°¹C

 ª����´�����E����� ���¶¬c�k���º�«�$� �>�t� ���k�����I���G�)���N�t�4�����4���
D »I®�O#%"¯¼PHJ7M-:5+*8;=<O30nG*8FR© H�5Zl~HJHJ<`KE*8|�DO36*%;$<`1J;NHJ½d1�*%HJ<N5¹-�<OK2�4*%3+1�;N36*85Z/�#@#?#@#A#@#�T�B�O#]U¾&)nO-=36HJu�vOH�7%KR,.;EKEHJ7WlP*850nY<G;=<Eu¿1�;$<I3Z5[-�<N5

D
#A#@#@#?#@#?#@#?#@#@#?#@#A#@#�T:\�O# s °�([-�<I3Zak;=(0,c-:5+*8;=<O3~lP*}5+nYFG(0H�H�XE*M3Z5+*8<GQ.-�<IKR1J;$<N50*%<4DG;$DI3 <4DO1J78H�-:5+*8;=<¦#A#@#�rG"�O# sG#%" µA(+;:lm50nR;�a�-.30*8<OQ$7%HAFI-�(050*M1�7%H #?#@#A#@#@#?#@#?#@#?#@#@#?#@#A#@#�rG"�O# sG#]U °�(+-$<O3Zak;=(0,c-�50*%;$<O3 lP*}5+nYFG(0H�H�XE*M3Z5+*8<GQ.<4DO1J78H�-:50*%;$<º#?#@#@#?#@#A#@#�r=U�O# sG# s °�(+-$<O3Zak;=(0,c-�50*%;$<O3 lP*}5+n`1�;$<N5+*8<4DG;=DO3m<4DO1�7%H�-�50*%;$<·#?#@#@#?#@#A#@#�r$r

®¾À � ���$��������� ��� � ®



Á ÂÄÃ�ÅÇÆ2È�É Ê

Ë ����Ì��ÎÍÏÐÑ�
Òm���

I
<@5+nGH H�*8Q$50nG*%H�3�Ó�-P<GH�l>vOH�7%K@;$aO(+H�-$30H�-$(+1[n?-�FOFIH�-�(+H�K@*%<¢,c-:5+HJ(+*%-$7%3�301J*8H�<O1�H=±�,.H�5+-$787%*M1Q$7M-$3+30H�3�#x°mnGH�36H.,c-:5+HJ(+*%-$7%3?-$(0HxDO30DO-�7%78/¨;$©E5[-�*%<GH�K¨ak(0;=,Ôa�-$365Õ30;$7%*%KE*8vI1�-:50*%;$<�ÓWlP*}5+n1J;N;=78*%<GQx(+-�50H�3~-=3~nG*8Q=nR-=3

106 K/s
ÓN;$a�,.H�5[-�78uw<O;$<R,xHJ5+-$7�-�7%78;:/E3 ;$(~ak(0;=,y,.H�1[nO-$<G*M1J-�7-$787%;:/4*8<GQI#¢°mnGH¶50;$F ;$7%;$Q=/Y;�at5+nGHx(0H�36DG785+-$<N5AFG(+;EKEDO1�5?*M3?36*%,.*87M-�(A5+;o5+nGH.;$<GH¶ak;$DG<IK¨*%<5+nGHc78*MLNDG*MK>3Z5[-:50Hc;$a 5+nGHo3+-�,.H.,c-:50H�(0*M-�7wÓ�5+nO-:5¶*%3�Ó�lP*850n�30nG;$(056uÖ;$([KEH�(?30FO-�50*M-�7)-:5+;$,.*M11J;$(+(0H�7%-�50*%;$<O3x×�-$(0;=DG<OK

5 ØpÙ #dÚ H�1J-$DO36Hx;�a~50nI-:5�Ó�50nGH�36H.,c-:5+HJ(+*%-$7%3?-$(0Hc-�7M30;2(+H�akH�(0H�K´-=3-$,x;=(0FOnG;$DO3b,c-�50HJ(+*M-�7M3J#�°mnGHJ*%(t*%,.FI;=(65[-�<O1JHP78*%H�3t*8<c*85+3tH�XG1�H�787%HJ<N5t,c-�Q=<GH�5+*%1mFO(0;=FIH�(65+*8H�3×�*}aW*%<.50nGH�*8(t1J;$<O3650*850DOHJ<N5+3b5+nGHJ(+H¹-�(+HmakHJ(+(+;$,c-�Q=<GH�5+*%1~HJ7%HJ,.H�<=5[3PÛ%"VÜ8u[ÛÝT�Ü Ù -�<OKx,.H�1[nI-�<G*M1J-$7×�,.-$*8<O78/¶lP*}5+n.h�7O©O-=36H�KÕQ=7%-=3030H�3~Û rGÓ$\�Ü Ù #�°mnOHP,.-$*8<cKE*M3+-$KE�:-�<N5+Q$H$Ó�50nO-�5)*8<.5+DG(0<c-��=;$*MKG35+nGH¶DI36H¶;�a)5+nGH�30HÕ,c-:5+HJ(+*%-$7%3p*%<i50nOH¶*%<OKEDO3650(+/$Ó�*M3p50nGH�*8(A50nOHJ(+,.-$7�DO<O3Z5[-�©G*%7%*}5Z/Y© H�1J-$DO30H5+nGHÕDG<IKEHJ([1�;4;$7%H�K¨3Z5[-:50H¶*%3A,.H�5[-$365+-$©G78Hx-�<OK`50nGH�<�Ó�-�<4/`1�;=<=5+(0*%©GDE5+*8;=<i;�a�5+nGHJ(+,c-�7�HJ<EuH�(0Q=/´*M3¶-$©G7%Ho5+;´-$1�50*%�:-:50Ho50nGHY30;$7%*%K�365+-�50HRFG(+;41JH�3+36H�3¢7%*8³=Hd5+nGHRKG*}|�DO30*8;=<�;�a�30;$,.H2;�a5+nGH¢1�;=<O3Z5+*}5+DGHJ<N5�30FIH�1�*%H�3�ÓE50nI-:5�(+H�30DG785+3m*%<25+nGHÕ-�50;$,.*M1?;$([KEHJ(+*%<GQx-$<OK250nGH¢30DG©O30H�LNDGH�<N51J(0*M3Z5[-�7%78*%9�-�50*%;$<¶;�a 50nGH¹,c-�50HJ(+*M-�7w#�Þ¿<c,c-�<4/Õ1�-$30H�3�Ó:50nGHp1�(+/4365+-$787%*%<GHmFGnO-$30Hm50nI-:5t-�FOFIH�-�([3KE;4H�3¢<G;$5Õ50([-�<I3Zak;=(0,ß1�;=,xFO78HJ50HJ7%/«50nGH2,c-:50H�(0*M-�7wà)*M3¶-¨FG(+*8,c-�(+/´1J(0/E365+-$787%*89�-:5+*8;=<á50nO-�51�-�<Y©IH¢ak;$7%78;:l~H�K2©4/o5+nGH¢FG(+H�1J*8FG*85+-�50*%;$<Y;�a�-c30H�1�;=<OKRFGnO-=36H¢-�5�nG*%Q$nGH�(P50H�,xF HJ([-:5+DG(+H�3�#°mn4DO3�ÓO5+nGH.3Z5+DOKE/Y;�a�5+nGHÕ,c-:5+HJ(+*%-$7%3�;$©E5[-�*%<GH�K`ak(0;=,q5+nGHÕnOH�-:5p50(+H�-�50,.HJ<N5p;$a),.H�5+-$787%*M1Q=7%-=3030H�3�lm-$3�*8<O*}5+*%-$787%/¶KEH��$;$50H�KÕ50;@FO(0H��$HJ<N5�*85+3)1J(0/E365+-�7%7%*89�-:50*%;$<¶;$(�50;¢KGHJ7M-�/¢*}5�5+;@nG*%Q$nGH�(5+HJ,.FIH�(+-�50DG(+H�3�#bâG(+;$,ã50nGH�36HA3Z5+DOKE*%H�3 *}5mlm-$3tKG*%3+1�;:�=HJ(+H�K¶50nO-�5 5+nGH�30H�FI-�(050*M-�7%78/.1�(+/E3Z5[-�78u7%*89�H�KR,c-:5+HJ(+*%-$7%3mnO-=KRFG(0;=FIH�(65+*8H�3¹-$3¹Q$;4;EKo;=(¹©IHJ565+HJ(p-=3~50nGH�*8(A-�,.;$(+FGnG;=DO3~FG(+H�1�DO(+30;$([3-$<OK�lP*850nº5+nGH`-$KE�:-�<N5[-�Q$HR;�a?© HJ*%<GQ«50nGH�(0,c-�7%7%/�3Z5[-�©G7%H$#�°mnGHY(+H�-=36;=<�ak;$(.5+nGH`Q$;4;EKFG(+;$F HJ(050*%H�3?;$am50nGH�36Hd³4*%<OKá;�a¹1J;$,.FI;N36*850Hc,c-�50HJ(+*M-�7M3@78*%H�3Õ*8<á5+nGHo30*89�Hc;�am50nOHo1�(+/E3Z5[-�7M35+nO-:5xQ$(+;:lÑ*%<>50nOH2-�,.;=(0FGnO;$DO3@,c-�50(+*}X>-�<OK«5+nO-:5.-�(+HdDO30DO-�7%7%/´;$a¹<O-�<G;=,.H�50(+*M1d301�-�7%H×k50*%FG*%1�-�7%78/¶©IHJ5Zl H�HJ<
20

-$<OK
50 nm

Û%"�zEÓI"$"VÜ Ù #�°mnGH�36HPFI-�(050*M-�7%78/x1�(+/4365+-$787%*%9JH�K¶,c-:5+HJ(+*%-$7%3lP*850nS-�FGFO(0;=FG(0*M-:5+H�K�1J;$,.F ;=30*}5+*8;=<O3¶-$787%;:l¦5+;´;=©E5+-$*8<ä,.-�50H�(0*M-�7M3¶50nO-�5.HJXEnG*8©O*}5cDO30H�akDG7,.H�1[nI-�<G*M1J-$7¹FG(+;$F HJ(050*%H�3¨×�*8<I1�(+H�-$30H�K�KGDO1V5+*87%*}5Z/=Ó¹*%<O1�(+H�-=36H�KºåO;:lÔ3Z5+(0H�303d-$<OKSak([-$1�50DG(+H3650(+HJ<GQ$50ná-�<OKá30DGF HJ(+FG7%-=3Z5+*%1J*}5Z/�Û8"�U4Ó)"�s:Ü Ù -=3?l H�787 -$3?nO-$(+K«-�<OKá30;�aæ50uw,c-�Q=<GH�5+*%1xFG(+;$FGuH�(65+*8H�3R×�78;:lq1�;4HJ([1�*%�4*}5Z/=ÓtnG*%Q$nº30-�50DG([-:5+*8;=<�,c-�Q=<GH�5+*89�-:50*%;$<�Ó)(0H�KEDO1JH�KänG*8Q=n�ak(+H�LNDGH�<O1�/7%;=3+36H�3@-�<OKá3650(+H�3+3ZuÖ*%<OKEDO1JH�Ká-�<G*M30;�50(+;$F4/�Û%"�Ó "J�GÓ "�B�Ü Ù #RÞ¿<>Q$H�<GHJ([-�7wÓ�1J;$,.FI;N36*850Hc,c-�50H�u(+*%-$7%3A-�(+Hx,ÕDG7850*%FGnO-=36H.,.*}X45+DG(0H�3A50nO-�5¢-�(+HÕ5+H�1[nG<G;=78;=Q$*M1J-$787%/Y*8,.F ;$(05+-�<N5?©IH�1J-$DO36Hx5+nGHJ/1�-�<S©IH¨FG(0;EKEDI1�H�KSlP*850nç-álP*MKEHi�:-$(0*%H�5Z/ä;�a¢1�;=,xF ;$<OHJ<N5+3.5+;�;$©G5+-�*%<�-�KEH�36*%(0H�KS36HJ5



� ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<
;�aAFG(0;=FIH�(65+*8H�3J#�°mnGH�/�DO30DO-$787%/�1�;=<O30*%365c*8<�-«FGnO-=36HYHJ,¶©IH�KGKEH�Kä*%<�-«,.-�50(+*}XälPnG*%1[n1J-$<xnI-��$HPKE*8| H�(0H�<=5~1�;$,.F ;=30*}5+*8;=<�Ó=KG*}|�HJ(+HJ<N5t1�(+/E3Z5[-�7%78*%<GHPFGnI-$30HP;$(t1�-�<.©IHp-�,.;$(+FGnG;=DO3J#C4;$,.HcHJXE-$,.FG78H�3¢-�(+H.Q$([-�FGnO*}5+H¶vI©IH�(+3Õ*8<>-�<>h�Q�u6¥ Dá-$787%;:/i,c-:5+(0*8X´lPnOHJ(+H.50nGH.vO© HJ([3-�(+H?DO36H�KR50;d1J;$<N50(+;$7�5+nGH¢,.H�1[nO-$<G*M1J-�7�FG(0;=FIH�(65+*8H�3m;�a�50nGHÕ,.-�50(+*}XR;$(�3650H�HJ7M3¹1�;=,.FI;N36H�K;�a¹30HJ�$H�(+-$7�FGnO-=36H�3@78*%³$Hd1�-$365¢*8(+;$<I3@lPnG*M1[n�-�(+Hd-Y,x*8X450DG(+Hd;$a~Q=(+-$FGnG*850H$Ó�©O-$*8<G*850*M1.akH�(6u(0*850H=Ó�,c-�(050H�<O36*850H.-�<IK¨-�DI3Z5+HJ<G*850Hc-�<IK`50nI-:5¢-�(+H¶DI36HJakDG7bak;$(@1J-$(?FO-�(05pa�-$©G(+*%1�-:50*%;$<«KEDGH50;á*85+3.;$FG50*%,.-$7P1�;$,¶©G*%<O-:5+*8;=<�;�a?KEDO1�50*%78*85Z/$Ót50nGH�(0,c-�7¹1J;$<OKGDO1V5+*8�4*85Z/�-�<OKä78;:lèl H�*8Q=n=5Û8"��EÓb"�T�ÜÖ#ÕC4;=,xHxH�XG-$,xFO78H�3�;$a 1�;=,xF ;=30*850H�3AlP*850n«-o,.H�5[-�7%78*M1x-�,.;$(+FGnG;=DO3¹,c-:5+(0*8Xi-�<OKlP*}5+n�-$1V5+DO-�7m*%<OKEDO3650(+*M-�7¹-�FOFG78*M1J-�50*%;$<O3.-$(0HY,c-:5+HJ(+*%-$7%3xlP*850n�1�;=,xF ;=30*850*%;$<O3x©O-=36H�K�;=<âGHJuÖ�pK4uÖÚã5+nO-:5dlP*850nº*85+3.H�XG1JHJ7%78H�<=5.nO-$(+K�,.-$Q$<GHJ50*M1RFG(0;=FIH�(65+*8H�3.-�(+HolP*MKEHJ7%/�DO30H�Kº-$3FIH�(0,c-$<GHJ<N5o,c-�Q=<GH�5[3o-$<OKS50nOH´30;�u¿1J-�7%7%H�KSâ�ÞZ�¹¡t^`¡ °é×k,c-:5+HJ(+*%-$7%3o©O-$30H�KS;=<çâGHJu¿C4*8uÚ uÖ��©EuZ¥ D Ù Ó��ph��A¸p&t¡t¼¹^�×�âOH�u6ê (6u¿Ú uZ¥ D Ù -$<OK¨ë�ÞZ°m&)¡t¼¹^Î×�âGH�u6¥ ;�u6ê (0uÖÚ u6¥ D Ù DO30H�K*8<�1[nO;$³$Hc1J;$*%7%3?;=(Õ-$3@nO*8Q=nEu�ak(+H�LNDGH�<O1�/i50([-�<O36ak;$(+,.HJ(¢1�;=(0H�3@KEDGH.5+;i*}5[3¢30;�aæ5Õ,c-�Q=<GH�5+*%1FG(+;$F HJ(050*%H�3�#h�1�;=,.,x;=<.akH�-�50DG(+H¹;�a�-$787O50nGH�36Hp,.-�50H�(0*M-�7M3�*M3�50nI-:5t5+nGHJ*%(t,c-=1�(+;=3+1�;$FO*%1~FG(+;$F HJ(050*%H�33Z5+(0;=<GQ$7%/¢KEH�FIH�<OK.;$<¶50nGH�*8(t<O-�<G;N3Z5+(0DI1V50DO(0H=#�°mn4DO3�Ó�*}5 *%3�1J(0DO1J*%-$7450;@nO-��=H Q=HJ<GH�(+-$7450nGH�;�u(0*%H�3�-�©G7%H)5+;¹FG(+H�KE*M1V5�50nGH~KEHJ�=HJ7%;$F H�K@,.*M1�(+;=3650(+DO1V5+DG(+H)-$3�-p1�;=<O36H�LNDGHJ<O1JH�;�aO-�FO-�(050*M1�DG7M-�(nGH�-�5)50(+H�-�50,.HJ<N5t-$<OKx50;¢HJXEFG7%-$*8<x5+nGH�(+HJ7M-:5+*8;=<x© H�5Zl~HJH�<x50nO-�5 ,.*%1J(0;N3Z5+(0DI1V50DO(0HP-�<IKx50nGH;$©O30HJ(+�$H�K«,.-=1�(+;=3+1�;=FG*%1.FO(0;=FIH�(65+*8H�3J#«¸p<OHo;�aP5+nGHo,c-$*8<>a�-=1V5+;$([3@50;´FG(+H�KE*M1V5¶50nGH2,x*8u1�(+;=3650(+DO1V5+DG(+HP*%3t50nGHA³4*8<OH�50*M1J3 ;�aW5+nGH�30H¹5+(+-$<O36ak;$(+,.-�50*%;$<O3�#�°mnOH�ak;=(0,c-:5+*8;=<c,.H�1[nO-$<G*%30,;�a�<O-$<G;$,c-:5+HJ(+*%-$7%3Pak(0;=,è5+nGHÕ1�;=<N50(+;$7%78H�KYnGH�-�5¹50(+H�-�50,.HJ<N5�;$ab,.HJ5+-�7%7%*%1ÕQ$7M-$3+36H�3~ak;$7%78;:l¹3-c<4DO1�7%H�-�50*%;$<i-$<OK`Q$(+;:lm50n`³4*%<GH�5+*%1�3J#p°mnGH¢5+nGHJ(+,.;4KG/N<I-�,.*%1@åODO1V5+DO-:5+*8;=<O3p*8<OKGDO1�HÕ50nGH-�FGF H�-$(+-$<O1�H ;�aO<4DO1J78H�*450nO-�5�Q$(+;:l«DO<=5+*8745+nGHJ/Õ*8,.FG*%<GQ$H=Ó$KE*%(0H�1V5+78/@;=(�*%<OKE*%(+H�1V5+78/?5+nG(+;$DGnGQ50nGH�*8(~1�;=<O1�H�<=5+(+-�50*%;$<.Q$([-$KG*8H�<=5[3J#b°mn4DO3�Ó$5+nGH�³4*%<GH�5+*%1�3t1�;=(0(+H�30F ;$<OKG3�50;@5+nGH�FGnI-$30Hp1�(+/E3Zu5+-$787%*89�-:5+*8;=<Õ*%<¶-�<¶DG<OKEH�(+1J;4;$7%H�K@7%*%LNDG*MKx-�<OKÕ*%3b3650DOKE*%H�K¶*%<¢50nOH ak([-�,.H�l ;=(0³A;�aGvI(+3656uÖ;$([KEHJ(FGnO-=36Hx50([-�<I36*850*%;$<O3�#chP1J1J;$([KE*8<OQ$7%/$ÓW5+nGHdf@g=^¨hÑ,.;EKEH�7)*%3Õ-R1J;$,.,.;$<G7%/iDO30H�K´5+;N;=7b50;KEH�3+1�(+*%©IHp50nGH?<O-$<G;E1�(+/E3Z5[-�7%78*%9�-�50*%;$<cFG(+;E1�H�3+3~-�<OK2*}5P(+HJ7M-:5+H�3t50nGH?Q$7%;$©I-�7 ³N*%<GHJ50*M1J3~;�a�50nGH36/E3650H�,ãlP*850nd50nGHpFO-�([-�,.H�5+HJ([3b50nI-:5P1�;$<N5+(0;=7E50nGH�50([-�<O36ak;$(+,c-:5+*8;=<�Ó$<O-$,.HJ7%/$Ó=50nGHA<4DO1�7%H�u-:5+*8;=<á-$<OK«50nOHdQ$(+;:lm50n«(+-�50H�3J#RÚ DG5¢50nG*M3¢,.;EKEH�7tnO-=3¢36;=,.Hc78*%,.*}5[-:50*%;$<I3cÛ8"�rEÓt"�\EÓ�U$z�Ü50nO-�5�,c-$³$HtDO<O1�7%H�-$(�*85+3��:-�7%*%KE*85Z/@*%<¢50nOH�30Ht5+(+-$<O3Zak;=(0,c-�50*%;$<O3�#W¡�X450H�<O36*%;$<I3�;$aE50nG*M3�,.;4KGHJ7,ÕDO365?©IH.KEHJ�=HJ7%;$F H�K`;=(p;$50nGH�(A50;4;$7M3�DI36H�KWÓ�-$3�ak;$(AH�XG-�,.FG7%H$Ó�FGnI-$30H�uwvOHJ7MKi,.;EKEHJ7�30*8,xuDG7M-:50*%;$<I3P50nI-:5@-�7%78;:l
50;R36;=78�=H@50nGHxKE*8| DO30*%;$<iH�L=DI-:50*%;$<¨*8<¨-$787�50nOH¶30FO-$1JH¢/4*8H�7%KE*%<GQo50nGH³4*8<GHJ50*M1J3m;$a�5+nGH?50([-�<O36ak;$(+,c-:5+*8;=<2-$3ml~HJ7%7�-$3~5+nGH@Q$H�<GHJ([-:5+H�Ko,x*M1�(+;=3650(+DO1�50DG(+H$#°mnGHx-$*8,Ô;$a)50nO*%3p50nOH�30*%3A*M3�5+;23650DOKG/Y50nGH.³4*8<OH�50*M1J3p;�a FG(0*%,c-�(+/`1�(+/4365+-$787%*%9�-:5+*8;=<`*8<,.H�5+-$787%*M1ÕQ=7%-=3030H�3�©N/`,.H�-�<O3p;�atFOnO-$30H�uwvOHJ7MKi,.;EKEH�7b30*%,ÕDG7M-:5+*8;=<O3J#¢C4*%,ÕDO7%-�50*%;$<¨(+H�30DG785+3lP*87%7E© Hm1J;$,.FO-$(0H�K@lP*}5+nxf@gN^ih¹uw©O-=36H�K@,.;EKEHJ7M3�-�<OKÕlP*87%7G-�7%7%;:l>DO3�50;A*8<N5+(0;EKEDO1JH~-p<GH�l,.H�1[nO-$<G*%30,¦5+nO-:5¹,c-�/dnO-��=HA-$<2*%,.FI;=(65[-�<N5¹(+;$7%Hp*%<R50nGH@<O-$<G;E1�(+/E3Z5[-�7%78*%9�-�50*%;$<dFG(+;E1�H�303-�<OK¶5+nO-:5t-$(0Hm<G;$5tKEH�3+1�(+*8© H�K¶©4/¶-$<N/ÕFG(0H��4*8;=DO3b,.;4KGHJ7w#�Þ¿<x50nO*%3�*%<N50(+;EKEDO1V5+;$(+/Õ1[nO-$FE50H�(�Ó50nGHmKEH�301J(0*%FE50*%;$<Õ;�aGFG(+*8,c-$(0/@1�(+/E3Z5[-�7%78*%9�-�50*%;$<?*M3�FO(0H�36H�<=5+H�KW#�â�*8([3Z5�;�aI-$787wÓ�50nGH ak;$(+,c-:5+*8;=<,.H�1[nO-$<G*%30,�;�a -cQ=7%-=303�lP*87%7�©IH.36nO;:lP<�#p°mnGH�<�Ó 50nGH¶<4DO1�7%H�-�50*%;$<¨-$<OK`Q$(+;:lm50nYFG(+;E1�H�30350nO-�5o7%H�-$KO3c50;�50nGHiFI-�(050*M-�7¹<O-$<G;E1�(+/E3Z5[-�7%78*%9�-�50*%;$<º;�a¢->,.H�5[-�7%78*M1`Q$7M-$3+3c*M3dKEH�301J(0*%©IH�KW#°mnGHpf@gN^ih�,.;EKEH�7I*M3t*%<N50(+;EKEDO1�H�KWÓ4-$3)l~HJ7%7I-=3�5+nGHpHJX450HJ<I36*%;$<O3t;�a�50nO*%3 ,.;4KGHJ7I50nO-�5�Ó4*8<FG(+*8<O1J*8FO78H=Ó$1�*%(+1JDG,Õ�=HJ<N5�36;=,xHm;$aI*85+3�7%*8,.*85+-�50*%;$<O3�#�°mnOH~FOnO-$30H�uwvOHJ7MK¶,x;EKEH�7450H�1[nG<G*ML=DOH~*M3KEH�3+1�(+*%©IH�K¶-$<OK¶-A©G(+*%H�a�*8<N50(+;EKEDO1�50*%;$<x;�aWKE*}|�DO30*8;=<¶*%<.78*MLNDG*MKG3�-�<OK.-$,x;=(0FOnG;$DO3b30;$7%*%KO3�*M3FG(+H�30HJ<N50H�Kcak;$(~5+nGH?*8,.F ;$(05+-�<I1�Hp50nO-�5PKG*}|�DO30*8;=<2nO-=3~*8<250nG*M3m³4*8<IKo;$a�50([-�<O36ak;$(+,c-:5+*8;=<O3J#â�*8<O-$787%/¶-?30nG;$(05)KEH�3+1�(+*%FE50*%;$<x;�a 50nGH¹30DG©O30H�LNDGH�<N5t1[nO-�FE5+HJ([3�;�a 50nG*M3b50nOH�30*%3�*M3�FG(+H�30HJ<N5+H�KW#



"=#8"A&)(+*8,c-�(+/o1J(0/E365+-�7%7%*89�-:50*%;$< B

â�*8Q=DG(0H."=#8"=±)¥ ;=,.FI;N36*850*%;$<RFG(+;�vO7%HpHJXEFIH�1V50H�KY36DG(+(+;$DG<OKG*8<GQ.-.FG(+*8,c-$(0/d1J(0/E365+-�7w#
ì¢í�ì î�ïbðJñ�ò@ï�ó�ô ï�ó.õ�ö�ò¢÷�÷Jð�ø ò@ö�ð�ù¢ú
µA7M-$3+36H�3@-�(+H.,xHJ5+-=3Z5[-�©G7%Hc,c-:50H�(0*M-�7M3?5+nO-:5Õ1�-�<>KEHJ�4*850(+*}ak/´50nO(0;=DGQ$n>30HJ�$H�(+-$7b(0H�-$1V5+*8;=<O3�Ó© HJ*%<GQP5+nGH~KG(0*%�4*8<GQ¹ak;$([1�H�5+nGH)ak(+HJH)H�<GHJ(+Q$/?KE*8| H�(0H�<O1�H ©IHJ5Zl H�HJ<?5+nGH Q=7%-=303�-�<OK?5+nGH 1J;$(+(0HJu30FI;=<OKEH�<=5)1J(0/E365+-�7%7%*8<GH~FGnO-=36H=#�ÞÖa 50nOH~FO(0;EKEDO1�5)FGnO-=36H~nO-$3�5+nGH¹3+-�,.HP1�;$,.F ;=30*}5+*8;=<¢ak(+;$,5+nO-:5@;�at50nGHcQ=7%-=303�Ó 50nGHx50([-�<I3Zak;=(0,c-:5+*8;=<¨*M3?1J-�7%7%H�K´FI;=78/4,.;$(+FGnG;=DO3J#ÕÞÖa~30HJ�$H�(+-$7�365+-$©G7%HFGnI-$30H�3~1J-�<oH�XE*%365m*8<o50nGH@30/43650H�,YÓ=5+nGHAQ$7M-$3+3 1�-�<d(+H�KEDI1�HA*}5[3tak(+HJHAHJ<OHJ(+Q$/.1�(+/4365+-$787%*%9J*%<GQ30*8,¶DG785+-�<OHJDG;N367%/�5+nGH�30H 365+-$©G7%H 1�(+/E3Z5[-�7%78*%<GH)FOnO-$30H)*%<¶-¹30*8,.*%7%-$(�lm-�/p-=3�-$<¢HJDG50H�1�50*M1t1J(0/E36u5[-�7%78*%9�-�50*%;$<�àN*}5~*%3~1J-$787%H�Kc-$<dHJDG50H�1�50;=*%K.5+(+-$<O36ak;$(+,.-�50*%;$<�#�Þ¿<o-@FG(+*%,.-$(0/.1�(+/E3Z5[-�7%78*%9�-�50*%;$<-ÕFGnO-$30HA;�a�KE*8|�HJ(+HJ<N5m1J;$,.F ;=30*}5+*8;=<cak(0;=,û50nO-�5~;$a�5+nGHpQ=7%-=303 *M3tak;=(0,.H�KclP*}5+nR-x1�;=,.FI;$u30*}5+*8;=<

cxt
lPnG*%1[no*%3~7%H�3+3�50nI-�<d5+nO-:5~;�a�5+nGHAQ$7M-$3+3

c0
#b°mn4DO3�Ó4-Õ1�;=<O1�H�<N50([-:50*%;$<cQ=(+-=KE*%HJ<N5*M3 365+-$©G7%*%30nGH�Ko©IHJ5Zl H�HJ<o50nGH?<GH�lçQ$([-�*%<d-�<OKd50nGH?(+HJ,c-�*%<G*%<GQÕQ=7%-=303)50nGH@1J;$,.FI;N36*850*%;$<o;�alPnG*M1[noH��$;=78�=H�3 50;:lm-�([KG3t50nGH?H�LNDG*%7%*8©G(+*%DG,è1�;=<O1�H�<N50([-:50*%;$<o©IHJ5Zl H�HJ<250nGH?Q$7M-$3+3m-�<OKo50nOHFG(+*%,.-$(0/.1�(+/E3Z5[-�7

cl
#�h�36³=H�5+1[no;�aW50nOH�ak;=(0,.H�K21�;=<O1�H�<=5+(+-�50*%;$<cFG(+;�vI78H�3 1�-�<d© HA30HJH�<o*%<vOQ=DG(+HÕ"$#%"?-�<OKd50nGH?(+HJ7M-:50*%;$<o©IHJ5Zl H�HJ<

c0
Ó
cxt

-�<OK
cl
1�-�<2©IH@365+-�©O78*M36nOH�Kc5+nG(+;$DGQ=nd50nOH-$FGFG(+;$FG*M-:5+H?ak(0H�H¢HJ<GH�(0Q=/RKG*%-$Q$([-�,q-=3m50nOHÕ;$<OH¶30nG;:lP<Y*8<`vIQ$DG(+Hd"$#]UE#PÞ¿<¨Q$HJ<OHJ([-�7wÓG50nOHQ=(0;:lm5+n´;$a~5+nGH�30HcFG(+*8,c-$(0/«1�(+/4365+-$7%3@1�-�<>-�FOFIH�-�(@ak(+;$,ü-`78*MLNDG*MKWÓ�-¨1�(+/4365+-$787%*%<GHc36;=78*MK30;$7%DE50*%;$<Y;=(¹-cQ$7M-$3+3J# ý´HÕlP*87%7Wak;E1�DO3�;$DG(p-:565+HJ<N50*%;$<`*%<R50nGH¶<O-�<O;=3650(+DO1V5+DG(0H�K21J;$,.F ;=36u*850H�3¹Q$H�<GHJ([-:5+H�Koak(0;=,è5+nGH¢FG(+*%,.-$(0/R1�(+/E3Z5[-�7%78*%9�-�50*%;$<R;�a)-cQ$7M-$3+3�ÓE50n4DO3�ÓO*85�*M3¹*%,xF ;$(05+-$<N55+;¨³4<G;:lûnG;:lû50;«36/4<N50nOH�30*89�HdQ$7M-$3+36H�3J#´°mnGHo³=HJ/áFI;=*8<N5x*%3Õ50;á1�*%(+1JDG,Õ�=HJ<N5¢5+nGH21J(0/E36u5[-�7%78*%9�-�50*%;$<`FG(+;E1�H�3+3�1J;4;$7%*8<GQd50nGH¶78*MLNDG*%K¨(+-$FG*MKE78/RHJ<O;$DGQ=n�#�°mnO-�5�50nO*%3A*M3�F ;=3+36*%©G7%HÕ1J-$<© H¶H�-$30*87%/`36H�HJ<´78;4;$³4*%<GQd5+;R-R3+1[nGHJ,c-:5+*%1¢50*%,.H�uw50HJ,.F HJ([-:5+DG(0HJu�5+(+-$<O36ak;$(+,.-�50*%;$<>×�°P°P° ÙKE*M-�Q=(+-$,�×ævOQ=DG(+H>"$# s Ù à�*8<S5+nG*%3d³N*%<OKS;$a?KE*M-�Q=(+-$,c3Õ5+nGH`5+*8,.Hi<GH�H�KEH�Kä50;>© HJQ$*%<S50nOH1J(0/E365+-�7%7%*89�-:50*%;$<R*M3¹(+HJFG(+H�30HJ<N50H�K2-=3�-xakDG<I1V50*%;$<¨;�ab50nGH¢50HJ,.F HJ([-:5+DG(0H¢-$<OK`-�<`H�3030HJ<N5+*%-$7akH�-:50DO(0Hp*%3 50nI-:5P-$3t50nGH?7%*%LNDG*MKd*M3 1J;4;$7%H�KoKG;:lP<d©IH�78;:lç50nGHAH�LNDG*%78*%©G(+*8DO,¦,xH�7}5+*8<OQ¶F ;$*%<N5

Tm
ÓG50nGH¢;=<O30H�5P;�a�50nGH¢1J(0/E365+-$787%*89�-:5+*8;=<RKE;4H�3m<G;�5�-=1J1�H�78H�(+-�50H?*%<OKEH�vI<G*}5+HJ7%/o©GDG5�(0H�-$1[nGH�3-`,c-�X4*%,ÕDO,ü-�5x-Y5+HJ,.FIH�(+-�50DG(+H

Tn
#¨°mnG*M3¶*%3¢50nGHR1�;$<I36H�L=DOHJ<O1JHd;�am5Zl~;¨1�;=,xF H�5+*8<OQ



� ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<

â�*8Q=DG(0H@"=# UG±�ë¹/4F ;�5+nGH�5+*%1�-�7Gak(+HJHPH�<GHJ(+Q$/¶KE*%-$Q$([-�,·5+;@*87%7%DO3Z5+(+-�50H¹-?FG(+*%,.-$(0/¶1�(+/4365+-$787%*%9�-:u50*%;$<`-�<IK230nG;:lP*%<GQÕ5+nGH@(+HJ7M-:50*%;$<I36nG*%FR©IHJ5Zl H�HJ<
c0
Ó
cxt

-�<OK
cl

â�*8Q=DG(0H."=# sO±bCE1[nOHJ,c-:5+*%1@°P°P°
KE*%-$Q$([-�,ûak;=(m1J(0/E365+-$7WQ$(+;:lm50no*%<Y-�<RDG<OKEH�(+1J;N;=78H�Ko,.H�7}5×�1J;$<N50*%<4DG;$DO3)78*%<GH Ù -�<OKc-¢FI;N3030*8©O78HPa�-=3Z5~1�;4;$7%*8<OQ@FO-:5+nc50;@ak;=(0,ã-@Q$7M-$3+3¹×�KE*%3+1�;=<N50*%<NDO;$DO378*%<GH Ù



"=#8"A&)(+*8,c-�(+/o1J(0/E365+-�7%7%*89�-:50*%;$< T
HJ| H�1V5+3�-$3~50nOH@50H�,xF HJ([-:5+DG(+HA*M3P(+H�KEDI1�H�K�±);$<R50nOH@;$<GH@nO-$<OK250nGHÕDG<OKEH�(+1J;N;=78*%<GQx;�ab50nOH7%*%LNDG*MKWÓ -�<OKYnGH�<O1�H¢50nGHxKE(0*%�4*8<OQ.ak;$([1�H?ak;$(�50nGHx1�(+/E3Z5[-�7%78*%9�-�50*%;$<�ÓE*%<O1�(+H�-=36H�3¹-�<IKY;$<Y50nOH;$50nGH�(~nI-�<OK250nOH@,x;=©G*%78*85Z/d;�a�50nGH¢-�50;=,.3PKG*8,.*%<G*%30nGH�3PKEDGH?50;x5+nGH@*8<I1�(+H�-$30HA*8<R50nOH@�N*M36u1J;=30*}5Z/@;$aO50nOHP78*MLNDG*%K¶5+nO-:5)KE;=,x*%<O-�50H�3�-�5��$HJ(+/¢nG*%Q$nxDG<OKGHJ([1�;4;$7%*8<OQ=3�Ó�367%;:lP*8<OQAKE;:lP<¶50nOH© HJQ=*8<G<O*8<GQ.;$a�5+nGH¢1�(+/E3Z5[-�7%78*%9�-�50*%;$<�#b°mn4DO3JÓE*8a�50nGH@7%*%LNDG*MKR*%3�L=DOHJ<O1[nGH�Kdak(+;$,q-�© ;:�$H

Tm5+;Õl~HJ7%7I© HJ7%;:l
Tn

*8<R-@5+*8,.HA78H�303t50nO-$<
tmin

×æ50nOHp,.*%<G*8,¶DG,û50*%,.H�ak;=(~1J(0/E365+-$787%*89�-:5+*8;=< Ù5+nGH�DG<IKEHJ([1�;4;$7%H�Kd,xH�7}5m*M3t(+H�5[-�*%<GH�Kd-$<OKo-�5t5+nGHpQ=7%-=303)50([-�<O30*850*%;$<c5+HJ,.FIH�(+-�50DG(+H
Tg

50nOH1J;$<EvOQ=DG([-:50*%;$<`;$at5+nGH.78*MLNDG*%K´*M3�ak(+;$9�HJ<¨50;2ak;$(+,Ô50nGH.Q=7%-=303�#¢hãFI;N3030*8©O78H.1�;4;$7%*%<GQ2([-:5+Hak;=(mak;$(+,x*%<GQ.-.Q$7M-$3+3~*%3P30nG;:l~H�K2*8<R50nOHpvIQ$DG(+H?*8<`KE*M301J;$<N50*%<4DG;$DI3 7%*%<GH$#°mnGHA(+-$<GQ$H�;�a�1J;$,.FI;N36*850*%;$<I3t;$a�-�7%78;:/E3�5+nO-:5P1J-$<o© Hp�4*850(+*}vIH�KdKEH�FIH�<OK2;$<c5+nGHpFO(0;$uKEDI1V50*%;$<>,.HJ50nG;EKWà Q$7M-$3+3?ak;$(+,c-:50*%;$<>*M3x-$3+36DG(+H�K«*8aP50nGHR3Z5+*87%7~DG<O1�(+/E3Z5[-�7%78*%9JH�Ká78*MLNDG*MK>*%31J;N;=78H�KR50;o50nGH¶Q$7M-$3+3m50([-�<O30*850*%;$<`5+HJ,.FIH�(+-�50DG(+H
Tg
Ó nOHJ<O1JHÕ*85p*M3�HJX4F H�1�50H�KY50;2;$©E5[-�*%<i-Q=7%-=303t*8<250nG;N36HA1�;=,xF ;=30*850*%;$<O3 ak;$(~lPnG*M1[nd5+nGH?78*MLNDG*%Ko*%3~(+HJ7M-:5+*8�=HJ7%/.365+-$©G7%HplP*850n2(0H�36F H�1�55+;Õ5+nGH¢1�(+/E3Z5[-�7%78*%<GH�FOnO-$30H�3�Ó450nO-�5P*%3m<GH�-�(PKEH�HJFYKEHJFG(+H�3+30*8;=<O3t*%<250nGH?7%*%LNDG*MKEDO3@×�HJDE5+H�1V5+*%1F ;$*%<N5+3 Ù #>°mnGHJ(+Ho*M3.-¨1J;$(+(0H�7%-�50*%;$<>© H�5Zl~HJHJ<�50nGHRQ$7M-$3+3¢ak;=(0,.*%<GQ´-$©G*%78*85Z/�×�µ?âEh Ù ;$a�-30/E3Z5+HJ,þ×k50nGHx-�©G*%7%*}5Z/R;�a)-c7%*%LNDG*MKY5+;o1�;4;$7�lP*}5+nG;$DE5?1�(+/E3Z5[-�7%78*%9�-�50*%;$< Ù -$<OKR50nGHÕ(0H�KEDO1�H�K

Q=7%-=303b5+HJ,.F HJ([-:50DO(0H
Trg =

Tg

Tl

×k© HJ*%<GQ
Tl

5+nGH�7%*%LNDG*MKEDO3 5+HJ,.FIH�(+-�50DG(+H Ù ±�5+nGHAnG*8Q=nGHJ( 50nOH
Trg

5+nGH nO*8Q=nGHJ(�50nGHPµ?âEh¢#:^`HJ5+-$787%*%1 Q$7M-$3+30H�3W5+nO-:5�-�(+H)Q=;N;EK@Q=7%-=303�ak;$(+,.HJ([3�nO-��=H�5Z/4FG*M1J-�7�:-�7%DGH�3t;$a
Trg

-�(+;$DG<IK
0.6

#bâO-$1�50;=(+3)50nO-�5m1�-�<oH�<GnO-$<O1�H�50nGH@µ?âEh�;$a�-�<2-�7%78;:/.-�(+H$Ó=ak;$(HJXE-$,.FG78H=ÓN50nGHAHJ<N50nI-�7%FN/c;$a�ak;$(+,c-:5+*8;=<�Ó=(+HJ7M-:5+*8�=Hp30*89�Hp;$a�50nOH?1J;$<O3650*850DOHJ<N5m-�50;=,.3�ÓNHJ7%H�1Vu5+(0;=<R1J;$<O1JHJ<N50([-:5+*8;=<2-�<IKoH�78H�1V50(+;$<OHJQ=-�50*%�4*}5Z/dKE*8|�HJ(+HJ<O1JH�3m© H�5Zl~HJHJ<250nOH¢1�;$,.F ;$<GH�<N5+3�#ÿ HJ5�� 3 30HJHp*8<o,x;=(0HpKEH�5[-�*%7O5+nGH�5+(+-$<O30*}5+*8;=<.ak(0;=,û-¢78*MLNDG*%K21�;4;$7%H�K.© HJ7%;:l�*85+3 ,xH�7}5+*8<OQ5+HJ,.FIH�(+-�50DG(+HP5+;¢50nOH�Q$7M-$3+30/x365+-�50H�-$<OKcnG;:l�*M3�5+nGHA1J(0/E365+-$787%*89�-:5+*8;=<x³4*%<GH�5+*%1�3)ak(+;$,ã5+nG*%3365+-�50H$#
��������� �	��
�������	�������������	�������������! ������"�"���
hÔ30DGF HJ([1�;4;$7%H�Kä78*MLNDG*MKä*M3d-á7%*%LNDG*MKä50nO-�5d(0H�,c-�*%<O3.DG<O1J(0/E365+-�7%7%*89�H�Kä©IH�78;:l

Tm
#�°mnOH30FIH�1�*8vI1A�$;=78DG,.H=Ó=5+nGH@HJ<N5+(0;=FN/d-$<OK2;�50nOHJ(~50nGH�(0,.;EKE/4<O-$,x*M1AFG(+;$F HJ(050*%H�3~;�a�50nGH¢30DGF HJ(0u1J;N;=78H�Kd7%*%LNDG*MKR-�(+H�5+nG;=30HpHJXEFIH�1V50H�K2ak(0;=,û50nGH?H�X45+(+-$FI;=7%-�50*%;$<d5+;c367%;:l H�(t5+HJ,.F HJ([-:50DO(0H�3;$a�50nOHA7%*ML=DO*%K2FG(+;$F HJ(050*%H�3m-�© ;:�$H

Tm
#)°mnGH@1�(+/E3Z5[-�7%78*%9�-�50*%;$<d;$a�-x7%*%LNDG*MKo© HJ7%;:l

Tm
*M3P-vO([3656uÖ;$([KEHJ( FGnO-$30Hp50([-�<O30*}5+*8;=<o-�<IKdnGH�<O1�H?*85~(+H�30DG785+3~*8<YKE*M301J;$<N50*%<4DG*850*%H�3~*8<R36;=,.HpFG(+;$FGuH�(65+*8H�3t7%*8³=H¹5+nGHpH�<N50(+;$F4/¶;=(~30F H�1�*8vI1��$;$7%DG,.H$#bÞ¿<R1�;$<N5+(+-=3Z5�Ó=-$3~-x36DGF HJ([1�;4;=78H�K.78*MLNDG*%Ko*%31J;N;=78H�K.50;.7%;:l H�(t5+HJ,.F HJ([-:50DO(0H�3JÓ4*85+3m-:5+;$,c3~,x;:�=H�,.;$(+H?-�<OKo,x;=(0H?3078;:lP7%/cKEDGHA50;x50nOH*%<O1�(+H�-=36H~;�aW�4*M301J;=30*}5Z/@;$a 5+nGHP7%*%LNDG*MKW#bÞÖa l~HP7%;N;=³�Ó�ak;$(�HJXG-�,.FG7%H$Ó=-�5�50nGH¹30F H�1�*8vI1P�=;$7%DG,.H

v
Ó$-:5)30;$,.H 50HJ,.F HJ([-:5+DG(0H 50nOH¹-:50;=,c3�KG;p<G;$5�nO-��$H 50nGHmF ;=3+36*%©G*%78*85Z/¢;$aI-�(+(+-$<GQ$*%<GQ�50nGH�,¶u30HJ7%�$H�3�*%<¶;=(+KGHJ(�50;@-:505+-�*%<¶50nGHm<GH�l�H�LNDG*%78*%©G(+*8DO, �:-�7%DGHm;�a

v
© H�ak;=(0H~50nOH 5+HJ,.F HJ([-:50DO(0H~*%37%;:l H�(0H�KcakDG(050nOHJ(�ÓO-�<OK2nGH�<O1�H?5+nGH¢H�XEF HJ(+*8,.H�<=5[-�7W�:-�7%DGH�3m;�a
v
©IH�Q$*%<O3m5+;dKEHJ�4*M-:50HAak(+;$,5+nGH¶H�LNDG*87%*%©G(0*%DG, �:-�7%DGH�3.×�36H�H¢vOQ=DG(0H2"$# � Ù #?°mnOH¶3650(+DO1V5+DG(0Hx;�a�5+nGHx,.-�50H�(0*M-�7�*%3pak(+;$9�HJ<*%<o5+nGH?50*%,.H¢301�-�7%H?;�abH�XEFIH�(0*%,.HJ<N5+-$7W;$©O30HJ(+�:-:5+*8;=<O3JÓ4-�<IK2l~H@1J-$787W*85�-xQ$7M-$3+3J#°mnGH@Q=7%-=303~5+(+-$<O36*850*%;$<250H�,.FIH�(+-�50DG(+H

Tg
*%3�KEH�vO<OH�KY-$3~5+nGH@50H�,.FIH�(+-�50DG(+H@-:5¹lPnG*M1[n5+nGH¹�4*%3+1�;N36*85Z/

η
;$aW50nGH¹7%*ML=DO*%Kc*M3

η = 1013 Poise
#�h¹<G;$50nGH�(tDO30DO-�7Il~-�/¶;�a�KEHJvO<G*%<GQ

Tg*M3b50nO(0;=DGQ$n¶50nGH¹50nGH�(0,c-�7OH�XEFO-�<I36*%;$<.1�;4H�½d1J*8H�<=5�×k50nO-�5t*M3
[d(ln v)/dT ]p Ù 50nI-:5t1[nO-$<GQ$H�330,.;N;$50nG7%/>KEDG(+*8<OQ`50nGHRQ$7M-$3+3@5+(+-$<O30*}5+*8;=<�Ó)KEH�vI<G*8<OQ´-i([-�<OQ$Hd;$a¹50H�,xF HJ([-:5+DG(+H�3Õ1�-�7%78H�K5+nGH`Q$7M-$3+3¶50([-�<O36ak;$(+,c-:50*%;$<ä(+-$<GQ$H«Û]UE"VÜÖ#çë¹H�<O1�H=Ó *%<S;$([KEHJ(x50;�1[nI-�([-$1V5+HJ(+*89�H2-«Q$7M-$3+3�Ó5+nGHcvI1�50*%�$Hd5+HJ,.F HJ([-:50DO(0H

Tf
nO-$3Õ©IH�HJ<�KEHJvO<GH�K>-$3@5+nGHd5+HJ,.F HJ([-:50DO(0Ho-�5ÕlPnG*M1[n>50nOH



r ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<

â�*8Q=DG(0H@"=# �I±�¡�|�H�1�5 ;$a 5+nGHP5+HJ,.FIH�(+-�50DG(+H¹*%<.50nGH�HJ<N50nO-$78F4/R×�-�<IK.nGHJ<O1JH¹*%<.50nGHp�$;$7%DG,.H Ù;�ab-.Q$7M-$3+3tak;=(0,.*%<GQ.,c-:50H�(0*M-�7

*8<N5+HJ([36H�1V50*%;$<?© H�5Zl~HJH�<?50nGH)H�LNDG*87%*%©G(0*%DG,j�:-�7%DGH);�aN50nOHtHJ<N5+(0;=FN/¶×k;$(�50nGH~36F H�1J*}vI1)�$;$7%DG,.H Ù*8<i50nGHx36DGF HJ([1�;4;=78H�KY78*MLNDG*%K¨-�<OKR5+nGH¶1J;$(+(0H�36F ;$<OKG*8<GQc�:-$78DGHÕ*8<`5+nGHÕQ=7%-=303�3Z5[-:50H¶;E1J1�DO(�#Ú~DE5~KEHJvO<GH�Kc*8<d50nG*M3tlm-�/$Ó
Tg

*M3 KG*}|�HJ(+HJ<N5)ak;=( KE*8| H�(0H�<N5~1�;4;=78*%<GQ¢([-:5+H�3�±�3078;:l~HJ(t1J;4;$7%*8<GQ(+-�50H�3 -$787%;:lS50nGH?7%*%LNDG*MKc5+;x365+-�/c*%<d5+nGH@36DOFIH�(+1J;N;=78H�Kd365+-:5+HpDO<=5+*87�7%;:l H�(t5+HJ,.F HJ([-:50DO(0H�3J#
°mnGHY<O-:5+DG(0H2;�a¹5+nGHYQ$7M-$3+3@5+(+-$<O36*850*%;$<ä*%3x<G;$5¶akDO787%/�DG<OKGHJ([3Z5+;N;EK�Û]UE"$ÓtU$U�ÜÖà ©ODE5c*}5*%3p*%,xF ;$(05+-$<N5�50;2HJ,.FGnO-=36*%9JH¢50nGH¶a�-$1�5�50nI-:5�5+nGH.36DGF HJ([1�;4;=78H�KY78*MLNDG*%Ki*%3A-d,.H�5[-$365+-$©G78H3Z5[-:5+HAlPnO*87%H?50nGHÕQ$7M-$3+3~365+-�50H@*M3mDG<O365+-$©G78H=ÓG*%<25+nGH¢30HJ<O30H?50nO-�5Pak;$(¹-.30*8<GQ=78H¢1J;$,.F ;$<GH�<=5Q$7M-$3+3¢-:5x1�;$<I3Z5[-�<N5

P
-�<IK

T
Ó�5+nGHRµA*%©G©O3Õak(+HJHdH�<GHJ(+Q$/«lP*87%7t<O;�5¶© Ho*%<�-i,.*%<G*%,ÕDG,Y#ë¹H�<O1�H=ÓG50nOH@Q$7M-$3+3P*%3�1�;$<N5+*8<4DO-$787%/d(+HJ7M-:XE*8<OQ¶5+;:l~-$(+KO3~50nGH@7%;E1J-�7�ak(0H�H@HJ<GH�(0Q=/o,.*8<O*8,¶DG,©GDE5�-�5P50*%,xH¢3+1J-$78H�3~*8,.F ;=3+36*%©G7%Hp5+;c,.H�-$30DG(+H$#

ÞÖ5A*M3�-$7%30;d;�a�*%<N50HJ(+H�365�5+;d³4<G;:l�nG;:l�*%3�50nOH¶KE/4<O-$,x*M1J3�;�a�5+nGHÕ7%*%LNDG*MKi-=3
Tg

*M3A-�FEuFG(+;=-$1[nOH�KW#�°mnGHp�4*M301J;=30*}5Z/x;�a�-Õ78*MLNDG*MKc*8<I1�(+H�-$30H�3 1�;=<O36*MKEH�(+-$©G78/¶<GH�-$(
Tg
à4nG;:l H��$H�(�50nG*M31[nO-�<OQ$H¢*M3�<O;�5�DG<O*8�=HJ([30-$7�©GDE5@-.akDG<I1V50*%;$<´;�ab50nOHx30DGF HJ([1�;4;$7%H�KY7%*%LNDG*MKW#Ah ,c-�Q=<G*}5+DOKEHKE*%(0H�1V507%/o(+HJ7M-:5+H�Ko50;c5+nGH@�4*%3+1�;N36*85Z/d*M3m50nOH¢(0H�7%-�XG-:50*%;$<250*%,.H$ÓO50nO-�5¹*%3�ÓG5+nGH?50*%,.H¢<GHJH�KEH�Kak;$(@5+nGHo,.;=78H�1�DG7%H�3@;$am50nGH278*MLNDG*%K«5+;i(+H�1�;:�=HJ(?*85+3¶;$(+*8Q=*8<O-$7)3Z5[-:5+Ho-:aæ5+HJ(@5+nGH2-=1V50*%;$<á;$a36;=,.H@FIH�(65+DG(0©I-:50*%;$<Y7%*8³=H¢-�<OKYH�78H�1V5+(0*M1AvOHJ7MKY;$(p-�<i-�FOFG78*%H�KY3650(+H�3+3J±)50nGH¢,.;=(0H@�4*M301J;$DO3*%3¶5+nGH27%*ML=DO*%KWÓ)50nGHR7%-$(0Q=HJ(¶*%3¶50nOH2(+HJ7M-:XG-:5+*8;=<á50*%,.H$#�hP1�1�;$([KE*%<GQ$7%/$Ó�5+nGHJ(+HR-$(0H$#&%('�)+*",-�<OK.-/'102,436587Y36DOFIH�(+1J;N;=78H�K«78*MLNDG*%KO3J#�9:%;'�)+*",´78*MLNDG*MKG3¢nO-��=Hc(0H�7%-�XG-:50*%;$<«FG(+;E1�H�3+30H�3?5+nO-:5ak;$7%78;:l¹3o-�<�h¹(+(0nOHJ<G*%DO3d7M-�l�lPnG*87%H<-/'�0�,+365=7«78*MLNDG*%KO3dnO-��=HR<O;$<Eu¿h¹(+(0nOHJ<G*%DO3c(+HJ7M-:XG-:5+*8;=<FG(+;41JH�3+36H�3J#t¥~-$<G;$<G*M1J-$7�H�XG-�,.FG7%H�3m;$a�5+nG*%3�1�7M-$3+36*8vI1J-�50*%;$<R-�(+Hp5+nGH

SiO2
-$3>#&%('1)?*",o-�<OK50nGH�)?@A%A7B';C�DE72*�F?5P-$3�-/'102,436587á×ævOQ=DG(+H`"$#]B Ù #Y°mnGHc5+HJ,.F HJ([-:50DO(0HdKEH�FIH�<OKEH�<O1�Hd;$aP(0H�7%-�XNu-:5+*8;=<�5+*8,.H�3.;=(x50nGHY�4*%3+1�;N36*85Z/áak;$(d30DGF HJ([1�;4;$7%H�K�78*MLNDG*MKG3.*%3.;$aæ50H�<ºKEH�301J(0*%© H�Kä©N/�50nGHG ;$Q=HJ78uÖ°�-�,.,c-�<G<GuÖâODG7%1[nOHJ(?× G °Pâ Ù H�LNDO-:5+*8;=<´Û]U�sEÓ U:�GÓOU=B�Üw±

η = A0exp

(
B0

T − T0

) ×Z"$#%" Ù



"=#8"A&)(+*8,c-�(+/o1J(0/E365+-�7%7%*89�-:50*%;$< \

â�*%Q$DG(+Há"$#]BE± G *M301J;=30*}5Z/ä-$3c-«akDG<O1�50*%;$<S;�a?(+H�KEDO1JH�Kä*8<4�=HJ([36HR50H�,.FIH�(+-�50DG(+HRak;$(.50nO(0H�H7%*%LNDG*MKG3@×kak(0;=,ÄÛ]UE"VÜ Ù
lPnGH�(0H

A0
-�<OK

B0
-�(+Hm50H�,.FIH�(+-�50DG(+HP*8<IKEHJF HJ<OKGHJ<N5t©GDE5~1�;$,.F ;=30*}5+*8;=<cKEHJF HJ<OKGHJ<N5tF ;=36u*850*%�$H¹1J;$<O365+-$<=5[3mÛ U$��ÜI-$<OK

T0
*%3b5+nGHm50H�,.FIH�(+-�50DG(+H¹-:5)lPnG*M1[nx50nGH��N*M3+1�;=30*85Z/¢*%3)FG(0H�KE*M1V50H�K5+;¨© Ho*%<EvO<G*850H=#áë�HJ<O1JH

Tg
*%3x-�7%l~-�/E3ÕQ$(+H�-:5+HJ(@5+nO-�<

T0
#´ÞÖa

T0 = 0
50nOHRh�(0(+nGHJ<O*8DO3H�L=DI-:50*%;$<R*M3m(0H�1�;:�$H�(0H�KW#

�������(H �JIK�����LIE���E���M�E�N���POQ�NIE�����R���S�T���KU��VIW��������XY�PIE���J�Z���![\�YIK�]������� ������W�"���
hp3�3Z5[-:50H�KÕ© H�ak;=(0H=Ó:50nOH~Q=7%-=3030/¢365+-:5+Hm*%3bDG<I3Z5[-�©G7%H$à$50nGH�(0HJak;$(+H$Ó:lPnGH�<x-AQ$7M-$3+3�*%3�-$<G<GH�-�7%H�K© HJ7%;:l

Tg
50;c5+nGHÕQ=7%-=303~5+(+-$<O36ak;$(+,.-�50*%;$<Y([-�<GQ=H@*}5�,c-�/RDG<OKEH�(0Q=;4H�3¹-.5+(+-$<O36ak;$(+,.-�50*%;$<5+;¢-?,x;=(0HP365+-$©G78HPQ=7%-=303b*%<clPnG*M1[nx50nGH�(0HP*M3t-?(+H�-=K_^ZDO3650,.HJ<N5);�a 50nOH�3Z5+(0DI1V50DO(0HP(+H�KEDI1�*%<GQ*85+3.�=;$7%DG,.H$#�°mnG*M3cFG(+;41JH�3+3x*%3d1�-�7%78H�Kä3650(+DO1�50DG([-�7m(+HJ7M-:XG-:5+*8;=<ä-�<IK�<G;$5ZlP*}5+nO365+-�<IKE*8<OQ5+nO-:5¢5+nGH21[nI-�<GQ=Hd*8<á5+nGH2KGHJ<O30*}5Z/>KEDO(0*%<GQ`5+nG*%3¶FG(+;E1�H�3+3@*M3Õ30,c-�7%7p×kDI36DO-$787%/á78H�303¢50nO-$<"?` Ù ÓW50nOHJ(+H.1J;$DG7MK´©IHc*%,.FI;=(65[-�<N5¢1[nO-�<GQ=H�3A*%<´5+nGH.�4*%3+1�;N36*85Z/`;$(?5+nGHcKEDO1V5+*87%*85Z/¨;�a~50nOHQ=7%-=303)-$<OKc-�7M30;@*8<d*85+3t,c-�Q$<OH�50*M1�ÓNHJ7%H�1�50(+*%1$Ó$H�7%-=3Z5+*%1¹-$<OKcKE*8| DI36*%;$<dFO(0;=FIH�(65+*8H�3PÛ UNT�ÜÖ#�ÞÖ5~*%3-$7%30;@FI;N3030*%©G78H�50nO-�5~-ÕQ$7M-$3+3)(+HJ7M-:XEH�3b5+;Õ*85+3~36DOFIH�(+1J;N;=78H�K.78*MLNDG*MKo365+-:5+H$Ó4-¢FG(+;E1�H�303)1�-�7%78H�K30DGF HJ(0uw(+HJ7M-:XG-:5+*8;=<iÛ]U�r�ÜÖ#°mnGHi3650(+DO1V5+DG([-�7P(+HJ7M-:XG-:5+*8;=<�FG(+;E1�H�3+3.*M3cKE*}|�HJ(+HJ<N5oKEH�FIH�<OKE*%<GQ>;$<º5+nGHi-�<G<OH�-�7%*%<GQ5+HJ,.FIH�(+-�50DG(+H

Ta
#¹ý«HJ7%7�© HJ7%;:l

Tg
30;$,.H¶-�50;=,x*M1@;=(+KEH�(0*%<GQc;E1J1JDG([3P78;E1�-�7%78/R*8<´-d,.;$(+H;=(27%H�3+3o(+*%Q$*MK�,c-:50(+*8XçlPnG*87%H«<GH�-$(
Tg

-�7%;$<GQä(+-$<GQ$H´(0H�7%-�XG-:50*%;$<S5+nO-:5Y(+H�KEDO1JH�3250nOH3650(+DO1V5+DG([-�7�nOH�50H�(0;=Q$H�<GHJ*85Z/o;$a�50nGHxQ$7M-$3+3m5+-$³$H�3¹FG7M-$1JH$#pâO;$(AH�XG-�,.FG7%H$Ó *%<`50nGH
PdCuSi30/E3Z5+HJ,YÓN50nGH�36Hp5Zl ;Õ50H�,xF HJ([-:5+DG(+H�(+HJQ$*%;$<I3t-�(+H

Tg − 200K < Ta < Tg − 100K
*%<250nGHvO([365m1�-$30Hp-�<IK

Ta > Tg − 100K
*%<d50nOH?30H�1J;$<OK21J-=36H¶Û UNT�Üw#)h�<OKo50nGH?H�X45+HJ<N5~*%<RlPnG*%1[n30;$,.H¹;$a 5+nGHAFG(0;=FIH�(65+*8H�3�;�aW5+nGH�Q=7%-=303 1[nO-�<OQ$H�3tKEDG(+*8<GQ¢50nGHA3Z5+(0DO1�50DG([-�7I(0H�7%-�XG-:50*%;$<c-$7%30;KEH�FIH�<OKG3P;=<2*85+3P50nGH�(0,c-�7�3650;=(0/d-$<OKRnGHJ<I1�H?;$<250nGH@lm-�/d*85¹l~-=3~FG(0;EKEDI1�H�K�#



"�z ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<
h�FO-$(65+*%1JDG7M-�(t1J7%-=303t;�aWQ$7M-$3+36H�3JÓN-�<OKc50nGH�ak;41JDO3);$aW50nG*M3t50nGH�36*M3JÓ4-�(+H¹,.H�5[-�7%78*M1¹Q=7%-=3030H�350nO-�5)*8<x5+nGH¹7M-$365tKEH�1�-$KEH�3bnO-��$Hm© HJHJ<.FG(+;EKEDO1JH�Kx*8<c-?lP*MKEHP([-�<GQ=H ;$a�1J;$,.FI;N36*850*%;$<I3b<G;�5;$<G7%/2ak;$(¹*85+3pFG([-$1V5+*%1�-�7�-$FGFG7%*%1�-:5+*8;=<O3¹-�<IKRakDG<OKG-$,xH�<N5+-�7�*8<N5+HJ(+H�365�©GDE5?-�7M36;d-=3PFG(+H�1�DO(6u36;=(+3�ak;$(A<GH�l <O-�<O;41J(0/E365+-$787%*8<OHÕ,c-:5+HJ(+*%-$7%3plP*}5+n¨DO30H�akDO7�FG(0;=FIH�(65+*8H�3J#@°mnO-�5A*M3A©IH�1J-$DO36H1�(+/E3Z5[-�7%78*%<GHxFG(0;EKEDI1V5+3?,c-=KEHxak(0;=,Ä-RQ$7M-$3+3p,c-�/inI-��$H.-2�=HJ(+/YvO<GHd-$<OK¨DO<G*}ak;=(0,Ä,x*8u1�(+;=3650(+DO1V5+DG(+H¶5+nO-:5x1�;$,.H�3?ak(0;=,Ä5+nGHo1[nGH�,.*%1�-�7)DG<O*}ak;=(0,.*85Z/¨;�am5+nGHdQ$7M-$3+3�#2°mnO-�5¢vO<GH,.*%1J(0;N3Z5+(0DO1�50DG(+HA*%3¹-$7%30;.-c1�;$<I36H�L=DOHJ<O1JHp;$a�;=©E5+-$*8<G*%<GQx50nOH¢1�(+/4365+-$7%3~nGH�-:5+*8<GQ.ak(+;$,y50nGHQ$7M-$3+3.*8<I3Z5+H�-$KS;$a¢1�;4;$7%*8<OQáak(0;=,é50nOHi78*MLNDG*MKWÓm50n4DO32-:5d5+nGH¨-�<O<GH�-$78*%<GQá50H�,.FIH�(+-�50DG(+H�350nGHR<4DO1�7%H�-�50*%;$<>ak(+H�LNDGH�<O1�/á*M3Õ,¶DO1[n�nG*%Q$nOHJ(¶50nO-$<�50nOH2Q=(0;:lm5+n>(+-�50H$Ó�(+H�30DG7850*%<GQ¨*%<ä-vO<GHoKG*%30FIH�(+30*%;$<«;�aP<O-�<O;41J(0/E365+-$7%3�#o°mnGHd1J;N;=78*%<GQ`([-:5+H�3?<GH�H�KEH�K«50;`FG(+;EKEDO1�Hc,.HJ5+-�7%7%*%1Q$7M-$3+36H�3¢-�(+Hd© H�5Zl~HJH�<

104 -�<OK
106 fMa:3Õ-$<OKá5+nGHJ/>-�(+HdDO30DO-$787%/á;$©E5[-�*%<GH�KálP*850n�50nGH,.HJ7856u¿36FG*%<G<G*%<GQc5+H�1[nG<O*%LNDGH=#¹Ú DG5�ÓI50nGH�(0H¢-$(0HÕ-$7%30;c;�5+nGHJ(�FI;N3030*8©O78H@5+H�1[nG<O*%LNDGH�3P50nI-:5�*%<Eu1�7%DOKEH¹([-�FO*%K¶78*MLNDG*MKc1�;4;$7%*8<OQd×k7%*8³=HP,xH�7}50uÖ30FG*%<G<G*%<GQdÛ]U�\�Ü Ù Ó=DG<OKEH�(+1J;4;$7%*8<GQ@;$a�1J78H�-�<.7%*%LNDG*MKG3×k7%*8³=H¹åODGX4*%<GQdÛ s$z:Ü Ù ÓNFOnN/E30*%1�-�7I��-$FI;=( KEH�FI;N36*850*%;$<´×k7%*8³=H�36FODE565+HJ(+*8<GQ2Û sO"VÜ Ù ;$( ,.H�1[nO-$<G*%1�-�7,.H�50nO;4KO3A×�78*%³$HA,.H�1[nO-$<G*M1J-�7 -�7%78;:/4*%<GQoÛ s=U�Ü Ù #b^i;$(+Hp1�;=<4�$HJ<N5+*8;=<O-�7 36;=78*MKE*8vI1J-�50*%;$<d(+;$DE5+H�3lP*}5+nR307%;:l H�(~1J;N;=78*%<GQx(+-�50H�3~1�-�<2©IH?DO30H�K2*8<250nOH?30;�u¿1J-$787%H�Ko©GDG7%³d,.H�5[-�7%78*M1�Q=7%-=3030H�3 FG(+;�uKEDO1JH�KYlP*850n¨KE*M-�,.HJ50HJ([3¹-=3P7%-$(0Q=H¢-$3

40
,.,qDO30*%<GQo1�;=FGF HJ(¹,.;$7MK`1J-=3Z5+*8<OQc50H�1[nG<G*ML=DOH�3Û s=s�ÜÖ#b°mnOH�30HP<GHJlSQ$7M-$3+30H�3bl~HJ(+H¹KEHJ�=HJ7%;$F H�Kx(0H�1�H�<=5+78/x-�<OK.-$(0HP*%<N50HJ<I36H�78/.3Z5+DOKE*%H�K.,c-:5+H�u(0*M-�7M3¹-�5�FG(+H�30HJ<N5�KEDGH@5+;d*85+3pH�XG1�H�787%HJ<N5¹,.H�1[nO-$<G*M1J-�7�FG(0;=FIH�(65+*8H�3¹-�<IKY*}5[3¹F ;�50H�<N50*M-�7�DI36H*8<Y*%<OKEDO3650(+*M-�7�-�FOFG78*M1J-�50*%;$<O3?×kak;$(�-x(+H�1�H�<N5m(+HJ�4*%HJl
*8<250nGH¢30DG©K^ZH�1V5�30HJH?(+H�akHJ(+HJ<I1�H.Û s$�:Ü Ù #Þ¿<d1�;$<4�=HJ<N50*%;$<O-$74,xHJ5+-$787%*%1mQ=7%-=3030H�3�Ó�50nOH¹1�(+/4365+-$787%*%9�-:5+*8;=<Õ5+HJ,.F HJ([-:50DO(0Hm*M3��$H�(0/Õ1J78;N36H50;

Tg
Ó *8,.FG7%/4*8<OQ´5+nO-:5o30DGF HJ(0uw(+HJ7M-:XG-�50*%;$<>*M3c-��$;$*MKEH�K�*%<�5+nG*%3c1�-$30HY©N/á5+nGH`;$<I36HJ5x;$a1�(+/E3Z5[-�7%78*%9�-�50*%;$<�#¢ë�;:l H��$HJ(�Ó�*}5¢1�-�<¨;E1�1�DG(?*%<´©GDO78³i,.HJ5+-�7%7%*%1¶Q$7M-$3+36H�3pKGDGHx50;R*}5[3?,x;=(0H3Z5[-�©G7%H?DG<OKEH�(+1J;4;$7%H�K2,xH�7}5¢Û]U�r:Üw#°mnGHi1�(+/E3Z5[-�7%78*%9�-�50*%;$<�;$aA,.HJ5+-�7%7%*%1YQ=7%-=3030H�3x;E1J1JDG(+3x©4/ä-«<4DO1J78H�-:50*%;$<S-�<IKäQ=(0;:lm5+nFG(+;41JH�3+3 50nO-�5¹*%3¹KGH�3+1�(+*8© H�KR36DO©O36H�LNDGHJ<N507%/$#

b ���=���4�E����� �
°mnGHYKE(0*%�4*8<OQiak;$([1�Hoak;$(¶50nGHY1�(+/E3Z5[-�7%78*%9�-�50*%;$<>FG(+;E1�H�303Õ*%3¶50nOHYµA*%©G©O3¶ak(+HJHoH�<GHJ(+Q$/>KE*8aæuakHJ(+HJ<O1JH?©IHJ5Zl H�HJ<R50nGH¢-$,.;$(+FGnG;$DI3 FOnO-$30H¢-�<OKo50nOH¢1�;$(+(+H�30FI;=<OKE*%<GQx1J(0/E365+-$787%*8<OHAFOnO-$30H$#ë¹HJ50HJ(+;$FOnO-$30H@åODO1�50DO-�50*%;$<O3�;�atKEH�<O30*}5Z/Y;$(A1�;=<O1�H�<=5+(+-�50*%;$<�ÓO50nO-�5A*M3�ÓOåODI1V50DI-:50*%;$<I3¹5+nO-:578H�-$K250;o78;E1J-$7�FGnO-=36H?5+(+-$<O36ak;$(+,.-�50*%;$<O3�ÓG-�(+H?50nOH¢(0H�36F ;$<I36*%©G7%H?ak;$(P5+nGH¢<4DO1�7%H�-�50*%;$<YFG(+;�u1�H�303m�4*M-Õ5+nGH?ak;$(+,c-:5+*8;=<o;�abHJ<OHJ(+Q$H�5+*%1�-�7%78/d365+-$©G7%H?1J78DI3Z5+HJ([3JÓG1�-�7%78H�Ko<4DO1J78H�*�#°mnGHP1�7M-$3+36*M1J-$7N<4DO1J78H�-:5+*8;=<¢50nOHJ;$(+/d×w¥~�p° Ù l~-=3�KGHJ�$H�78;=FIH�K¢5+;A3650DIKE/@50nOH¹1�;$<IKEHJ<O3+-:u50*%;$<x;�aI30DGF HJ([30-�50DG([-:5+H�KÕ��-$FI;=DG(b©4/ G ;$7%,xH�(PÛ sNB�ÜO-�<IK¢©4/ÕÚ~H�1[³=HJ(b-�<OK¶{�c=(0*%<GQxÛ s=�:ÜG-�<OK*%3¹50nGH¶©O-$30*M3¹;�at-$787�50nGHx1�7M-$3+36*M1J-$7�5+nGHJ;=(0*%H�3¹KGHJ�$;$50H�KR50;d5+nGHÕDO<OKEHJ([365+-�<IKE*8<OQd;�a�7%*%LNDG*MK4u36;=78*MK`-�<IKi36;=78*MK4u¿36;=78*MKR<4DO1�7%H�-�50*%;$<i-�<IK`Q$(+;:lm50nR50([-�<I3Zak;=(0,c-:5+*8;=<O3�#PÞ¿<iFO-�(050*M1�DO7%-$(�ÓO50nGH¥~��°·lP*850n¨50nGHxF HJ(050*%<GHJ<N5@-$KG-$FE5+-�50*%;$<O3�nO-$3p©IH�HJ<´H�X450H�<O36*%�$H�78/`-$FGFG7%*8H�KY50;250nGH.1�(+/E3Zu5+-$787%*89�-:5+*8;=<d;�ab-�,.;$(+FGnG;=DO3)FGnI-$30H�3�#)¥~�p°S50(+H�-�5+3t50nGHAåODI1V50DI-:50*%;$<I3~-=3 KG(0;=FG78HJ5+3~;�a�50nGH<GHJl·H�LNDG*87%*%©G(0*%DG, FG(+H�1J*8FG*85+-�50H¶FGnO-$30H

β
H�,Õ© H�KGKGH�Ki*%<`5+nGH

α
-�,.;=(0FGnO;$DO3P,c-�50(+*}XWà�*8<50nG*M3b,.;EKEHJ745+nGHm*8<N50H�(6a�-=1�H~©IHJ5Zl H�HJ<

β
-$<OK

α
*%3�-=3030DG,.H�K¢50;?©IHP30nO-�(+F¶-$<OKÕ50nGHPKE(+;$FG7%H�5;�a�5+nGHÕ<GH�l FGnO-=36H

β
*M3¹5+(0H�-:50H�K`-$3pnO-��4*8<OQd©GDG7%³YFG(0;=FIH�(65+*8H�3�-$<OK`nGH�<O1�H=Ó *85+3p*%<=5+HJ(0a�-:u1�*M-�7Iak(0H�H�H�<GHJ(+Q$/.-�<OKd*}5[3mµA*%©G©O3tak(+HJH�H�<GHJ(+Q$/c1�-�<o-$7%30;¢© HA1J;$<O30*%KGHJ(+H�K.,c-$1J(0;N301J;$FG*M1m*8<<O-:5+DG(+H?-$<OKo50nGH�<RH��:-�7%DO-:5+H�KW#°mnGH?ak;$(+,c-:50*%;$<R;�ab-.36FGnOHJ(+*%1�-�7�KE(+;$FG7%H�5PlP*850nY([-$KE*%DO3

R
7%H�-=KG3~50;c-.1[nO-�<OQ$HA;�a�50nGH



"=#8"A&)(+*8,c-�(+/o1J(0/E365+-�7%7%*89�-:50*%;$< "="
µA*%©G©O3~ak(+HJH@H�<GHJ(+Q$/�±

∆G(R) = ∆gαβ
4π

3
R3 + 4πR2σαβ

×Z"=# U Ù
lPnGH�(0H

∆gαβ
*M3�50nGHcKE(+*8�4*%<GQdak;=(+1JHÕF HJ(?DG<G*85?�$;$7%DG,.H.-�<OK

σαβ
*%3�50nOH.30F H�1�*8vI1¶*8<N5+HJ(0ua�-=1�*M-�7�HJ<GH�(0Q=/$#Õ°mnGH¶vO([3Z5?5+HJ(+,Ç301�-�7%H�3plP*}5+n

R3 -�<OK´-$1�1�;$DO<=5[3¹ak;=(A50nGH.(+H�KEDO1�50*%;$<´;�aak(+HJHRHJ<GH�(0Q=/>;$<�ak;$(+,x*%<GQ´50nGH`KE(+;$FO78HJ5.-$<OKWÓtnOHJ<O1JH$Ót*M3.<GH�Q=-:5+*8�=H$Ó)lPnO*87%HR50nGH`30H�1�;=<OK5+HJ(+,Ñ3+1J-�7%H�3)lP*}5+n
R2 -�<OK.*M3�5+nGH¹HJ<OHJ(+Q$/Õ(+H�LNDG*%(+H�KÕ50;@ak;=(0,Ñ50nGH�*8<N50H�(0FOnO-$30HP©I;=DG<OKG-$(0/-$<OKWÓ nGHJ<O1JH$Ó�*M3�F ;=30*}5+*8�=H$#?h�3A-o1J;$<O30H�LNDGH�<O1�H=Ó

∆G(R)
FO-$3+36H�3P5+nG(0;=DGQ$ni-o,c-:XE*8,¶DG,

-�5
R∗ =

2σαβ

−∆gαβ

à�50nGH�(0HJak;$(+H$Ó�;=<G78/´1�7%DO3Z5+HJ([3AlP*}5+ná-R([-$KE*%*bQ$(+H�-�50HJ(A5+nO-�<
R∗ ×�1�(+*850*M1J-�7

([-$KE*%DO3 Ù -$(0H2FG(0H�KE*M1V50H�K>5+;´Q=(0;:l¦1�;=<N50*%<NDO;$DO3078/=#>°mnG*%3x,.H�-$<O3Õ50nO-�5x*%<�;=(+KEH�(Õ5+;´© H�u1J;$,.H¶-21�(+*}5+*%1�-�7�<NDI1�7%HJDO3�ÓW-cåODO1�50DO-�50*%;$<i,¶DO365A;:�=HJ([1�;$,.H?5+nGHx-=1V5+*8�:-:5+*8;=<i©O-$(0(+*8H�(Pak;$(<4DO1J78H�-:50*%;$<�ÓI*w# H=#8Ó
∆G(R∗) ≡ ∆G∗ #?Þ¿<«36;=78*MK4u¿36;=78*MKR50([-�<O36ak;$(+,c-:5+*8;=<O3JÓO50nGHc1[nO-$<GQ$HÕ;�a�=;$7%DG,.H�50nO-�5�DI36DO-$787%/@-$1J;$,.FO-�<O*8H�3�,.;=365�FGnI-$30H)50([-�<I3Zak;=(0,c-:5+*8;=<?,.-�/?nO-��=H)*%,xF ;$(05+-$<N5HJ| H�1V5+3�Ó�50n4DO3p5+nGHc-$3+36;E1�*M-:5+H�Ki3650([-�*%<iH�<GHJ(+Q$/Y*M3A-$<¨*%,.FI;=(65[-�<N5pa�-=1V5+;$(p50;`1�;=<O36*MKEH�(p*%<;=(+KEH�(~50;.HJ�:-�7%DO-�50HA50nGH@FO(0;=©O-�©G*%7%*}5Z/c;$ab-$FGFIH�-�([-�<O1JHp;$a�-x<GH�l
<4DO1J78H�*�#�Þ¿<250nG*M3P³4*%<OKR;�a5+(+-$<O3Zak;=(0,c-�50*%;$<O3�Ó$5+nGHÕKE(+*%�N*%<GQxak;$([1�H?F HJ(¹DO<G*}5¹�=;$7%DG,.H?lP*87%7�nO-��=Hp5Zl~;c1�;=<=5+(0*%©GDE5+*8;=<O3�±d 0/e

gβ − gα
Ó)5+nGH`KE*8| H�(0H�<O1�HR©IHJ5Zl H�HJ<�50nGHRak(+HJHRHJ<GH�(0Q=*8H�3ÕF HJ(c�=;$7%DG,.H2;$a¹50nGHY©GDO78³FGnI-$30H�3�Ó4-$<OK dAf e

∆gs
Ó450nGH@H�7%-=3Z5+*%1pHJ<GH�(0Q=/cFIH�(P�$;=78DG,.H=ÓN,c-$*8<G7%/oKEDOHp5+;x50nGH@KE*8| H�(0H�<N57M-:5050*M1�H¢FO-$(+-$,.H�50H�(+3m© H�5Zl~HJH�<R50nGH¶<GHJl�FGnO-=36H¢-$<OKR50nOHÕ-�,.;$(+FGnG;=DO3m,c-:5+(0*8XW#mhp3

∆gs*M3bFI;N36*850*%�$H=Ó�5+nGHPHJ7M-$3650*M1~HJ<GH�(0Q=/¢(0H�KEDO1JH�3�50nOH¹KE(0*%�4*8<OQpak;=(+1JHm;�a 50nGHP(+H�-=1V50*%;$<�Ó$-�<OKÕ50nOHJ<�Ó<4DO1J78H�-:50*%;$<´lP*87%7b<G;�5@© H.FI;N3030*8©O78HxDG<G7%H�3+3
gβ − gα > ∆gs

#¶°mnOHx*%,.FI;=(65[-�<O1JH¶;$at5+nG*%3H�7%-=3Z5+*%1¶HJ<GH�(0Q=/`lP*87%7�© H.3650(+;$<OQ$7%/YKGHJF HJ<OKEH�<N5¢;$<i5+nGHd30*89�Hx-$<OK´30nO-$FIH.;�at50nGHcFG(+H�1J*8FGu*85+-�50*%<GQdFO-$(65+*%1J78H�3�-�<IKR50nGHx1�;$nOHJ(+HJ<O1JH@;$(�*%<O1J;$nGH�(0H�<O1�H¢© H�5Zl~HJH�<Y50nGH¶*8<N5+HJ(0a�-$1�HÕ;�a�50nOH5Zl~;oFGnI-$30H�3�Ó�-�<OK¨nGHJ<O1JH$ÓW5+nGH¶50(+H�-:5+,.HJ<N5@;�atH�-$1[n¨FI-�(050*M1�DG7M-�(?36/E3650H�,Ô,ÕDO365A© HcKE;$<OH*%<OKEH�FIH�<OKEHJ<N5+78/´Û s=\�Üw#°mnGH`<4DO1J78H�-:50*%;$<�ak(0H�LNDGHJ<O1J/$Ó~*�# H$#%Ó 50nGHY<4DG,Õ© HJ(c;$a?365+-$©G7%HR<4DO1J78H�*mak;$(+,.H�Kä*8<º50nOH30/E3Z5+HJ,û*8<oDG<G*85 5+*8,.H$ÓElP*%7%7�KGHJF HJ<OKo;$<c5+nGHp<4DG,¶©IH�( ;$a�1�7%DO3650HJ([3t50nO-�5 © H�1�;=,.HpQ=(0H�-:50H�(5+nO-�<º50nOH¨1�(+*}5+*%1�-�7�30*%9JHi-:aæ5+HJ(c5+nGHi*%<O1�;=(0F ;$([-:5+*8;=<�;$aA<GH�lÔ-:50;=,c3c©4/ä-«åODO1�50DO-�50*%;$<�#°mnGHY¥~��°û-$3+36DO,xH�3?50nI-:5�ÓbH��$HJ<>*%<>5+nGHd7M-:50H�(¶365+-$Q$H�3?;$aP50nGHd50([-�<O36ak;$(+,c-:50*%;$<�Ó�50nOHJ(+H*M3@-2365+-�50*%;$<O-$(0/iKG*%3650(+*8©ODE50*%;$<«;�am1�7%DO3Z5+HJ([3?;�a 50nGH.<GH�l²FGnO-=36H.H�,Õ© H�KGKEH�K«*8<´50nGHc,c-�u5+(0*8XY-$<OKWÓ�nGH�<O1�H=ÓO5+nGHJ(+HÕ*M3p-o1�;$<I3Z5[-�<N5¹åODEXi;$a)1�7%DO3Z5+HJ([3�lP*850n¨(+-=KE*8*�Q$(+H�-�50HJ(�50nO-$<`50nOH1J(0*850*M1J-$7E(+-=KE*8DI3J#b°mnG*M3�åODEX.1�;=(0(+H�30FI;=<OKÕ50;?50nOH¹<4DO1�7%H�-�50*%;$<xak(0H�LNDGHJ<O1J/¶-$<OKc1J-$<x© H�1�-�78u1JDG7%-�50H�K`ak(+;$, 50nOH.-=3030DG,.FE5+*8;=<¨;�a 50nG*M3?3Z5[-:5+*8;=<O-�(+/`3Z5[-:50Hc-$<OK`ak(+;$, 5+nGH.FG(0;=©O-�©O*87%*}5Z/;$a�H�XE*M3Z5+HJ<O1JH?;�a�-x1J78DI3Z5+HJ(P;�a�-.1�H�(65[-�*%<2<4DG,¶©IH�(P;�a�-:50;=,c3 *%<YH�LNDG*%78*%©G(+*8DO,ÄÛ%"�zEÓOs4T�ÜÖ±

I = 4
(σαβ

RT

) 1

2

Nvνexp

[
−

16πσ3
αβ

3RT (∆G∗)2

] ×Z"=# s Ù
lPnGH�(0H

Nv
*M3p50nGHcKEH�<O30*}5Z/`;$a <4DO1�7%H�-�50*%;$<¨30*850H�3?*%<i5+nGH.,c-:50(+*8X¨-�<OK

ν
*M3p50nGHc-��$H�(+-$Q$Hak(+H�LNDGH�<O1�/YlP*850n¨lPnO*%1[n¨-$<¨-:5+;$,Ô1�(+;=3+30H�3P5+nGHx*8<N50H�(6a�-=1�H¶*8<´;$<GHxKE*8(+H�1�50*%;$<�#?°mnG*M3¹ak(+H�uLNDGH�<O1�/.KEHJF HJ<IKG3~;$<c5+nGHA-=1V5+*8�:-:5+*8;=<cHJ<GH�(0Q=/¶©I-�(+(0*%HJ(t50;¢5+nGHp-=KGKE*850*%;$<o-$<OKc(+HJ,.;:�:-�7I;�a-�50;$,c3�ak(+;$,²1J78DO3650H�(+3�#�^i;$(+HJ;:�$H�(�Ó�5+nGHPFG(+H�30HJ<O1JH ;$aO50nO*%3)-=1V5+*8�:-:5+*8;=<¶H�<GHJ(+Q$/@,c-�/@,.H�-$<5+nO-:5A50nGH�(0Hx*M3@-c50([-�<I36*%HJ<N5A50*%,xH.© H�ak;=(0H¶50nGHxak;=(0,c-:5+*8;=<i;�a~-21J78DO3650H�(?;�a~1JHJ(05+-$*8<¨30*%9JH$Ó-$<OKY50n4DO3p5+nGHx365+-�50*%;$<O-$(0/`KE*M3650(+*8©GDG50*%;$<i;$a 1�7%DO3650HJ([3p*%3A<G;$5?-�565+-$*8<OH�Ki*%<O365+-$<=5+78/=#@°mnG*%35+(+-$<O36*%HJ<N5)lP*%787 ;$<O78/x©IH�*8,.F ;$(05+-�<N5t*8aW50nOH�F HJ(+*8;EK.;�a�;=©O30HJ(+��-�50*%;$<x*%3 ;�a�30nG;$(05 KEDO(+-�50*%;$<



"�U ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<
1�;=,xFI-�(+H�K.lP*850nd*85�#�°mnGH�(0HJak;$(+H$Ó=50nGHp<NDI1�7%H�-:5+*8;=<.ak(0H�LNDGHJ<O1J/.*%3t50*%,.HpKEH�FIH�<OKEHJ<N5P-�<OK.*M31�;=,x,.;=<G78/21�;$<I36*MKEHJ(+H�Ko*8<R5+HJ(+,.3m;$ab-$<2*%<O1JDG©O-:5+*8;=<R50*%,xH

τ
-$3?Û s$r:Üw±

I∗(t) = Iexp
[
−τ

t

] ×Z"$# � Ù
lP*}5+n�±

τ ≈ K

ν

(
3∆G∗

σαβ

)2 ×Z"$#]B Ù
©IH�*8<OQ

K ≈ 3x10−4 #�ÞÖaG50nOHm3650H�-$KE/Nu¿3Z5[-:5+Ht*M3�(+H�-=1[nGH�KÕL=DO*%1[³47%/¢1�;$,.FO-$(0H�K?50;p50nOH Q=78;=©O-�7³4*8<GHJ50*M1.;�a~50nGHcFO(0;E1�H�303�Ó�*85Õ1J-$<´© Hd30-$*%K¨50nI-:5Õ-`1�;=<O365+-�<N5@<4DO1�7%H�-�50*%;$<«FG(+;41JH�3+3p5+-�³=H�3FG7M-$1�H=#°mnG*%3m3650H�-$KE/Nu¿3Z5[-:50Hp<4DO1�7%H�-�50*%;$<o([-:5+H�*%,.FG78*M1�*8507%/o-=3030DG,.H�3~-�<2nG;$,.;$Q=HJ<GH�;$DO3t<4DO1�7%H�u-:5+*8;=<�ÓW©GDE5@5+nGHJ(+Hc-�(+H¢5Zl~;oa�-=1V50;=(+3p5+nO-:5@,ÕDI3Z5@© H¶5[-�³=HJ<«*8<N50;Y-$1�1�;=DG<N5�#¶â�*%(+36507%/$Ó�50nGHFG(+H�30HJ<O1JHp;$a�KEHJakH�1V5[3P;$(m*%,.FGDG(+*}5+*8H�3P*8<250nOH@FG(0H�H�XE*M3Z5+*8<GQxFGnO-=36H=ÓE©IH�1J-$DO36HA5+nGH?FG(0H�36H�<O1�H;�a~50nGHol~-$787M3?;�a~50nGH2KEH�akH�1V5+3Õ(0H�KEDO1JH�3A50nOHd*8<N5+HJ(0a�-$1�*M-�7�H�<GHJ(+Q$/´KEDGHc5+;Y50nGHd(+H�KGDO1V5+*8;=<;�a�50nGH¶36DG(0a�-$1JH¢-�<OK25+nGHJ<�ÓO50nGH¶KEH�akH�1V5+3p-$1�5�-$3P<4DO1J78H�-:50*%;$<`1JHJ<N50H�(+3�#~C4H�1�;=<OKE7%/$ÓG*%<`FG(+*}u,c-�(+/A1J(0/E365+-�7%7%*89�-:50*%;$<?5+nGHJ(+Ht*M3�-�KE*8| H�(0H�<O1�H *8<Õ50nGH~1�;=<O1�H�<=5+(+-�50*%;$<@© H�5Zl~HJH�<@50nGH~FO-$(0H�<=5-�<OK25+nGH@<GHJljFGnO-=36H=ÓE(0H�36DO7}5+*8<GQ.*%<`-c1�;$<I1�HJ<N5+(+-�50*%;$<oFO(0;$vO78H?7%*8³=HA50nGH¢;=<GH@36³=H�5[1[nGH�K2*8<vOQ$DO(0H2"$#%"$#@h�3A*85AlP*%787b© Hx30nG;:lP<i7M-:5+HJ(�ÓW-$3�50nGHx50([-�<I3Zak;=(0,c-:5+*8;=<`FG(+;41JHJH�KG3¹5+nGHJ(+H¶-$(0H1[nO-�<OQ$H�3�*%<Õ5+nGHm,.-�50(+*}XÕ1J;$,.F ;=30*}5+*8;=<¢50nI-:5�78H�-$KÕ50;A*}5[3bFG(+;$Q$(+H�3+30*8�=Ht3Z5[-�©G*%7%*89�-:50*%;$<�Ó�50n4DO3(0H�36DO7}5+*8<GQo*8<¨-c50*%,xHxKEHJF HJ<IKEHJ<N5A-$<OKi1J;$,.FI;N36*850*%;$<iKGHJF HJ<OKEH�<N5p<4DO1�7%H�-�50*%;$<`([-:5+H$#¹h¹78u50nG;=DGnGQ.FG(+*8,c-$(0/d1J(0/E365+-�7%7%*89�-:50*%;$<dak(0;=,è-Õ,.HJ5+-�7%7%*%1AQ$7M-$3+3~*%3P-¶5+(+-$<O3Zak;=(0,c-�50*%;$<cak(+;$,è-,.H�5+-=3Z5[-�©G7%Hm50;¢-@365+-$©G7%HPFGnO-$30H$Ó=l HPlP*%7%7I1�;=<O30*%KEH�(b50nO-�5)50nOH�1[nO-�<OQ$Hm*8<x5+nGHPak(+HJHPHJ<OHJ(+Q$/KE*8| H�(0H�<O1�Hc© H�5Zl~HJH�<á50nGH.5Zl~;`FGnO-=36H�3¢KEDGHc5+;Y50nGH�36Hd1J;$,.F ;=30*}5+*8;=<O-�7t1[nI-�<GQ=H�3@1J-$<á©IH1J-$7%1JDG7%-�50H�K¢ak(+;$,�5+nGHPH�LNDG*%78*%©G(+*8DO,²KE*M-�Q$([-�,c3b-�<IK¢5+nGHJ<�Ó$50nGHP<4DO1J78H�-:5+*8;=<Õ([-:50Hm© H�1J;$,.H�3Û �Nz�ÜÖ±
I(c) = I0 exp



−Q



 1

ln2
(

c
cl

) − 1

ln2
(

c0

cl

)









×Z"$# � Ù
lPnGHJ(+H

c
*M3~50nGHA5+*8,.H@KEHJF HJ<IKEHJ<N5�1�;=<O1�H�<N50([-:50*%;$<o*8<250nGH@,c-�50(+*}XWÓ

cl
*M3m*85+3mH�LNDG*%7%*8©G(+*%DG,1�;=<O1�H�<=5+(+-�50*%;$<¨-$<OK

c0
*}5[3?*8<O*}5+*%-$7)1�;$<I1�HJ<N5+(+-�50*%;$<�#xh�3A50nOHx�:-$78DGH.;$a

c
1[nO-�<GQ=H�3pak(+;$,

c0
5+;

cl
50nGH¨<NDI1�7%H�-:5+*8;=<�(+-�50H`Q=;NH�3.ak(+;$,§-á,c-�X4*%,ÕDO,�×�-:5d5+nGHi© HJQ$*%<G<G*%<GQ�;$a?50nGH50([-�<O36ak;$(+,c-:5+*8;=< Ù 50; 0

*8<`5+nGH¢*%<N50HJ(0a�-$1JH¢© H�5Zl~HJHJ<Y5+nGHÕ,c-�50(+*}X`-�<OKR5+nGHÕFO(0H�1�*%FG*}5[-:5+*8<GQFGnO-=36H=#j°mnO-�5o*%<OKEDO1JH�3o-$<�*8<OnG*8©O*}5+*8;=<ç;�a?50nOHi<4DO1�7%H�-�50*%;$<·×�30;$,.H�5+*8,.H�3o1J-$787%H�KS<O;$<Eu(+-$<OKE;=,Ç<4DO1�7%H�-�50*%;$< Ù *%<á50nGH236DG(+(+;$DG<OKG*8<GQ`-$(0H�-2;$a 5+nGHdQ=(0;:lP*%<GQY1�(+/4365+-$787%*850H�3�Ó�© HJ*%<GQ50nGH@FI-�([-�,.H�5+HJ(
Q
lPnO;.KGH�50H�(0,.*%<GH�3m5+nGH@H�X45+HJ<N5P;�a�50nG*M3¹-�(+H�-R×ævIQ$DG(+H."$# � Ù #Þ¿<¢,c-�<4/p,.HJ5+-�7%7%*%1�Q=7%-=3030H�3�Ó�5+nGHtHJXEFIH�(0*%,.HJ<N5+-$7$KEHJ<I36*850*%H�3�;�a450nOHt1�(+/E3Z5[-�7%78*%9JH�K?<O-�<G;N3Zu50(+DO1V5+DG(+H�3R*%3R;$aÕ50nOH«;=(+KGHJ(R;�a

1020 u 1023m−3 Óp,¶DO1[njnG*8Q=nGHJ(250nI-�<
50nGHáH�XEF H�1�50H�Kak(0;=,y5+nGHx¥~��°?#I°mnGHJ(+H�ak;=(0H=ÓE50nGH@�:-$78*MKE*85Z/2;$a�5+nGHx¥~��°�ak;$(�Q$7M-$3+36/o30/E3Z5+HJ,c3PnO-=3P© HJHJ<LNDGH�3650*%;$<GH�K>Û �O"VÜ�-�<OKi<GHJl·,.H�1[nI-�<G*M36,c3�nO-��$H¢© HJH�<¨FG(+;$F ;=30H�K�ÓO*%<O1�7%DOKE*%<GQo*M1�;N30-$H�KE([-�736nO;$(056uÖ(+-$<GQ$H);=(+KGHJ(�*8<Õ50nGHmQ$7M-$3+3�Ó�LNDGH�<O1[nGH�K4uw*%<Õ<4DO1J78H�*�Ó$nGH�5+HJ(+;$Q$H�<GHJ;=DO3�FO(0H�1�*%FG*}5[-:5+Htak;=(6u,c-:50*%;$<�ÓGFGnO-=36H@30HJFO-$(+-�50*%;$<�ÓN50nOH¢*8<GåODGHJ<I1�H@;�a�1�;=,.FI;N36*850*%;$<Y-�<OKYKE*8|�DO36*%;$<GuÖ1J;$<N50(+;$7%78H�K<4DO1�7%H�-�50*%;$<�Û �NU�ÜÖ#«hp3¢5+nGHoFODG(0F ;=30Ho;$aP50nGH2FG(+H�30HJ<N5¢50nOH�30*%3¶*%3¶<G;$5Õ50;«3Z5+DOKE/«50nOH2<4DEu1�7%H�-�50*%;$<RFG(0;E1JH�3+3m*8<i-xFG(+*8,c-$(0/o1J(0/E365+-$787%*89�-:5+*8;=<�ÓE©GDE5¹5+nGH@³4*8<OH�50*M1J3�ÓG5+nGH¶¥~��°
lP*%787�©IH-$3+36DO,xH�KW#



"=#8"A&)(+*8,c-�(+/o1J(0/E365+-�7%7%*89�-:50*%;$< "�s

â�*%Q$DG(+H2"=# �O±A��DO1�7%H�-�50*%;$<´(+-�50Hc-$3pakDG<O1�50*%;$<«;�a 50nGHd1J;$<O1JHJ<N50([-:5+*8;=<¨-�<OK¨50nOH
Q

�:-�7%DGH$#ÿ -�(+Q$HJ(
Q
��-$78DOH�3m*%,xFO78/R-c36,c-�7%78H�(P-�(+H�-¶lPnGHJ(+HA50nGH@<4DO1J78H�-:50*%;$<R*M3mFI;N3030*8©O78H=#

g �:�4¬.���
Þ¿<�-áFG(+*8,c-$(0/�1J(0/E365+-�7%7%*89�-:50*%;$<�Ót;$<I1�Hi->365+-�©O78H`<4DO1J78H�DO3.*%3cak;$(+,xH�Kº*}5o*M3cH�,Õ© H�KGKEH�K*%<�-�<ç-$,.;$(+FGnG;$DI3cFGnO-=36H`5+nO-:5R*8<O*}5+*%-$787%/S*%3R3Z5+*87%7?36DGF HJ([3+-:50DO(+-�50H�K�Ó 5+nGHJ<ç50nGH�(0H´*%32-1J;$<O1JHJ<N50([-:5+*8;=<iKE*}|�HJ(+HJ<I1�Hx©IHJ5Zl H�HJ<i5+nGHxFO-�(050*M1�7%Hx-$<OKi*85+3?30DG(+(0;=DG<OKE*%<GQ=3�#?°mnGHJ(+H�ak;=(0H=Ó5+nGH.Q$(+;:lm50n¨;$at5+nGH.<NDI1�7%HJDO3A5[-�³$H�3AFG7%-=1�H.©4/`5Zl~;R30*8,¶DG785+-�<OHJDG;N3pFO(0;E1�H�3030H�3�#.¸p<«;$<OHnO-$<OKWÓG-�50;$,c3m,.;:�$H@-=1�(+;=3+3)5+nGH@*8<N5+HJ(0a�-$1�H?*%<Y;$([KEHJ(~50;c(+H�KGDO1�H?*85+3�µA*%©G©O3mak(+HJH?H�<GHJ(+Q$/=#°mnG*M3A,.;:�$HJ,.H�<=5?KEHJF HJ<IKG3A;$<i5+nGH.*8<N5+HJ(0a�-$1�H¶,.;$©G*%78*85Z/`;�at50nGH.-:5+;$,c3J#¶¸p<¨50nGH.;$50nGH�(nO-$<OKWÓ 50nGHi1J;$<O1JHJ<N50([-:5+*8;=<äQ=(+-=KE*%HJ<N5x© H�5Zl~HJH�<º50nGHi1J(0/E365+-�7%7%*}5+Hi-�<OK�50nGH´-�,.;$(+FGnG;=DO3FGnI-$30HoQ$*%�$H�3Õ(+*M36Ho50nGHYKE*8| DO30*%;$<º;�aP50nOHY-�50;=,.3Õ50;«(+H�KEDO1JHd5+nG*%3.Q=(+-=KE*%HJ<N5�Ó)-¨FG(0;E1JH�3+31J;$<N50(+;$7%78H�Kº©N/ä50nOH´KE*8| DI36*%;$<ç1J;NHJ½d1�*%HJ<N5�# °mnGH´Q$(+;:lm50nSlP*%787A©IH´1�;$<N5+(0;=78H�Kä©4/º50nOH3078;:l~H�365m;�a�5+nGH�30H@,.H�1[nO-$<G*M36,c3�#ÞÖ5PlP*87%7W© H¢-$3+36DG,.H�Kc50nI-:5m50nGH?Q=(0;:lm5+nd;�a�50nGH?FO-$(65+*%1J78H?*M3 FO(0;EKEDO1JH�K2©4/.50nGH?,.;:�$HJu,.HJ<N5�;$a�;=<GHÕ-�50;$,.*M1@36F H�1J*8H�3mak(+;$,q50nGH¢,c-�50(+*}Xá×klPnGH�(0H¢*85�*M3P*%<`H�XG1�H�303 Ù 50;c5+nGHÕ1J(0/E36u5[-�7%78*850H?h�#th~5P5+nGH¢© HJQ$*%<G<G*%<GQIÓE50nGH@([-:5+H?;�a�-:565[-$1[nG,.H�<=5�-�5P50nGH@*%<N50H�(6a�-=1�H?;�a�50nGH¶-:50;=,c3;$a�5+nG*M3�30FIH�1�*%H�3¹lP*%7%7�© HÕ1�;=<=5+(0;=787%H�KR;=<G78/R©4/2*85+3�*8<N5+HJ(0a�-$1�H@,.;=©G*87%*85Z/$#P°mnO-:5pFG(0;E1JH�3+3P*%3*%<N50HJ(0a�-$1JH�u¿1�;=<=5+(0;=787%H�K�#A¸p<O1�HÕ50nGHxFO-$(65+*%1J78HxnO-$3pQ$(+;:lP<Y50;R-o1JHJ(05+-�*%<¨30*89�HÕ5+nGH.1�;$<I1�HJ<Gu5+(+-�50*%;$<.;�a�50nOH�36F H�1J*8H�3)*%<c50nOH�36DO(0(+;$DG<IKE*8<OQ=3b;�a�5+nGH�FO-$(65+*%1J78HP(+H�-=1[nGH�3�5+nGH�H�LNDG*87%*%©G(0*%DG,1J;$<O1JHJ<N50([-:5+*8;=<R© H�5Zl~HJH�<i5+nGH¢5Zl~;oFGnI-$30H�3

cl
Ó���-$78DOHÕ5+nO-:5?KEHJF HJ<OKO3p;=<`50nOHx1JDG(0�:-�50DG(+H;$a�50nGHx*8<N5+HJ(0a�-$1�HR×�µA*%©G©O36uÖ°mnO;$,c36;=<iH�|�H�1�5 Ù #¢°mnGHJ(+H�ak;=(0H=ÓO5+nGH¶Q=(0;:lm5+n`;�a)5+nGHxFO-�(050*M1�7%HlP*%787�3650*%787�© H.KEDGHx50;250nGHc-�565+-=1[nG,.HJ<N5p;$at5+nGH�30Hx-�50;=,.3p5+;o5+nGH¶*%<N50H�(6a�-=1�H$ÓW©ODE5@<G;:l *85*M3Õ1J;$<N50(+;$7%78H�Ká©4/´5+nGHo([-:5+Ho-:5xlPnG*M1[n�KE*8| DO30*%;$<�,.;EKE*8vOH�3Õ50nGHR1�;=<O1�H�<=5+(+-�50*%;$<�-�5Õ50nOH30DG(+(0;=DG<OKE*%<GQ=3¢;�aP50nOH2FO-$(65+*%1J78H=#´ë�HJ<O1JH$Ó)*85¶*M3.-iKE*8| DO30*%;$<Eu¿1�;=<=5+(0;=787%H�KáFO(0;E1�H�303�#´°mnOH5+(+-$<O36*850*%;$<xak(+;$,Ñ;$<GH¹,.H�1[nO-�<G*M30, 50;?5+nGH�;$50nGH�(tKEH�FIH�<OKG3);=<.50nGH�(0H�7%-�50*%�$Hm,c-�Q$<O*}5+DOKEH�3;$a�50nOH¢KE*}|�DO30*8;=<`1�;4H�½d1�*%HJ<N5¹-�<IKo5+nGH@*%<=5+HJ(0a�-$1JHp,.;$©O*87%*}5Z/=#

i�jlk_mon_m�p(q�rtsvuxw(svy&zsvp]{/z?{/|vy&}&y&~xp]s ��y&z_moq�y&zxp;svn_m�rtp]w;k?{1wNw;kxmJ}&rty��lw(ksvpNn_~xm�w(yQw;k_m��Qy��Bm��Qm�zBwNy/�y&z_mo{1w(y&�Qsvq]p;u+m�q�svm�pl�8r(y&��w;k_m�q�r��xptw�{/|v|vs w(m�w;yJw;k_m�{/�Qy&rtu_k_y&~_p���{1w(r(s �����k_m�r(mos w�svpln_mA�Vm�qAw(s �Bm1���



"J� ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<
°mnGH?*8<N50H�(6a�-=1�HJuÖ1J;$<N50(+;$7%78H�KcQ$(+;:lm50no*%3P-xFG(+;E1�H�3+3~KEH�5+HJ(+,x*%<GH�Ko©4/c5+nGH@KE*}|�HJ(+HJ<I1�H?*8<50nGH¹µA*%©G©O3�ak(+HJHmHJ<GH�(0Q=/A50nO-�5b1�-�<Õ© HP1�;=<O36*MKEH�(0H�KÕ1�;=<O365+-�<N5b-$3�78;=<GQ?-$3�50nGH 50([-�<I3Zak;=(0,c-:u50*%;$<`*M3PF ;=3+36*%©G7%H$àG5+nGHJ(+H�ak;=(0H=ÓO*%<Y50nG*M3�365+-$Q$H@;$a�5+nGHÕQ=(0;:lm5+no5+nGH¢FO-$(65+*%1J78H@([-$KE*%DO3PQ=(0;:l¹3-:5¹1�;=<O365+-�<N5P�$H�78;E1J*}5Z/=#°mnGHo5+nGHJ;=(0HJ50*M1J-$7 -�<I-�7%/430*M3@;�a�KE*8|�DO36*%;$<GuÖ1J;$<N50(+;$7%78H�KáQ$([-�*%<>Q$(+;:lm50nánO-=3¶-�5650([-$1�50H�K1�;=<O36*MKEH�(+-$©G78H`-�5650H�<N50*%;$<ºak;$(c,c-�<4/ä/$H�-$(+3�#�C4DO1[n�-$<O-�7%/E36H�3.nO-��$HR50;�KGH�-�7�lP*}5+nS50nGH50(+;$DG©O78H�36;=,xH2FG(+;$©G7%HJ,¤;$ap(+H�30;$7%�N*%<GQ¨50nGH`KE*8| DI36*%;$<ºH�LNDO-�50*%;$<�*%<ä50nGHY,c-:5+(0*8XWÓ)lPnG*%78H30-�50*M3Zak/4*%<GQ?©I;=DG<OKG-$(0/¢1J;$<OKG*}5+*8;=<O3b*8<x5+nGHP,.;:�N*%<GQ?FG(+H�1J*8FG*85+-�50HJuw,c-:5+(0*8X¢*%<=5+HJ(0a�-$1JH�3�#�°mnGHKE*8| DO30*%;$<YH�LNDO-�50*%;$<

D∇2c =
∂c

∂t
,

×Z"$#ÝT Ù
lPnGHJ(+H

D
*M3P50nOHÕKE*8| DO30*%;$<i1�;4HJ½c1J*8H�<N5¶×�-=3030DG,.H�KR*%<OKEHJF HJ<IKEHJ<N5p;$a�5+nGH¶1J;$,.F ;=30*}5+*8;=< Ù Ó(0DO78H�3�5+nGHtH��$;$7%DE5+*8;=<¢;�aE5+nGH~1J;$<O1JHJ<N50([-:5+*8;=<?vOHJ7MK

c = c (−→r , t)
;$aO-¹Q=*8�=HJ<Õ1J;$,.FI;=<GHJ<N5�*8<50nGH¶-�,.;$(+FGnG;=DO3P,c-:5+(0*8XW#~°mnGHÕ;�50nOHJ(�,c-$*8<`H�L=DI-:50*%;$<Y*%<4�$;$7%�$H�KR*%3m5+nGH¶1J;$<O1JHJ<N50([-:5+*8;=<åODEXR©O-�7M-�<O1JHA-�5P50nGH@,.;:�4*%<GQ¶*%<N50H�(6a�-=1�H

(cx − cR)
dR

dt
= D

(
∂c

∂r

)

r=R

,
×Z"$# r Ù

lPnGHJ(+H
R
*%3�5+nGHt1J(0/E365+-�7%7%*8<GH�FI-�(050*M1�7%H�(+-=KE*8DI3�-�<OK (

∂c
∂r

)
r=R

5+nGHt1�;=<O1�H�<N50([-:50*%;$<?Q=(+-=KE*8H�<N5*8<Y5+nGH¢DG<N5+(+-$<O3Zak;=(0,.H�KR30*MKEH¢;�ab5+nGH¢*%<=5+HJ(0a�-$1JH$#më¹HJ(+H$Ó
cx

*M3P5+nGHÕ1�;=<O1�H�<N50([-:50*%;$<R*%<O36*MKEH50nGH?1�(+/E3Z5[-�7%78*%<GH¹FO(0H�1�*%FG*}5[-:5+H$Ó4-�<OK
cR

*%3t50nGHAH�LNDG*%7%*8©G(+*%DG,¦1�;$<I1�HJ<N5+(+-�50*%;$<c;�aW5+nGHA78*MLNDG*%KFGnO-=36H.-:5A50nGHx*%<=5+HJ(0a�-$1JH¶;$a -oFI-�(050*M1�7%HÕ;�a (+-=KE*8DI3
R
#¢°mnGH.KEH�FIH�<OKEHJ<I1�H.;�a

cR
;$<¨50nGHFG(+H�1�*%FG*85+-�50H?(+-=KE*%DO3m*%3PKGH�50H�(0,.*%<GH�KR©4/c5+nGH¢1J-$FG*87%7M-�(+*}5Z/d1J;$<OKE*850*%;$<

cR = cl + clΓκ
×Z"$# \ Ù

lPnGHJ(+H
κ = Λ

R

*%3�50nGH ,.H�-�<¢1JDG(+��-�50DG(+H�*%<Õ-PQ$(+;:lP*%<GQ
(Λ+1)

uÖKG*8,.HJ<I36*%;$<O-$7:n4/NF HJ([30FGnGHJ(+H-�<OK
Γ
*M3~50nGH¢1�-�FG*%787M-�(+/c7%HJ<GQ$50n�#¡)�$H�<`*8<Y5+nGHÕ1J-=36H?;$a�-$<Y*%30;$7M-:5+H�K2FO-�(050*M1�7%H@Q$(+;:lP*8<OQx*%<`-�<Y*%<EvO<G*850H¶,.-�50(+*}XWÓGHJXG-$1V5-�<O-$78/N5+*%1�-�7�30;$7%DE50*%;$<O3m;$a�5+nGH¢H�LNDO-�50*%;$<O3@×6"$#ÝT Ù -�<IK«×6"$# r Ù -�(+H?;$<G7%/o³4<G;:lP<R*8ab1J;$<O365+-$<=5H�LNDG*%78*%©G(+*8DO,ü1J;$<O1JHJ<N50([-:5+*8;=<«-�5@50nGHd*%<N50H�(6a�-=1�Hi×

cR = cl Ù *M3¢1�;=<O30*%KEH�(0H�KWÓ�5+nO-:5¶*%3@<OH�uQ$7%H�1�50*%<GQ¶1�-�FG*%787M-�(+*85Z/$#�°mnGH?1�7M-$3+36*M1J-$7Ol~;$(+³x;$abê H�<GHJ(?Û �=s�ÜWQ$*%�$H�3)5+nGH?H�XG-$1�5~30;$7%DE50*%;$<oak;$(50nGH¢1�-$30H?;�a�30FGnGH�(0*M1J-$7WFG(+H�1�*%FG*85+-�50H�3mlP*850nY© ;$DG<IKG-�(+/d1�;=<OKE*850*%;$<O3
c (r = R, t) = cl 0 < t ≤ ∞
c (r, t = 0) = c0 0 < r ≤ ∞
c (r = ∞, t) = c0 0 < t ≤ ∞

,
×6"$#%"�z Ù

lPnGHJ(+H
c0

*M3¶50nGHR*8<O*}5+*%-$7m1J;$<O1JHJ<N50([-:5+*8;=<�;�aP5+nGHY,c-:50(+*8X�#>ë�;:l H��$HJ(�ÓbHJ�=HJ<�*%<ä30DO1[nä-1J-=36H=ÓI5+nGH.;$©E5[-�*%<GH�K´36;=78DG50*%;$<i*M3A(+-�50nGH�(�5+;N;Y1�DO,Õ© HJ([36;=,xHÕ50;YDO30Hx1J;$<4�$H�<G*%HJ<N507%/$Ó�-�<OK-�FGFO(0;�XE*%,.-�50*%;$<O3�Q$*%�4*8<GQR36*%,.FG7%HJ(AH�XEFG(+H�3+36*%;$<O3p-�(+HÕ;$aæ50HJ<«DO30H�KW#@Þ¿<«-�<G;$50nGH�(A1J7%-=3030*M1J-�7(0HJakHJ(+HJ<O1JH$Ó�hp-�(+;$<xH�5t-�7w#tÛ �$��ÜO(0H��4*8H�l�50nOH¹KE*}|�HJ(+HJ<N5)-�<I-�7%/=5+*%1�-�7E-�FOFG(0;�XE*%,c-:50*%;$<I3�5+;A50nGHKE*8| DO30*%;$<Eu¿1�;=<=5+(0;=787%H�KoQ$(+;:lm50n2³N*%<GHJ50*M1J3m;�a�30*8<GQ=78H?FG(+H�1J*8FO*}5[-:50H?FO-$(65+*%1J78H�3J#�°mnGH?(+H�30DG785m*M3-�7%l~-�/E3m-x(+-=KE*%DO3 50*%,xH¢KGHJF HJ<OKEH�<O1�H@;$a�5+nGH@³4*8<IK
R = λ (Dt)

1

2
×6"$#%"$" Ù



"=# U¶^`;EKEHJ7%7%*8<GQc;$a�FG(+*%,.-$(0/21�(+/4365+-$787%*%9�-:5+*8;=< "�B
lPnGH�(0H

λ
*%3Y-�KG*8,.HJ<I36*%;$<G7%H�3+3RFO-�([-�,.HJ50HJ(RKEHJF HJ<IKE*8<OQä;=<ç50nOH´�:-�7%DGH«;�a@5+nGHá*8<G*850*M-�730DGF HJ([30-�50DG([-:5+*8;=<

γ =
cl − c0

cl − cx

×Z"$#%"�U Ù
°mnGH@30FIH�1�*8vI1Aak;$(+,y;$a

λ
KG*}|�HJ([3m*8<YH�-$1[nY-�FGFG(+;�XE*8,c-�50*%;$<�#°mnGH�36H.(+H�30DG7}5[3@KE;Y<G;�5?5[-�³$Hx*%<=5+;`-$1J1J;$DG<N5?50nOH.KGH�365+-�©O*87%*89�-:5+*8;=<´;$at50nOHc*8<N50H�(6a�-=1�H=#C4FOnGHJ(+*%1�-�74Q$(+;:lm50nÕ;�aIFO(0H�1�*%FG*}5[-:5+H FO-$(65+*%1J78H�3�*%3�365+-$©G78H~;$<O78/@ak;=(�36,c-�7%74FO-�(050*M1�7%Hm36*%9JH�3J#�Þ¿<5+nGHP1J-$30Ht;$a

γ � 1
Ó�50nGHP30FGnGH�(0*M1J-$7430nO-$FIH~*%3�3650(+*M1V507%/¢365+-�©O78H~*8<.-A36*%9JHm([-�<GQ=HtQ$;=*8<OQ¹ak(+;$,

R∗ 5+; 21R∗ Ó lPnGHJ(+H R∗ *%3�50nGHx1�(+*}5+*%1�-�7�<NDI1�7%H�-:5+*8;=<`(+-=KE*%DO3�-$©I;:�=H¢lPnG*M1[nY50nGH.36FOnGHJ(+HQ=(0;:l¹3m-�<IKY©IH�78;:ljlPnG*M1[n`*}5p30nG(+*8<O³43¢Û �4B�Üw#~Þ¿<i30DO1[ni36,c-$787�([-$KG*8DO3¹(+-$<GQ$HA50nOHÕ1J-$FG*87%7M-�(0u*85Z/YH�|�H�1V5?*M3�<G;$5p<GH�Q$7%*8Q=*8©O78H=ÓO5+nNDI3p*%<4�:-�7%*%KG-�50*%<GQc5+nGHx30;$7%DE5+*8;=<O3¹FG(+H�30HJ<N5+H�Ki-$©I;:�=Ho×kH�LI#×6"$#%"$" Ù0Ù #¹ë�;:l H��$HJ(�ÓE*%<O36*MKEHx-c(+-$<GQ$H@Q=;$*%<GQ.ak(+;$, 10R∗ 50;
100R∗ Ó�30FGnGHJ(+*M1J-�7�36nI-�F H¢*%3<G;$5tDG<OKGDG78/.DG<I3Z5[-�©G7%Hp-$<OKcKE*8| DO30*%;$<Eu¿1�;=<=5+(0;=787%H�KxQ=(0;:lm5+nx;$a�FO-�(050*M1�7%H�3t<GHJQ=78H�1V5+*8<GQ¶1J-�FGu*%787M-�(+*85Z/R*M3?-oQ=;4;4K¨-�FGFG(+;�XE*8,c-�50*%;$<�#@âGDO(65+nGHJ(?Q$(+;:lm50n´-�© ;:�$H¢5+nG*M3p([-�<OQ$HÕ*M3AQ$;:�=HJ(+<GH�K©4/o30*%KGH�uÖ©G(+-$<O1[nG*%<GQx*8<N50H�(+-=1V5+*8;=<27%H�-=KE*8<OQ¶5+;dKEHJ<IKE(0*850*M1?FO-�5650H�(0<I3?Û �N��Üw# �¹;�5ZlP*850nI3Z5[-�<OK4u*%<GQOÓbFO-$(65+*%1J78HoQ$(+;:lm50n>-$3¶KEH�3+1�(+*8© H�K�©N/«H�L #�×6"$#%"$" Ù *%3ÕDO30H�K>*%<�,c-�<4/«l ;=(0³E3@Q=*8�4*%<GQQ=;N;EKº(+H�30DG7}5[3d*%<S50nGH«-�<O-$78/E30*%3d;�a@FG(+*8,c-�(+/ä1J(0/E365+-$787%*89�-:5+*8;=<�ÓP-$3o30FGnGH�(0*M1J-$7¹FO-$(65+*%1J78H�330nG;:lP*%<GQxKG*}|�DO30*8;=<EuÖ1J;$<N50(+;$7%7%H�KdQ=(0;:lm5+n2-$(0HAH�XEF H�1V5+H�KR*%<25+nGH@KEHJ�4*850(+*}v 1J-:5+*8;=<2;$a�,c-$<N/-$,x;=(0FOnG;$DO3 ,.H�5[-�7%78*M1@-�7%78;:/E3AÛ �4TNÓG�Nr�ÜÖ#

ì¢í/� �_ù����P÷�÷�ð�ú�� ù����2ïbðJñ�ò@ï�óÎôtï�ócõWö�òÕ÷�÷�ð�ø~ò?ö�ð�ùÕú
Þ¿<Y-.36/E3650HJ,¦;=DE5P;�a�50nGH@H�L=DO*87%*8©O(0*%DG,¦5+nGH?³N*%<GHJ50*M1J3m;�a�50nGH?5+(+-$<O36ak;$(+,.-�50*%;$<d*M3~50nOH@³$HJ/F ;$*%<N5P50;cFG(+H�KE*M1V5¹*85+3¹50H�,xF ;$([-�7WH��$;=78DE5+*8;=<`-�<OKR,.*%1J(0;N3Z5+(0DI1V50DO(0H=Ó450nO-�5�1J-�<Y© HÕ1�(+DO1J*%-$75+;¶FG(+H�KG*%1�5 5+nGHp,c-=1�(+;=3+1�;$FO*%1PFO(0;=FIH�(65+*8H�3 ;$a�50nOHpFO-$(65+*%1JDG7M-�(~,.-�50H�(0*M-�7w#bÞ¿<d50nO*%3m30H�1V5+*8;=<5+nGH´KE*8|�HJ(+HJ<N5R,.;EKEH�7%32H�XE*M3Z5+*8<GQä*8<�50nGH«7%*}5+HJ([-:50DO(0H¨-$(0H´FG(+H�30HJ<N50H�KW#Ñâ�*%(+365R;$aÕ-�7%7�Óp-Q=HJ<GH�(+-$7 ,.;EKEH�7Wak;$(P<4DO1J78H�-:50*%;$<Y-�<IKoQ=(0;:lm5+no5+(+-$<O3Zak;=(0,c-�50*%;$<O3�ÓN50nGH¢f@gN^ihj,.;4KGHJ7wÓG*%3KEH�301J(0*%© H�K?-�<OKp5+nGH)7%*8,.*85+-:5+*8;=<O3W;$a=5+nGH),.;EKEHJ7:ak;=(�H�XEFG7M-�*%<G*%<GQPFG(+*8,c-$(0/�1J(0/E365+-$787%*89�-:5+*8;=<O3-$(0H?FG(+H�30HJ<N50H�KW#)�¹HJX45�ÓG5Zl~;cKE*8| H�(0H�<=5¹lm-�/E3m;�a�36;=78�4*%<GQx50nGH�36H@7%*%,x*85+-�50*%;$<O3�-�(+H?KGHJ(+*8�=H�K-$<OKo1J;$,.FO-�(+H�KolP*}5+n2HJXEFIH�(0*%,.HJ<N5+-$7 (+H�30DG785+3�#�â�*%<O-$787%/dFGnO-=36HJu�vIHJ7MKd,.;EKEHJ7�30*8,¶DG7M-:50*%;$<I3lP*%787m© H`-�7M36;´FG(0H�36H�<N50H�K�ÓtKEDGHR50;´50nOH2a�-=1V5.50nI-:5c*8<º36DI1[nä30*8,¶DG7%-�50*%;$<O3¶5+nGH`KE*}|�DO30*8;=<H�L=DI-:50*%;$<x*M3t30;$7%�$H�K¶*%<d-�7%7E50nGHp36FO-=1�H=Ó�50n4DO3t©IH�1�;=,x*%<GQ¢-?DO30H�akDO7G50;4;=7E50;¢3650DOKG/¶FG(+*%,.-$(0/1J(0/E365+-�7%7%*89�-:50*%;$<I3J#
���;H	��� ���	��� [\�Q�������/�o���	���Y���l�PIE����� �]�S�¡ o�E�N¢£IE¤¥IK�E�����"�/�o�W¦[§�PIE���J���
ý�nGH�<d5+nGH?FG(0H�1�*%FG*85+-:5+H�FO-$(65+*%1J78H�3t(+H�-=1[no-x1�HJ(05+-$*8<236*%9JH=Ó41J;$,.F H�50*850*%;$<R© H�5Zl~HJHJ<o<GHJ*%Q$nEu© ;$(+*8<OQ>FO-�(050*M1�7%H�3o©IH�Q$*%<O3d5+;�*%<=5+HJ(0akHJ(+HilP*850n�5+nGH¨Q=(0;:lm5+n�#·Þ¿<çF ;$7%/N,.;=(0FGnO*%1Y5+(+-$<O36uak;=(0,c-:5+*8;=<O3P5+nG*M3p1J;$,.FIHJ50*850*%;$<´*%3pFGDG(+HJ7%/YQ$HJ;=,.H�50(+*M1�ÓI50nO-�5A*M3�FI-�(050*M1�7%H�3A3Z5+;$FiQ=(0;:lP*%<GQ© H�1�-�DO30H¶;$a~KE*%(+H�1V5@*%,.FG*8<OQ$HJ,.H�<=5�#¶Þ¿<´50nO*%3@1�-$30HÕ5+nGHc;:�$H�(+-$787�50([-�<O36ak;$(+,c-:5+*8;=<i(+-�50Hx*%3l~HJ7%7}u¿KEH�301J(0*%©IH�K@©4/A50nGHPfp;$7%,x;=Q$;=(0;:��ÓJg=;$nG<I36;=<EuÖ^iHJnG74-�<OKÕh��4([-�,.* ×�f@g=^¨h Ù H�LNDO-�50*%;$<Û �=\EÓOB$zEÓIBG"VÜ
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γ ≤ 0.1
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γ ≥ 0.1
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x (t)

-�<IK
x̃ (t)

-�(+Hp<O;$(+,.-$7}u*%9JH�K¨©4/Y50nOH.vO<O-�7�1J(0/E365+-�7%7%*89�H�Ki�=;$7%DG,.HÕak([-$1�50*%;$<�Ó�lPnG*%1[ná1�;=(0(+H�30F ;$<OKG3�50;250nOHc*8<G*850*M-�730DGF HJ([30-�50DG([-:5+*8;=<�#�ë�HJ<O1JH?H�LNDO-:5+*8;=<«×6"$#%"J� Ù *M3P(+H�uÖlP(0*8565+HJ<R-$3
ξ (t) = 1 − exp

[
−ξ̃ (t)

]
,

×Z"$#%"�T Ù
lPnGH�(0H

ξ = γ−1x (t)
-�<OK

ξ̃ = γ−1x̃ (t)
Û s=\�ÜÖ#¹°mnGHÕh��N([-�,.*�HJXEFI;=<GHJ<N5�*M3P5+nGHJ<¨1�-�7M1�DEu7M-:5+H�KR-$3

n (t) =
d ln [− ln [1 − ξ (t)]]

d ln (t)
=

d ln
[
ξ̃ (t)

]

d ln (t)
.
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¡tLNDO-�50*%;$<O3A×Z"=#8":T Ù -�<IKi×Z"=#8"�r Ù -$(0H¹lP*MKEH�78/xDO30H�Kc*%<o3650DOKE/4*%<GQ¢FG(+*%,.-$(0/.1�(+/E3Z5[-�7%78*%9�-�u5+*8;=<d;�a�-$,x;=(0FOnG;$DO3 -�7%78;:/E3�#�âO(0H�L=DOHJ<N507%/$Ó41�;=,xFO78HJX.© HJnI-��N*%;$(~-�<OKdDG<4DO36DI-�7 78;:lS�:-�7%DGH�3;$at50nOHdh��4([-�,.*bH�XEFI;=<GHJ<N5Õ-$(0Hx(0H�FI;=(65+H�KäÛ �NB4Ó��$�OÓ��NT�ÜÖ#dâ�*8Q=DG(+HR"=#]To30nG;:l¹3?-�<áH�XEF HJ(0u*%,.HJ<N5+-$7¹KEH�5+HJ(+,x*%<O-�50*%;$<º;�a

n (ξ (t))
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n ' 4
-:5¢5+nGHd*%<G*850*M-�7 365+-$Q$H�3@;�am50nOHc50([-�<O36ak;$(+,c-:5+*8;=<¨5+;

n < 1
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773

fè×�nGH�XG-$Q$;$<I3 Ù -�<IK2-�5 783
fè×�1J*8([1�7%H�3 Ù
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γ
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δ/2
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xB(t)
ÓW-�<IKR50nGH¶(0H�,.-$*8<O*8<GQcDO<=5+(+-$<O36ak;$(+,xH�KR�$;$7%DG,.H¢lPnGH�(0H¢50nGH¶<NDI1�7%H�u-:5+*8;=<2([-:5+HA*M3

I0
#)°mnGHJ<�ÓE50nGH@HJX450HJ<IKEH�Ko50([-�<O36ak;$(+,.H�Koak(+-=1V5+*8;=<R1�-�<R©IH@lP(+*}5050H�<Y-=3J±

x̃(t) =

∫ t

0

I0

(
1 − 1 − x(t) − xB(t)

1 − x(t)

)
4

3
πG3

0(t − τ)3dτ
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τ
*%3P50nGH@5+*8,.H@lPnGH�(0H?5+nGH@Q$([-�*%<Rl~-=3m©I;=(0<�#Þ¿<´;$([KEHJ(p50;2HJ�:-�7%DO-:5+H

xB(t)
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x(t)
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r ≤ δ/2 Ù lPnGH�<«-=1V5+DO-�7bQ$([-�*%<O3A1J-$<´<G;$5?1J;$7%78*MKEH.lP*850n«;�50nOHJ(?Q$([-�*%<O3A-�<OK«-:55+nGH@36H�1�;$<IK2365+-$Q$H?;�a�Q$(+;:lm50n´×
r ≥ δ/2)

lPnGH�<`1�;$7%7%*%30*8;=<o;$ab-=1V50DI-�7WQ$([-�*%<O3~lP*850nY;�5+nGHJ(Q=(+-$*8<O3¢<NDI1�7%H�-:5+H�K>*%<�(+HJQ=*8;=<O3Õ-=1J1�H�3030*%©G78H2KEDG(+*8<GQ´Q$(+;:lm50ná*M3ÕF ;=3+36*%©G7%H$#á°mnGH2h��4(+-$,.*H�L=DI-:50*%;$<Y1J-$<2© H@lP(+*}5050HJ<�Ó450nGH�<�ÓI-=3J±
dx

dx̃
= [1 − x(t)] [1 + f(r)x(t)]
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f(r) =

{
1 r < δ/2

1
2

(
δ
r

)3 − 3
16

(
δ
r

)4
r > δ/2
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hp3d*M3dH�XEF H�1�50H�K�Ó¹H�LNDO-�50*%;$<·×Z"=# U$z Ù (+HJFG(+;EKEDO1JH�3.5+nGH¨h��N([-�,.*pH�LNDO-:5+*8;=<�*8<S5+nGH´1�-$30H
δ = 0

ÓO*�# H$#%ÓElPnGHJ<Y<4DO1J78H�-:50*%;$<R*M3P-�7%78;:l~H�K2*8<Y-�7%7W5+nGH¢36FI-$1�H=#Þ¿<i5+nGHx,x;=(0H¶Q$H�<GHJ([-�7�1J-$30HÕ*%<¨lPnO*%1[n¨50nGHx<4DO1�7%H�-�50*%;$<i*M3A<G;�5AakDG7%78/i30DGFGFG(+H�3+30H�K`*%<5+nGHc(0H�Q$*%;$<«;�a~50nG*M1[³4<GH�3
δ
Ó�©GDG5¢(0H�KEDO1�H�K«©N/«-Ra�-$1�50;$(

α < 1
Ó�*}5¢*M3¢-�7M30;RF ;=3+30*8©G7%H.50;lP(+*}5+H@-¶,.;EKE*8vOH�KYh��4(+-$,x*WH�LNDO-:5+*8;=<�±

dx

dx̃
= [1 − x(t)] [1 + f(r)x(t)]

1−α ×Z"$#]U$U Ù
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t
Ó
c (t)

#)Ú~/2,xH�-�<O3m;$a�-xQ$7%;$©I-�7W,c-$3+3m©O-�7M-�<I1�H
x (t) cx + [1 − x (t)] c (t) = c0

×Z"$#]U�s Ù
5+nGH¢�:-�(+*%-�50*%;$<`;$a�5+nGHÕ,.H�-�<i30DGFIH�(+3+-:5+DG([-:50*%;$<Y;$a�50nGH¢DO<=5+(+-$<O36ak;$(+,xH�KY,c-:50(+*8XR1J-$<i© HlP(+*}5050H�<R-=3

cl − c (t)

cl − cx
= γ

1 − γ−1x (t)

1 − x (t)

×Z"$#]U:� Ù



U�z ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<
lPnGHJ(+H

γ
*%3�50nGH)*%<G*850*M-�7436DOFIH�(+3+-:5+DG(+-�50*%;$<AQ$*%�$H�<@*8<@H�L=DI-:50*%;$<d×6"$#%"�U Ù #�°mnGH�a�-=1V5+;$( ϕ (t) =

1−γ−1x(t)
1−x(t)

ÓG�:-�(+/4*8<GQxak(+;$,
1 → 0

-=3
x (t)

�:-$(0*%H�3 ak(+;$,
0 → γ

ÓG*%<OKE*M1J-�50H�3~5+nGH¢-��$H�(+-$Q$H
3Z5[-�©G*%7%*89�-:50*%;$<R;�a�50nGH@,c-�50(+*}X2-$<OKR*%3P1�-�7%78H�Kd5+nGH¢30;�aæ56uÖ*%,xFO*8<GQ=HJ,.HJ<N5ma�-$1�50;=(�#¥ ;$<O30*%KGHJ(+*8<GQo50nO-�5?50nGH.KE(+*8�4*%<GQoak;=(+1JHÕ;$at50nOHÕ5+(+-$<O3Zak;=(0,c-�50*%;$<i*M3AFG(0;=FI;=(65+*8;=<O-�7�50;50nGH@30DGF HJ([30-�50DG([-:5+*8;=<c;�a�5+nGH?,.-�50(+*}XWÓ4lPnGH�<d50nOHA,.H�-�<230DGF HJ([30-�50DG([-:5+*8;=<dKEH�1J(0H�-$30H�3~36;KE;4H�3~5+nGH¢KE(+*8�4*%<GQxak;$([1�H$#)°mnOHJ<�ÓE5+nGH@³4*8<OH�50*M1J3¹;�a�50nGH@FG(+*%,.-$(0/d1J(0/E365+-$787%*89�-:5+*8;=<21J-$<Y©IH,.;4KGHJ7%78H�Ko©4/d*%<N50(+;4KGDO1�*%<GQ.-¶KEH�1�(+H�-=36*%<GQ¶KG(0*%�4*8<GQxak;=(+1JHp*%<N50;¶50nGH¢1J;$,.FGDE5[-:50*%;$<2;�a�50nGH³4*8<GHJ50*M1?FO-�([-�,.HJ50HJ([3�Ó$5+nO-:5¹*M3

I (γ, t) → I (γϕ (t) , t)
×6"$#]U$B Ù

-�<OK
G (γ, τ, t) → G (γϕ (t) , τ, t) .

×6"$#]U�� ÙÞÖ5Õ*M3@l ;=(65+n«50;¨3+-�/inGH�(0H.5+nO-:5¶KG*}|�HJ(+HJ<N5Õ<4DO1J78H�-:50*%;$<>-$<OK«Q$(+;:lm50ná,.;4KGHJ7M3@lP*}5+n>HJ,xuFG*%(0*M1J-$787%/«-=K_^ZDO3650H�K>FO-�([-�,.HJ50HJ([3¢-$(0Ho-$©G7%Hc50;«KEH�3+1�(+*8© Hc5+nGH2³4*%<GH�5+*%1�3¢;$aP50nG*M3Õ³4*%<OK>;$a50([-�<O36ak;$(+,c-:5+*8;=<O3J#�Þ¿<2a�-$1V5�Ó450nGH@-$FGFG(+;=-$1[n2KEH�3+1�(+*8© H�K2©4/c50nOHAFO(0H��N*%;$DI3 H�LNDO-:5+*8;=<O3~nO-$3©IH�HJ<ä,.-=KEHR©N/>KE*8|�HJ(+HJ<N5.-$DE50nO;$([3JÓ)-=3030DG,.*8<OQ´KE*%�$H�(+30H2KEH�FIH�<OKEH�<O1�H�3¶;$a¹50nOH2³4*%<GH�5+*%1FO-�([-�,.HJ50HJ([3?;$<
c(t)

Û �$\�ÜÖ#ië¹;:l~HJ�=HJ(�Ó�-�7%7)5+nGH�30Hd,.;EKEHJ7M3¢nO-��=Hc*8<�1J;$,.,.;$<á5+nO-:5¢5+nGH³4*8<GHJ50*M1?FO-�([-�,.HJ50HJ([3 ©IH�1�;$,.H@<4DG7%7�-:5P5+nGH?HJ<OKR;�a�50nOH?50([-�<O36ak;$(+,c-:50*%;$<�Ó$5+nO-:5¹*M3
I → 0-�<OK

G → 0
lPnGHJ<

γϕ (t) → 0
ÓG-$3m*85¹*%3¹FGn4/430*M1J-�7%7%/cH�XEFIH�1V5+H�KW#hPaæ50H�(.5+-$³N*%<GQ´*8<N50;á-$1�1�;=DG<N5Õ50nOHRKE*%,.*8<O*%30nG*%<GQ«KG(0*%�4*8<GQ¨ak;$([1�H2*8<�50nGHY³4*8<OH�50*M12FO-:u(+-$,.H�50H�(+3)H�XEFG(+H�3+36*%;$<O3�Ó:5+nGH�Q=HJ;$,.HJ50(+*%1�-�7G*%,.FG*8<OQ$HJ,.H�<=5 *%3 ,.;4KGHJ7%78H�K.©N/.,.H�-$<O3�;$aW50nGHh��4([-�,.*OH�LNDO-:5+*8;=<�#�°mnOHJ(+H�ak;$(+H$Ó=*8<d50nG*M3t-$FGFG(+;=-$1[n�Ó�50nOHp1�(+/E3Z5[-�7%78*%9JH�K¶ak(+-=1V50*%;$<cQ=*8�=HJ<c©4/50nGHAh��4([-�,.*OH�LNDO-:5+*8;=<i×Z"$#%"J� Ù (0H�-$1[nGH�3)-?vO<I-�7 ��-$78DOH¹;�a γ

<G;�5~©IH�1�-�DO30H¹;$a 5+nGH�HJXEnO-�DO36u50*%;$<>;$a 5+nGHdDG<N50([-�<I3Zak;=(0,.H�K´�$;=78DO,xHc©ODE5¶© H�1�-�DO30Hc;�a~50nGHo��-$<G*M36nG*%<GQ`;$a~5+nGHd³4*%<GH�5+*%1
FO-�([-�,.HJ50HJ([3PDO30H�K`ak;$(¹5+nGH¶1�-�7M1�DG7M-:5+*8;=<`;�a�5+nGHÕHJXN5+HJ<OKGH�KYak([-$1�50*%;$<�ÓO50nO-�5p*M3 dex(t)

dt → 0-$3
x (t) → γ

#C4DG,.,c-�(+*89�*8<GQIÓP50nO*%32,.;4KGHJ7?-$1J1J;$DG<N5[3cak;$(o50nGHáC4Þd-�<IKç��¼¹�ÄH�|�H�1�5+3YKEH�3+1�(+*%©IH�K-�© ;:�$Hi©4/�1�;=<O30*%KEH�(0*%<GQ>5+nGH´365+-$©G*%78*%9�-�50*%;$<ç;$a@50nGH«,c-:50(+*8X�-�Q$7%;$©O-$7�FG(+;E1�H�303�ÓPlPnG*%78H,c-�*%<=5[-�*%<G*%<GQd5+nGHc-�FGFG7%*M1J-�©O*87%*}5Z/Y;$a)50nGHcf@gN^ihÑH�LNDO-:5+*8;=<i*%<´;=(+KEH�(¹5+;RKEH�-�7blP*850n´50nGHQ$H�;$,.H�5+(0*M1�*%,.FG*%<GQ$H�,xH�<N5�#t°mnG*M3P*M3P-xvO([3Z5P;$([KEH�(¹-�FGFG(+;=-=1[n2-$<OKWÓG-�7850nO;$DGQ=no5+nGH@,.H�-�<(0H�KEDO1�50*%;$<c;�a�5+nGH¹³4*8<OH�50*M1PFO-$(+-$,.H�50H�(+3bnI-$3t-¢FGn4/430*M1J-�7I36H�<O36H=Ó�5+nGH�-�FOFG78*M1J-$©G*%78*85Z/¶;$a�50nGHf@g=^¨hyH�LNDO-�50*%;$<�DO<OKEHJ(¶50nOH�30H2FG(+HJ,.*M36H�3¢*M3x;�a¹DG<O1JHJ(05+-$*8<��:-$78*MKE*85Z/$#�¸p<�;$<OHonO-$<OKWÓC4Þ�FG(+HJ�=HJ<N5+3 KE*8(+H�1�5 *%,.FG*8<OQ$HJ,.H�<=5m© H�5Zl~HJHJ<d50nGHAQ$(+;:lP*8<OQ¢1�(+/4365+-$787%*850H�3�Ó=-$Q=-$*8<O365t;=<GH�;$a50nGHA,c-�*%<on4/4FI;$50nGH�36*M3 ;�a�5+nGH@f@g=^ihç50nGH�;$(+/$#t¸p<c5+nGH?;�50nOHJ(~nO-�<OK�Ó4�p¼¹�j*%3~;=FGFI;N36*850H50;x50nOH@(+-$<OKE;$,è<NDI1�7%H�-:5+*8;=<2(+H�LNDG*%(+H�Kd©4/Rf@g=^ihÕ#
���(H	�;¬ �¤����"��¦�®>������[\�Q�������
°mnGHRHJ�$;=78DG50*%;$<�;$a¹,x*M1�(+;=3650(+DO1�50DG(+H�3Õ*%3.-¨akH�-:5+DG(+Hd50nI-:5c-�FGF H�-$(+3¶<G;�5x;$<G7%/>*%<�FGnO-=36H50([-�<O36ak;$(+,c-:5+*8;=<O3�©ODE5�*8<x,c-�<4/?vOHJ7MKG3b*%<O1�7%DOKE*%<GQ?©G*%;$7%;$Q=/cÛ]T�z�ÜG;$(bn4/EKE(0;EKE/4<O-$,.*%1�3tÛÝT4"VÜÖÓ-�<OKÕ-$3�3Z5[-:50H�K@*%<d"$#%")5+nGH 3650(+DO1V5+DG([-�7=akH�-:5+DG(+H�3�*%<¶-¹,x*M1�(+;=3650(+DO1�50DG(+H)FG7M-�/@-�1�(+*850*M1J-�7=(0;=78H*8<cKEHJ50H�(0,.*%<G*8<OQ?50nGHPFGn4/E30*%1�-�7G,c-$1J(0;N301J;$FG*M1)FO(0;=FIH�(65+*8H�3b;�aW-?Q$*%�$HJ<x,c-:5+HJ(+*%-$7�#bÚ~DE5tKEDGH50;A50nOH¹1�;$,.FG7%H�XE*85Z/Õ-�<IK¢5+nGHPFI;N3030*%©G78Hm<G;=<G7%*8<GH�-�(+*}5Z/@;$a ,.*M1�(+;=3650(+DO1V5+DG(+H H��$;$7%DE5+*8;=<�Ó�-�<OK50nGHP7%HJ<OQ�50n.3+1J-�7%H�3b*%<4�$;=78�=H�KWÓ�5+nGHJ;=(0HJ50*M1J-�7E,.;EKEH�7%3�-$(0Hm<G;$5�3+-:5+*%36a�-$1�50;=(0/=#�hSl~HJ7%7E³N<O;:lP<



"=# U¶^`;EKEHJ7%7%*8<GQc;$a�FG(+*%,.-$(0/21�(+/4365+-$787%*%9�-:5+*8;=< UG"

â�*%Q$DG(+H`"$# rG±.CE1[nGHJ,c-�50*M1c(0H�FG(+H�30HJ<N5+-�50*%;$<«;�am50nGH236,.;4;�5+n�1[nO-�<GQ=Hc*8<á5+nGHoFOnO-$30H�uwvOHJ7MK�:-�(+*M-�©G7%HA-=1�(+;=3+3m-x30;$7%*MK4uw7%*ML=DO*%K2*8<N5+HJ(+FGnO-$30H$#

HJXE-$,.FG78Hc*%<>36;=78*MKE*8vI1J-�50*%;$<áFG(+;E1�H�3+30H�3?*M3?50nGHdak;$(+,.-�50*%;$<«;�a¹1�;=,.FG78HJX«3650(+DO1V5+DG(+H�3?7%*8³=HKEH�<OKE(+*}5+*%1@30*MKEHJ©G([-�<I1[nG*8<OQO#tÞ¿<Y5+nGH�30H¢³4*%<OKG3¹;$a�FG(0;=©G7%HJ,c3P*M3¹1�(+DO1�*M-�7�50;oKEHJ50H�(0,.*%<GH@50nOH*%<N50HJ(0a�-$1JH¹F ;=30*}5+*8;=<d©IHJ5Zl H�HJ<c5+nGHA78*MLNDG*%Ko-�<OK.5+nGH?36;=78*MK.FGnO-=36HA-:5~-$<4/¶*%<O365+-�<N5~;�aW50*%,.H$#Þ¿<d-@30nO-�(+F.*8<N5+HJ(0a�-$1�HP,.;EKEH�7�Ó4-?*8<N5+HJ(0a�-$1�HPlP*850nO;$DE5~lP*%K45+nc*%3 1�;=<O36*MKEH�(0H�Kx-$<OK¶50nGH¹50*%,xHH��$;$7%DE5+*8;=<d;�aW5+nGH@36/E3650HJ,û*M3~Q$;:�$H�(0<OH�Kx©4/c,.-=1�(+;=3+1�;=FG*%1¹H�LNDO-:5+*8;=<O3�Ó=7%*8³=H�5+nGH?KE*}|�DO30*8;=<H�L=DI-:50*%;$<�ÓWlP*}5+n¨5+nGHc1�;$(+(+H�30FI;=<OKE*%<GQo© ;$DG<IKG-�(+/i1�;=<OKE*850*%;$<O3?-:5?5+nGH.*8<N50H�(6a�-=1�H=Ó�;$(A50nOHµA*%©G©O36uÖ°mnO;$,c36;=<2H�LNDO-:5+*8;=<�# ^`;=(0H�;:�$H�(�Ó41�H�(65[-�*%<R,c-$Q$<G*850DOKGH�3P,¶DO3Z5p©IH¢1J;$<O30HJ(+�$H�K2-�55+nGHt*%<N50HJ(0a�-$1JH$Ó�78*%³$H)50nGH 7%-�50HJ<N5�nGH�-�5�;�aE5+nGH)5+(+-$<O3Zak;=(0,c-�50*%;$<A*8<Õ-�36;=78*MKE*8vI1J-�50*%;$<@FG(+;E1�H�3+3�#C4;IÓ�50nGHm*%<N50HJ(0a�-$1JH~KG/N<I-�,.*%1�3�*%3�7%*8<G³=H�KÕ50;p50nGHm©GDO78³ÕKG/N<I-�,.*%1�3b-�<OKÕnGHJ<O1JH~50nGH~FG(+;$©G7%HJ,*M3m,c-:50nOHJ,c-:5+*%1�-�7%78/d1J;$,.FG7%H�Xd5+;.KGH�-�7�lP*850n`KEDGHA5+;¶5+nGH@*%<=5+HJQ=(0;$uÖKE*8|�HJ(+HJ<N50*M-�7 H�LNDO-�50*%;$<5+nO-:5P,ÕDI3Z5¹© H¢36;=78�=H�KWÓG-$<OK2<NDO,xH�(0*M1J-$7W,.H�50nO;4KO3P-�(+HA;$aæ50H�<RDI36H�KW#
Þ¿<�5+nG*%321�;=<=5+H�X45�C�DE0_#272@°¯J7258±³²´)x±4725v#S×k&tâb^ Ù ;$(�±+3 µQ¶W#27·36*�%A7B'�-B0V¸17·²�)�±V7B5°#«-�FGuF H�-$(0H�Ki-$3A-�<¨-$7}5+HJ(+<O-:5+*8�=H@50;250nOHx3650DOKG/`;�at30;$7%*%KE*8vI1�-:50*%;$<¨FG(0;=©G7%HJ,c3p-$<OK`*%<¨Q=HJ<GH�(+-$7ak;=(c,x;EKEH�78*%<GQ>,c-�<4/>5Z/4F H�3c;$aA,.*M1�(+;=3650(+DO1V5+DG([-�7mHJ�=;$7%DE50*%;$<SFG(+;E1�H�3+30H�3�#ºÞÖ52*%3.©O-=36H�K;=<ç-�KE*8| DO30H�uÖ*%<=5+HJ(0a�-$1JH´KEH�301J(0*%FE50*%;$<çKGHJ�$H�78;=FIH�KS©4/ä�:-�<
KEHJ(Rý«-$787M3iÛÝT�U�Ü?-$<OK�,.;$(+H(+H�1JHJ<N507%/´-$<OK«*8<OKGHJF HJ<OKEH�<N507%/«©4/>¥~-�nG<�-$<OKáë¹*%787%*%-$(+KSÛÝT:s:Üw#Y°mnGHd*%<N50(+;4KGDO1V5+*8;=<>;�aP-<G;=<Eu¿1�;$<I36H�(0�=H�K�3+1J-$7%-$(x;=(+KGHJ(cFO-$(+-$,xHJ50H�(x;=(cFGnO-=36HRvOH�7%K

φ
-�7%78;:l¹3¶50;á5+(+-$<O36ak;$(+,é-,.;:�4*8<OQx*%<N50H�(6a�-=1�H?*8<N5+;o-c36HJ5¹;�a�1�;=DGFG7%H�KRFO-�(050*M-�7�KE*}|�HJ(+HJ<N5+*%-$7�H�LNDO-�50*%;$<O3�#t°mnGH@FGnI-$30HvOH�7%K2*M3¹1�;=<=5+*8<4DG;=DO3~*8<R5+nGH¢36FI-$1�H@-$<OKd5[-�³=H�3P1�;=<O365+-�<N5m�:-�7%DGH�3m*%<YH�-$1[nRFGnO-=36H=ÓE*8<R5+nG*%3lm-�/¹5+nGH *%<N50H�(6a�-=1�H)*M3�5+nGH~(0H�Q$*%;$<?;�aE5+nG*%1[³4<GH�303

ε
*8<ÕlPnG*%1[n¢50nO-�5�vOH�7%K¶1[nO-�<GQ=H�3�30,.;4;�50nO78/×kvOQ$DG(+Hd"=# r Ù #?°mnGH¶1J;$DGFG7%*%<GQo© H�5Zl~HJH�<`50nGHxFGnO-=36HÕvOHJ7MK¨-$<OKY5+nGH¶1J;$(+(0H�36F ;$<OKG*8<GQ21�;$<Gu30HJ(+�$H�KoLNDO-�<N5+*}5Z/«×knGH�-:5¹;$(¹1J;$<O1JHJ<N50([-:5+*8;=< Ù *%3~5+nG(+;$DGQ=nY-=KGKE*%<GQc-c36;=DG([1�Hp50HJ(+,è*%<Y50nOHKE*8|�DO36*%;$<2H�LNDO-�50*%;$<c5+;x*%<O1J78DOKGH�5+nGH?©I;=DG<OKG-$(0/c1�;=<OKE*850*%;$<O3~-:5m5+nGHp*%<N50H�(6a�-=1�H$#�°mnGHA,.*}u1J(0;N3Z5+(0DO1�50DG(+HA50H�,xF ;$([-�7�HJ�$;=78DG50*%;$<Y*%3�KEH�3+1�(+*8© H�KY©4/o5Zl ;cl~HJ7%7}uÖ³4<G;:lP<RH�LNDO-:5+*8;=<O3�±)50nOH¥~-$nG<Eu¿ë¹*%787%*%-$(+K¨H�LNDO-�50*%;$<iak;=(?50nGHc1J;$<O30HJ(+�$H�K¨LNDO-�<N5+*}5Z/>ÛÝT��:Ü~-�<OK¨50nGHch�787%HJ<Eu6¥~-�nO<º×�-5+*8,.HYKEHJF HJ<OKGHJ<N5cµA*%<G9�©GDG(+Q�u ÿ -�<IKG-�D>H�L=DI-:50*%;$< Ù ak;=(Õ5+nGH2<O;$<Eu¿1�;=<O36H�(0�=H�K«FO-$(+-$,xHJ50H�(



U$U ¥ nI-�FE5+HJ(�"$#bÞ¿<N50(+;4KGDO1V5+*8;=<

φ
ÛÝT�B�ÜÖ#¶Þ¿<N5+HJQ$([-:5+*8<OQd50nOHxH�LNDO-:5+*8;=<O3p50nGHc30/43650H�,Ç*M3A1J;$<O30*MKEHJ(+H�K´-$3?-RlPnG;$7%H¶lP*850nO;$DE5KE*M3Z5+*8<O1�50*%;$<¢© H�5Zl~HJH�<¢5+nGHt*%<N50HJ(0a�-$1JH -$<OK?50nOH ©GDO78³�#�Þ¿<Õ50nG*M3�l~-�/p50nGH~7%;41�-:5+*8;=<@;�aG5+nGHt*%<Eu50H�(6a�-=1�HtKE;4H�3�<G;$5�nO-��=H�50;p©IH H�XEFG7%*%1J*}5+78/@KEHJ50HJ(+,.*8<OH�K@© H�1�-�DO30H)*M3�Q=*8�=HJ<?©4/p5+nG;=30H)F ;$*%<N5+3lPnGHJ(+HA50nGH@FOnO-$30HAvOHJ7MKR��-$(0*%H�3~*%<`-x1JHJ(05+-$*8<R(+-$<GQ$H=ÓE-$3~ak;$(PHJXG-�,.FG7%H

0.4 < φ < 0.6
#Þ¿<´5+nGHoKEH�(0*%�:-:5+*8;=<´;$a~-Y&tâb^>ÓW5+nGHd�:-�7%DGH.;�a~50nOHc*8<N50H�(6a�-=1�Hx50nO*%1[³4<GH�303

ε
*%3¢-R³=HJ/FI;=*8<N5P© H�1J-$DO30H�5+nGH?;$(+*8Q=*8<O-$7W36nO-$(0F2*8<N5+HJ(0a�-$1�HA,.;EKEHJ7W,¶DO3Z5P© H?(0H�1�;:�$H�(0H�K.*8<250nOH@78*%,.*}5

ε → 0
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ũ
×wUE#]U�s Ù

ë�HJ(+H$Ó�-�50*%7%KEHmKEH�<G;�5+H�3�50nGHPKE*%,.HJ<O30*%;$<G7%H�3+3�H�LNDG*8�:-$78H�<=5b;�a -pKE*%,.HJ<O30*%;$<O-$7NLNDO-$<=5+*}5[-:5Z/@;=(-.KEH�(0*%�:-:50*%�$HAlP*850nY(0H�36F H�1�5¹-xKG*8,.HJ<I36*%;$<G7%H�3+3PLNDO-�<N5+*}5Z/=#b°mnOH¢KE*8,.H�<O36*%;$<O78H�303m*%<N50HJ(0a�-$1JH5+nG*%1[³4<GH�303bnI-$3b© HJHJ<cKEHJvO<GH�Kx-=3
ε = δ

w

#b°mnOHP(0H�3Z5�;�a 50nOHPFO-�([-�,.H�5+HJ([3�50nO-�5t-�FGF H�-$(+3b*%<5+nGH)7M-:565+HJ(�H�LNDO-:5+*8;=<O3�-=3�-¹1J;$<O30H�LNDGH�<O1�H�;$a4lP(+*85650*%<GQP5+nGHtH�LNDO-:5+*8;=<O3W*%<Õ-¹KE*%,.HJ<O30*8;=<G7%H�3+3ak;=(0,è-$(0H=±
S =

cp 4 T

L0

×�UE#]U:� Ù
α =

√
2wL2

0

12cpσTm

×�UE#]U$B Ù
m =

6
√

2δσ

τDTm

×�UE#]U�� Ù
ý�*850n´50nGH�36H.(+HJ7M-:5+*8;=<O3JÓW*85Õ1J-$<¨© Hd36H�HJ<´50nO-�5

S
*M3p50nGHdKE*%,.HJ<O30*%;$<G7%H�3+3ADG<OKEH�(+1J;N;=78*%<GQI#h�1J-$FG*%787M-�(+/d7%HJ<GQ$50nY1J-�<R© H¢KEH�vO<OH�KY-$3?Û r$r�ÜÖ±

d0 =
cpTmσ

L2
0

×�UE#]U=T Ù
5+nNDI3JÓ

αε =
√

2δ
12d0

#�°mnGH�(0HJak;$(+H$Ó
αε

*%3mFG(+;$F ;$(050*%;$<I-�7I50;x50nGH?([-:5+*8;x©IHJ5Zl H�HJ<250nGH?*%<N50HJ(0a�-:u1J*%-$7�lP*MK450ná-�<IK`50nOHx1�-�FG*%787M-�(+/Y78H�<GQ�5+n�#¢â�*8<I-�7%78/=Ó
m

1�-�<´©IHx(0H�7%-�50H�KY50;250nGH.*%<N50HJ(0a�-$1JH³4*%<GH�5+*%1¹1J;4H�½d1�*%HJ<N5
µ
F HJ(0ak;$(+,.*8<GQ¢-$<d-$30/4,xFG50;�5+*%1�-�<O-$78/E30*%3�;$a�H�LNDO-�50*%;$<`×�UG# U=U Ù *%<c50nOH7%*8,.*85

ε → 0
±

m =
µσTm

DL0

×�UE#]U�r Ù
ë�HJ<O1JH$Ó�1�;$,.FO-$(0*%<GQ.H�LNDO-�50*%;$<O3¶×�UG# U$� Ù -�<IK>×�UE#]U�r Ù Ó *}5A1J-�<`© H¶30HJH�<Y50nO-�5�5+nGH¢F ;=30*}5+*8�=H1J;$<O365+-$<=5

τ
*%3 FG(+;$F ;$(050*%;$<O-$7E50;@5+nGH�*%<4�$H�(+30H¹;�a�5+nGH�*%<N50HJ(0a�-$1JH¹³4*8<OH�50*M1�1J;4H�½d1�*%HJ<N5�Ó430;Õ*85*M3m-¶,.H�-$30DG(0HA;�a�50nGH?([-:5+HA-�5mlPnO*%1[nY-:5+;$,c3~lP*87%7�-:505+-$1[no50nGH�,c36H�78�=H�3~50;¶50nOH@*8<N50H�(6a�-=1�H=#°mnGHA&tâb^üDO36H�Kc5+nG(0;=DGQ$nO;$DE5 50nG*M3ml ;=(0³.*M3 50nGH�<R1[nO-$(+-=1V5+HJ(+*89�H�K.©4/.50nGH?H�L=DI-:50*%;$<I3×wUE#]U$U Ù -�<OK�×wUE#]U�s Ù -�<OKY©4/R50nOHÕFO-$(+-$,xHJ50H�(+3

S
Ó
ε
Ó
α
-$<OK

m
50nO-�5A1�-�<`© H¶(+HJ7M-:5+H�KR50;FGn4/E30*%1�-�7�FO-�([-�,.HJ50HJ([3�#

H	�����(H �Ü
�
S�������PIE�����äIK�§
S����[\�]�KUR���KU��VIK�]������XY�NIE�����
Þ¿<`;=(+KEH�(P50;2-�FGFG7%/d5+nG*M3�,.;EKEHJ7�50;o-c50([-�<O36ak;$(+,c-:50*%;$<250nI-:5¹5[-�³$H�3¹FG7M-$1JH@*%30;�5+nGHJ(+,c-�7%78/-$<OKR50nGH�<Y50nGH¶Q$(+;:lm50nY;�ab5+nGHÕ<GH�l�FGnO-$30H¢*M3�1J;$<N50(+;$7%78H�KR©N/250nOH¶KE*8| DI36*%;$<i;$a)1�;$<I1�HJ<Gu5+(+-�50*%;$<RvOHJ7MKG3p*8<I3Z5+H�-$KY;$a)-.50H�,xF HJ([-:5+DG(+H@vOHJ7MKWÓI50nGHÕH�LNDO-:5+*8;=<O3Õ×wUE#]U:� Ù uA×�UG# U$r Ù ,¶DO365© H¶lP(+*85650H�<´*%<i5+HJ(+,c3p;$a 1�;=<O1�H�<N50([-:50*%;$<I3J#@Þ¿<¨50nGHc1J-=36H¶;�a 3650DIKE/$ÓW5+nGHxQ$(+;:lm50ni;$at50nOH1J(0/E365+-�7%7%*8<GHmFGnI-$30Hm5+-�³=H�3�FO7%-=1�HP*%<O36*MKEH�-$<d-�,.;$(+FGnG;=DO3�30;$7%*%Kx,c-:5+(0*8XWÓ=30;?50nGH¹�:-$78DGH�3bak;$(5+nGH@FGnO-=36HJu�vOH�7%Ko�:-�(+*%-$©G78H?lP*%787�©IH=±

{
φ = 0

ak;$(m50nOH¢1�(+/4365+-$787%*%<GHpFOnO-$30H
φ = 1

ak;$(m50nOH¢-�,.;$(+FGnG;=DO3tFOnO-$30H ×�UE#]U�\ Ù
lP*850nR50nOH¢36DGF HJ([3+-:50DO(+-�50H�KR-�,.;=(0FGnO;$DO3~,c-:5+(0*8XoFG7M-�/4*8<GQx5+nGH@(0;=78H?;$a�5+nGH@DG<OKEH�(+1J;4;$7%H�K7%*%LNDG*MKW#)¥ ;$,.FO-$(0*%<GQA50nGH¹KG*}|�DO30*8;=<cH�LNDO-:5+*8;=<¶*%<.50nOH¹1J-$30HP;�a�nGH�-:5tKE*8| DI36*%;$<c-�<IKx30;$7%DE5+H



s�� ¥ nO-�FG50HJ(VUE#�&)nO-=36HJu�vIHJ7MK2,.;EKEH�787%*8<OQx;$a�FO(0*%,c-�(+/d1�(+/4365+-$787%*%9�-:5+*8;=<

â�*8Q=DG(0H¹UG# UG±�&)(+;�vO7%H�3�1J;$<O30*%KGHJ(+H�K@ak;=(b50nGHPKE*%,.HJ<O30*%;$<G7%H�3+3�1�;=<O1�H�<=5+(+-�50*%;$<R×�KG-=36nGH�KÕ7%*%<GH Ù-�<OKo50nOH@FGnO-$30H�uwvOH�7%K2�:-�(+*%-$©G78Hc×�36;=78*MKo7%*%<GH Ù
KE*8| DO30*%;$<c-�<OK¶5+nGH¹(+H�LNDG*%(0H�,xH�<N5b;$a H�<GHJ(+Q$/¶-�<OK.30;$7%DE50H¹1J;$<O30HJ(+�:-:50*%;$<x*%<¶5+nGH¹*%<N50HJ(0a�-$1JH$Ól Hd1�-�<á(+HJ7M-:50H

c
Ó
L0

-�<OK
Tm

lP*850n
c0
Ó
cl

-$<OK
cxt

50nO-�5¶-�(+H$Ó�-$3@HJXEFG7%-$*8<OH�K«©IHJak;$(+H$Ó50nGH´*8<O*}5+*%-$7p1�;=<O1�H�<N50([-:50*%;$<S;$aA5+nGHi,c-:5+(0*8XWÓm50nGH´H�LNDG*%78*%©G(+*8DO,�1J;$<O1JHJ<N50([-:5+*8;=<º;$a?50nGH,c-:50(+*8XY-�5�50nOHÕ*%<=5+HJ(0a�-$1JH¶-�<IKY50nGHx1�;=<O1�H�<=5+(+-�50*%;$<Y*%<O36*MKEHÕ50nGH.1�(+/E3Z5[-�7%78*%<GH¢FG(+H�1J*8FO*}5[-:50H(0H�36F H�1�50*%�$H�78/i×�36H�H?vOQ$DG(+H."$#%"p*%<`1[nO-�FG50HJ(@" Ù ±
cp = 1, L0 = cl − cxt, Tm = cl

×wUE# s$z Ù
-�<OK@50nGH�<�Ó:50nOH~KE*%,.HJ<O30*%;$<G7%H�3+3�1J;$<O1JHJ<N50([-:5+*8;=<¢-�<OK¢50nGHm30DGFIH�(+3+-:5+DG([-:50*%;$<@;$aG50nOH ,c-:5+(0*8X1J-$<2© H@lP(0*8565+HJ<`-$3�±

u =
c − cl

cl − c0

×wUE# sG" Ù
S =

cl − c0

cl − cxt

×wUE# s=U Ù
°mnGHpKG(0*%�4*8<GQ¢ak;$([1�H¹;$aW50nGH�50([-�<O36ak;$(+,c-:50*%;$<.*M3)5+nGHp30DGF HJ([30-�50DG([-:5+*8;=<

S
-�<OKc-=3)5+nGH��:-$7}uDGH�3t;�a

c0
-$(0Hp1�;$,.FG(+*M36H�K¶© H�5Zl~HJH�<

cxt
-$<OK

cl
ÓNl H�1�-�<d30H�5tlP*850nO;$DE5t7%;=3+3);$aWQ$HJ<OHJ([-�7%*}5Z/50nGH?�:-�7%DGH�3m;�a

cxt
-$<OK

cl
-=3

0
-$<OK

1
(+H�30FIH�1V5+*8�=HJ7%/$#�ý�*}5+n25+nO-:5�1[nO;$*M1�H

S ∈ [0, 1]
-$<OK

u ∈ [−1, 0]
ÓN*w# H$#P±

{
u = 0
u = −1

ak;=(m50nGH¢1J(0/E365+-$787%*8<OHpFGnI-$30Hak;=(m50nGH¢-$,.;$(+FGnG;$DI3tFGnI-$30H ×wUE# s$s Ù
°mnGH`36*%,ÕDO7%-�50H�Kä1�;=<O1�H�<=5+(+-�50*%;$<º-�<OK�FGnO-$30H�uwvOH�7%K�FG(0;$vO7%H�3.-�(+HR30nG;:lP<ä*8<ävOQ$DO(0H`UE#]UE#h�3¶1J-�<á© H230HJH�<�Ó�*%<á50nOHo36*%,ÕDO7%-�50*%;$<O3¢50nGHo1J(0/E365+-$787%*}5+HcnO-$3@50nGHR30-$,xHd1J;$<O1JHJ<N50([-:5+*8;=<-$3¹50nGH¶H�LNDG*%78*%©G(+*8DG,Ô1J;$<O1JHJ<N50([-:5+*8;=<R;$ab50nGH¶,.-�50(+*}X`-:5p50nGH¶*8<N5+HJ(0a�-$1�H=#¹°mnG*M3�lP*%787�nO-��$H1�;=<O36H�LNDGHJ<O1JH�3�*%<Õ5+nGHPl~-�/?5+nGHP,c-$3+3�©O-�7M-�<O1JH *M3)1�-�7M1�DG7M-:5+H�Ko×�36H�HP36H�1V50*%;$<cUE# sG# s Ù�å �¹;:l@Ó



UG#8"A&)nO-=36HJu�vOH�7%KR,.;EKEHJ7�ak;=(PFG(+*8,c-�(+/o1J(0/E365+-�7%7%*89�-:50*%;$< sNB
l~H¹1J-$<xlP(+*850HP5+nGH

m
FO-$(+-$,.H�50H�(b50nO-�5 -�FOFIH�-�()*%<.50nGH¹50*%,xH�HJ�$;=78DG50*%;$<.H�LNDO-�50*%;$<.;�a�50nOHFGnI-$30H�uwvOHJ7MKo-=3J±

m =
µσ

D

×�UE# s�� Ù
5+nO-:5.lP*}5+nj×wUE#]U$B Ù Ó�×wUE# s=U Ù -�<IK ε

1�;=<O3650*850DE5+H25+nGHRFO-�([-�,.H�5+HJ([3¢5+nO-:5dKEHJvO<GH250nGHYH�,¶uFG7%;:/$H�KY&tâb^�-$FGFG7%*8H�KY50;2FG(0*%,c-�(+/21J(0/E365+-�7%7%*89�-:50*%;$<�#�°mnGHÕFI-�(050*M1�DG7M-�(p��-$78DOH�3p;�a�50nOH�30HFO-$(+-$,.H�50H�(+3~-�(+H@KE*M301JDO3030H�K2*%<Y30H�1�50*%;$<`UE#]UE#
H	�����(¬ ÇÈ���W�Y���W�W���J�
hp3�365+-:5+H�KY© H�ak;=(0H=ÓG50nOH¢&tâb^¤DO30H�KY*%<`50nO*%3�l ;=(0³2nO-$3P© HJH�<¨30DO1J1JH�3+3ZakDG7%7%/oDO30H�KY*%<`50nOH3650DOKG/2;$a�30*MKEHJ©G([-�<I1[nG*8<OQx*%<¨30;$7%DE5+-$7�KEH�<OKE(+*}5+*%1@Q=(0;:lm5+n`-�<OKY-�7M30;c*8<¨-$<G*M36;$50(+;$FG*M1AnGH�-�5KE*8|�DO36*%;$<cFOnGHJ<G;=,.HJ<O-Õ78*%³$H¹<OHJH�KG78HA1�(+/4365+-$7GQ$(+;:lm50n`Û r$\:Üw#bÞ¿<d(+H�1JHJ<N5t/$H�-�([3�,ÕDI1[ncH�|�;$(05nO-=3@© HJHJ<�KGHJ�$;$50H�K¨5+;Y50nGHo&tâb^ *8<á;=(+KEH�(@50;iKGHJ�$H�78;=Fá,x;EKEH�7%3Õ-�©G7%Hc50;`FO(0H�KE*%1�5¢50nOHHJX4F HJ(+*%,xH�<N5+-�7t(0H�36DG785+3?;=©E5+-$*8<OH�Ká*%<>FG(0;E1JH�3+36H�3A50nO-�5¢78H�-$K«50;`,.*M1�(+;=3650(+DO1V5+DG(+H¶ak;=(0,c-�u5+*8;=<�Û \=z�ÜÖ#p^i-$*8<G7%/$Ó 5+nGHJ(+H¶-$(0H@5Zl~;dFG(+;$©O78H�,.3¹50;R-$1[nG*%HJ�=HÕ-oLNDO-$<=5+*}5[-:5+*8�=H¢FGnO-=36HÕvOHJ7MK,.;EKEHJ7%7%*8<GQI±

"=#P¼PH�30;$7%DE50*%;$<º;�aA50nOH`*8<N50H�(6a�-=1�HR50nO*%1[³4<GH�303�±R50nGH`*%<N50HJ(0a�-$1JHY(0H�Q$*%;$<�HJX450HJ<IKG3c;:�$H�(akHJl·<O-$<G;$,.H�5+HJ([3JÓIlPnG*M1[n`*%3pDO30DO-�7%78/Y30;$,.H¢;$([KEH�(+3m;$a),.-$Q$<G*850DIKEHÕ30,.-$787%HJ(�50nO-$<50nGHY3Z5+DOKE*%H�K�;$©K^ZH�1V5�Ó 36;¨50nGHR(0H�36;=78DG50*%;$<�(+H�LNDG*%(0H�K>*%<�50nOH2<4DG,.HJ(+*M1o30;$7%�N*%<GQ´;�a50nGH.FGnO-=36HJu�vIHJ7MKiH�LNDO-�50*%;$<O3A*M3p50;4;2nO*8Q=n¨5+;2© Hc1J-�(+(+*8H�Ki;$DG5A*%<«365+-$<OKG-$(+K´KEH�30³Nu50;$Fç1J;$,.FGDE5+HJ([3J#j°mn4DO3JÓm*%<N50HJ(0a�-$1JH`lP*%KE50nO3o©G(0;N-$KEH�(.50nO-$<SFGn4/430*M1J-�7�;$<GH�3d-�(+HDO36DI-�7%78/RDO30H�K`-�<IKY50nGH�<�Ó�1J-�(+H¢,¶DO3Z5p©IHÕ5+-�³=HJ<Y5+;dHJ<O30DG(+H@50nI-:5�5+nGHÕFOnO-$30H�uwvOHJ7MK1J-�7M1�DO7%-�50*%;$<O3?KEH�78*%�$H�(?50nGHcFG(+;$F HJ(?*%<N50HJ(0a�-$1JHcKE/4<O-�,.*M1J3�#xý«;$(+³inO-=3A©IH�HJ<>KE;$<OH50;`1�;=,xF HJ<I30-�50Hx50nGHcDO<GFGn4/E36*M1J-$7�HJ| H�1V5[3@;�a 50nG*M1[³i*%<=5+HJ(0a�-$1JH�3A*8<N5+(0;EKEDO1J*8<OQR<OHJl50HJ(+,c3?*8<«5+nGH.FGnO-$30H�uwvOH�7%K´H�LNDO-�50*%;$<O3�ÓW50n4DO3?;=©E5+-$*8<O*8<GQY,.;$(+H.1�;$,.FG7%H�X´,x;EKEH�7%3Û \=s�Üw#)hp3~l HA-�(+H�<G;$5 5+(0/4*%<GQ¢5+;x1J;$,.FO-�(+H�LNDO-$<=5+*}5[-:5+*8�=HJ7%/¶5+nGH?36*%,ÕDG7M-:5+*8;=<O3 lP*}5+nH�XEFIH�(0*%,.HJ<N5+-$7G(+H�30DG7}5[3JÓ=©GDE5 50(+/N*%<GQ?5+;@DG<OKEH�(+365+-$<OKx50nGH�FGn4/430*M1J-�7OFG(0;E1JH�3+36H�3�50nO-�5Q$;:�$H�(0<áFG(+*%,.-$(0/>1J(0/E365+-�7%7%*89�-:50*%;$<I3JÓ�l HRKE;¨<O;�5.<GHJH�Ká50;«DO30H21�;=,.FG78HJX>,x;EKEH�7%3-�<OK250nOHA*%<N50H�(6a�-=1�H?lP*%KE50nYlP*87%7�© H¢-x,x;EKEH�7�FO-$(+-$,xHJ50H�(�#
UG#Ph¹FGFG7%*M1J-:5+*8;=<á;�a~50nGHc5+nGHJ;=(0/¨DG<OKEH�(Õ3Z5+(0;=<GQ`-�<G*M30;�50(+;$FO*8H�3p;$a 5+nGHd*%<N50HJ(0a�-$1JHxak(0H�HHJ<GH�(0Q=/ ±�H�XG1JHJFE5m,ÕDG7850*8uÖFGnO-$30H¹vIHJ7MKd,.;EKEHJ7M3AÛ \O"�ÓE\=U�ÜÖÓN50nGH�(0H?-�(+H�<G;x,.;EKEHJ7M3 -$©G7%H50;iKEH�301J(0*%©IHc-$<G*%30;�5+(0;=FG*M1ÕQ=(0;:lm5+n¨;�aP1�(+/E3Z5[-�7M3AlP*}5+náKG*}|�HJ(+HJ<N5Õ1�(+/E3Z5[-�7%78;=Q$([-�FGnO*%1;$(+*8H�<=5[-:5+*8;=<O3JÓG-$<OK250nGH�<`,.;=365¹;�ab50nGH@<OHJl�,.;4KGHJ7M3¹-�(+H@-:565+HJ,.FE5[3P50;dKGH�-�7�lP*}5+n50nG*M3¹1J-=36HA© H�1J-$DO30HA*85+3mFO(+-=1V50*M1J-$7�*8,.F ;$(05+-�<I1�H?*8<RF ;$7%/41J(0/E365+-$787%*8<OHp,c-:5+HJ(+*%-$7%3�#bÞ¿<FG(0*%,c-�(+/>1�(+/4365+-$787%*%9�-:5+*8;=<á50nGHYQ=(0;:lm5+n�;�a¹5+nGHR<GHJlyFI-�(050*M1�7%H�3¶*%3x*M36;$50(+;$FG*M1o-$<OK*8<áH�-=1[n¨Q=(+-$*8<¨50nGH�(0H.*M3?;$<G7%/i;$<OH.1J(0/E365+-$787%;$Q=(+-$FGnG*M1¢;$(+*%HJ<N5+-�50*%;$<�Ó�5+nNDI3Aak;$(@;$DO(FGDG(+FI;N36H�3P*%3�©IHJ565+HJ(¹5+;dl~;$(+³dlP*}5+ni-c&tâb^ß5+nO-:5�<O;�5�*%<N50(+;4KGDO1�H¢-$<`H�X450([-x<G;$<Eu1�;$<I36H�(0�=H�KcvIHJ7MK´×k50nGH@;=(0*%HJ<N5+-�50*%;$< Ù © H�1J-$DO30HA*85¹lP*%787W© H?50*%,.H?1J;$<O30DG,.*%<GQ.*8<R50nOH<NDO,xH�(0*M1J-$7W(0H�36;=78DG50*%;$<o;$a�5+nGH@FGnO-=36HJu�vIHJ7MKoH�L=DI-:50*%;$<I3J#

Þ¿<R1[nO-�FE5+HJ(A"$ÓE30H�1V5+*8;=<¨"=#8"=# UGÓN*85ml~-=3tHJX4FO7%-$*8<GH�Kc5+nO-:5m50nOHA1J7%-=3030*%1�-�7 <4DO1�7%H�-�50*%;$<d5+nGHJ;=(0/H�,xFO78;:/E3b-@36nI-�(+FÕ*%<=5+HJ(0a�-$1JHm30HJFI-�([-:50*%<GQp50nGHm5Zl~;?FGnO-=36H�3blPnG*%1[n.nO-��=H ©ODG78³¶FG(+;$F HJ(050*%H�3�#¸p<GHP;$aI5+nGH¹FG(+;$©O78H�,.3�50nO-�5 -�(+*%30Hm*8<.5+nGH¹3650DOKE/x;�a�5+nGHP<4DO1�7%H�-�50*%;$<.FGnGH�<G;$,.HJ<I-?*%3)50nO-�55+nGHAåODO1V5+DO-:5+*8;=<O3~ak(+;$,¦lPnG*M1[no5+nGH?<4DO1�7%HJ*�-$(0Hpak;$(+,.H�KR1�;$<N5[-�*%<d5Z/4FG*M1J-�7%7%/.ak(0;=,¦50H�<o5+;



s$� ¥ nO-�FG50HJ(VUE#�&)nO-=36HJu�vIHJ7MK2,.;EKEH�787%*8<OQx;$a�FO(0*%,c-�(+/d1�(+/4365+-$787%*%9�-:5+*8;=<
36H��$H�(+-$7�n4DG<OKE(+H�K`,.;=78H�1�DG7%H�3�ÓW-�<OKY5+nO-:5A*%3�50nOH¶;=(+KEH�(�;$a),.-$Q$<G*850DIKEHÕ;$a�50nGHx*8<N5+HJ(0a�-$1�HlP*%KE50n�Ó�*8<OKG*%1�-:50*%<GQR50nI-:5?50nGH�36HxåODI1V50DI-:50*%;$<I3@-�(+H¶H�3030HJ<N50*M-�7%7%/i1�;$,.FG(+*M36H�Ki;�a~*8<N5+HJ(0a�-$1�HÛ \=z�ÜÖ#p°mnGH�(0HJak;$(+H$ÓG5+;o-$3+30DG,.HÕ-o30nO-�(+F`*%<=5+HJ(0a�-$1JH¢*%3�<G;�5?-�FGFO(0;=FG(0*M-:5+H?50;R3Z5+DOKE/Y<4DO1�7%H�u-:5+*8;=<äÛ \=B�ÜÖ#dh�3¢&tâb^�DO36HcKE*8|�DO36Hc*%<N50H�(6a�-=1�H�3A5+nGHJ/«-�(+H¶,.;=(0Hc-$KGH�LNDO-:5+Hx50;iKEH�301J(0*%©IH1�(+/E3Z5[-�7�<4DO1�7%H�-�50*%;$<´50nO-$<«50nG;N36Hc©O-=36H�K¨;=<>-`36nO-$(0F«*%<=5+HJ(0a�-$1JH.-$<OK«nGHJ<I1�H$Ó�50nGH�(0Hd-$(0H<GHJl�& â�^Ä-�©G7%HP50;x3Z5+DOKE/¶50nG*M3 FGnGHJ<O;$,.HJ<O-O#�°mnGH�30H¹,.;EKEHJ7M3t1�-�<d© H�DO30H�Kx5+;¶30*8,¶DG7M-:50H50nGHA<4DO1�7%H�-�50*%;$<2FG(0;E1JH�3+3 -$<OKo-$7%30;¢5+;¶1J-$7%1JDG7M-:50Hp50nOHpnGH�*8Q=nN5~;$a�50nGH?<4DO1J78H�-:50*%;$<o©O-�(+(0*%HJ(Û \=z�ÜÖ#AÞ¿<i50nGH¶vO([3Z5?1J-$30HÕDO<O1�;=(0(+HJ7M-:5+H�K ÿ -$<GQ$H��4*8<EuÖ<G;=*%30H?50H�(0,c3?-�(+H¢*%<=5+(0;EKEDI1�H�Ki*8<¨50nGHQ$;:�=HJ(+<G*8<OQÕH�LNDO-�50*%;$<O3mlP*850ni-$,.FG78*850DIKEH�3¹KGH�50H�(0,.*%<GH�KR©4/d5+nGH?åODO1�50DO-�50*%;$<Eu¿KE*M3030*%FO-:5+*8;=<50nGH�;$(+HJ,Y#�°mnG*M3 ³4*%<OK2;�a�<4DO1J78H�-:50*%;$<2,.;4KGHJ7%78*%<GQx*%3m;$aæ50HJ<2FG(+;$nG*%©G*850*%�$HJ7%/.50*%,.H@1�;$<I36DG,xu*8<OQO#¨¸p<GHo30;$7%DE50*%;$<>*M3@5+;i*%<O1�(+H�-=36H.5+nGH2-$,xFO78*850DOKGHd;�aP5+nGHd<G;=*%30Hd©GDE5¶50nG*M3¢lP*%7%7 7%H�-=K50;i-RåODI1V50DI-:50*%;$<I3¢Q$(+H�-�50H�(p5+nO-�<á5+nGHd(+H�-$7�;$<GH�3J#R°mnGHd;�5+nGHJ(¶36;=78DE5+*8;=<�Ó�-$<OK«50nOHd;$<GH-$KE;=FE50H�K.*8<d50nG*M3)5+nGH�30*M3JÓN*%3)50;¶*8<G*850*M-:5+HP50nOH�<4DO1�7%H�-�50*%;$<c([-�<OKG;$,.78/¶FG7M-$1�*%<GQ¢<4DO1J78H�*IlP*850n36*%9JHx367%*%Q$nN507%/2Q=(0H�-:5+HJ(¹5+nO-�<i50nGH.1�(+*}5+*%1�-�7�36*%9JHR×�KEHJ5+-�*%7M3p1�-�<i© HÕak;=DG<OK`*%<´30H�1�50*%;$<¨sO# s Ù Ó50n4DO3P-��=;$*MKE*8<OQÕ5+nGH@*8<N5+(0;EKEDO1�50*%;$<R;�abH�X450([-¶50H�(0,c3m*%<25+nGH@H�LNDO-�50*%;$<O3�#

â�*%<O-$787%/$Ó�-o<GH�l²FGnI-$30H�uwvOHJ7MK´-$FGFG(+;=-=1[ninO-$3A© HJH�<á1J;$<O3650(+DO1�50H�Ki50;`3650DOKE/i50nGHdKE/Nu<O-�,.*M1J3?;$a~1�(+/E3Z5[-�7bQ$(+;:lm50n´*8<I1�7%DOKE*%<GQ`HJ7M-$3650*M1.-�<OK´FG7M-$3650*M1xKGH�ak;$(+,c-:5+*8;=<O3xÛ \=��Üw#c°mnG*M3,.;4KGHJ7wÓG1J-�7%7%H�K´C�DE0?#B7J¯J7258±¼¸B'&F_#&%A0?5�*M3mKE*8| H�(0H�<=5mak(+;$,¦;$50nGH�(~& â�^þ*%<o5+nO-:5m50nOHAFOnO-$30H�uvOHJ7MK��:-$(0*M-�©G7%Hd*M3ÕF HJ(+*%;4KG*%1olP*}5+n�50nOHR3+-�,.HoF HJ(+*%;4KG*%121�(+/4365+-$7 30/4,x,.HJ50(+/á-=3¶-¨Q$*%�$H�<1�(+/E3Z5[-�7%78*%<GH�7M-:5050*M1�HA*8<250nOH?1�-$30H�;$a�50nGH@30;$7%*%K23Z5[-:5+HA-$<OKd*M3~DG<G*8ak;$(+,¦*8<250nGH?1J-=36HA;�a�50nGH78*MLNDG*MK`3Z5[-:50H=#P°mnG*%3p-�FGFO(0;�XE*%,.-�50*%;$<R*%3�H�X450(+HJ,.H�78/2DO36HJakDG7�5+;o3650DOKE/250nOH¢FG(+;$F HJ(050*%H�3P;$a1�(+/E3Z5[-�7M3@1�;$<N5+(0;=787%H�K´©4/¨HJ7M-$3650*M1�*85Z/¨-$<OK>36/4,.,.H�5+(0/=#oh¹7850nG;=DGQ$n«5+nG*%3Õ,.;4KGHJ7t1�-�<>-�7M36;KEH�3+1�(+*%©IHx<4DO1�7%H�-�50*%;$<´-$<OKiQ=(0;:lm5+niFG(+;E1�H�3+30H�3�Ó H�7%-=3Z5+*%1¶FG(+;$F HJ(050*%H�3?-�(+HÕ<O;�5@<GHJH�KEH�Ki50;©IH¹5+-�³=HJ<c*%<N50;Õ-=1J1�;=DG<N5)*8<c;=(+KGHJ(�5+;ÕKEH�3+1�(+*%©IHPFG(+*%,.-$(0/x1�(+/E3Z5[-�7%78*%9�-�50*%;$<O3�Ó$-�<IKx50nGH�<dl H1[nG;4;=30H�5+;cDO30H?-.30*8,.FG7%H¢-�<IKol~HJ7%7}uÖ³4<G;:lç&tâb^ß*%<O3650H�-=Ko;$a�5+nG*M3m<GHJl�-�FGFO(0;N-$1[n�#

�.í1� æçÀYñè�mï�ðJô ò¢÷Õð�ú¶öN�Q�@ïbò?ö�ð�ù¢úßù��¶öNÂ��©��ÂRò¢õN�JÞKßÃ�P÷B�ç�QÁãÀRò>Þ
ö�ð�ù¢úRõ

°mnGHdH�L=DI-:50*%;$<I3Aak;$(
φ(t)

-�<OK
u(t)

×0×�UE#]U$U Ù -�<OK�×wUE#]U�s Ù6Ù lP*850ná50nOHdFO-�([-�,.HJ50HJ([3A50nI-:51�;=<=5+(0;=7~50nGH�*8(c5+HJ,.F ;$([-�7¹H��$;$7%DE5+*8;=<j×�H�LNDO-:5+*8;=<O3`×�UG# sO" Ù ÓA×wUE# s=U Ù ÓA×wUE#]U$B Ù -$<OK�×�UG# s$� Ù6Ù1�;=<O3Z5+*}5+DE50H?5+nGH@&tâb^þ50nO-�5¹l H@-$(0H@30;$7%�N*%<GQI#
Þ¿<.50nG*M3)l~;$(+³�Ó:50nGH�36HPH�LNDO-:5+*8;=<O3)-�(+Hm<4DG,.HJ(+*%1�-�7%78/x36;=78�=H�K¶*8<.5Zl~;¢-�<OK¶5+nG(0H�H¹KE*%,xH�<Eu36*%;$<I3P*8<´-d30LNDO-$(0H@;=(�1�DO©G*%1¢7%-�5650*M1�H¶(0H�36F H�1�50*%�$H�78/R-�<OK`-$(0H¢30FO-:5+*%-$787%/Y-�<OKR5+HJ,.FI;=(+-$787%/KE*M301J(0HJ50*%9JH�KSDI36*%<GQ>vO<O*}5+H¨KE*8| H�(0H�<O1�H�3d;$<ç-$<�DG<G*8ak;$(+,�Q$(+*%KºlP*850n�-�1J;$<O365+-$<N5d,xH�36n36FI-$1�*%<GQ

∆x
*%<i-�7%7�KG*8(+H�1�50*%;$<O3�#~°mnOH¢<4DG,Õ© HJ(p;�a)1�H�787M3¹;$a�5+nGHÕ7M-:5050*M1�H@ak;=(�-�7%7�5+nGH¶30*8,xuDG7M-:50*%;$<I3Õ*M3o"�z$z=z:XW"�z=z$z2*8<

2D
-�<IK>�NB$z:XE�NB$z:XE�NB$zd*%<

3D
lP*}5+n�F HJ(+*8;EKE*M1d© ;$DG<IKG-�(+/1�;=<OKE*850*%;$<O3�#á¸p<GH2H�XG1�H�FE50*%;$<�50;i5+nG*M3x-$(0Hd50nGH2;$<GH2FO-�(050*M1�7%H230*8,¶DG7M-:50*%;$<I3¢lPnGH�(0Ho50nGH7%-�565+*%1JH�3x-�(+Ho36HJ5¶5+;«U=B��:XOU=B��Y-�<OKäU$B���XOU$B���XOU$B��R1�H�787M3�#¨ý«H2DO30Hdak;=(Õ5+nGH25Zl ;iH�LNDO-:u50*%;$<O3P-$<oHJX4FO78*M1�*85m50*%,xHJuÖKG*}|�HJ(+HJ<O1J*8<OQ.3+1[nGH�,xHA5+nO-:5P*M3~vO(+3656uÖ;$([KEH�( -$1�1�DG([-:5+Hp*%<

∆t
-�<OKDO30H�3�-?36H�1�;=<OK4uÖ;$([KEHJ(�(0H�FG(+H�30HJ<N5+-�50*%;$<@ak;=(b50nGH¹30FO-:5+*%-$7GKEHJ(+*%��-�50*%�$H=Ó�50nGH¹30;�u¿1J-$787%H�K¶â�°�¥mC(0H�FG(+H�30HJ<N5+-�50*%;$<¨×�âG;$(+lm-�([Ko°m*%,xHÕ¥ H�<=5+HJ(+H�KYC4FO-=1�H Ù Û \NT�ÜÖ# ¸p<O1JH ∆x

*M3~vGXEH�K2l H?,ÕDI3Z5HJ<O30DG(+Hd5+nGH2<4DG,.H�(0*M1J-$7 365+-�©O*87%*}5Z/á;$a¹50nG*M3.301[nOHJ,.H$à~-$3
φ(t)

-$<OK
u(t)

nO-��$HoKG*}|�HJ(+HJ<N550*%,.H¢301�-�7%H�3mKEDGHA50;x5+nGH@FG(+H�30HJ<O1JHp;$a�5+nGH
m

FO-�([-�,.H�5+HJ(�ÓN50nGH@,.;=365P(0H�3Z5+(0*M1V5+*8�=HA1J;$<OKG*}u



UG# U¶�¹DG,.H�(0*M1J-$7W*8<N50H�Q$([-:5+*8;=<2;$a�50nOH@FGnO-$30H�uwvOH�7%K2H�LNDO-�50*%;$<O3 s4T
5+*8;=<R,¶DO365�©IH¶*8,.FG7%HJ,.H�<=5+H�KW#P��HJQ$7%H�1�50*%<GQ.50nOH¢50H�(0,c3PlP*850n´1�;$DOFG78*%<GQc© H�5Zl~HJH�<

φ
-$<OK

u
Ó450nGH¢365+-$©G*%78*85Z/o1�(+*850HJ(+*%;$<o*M3�±

∆t ≤ ∆x2

4m

ak;$(m50nOH
φ
H�LNDO-�50*%;$< ×�UE# s=B Ù

∆t ≤ ∆x2

4

ak;$(m50nOH
u
H�LNDO-:5+*8;=< ×�UE# s$� Ù

hp3�lP*%787b© H¶30nG;:lP<�Ó
m

*%3p78;:l~HJ(�50nO-$<
1
Ó 50nOHJ<

∆t
,¶DO3Z5?;$© HJ/R5+nGHx30H�1J;$<OK`1J;$<OKG*}5+*8;=<×wUE# s$� Ù #�°mnOHAHJ| H�1V5m;�a�50nGHA;�5+nGHJ(~50H�(0,c3~l~;$DG7MKd© HA-x3078*%Q$nN507%/c,.;$(+Hp(+H�3650(+*M1V50*%�$Hp1�;$<IKE*}u5+*8;=<Yak;$(¹5+nGH¢5+*8,.Hx3Z5+HJF�#¹Þ¿<´-�<4/R1�-$30H$ÓOak;$(�H�-$1[ni30*8,¶DG7M-:50*%;$<Y5+nGHÕ<4DG,.H�(0*M1J-$7�3Z5[-�©G*%7%*}5Z/*M3p1[nOH�1[³$H�KW#�°mnGH�(0H¶-�(+HÕ;�5+nGHJ(p<4DG,.HJ(+*%1�-�7�3+1[nGH�,xH�3JÓ ,.;$(+H¶30;$FGnO*%3650*M1J-�50H�K�ÓO5+nO-:5?-�7%78;:l5+nGH¢DO30H¢;�a)-$<N/o50*%,.HÕ3Z5+HJF`©GDG5�50nOH¢H�LNDO-�50*%;$<O3�,ÕDO365¹akDG78vO7%7�1�H�(65[-�*%<i1�;=<OKE*850*%;$<O3�#P¸p<OH;$a 5+nG*%3¢,xHJ50nG;EKG3¢*%3?5+nGHohp{�Þ@3+1[nGHJ,.HYÛ \4T�Ü -$<OKá1J-$<«© Hd-�FOFG78*%H�K´5+;Y50nGHdFOnO-$30H�uwvOHJ7MKH�L=DI-:50*%;$<I3¢;�a¹;=DG(Õ,.;EKEH�7 *%<>50([-�<I3Zak;=(0,c-:5+*8;=<O3@lP*850nº1�;$<I3Z5[-�<N5¶KE*8| DI36*%;$<�1J;4H�½d1�*%HJ<N5�Ó©GDG5m<O;�5PlPnGHJ<250nO*%3P1J;NHJ½d1�*%HJ<N5P*%3P-ÕakDG<O1�50*%;$<R;�a�5+nGH@1�;=<O1�H�<=5+(+-�50*%;$<ovOHJ7MK

u(t)
#)h�3m*%<;=DG(�l ;=(0³Õl HmlP*%787O1J;$,.FO-$(0HP30*8,¶DG7%-�50*%;$<O3b;$a © ;�5+n.5Z/4FIHP;$aI5+(+-$<O3Zak;=(0,c-�50*%;$<O3�Ó:l HP;=FE50H�Kak;=(PDO36*%<GQx50nOH¢â�°�¥mCR3+1[nGHJ,.H=#

°mnGHA36*%,ÕDG7M-:5+*8;=<O3t1�-�<d1J;:�$HJ()30HJ�=HJ([-�7O30DGF HJ([30-�50DG([-:5+*8;=<.(0H�Q$*%,xH�3JÓ$ak(0;=,û78;:lº50;ÕnG*8Q=n1J;$<O1JHJ<N50([-:5+*8;=<RQ=(+-=KE*%HJ<N5+3�©IHJ5Zl H�HJ<i5+nGHx<GHJl·FO-$(65+*%1J78H�3p-$<OKY5+nGHx-$,.;$(+FGnG;$DI3P,c-:50(+*8X�#Þ¿<¶FO-�(050*M1�DG7M-�(�Ó:�:-�7%DGH�3�;$aO50nOH
S
FO-�([-�,.HJ50HJ(�;�a

0.2
Ó
0.5

-$<OK
0.8

nO-��$H~© HJHJ<.1�;=<O30*%KEH�(0H�KW#°mnGHo(0H�,.-$*8<O*8<GQ`& â�^ FO-�([-�,.HJ50HJ([3?nO-��=Hc©IH�HJ<�1[nG;N36H�<�-$1�1�;$([KE*%<GQR50;`5+nGHdak;=787%;:lP*%<GQQ=DG*%KGHJ7%*8<GH�3J#�°mnGH?1[nO-$(+-=1V50H�(0*M3650*M1¹7%HJ<GQ$50n
w
,¶DO3Z5m© H?-=3~7%-$(0Q=Hp-$3 5+nGH?78;=<GQ$H�3Z5m(0H�78H��:-�<N530FO-:5+*%-$7$3+1J-�7%H$#

α
*M3W5+nGHt*%<4�$HJ([30H�;�aG-¹1J-$FG*%787M-�(+/�7%HJ<GQ$50n�Ó�*w# H=Ó�*%3�*8<4�$H�(+30HJ7%/�FO(0;=FI;=(65+*8;=<O-�7�5+;5+nGHA30DG(0a�-$1JH¹ak(+HJHAHJ<GH�(0Q=/¶5+nO-:5m*%<2;=(+KEH�()5+;¶,.*%<G*8,.*%9JH@30DG(6a�-=1�HpH�|�H�1V5[3JÓE,¶DO365~© HA30,c-�7%7�à5+nGHJ(+H�ak;=(0H=Ó

α
nI-$3p50;R©IH.7M-�(+Q$H=#¢°mnGH.��-$78DOHÕak;=(

ε
,¶DO3Z5@© Hc-$3?36,c-$787�-$3A-�<«*%<=5+HJ(0a�-$1JH30nG;$DO7%KS© H$Ó¹*w# H$#%Ó¹36,c-�7%7%HJ(d5+nO-�<S5+nGH¨H��$;=78�4*%<GQ�3Z5+(0DI1V50DO(0Hi*%<�;$([KEH�(c50;º-�FGFG(+;�XE*8,c-�50H5+nGH¨30nO-�(+FEuÖ*8<N50H�(6a�-=1�HY7%*8,.*85�ÓP©GDE5R*}5R36nG;=DG7MK�-�7M36;á© H¨7M-�(+Q$HYHJ<G;=DGQ$nº5+;�FIH�(6ak;=(0,§50nOH30*8,¶DG7M-:50*%;$<I3Õ*%<ä-¨(0H�-$30;$<O-$©G78Hd50*%,xH=#�°mnO-:5.*M3Õ© H�1�-�DO30H

∆x
,ÕDO365.©IH`1[nG;N36H�<>H�LNDO-�7;=(d36,c-�7%7%HJ(.50nI-�<

ε
*%<�;$([KEH�(.50;�-$3+30DG(0HY<4DG,.HJ(+*M1J-�7¹-=1J1JDG(+-=1�/�-$<OKä50nGH�<ç-$1�1�;$([KE*%<GQ5+;á×wUE# s$� Ù Ó�30,c-�7%78H�( ε
*%,.FG78*%H�3Õ36,c-�7%7%HJ(

∆t
-$<OK«nGHJ<O1JHc,.;$(+H.1J;$,.FGDE5+*8<OQY50*%,xH=#2°mnGH(+H�-=36;=<olPn4/

∆x
,ÕDO365¹© H¢36*%,.*87M-�(m5+;

ε
*%3m© H�1�-�DO30H?50nGH@*%<N50H�(6a�-=1�HA,ÕDO365¹nO-��$H?H�<G;$DGQ=nF ;$*%<N5+3p*8<¨50nGH¶Q$(+*%K`*%<¨;=(+KGHJ(¹5+;o© H¶<4DG,.H�(0*M1J-$787%/2(+H�30;$7%�$H�KW#�Þ¿<¨50nG*M3Al ;=(0³250nOHÕ�:-�7%DGH�3;$a

∆x
-�<OK

ε
nO-$3t©IH�HJ<d30H�5 H�LNDO-�7 -�<OKc30HJ�=HJ([-�7450H�3Z5[3)nO-=3)© HJH�<dFIH�(6ak;=(0,.H�K.*8<c;=(+KEH�(�50;-=3030DG(+H 5+nO-:5t50nGH¹(+H�30DG785+3)-$(0HP*%<OKEH�FIH�<OKEH�<=5~;�a 50nG*M3 FO-�(050*M1�DG7M-�()1[nO;$*M1�H$#�Þ¿<cFO-$(65+*%1JDG7%-$(�*%3DO30H�akDO7O5+;¶1[nGH�1[³Õ5+nO-:5mKE*8,.*%<G*M36nG*%<GQ

∆x
KE;4H�3t<G;�5m-:|�H�1�5t50nOHp(+H�30DG785+3t30*%Q$<G*8vI1J-$<N507%/x-$<OK-$7%30;d5+nO-:5@DO30*8<OQY-R30,.-$787%HJ(?*%<N50HJ(0a�-$1JH¶lP*MK45+nS×�-�<OK´nGH�<O1�H=Ó�36,c-$787%HJ(

∆x Ù lP*%787)7%H�-=K`5+;5+nGH¢30-$,.H@(0H�36DG785+3�#)ÞÖ5¹*M3¹l~;$(050n250;c<G;$50H@nGH�(0H?5+nO-:5P5+nGH¢�:-�7%DGH@;$a
∆x

nO-=3m50;c© H¢30,.-$787H�<G;$DGQ=n.*8<d;=(+KGHJ(�5+;¶-��$;=*%KÕ50nOHp-�<O*%30;�5+(0;=FN/¶*8<.5+nGH�Q=(+-$*8<cQ=(0;:lm5+nc-$3)-¶1�;$<I36H�L=DOHJ<O1JHP;�a5+nGHc36FO-�50*M-�7�KE*M301J(0HJ50*%9�-�50*%;$<�Ó�-$<OK´nGHJ<O1JHc36H��$HJ([-�7b30*8,¶DG7%-�50*%;$<O3AnO-��=HÕ5+;Y©IHdKE;=<GHxlP*}5+n30HJ�=HJ([-�7
∆x

��-$78DOH�3.5+;�1[nGH�1[³�*8aA50nG*M3o-$<G*%30;�5+(0;=F4/«(+H�-$787%/�-$FGFIH�-�([3J#çâ�*%<O-�7%7%/$Ó~50nGH
mFO-$(+-$,.H�50H�(@nO-$3¢©IH�HJ<�1[nG;N36H�<á*8<>;=(+KEH�(?50;i,.*%<G*%,x*%9JHd50nGHo50([-�<O30*8H�<N5Õ3Z5[-�Q$Hc*%<>lPnG*M1[n5+nGH Q=(+-$*8<I3�Q$(+;:lá©4/@*8<N50H�(6a�-=1�H~-�<OK¶1�;$<I36H�L=DOHJ<N507%/A-A30,.-$787N�:-�7%DGH~nO-$3�©IH�HJ<xDO30H�KW#�ý�*}5+n-$787�5+nGH�30H?(0H�L=DO*8(+HJ,.HJ<N5[3m*8<Y,.*8<IKWÓE50nOH@��-$78DOH�3mDO30H�K2*8<R5+nG*%3¹l ;=(0³d-$(0HA50nOH?ak;$7%78;:lP*%<GQO±

∆x = 0.005, ∆t = 2.5 · 10−6, ε = 0.005, m = 0.05, α = 400
×wUE# sNT Ù



s$r ¥ nO-�FG50HJ(VUE#�&)nO-=36HJu�vIHJ7MK2,.;EKEH�787%*8<OQx;$a�FO(0*%,c-�(+/d1�(+/4365+-$787%*%9�-:5+*8;=<

â�*8Q=DG(0H�UG# sO±�¥ ;$,.FO-$(0*M30;$<x©IHJ5Zl H�HJ<x50nGH¹50([-�<O36ak;$(+,.H�KÕak(+-=1V50*%;$<x;�a�30HJ�=HJ([-�7E36*%,ÕDO7%-�50*%;$<O3FIH�(6ak;=(0,.H�KolP*850n`KE*8| H�(0H�<N5¹��-$78DOH�3m;�a
ε
-$<OK

∆x
#

ak;$(¹30*8,¶DG7M-:50*%;$<I3mlP*}5+nY1J;$<O365+-$<N5mKE*8|�DO36*%;$<`1J;NHJ½d1�*%HJ<N5�ÓO-$<OKW±
∆x = 0.0025, ∆t = 1 · 10−6, ε = 0.0025, m = 0.05, α = 400

×�UG# s=r Ù
*8<R5+nGH¢1J-=36H?;�a�-.KE*8| DO30*%;$<`1�;4H�½d1J*8H�<=5¹lP*850n`-.1�;=<O1�H�<N50([-:50*%;$<RKEHJF HJ<IKEHJ<O1JH$#tâO;$(PnG*%Q$n�:-�7%DGH�3@;$a 5+nGHd30DGFIH�(+3+-:5+DG([-:50*%;$<S×

S Ù 50nGHo30H�1J;$<OK«30H�5Õ;$a~FO-$(+-$,.H�50H�(+3AnO-=3@© HJHJ<áDO30H�Kak;$(Õ30*%,ÕDG7M-:5+*8;=<O3?lP*}5+n>©I;$50n>³4*%<OKG3@;$amKE*8|�DO36*%;$<�1J;4H�½d1�*%HJ<N5�#2Þ¿<«50nGH�36Ho1�-$30H�3�Ó�-$3@50nGH1�;=<O1�H�<=5+(+-�50*%;$<>Q=(+-=KE*8H�<N5+3¶H�X450H�<OK�;:�=HJ(¶-´36,c-$787m-�(+H�-´36DG(+(+;$DG<OKG*8<GQi50nGHRQ$([-�*%<O3�Ób50nGH*8<N5+HJ(0a�-$1�Hm*M3b50nO*8<G<OHJ(t*%,.FG7%/N*%<GQ?5+nGHPDO30HP;�aW-A50nG*%<G<GH�(tKE*M301J(0HJ50*%9�-:5+*8;=<�#�Þ¿<.vIQ$DG(+H¹UE# sA-$(0H36nO;:lP<`50nGHx(+H�30DG7}5[3A;�at30HJ�$H�(+-$7�30*8,¶DG7M-:50*%;$<I3¹ak;=(?-236*%<GQ=78HxFO-�(050*M1�7%HÕ*%<
2D

KE*%,.HJ<O30*8;=<O3lP*}5+nxKG*}|�HJ(+HJ<N5b��-$78DOH�3�;�a
∆x

-�<IK
ε
50;@1[nGH�1[³p5+nO-:5b5+nGH (+H�30DG785+3b-�(+Ht(+H�-$787%/?*8<IKEHJF HJ<OKGHJ<N5;�aA50nGH`FI-�(050*M1�DG7M-�(d1[nG;=*%1JHYDO36H�KW#�hp3d1J-$<º© Hi30HJHJ<�-$787P5+nGH`(+H�30DG7}5[3d-�(+HYH�LNDG*%�:-�7%HJ<N5�Ó^ZDO3650*8ak/N*%<GQ.5+nGH@DO30HA;$a�5+nGH¢1[nG;N36H�<

∆x
Ó
∆t

-�<IK
ε
FO-$(+-$,.H�50H�(+3�#Þ¿<¨H�-=1[n¨30*8,¶DG7%-�50*%;$<´H�-$1[n¨FO-�(050*M1�7%HÕQ=(0;:l¹3p-$1J1J;$([KE*%<GQ.50;250nGH.KE/4<O-$,x*M1J3AQ=*8�=HJ<i©4/50nGH´FGnO-=36HJu�vOH�7%KSH�LNDO-:5+*8;=<O3cak(+;$, -�<�*%<G*850*M-�7?36H�H�KS5+nO-:5R*%3o<4DO1�7%H�-�50H�K�ak;$7%78;:lP*%<GQ�-$<H�X450H�(0<I-�7A<NDI1�7%H�-:5+*8;=<ç7M-�lÔ50nO-�5Y1�-�<
©IHá1�;=,xF ;=30*850*%;$<
KGHJF HJ<OKEH�<N5�#è{pH�5[-�*%7%3R;�aÕ50nGH36H��$H�(+-$7N<4DO1J78H�-:5+*8;=<¶FG(+;�5+;E1�;$7M3�DO30H�KÕ50nG(+;$DGQ=nG;$DG5�5+nG*M3�l ;=(0³@lP*%7%7G©IH¹30nG;:lP<x*8<c30H�1�50*%;$<O3sG# s2-$<OK«sG# �2©GDG5¢*8<á-�7%7b50nGHc1�-$30H�3p50nGHd30HJH�K¨*M3A(+-$<OKE;=,x7%/`FG7M-$1JH�K´*8<´50nGHd30*%,ÕDG7M-:5+*8;=<©I;�XW#b°mnGH¹*%<G*850*M-�7G�:-�7%DGH¹;$aI5+nGH

φ
-�<IK

u
��-$(0*M-�©O78H�3b*%3 36HJ5)50;

1
-�<IK −1

(+H�30FIH�1V5+*8�=HJ7%/$Ó$*%<50nGH?-�,.;=(0FGnO;$DO3�,c-�50(+*}XWÓE-�<OKdlPnGHJ<R-¢<4DO1�7%HJDI3 -$FGFIH�-�(t50nGHA�:-�7%DGH�3 ;�aW5+nGH�30Hp�:-$(0*M-�©G7%H�3*8<´36H��$HJ([-�7�1�H�787M3�*%<¨-230LNDO-$(0H¢;=(p1JDG©G*M1Õ30nO-�F H$ÓWKEH�FIH�<OKE*%<GQo;=<`50nGH.KE*%,.HJ<O30*8;=<O-�7%*85Z/2;$a50nGHA36*%,ÕDO7%-�50*%;$<�ÓN-�(+H�1[nO-�<OQ$H�K¶5+;
0
#�°mnGH¹<4DG,¶©IH�(t;$a�1�HJ7%7M3�50nI-:5~1J;$<O3650*850DG50HP5+nGH�*%<G*850*M-�7<4DO1�7%HJDO3m,¶DO365m© H?HJ<G;=DGQ$n250;c-=3030DG(+H�5+nO-:5P*85+3P30*89�HA*M3m©G*%Q$Q=HJ(~50nO-$<o5+nGH¢1�(+*850*M1J-�7�([-$KE*%DO3©IH�78;:lSlPnG*M1[nc5+nGH�<4DO1J78H�DO3t*M3)<O;�5~365+-$©G7%Hp-�<IK.*%3~KE*M3030;$7%�$H�K.*8<c5+nGH�,c-�50(+*}XW#b°mnGH�*%<G*850*M-�7(+-=KE*%DO3~;�a�5+nGH@36*%,ÕDG7M-:5+*8;=<o*M3~ak;$DG<IKoH�L=DI-�7%*8<GQÕ50nGH@-$(0H�-¢;$(m�=;$7%DG,.Hp;$a�50nOHA*%<G*850*M-�7�1JHJ7%7%3lP*}5+n>50nOH2-�(+H�-Y;=(Õ�=;$7%DG,.Hd;�a¹-i30FGnGH�(0*M1J-$7tQ$([-�*%<>-�<OK>50nGH�<�1�;=,xFI-�(+*8<GQ`*85¶lP*850n�50nGH



UG# s¶¡�XG-�,.FG7%H¢1J-=36H�3 s=\
1J(0*850*M1J-$7I([-$KE*%DO3�#�°mnI-:5m*8<G*850*M-�7�([-$KE*%DO3t,ÕDO365~© H?367%*8Q=nN507%/xQ=(0H�-:5+HJ()5+nO-�<o50nGH?1�(+*850*M1J-�7 ;$<OHKEDOH¹50;x;$DO( 30*8,¶DG7%-�50H�Kd([-$KE*%DO3)*M3m30LNDO-$(0H�;$( 1JDG©G*M1�*%<O3650H�-$Kc;$a�36FOnGHJ(+*%1�-�7wÓN-$<OKcnGH�<O1�HA*85nO-=3m,.;$(+HA30DGF HJ(0vI1�*M-�7WH�<GHJ(+Q$/=#â�*8<I-�7%78/=Ó�50nOHc(0H�36DG785+3?FO(0H�36H�<=5+H�K´*8<«5+nG*%3@50nGH�36*M3¢1�;=(0(+H�30F ;$<OKY5+;Y50nGHd-��=HJ([-�Q=HÕ;:�$H�(
10

30*8,¶DG7%-�50*%;$<O3�#�°mnG*M3m<NDO,Õ© HJ(m;�ab36*%,ÕDG7M-:5+*8;=<O3~HJ<O30DG(+H�3mlP*850nG*%<Y-
95
`Ñ;�ab1�;=<EvIKEH�<O1�H-$<o-�©O30;$7%DE5+H¹HJ(+(0;=(�50nI-:5~ak;$7%78;:l¹3 -

n1/2 7M-�l@Ó=lPnGH�(0H n
*%3t50nOHp<4DG,¶©IH�( ;$a�36*%,ÕDG7M-:5+*8;=<O3�#hP1�1�;$([KE*%<GQ@5+;¢50nOHA1JHJ<N50([-�7I78*%,.*}5~50nGH�;$(+HJ,YÓ4FIH�(6ak;=(0,.*%<GQ¢,.;$(+Hp30*%,ÕDG7M-:5+*8;=<O3tlP*%7%7I(+H�30DG785*%<c-p(+H�KGDO1V5+*8;=<¶;$aI5+nGH¹-�©O30;$7%DE5+H~H�(0(+;$(blP*850nG;=DE5)�:-�(+/4*8<GQ@30*8Q=<G*8vI1J-$<=5+78/?5+nGH¹-��$H�(+-$Q$H=#�Þ¿<-$787�50nOH.30*%,ÕDG7M-:5+*8;=<O3¹5+nGHx50([-�<O36ak;$(+,.H�Kiak(+-=1V50*%;$<¨*%3@1�-�7M1�DG7M-:5+H�K¨-=3p50nGH.([-:50*%;o© H�5Zl~HJH�<5+nGH@<4DG,Õ© HJ(¹;$ab1JHJ7%7%3mlP*850n

φ < 0.5
-$<OK250nGH?5+;�5+-$7�<4DG,Õ© HJ(�;�a�1�HJ7%7%3P-$<OKR(0H�FG(+H�30HJ<N50H�K-=3~akDG<O1V5+*8;=<`;�a

tζ−1 ÓIlPnGHJ(+H ζ
*M3P50nOH@50*%,.H¢<GHJH�KEH�K2ak;=(P50nGH¢50([-�<O36ak;$(+,.H�Koak(+-=1V50*%;$<R5+;© H?50nGH?nO-$7}ab;�ab*85+3~vO<O-$7Wak([-$1V5+*8;=<´#

�.í�½ éÜêdòÕñë�Y÷B�ßô òÕõ��Põ
Ú~H�ak;=(0HxDO30*8<OQo5+nGHc&tâb^�FO(0H�36H�<=5+H�K´*8<´50nOH.-$©I;:�=Hx30H�1�50*%;$<O3p5+;Y3650DIKE/iFG(+*8,c-$(0/i1J(0/E36u5[-�7%78*%9�-�50*%;$<�Ób*85xlP*%787m© H2DI36H�Ká50;«3Z5+DOKE/�30*8,.FG7%HJ(.1J-=36H�3@ak;$(xlPnG*M1[n�-�<I-�7%/=5+*%1�-�7~(0H�36DO7}5[3HJX4*M365�#b°mnO-:5mlP*87%7�-�7%78;:lSDO3t50;x1[nGH�1[³¶50nO-�5 5+nG*M3tFO-$(65+*%1JDG7M-�(t& â�^Ä*%3~-�©O78H�50;Õ(+HJFO(0;EKEDO1JH-¶FGn4/E36*M1J-$7�36/E3650HJ,YÓG-$<OKd5+n4DO3JÓE*M3P-xDO30H�akDG7�5+;N;=7�50;c3650DOKE/21�;$,.FG7%H�X2³N*%<GHJ50*M1J3m*%<2FGnI-$30H5+(+-$<O3Zak;=(0,c-�50*%;$<O3�#�^`;=(0H�;:�$HJ(�Ó:-$3b5+nGH¹30*8,¶DG7%-�50H�Kx1J;$<O1JHJ<N50([-:5+*8;=<¶FO(0;$vO78H�3b*8<c-?FG(+*%,.-$(0/1J(0/E365+-�7%7%*89�-:50*%;$<ä-�(+HYKG*}|�HJ(+HJ<N5.50nO-$<º50nGHY(+H�-�7P;=<GH�3Y×�(0H�1J-�7%7mvOQ=DG(0H�3R"$#%"Y-$<OKSUE#]U Ù Ó~*85,¶DO3Z5P© H¢-$3+36DO(0H�Kc50nI-:5P50nOH@,.-=303m*M3¹1J;$<O30HJ(+�$H�Kd-�7%;$<GQc-$787�5+nGH?50([-�<O36ak;$(+,c-:5+*8;=<�#
H	�;¬	��� ÇÈ�AÆM�S�"�����������W��IK�E�����"�/�o��[\�PIK�������
°mnGH�vO([3Z5P1J-=36H�50nO-�5~lP*%787�© HA30*%,ÕDG7M-:5+H�Kc*M3m-ÕKE*8| DI36*%;$<G7%H�3+3 vO([3Z5~;$([KEHJ( FGnO-$30Hp50([-�<O36ak;$(0u,c-:5+*8;=<�#~Þ¿<Y50nO-�5p1J-=36H=ÓG50nOH¢�:-�7%DGH¢;�a�50nOH¶1�;=<O1�H�<N50([-:50*%;$<2vOH�7%KY*M3�1J;$<O365+-$<=5�-$78;=<GQ.50nOH5+(+-$<O3Zak;=(0,c-�50*%;$<.-�<OK¶50n4DO3�Ó=50nGH�(0HPlP*%787I©IH�<G;ÕKE*8| DI36*%;$<d-$<OKx<G;Õ1�;=DGFG7%*8<OQ@©IHJ5Zl H�HJ<.50nOH5+nGH�FGnI-$30H�uwvOHJ7MKc�:-�(+*%-$©G7%Hp-�<IK.50nGH?1�;=<O1�H�<N50([-:50*%;$<.vIHJ7MKW#�°mnGHpFO(0;=FO-�QN-:50*%;$<.([-:5+H�;�a�-$<*%<N50HJ(0a�-$1JH¹-�<OKx*85+3tQ$(+;:lm50n.7%-�l¹3t-�(+HPl H�787G³4<G;:lP<YÛ \$r�Ü -�<IK¶lP*%7%7O© Hp1�;=,.FO-�(+H�K¶lP*}5+nc50nOH(+H�30DG785+3m;�ab36*%,ÕDO7%-�50*%;$<O3mlP*850n`-.1�;=<O3Z5[-�<N5¹1�;=<O1�H�<=5+(+-�50*%;$<ovOHJ7MKá×

u = −1 Ù #âG;=787%;:lP*%<GQ¶Û \$r:ÜG50nGHP³4*%<GH�5+*%1�3b;�aW-?36/E3650HJ, 50;:lm-�([KG3�H�LNDG*87%*%©G(0*%DG,Ñ,.-�/@© H¹KEH�301J(0*%©IH�K*%<i5+HJ(+,.3A;$a)50nGHx5+*8,.H.HJ�=;$7%DE50*%;$<i;$a~-2FIH�(65+*8<OHJ<N5A;=(+KGHJ(AFO-�([-�,.H�5+HJ(�Ó�*8<«;$DG(?1J-=36H¶50nOHFGnI-$30H�uwvOHJ7MKd�:-�(+*M-�©G7%H
φ
#�ÞÖa�50nG*M3PFO-$(+-$,xHJ50H�( *M3m<G;�5¹1J;$<O3650([-�*%<GH�Ko©4/d-�<4/o1�;=<O30HJ(+��-�50*%;$<7M-�lç*85+3m5+*8,.H@HJ�=;$7%DE50*%;$<Y1J-$<2© H¢KEH�301J(0*%©IH�Ko©4/R- ÿ -�<OKO-�DEuZµA*8<O9J©GDG(+QxH�LNDO-:5+*8;=<�±

ε

m

dφ

dt
= −δF

δφ

×�UE# s$\ Ù
lPnGH�(0H

F
*M3t5+nGHA50;$5+-�7Iak(+HJHAHJ<GH�(0Q=/¶5+nO-:5P1J-$<o© H?H�XEFG(+H�3+36H�K.*8<250H�(0,c3~;�a�-¢ak(0H�HpH�<GHJ(+Q$/KEH�<O30*}5Z/

f0
5+nO-:5Õ-=1J1J;$DG<N5+3Aak;=(?50nGH.nG;=,.;$Q$H�<GHJ;=DO3?36*850DI-:50*%;$<«lP*850nG;=DE5¢*8<N5+HJ(0a�-$1�Hc-$<OK*%<Y50H�(0,c3¹;$a)-.Q$([-$KE*%HJ<N5¹;�a

φ
50;d5+-�³=H@*8<N5+;o-$1�1�;$DO<=5P5+nGHÕ*%<N50H�(6a�-=1�H$Ó 36;.5+nO-:5AH�LNDO-�50*%;$<×wUE# s$\ Ù © H�1�;=,.H�3

ε

m

dφ

dt
= ε

−→52φ − ∂f0

∂φ

×�UE# �=z Ù



�=z ¥ nO-�FG50HJ(VUE#�&)nO-=36HJu�vIHJ7MK2,.;EKEH�787%*8<OQx;$a�FO(0*%,c-�(+/d1�(+/4365+-$787%*%9�-:5+*8;=<
°mnGH?ak(+HJH?HJ<GH�(0Q=/dKEHJ<I36*85Z/21�-�<R©IH@HJX4FI-�<OKEH�Ko*%<R50H�(0,c3m;�a�50nOH@FGnO-$30H�uwvOH�7%K2FO-�([-�,.HJ50HJ(-$3�±

f0 = Aφ2 + Bφ3 + Cφ4 + ...
×�UG# �I" Ù-�<OK¶DG<G7%H�3+3�50nOH¹1�;4H�½d1�*%HJ<N5

B
nO-$FGFIH�<O3�50;?© HP*%KGHJ<N50*M1J-$787%/¢9JH�(0;A© H�1J-$DO30H~;$a�30/4,.,xHJ50(+/$Ó*}5p*%3PF ;=3+30*8©G7%H?50;d50(+DG<O1J-�50H?5+nGHÕ30HJ(+*8H�3P-:aæ50H�(P50nOH@ak;$DG(050n`;=(+KGHJ(m50H�(0,Y#mh�3+36DO,x*%<GQ.5+nO-:550nGH�(0Hp*%3~<G;¶;$(+*8H�<N5+-:5+*8;=<O-�7 KEHJF HJ<IKEHJ<O1JH?;�a

φ
Ó450nO-�5 5+nGHA*8<N50H�(6a�-=1�HplP*%K45+no*M3~�$HJ(+/c36,c-$7871�;=,xFI-�(+H�Kc5+;.50nGH¢30*%9JH@;�a�50nGH¢50([-�<O36ak;$(+,.H�Kd(+HJQ=*8;=<R-$<OKo50nO-�5P50nGH@*%<N50HJ(0a�-$1JH?FG(0;$vO7%HA*M336nI-�F HA*%<4�:-�(+*%-$<=5¹KEDO(0*%<GQ.FG(+;$FO-$Q=-:5+*8;=<�ÓNH�LNDO-:5+*8;=<«×wUE# �=z Ù 1�-�<R©IH@lP(+*85650H�<`-$3�±

ε
d2φ

dX2
+

ε

m
v

dφ

dX
− ∂f0

∂φ
= 0

×�UG# �4U Ù
lPnGHJ(+H

X
*M3P5+nGH¶KE*M365+-�<I1�H¢,.H�-=36DO(0H�KRak(0;=,

R(t)
-�<OK

v
*%3¹50nGHx-$30/N,.FE5+;�5+*%1@*%<N50H�(6a�-=1�H�$H�78;E1�*85Z/�±

v =
dR

dt
+

m(p − 1)

R

×wUE# �=s Ù
p
© HJ*%<GQ´50nGHYKE*%,.HJ<O30*8;=<O-�7%*85Z/$#�h�FO-�(050*M1�DO7%-$(¶30;$7%DE50*%;$<ä;�a¹5+nGHR30/E3Z5+HJ,¤;$a�H�LNDO-�50*%;$<O3×�UG# �4U Ù -�<OK«×�UG# �Ns Ù *M3J±

φ(X) =
1

1 + exp(
√

2C
ε X)

×wUE# �$� Ù

t =
1

v

{
(R − R0) + Rcln(1 +

R − R0

R0 − Rc
)

} ×wUE# �NB Ù
v = −m

4ε

√
ε

2(−C)

{
3
√

9B2 − 32AC − 3B
} ×wUE# �=� Ù

lPnGHJ(+H
R0

*M3.5+nGH`*8<O*}5+*%-$7¹(+-=KE*%DO3JÓ
Rc = m(p−1)

v

*%3.5+nGHi1�(+*850*M1J-�7P<4DO1J78H�-:5+*8;=<ä([-$KE*%DO3-�<OK
A
Ó
B

-$<OK
C
1�-�<Y© H¢H�XEFG(+H�3+36H�KR*8<Y5+HJ(+,.3¹;�a�50nGH¢& â�^éFO-�([-�,.H�5+HJ([3P1�;=,xFI-�(+*8<GQH�LNDO-�50*%;$<O3@×wUE#]U$U Ù -�<IK«×wUE# �=z Ù ±

A =
1

4ε
, B = −10αSu− 1

2ε
, C = 15αSu +

1

4ε

×wUE# �4T Ù
Þ¿<o5+nGH�30HA(0H�7%-�50*%;$<O3�Ó

u
(+HJFO(0H�36H�<=5[3)5+nGH?�:-�7%DGHp;$a�5+nGH@1�;$<I1�HJ<N5+(+-�50*%;$<cvOH�7%KR-:5~50nOHA*%<N50H�(6ua�-$1JHp5+nO-:5¹*%<R50nO-�5�1J-=36HA*%3PvGXEH�Ko50; −1

#¡tLNDO-:5+*8;=<S×wUE# �NB Ù nI-$3?© HJHJ<�1J;$,.FO-$(0H�KilP*850n�30*8,¶DG7%-�50*%;$<O3A;$a 5+nGHcQ$(+;:lm50n«;�am;$<GH<4DO1�7%HJDO3¶*%<
1
Ó
2
-�<OK

3
KE*%,.HJ<O30*8;=<O3x-�<OK�lP*}5+nä30DGFIH�(+3+-:5+DG([-:50*%;$<>�:-$78DGH�3Õ;$a

0.2
Ó
0.5-�<OK

0.8
×kvOQ$DO(0H.UE# � Ù #p¸p<OH�u¿KE*8,.H�<O36*%;$<I-�7�30*%,ÕDG7M-:5+*8;=<O3¹1�;=(0(+H�30F ;$<OK250;o50nGH¶Q$(+;:lm50nY;�a-xFG7%-$<O-�(~ak(+;$<N5¹-�<OK2nO-��=Hp© HJH�<R1�-�(+(0*%H�Ko;$DE5P*%<Y-xQ=(0*MKdlP*850n

1000
1JHJ7%7%3P-$<OKolP*850nR5+nGH�:-�7%DGH�3pak;$(A5+nGH.&tâb^§FI-�([-�,.H�5+HJ([3�KEH�301J(0*%©IH�K¨*%<>UE# sNT4#¢°�l~;R-$<OKi5+nG(+HJH�u¿KE*%,.HJ<O30*8;=<O-�736*%,ÕDO7%-�50*%;$<O3p1�;$(+(+H�30FI;=<OK250;d5+nGHÕQ=(0;:lm5+n`;�at-dKG*%30³`-�<OK`-236FGnOHJ(+H$Ó (0H�36F H�1�50*%�$HJ7%/$Ó -�<OK50nGH¢30*%,ÕDG7M-:5+*8;=<O3¹-�(+H?FIH�(6ak;=(0,.H�K2*%<R50nGH¶30-$,xH@1J;$<OKE*850*%;$<I3¹-$3m5+nGH@;$<OH�3¹KEH�301J(0*%© H�K2ak;$(50nGHR;$<OH2FO-$(65+*%1J78HR36*%,ÕDO7%-�50*%;$<O3¶*8<S30H�1V5+*8;=<äUE#]UE#�hp3.1J-�<�©IH`30HJHJ<�50nGH`-�Q=(0H�HJ,.HJ<N5Õ*M3H�XG1�H�787%HJ<N5Õ*%<�-$787~KE*8,.H�<O36*%;$<I3Õ-�<IKálP*}5+n�-�7%7t5+nGHo30DGF HJ([30-�50DG([-:5+*8;=<«�:-$78DGH�3¢HJXE1JHJFE5¶ak;$(

0.2
#Õ°mnO-�5@*%3A© H�1J-$DO30H¶ak;=(?78;:l²30DGF HJ([30-�50DG([-:5+*8;=<i�:-�7%DGH�3p5+nGH.lP*%K45+n´;$at5+nGH.*8<N50H�(6a�-=1�H



UG# s¶¡�XG-�,.FG7%H¢1J-=36H�3 �I"

â�*%Q$DG(+H.UG# �I±Õ¥ ;$,.FO-�(+*M36;=<¨© H�5Zl~HJHJ<áH�L=DI-:50*%;$<>UE# �NB´×�30;$7%*MK¨7%*8<OH�3 Ù -�<OK´&tâb^ 36*%,ÕDO7%-�u5+*8;=<O3~ak;$(¹KE*8|�HJ(+HJ<N5�36DOFIH�(+3+-:5+DG(+-�50*%;$<O3
S

© H�1J;$,.H�3�7%-$(0Q=HJ(¹-�<IKY50nGH�<`50nOH¶1�;=<OKE*850*%;$<`;$a)nO-��4*8<GQd-dlP*%K45+n¨�=HJ(+/230,.-$787�1�;=,xFI-�(+H�KlP*850nº50nOHY50([-�<O36ak;$(+,.H�K�(+HJQ=*8;=<�*M3c<G;$5cakDG7}vI787%H�KS-�<IKänOHJ<O1JH25+nGH`H�LNDO-�50*%;$<�×�UG# �4U Ù *%3<G;$5o-áQ$;4;EKS-�FGFG(+;�XE*8,c-�50*%;$<ä50;á50nOH¨36/E3650H�,R#�ë¹;:l~HJ�=HJ(�Ó)ak;=(
2
-�<IK

3
KE*%,.HJ<O30*%;$<O3-$<OK`*%<i50nOHÕvO([365A365+-�Q=H�3�;�a)5+nGHÕ5+(+-$<O36ak;$(+,.-�50*%;$<�ÓO50nGHx,.;EKEHJ7b(+HJFG(+;EKEDO1�H�3P5+nGHÕ5+nGHJ;=(0/-$<OK`nGH�<O1�H=Ó�50nGH�36Hc-�FOFG(0;�XE*%,c-:50HÕH�XEFG(+H�3+36*%;$<O3pKEH�3+1�(+*%©IHxFG(+;$FG(+HJ(+78/250nOH¶Q=(0;:lm5+ni;�a -$<*%<N50HJ(0a�-$1JH$#á°mnO-:5.(+H�30DG7}5x*%3x*%,.FI;=(65[-�<N5Õak;=(Õ5Zl~;¨(+H�-=36;=<O3J± d 0&eY-=3ÕHJX4FO7%-$*8<GH�K>© H�ak;$(+H$Ó*85¢-�7%78;:lÑDO3A50;`1[nGH�1[³`50nGHc-$©G*87%*85Z/i;�a~50nGH.&tâb^�5+;Y30*%,ÕDG7M-:5+HxFOnN/4*M36*M1J-$7�36/E3650HJ,c3@-$<OKd�f ec-=3AFI;=*8<N50H�K¨;=DE5@*8<á30H�1V5+*8;=<ä"=#8"=# UGÓ�50nGH.Q=(0;:lm5+n¨;�a 50nGH.<GH�l²FGnI-$30H¶*%<>-oFG(+*%,.-$(0/1J(0/E365+-�7%7%*89�-:50*%;$<«*M3Õ1[nO-$(+-=1V50H�(0*%9JH�Ki©4/á-R5Zl ;¨365+-$Q$H.,.H�1[nO-$<G*M36,YÓ�©IH�*8<GQi50nGHovO(+365¢;$<OH-$<d*8<N5+HJ(0a�-$1�H?1�;=<N50(+;$7%78H�KcQ$(+;:lm50nc5+nO-:5m*M3tak;=787%;:l~H�Kc©4/d-xKE*}|�DO30*8;=<21J;$<N50(+;$7%78H�KcQ$(+;:lm50n�#°mnGH�<�Ó�H�LNDO-:5+*8;=<O3)×wUE# �NB Ù -$<OKc×�UG# �N� Ù lP*87%7$© H)DO30H�Kp5+;�KEH�3+1�(+*%©IHb5+nGH�*8<N5+HJ(0a�-$1�H)1J;$<N50(+;$7%7%H�K365+-$Q$H.;�am50nOHdQ$(+;:lm50ná*%<á50nGHo30*%,ÕDG7M-:5+*8;=<O3@;�aPFG(+*%,.-$(0/´1�(+/4365+-$787%*%9�-:5+*8;=<áFG(0H�36H�<N50H�K«*%<5+nGH@<GH�X45¹1[nO-$FE50H�(+3�#

H	�;¬	�(H ì·�������N��IK�E�PIE���J�R
S�E��®>�����
°mnGHi30H�1J;$<OKS1�-$30H25+nO-:52lP*87%7¹© H¨3Z5+DOKE*%H�KS*M3.50nOH¨KEH�3+1�(+*%FE50*%;$<º;�a?50nOH¨1�;=<O1�H�<=5+(+-�50*%;$<FG(+;�vI78H�3¹36DO(0(+;$DG<IKE*8<OQc50nGH¶Q$([-�*%<O3P;$a�50nGH¶<GHJl·FGnI-$30H$#¹Þ¿<`5+nGH¶1J7%-=3030*M1@l ;=(0³2©4/iê�HJ<GH�(



�NU ¥ nO-�FG50HJ(VUE#�&)nO-=36HJu�vIHJ7MK2,.;EKEH�787%*8<OQx;$a�FO(0*%,c-�(+/d1�(+/4365+-$787%*%9�-:5+*8;=<
Û �Ns�Üb50nGHxQ$(+;:lm50n`;$a -o30FGnGH�(0*M1J-$7�FO(0H�1�*%FG*}5[-:5+HÕ*%<´-�<4/`KE*%,.HJ<O30*8;=<`ak(+;$,Ç30;$7%*%Ki30;$7%DE5+*8;=<l~-=3?-�<O-$78/N50*M1J-$787%/i1J-$7%1JDG7M-:50H�KW#.^`;$(+HJ;:�=HJ(�ÓI5+nGHc1�;=<O1�H�<=5+(+-�50*%;$<´;�a~30;$7%DE5+H.-$(0;=DG<OKi50nGHFG(+H�1�*%FG*85+-�50H´×�*�# H$#¨50nGHY1�;=<O1�H�<N50([-:50*%;$<áFG(+;�vI78H Ù lm-$3Õ-$7%30;¨1�-�7M1�DG7M-:5+H�KW#´ý´HR1J-�<ä1�;$,xuFO-�(+Hc5+nGHo(+H�30DG785+3¢;$a¹;$DG(¶&tâb^ 30*8,¶DG7M-:50*%;$<I3¢lP*850n>5+nG*%3Õ50nOHJ;$(+H�5+*%1�-�7 (0H�36DG785�Ób5+nO-:5xl H36DO,x,c-$(0*%9JH¢<OH�X45�#pÞÖ5p*M3�*%,.FI;=(65[-�<N5�5+;o<G;$50HÕnOHJ(+H@50nO-�5�5+nGH¶Q=(0;:lm5+nY7%-�l·KEH�KEDO1�H�Ki©4/ê HJ<OHJ(�1�-�<`<G;$5�©IH¶DO30H�KR50;2KEH�3+1�(+*8© H¢FG(+*%,.-$(0/R1�(+/E3Z5[-�7%78*%9�-�50*%;$<Y,c-�*%<G78/R© H�1J-$DO30H¢;$<G7%/50nGHYKE*8| DI36*%;$<º1�;$<N5+(0;=787%H�KáQ=(0;:lm5+n�;�a�-¨Q$([-�*%<�*8<º-�<�*%<EvO<O*}5+HR,c-�50(+*}X>*M3¶1J;$<O30*%KGHJ(+H�KW#°mnGHJ(+H�ak;=(0H=Ób50nGHR5+(+-$<O36*%HJ<N5c3Z5[-�Q=Ho*%<älPnG*M1[n�5+nGHYQ$([-�*%<O3¶Q$(+;:l¦©N/>*%<N50H�(6a�-=1�HY-�<OK�50nGH*8,.FG*%<GQ=HJ,.HJ<N5c©IHJ5Zl H�HJ<ä50nGHYQ=(+-$*8<º-$3¶50nGH�/�Q$(+;:ly-�(+HR<G;�5d1�;=<O30*%KEH�(0H�KW#�°mnGH�<�Ó 50nGH(0H�36DO7}5[3@;�aPnG*M3¢l~;$(+³¨-�(+Hc�:-�7%*%K«*%<á50nGHRKE*8| DO30*%;$<�1�;=<N50(+;$7%78H�K¨(+HJQ=*8,.Hd-�<IK´© H�ak;=(0Hd50nGH36;$aæ56uÖ*8,.FG*%<GQ=HJ,.HJ<N5m;41�1�DG([3~-�<OKo*}5P*M3 lPnOHJ<250nGH?36*%,ÕDO7%-�50H�K2FG(+;�vO7%H�3~1J-$<o© HA1J;$,.FO-$(0H�KlP*}5+nR50nGH¢-$<O-�7%/N50*M1J-�7�(+H�30DG785+3�#Þ¿<änG*M3xl ;=(0³�Ó ê H�<GHJ(.30;$7%�$H�3Õ50nOHRKE*8|�DO36*%;$<ºH�LNDO-�50*%;$<�lP*850nS-«1�;$<I3Z5[-�<N5xKE*8|�DO36*%;$<1�;4H�½d1J*8H�<=5�Ó

D
Ó4*8<R-�<d*%<EvO<G*850H?(+HJQ=*8;=<d-�<OKclP*850no50nGHpak;$7%7%;:lP*8<GQ¶©I;=DG<OKG-$(0/c1J;$<OKE*850*%;$<I3J±0/e@5+nGH@1�;$<I1�HJ<N5+(+-�50*%;$<o*%<Y-�<4/cFI;=*8<N5�-�5~5+nGH?*8<O*}5+*%-$7W50*%,.HA*M3~50nOH¢1�;$<I1�HJ<N5+(+-�50*%;$<d*%<R50nGH,c-:50(+*8X2a�-$(p-�lm-�/cak(0;=,�50nGH¶FG(0H�1�*%FG*85+-:5+Ho×

c0 Ù Ó f eÕ5+nGHÕ�:-�7%DGH¢;$ab50nGHx1�;$<I1�HJ<N5+(+-�50*%;$<`-:550nGHp*8<N5+HJ(0a�-$1�Hp*%3)50nGH?1�;=<O1�H�<N50([-:50*%;$<.*%<d5+nGH�,c-:5+(0*8X.lPnG*%1[no*%3 *8<oH�LNDG*%78*%©G(+*8DG,ûlP*850no50nGHFG(+H�1�*%FG*85+-�50H´×
cl Ù -�<OK©¸AeR50nOHR([-:5+H2-�5xlPnG*M1[n�5+nGHR*8<N50H�(6a�-=1�H2Q$(+;:l¹3¢*M3x1J;$<N50(+;$7%7%H�K>©4/KE*8| DO30*%;$<�#�ý�*850nR50nOH�30H¢1�;$<IKE*}5+*8;=<O3�Ó450nGH¢1J;$<O1JHJ<N50([-:5+*8;=<oFG(+;�vO7%H@1J-$<2© H@lP(0*8565+HJ<`-$3�±

c = c0 + (cl − c0)
ξ

λ
(r/(Dt)1/2)

ξ
λ
(α

λ
)

×wUE# �=r Ù
lPnGHJ(+H

ξ
λ
(x) =

∫ ∞

x

e−
1

4
z2

z1−λdz
×�UG# �N\ Ù

-�<OK
α

λ

1J-$<2© H?ak;$DG<IK2*%,.FG7%*%1J*}5+78/2lP*}5+nY50nGHAak;$7%7%;:lP*8<GQ.H�L=DI-:50*%;$< h ±

S−1(α
λ
)λ = 2

exp(−α2
λ
/4)

ξ
λ
(α

λ
)

×wUE#]B�z Ù
lPnGHJ(+H

λ
*M3~50nGH¢KE*%,.HJ<O30*%;$<O-$78*85Z/o-�<IK

S
50nOH¢36DGF HJ([3+-:50DO(+-�50*%;$<o�:-$78DGH=#Þ¿<�;$DO(¶30*8,¶DG7%-�50*%;$<O3

c0 = 0
-�<IK

cl = 1
#¨ý�*850n�50nGH�36HR�:-�7%DGH�3x-�<OK>ak;$(¶-ivGXEH�K50*%,.H$ÓWl~Hx1�-�<¨1J;$,.FO-�(+HÕH�LNDO-:5+*8;=<�×�UG# �Nr Ù lP*850n¨50nGHc30*8,¶DG7M-:50*%;$<¨(0H�36DG785+3�ak;$(

1
Ó
2
-�<OK

3
KE*%,.HJ<O30*8;=<O3d×�36H�HcvOQ$DO(0HoUG# B Ù #`h�3¶1J-�<>© Ho30HJH�<�Ób*8<�-$787t50nGHo1�-$30H�3?5+nGH2-$Q$(+HJH�,xH�<N5*%3.HJXG1�HJ7%7%HJ<N5�#ºÞÖ5d*%3.l~;$(050n�50;á<G;$50HYnGHJ(+HR50nO-�5cl HYFG7%;�5.50nOHY-$©O30;$7%DE50HY�:-�7%DGHY;�ap50nGHKE*%,xH�<O30*8;=<G78H�303?1J;$<O1JHJ<N50([-:5+*8;=<ä×æ5+nO-:5@5[-�³=H�3A�:-�7%DGH�3?© H�5Zl~HJH�< −1

-�<OK
0 Ù *%<«;=(+KGHJ(p50;1�;=,xFI-�(+HplP*850nR50nOH@FG(0H�KE*M1V50H�KR;$<GH�3@×k© H�5Zl~HJHJ<

0
-�<IK

1 Ù #
H	�(¬	�;¬ �Ä���W�³í������������
°�;`1[nGH�1[³`50nOHx,c-=303@1J;$<O30HJ(+�:-:50*%;$<´lP*}5+n«50nG*M3@&tâb^>ÓW5+nGHd1�;=<O1�H�<N50([-:50*%;$<

c(−→r )
,ÕDO365©IHclP(+*85650H�<>*8<«5+HJ(+,.3¢;�a~50nGHoKG*8,.HJ<I36*%;$<G7%H�3+3?;$<OH

u(−→r )
#RâG(+;$,þH�LNDO-:5+*8;=<º×wUE# sG" Ù l Hi�jKyîw;{/ï&msvz2w(y´{/q�q�y&~_zBw�w;k?{1w�svz»w;kxm¨p;sv�J~_|°{1w;svy&zxpðw;kxm�rtm�svp�{Mñ?rtp(w�ptw�{/}&my/�Pw;k_m}&rty��lw(k¼w(k?{1wsvposvzBw;m�r��ò{/q�m�q�y&z2w(r(y&|v|vm�n"ó��YmQ�J~_p(wo�J~_| w;svux| �¨w;kxsvpJq�y&z_ptw�{/zBw	ôB�î{S�ò{/qAw(y&rJq�|vy&p(m	w;y

1

�Sjlk?{1wo�Nsv|v|:ô+mmA��u_|°{/svz_m�n¨{/z_nðõ(~_ptw;s ñ_m�n�svz>q;k?{/uxw(m�rPö



UG# s¶¡�XG-�,.FG7%H¢1J-=36H�3 �Ns

â�*%Q$DG(+HmUG# BG±�¥ ;$<I1�HJ<N5+(+-�50*%;$<¢FG(+;�vI78H�3�;=©E5+-$*8<OH�K¶©N/@,.H�-�<O3b;$aO&tâb^ 36*%,ÕDG7M-:5+*8;=<O3m×�30/4,¶u© ;$7M3 Ù lP*850ná-230DGF HJ([30-�50DG([-:5+*8;=<`;�a
0.5

1�;$,.FO-$(0H�K`lP*850n´50nGHx50nOHJ;$(+H�5+*%1�-�7�FG(+;�vO7%H�3?1J-$7}u1JDG7%-�50H�Ko©4/Rê H�<GHJ(¢×�36;=78*MKR78*%<GH�3 Ù
nO-��=H$±

c(−→r ) = 1 + [1 − c0] u(−→r )
×wUE#]BE" Ù-$<OK>ak(+;$,ßH�LNDO-�50*%;$<j×�UE# s=U Ù l~HR1�-�<ä(0H�7%-�50H

c0
lP*850nä50nGH`30DGF HJ([30-�50DG([-:5+*8;=<>��-$78DOH

S
±

S = 1 − c0
ÓGH�LNDO-�50*%;$<á×�UE#]BE" Ù ©IH�1�;$,.*%<GQO±

c(−→r ) = 1 + Su(−→r )
×wUE#]B$U Ù

hp3)H�XEFG7M-�*%<GH�K.*8<o30H�1�50*%;$<oUG#8"=# UGÓ$*%<.50nGHA36*%,ÕDG7M-:5+*8;=<O3�5+nGH¹<GH�lç3Z5[-�©G7%H�1J(0/E365+-�7%7%*}5+H�3�nO-��=H5+nGHd30-$,.Hd1�;$<I1�HJ<N5+(+-�50*%;$<á-$3?5+nGHdH�LNDG*%7%*8©G(+*%DG,ü1J;$<O1JHJ<N50([-:5+*8;=<´;$a 5+nGHd,c-:5+(0*8X«-�5¢50nOH*%<N50HJ(0a�-$1JH¹-�<OK.nOHJ<O1JH¹lPnO-:5 l HP,¶DO3Z5~-$3+36DG(+HP*M3�50nI-:5 -�5 -�<4/Õ*%<O365+-$<=5 ;�a�50*%,.HP50nGHp,c-$3+3;=DE5+30*%KGHm50nGH�1J(0/E365+-$787%*}5+H�3¹×�*8<d50nGH¹DO<=5+(+-$<O36ak;$(+,xH�KÕ(+HJQ=*8;=< Ù *M3�50nOH�30-$,.H�-$3b5+nGH¹,c-$3+3)-�55+nGHÕ© HJQ=*8<G<O*8<GQ2;�a�5+nGH¢5+(+-$<O3Zak;=(0,c-�50*%;$<�ÓIlPnGHJ<«-�7%7�50nOH¶,c-:5+(0*8XYl~-=3¹DG<O365+-$©G7%H$#?°mnGHJ<�Ó5+nGH@H�LNDO-�50*%;$<d5+nO-:5¹,¶DO365¹©IH@�=HJ(+*}vOH�Ko*M3�±
∫

nt

c(−→r )d−→r =

∫

nt

[1 + Su(−→r )] d−→r = c0V
0
nt = (1 − S)V 0

nt

×�UE#]B�s Ù
lPnGH�(0H¢50nGH.36DO©G*8<IKEH�X

nt
365+-�<IKG3¹ak;=(�5+nGHÕ<O;$<Euw50([-�<O36ak;$(+,.H�KY�=;$7%DG,.HÕ-�<OK`50nGH�<

V 0
nt

*%35+nGHp*%<G*850*M-�7 <G;$<Gu�5+(+-$<O3Zak;=(0,.H�K.�$;$7%DG,.H¹5+nO-:5mnO-��=H
c0

-:5t5+nGHA;$<O30H�5m;�aW5+nGH�5+(+-$<O36ak;$(+,.-�u5+*8;=<�#c¡tLNDO-:5+*8;=<�×�UE#]B�s Ù nO-$3@© HJH�<>1J-�7M1�DO7%-�50H�K´*%<á-$787)50nGHd30*8,¶DG7M-:50*%;$<I3?FIH�(6ak;=(0,.H�K«*%<



�$� ¥ nO-�FG50HJ(VUE#�&)nO-=36HJu�vIHJ7MK2,.;EKEH�787%*8<OQx;$a�FO(0*%,c-�(+/d1�(+/4365+-$787%*%9�-:5+*8;=<

â�*8Q=DG(0HoUG# �O±Õ^i-=303@1J;$<O30HJ(+�:-:50*%;$<«*%<�36*%,ÕDG7M-:5+*8;=<O3@lP*850n>FG(+HJHJXE*%3650*%<GQY<4DO1�7%H�-�50*%;$<á*8<�-
1000x1000

36/E3650HJ,ü×�30/4,Õ© ;$7M3 Ù #

50nGH~<GHJXN5)1[nO-$FE50H�(+3�Ó�lP*}5+nÕ5+nGH~*8<N50H�Q$([-�7N©IH�*8<OQ?1J;$,.FGDE5+H�KÕlP*}5+nÕ5+nGHmCE*8,.FO30;$<l� 3�(0DO78HAÛ \4T�Ü-�<OKc50nGHA<G;$<Gu�5+(+-$<O3Zak;=(0,.H�K.�$;$7%DG,.H�-=3)5+nGHp<4DG,¶©IH�( ;$a�1�H�787M3~lP*}5+n
φ > 0.5

#�¡�XG1�HJ7%7%HJ<N5-�Q=(0H�HJ,.HJ<N5¶*M3¶ak;$DG<IK�*%<º-$787~5+nGH`1J-$30H�3�Ó)-$3¶ak;=(xHJXG-�,.FG7%H
2D

36*%,ÕDO7%-�50*%;$<O3xlP*850n
125FG(+HJH�XE*M3Z5+*8<OQ¶<4DO1J78H�*W*8<Y-

1000
X
1000

30/E3Z5+HJ,è-$<OKR36DGF HJ([3+-:50DO(+-�50*%;$<d�:-�7%DGH�3m;�a
0.2

-�<IK
0.5

-$<OK250nGH?&tâb^ßFO-$(+-$,xHJ50H�(+3~KEH�3+1�(+*%©IH�Ko*%<iUE# sNTo×�30HJHAvOQ$DO(0H¢UE# � Ù #�°mnGH@©G*%Q$Q$H�(PKE*%36u1�(+HJFO-$<O1�*%H�3~×klP*850n.(+HJ7M-:5+*8�=H H�(0(+;$([3�-$©I;=DE5
1
`j*%<x-$78745+nGHP36*%,ÕDO7%-�50*%;$<O3 Ù -$(0H ak;$DO<OK¶-�5b50nGH©IH�Q$*%<G<G*%<GQx;�a�5+nGH�5+(+-$<O36ak;$(+,.-�50*%;$<dlPnOHJ<d5+nGH?H�LNDG*%78*%©G(+*8DO,y1�;$<I1�HJ<N5+(+-�50*%;$<c;�a�50nGH?,c-:u50(+*}Xc-:5 50nGH�*8<N50H�(6a�-=1�H¹*M3 <G;�5t(+H�-=1[nGH�Kx/=H�5 -$<OKclPnGH�<.50nGHpH�|�H�1V5[3t;$a�50nGHAKE*%3+1�(+H�5+*89�-:5+*8;=<;�a�50nGH@Q=(0*MK2-$(0H?,.;$(+H?*8,.F ;$(05+-$<=5�#h�3c-�<º;:�$H�(+-$787~1�;=<O1�7%DO30*8;=<�Ót*85d1J-�<ä©IHi3+-�*MK>5+nO-:5.5+nGHY&tâb^eDI36H�K�*%<�5+nG*M3.l ;=(0³*%3c1�-�FO-$©G7%HR;$ap(+HJFG(+;EKEDO1J*8<GQá30HJ�$H�(+-$7 FOnN/E30*%1�-�7¹1�-$30H�3Y×�1J;$<O365+-$<=5cQ=(0;:lm5+n�([-:50H250([-�<I3Zuak;$(+,c-:50*%;$<I3P-�<OKR5+nGHÕ1�;=<O1�H�<N50([-:50*%;$<2FG(+;�vO7%H�3P*%<i-cKE*8| DI36*%;$<i1J;$<N50(+;$7%78H�KoQ=(0;:lm5+n Ù -�<OKakDG78vO787%*%<GQ¶-?Q=HJ<GH�(+-$7GFGn4/E36*M1J-$7G7%-�l�×k,c-=303 1�;$<I36H�(0�:-:5+*8;=< Ù #�Þ¿<c50nOH¹<GH�X45m1[nO-�FE5+HJ([3b*}5~lP*87%7©IH@DI36H�Kd5+;.50nGH¢3650DOKG/o;�a�FG(+*8,c-�(+/d1�(+/E3Z5[-�7%78*%9�-�50*%;$<O3�#



Á ÂÄÃ�ÅÇÆ2È�É ÷

øÎÒQÕ ÏÑÔ Ð �
Òm���	 ù Òt� Ï Ð¦���	�� Ð ���
D

I
<`5+nG*%3?1[nO-$FE50H�(¹5+nGHÕ³4*%<GH�5+*%1�3�;$atFG(+*8,c-�(+/21J(0/E365+-$787%*89�-:5+*8;=<`lP*87%7�© H.3Z5+DOKE*%H�K`*%<i5Zl~;KE*8| H�(0H�<N5¹l~-�/E3�#tâ�*8([3Z5¹;$a)-�7%7�ÓE5+nGH¢<G;=<EuÖ(+-$<OKE;$,¦<4DO1J78H�-:5+*8;=<R,.;EKEH�7�*%<=5+(0;EKEDI1�H�KR*%<30H�1�50*%;$<á"$#]UE#]UxlP*87%7�© H¢,.;EKE*8vOH�K`-$<OKYDO30H�K`-$3�-cQ$H�;$,.H�5+(0*M1J-$7�vO(+365�;=(+KEH�(¹-�FGFO(0;�XE*%,.-�u5+*8;=<dak;$(~5[-�³4*8<OQ¶*%<N50;.-$1J1J;$DG<N5 50nGH¢C4Þ~-�<OK2��¼¹�jH�|�H�1�5+3�#)°mnG*M3 ,.;EKEH�7�ÓG-=3 l~HJ7%7W-$3 50nOH,.H�-$<EuwvOHJ7MKd,.;EKEHJ7wÓE-�7M36;.30HJHJ<2*8<Y30H�1V5+*8;=<¨"=# UG# UGÓ=lP*%787W© H@1�;=,xFI-�(+H�KclP*850n250nGHAakH�-:50DO(0H�3DO30DO-$787%/.;$©O30HJ(+�$H�K.*8<R-$1V5+DO-�7 ³4*8<OH�50*M1J3~;$a�FG(+*8,c-�(+/c1�(+/E3Z5[-�7%78*%9�-�50*%;$<�#�°mnGHJ<�ÓEFOnO-$30H�uwvOHJ7MK,.;EKEHJ7¹30*%,ÕDG7M-:5+*8;=<O3.lP*}5+n�1�;$<I3Z5[-�<N5.KG*}|�DO30*8;=<S1J;4H�½d1�*%HJ<N5clP*87%7¹© H`FG(+H�30HJ<N50H�KW#�°�l~;KE*8|�HJ(+HJ<N5t<4DO1�7%H�-�50*%;$<.FG(+;�5+;41J;$7M3blP*87%7O© Hp3650DIKE*8H�KW#�â�*8([3Z5+78/=Ó�5+(+-$<O3Zak;=(0,c-�50*%;$<O3blP*850ndFO(0HJuHJX4*M3650*%<GQY<NDI1�7%H�-:5+*8;=<�#oÞ¿<«5+nG*%3¶1J-=36H=Ó�-$3¢-$787)50nGHd<4DO1J78H�*t-�(+H.©I;=(0<>-�5@50nGHo3+-�,.Hx50*%,.H$ÓF ;=3+36*%©G7%H¹H�|�H�1�5+3 ;�aW5+nGH�<4DO1J78H�-:50*%;$<c;=<.50nGHp³4*8<GHJ50*M1J3~-�(+H�KE*M301�-�([KEH�K�Ó�50n4DO3�ÓE-�7%78;:lP*%<GQ?5+;3650DOKG/�nG;:l´50nGHt*8,.FG*%<GQ$H�,.HJ<N5�© H�5Zl~HJHJ<A5+nGHt1�;=<O1�H�<N50([-:50*%;$<AQ$([-$KG*8H�<=5[3�;�a4<GHJ*%Q$n4© ;$DG(+*%<GQQ=(+-$*8<O3�-:|�H�1V5[3¹5+nGHx;:�$HJ([-�7%7�³4*%<GH�5+*%1�3�;$a�50nGH¶50([-�<O36ak;$(+,c-:5+*8;=<�#�C4H�1J;$<OKG78/=ÓI5+(+-$<O36ak;$(+,.-�u5+*8;=<O3AlP*}5+ná1J;$<N50*%<4DG;$DI3�<4DO1J78H�-:50*%;$<«-�(+H¶FO(0H�36H�<=5+H�KW#¶Þ¿<¨5+nO-:5¢1�-$30H$Ó�50nOHxHJ| H�1V5¢;$at50nOH(+H�KEDI1V50*%;$<Õ*8<Õ50nGH~<4DO1�7%H�-�50*%;$<¢FG(+;$©I-�©G*%78*85Z/@KEDGH 50;p50nGHm365+-�©O*87%*89�-:5+*8;=<¢;�aE5+nGHP-�,.;$(+FGnG;=DO3,c-:5+(0*8X«-=3?50nOHo1�(+/E3Z5[-�7%78*%9�-�50*%;$<«FG(0;E1JHJH�KO3@1J-�<á© Ho3650DOKE*%H�K�#Y°mnOHo36*%,ÕDO7%-�50*%;$<á(0H�36DO7}5[3lP*%787�© H¶1�;=,.FO-�(+H�KRlP*850ni5+nGH¢5+nGHJ;=(0HJ50*M1J-$7�,.;EKEHJ7M3J#pÚ HJak;$(+H¢FG(+H�30HJ<N50*%<GQc5+nGHÕ(+H�30DG785+3�;�a5+nGH�30HR30/E3Z5+HJ,c3�Ót36*%,ÕDO7%-�50*%;$<O3x;�aA-´30*8<OQ$7%H2*M36;=7%-�50H�K�FO-$(65+*%1J78HRlP*87%7P© HR30nG;:lP<�#�°mnOH�30H;=<GH�uÖFO-�(050*M1�7%Hm36*%,ÕDG7M-:5+*8;=<O3�/4*%HJ7MKÕ5+nGH¹³4*%<GH�5+*%1�3�;�aW-?<G;$<Guw*%<N50HJ([-$1�50*%<GQ?Q$([-�*%<Õ5+nO-:5)lP*%7%7O© HDO30H�K2*%<R;=(+KGHJ(~50;d1J;$,.FGDE5+Hp5+nGH

N
uÖFO-�(050*M1�7%HA50([-�<O36ak;$(+,c-:5+*8;=<d³4*8<GHJ50*M1J3�#Þ¿<>-�7%7b50nGHc30*8,¶DG7M-:50*%;$<I3?FG(0H�36H�<N50H�K¨*8<«5+nG*%3@1[nI-�FE5+HJ(¢-�<IKi5+nGHc<GH�X45@;$<OH$Ó�FG(+*%,.-$(0/1J(0/E365+-�7%7%*89�-:50*%;$<.lP*850nR-ÕnG*%Q$no<NDI1�7%HJ*�KEHJ<O30*85Z/d-�(+H�3Z5+DOKE*%H�KW#�Þ¿<o50nG*M3 l~-�/=Ó=<4DO1J78H�*�KG;Õ<G;$57%;=30H@*}5[3p30FGnGH�(0*M1J-$7�30nO-�F HÕ-$<OKY50nOHÕF HJ(0ak;$(+,xH�K`-�<O-$78/E30*%3�KE;4H�3¹<O;�5p<OHJH�K`50;oKEH�-�7�lP*}5+n5+nGH@FG(+;$©G7%HJ,y;$a�5+nGH@DG<O365+-$©G*87%*%9�-:5+*8;=<2;$a�5+nGH@*%<=5+HJ(0a�-$1JH$#

½dí�ì úüð�ú¼�~ö�ð�ôüñ�ù����P÷�õ¦ù����Rï�ð�ñ�ò@ï�óÎô ï�ócõ�ö�ò¢÷�÷�ðJø ò?ö�ð�ù¢úRõ
¬	������� û·¤��© ��l��[\�YIK���������î[§�Q�����Bü
°mnG*M3¹,.;EKEH�7�-$1�1�;=DG<N5+3Pak;=(P50nOHÕQ$H�;$,.H�5+(0*M1J-$7�KE*M3Z5+(0*%©GDE5+*8;=<`;�a�5+nGH@50([-�<I3Zak;=(0,.H�KRFGnI-$30H-$<OK@5+nGHP36DG(+(+;$DG<OKG*8<GQA3Z5[-�©G*%7%*89�H�K¶,.-�50(+*}X¢(+HJQ=*8;=<O3 Û \=\�Üw#�ÞÖ5�FIH�(6ak;=(0,c3b-A36*%,.FG78*8vOH�K¶7%;E1J-$7,c-$3+3W©O-$7%-$<O1�Ht;�aG-PQ$(+;:lP*%<GQP1�(+/4365+-$787%*%<GH�Q$([-�*%<�#�hä36*%,.*87M-�(�-�FGFG(+;=-=1[nplm-$3�-�7%(0H�-$KE/pDO36H�K



�=� ¥ nO-�FG50HJ([sG#)C4*%,ÕDO7%-�50*%;$<O3mlP*850n`1�;=<O365+-�<N5
D

â�*8Q=DG(0H>sO#8"=±SCE1[nOHJ,.Há;�aÕ5+nGH>Q$H�;$,.H�5+(0*M1J-$7?,x;EKEH�7@FG(+;$F ;=30H�K�5+;�-�FGFG(+;�XE*8,c-�50H´50nGH*8,.FG*%<GQ=HJ,.HJ<N5¶© H�5Zl~HJH�<>Q$([-�*%<O3¢*%<�FG(+*%,.-$(0/«1�(+/E3Z5[-�7%78*%9�-�50*%;$<�#i¼PH�1J-$787t50nO-�5
cx

*M3Õ50nGH1�(+/E3Z5[-�7%78*850Ho1J;$<O1JHJ<N50([-:5+*8;=<�-�<OK
c0

*M3Õ50nGHR*8<O*}5+*%-$7~1J;$<O1JHJ<N50([-:5+*8;=<>;�aP50nOHR-$,x;=(0FOnG;$DO3FG(+H�1�DO(+30;$(�#

©4/@CEnGHJFG*%7%;:�p*%<dÛ �$r:Ü4lP*850n@5+nGH~-=3030DG,.FE5+*8;=<?50nO-�5�5+nGH 30DGF HJ([30-�50DG([-:5+*8;=<?30nG;=DG7%K¢©IHm36,c-$787×
γ < 1 Ù #bÞ¿<.5+nGH¹FG(+H�30HJ<N5)36DO©O36H�1V5+*8;=<d-?(0H�7%-�50*%;$<x©IHJ5Zl H�HJ< x(t)

-�<OK
x̃(t)

�:-�7%*MKxak;$(t-$<N/�:-�7%DGH?;�a
γ
*%3¹KGHJ(+*8�=H�KW#âG;$7%7%;:lP*8<GQ2(0HJakHJ(+HJ<O1JHdÛ \$\�Ü)-dKE([-$3650*M1Õ30*%,xFO78*8vI1J-�50*%;$<i;$a�50nGH.1�;=<O1�H�<N50([-:50*%;$<`FO(0;$vO78H-�(+;$DG<IK¶-$<¶*M36;=7%-�50H�KÕQ=(+-$*8<x*%3t1�;$<I36*MKEHJ(+H�K�Ó�36DG©I3Z5+*}5+DE50*%<GQ¢*85)©4/Õ-@1�;=,xFO78HJ50HJ7%/Õ365+-$©G*87%*%9JH�K©I;=DG<OKG-$(0/¨9J;$<OH.-=3?36³=H�5+1[nOH�K´*8<«vOQ=DG(0H.sG#%"$#c°mnG*M3¢365+-$©G*87%*%9JH�K´© ;$DG<OKO-�(+/i9J;=<GH$Ó�lP*850nKE*8| H�(0H�<=5@5+nG*M1[³N<OH�3+3

δ (τ, t)
ak;=(¢Q$([-�*%<O3A<4DO1�7%H�-�50H�K«-:5ÕKG*}|�HJ(+HJ<N5@50*%,.H�3

τ
Ó�lP*87%7)© Hd-$36u36DO,xH�K`5+;onO-��=HÕ-�<´H�LNDG*%78*%©G(+*8DG,Ô1J;$<O1JHJ<N50([-:5+*8;=<

cl
#?Þ¿<´-�<¨*%30;$7M-:5+H�Ki30FGnGH�(0*M1J-$7�Q$([-�*%<�Ó50nGHp50nO*%1[³4<GH�303

δ (τ, t)
1�-�<o© HA;$©E5[-�*%<GH�Ko©N/c,.H�-�<O3 ;�a�-¶7%;41�-�7 ,c-$3+3t©O-$7%-$<O1�Hp©IHJ5Zl H�HJ<50nGHm�=;$7%DG,.H ;$aO50nOH¹3Z5[-�©G*%78*%9JH�K¢© ;$DG<IKG-�(+/@9J;=<GHP-�<OKÕ50nGHm�=;$7%DG,.H ;$aO50nOHm1J;$(+(0H�36F ;$<IKE*8<OQ50([-�<O36ak;$(+,.H�KoQ$([-�*%<�#�°mnG*%3m,.H�-�<O3

R3 (τ, t) (c0 − cx) =
[
[R (τ, t) + δ (τ, t)]

3 − R (τ, t)
3
]
(cl − c0)

×�sG#%" Ù
RTB (τ, t) ≡ R (τ, t) + δ (τ, t) = γ− 1

3 R (τ, t)
×�sG#]U Ù

lPnGHJ(+H
R
*M3~50nGH@([-$KG*8DO3m;$a�5+nGH¢1�(+/E3Z5[-�7%78*850H@-$<OK

RTB
*%3PKGH�vO<GH�KY-$3~50nOH@(+-=KE*8DI3m;�a�50nGH36FOnGHJ(+*%1�-�7>âE'�0+*E#�-B)?'&²�7/±MCL5°¶W#>ýS)?¶K*�±40?'&FY9�;$<GH¢*%<O1J78DOKG*8<GQo©I;$50n`5+nGH¶1J(0/E365+-�7%7%*89�H�KY-�<OK50nGH¢365+-$©G*%78*%9JH�Ko9�;$<GH�3J#ý´HRlP*87%7~<G;:l¦KEH�vO<OH

xTB (t)
-$3¢50nGH2�$;=78DG,.Hcak([-$1�50*%;$<>;E1J1JDGFG*%H�K>©4/´50nGHo50([-�<O36uak;$(+,.H�K�FOnO-$30HoFG7%DO3x5+nGHR365+-$©G*%78*%9JH�K�© ;$DG<OKO-�(+*8H�3¶-$(0;=DG<OK>5+nGHRQ$(+;:lP*8<GQ¨Q$([-�*%<O3J#>��H�uQ$7%H�1�50*%<GQ?*8,.FG*%<GQ$H�,.HJ<N5�ÓNH�-=1[n¶*%<OKE*%�4*%KEDI-�7O1J(0/E365+-�7%7%*8<GHPQ=(+-$*8<xFG7%DO3�*85+3�© ;$DO<OKG-�(+/Õ(+HJQ=*8;=<nO-$3?-$<´30FGnGHJ(+*M1J-�7b30nO-�F H$Ó�-$<OK¨1J;$<O30H�LNDGH�<N507%/`*}5[3p© HJnI-��N*%;$(?-�7%;$<OQo5+nGH¶Q=(0;:lm5+ni*M3A50nGH



sO#8"?f?*8<OH�50*M1?,.;EKEHJ7M3m;�abFG(+*8,c-�(+/d1�(+/E3Z5[-�7%78*%9�-�50*%;$<O3 �ET
3+-�,.Hc-$3?5+nO-:5¢;$a~�4*%(65+DO-�7�#/%A0 f 587CED�0_#27´,+'�0+36*E#d;$a~([-$KE*%DO3

RTB (τ, t)
#o°mn4DO3�Ó�-$<Ü71þV@%A7B*�±47/±$âE'�0?*�#�-B)?'&²�71±CL5�¶W#�ýS)?¶K*�±40+'&Fd�$;=78DG,.HAak([-$1V5+*8;=<�Ó

x̃TB
ÓG1J-�<Y© H¢KEH�vI<GH�KR-$3

x̃TB (t) = 4π
3

∫ t

0
I (τ) [RTB (τ, t)]3 dτ =

= 4π
3

∫ t

0
I (τ) γ−1R3 (τ, t) dτ

×�sO# s Ù
-$<OKdak(+;$,y50nGH@HJXN5+HJ<OKGH�K2ak(+-=1V5+*8;=<RKEHJvO<G*850*%;$<>×kH�LNDO-:5+*8;=<«×6"$#%"�B Ù0Ù -�<OK«×�sO# s Ù

x̃ (t) = γx̃TB (t) .
×�sG# � Ù

Þ¿<N50H�(6akH�(0H�<O1�H~© H�5Zl~HJHJ<x5+nGHPQ$(+;:lP*8<OQpQ=(+-$*8<O3m×wC4Þ�HJ| H�1V5 Ù 1J-�<.<G;:lä©IHm5+(0H�-:5+H�K¶*8<O1J78DIKE*8<OQ5+nGHA365+-$©G*%78*%9JH�Ko© ;$DG<IKG-�(+/.9J;$<OH$#�°mnGHA;:�$HJ(+7M-�Fd;$a�50nGH@1J;$<O1JHJ<N50([-:5+*8;=<dFG(+;�vO7%H�3 (0H�36F ;$<Gu30*8©O78HAak;$(~5+nGHÕC4ÞtlP*%7%7�©IH¢-$FGFG(+;�XE*8,c-:5+H�Kc©4/o1J;$<O30*MKEHJ(+*8<OQÕ5+nO-:5m50nOH¢1�(+/4365+-$787%*850HAQ$(+;:lm50nKE;4H�3t<G;$5~3650;=Fo©4/cKE*8(+H�1�5 *%<N50HJ(0a�-$1JH�*%,.FG*8<OQ$HJ,.H�<=5�Ó4©GDE5m©IH�1J-�DI36Hp;�a�5+nGHp*%,.FG*%<GQ$H�,xH�<N5;$at50nOHd3Z5[-�©G*%78*%9JH�K¨© ;$DO<OKG-�(+/i9�;$<GH�3A-=3@36³=H�5[1[nGH�K¨*8<«vOQ=DG(0HcsO#8"=#x^`;=(0H.FG(+H�1J*%30HJ7%/$Ó�78HJ5DO3AKEHJvO<GH
Ωi(t)

Ó�50nGH¶ak(0H�H¶30;$7%*%K¨-�<GQ=78H@akDO<O1V5+*8;=<¨;�a~-o1�H�(65[-�*%<i1�(+/E3Z5[-�7%78*%<GHÕQ=(+-$*8<
i
ÓW-$35+nGH@36;=78*MK2-$<GQ$7%H?;�a�*}5[3m©I;=DG<OKG-$(0/d9�;$<GH?lPnG*M1[nRnO-$3m<G;$5P*8,.FG*%<GQ$H�KoDOFI;=<R;$50nGH�(m<GHJ*%Q$nEu© ;$(+*8<OQc©I;=DG<OKG-$(0/29J;$<OH�3�#~ý«H¢lP*%787�*%,xF ;=30H@5+nO-:5¹5+nGHÕQ=(+-$*8<Y*%<N50HJ(0a�-$1JH¢1�;=(0(+H�30FI;=<OKE*%<GQ5+;Õ5+nG*%3P30;$7%*MKo-�<OQ$7%H

Ωi(t)
1�;=<=5+*8<4DGH�3~Q$(+;:lP*8<GQÕDG<O-:|�H�1�50H�Ko©4/c5+nGH?*8,.FG*%<GQ$H�,.HJ<N5~lP*850n5+nGHd30-$,.HxQ=(0;:lm5+n¨7M-�lÑ-=3@-�<á*%30;$7M-:5+H�K´Q$([-�*%<�ÓWlPnG*%78H.5+nGHcQ$(+;:lm50n«;�a~50nOHc(0H�3Z5@;�a~50nOH*%<N50HJ(0a�-$1JH *M3bDE5050HJ(+7%/Õ*%<GnG*%©G*}5+H�KW#�°mn4DO3�Ó�l~Hm1�-�<¶H�XEFG(+H�3+3�5+nGHm50([-�<I3Zak;=(0,.H�K¢ak(+-=1V5+*8;=<xKEDOH5+;¶5+nGH

i
@æQ$([-�*%<2-=3

xi(t) =

∫ t

τ

Ωi(t
′)R(τ, t′)2G (τ, t′) dt′
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G (τ, t) = dR(τ,t)
dt

*%3�50nGH¶Q$(+;:lm50n`([-:5+HÕ-:5p50*%,xH
t
;�at-oQ$([-�*%<R© ;$(+<¨-�5�50*%,.H

τ
#°mnGH�(0HJak;$(+H$ÓN50nOH?50;�5[-�7�5+(+-$<O3Zak;=(0,.H�Kcak([-$1V5+*8;=<2lP*%7%7�©IH

x(t) =

N(t)∑

i=1

xi(t) =

N(t)∑

i=1

∫ t

τ

Ωi(t
′)R(τ, t′)2G (τ, t′) dt′
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lPnGH�(0H

N(t)
*%3~5+nGH@<4DG,Õ© HJ(P;$a�Q=(+-$*8<O3m-�5~5+*8,.H

t
#C4*%,.*87M-�(+78/=ÓPak;$(o50nGH´50([-�<I3Zak;=(0,.H�KSFO78DO32© ;$DG<OKO-�(+/�ak([-$1�50*%;$<�Ó¹(+HJ,.H�,Õ© HJ(+*8<GQ�50nO-�5

RTB(τ, t) = γ− 1

3 R(τ, t)
ÓGl~HA;=©E5+-$*8<

xTB(t) =
N(t)∑
i=1

xTB,i(t) =

=
N(t)∑
i=1

∫ t

τ
Ωi(t

′)RTB(τ, t′)2 dRT B

dt′ dt′ =

= γ−1
N(t)∑
i=1

∫ t

τ
Ωi(t

′)R(τ, t′)2G (τ, t′) dt′

×�sO#]T Ù

°mnGH�<�Ó=ak(0;=,ãH�LNDO-:5+*8;=<O3¹×�sO# � Ù -$<OKi×�sO#]T Ù Ó=50nGHA-$1�50DO-$7G50([-�<I3Zak;=(0,.H�K.�=;$7%DG,.HPak([-$1V5+*8;=<c*%3KE*%(+H�1V5+78/o(0H�7%-�50H�Ko50;x5+nGH?50([-�<O36ak;$(+,.H�KoFG78DI3P©I;=DG<OKG-$(0/o�$;$7%DG,.HAak(+-=1V5+*8;=<R-=3
x (t) = γxTB (t)
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x (t) cx + [xTB (t) − x (t)] cl + [1 − xTB (t)] c0 = c0
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×
R (τ, t) ∝ (t − τ)

1
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x (t)

-$<OK
xTB (t)
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xTB

1J-�<�©IH36H�HJ<o-=3t-ÕFG(0;E1JH�3+3)lP*850no([-�<IKE;$,ã<4DO1�7%H�-�50*%;$<d-:5 50nGH
1−xTB

9�;$<GH=ÓN*M30;�50(+;$FO*%1PQ=(0;:lm5+n(+-�50H
γ− 1

3 G
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xTB
1J-�<�©IH;$©E5[-�*%<GH�Koak(+;$,

dxTB(t)
dx̃TB(t) = 1 − xTB (t)

xTB (t) = 1 − exp [−x̃TB (t)]
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γ−1x (t) = 1 − exp
[
−γ−1x̃ (t)

]
,

×�sG#%"$" Ù36nO;:lP*8<GQi50nO-�5
xTB

*M3ÕH�L=DO*8�:-�7%HJ<N5x50;
ξ
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γ
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h�3A-�7%(+H�-$KG/2365+-:5+H�KWÓI50nOHÕ-�<O-$78/E30*%3�;�a�FG(+*8,c-$(0/R1�(+/4365+-$787%*%9�-:5+*8;=<Y*%3A1�;=,x,.;=<G78/2FIH�(6uak;=(0,.H�KoDO30*8<GQxH�LNDO-�50*%;$<O3A×Z"=#8":T Ù -�<OK´×Z"=#8"�r Ù Ó4lPnGH�(0Hp50nOHp5+(+-$<O36ak;$(+,xH�K.ak([-$1V5+*8;=<O3 x (t)-$<OK
x̃ (t)

-$(0Ho30DG©O3650*850DG50H�Kä©4/
ξ (t)

-$<OK
ξ̃ (t)
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G (R) =
D

R

cl − c0

cl − cx
= γ

D

R
,

×�sG#%"�U Ù
lPnG*M1[n�1�;=(0(+H�30F ;$<OKG3A5+;iH�LNDO-�50*%;$<�×Z"=#8"=" Ù lP*850n λ =

(
cl−c0

cl−cx

) 1

2 #YÞ¿<>5+nGHo1�-$30Hc;�aP50nOH
,.H�-$<EuwvOHJ7MKo,.;EKEH�7�50nG*M3PQ$(+;:lm50nR([-:50HA*M3P,.;4KG*}vOH�KRQ$*%�N*%<GQ

G (R) =
D

R

cl − c (t)

cl − cx
=

D

R
γϕ (t) .
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*M3�1J-$7%1JDG7M-:50H�KY-$1J1J;$([KE*%<GQx50;d© ;�5+n`,xH�1[nO-�<O*%30,c3J± d 0&ex-�<Y*%<N50HJ(0a�-$1JH�u1�;=<=5+(0;=787%H�KiQ$(+;:lm50n�Ó ak(+;$, 50nOH.KGHJ(+*8�:-:5+*8;=<¨;$a)50nGHc30;$7%DE50*%;$<´;�a)5+nGH.*8,.FG7%*M1�*85?H�LNDO-:5+*8;=<×�UG# �4B Ù -�<OK d�f ei-áKE*8| DI36*%;$<Eu¿1�;=<N50(+;$7%78H�K�Q$(+;:lm50n�Ó�ak(0;=,¤50nOHiKEHJ(+*8�:-�50*%;$<º;�apH�LNDO-:5+*8;=<×�sO#8"�B Ù #�hp3P1J-�<R© H¢36H�HJ<R*8<2vOQ$DO(0H@sG# �OÓE-�5P50nGH?© HJQ$*%<G<G*%<GQ.;�a�50nOHp5+(+-$<O36ak;$(+,.-�50*%;$<o50nGH*8<N5+HJ(0a�-$1�H.�=HJ7%;41J*}5Z/¨*%3@,¶DO1[n>367%;:l~HJ(A50nO-$<«50nGHdKE*8|�DO36*%;$<á;=<GH$Ó�lPnGHJ(+H�-=3A-�aæ50H�(Õ1�H�(65[-�*%<50*%,.H$ÓN*}5~*%3�7M-�(+Q$H�(t-�<IK¶nOHJ<O1JH$Ó4-@Q$(+;:lm50nx,.H�1[nO-$<G*%30,û1[nO-�<GQ=HP;E1J1�DO(+3�#�h�<G;�5+nGHJ(ta�-$1V5+;$(50nO-�5¹,ÕDO365¹© HÕ1�;=<O36*MKEH�(0H�Ko*M3~50nGHÕ��-$78DOH@;�a�50nGH¢1J;$<O1JHJ<N50([-:5+*8;=<dvOH�7%K`-�5P50nGH@*%<N50HJ(0a�-$1JH$Ó
uint

×æ50nI-:5o-�FOFIH�-�([3¶*%<ºH�LNDO-:5+*8;=<j×wUE# �=� Ù -$<OKº<GHJH�KEH�Kä*8<·×wUE# �NB Ù0Ù #S°mnG*M3c�:-�7%DGHYnO-$3©IH�HJ<`5[-�³=HJ<i-$3 −0.5
ÓG5+nGHÕ,.H�-$<`�:-�7%DGH¢;�a

uint
#¹Þ¿<Y50nO*%3pl~-�/=ÓGak(+;$,q50nGH¶;$<GHJuwFI-�(050*M1�7%H36*%,ÕDO7%-�50*%;$<�ÓI50nGH

λ
FO-�([-�,.HJ50HJ(�;�a�50nOHcê H�<GHJ(x� 3¹H�LNDO-�50*%;$<i*M3A1J-�7M1�DO7%-�50H�K¨-�<OK`DI36H�KYak;$(50nGH¢1J;$,.FO-$(0*M36;=<o© H�5Zl~HJH�<o5+nGH¢�PuÖFO-�(050*M1�7%H@36*%,ÕDO7%-�50*%;$<O3P-$<OKd5+nGH@³4*8<OH�50*M1J3m,.;EKEH�7%3�#

°mnGH@(0H�36DO7}5[3 ;$a�5+nGH?vG565+*8<OQd1J-�<2©IH¢30HJH�<2*%<2vOQ$DG(+H�3PsO# B:uÖsO#]T¢1�;=(0(+H�30FI;=<OKE*%<GQ¢5+;x50nGHQ$(+;:lm50nc;$a�;$<GH?30*8<GQ=78HpFO-�(050*M1�7%H�*%<
2D

lP*850n2KG*}|�HJ(+HJ<N5m��-$78DOH�3~;�a�5+nGH?36DGF HJ([3+-:50DO(+-�50*%;$<�±ak(0;=,
0.2

50;
0.8

#¤Þ¿<i50nOH�30H¢vOQ=DG(0H�3JÓO50nGH.30/N,¶©I;=7%3�(0H�FG(+H�30HJ<N5¹50nOHÕ&tâb^�30*%,ÕDG7M-:5+*8;=<O3-�<OKº5+nGH´30;$7%*MKä7%*%<GHi5+nGHiH�LNDO-�50*%;$< ×�sG#%"J� Ù vO5650H�KS50;�50nGH«1�DG(+�$H`*%<�50nOH¨1J-=36Hi;$a?50nGH(+-=KE*%DO3�-$<OKY50nOHxKEH�(0*%�:-:5+*8�=HÕ;�a�×�sG#%"J� Ù *8<¨50nGH.1J-=36HÕ;�a�50nOH¶�=HJ7%;41J*}5Z/=#php3A1�-�<i© H¶30HJH�<�Ó50nGH~-�Q=(0H�HJ,.HJ<N5�© H�5Zl~HJH�<@50nGHm30*8,¶DG7%-�50*%;$<@(+H�30DG785+3�-�<OK?5+nGH 50nGH�;$(+H�50*M1J-$7=1JDG(0�=H�3�*%3�©IHJ565+HJ(ak;$(¶78;:l~HJ(¢�:-$78DGH�3¢;$a~5+nGH230DGF HJ([30-�50DG([-:5+*8;=<�#YÞ¿<á50nGH�36HR1J-=36H�3?50nGHo50*%,.Ho*%<�lPnG*M1[ná50nGHFO-�(050*M1�7%H`*M3cQ$(+;:lP*8<OQ´©4/�*%<N50H�(6a�-=1�HY*%3d(0H�KEDO1�H�KWÓ~50n4DO3c*8521�-�<S©IHi3+-�*MKä50nO-�5c50nGH�(0H`*M3;$<G7%/º;$<GHiQ=(0;:lm5+nS,xH�1[nO-�<O*%30,�-$<OKS5+nGHJ<�5+nGH¨H�(0(+;$(c*%<N50(+;EKEDO1�H�K�*%<�50nGH´l~-�/
tc

*M31J-$7%1JDG7%-�50H�Ká*%3Õ,x*%<G*%,.*89�H�KW#«°mnG*%3ÕHJ(+(0;=(Õ1J-$<>©IHR-:5050(+*8©GDG50H�K�,.-$*8<O78/´50;¨50nGH2l~-�/¨50nGH*8<N5+HJ(0a�-$1�HJuÖ1J;$<N50(+;$7%7%H�KxQ$(+;:lm50nc*M3t,.;EKEH�787%H�KW±�-¶1�;$<I3Z5[-�<N5mµA*%©G©O3tak(0H�H�H�<GHJ(+Q$/.KE*8| H�(0H�<O1�H*%3Y-=3030DG,.H�K
-�7%;$<GQº-�7%7p5+nGH«Q$(+;:lm50nçFG(+;E1�H�303�Óp-äKE*}|�HJ(+HJ<I1�H´50nO-�5Y*%<
-ä(+H�-�7@30/E3Z5+HJ,



sO# UxµA(0;:lm5+n2;$ab-.30*8<OQ$7%HAFI-�(050*M1�7%H B$s

â�*%Q$DG(+HcsG# �O±@{�*8|�DO36*%;$<�-$<OK´*8<N50H�(6a�-=1�H.�$H�78;E1J*}5Z/i;$am-Y30*8<OQ$7%HcFO-�(050*M1�7%H.lP*}5+ná-$<á*8<G*850*M-�7([-$KE*%DO3
R0

ak(0;=,ãH�LNDO-:5+*8;=<O3 UG# �4B@-�<OKcsO#8"��O#�ý�nGHJ<o50nGHpFO-�(050*M1�7%H¹(+H�-=1[nGH�3 1�HJ(05+-$*8<d30*%9JH$Ó5+nGH¢KE*8| DO30*%;$<R�$HJ7%;E1�*85Z/d© H�1�;=,.H�3~50nOH¢36,c-�7%7%HJ(P;$<OH$Ó450n4DO3P1J;$<N50(+;$7%7%*8<GQ¶50nOH@Q$(+;:lm50n�#

â�*%Q$DG(+HtsG#]BE±�{�*%,.HJ<O30*8;=<G7%H�3+3�([-$KE*%DO3~×k7%H�aæ5 Ù -$<OK¢�=HJ7%;41J*}5Z/.×k(+*%Q$nN5 Ù ak;$(�;$<GHm36*%<GQ=78H FO-�(050*M1�7%H*%<
2D

lm*850n`-.30DGFIH�(+3+-:5+DG([-:50*%;$<2;�a
0.2



B:� ¥ nO-�FG50HJ([sG#)C4*%,ÕDO7%-�50*%;$<O3mlP*850n`1�;=<O365+-�<N5
D

â�*8Q=DG(0H~sG# �G±�{p*8,.H�<O36*%;$<O78H�303�(+-=KE*%DO3 ×�78HJaæ5 Ù -�<IK@�$H�78;E1�*85Z/c×k(+*8Q=nN5 Ù ak;=(�;=<GH 30*%<GQ$7%HtFO-$(65+*%1J78H*8<
2D

lP*850n`-.36DGF HJ([3+-:50DO(+-�50*%;$<o;$a
0.5

â�*8Q=DG(0H~sG#ÝT4±�{p*8,.H�<O36*%;$<O78H�303�(+-=KE*%DO3 ×�78HJaæ5 Ù -�<IK@�$H�78;E1�*85Z/c×k(+*8Q=nN5 Ù ak;=(�;=<GH 30*%<GQ$7%HtFO-$(65+*%1J78H*8<
2D

lP*850n`-.36DGF HJ([3+-:50DO(+-�50*%;$<o;$a
0.8



sO# UxµA(0;:lm5+n2;$ab-.30*8<OQ$7%HAFI-�(050*M1�7%H B=B

γ λ λZ λ/λZ

0.2 0.629 0.629 1.00
0.5 1.718 1.562 1.10
0.8 2.909 3.636 0.80

°�-�©G7%H@sG#%"$± G -�7%DGH�3~ak;$(m50nOH?vG565+H�KRFO-�([-�,.HJ50HJ([3~*8<Y;=<GH�u¿36*%<GQ=78HAFO-�(050*M1�7%H@36*%,ÕDO7%-�50*%;$<O3m*%<
2D

-=3P-ÕakDG<I1V50*%;$<Y;$a�50nOH¢36DGF HJ([3+-:50DO(+-�50*%;$<
γ

KE*%,.*8<O*%30nGH�3oDG<N50*%7�5+nGHiQ=(0;:lm5+nº© H�1J;$,.H�32KE*8| DO30*%;$<Eu¿1�;=<=5+(0;=787%H�K�#�°mnOHi�:-�7%DGH�3o;�a@50nOHvG5050H�K�FO-$(+-$,xHJ50H�(�Ó�<O-�,.H�78/
λ
Ót1J-$<�©IHY30HJHJ<�*8<>5[-�©G7%HYsG#%"$Ó�-$3¶l H�787m-$3¢50nGHYLNDG;�5+*8H�<N5© H�5Zl~HJH�<

λ
-�<IK¢5+nGHP1�;$(+(+H�30FI;=<OKE*%<GQ��:-�7%DGH~;$©E5[-�*%<GH�K¶©4/¶ê HJ<OHJ(�Ó

λZ
×�H�LNDO-�50*%;$<2×wUE#]B�z Ù6Ù #°mnGH�36H¶�:-�7%DGH�3p36nG;:l¹3�50nI-:5�ak;=(p7%;:l 30DGFIH�(+3+-:5+DG([-:50*%;$<I3JÓIlPnGHJ<`5+nGH¶50*%,xHx*%<ilPnG*M1[ni50nOH*%<N50HJ(0a�-$1JH�u¿1�;=<=5+(0;=787%H�K«Q=(0;:lm5+n>50([-�<O30*%HJ<N5¶*M3x(0H�KEDO1�H�KWÓ�5+nGH`ê�HJ<GH�(¶H�L=DI-:50*%;$<äFIH�(6akH�1V5+78/(+HJFG(+;EKEDO1JH�3�50nGHc30*8,¶DG7%-�50*%;$<´(0H�36DG785+3�#¶âO(0;=, 50nGH�36HxvOQ=DG(+H�3?-�<OKi5+-$©G78H=ÓW50nOH¶ak;=787%;:lP*%<GQ1J;$<O1J78DO30*%;$<O3¶1J-�<�©IH`365+-:5+H�KW±�0/eR50nGH250([-�<O30*%HJ<N5x365+-$Q$Ho© H�ak;=(0Ho50nGHRQ$(+;:lm50n>© H�1J;$,.H�3KE*8|�DO36*%;$<GuÖ1J;$<N50(+;$7%78H�K.*%3~<G;$5~<OHJQ$7%*%Q$*%©G78H=Ó4H�XG1�H�FE5 ak;=(m78;:l��:-�7%DGH�3 ;$a

S
-$<OK f e@H�LNDO-�50*%;$<×�sG#%"J� Ù *%3?;=<G7%/i-dvO([3656uÖ;$([KEHJ(A-�FGFG(+;=-=1[nY50;R50nOH¶Q=(0;:lm5+n¨;�a ;$<GH.36*%<GQ=78HxFO-�(050*M1�7%H$#¶°�l~;,c-�*%<á1�;$(+(+H�1V5+*8;=<O3?1J-$<«© HdKE;=<GH$#oâ�*%(+365¢;�aP-�7%7wÓ�50nOHc*8<N50H�(6a�-=1�Hc-�<IK«KG*}|�DO30*8�=HcFG(0;E1JH�3+3-$(0H?36*%,ÕDO7}5[-�<GH�;$DO3m-�<IKo<G;$5¹36DO1�1�H�36*%�$H?-�<OK25+nGHJ<�Ó45+nGH¢1[nO-$<GQ$Hpak(0;=,y;$<OHp5+;x50nGH@;$50nGH�(,¶DO3Z5?© Hx30,.;N;$50n«-�<OK¨<G;�5@36nI-�(+F¨-$3A*%<ivOQ=DG(0HxsG# �«×�*8<´;�5+nGHJ(?l~;$([KG3JÓI50nOH.KGHJ(+*8�:-:5+*8�=H;$a 5+nGHo�=HJ7%;41J*}5Z/´,ÕDO365Õ© Ho1�;=<N50*%<NDO;$DO3 Ù #`C4H�1J;$<OKG78/=Ó�5+nGHd*%<=5+HJ(0a�-$1JHd�$H�78;E1�*85Z/´KGHJF HJ<OKG3;=<¨5+nGHc�:-�7%DGHc;�a~50nGHd1J;$<O1JHJ<N50([-:5+*8;=<¨vIHJ7MK«-�5?50nGHd*%<N50H�(6a�-=1�H

uint
Ó���-$78DOH¶5+nO-:5¢l~H.vGX5+; −0.5

-:5?-�<4/o5+*8,.H=àW©GDE5@-$3P5+nGHxQ$([-�*%<RQ=(0;:l¹3P50nGH.1�;=<O1�H�<=5+(+-�50*%;$<`-:5p50nGHx*%<=5+HJ(0a�-$1JH�:-�(+*%H�3¹1[nO-$<GQ$*%<GQx50nOHÕ*%<=5+HJ(0a�-$1JH@�$HJ7%;E1�*85Z/2-$<OKWÓ�1�;$<I36H�L=DOHJ<N507%/$ÓE5+nGH¢5+*8,.Hx-:5�lPnG*M1[nY50nOHKE*8|�DO36*%�$Hx�$H�78;E1J*}5Z/Y© H�1�;=,.H�3A36,c-�7%7%HJ(�#?°mnOH�30HÕa�-=1V50;=(+3�*8<N5+(0;EKEDO1JHx-$<¨H�(0(+;$(p*8<
tc
50nO-�5,c-�*%<G7%/¨-:|�H�1�5+3A5+nGHc1J-�7M1�DO7%-�50*%;$<¨;$a 5+nGH.Q$([-�*%<l� 3p�=HJ7%;E1�*85Z/$#.h�3@30nG;:lP<¨*%<«vOQ$DG(+H�3?sO# B:usO#]TEÓP50nGHá([-$KE*%DO32HJ�=;$7%DE50*%;$<ç*M3Rl H�787@KEH�301J(0*%© H�Kç©4/SH�LNDO-�50*%;$<ã×�sG#%"J� Ù #q¸p<G7%/S*8<
50nOH1�-$30Hd;�a¹7M-�(+Q$Hd30DGF HJ([30-�50DG([-:5+*8;=<O3o×

S > 0.8 Ù Ó�lPnGH�(0Hd50nGH250([-�<O30*%HJ<N5Õ*M3Õ7%;$<GQ=HJ(�Ó�50nGH�36HH�(0(+;$([3@,c-�/´nI-��$Ho30;$,.HoHJ| H�1V5�#´Þ¿<>5+nG*M3¶lm-�/$Ó�5+nGHd5+(+-$<O3Zak;=(0,.H�K«ak(+-=1V50*%;$<�HJ�$;=78DG50*%;$<;$a�-`,c-�<4/áFO-�(050*M1�7%H230/E3Z5+HJ,ß*%3¶<G;$5x30*8Q=<G*}v 1J-�<N5+78/«,.;4KG*}vOH�K>©4/«50nGHY-�FGFO(0;�XE*%,.-�50*%;$<DO30H�Ká*%<>H�LNDO-�50*%;$<ç×�sG#%"J� Ù #YÞZ3@ak;$(¢50nO-�5¶(+H�-$30;$<�Ó�50nI-:5Õ5+nG*M3¢H�LNDO-�50*%;$<>nO-=3@© HJHJ<�DO36H�K5+nG(0;=DGQ$nO;$DE5 -$787I50nO*%3~l~;$(+³ ÓNlP*850nG;=DE5 5+nGH�<OHJH�Ko;�a�*%<N50(+;EKEDO1�*%<GQÕ-Õ,.;$(+H�FG(+H�1J*%30H�,.;EKEHJ7ak;=(@50nGHd50([-�<O30*}5+*8;=<«ak(0;=,þ-�<>*%<N50H�(6a�-=1�H.50;´-`KE*}|�DO30*8;=<Eu¿1�;$<N5+(0;=787%H�K´Q$(+;:lm50n�#YÚ~H�30*%KGH�3�Ó5+nGH¹FGnO-=36HJu�vIHJ7MK¶,.;EKEH�7IFO-$(+-$,.H�50H�(+3bnI-$3�© HJH�<o1[nG;=30HJ<.*%<c;$([KEHJ()50;¢,.*%<G*8,.*%9JHA-$3�,¶DO1[n-=3tF ;=3+36*%©G7%H$Ó=50nG*M3~*8<N5+HJ(0a�-$1�HJuÖ1J;$<N50(+;$7%7%H�Kx50([-�<I36*%HJ<N5~365+-$Q$H=ÓN-=3tHJX4FO7%-$*8<GH�Kc*%<230H�1V5+*8;=<RUG# UG#

¬	�;H	�(H
3D

�W��[ �����NIE�������Lü
Þ¿<o50nGHp50nG(+HJH?KE*%,.HJ<O30*8;=<O-�7�1J-=36H�50nGHA([-$KE*%DO3~;�aW5+nGH?Q$(+;:lP*8<GQ¶36FGnOHJ(+H�*M3 ;=©E5+-$*8<OH�K.ak(+;$,5+nGH?50([-�<O36ak;$(+,.H�Kdak(+-=1V50*%;$<R;�ab-.36*%<GQ$7%H?FO-�(050*M1�7%H@36*%,ÕDO7%-�50*%;$<Y-$3�±

Rsim(t) = L

(
3x(t)

4π

)1/3 ×�sG#%"�T Ù



B�� ¥ nO-�FG50HJ([sG#)C4*%,ÕDO7%-�50*%;$<O3mlP*850n`1�;=<O365+-�<N5
D

â�*8Q=DG(0HAsG# rG±b{�*%,.HJ<O30*%;$<G7%H�3+3)([-$KE*%DO3~-�<OKd�$HJ7%;E1�*85Z/xak;$(t;=<GHp30*%<GQ$7%H�FO-$(65+*%1J78Hp*8<
3D

lP*850n-.36DGF HJ([3+-:50DO(+-�50*%;$<o;$a
0.2

γ λ λZ λ/λZ

0.2 0.976 0.908 1.075
0.5 2.335 2.076 1.125
0.8 3.674 4.593 0.80

°�-$©G7%H?sO# UG± G -�7%DGH�3~ak;=(m50nGH?vG5050H�KYFO-�([-�,.H�5+HJ([3t*%<Y;$<GHJuÖ30*%<GQ$7%HpFI-�(050*M1�7%H?30*%,ÕDG7M-:5+*8;=<O3m*8<
3D

-$3P-¶akDG<O1�50*%;$<Y;�a�50nGH¢30DGF HJ([30-�50DG([-:5+*8;=<
γ

lPnG*%78Hc5+nGHo�=HJ7%;E1�*85Z/´nO-=3¢© HJH�<�1J-$7%1JDG7%-�50H�K´*%<>5+nGH23+-�,.Hdlm-�/´-=3@50nOH
2D

1�-$30H$#`°mnGH(0H�36DO7}5~;�a�5+nGH�vO5650*%<GQN3~1�-�<d© HA;$©O30HJ(+�$H�K.*8<ovOQ$DG(+H�3~sG# r:u¿sG#%"�zO#�Þ¿<o50nG*M3m1J-$30H$Ó=50nOHp�:-�7%DGH;�a
uint

nO-$3?© HJH�<á-$7%30;2vGXEH�K´50; −0.5
-�<OK¨50nGHcFI-�([-�,.H�5+HJ(

λ
*M3?;$©E5[-�*%<GH�K´ak(+;$,Ô5+nGHvG565+*8<OQilP*}5+n>50nOHd�:-�7%DGH�3¢30HJH�<>*8<á5[-�©G7%HosO# UG#`¸p©O30HJ(+�4*8<OQ25+nGHdvO5650H�K>1�DG(+�$H�3¢-�<IK«50nGH

λ/λZ
�:-�7%DGH�3�ÓI50nGHx30-$,xH¶-�<O-$78/E30*%3¹KG;$<GH¶*8<`5+nGH

2D
1J-$30H¢1J-$<i© H¶KE;=<GH$± 50nGH¶H�|�H�1�5p;�a50nGHp50([-�<I36*%HJ<N5~365+-$Q$H¹*M3~;$<G7%/c36*%Q$<O*}vI1�-�<N5)ak;=(~nO*8Q=nd�:-�7%DGH�3 ;�a�5+nGH?36DGF HJ([3+-:50DO(+-�50*%;$<c-�<OK*}5¹,c-$*8<G7%/o-�| H�1V5+3P50nGH@�=HJ7%;41J*}5Z/=Ó4<G;�5¹© HJ*%<GQc*%,xF ;$(05+-$<N5m*%<R50nGH@([-$KG*8DO3�#^`;$(+HJ;:�=HJ(�Ót*%<�36H�1V5+*8;=<�UG# sO# UGÓ~50nGH¨1J;$<O1JHJ<N50([-:5+*8;=<SFG(0;$vO7%H�3.*%<

1D
Ó

2D
-$<OK
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D

∆x = 0.005 ∆x = 0.0025
SL n SL n

2D ≥ 0.065 4 ≥ 0.11 4
< 0.065 16 < 0.11 16

3D ≥ 0.2 8 ≥ 0.4 8
[0.055, 0.2) 64 [0.09, 0.4) 64

< 0.055 216 < 0.09 216
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� �S�Y���l�PIE���J�R
S�E��IK�Q�����
Þ¿<o5+nGH@36*%,ÕDO7%-�50*%;$<O3�ÓN50nGH@��¼��
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u Ù -$<OKc5+nGHA30DGF HJ([30-�50DG([-:5+*8;=<×
S Ù ÓE50nOH@<NDI1�7%H�-:5+*8;=<2FO(0;=©O-�©G*%7%*}5Z/d1�-�<R©IH@lP(+*}5050H�<Y-=3J±

I(u) = I0 exp

{
−Q

[
1

ln2 (1 + Su)
− 1

ln2 (1 − S)

]} ×�sG#]U�z Ù
Þ¿<¨;=(+KEH�(¹5+;R-��=;$*MKY<NDI1�7%H�-:5+*8;=<i*%<´-�<´H�XE*M3Z5+*8<GQ2Q$([-�*%<�ÓI50nG*M3AFG(0;=©O-�©O*87%*}5Z/Y*M3A;$<G7%/`1�;$,xuFGDE5+H�K«*}a~50nOHd36H�78H�1V50H�K´1JHJ7%7)nO-=3

φ > 0.5
#c°mnGH.<4DO1�7%H�-�50*%;$<«FG(0;=©O-�©O*87%*}5Z/i-�5

u = −1
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φ
-�<IK

u
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ÓN50nGH?�:-�7%DGHp50nO-�5m1J;$(+(0H�36F ;$<IKG3�5+;Õ5+nGH@1�(+/4365+-$787%*%<GH�FGnI-$30H$Ó*8<

n
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SL = uS Ù *M3¹KE*8| H�(0H�<N5¹*8<KE*8| H�(0H�<=5�-�(+H�-=3�;$aG50nGHm,c-:5+(0*8X¢-�<OK¶-:5�KE*8| H�(0H�<=5�50*%,.H�3�#�°mnOHJ<�Ó:*%<¶;=(+KGHJ(�5+;A-=3030DG(+H)5+nO-:5-�7%7�50nGHx<4DO1�7%H�-�50*%;$<¨H��$H�<=5[3p-$(0H¶(0H�-�7wÓ�*�# H$#@5+nO-:5?5+nGH¶<OHJl Q=(+-$*8<inI-$3?-�<´*8<G*850*M-�7b([-$KE*%DO3Q$(+H�-�50HJ( 50nI-�<250nGH@1�(+*850*M1J-�7�;=<GHA-$<OKRKE;4H�3~<G;�5¹KE*M3+36;=78�=H$ÓN50nGH?7%;E1J-�7W30DGF HJ([30-�50DG([-:5+*8;=<d*8<50nGHx([-�<OKE;=,.78/`30HJ7%H�1V5+H�K´1�HJ7%7b*%3pDO30H�Ki50;R³N<O;:l�50nGHx<4DG,Õ© HJ(?;�a~1�HJ7%7M3�5+nO-:5A50nOH¶*%<G*850*M-�7<4DO1�7%HJ*W,¶DO3Z5m;E1J1JDGF4/$#�°mnGH?*8<O*}5+*%-$7W(+-=KE*8*WKEH�FIH�<OKG3m;=<o5+nGH?DO36H�Ko30FO-:5+*%-$7WKE*%3+1�(+H�5+*89�-:5+*8;=<×kH�L=DI-:50*%;$<I32×�sG#%"�r Ù -�<OK
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S = 0.8
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sO# �.°�([-�<I3Zak;=(0,c-:5+*8;=<O3~lP*}5+n`1�;$<N5+*8<4DG;=DO3~<NDI1�7%H�-:5+*8;=< �4T

S Q

2D 0.2 0.0139
0.5 0.0905
0.8 0.2500

3D 0.2 0.0155
0.5 0.0971
0.8 0.2641

°�-�©G7%H¹sG#]BE±
Q
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∫ ∞

R

[1 − P (u)] 2πr dr = π
[
(R + δ)2 − R2

] ×�sG#]UE" Ù
*%<o5+nGH

2D
1J-=36H?-�<IKo5+nGH@H�LNDG*%�:-�7%HJ<N5P;$<GHAak;=(

3D
±

∫ ∞

R

[1 − P (u)] 4πr2 dr =
4π

3

[
(R + δ)3 − R3

] ×�sG#]U$U Ù
h¦ê HJ<OHJ(x� 3AFG(+;�vO7%HxnO-$3A© HJHJ<«DO30H�K¨*8<´50nGH

u(r)
KEHJF HJ<IKEHJ<O1JHx50nO-�5@-$FGF H�-�([3p*8<

P (u)
Ó-=3?l H�787~-$3A50nOHdH�LNDO-�50*%;$<�×�sO# U Ù -�<OKá*85+3@H�LNDG*8�:-$78H�<=5@ak;=(

2D
×
(R + δ)2 = RS−1/2 Ù #°mnGH�;$©E5[-�*%<GH�Kc�:-$78DGH�3�ak;=(tH�-=1[ndKE*%,xH�<O30*8;=<O-�7%*}5Z/.-�<IKc36DGF HJ([3+-:50DO(+-�50*%;$<c1J-$<c©IHA36H�HJ<d*%<5[-�©G7%HAsO# BG#�hp3P-�<2H�XG-�,.FG7%H$ÓNvOQ=DG(0H?sG#%"��¶36nO;:l¹3)5+nGH?<NDI1�7%H�-:5+*8;=<dFG(+;$©O-$©G*%78*85Z/.ak;$(m-

3D1�-$30HplP*850n
S = 0.5
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S = 0.5
ÓP<GH��$HJ(2/4*8H�7%KE*%<GQ�50nGH´H�XEFIH�1V5+H�Kç3078;:l~HJ(o³N*%<GHJ50*M1J3d;=(d5+nGH¨7%;:l ��-$78DOH�3
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