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+6*+% +6,/% 0C.*9,2% ;-*0% ,/% 2-.+,.)*;;C% *77;,10% +-% +61% +)41% 8*;;% *+% +61%

:1;-2,+C% -<% +61% /6-2@% 8*:1=% [>% ?-% /+*3+% +61% 0,/2)//,-.=% *% /)001.;C%

*77;,10% ;-*0% *+%[%w%W% ,/%2-./,01310=%)/,.5%A,5/>%j&%*.0%jG>%?63-)56%

8*;;%3*0,*;%/+31//1/%*31%1D2;)010%<3-9%+6,/%0,/2)//,-.>%

%
?61%/+31//1/%0)1%+-%1D7*./,-.%-<%+61%+)41=%-3%431*+6,.5%/+31//1/=%*31%

+61% <-2)/% -<% +6,/% 0,/2)//,-.>% F.% ,/-+3-7,2% +)41% ,/% *//)910% +-% *2+% */% *%

/,.5;1% 015311% -<% <3110-9% pBKVAq% -/2,;;*+-3% /)4o12+10% +-% *% /)001.;C%
*77;,10%/+17%,.231*/1%,.%731//)31%*/%/6-8.%,.%A,5>%j&>%?-%1:*;)*+1%+61%

0C.*9,2% /+31//1/=% +61% /+*+,2% /+31//% ,/% <,3/+% 31(),310% <-;;-810% 4C% +61%
1()*+,-.%-<%9-+,-.>%V.21%+61/1%1()*+,-./%*31%731/1.+10%+61%0C.*9,2/%-<%

+61%/+17%731//)31%9-:,.5%*+%*%/-.,2%:1;-2,+C%*31%0,/2)//10%41;-8>%

%
%

W,.9'*%PXY% 6=SW%6A/E*[%Å,EI%8G),E;E,(-%
%

%
%

W,.9'*%P2Y%6=SW%&,<*%7(+*:%
%

6E;E,)%6E'*//%
?61% /+*+,2% L*91% /+31//% ,/% 01+139,.10% 4C% *//)9,.5% *% ).,+% ;1.5+6%

/)4o12+10%+-%*%731//)31=%TW=%8,+6%-77-/,.5%6--7%/+31//1/%1()*;%+-%G%z%ee>%

?6,/%+6,.%8*;;%*773-D,9*+,-.%/+31//%,/%1D731//10%*/%

%%%%%%%
+

Y
WT ⋅=θσ % % % %%%%%%pj&q%

F% 9-31% ,.<-39*+,:1% <-39% -<% +61% 6--7% /+31//% ,/% +61% +6,2@% 8*;;%
*773-D,9*+,-.=%86,26%2*.%41%<-).0%*/%<-;;-8/%pL)4;,.13%l{mq>%

%%%%%%%%%%%%%%
( )

'

Y

0Y

Y0
Y

θσ⋅ν−σ
=θε

=ε % % %%%%%%pjGq%

%%%%%%
'

Yσ⋅ν−θσ
=θε % % %%%%%%pjdq%

V.%/)4/+,+)+,-.=%

%%%%%%%%%%%%
( )( )

'

Y

0Y

Y&0 θσ−σ
=

ν−θσ⋅ν−
% %%%%%%pjvq%

jC%/C991+3C=%%

%%%% W
Y

Y

0Y

Y0 =θσ−σ+σ
% % %%%%%%pjtq%

B)4/+,+)+,.5%'(>%jv%,.+-%jt%C,1;0/%

%%%%%%%%%
( ) ( )

W
Y

YG

0Y

Y0
=

σ−θσ⋅
+

σ−θσ
% %%%%%%pjuq%

86,26%2*.%41%/-;:10%4C%*//)9,.5%+8-%2-./+*.+/%F&%*.0%FG%/)26%+6*+%

%%%%%%
GY

GFG
Y

⋅
=σ−θσ % % %%%%%%pjsq%

*.0%% % %%%%%%% &FGY ⋅=σ+θσ % % %%%%%%pjIq%

?61.%

%
( )





















⋅+






+⋅





















−⋅

=σ
+=σ

−=θσ
G

Y

OK
G

G

VK

OK
&

G

VK

OK
&G

OKYY

G

OKYY
%

%% % % % % % %%%%%%pj{q%

86,26%/,97;,<,1/%+-%

%%%%%%%%%%%






 −⋅






 +⋅

⋅=θσ
GOKGVKGY

GOKGVKGOK

WT % % %%%%pj&Wq%%%%%

?6131<-31=%+61%9*D,9)9%/+31//%-22)3/%*+%+61%,./,01%0,*91+13=%/)26%+6*+%

%

%%%%%%%%%%%%%%%






 −






 +

⋅=θσ=
GOKGVK

GOKGVK

WTB+ %% %%%pj%&&q%%%%%

86131%B+%,/%+61%/+*+,2%6--7%/+31//=%*.0%eS%,/%2-./,01310%+-%41%+61%0C.*9,2%

6--7%/+31//%<-3%+61%319*,.013%-<%+6,/%7*713>%?61%)/1%-<%B+%,/%73-:,010%+-%
731:1.+%/-91%2-.<)/,-.%41+811.%+61%/+*+,2%*.0%0C.*9,2%1D731//,-./%<-3%

+61% 6--7% /+31//>% M*:,.5% 1/+*4;,/610% +61% /+*+,2% 6--7% /+31//% <-3% +61%

2C;,.013=%+6,/%/+31//%.11010%+-%41%31;*+10%+-%+61%1()*+,-.%-<%9-+,-.>%

%

8Z9;E,(-%(0%7(E,(-%0('%;%6=SW%S/),::;E('%
?61% 1()*+,-.% -<% 9-+,-.% <-3% *% 2C;,.013% 9*C% 41% 013,:10% <3-9% +61%

51.13*;%1()*+,-.%-<%9-+,-.%<-3%*%BKVA%/C/+19%*/%/6-8.%,.%A,5>%j&=%*.0%
2*.%41%1D731//10%*/%

%%%%%%%
( ) ( ) ( )?ADP

0?

DJ0

G
0?

D9
G

0
=⋅+

⋅
+

⋅
%% %%%%pj&Gq%

?61% 31/7-./1% -<% *% BKVA% -/2,;;*+-3% /6-8.% ,.% A,5>% j&% ,/% *:*,;*4;1%

p?6-9/-.%l&Wmq%*.0%,/%013,:10%*/%<-;;-8/>%E61.%Ap?q%w%A%w%*%2-./+*.+=

% % %%%%%%%%%%%

( ) ( ) ( ) ( )
9

A
D

G

0?

D0G

G
0?

D9
G

0
DP

0?

DJ0

G
0?

D
G

0
=⋅ω+

⋅ω⋅ζ⋅
+

⋅
=⋅+

⋅
+ %pj&dq%

86131%+61%<31()1.2C%*.0%0*97,.5%3*+,-%1()*;%

%%%%%%%%%
9

P
=ω % % % %%%%pj&vq%

%%% %%%%%
9PG

J

⋅⋅
=ζ % % % %%%%pj&tq%



%

%%%%%%%%%%%%%%%%%%%%%%I%% %%%%%%%%%%%%%%%%%
%

%

H([(.*-*(9/% 6(:9E,(-% E(% EI*% 8Z9;E,(-% (0% 7(E,(-N% ?61%

6-9-51.1-)/%/-;)+,-.%+-%'(>%j&d%,/%

%%%%%%%%%
( ) ( )

WDP
0?

DJ0

G
0?

D9
G

0
=⋅+

⋅
+

⋅
% % %%%%pj&uq%

F//)9,.5%% % %%%%%%%%%% ?/1D ⋅= %% % % %%%%pj&sq%

86131%/%,/%*%2-./+*.+%/)4/+,+)+,.5%'(>%j&s%,.+-%'(>%j&u%C,1;0/%

%%%%% W?/1P/JG/9 =⋅⋅




 +⋅+⋅ % % %%%%pj&Iq%

86,26%6*/%+8-%3--+/%1()*;%+-%

%%%%%%% ω⋅







−ζ±ζ−= &

G
G=&/ % % %%%%pj&{q%

E61.%+61%9-+,-.%,/%-/2,;;*+-3C=%h%É%&=%+61%51.13*;%/-;)+,-.%+-%'(>%j&u%,/%
1D731//10%*/%

%%%%%%% ?G/
1GF

?&/1&F6D
⋅−⋅+⋅⋅= %

%%%%%%%%%%%













ζ−⋅ω⋅−⋅+ζ−⋅ω⋅⋅⋅⋅ω⋅ζ−=

G&?,
1GF

G&?,
1&F?1 %%%%

%%%%%%%%%%% 







+⋅ω⋅ζ−⋅⋅ω⋅ζ−⋅= tF?

G
&/,.

?
1vF % % %%%%pjGWq%

%
&;'E,)9:;'%6(:9E,(-%E(%EI*%8Z9;E,(-%(0%7(E,(-N%?61%7*3+,2);*3%

/-;)+,-.% ,/% <-).0=% )/,.5% +61% 91+6-0% -<% ).01+139,.10% 2-1<<,2,1.+/>%

F//)9,.5%*%/-;)+,-.%-<%+61%<-39%

%%%%%%% ( ) ( )?2-/uF?/,.tF7D ⋅ω⋅+⋅ω⋅= % %%%%pjG&q%

*.0%/)4/+,+)+,.5%|7%p'(>%jG&q%,.+-%'(>%j&d%*.0%0,<<131.+,*+,.5%C,1;0/%

%

%%%%%%%%%%%%% ( ) ( )?2-/
G

uF?/,.
G

tF7D ⋅ω⋅ω⋅−⋅ω⋅ω⋅−= %

%%%%%%%%%%%%%%%%% ( ) ( )( )?/,.uF?2-/tFG ω⋅⋅ω−⋅ω⋅⋅ω⋅ω⋅ζ⋅+ %

%%%%%%%%%%%%%%%%% ( )( )( )
9

A
sF?2-/uF?/,.tFG =+⋅ω⋅+⋅ω⋅⋅ω+ %%%pjGGq%

k/,.5%+61%4-).0*3C%2-.0,+,-./=%%

%%%%%%%%%%%%%%%*+%?%w%W=%D%w%W%*.0% W
0?

0D
= % % %%%%pjGdq%

;,@1%2-1<<,2,1.+/%-<%'(>%jGG%2*.%41%01+139,.10%/)26%+6*+%

%%%%
P

A

G9

A
sF =

ω⋅
= % % %%%%pjGvq%

%%%%%%%%% WuFtF == % % %%%%pjGtq%

?61.% % %%%%%%%%%%%%
P

A
7D = % % % %%%%pjGuq%

%
Ä*-*';:% 6(:9E,(-% E(% EI*% 8Z9;E,(-% (0% 7(E,(-% 0('% ;% 6E*<%
M*/<(-/*N%?61%51.13*;%/-;)+,-.%,/%<-).0%4C%*00,.5%+61%6-9-51.1-)/%

*.0% 7*3+,2);*3% /-;)+,-./% p'(>% jGW% r% '(>% jGuq=% *.0% /)4/+,+)+,.5% +61%

4-).0*3C%2-.0,+,-./%pjGdq%+-%<,.0%+61%2-./+*.+/%Fv%*.0%Ft>%?61%51.13*;%

/-;)+,-.%<-3%+61%31/7-./1%+-%*%/)001.;C%*77;,10%<-321%,/%+61.%1D731//10%
*/%

%%%%
































ζ−

ζ−







ζ−⋅ω⋅⋅

ζ−

⋅ω⋅ζ−
−⋅=

G&

G&?2-/
G&

?1
&

P

A
q?pD %%%%%pjGsq%

%

%

8Z9;E,(-% (0% 7(E,(-% 0('% ;% ?A:,-+*'% 69LÃ*)E*+% E(% ;% 69++*-%
T-E*'-;:%%&'*//9'*%

M*:,.5%01<,.10%+61%/+17%31/7-./1%<-3%*%BKVA%-/2,;;*+-3=%*%2C;,.013%
.11010%+-%41%01/23,410%,.%+139/%-<%+6,/%31/7-./1>%Y1+)3.,.5%+-%A,5>%jG=%

+61%:*3,*4;1=%eS=%2*.%41%1D731//10%,.%+139/%-<%D%4C%*%26*.51%-<%:*3,*4;1/>%%

?-%26*.51%+61%:*3,*4;1/=%+61%2,32)9<131.21%-<%+61%7,71%,/%2-97*310%

+-%+61%BKVA%/C/+19%)/,.5%M--@1a/%L*8%/)26%+6*+=%%

%%AD%w%P⋅%∆D%w%PzLz]D% %%%%%% %%%%pjGIq%

86131% L% ,/% +61% ;1.5+6% -<% +61% /73,.5=% *.0% ]D% w% iD% R% L>% B,9,;*3;C=% +61%

2,32)9<131.21=% 2=% ,.231*/1/% 4C% *% ;1.5+6% 1()*;% +-% ∆2% 861.% ,+% 1D7*.0/>%

?61%/+*+,2%2,32)9<131.+,*;%<-321%1D7*.0/%+61%7,71%8*;;%8,+6%*%<-321%1()*;%

+-%

%%%%%%%%%%Aθ%w%P⋅%∆2%w%P⋅%2z]Sw%P⋅%2zB+R'% %%%%%% %%%%pjG{q%

86131%]S%w%i2%R%2>%A3-9%+61%4*/,2%01<,.,+,-.%-<%*%/+*+,2%/+31//%

%%Aθ%w%B+%⋅%F%θ% %%%%%%% % %%%%pjdWq%

F//)9,.5% *% ).,+% *31*=% /)4/+,+)+,.5% '(/>% j&&=% *.0% jdW% ,.+-% jG{=% *.0%
)/,.5%M--@1a/%L*8=%*.0%1()*+,.5%A%w%TW%RF%

































ζ−

ζ
−








ζ−⋅ω⋅⋅

ζ−

⋅ω⋅ζ−
−⋅=σ

G
&

+*.*
G

&?2-/
G

&

?1
&B+q?p

% % % % % % %%%%%%%%%%%%%%%%%pjd&q%














−⋅






 −






 +

⋅=σ
W[

D
?M

GOKGVK

GOKGVK

WTq?p/ %%%

%%%%%%%%%%%
































ζ−

ζ
−








ζ−⋅ω⋅⋅

ζ−

⋅ω⋅ζ−
−⋅

G
&

+*.*
G

&?2-/
G

&

?
1

& pjdGq%

86131%M%,/%+61%M1*:,/,01%/+17%<).2+,-.=%)/10%+-%01/23,41%+61%31/7-./1%*/%

+61%/6-2@%*33,:1/%*+%*%7-,.+%*+% +,91%D%R%[W>%?6,/%1()*+,-.%01/23,41/% +61%
/+31//1/% ,.% +61% 7,71% 861.% +61% 1.+,31% ,..13% 7,71% 8*;;% ,/% /)4o12+10% +-% *%

/)001.;C% *77;,10%731//)31=% *.0% ,/%*773-73,*+1% +-%7310,2+% +61%9*D,9)9%

31/7-./1%<-3%/6-3+%7,71/%pL1,/61*3%lumq>%M-81:13=%+61%31/7-./1%-<%*%;-.5%

7,71%,/%9)26%9-31%2-97;1D%0)1%+-%+61%9-:,.5%731//)31%0,/2-.+,.),+C%*+%

+61%/6-2@%8*:1=%86,26%,.0)21/%+61%7,71%/+31//1/>%
%

&,<*%6E'*//*/%=9*%E(%;%6I()J%K;>*%
Y1<133,.5% +-% A,5>% &=% +61% 31/7-./1% -<% +61% 7,71% 8*;;% ,/% *//)910% +-%

2-./,/+% -<% *% 7312)3/-3% :,43*+,-.% *.0% *.% *<+13/6-2@% :,43*+,-.>%

A)3+6139-31=% +61% *<+13/6-2@% :,43*+,-.% ,/% *//)910% +-% 2-./,/+% -<% +8-%

/17*3*+1%:,43*+,-./>%J-./1()1.+;C=%+6311%:,43*+,-./%.110%2-./,013*+,-.>%

A,3/+%-<%*;;=%-.1%:,43*+,-.%,/%0)1%+-%+61%/+17%31/7-./1%*<+13%+61%/6-2@>%
B+31//1/=%eB=%*31%*//)910%+-%*2+%,.%*22-30*.21%8,+6%'(>%jdG%*/%+61%/6-2@%

9-:1/% *+% *% /-.,2=% -3% /)713/-.,2=% :1;-2,+C% ,.% +61% +)41>% ?61% 7,71% ,/%

*//)910% +-% :,43*+1% *+% ,+/% 0*9710%.*+)3*;% <31()1.2C% ,.% 31/7-./1% +-% *.%
1D2,+*+,-.%<-321>%

B12-.0=% *% 7312)3/-3% <311% :,43*+,-.% /+31//=% eT=% 0)1% +-% +61% /+17%
31/7-./1%,/%*//)910>%O<%+61%8*;;%:,43*+1/%416,.0%+61%/6-2@=%+61%8*;;%,.%

<3-.+% -<% +61% /6-2@% 9)/+% *;/-% :,43*+1% ,.% 31/7-./1% +-% +61% *77;,10% /+17%

731//)31%+-%9*,.+*,.%2-.+,.),+C>%M-81:13=%+61%:,43*+,-.%9)/+%41%*%<311%

:,43*+,-.%/,.21%*.%*77;,10%;-*0%-.%+61%7,71%8*;;%,.%<3-.+%-<%+61%/6-2@%,/%

.-.1D,/+1.+>%
?6,30=%*%<311%:,43*+,-.%/+31//=%e*=%,/%*;/-%*//)910%+-%1D,/+%*/%7*3+%-<%

+61%*<+13/6-2@%:,43*+,-.>%?6,/%:,43*+,-.% ,/%*//)910% +-%1D,/+%0)1% +-% +61%

9-+,-.%-<%+61%/6-2@>%O<%*%0,/2-.+,.)-)/%/+17%731//)31%,/%*77;,10%+-%+61%
7,71%8*;;%*.0%+61%/6-2@%,/%.-+%9-:,.5%p[%w%Wq=%4-+6% +61%/+17%31/7-./1%

*.0% 7312)3/-3% :,43*+,-.% 1D,/+>% M-81:13=% +61% /6-2@% ,/% 9-:,.5=% *.0% */%

/)26%*.%-4/13:13% *+% +61% /6-2@%1D713,1.21/% *.%*00,+,-.*;% 1<<12+>%F/%61%

9-:1/% ,.+-% +61% 7312)3/-3% :,43*+,-.=% +61% 8*;;% ,/% *;31*0C% :,43*+,.5=% *.0%



%

%%%%%%%%%%%%%%%%%%%%%%{%% %%%%%%%%%%%%%%%%%
%

%

+6,/% *00,+,-.*;% :,43*+,-.% .110/% +-% 41% *0010% +-% +61% -+613% +8-% :,43*+,-.%

,.0)210%/+31//1/=%/)26%+6*+%+61%+-+*;%:,43*+,-.%,/%01/23,410%*/%

%% */7q?p σ+σ+σ=σ % % %%%%pjddq%

?61%/+31//%0)1%+-%+61%/+17%31/7-./1%,/%731/1.+10%,.%'(>%jdG=%4)+%+61%-+613%
+8-%/+31//1/%31(),31%<)3+613%0,/2)//,-.>%

%

&'*)9'/('%6E'*//*/%
?61%7312)3/-3%/+31//1/%*31%41++13%:,/)*;,N10%,<%0*97,.5% ,/%1D2;)010%

<3-9%+61%1()*+,-./%-<%9-+,-.>%A-3%1D*97;1%'(>%jdd%,/%/,97;,<,10%+-%

( ) ( )( )?2-/&B+? ⋅ω−⋅=σ % % %%%%pjdvq%

%

%
%

W,.9'*%P]Y%W'**%1,L';E,(-%7(+*:%
%

J-./,013%A,5>%jd%+-%1:*;)*+1%7312)3/-3%<311%:,43*+,-./%0)1%+-%*%/+17%

31/7-./1>%V.1%:,43*+,-.%-22)3/%*+%*.%*34,+3*3C% +,91=%?%w%W=%416,.0% +61%

/6-2@>%O.%<3-.+%-<%+61%/6-2@%*%<311%:,43*+,-.%1D,/+/>%E6*+%,/%+61%.*+)31%-<%
+61%<311%:,43*+,-.Ö%F//)91%+6*+%+61%:,43*+,-.%416,.0%+61%/6-2@%,/%0)1%+-%

+61% /+17%731//)31% ,.231*/1%*.0% +6*+% +61%:,43*+,-.% ,.% <3-.+%-<% +61% /6-2@%
1()*;/% +61%/)9%-<% +61%731//)31% ,.231*/1% +-%TW% *.0%*%731//)31%01231*/1%

4*2@% +-% T% w% W>% ?61.% +61% +-+*;% :,43*+,-.% 1()*;/% +61% /)9% -<% +8-% /+17%

31/7-./1/=%/)26%+6*+%
%
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−⋅ω⋅= ?2-/

W[

D
?2-/B+ %% %%%%pjdtq%

M-81:13=%+6,/%*//)97+,-.%0-1/%.-+%2-971./*+1%/6-2@%8*:1%/7110/=%*.0%

+61%*34,+3*3C%/1;12+,-.%-<%?%w%W%*;/-%*<<12+/%+61%7,71%31/7-./1>%
%

800*)E/%(0%EI*%5'L,E';'A%6*:*)E,(-%(0%F%Â%3N%?61%;-2*+,-.%-<%?%
w%W%8,+6%31/712+%+-%+61%/6-2@%8*:1%*<<12+/%+61%7,71%31/7-./1>%F/%D%R%[W%

*773-*261/%?=%+61%9*D,9)9%:*;)1%-<%'(>%jdt%310)21/%<3-9%G%z%B+%+-%W>%

B,.21%+61%4-).0*3C%2-.0,+,-.%,/%*34,+3*3C=%+61%9-/+%+6*+%2*.%41%2;*,910%
,/% +6*+% +61% 9*D,9)9% 7312)3/-3% /+31//% ;,1/% 8,+6,.% *% 3*.51% -<% /+31//1/%

1()*;% +-% W% +63-)56% G% z% B+=% 86,26% ,/% 2-./,/+1.+% 8,+6% +61% :*3,*+,-.% ,.%
9*D,9)9% /+3*,./% -4/13:10% ,.% +1/+/% pL1,/61*3% l&Wmq>% ?1/+/% *2+)*;;C%

/6-810% +6*+% +61% /+31//1/% :*3,10% 41+811.% *773-D,9*+1;C% B+% *.0% G% z% B+>%

?61%9*D,9)9%/+31//%,/%+6131<-31%01/23,410%4C%'(>%jdt>%
%

800*)E/% (0% EI*% K;>*% 6<**+N% O<% +61% 7312)3/-3% :,43*+,-.% ,/%
*//)910% +-% +3*:1;% *+% +61% 8*:1% /7110% -<% +61% /6-2@=% +61% :,43*+,-.%

<31()1.2C%8,;;%*771*3%0,<<131.+%+-%*%/+*+,-.*3C%-4/13:13>%?61%6,5613%+61%

8*:1% :1;-2,+C=% +61% 6,5613% +61% <31()1.2C% *771*3/>% F% /,5.,<,2*.+%
*//)97+,-.% ,/% 9*01% *+% +6,/% 7-,.+% ,.% +61% *.*;C/,/>% ?61% 23,+,2*;% :1;-2,+C%

01<,.10% 4C% '(>% Ftu% ,/% *//)910% +-% 41% +61% :1;-2,+C% *+% 86,26% +61%
9*D,9)9% /+31//% -22)3/>% F22-30,.5;C=% *+% +6,/% :1;-2,+C% +61% <31()1.2,1/%

41<-31% *.0% *<+13% +61% /6-2@% *31% .1*3;C% 1()*;=% *.0% +6,/% *//)97+,-.%

73-:,01/% *% 31(),/,+1% 4-).0*3C% 2-.0,+,-.% +-% *77;C% /+17% 31/7-./1%
1()*+,-./% +-% +61% /+31//1/% ,.0)210% 4C% /6-2@% 8*:1/% ,.% +61% 7,71>% ?61%

<31()1.2C%*<+13%+61%/6-2@%,/%*//)910%+-%1()*;%+61%<31()1.2C%<-3%*%+)41>%
A-3%*.%).0*9710%<31()1.2C%

%%%%%%%%%%%%% γ⋅=ω [ % % % %%%%pjduq%

86131% % %%%%%%%%
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⋅ρ

⋅
=ω %%%%%%%%%%%%%%pj*31Nq% %%%%pjdsq%

Q-+1%+6*+%'(>%jds%0,<<13/%<3-9%'(>%FtI%4C%*%<*2+-3%-<% G =%61.21%

+61% /,5.,<,2*.21% -<% *//)9,.5% 9*D,9)9% /+31//1/% -22)3% *+% +61% 23,+,2*;%

:1;-2,+C>% ?61% *//)97+,-.% ,.+3-0)21/% *.% *773-D,9*+,-.% 4*/10% -.%
1D713,91.+*;% 0*+*>% ?1/+/% 713<-3910% 4C% j1;+9*.=% 1+>% *;>% lGm=% 91*/)310%

*<+13%/6-2@%<31()1.2,1/%1()*;%+-%+61%<31()1.2,1/%7310,2+10%4C%*//)9,.5%

+6*+%+61%7,71%:,43*+1/%*+%,+/%0*9710%.*+)3*;%<31()1.2C=%86,26%,/%

%%%%%%%%%%%%%%%%%
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⋅ζ−=ω % % %%%%pjdIq%

F//)9,.5% +61% 7,71% 31/7-./1% <31()1.2C% 1()*;/% +6,/% 1()*+,-.% *+% +61%
23,+,2*;%:1;-2,+C=%+61%*77*31.+%<31()1.2C%+-%*%/+*+,-.*3C%-4/13:13%2*.%41%

-4+*,.10=%/)26%+6*+%
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86131% % %%%%%%%%%%%
23[

W[
=τ % % % %%%%pjvWq%

%

7;G,[9[% =;[<*+% &'*)9'/('% 6E'*//N% ?-% 01+139,.1% +61%
0*9710%9*D,9)9%7312)3/-3%/+31//=%'(>%jd{%2*.%41%3183,++1.%/,9,;*3%+-%

'(>% jdG=% 4C% 312-5.,N,.5% +6*+% +61% 1D7-.1.+,*;% <).2+,-.% ,.231*/1/% 8,+6%

31/712+%+-%+,91>%?61.=%%
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%

50E*'%6I()J%W'**%1,L';E,(-%6E'*//*/%
?61%/+31//1/%416,.0%+61%/6-2@%0)1%+-%<311%:,43*+,-./%*31%*//)910%+-%

41% ,01.+,2*;% +-% +61% 7312)3/-3% :,43*+,-./=% 1D217+% +6*+% +61% 1D7-.1.+,*;%
<).2+,-.%01231*/1/%8,+6%31/712+%+-%+,91>%?6*+%,/=%%
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% % % % % % % %%%pjvGq%

B,9,;*3% +-% +61% 7312)3/-3% /+31//=% +6,/% /+31//% :*3,1/% 41+811.% *% 9*D,9)9%

7310,2+10%4C%'(>%jvG%*.0%N13->%F5*,.=%*%3*.51%-<%/+31//1/%*31%1D712+10%

*;-.5% +61% 7,71% 8*;;=% *.0% '(>% jvG% 7310,2+/% +61% 9*D,9)9% 7-//,4;1%
/+31//1/%*;-.5%+61%7,71>%%

%



%

%%%%%%%%%%%%%%%%%%%%%%&W%% %%%%%%%%%%%%%%%%%
%

%

7;G,[9[%6E'*//*/%;-+%=;[<,-.%

?61%9*D,9)9%/+31//%1D731//10%4C%'(>%jdd=% */7q?p σ+σ+σ=σ =%

2*.% 41% 01+139,.10% -.21% 0*97,.5% ,/% *773-D,9*+10>% K*97,.5=% h=% 8*/%

*773-D,9*+10%,.%+61%<-39/%-<%/+3)2+)3*;=%h/=%*.0%<;),0%0*97,.5=%h<=%/)26%
+6*+%

%%%%%%%%%%%%%%%%% /< ζ+ζ=ζ % % % %%%pjvdq%

%
6E'9)E9';:% =;[<,-.% W;)E('N% F.% *773-D,9*+,-.% <-3% /+3)2+)3*;%

0*97,.5%pL*N*.%l&&mq%8*/%01/23,410%,.%+61%;,+13*+)31%*/%

%%%
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=ς %% % % %%%pjvvq%%
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% % % %%%%%σ3*%%w%G%z%B+% %%%%%%%%%%%%% % %%%pjvuq%

86131% K% ,/% +61% /712,<,2% 0*97,.5% <-3% *% /+3)2+)3*;% 9*+13,*;% ?61% /+31//%

3*.51=%σ3*=% ,/% +61%9*5.,+)01%-<% +61%2-97;1+1;C% 31:13/10% /+31//=% *.0% +61%

<*+,5)1%/+31.5+6%;,9,+%,/%σ1>%%

%

W:9,+%=;[<,-.%W;)E('N%?61%<;),0%0*97,.5%<*2+-3%8*/%01+139,.10%

4C% 31;*+,.5% +61% +6139-0C.*9,2% 26*.51/% ,.% +61% <;),0% 73-713+,1/% +-% *%

0C.*9,2% *97;,<,2*+,-.% <*2+-3>% A-3% *% /+17% 31/7-./1=% *% 0C.*9,2%
*97;,<,2*+,-.% <*2+-3=% ,=% ,/% 1D731//10% ,.% +139/% -<% +61% 71321.+% -:13/6--+%

pT>V>q%*/%

%%%%%%%% %%%%%%%%
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'D731//,.5%T>V>%,.%+139/%-<%+6139-0C.*9,2%73-713+,1/%pL1,/61*3%ldmq=%

%%%%%%%%%%%%%%%%%
6

/?*946

∆
∆⋅−∆

=ϕ % % %%%pjvIq%
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< % % %%%pjtWq%

86131%i6%*.0%i/%*31% +61%26*.51%,.%1.+6*;7C%*.0%1.+3-7C%31/712+,:1;C=%%

?*94% ,/% +61% *94,1.+% +19713*+)31=% *.0% % b% ,/% +61% 3*+,-% -<% *:*,;*4;1% +-%

+61-31+,2*;% 8-3@% <-3% *% 2-9731//,-.% 73-21//>% jC% /)4/+,+)+,-.=% +61% +-+*;%
0*97,.5%,.%+61%8*@1%-<%+61%/6-2@%,/%01<,.10%4C%

%%%%%
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φ−
=ζ % % %%%pjt&q%

O.% <3-.+% -<% +61% /6-2@=% <;),0% 0*97,.5% ,/% *4/1.+% *.0% +61% +-+*;% 0*97,.5%
1()*;/%+61%/+3)2+)3*;%0*97,.5%-.;C>%?6,/%*<<12+/%+61%<31()1.2C%,.%<3-.+%

-<%+61%/6-2@=%/,.21%+61%0*9710%<31()1.2C%*773-D,9*+1;C%1()*;/%%

%%%%%% ω⋅ζ− G
/& % % %% %%%pjtGq%

J-./1()1.+;C=%+61%<31()1.2C%,/%6,5613%,.%<3-.+%-<%+61%/6-2@=%+6*.%416,.0%

+61% /6-2@>% '()*+,-.% jtG=% 4C% ,+/1;<=% ,/% ,.*01()*+1% +-% 01/23,41% +61%
416*:,-3% -<% +61% 7312)3/-3% :,43*+,-.=% /,.21% -4/13:10% :,43*+,-.%

9*5.,+)01/% *31% 2-./,/+1.+% 8,+6% +61% +-+*;% 0*97,.5% 3*+613% +6*.% +61%

/+3)2+)3*;%0*97,.5>%

%
7;G,[9[% 6E'*//% KI*-% EI*% ?',E,);:% 1*:(),EA% ,/% -(E%
?(-/,+*'*+%

O<%+61%9*D,9)9%/+31//%,/%*//)910%+-%41%,.0171.01.+%-<%+61%23,+,2*;%

:1;-2,+C=% +61% 9*D,9)9% /+31//% 2*.% 41% 01+139,.10% 4C% '(>% jdd% *.0%

/)4/+,+)+,.5%%

%%%%%%% &=τ % % % %%%pjtdq%

,.+-%+61%2-./+,+)+,:1%1()*+,-./>%?61%.1+%31/);+%-<%+6,/%/)4/+,+)+,-.%,/%+6*+%

+61%KLAa/%8,;;%41%2-./13:*+,:1;C%6,5613%+6*.%861.%+61%23,+,2*;%:1;-2,+C%

8*/% 2-971./*+10% pB11% A,5>% dq>% O.% +6,2@% 8*;;% /-;)+,-./=% +61% 23,+,2*;%
:1;-2,+C% *.0% <31()1.2,1/% *31% C1+% +-% 41% 2;1*3;C% ).013/+--0=% 4)+% +6,/%

*773-D,9*+,-.%2*.%41%)/10%+-%<,.0%*%2-./13:*+,:1=%*;41,+%/-9186*+%6,56=%

9*D,9)9% /+31//=% /,.21% +61% 9*D,9)9% /+31//% 8,;;% 41% ,.0171.01.+% -<%

<31()1.2C>%

%
M8W8M8U?86%
l&m% B,9@,./=%?>=%&{Is=%ÜY1/-.*.21%-<%A;1D)3*;%E*:1/% ,.%á).%?)41/à=%
?126.,2*;% 317-3+=% FYJJjy?YyIsWWI=% kB% F39C% F39*91.+% Y1/1*326=%

K1:1;-791.+%*.0%'.5,.113,.5%J1.+13=%%E*+13:;,1+=%Q>%�>%
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