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'PQ%,%('%Q�,*\\+/N('N�Q%n0`�e/.`\',`ik%c
1'(P/c�f/1/&.'�1*P%,*�'�/+,*n*ik'Q�P%,.*�
1/Q���\b/0(_Q�\_,]%Q�01N�^/1`d%('N�^1%(/.
W�

2
� \1`n'1�^/,/v/.�Q*,.'�d�0�*�� 1'Q/((/�

n%1+/f/�-&%+*���'v%(]�&�&'0%�^/,/v.*�W�
2

^/Q%k*1*\]�&�1`(.`�(*�^1*\+'(.%�'P�.&*,-%�
&/f/� \+%.1*��4/,Q*�1`(.'�N&1N1*\]� &*n(_Q
e*.+/,/Q)�+�.��%%�^/&%,b(/\+]�\1`n'1*�/+,*�
n*+%1%Q�'\^*,Nik'b\N�d*\+'-�'�/^,%0%1N1*
/0(/,/0(/\+]�^/� +/1k'(%�^/1`d%((_b� \1/%&�
�%Q^%,*+`,`�^/01/n%.�'PQ%(N1'� /+� 233� 0/
$33�X���'v%(]�^%,%0�'\^*,%('%Q�^,/f,%&*�
1*\]� &� &*.``Q%�^,'� ���� %� ≈ � 01N� /j%Pf*�
n'&*('N���/1k'(*�^/1`d%((_b�./(0%(\*+/&
/^,%0%1N1*\]� a11'^\/Q%+,'d%\.'Q�Q%+/0/Q
'� \/\+*&1N1*� /./1/� 3)7� Q.Qt� *Q/,e(/\+]
e*P_� ./(+,/1',/&*1*\]� \� ^/Q/k]i� a1%.+�
,/(/f,*e*����"33��

�PQ%,%('%�^,/&/0'Q/\+'�(*�^%,%Q%((/Q
+/.%� /j,*P-/&� &� &'0%� ^1%(/d(_b� \a(0&'d�
\+,`.+`,�/\`k%\+&1N1/\]�\�^/Q/k]i�'Q^%�
0*(\Q%+,*�����3;��>��z�����+/+�^,'j/,)�,*�
j/+*ik'c�̂ /�Q/\+/&/c�\b%Q%)�̂ /P&/1N%+�̂ ,/�
&/0'+]�'PQ%,%('N�Q/0`1N�^/1(/f/�\/^,/+'&�
1%('N�-%^'� / �'�`f1*�\0&'f*�e*P�ϕ �Q%n0`
+/./Q�'�(*^,Nn%('%Q�&�v',/./Q�0'*^*P/(%
d*\+/+�8���-V3)����-9)�^,'�a+/Q�*Q^1'+`0*
'PQ%,'+%1](/f/� \'f(*1*� 'PQ%(N%+\N� /+� 3)"
0/�2��)�&�P*&'\'Q/\+'�/+�\/^,/+'&1%('N�(*�
f,`P.'���%+/0'.*�,*\d%+*�a1%.+,'d%\.'b�̂ *�
,*Q%+,/&�/j,*P-/&�^/�0*((_Q�'Q^%0*(\(/c
\^%.+,/\./^''�j_1*�/^'\*(*�(*Q'�&�l"2m���+�
(/\'+%1](*N� ^/f,%v(/\+]� 'PQ%,%('N� '\./�
Q_b�&%1'd'(�(%�^,%&_v*1*� �{���PQ%,%('N
^,/&/0'1'\]� &� Nd%c.%)� ^/Q%k%((/c� &� +%,�
Q/\+*+��Srq�����z�>���������S� ����j\/1i+�
(*N�^/f,%v(/\+]�/^,%0%1%('N�+%Q^%,*+`,_
\/\+*&1N1*��± ���� - �

���
����#��+��
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�,'�a1%.+,'d%\.'b�'PQ%,%('Nb�&*n(`i
,/1]�'f,*%+�Q*+%,'*1�a1%.+,/0/&���1N�^1%�
(/d(_b� /j,*P-/&� (*Q'� j_1'� /^,/j/&*(_
a1%.+,/0_� 'P�B�)�Bz)�Bs)�=q)� ./+/,_%� ^/�
1`d*1'�+%,Q'd%\.'Q�'\^*,%('%Q�&�&*.``Q%)
*� +*.n%�a&+%.+'.*� EryK���
`dv'%�,%P`1]�
+*+_�^/1`d%(_�01N�./(+*.+/&�'P�B��'�Bs�
�1%.+,/0_� 'P�=q� /j1*0*1'� (%0/\+*+/d(/c
*0f%P'%c�\�^/01/n./c�'�^1%(./ct�EryK��'(�
+%(\'&(/� 0'ee`(0',/&*1� &� /jh%Q� ^1%(.')
^,'&/0N�/j,*P-_�&�(%f/0(/\+]�d%,%P�(%\./1]�
./� \`+/.t� ^,'� (*(%\%(''� ./(+*.+/&� 'P� Bz
e/,Q',/&*1\N�j*,]%,(_c�\1/c���1N�&_N&1%�
('N� `\1/&'c� (*� ./(+*.+*b� j_1'� ^/1`d%(_
&/1]+�*Q^%,(_%� b*,*.+%,'\+'.'� /j,*P-/&
^,'�\,%0('b�&%1'd'(*b�(*^,Nn%((/\+'�a1%.�
+,'d%\./f/� ^/1N�� �\b/0N� 'P� a+'b� 0*((_b)
\//+&%+\+&`ik'Q�/j,*P/Q�̂ /0j',*1'�+/1k'�
(`� ^1%(.'� '� ^1/k*0]� a1%.+,/0/&)� 0/j'&*�
N\])�d+/j_�\/^,/+'&1%('%�/j,*P-/&�^/^*0*�
1/� &�'PQ%,'+%1](_%�'(+%,&*1_�+%b�0'*^*�
P/(/&� 'Q^%0*(\Q%+,*)� ./+/,_%� j_� /j%\^%�
d'&*1'�&%1'd'(`�\'f(*1*�(%�j/1%%�3)"���8(*�

^,Nn%((/\+]�^/1N� � �	≤ �
��� �� 9���,'�0*(�

(_b� /f,*('d%('Nb)� (*.1*0_&*%Q_b� (*� �)
/+\`+\+&/&*1'� (%1'(%c(_%� aee%.+_� ^,'
(%j/1]v/Q� &*,]',/&*(''� *Q^1'+`0_�'PQ%�
,'+%1](/f/� \'f(*1*�

(%�.ST#�#$�&��R%(�
%�#�
���U� ^�.-)%��%

�*� ,'\�� "*� ^/.*P*(*� P*&'\'Q/\+]� 'Q^%�
0*(\*�/j,*P-*�&�./Q^1%.\(/c�^1/\./\+'�01N
,*P1'd(_b� +%Q^%,*+`,�� �'0(/)� d+/� .,'&_%
'Q%i+�e/,Q`�0`f')�'�a+'�0`f'�\*Q/^/0/j(_
&�0*((/Q�+%Q^%,*+`,(/Q�Q*\v+*j%���*./c�&'0
0'\^%,\''�&_,*n*%+\N�e/,Q`1/c�+'^*��/`�
1*V�/`1*

βωτ −= + ���� � � ��/ � 
 8�9

f0%� = *� ����� / � β �V�^*,*Q%+,)�\&NP*((_c
\�^*,*Q%+,/Q�>)�n�V�Q('Q*N�%0'('-*)� τ �V
b*,*.+%,(/%� &,%QN� ,%1*.\*-''�

�����`���'a1%.+,'d%\.'%�b*,*.+%,'\+'.'�*Q/,e(_b�^1%(/.�+,'/.\'0*�&/1]e,*Q*)�^/1`d%((_%
Q%+/0/Q�'Q^%0*(\(/c�\^%.+,/\./^''O�*)�j�V�f/0/f,*e�'Q^%0*(\*�'�d*\+/+(*N�P*&'\'Q/\+]�%f/�Q('�
Q/c� d*\+'� ^,'� ,*P1'd(_b� +%Q^%,*+`,*b� 8")� #)� 2)� $� \//+&%+\+&`i+� #  )� 23 )� 2# )� 2$ �X9t� &�V
d*\+/+(*N� P*&'\'Q/\+]� ,%*1](/c� 8")29� '� Q('Q/c� 8#)$9� d*\+'� 0'a1%.+,'d%\./c� ^,/('-*%Q/\+'� 01N
23 X�8")�#9�'�2$ �X�82)�$9t�f�V��d*\+/+(*N�P*&'\'Q/\+]�,%*1](/c�d*\+'�`0%1](/c�^,/&/0'Q/\+'�01N
#  �X�8"9)�23 �X�8#9)�2# �X�829)�2$ �X�8$9
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��a+/Q�\1`d*%� ω,
 � �/ �V�0/1n(*�'Q%+]
Q*.\'Q`Q�^,'�`\1/&''� ω τ =
�� �� �d+/�'�(*�
j1i0*%+\N�(*�,'\��"j����^/\./1].`�%f/�\Q%�
k%('%�/+�+%Q^%,*+`,_�`.*P_&*%+�(*�*.+'�
&*-'/((_c� b*,*.+%,� ^,/-%\\*� ,%1*.\*-'')
+/� +/f0*)� \/f1*\(/� \//+(/v%('i��,,%('`�
\*)� Q/n(/� P*^'\*+]O� τ � ����� � ��� �� � f0%

�� V� a(%,f'N� *.+'&*-''� ,%1*.\*-'/((/f/
^,/-%\\*)�6�V�^/\+/N((*N�!/1]-Q*(*�

�j_d(/� *.+'&*-'/((_%� ^,/-%\\_� 01N
0'a1%.+,'./&� \� ,%1*.\*-'/((/c� ^/1N,'P*�
-'%c�^,'&/0N+�.�Q*.\'Q`Q`�&�d*\+/+(/c�P*�
&'\'Q/\+'� Q('Q/c� d*\+'� 0'a1%.+,'d%\./c
^,/('-*%Q/\+'� ε ε= ′′,
 � 8f0%� ε ε ε= −′ ′′
 9�
�0(*./� &� (*v%Q� \1`d*%� a+/� (%� (*j1i0*�
1/\])� '� .*.� ^/.*P*(/� (*� ,'\�� "&� 01N� 0&`b
P(*d%('c�+%Q^%,*+`,)�/j%�./Q^/(%(+_�ε �Q/�
(/+/((/� `j_&*i+� \� `&%1'd%('%Q� ω �� �*./%
^/&%0%('%�b*,*.+%,(/�01N�^,_n./&/c�^,/�
&/0'Q/\+')� +�.�� &%1'd'(*� ,
 � ��ε σ ω ω� )� '
Q/n(/� P*^'\*+]O� ε ω− −� �� �,
 � �� �+/� .*\*%+\N
\//+(/v%('N� 8"9)� +/� /(/� b/,/v/� &_^/1(N%+�
\N)�.*.�&'0(/�'P�,'\�� "f)�^,'d%Q�^*,*Q%+,� >
\1*j/� P*&'\'+� /+���� �*.'Q� /j,*P/Q)� Q/n(/
^,%0^/1*f*+])�d+/�Q_�'Q%%Q�0%1/�\�^,_n./�
&/c�^,/&/0'Q/\+]i)�b*,*.+%,�./+/,/c�0/1n%(
/+&%d*+]�/0(/c�'P�\`k%\+&`ik'b�Q/0%1%c�


� 0,`f/c� \+/,/(_)� a.\+,*^/1',`N� 0`f'
0/�̂ %,%\%d%('N�\�/\]i�C�E�8d+/�\//+&%+\+&`�
%+�ω → � 9)�Q/n(/�/^,%0%1'+]�^,/&/0'Q/\+]
S� ^/� ^/\+/N((/Q`� +/.`)� \d'+*N)� d+/

� ����� � ��� � �� �f0%� �� �V�a(%,f'N�*.+'&*�
-'')� '� `d'+_&*N)� d+/� = =��� �� 
/ � �

�*�,'\��#*�&�.//,0'(*+*b��,,%('`\*�̂ /\+,/�
%(_�P*&'\'Q/\+'� � �� � �'� 
��,
 � �/ � �^/�./+/�
,_Q�j_1'�/^,%0%1%(_�P(*d%('N� �� �'� �� ���.*�
P*1/\])�d+/�a+'�P(*d%('N�\/&^*0*i+�&�^,%0%�
1*b�^/f,%v(/\+')�+�%�� ��= = ± �� � �� �� �� �� 
� �

�,/Q%� +/f/)� `('&%,\*1](/\+]� 0*((/f/� Q%�
b*('PQ*�(*f1N0(/�&'0(*�(*�,'\��#j)�f0%�̂ ,%0�
\+*&1%(_� (/,Q',/&*((_%� P*&'\'Q/\+'� 01N
,*P(_b� +%Q^%,*+`,� 8&� j%P,*PQ%,(_b� .//,�
0'(*+*b� ω ω ω− 
��,
 � � � � � �/ � � � 9�

�(*1'P� ,%P`1]+*+/&� ^/.*P*1)� d+/� P*&'�
\'Q/\+]�σ ω� � �� �^,'�e'.\',/&*((/c�d*\+/+%
e/,Q`1*Q� 829� '� 8$9� (%� ^/0d'(Ni+\N�� ��.�� &
/\(/&%� 0*((_b� Q/0%1%c� 1%n'+� 0&`b`P%1]�
(/%� ^,'j1'n%('%)� ./+/,/%� \//+&%+\+&`%+
0%j*%&\./Q`�̂ /&%0%('i�\'\+%Q_�d*\+'-)�\+*�
(/&'+\N� N\(/)� d+/� 01N� ^1%(/.�W<

2
� j/1%%

&%,/N+%(�,%n'Q�Q`1]+'^1%+(/c�^,_n./&/c
^,/&/0'Q/\+'�

	*\\Q/+,'Q� a.\^%,'Q%(+*1](_%� 0*((_%
&� ,*Q.*b� ^/0b/0*)� /\(/&*((/f/� (*� Q%+/0%
aee%.+'&(/c� \,%0_� '� ,*P&'+/f/� &� ,*j/+*b
l"")� "#m�

�*^'v%Q�e`(.-'i

ω σ ε ε ω σ ω σ= − −′� � �� � �,
 ���*� � � ��� 8:9

f0%� ε′� �V� P(*d%('%� ε′ )� ./+/,/%� &� 0*((/Q
'(+%,&*1%� d*\+/+� (%� 'PQ%(N%+\N)� σ � �V
`0%1](*N�^,/&/0'Q/\+]�(*�^/\+/N((/Q�+/.%�

�%1'd'(*� ε′� �/^,%0%1N1*\]�'P�0'*f,*QQ_
�/`1*��/`1*�̂ ,'�ω → ∞ �&�./Q^1%.\(/c�̂ 1/\�
./\+'�0'a1%.+,'d%\./f/�Q/0`1N� ε= �� 
0 ��,'
a+/Q�ε ∞=′ ��*� 
� 0 ��1N�(*b/n0%('N�σ � �̀ 0/j�
(/�&/\^/1]P/&*+]\N�^,%0\+*&1%('%Q�0*((_b
&�./Q^1%.\(/c�^1/\./\+'�E���0%\]�σ =�  � )
f0%� �V�f%/Q%+,'d%\.'c�e*.+/,�

�/f0*)� \/f1*\(/� l"#m)� &� /j1*\+'� #
ω π ω πω=� �� � ��� � �!�� � �� �f0%�ω� �V�./(\+*(�

+*)�'Q%ik*N�,*PQ%,(/\+]�d*\+/+_t

в

���������/\+,/%('%�&�.//,0'(*+*b��,,%('`\*
P*&'\'Q/\+%c�d*\+/+(/f/�Q*.\'Q`Q*�Q('Q/c�d*\�
+'� 'Q^%0*(\*� 8*9)� ^,/&/0'Q/\+'� ^/� ^/\+/N((/Q`
+/.`�8j9�'�(/,Q',/&*((_c�f,*e'.�8&9)�0%Q/(\+,'�
,`ik'c�`('&%,\*1](/\+]�^,_n./&/f/�Q%b*('PQ*
8")� #)� 2)� $� \//+&%+\+&`i+� #  )� 23 )� 2# )� 2$ X9
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����#��+��



;�

��
��������)�
%,'NO�4'P'.*���*+%Q*+'.*)� #33�)�R #

ω� �'Q%%+�\1%0`ik'c�&'0O

ω ν α α− −= −� �� � �� �
� ���� �� � ����- 	 	 8:�"#9

f0%� 	 �V�./(-%(+,*-'N�-%(+,/&�1/.*1'P*�
-'')� α �V� /j,*+(_c� j/,/&\.'c� ,*0'`\� 1/�
.*1'P*-'')� - �V�d'\1%((_c�./aee'-'%(+)
j1'P.'c�.�"�

�/&%0%('%� � � &� P*&'\'Q/\+'� /+� P(*d%�
('c� ω π�.� �� ��^/.*P*(/�(*�,'\��2���/n(/�/+�
d%+1'&/� ,*P1'd'+]� 0&%� /j1*\+')� ./+/,_%
\//+&%+\+&`i+� ,*P1'd(_Q� +'^*Q� .1*\+%,/&
8\1`d*c�#�'�29)�*�+*.n%�./(%d(`i�d*\+]�/j�
1*\+'�"��
�`&%1'd%('%Q�+%Q^%,*+`,_�^,/'\�
b/0'+� ,*\v',%('%� /j1*\+'� #� 8Q`1]+'^1%+�
(_%�^,_n.'9)�\0&'f�%%�&�\+/,/(`�j/1%%�&_�
\/.'b�d*\+/+)�*�+*.n%�`&%1'd%('%�^%,%b/0�
(/f/�`d*\+.*�Q%n0`�/j1*\+NQ'�"�'�#���.\+�
,*^/1N-'N� /+,%P.*� ^,NQ/c)� ./+/,_c� /+&%�
d*%+� /j1*\+'� #)� 0/� ^%,%\%d%('N� %f/� \� /\]i
*j\-'\\)�^/P&/1N%+�/^,%0%1'+]�P(*d%('%�ω� )
P(*N� ./+/,/%� Q/n(/� /-%('+]� b*,*.+%,(`i
01N� 0*((/c� Q/0%1'� &%1'd'(`� α −�� �	 �� �1N
a+/f/� +,%j`%+\N� ,%v'+]� +,*(\-%(0%(+(/%
`,*&(%('%� &'0*

ν ω= −��! �!� � � �� � ���� � 8:�"29

f0%� α −= �� �
� 	

�+/�`,*&(%('%�1%f./�,%v*%+\N�8(*^,'Q%,)
f,*e'd%\.'9����,%P`1]+*+%�^/1`d*%Q)�d+/�01N
ω� �^,'�23 �'�2$ �X�&%1'd'(*�α −�� �	 �^,'('�
Q*%+�P(*d%('N�:)3�'�$)$)�\//+&%+\+&%((/�

�\1'� +%^%,]� ^,/'P&%\+'� /-%(.`� j/,/&\�
./f/� ,*0'`\*)� +/� Q/n(/� ^/1`d'+]� &%,/N+�
(/%� P(*d%('%� ./(-%(+,*-''� -%(+,/&� 1/.*�
1'P*-''����,*j/+%�l"$m�j_1'�'P`d%(_�a1%.+�
,'d%\.'%� \&/c\+&*� *Q/,e(_b� ^1%(/.� +,'�
/.\'0*�Q/1'j0%(*)� +�%�� Q*+%,'*1*)� j1'P./f/
^/�\+,`.+`,%�'�\&/c\+&*Q�.�*Q/,e(/Q`�W�

2
�

�&+/,_�&%1'�,*\\Q/+,%('%�&�,*Q.*b�Q/0%�
1'� -%(+,/&� 0*1](/0%c\+&`ik%f/� ^/+%(-'*�
1*)�,*\\Q*+,'&*N�.'\1/,/0(_%�&*.*(\''�.*.
'\+/d('.� +*./f/� ^/+%(-'*1*���,'� a+/Q� /('
\d'+*1')�d+/�P*,N0�-%(+,*�,*&%(�"V#�P*,N�
0*Q�a1%.+,/(*)�aee%.+'&(*N�Q*\\*�(/\'+%�
1%c�V� #V2�Q*\\*Q� a1%.+,/(*)� ε = �� � ^,'
./Q(*+(/c�+%Q^%,*+`,%���*./c�Q%+/0�^,'&/�
0'+�.�/-%(.*Q�P(*d%('NQ�j/,/&\./f/�,*0'`�
\*�3):V2�(Q�

�\1'� ^,'(N+]� a+'� P(*d%('N� 01N� (*v'b
/j,*P-/&)� +/� ^/1`d*%+\N)� d+/� ./(-%(+,*-'N
-%(+,/&�1/.*1'P*-''�(*b/0'+\N�&�'(+%,&*�
1%� ⋅ ���� � �� V ⋅ �	� �� � �Qy2�� �1N� \1*j/� &/\\+*�
(/&1%((/f/� /.\'0*� a+/� &^/1(%� &%,/N+(/)� +%Q
j/1%%)�d+/�^/1`d%((_%�&�&*.``Q%�^1%(.'�W�

2

&\%f0*�(%\+%b'/Q%+,'d(_�^/�.'\1/,/0`�
�*.'Q� /j,*P/Q)� ^%,%(/\� '� ,%1*.\*-'N� &

*Q/,e(/c�^1%(.%�\0*j/�&/\\+*(/&1%((/f/�+,'�
/.\'0*� &/1]e,*Q*

�
/\`k%\+&1N%+\N�(*� /\(/&%

%0'(/f/�Q%b*('PQ*)� \&NP*((/f/� \� ^,_n.*Q'
(/\'+%1%c� 8a1%.+,/(/&9�Q%n0`�-%(+,*Q'�1/�
.*1'P*-''�
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"����!#���'���%/,'N�0'a1%.+,'./&�o����4,%�
1'b�o��%,��\�*(f1��������
.*(*&'��V��P0��&/�'(�
1'+�)�"7:3��V�#�"�\�
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2��]:G�O�V��<p�q��z��rZ�A�����z����q��A��p���q��

�rZ�F�z����F�r�����qr���qr�Mqz������>�rs���r�<�qZ�
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$��
��������1%.+,/((_%�^,/-%\\_�&�(%.,'�
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