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jcw� ea� 4"7�xcp�pjdeuj�}ezp�ac��ae��d}uyxbzd�ay
e�z�yzuuazozbeujb�hoxez�jd

� � � � �
� �
� �

�

�

� �
� � � �� � �ρ γ δ δ δ    , = − − − +        

∑
4!K7

Sbbaupjcw�ea�huahzuejzd�ay�e�z��uzzc£d�y}cb<
ejac�e�z�haezcejxo�ay�e�zdz�b�xuwzd
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� �

� � � �� �

�

� �
�� �

� � �
�� �

� �� �
� ��


�

� �


� � 
� �
 � � � � ��
� �

�
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� � �

�� ��
� � �

ρϕ ρ ϕ
π

γ ϕ
π

−

′ − − − +− −
′

′

, = =

= −

∫

∑ ∫

� �

� �

�

�

�

4!M7

��zuz� ��� � �� �
��ϕ ϕ γ γ= / , =� � �xcp� �� � ��� �� ���γ ′−

′ ′= − ;
Shhzxuxcbz�jc�e�z�oxde�z�huzddjac�ay�e�z�yxbeau
� ��� � ′−− �ex�zd�jcea�xbba}ce�e�xe�xe�e�z�jpzcejbxo
djwcd�ay� �� �xcp� �� ′ �e�z�b�xuwz�xujdjcw�ac�e�z
d}uyxbz� ay� e�z� bu�dexo� czxu� e�z� czjw��a}ujcw
pa�xjc��xood��xd�e�z�ahhadjez�djwc;
q�z� zczuw�� ay� jcezuxbejac� ay� b�xuwzd� 4!K7

�ze�zzc�e�z�dzo|zd��je��e�z�xbba}ce�ay�4"7�xcp
4!M7�jc�x�wzczuxo�bxdz�jd

�

� �� �

� �

�

� � � �

�� � �
�� �

� �

� � �

� �

�


� � � � 
� � � �
� � � �
� �

� � � � � ��

�� ��
� � �

σ ϕ

γ γ ϕ
π

′− − −
′

′,

= = , ⋅ = , =

= ⋅ ⋅ −

∫
∑

�

� 4!g7

��joz�bxob}oxejcw�e�z�d}��a|zu���xcp��′�jc
4!g7�jc�e�z�bxdz�ay�e�z�pjdhoxbz�zce�ay�e�z�pa<
�xjc� �a}cpxujzd� jc� z�ezucxo� yjzop� je� jd� czbzd<
dxu��ea�ex�z�jcea�xbba}ce�e�z�yaooa�jcw;�Qc�e�jd
bxdz� e�z� czjw��a}ujcw� pa�xjc��xood� xuz� pjd<
hoxbzp�ea�xupd�zxb��ae�zu����z�}xo�pjdexcbzd;
q�zuzyauz����joz�bxob}oxejcw��zuz�xoo�e�z�d}�<
�xcpd�z�bzhe�yau�� �= ′ �e�z�bazyyjbjzce�� ��� � ′−−
jc� �γ ′ �d�a}op��z�uz¤zbezp�xcp��z�d�a}op�ex�z�xoo
e�z�ezu�d��je��acz�xcp�e�z�dx�z�djwc;�_�huzd<
djac�4!g7�bxc�cae��z�}dzp�yau�e�z�bxdz�ay�� �= ′ �
�zbx}dz�je�pazd�cae�xooa��ea�dzhxuxez�e�z�dzoy<
jcezuxbejac�zyyzbe�ay�e�z�b�xuwzd�xujdjcw�jc�e�z
yjzop�ay�e�z�pjdhoxbzp�pa�xjc��xoo;�Qc�e�jd�bxdz
je�jd�czbzddxu��ea�ex�z�jcea�xbba}ce�e�xe�e�z�bac<
euj�}ejac� jc��� bauuzdhacpjcw� ea� e�z� pjdhoxbz<
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�zce�ay�aco��acz�pa�xjc��xoo�jd�z�}j|xozce�ea
e�z� pjdhoxbz�zce� ay� xoo� e�z��xood� z�bzhe� e�z
wj|zc�acz����e�z�dx�z�pjdexcbzd�jc�xc�ahhadjez
pjuzbejac;�q�}d�e�z�baceuj�}ejac�jc���xe� � �= ′
jd�a�exjczp����d}��xejac�jc�4!g7�ay�xoo�e�z�ezu�d
�je��xoezucxejcw�4�je��e�z�xbba}ce�ay �e�z��}o<
ejhojzu�� ��� � ′−− 7�djwcd;�Sd�x�uzd}oe� �e�z�eaexo�bac<
euj�}ejac�jcea���bauuzdhacpjcw�ea�e�z�pjdhoxbz<
�zce�ay�xoo� e�z�pa�xjc��xood�bxc��z�a�exjczp
}cpzu��zuwjcw�ay�e�z��zcejaczp�baceuj�}ejacd
��zuz�e�z�app�ezu�d�xuz�pa}�ozp���joz�e�z�z|zc
aczd�xuz�czwozbezp;�q�}d���je��e�z�xbba}ce�ay
e�z�yxbe�e�xe�xoo� ��� ��γ γ≡ = ��z��x|z

� � �� ��
� �

�

�� �� �
�� �

� � �
� � � 
� � � �
� �
�

�� ��
� � �� � �ϕ

π

∞
− −

=

= − ,∑� � 4!C7

��zuz���jd�e�z�uzxo�c}��zu�ay�pa�xjc��xood�jc
e�z��xezujxo� ay� e�z� yzuuazozbeujb� hoxez;� q�z
d}�deje}ejac� ay� e�z� z�huzddjac� yau�

�
ϕ � � 4!�7� jc

4!P7�xooa�d�ea��ujez�pa�c���xd

� ��
�

� �
� �

� ��
�� �

ω = + , 
 
�

� 4��7

��zuz� e�z� zyyzbej|z� bazyyjbjzce� ay� �}xdjzoxdejb
yaubz���zyyzbejcw�ac�da�z�pa�xjc��xoo��xcp�jed
zyyzbej|z��xdd� �� �xuz�z�}xo��uzdhzbej|zo���ea\
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∞
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� � � �

� � �
�

� � � � �

� � � � � � � � � �

�� �

�� ��
� �

π
ε

πβ β πβ β
ρ ρ

π

∞

=

− − −

 −= ×∫ 



× − ×



× − ,

∑

� �
4��7

�zuz��xd�}d}xo��e�z�d}��xejac����e�z�uzhzxejcw
jcpz�zd�jd�xdd}�zp�xcp��

�
� ���je��e�z�xbba}ce

ay� d���zeu�� ay� e�z� exd�;
Qc� e�z� hxuejb}oxu� bxdz� ay � ezeuxwacxo� d��<

�zeu��ay�e�z�haoxu�h�xdz�A!MB

� �

� �

� �

�



 �

�

ε

ε ε

ε

 
 
 
 
 
 
 
 
   

=
4�C7

e�z� bxob}oxejacd� ay� e�z� bazyyjbjzce��� hua|jpzd
e�z�yaooa�jcw�z�huzddjac

� �
�

� �
�

�
�

	� � �
���� �

�� ��

	�
�� � �

�

� �

�� � � �

� �

� � � �

� �

� � �

� �
��

� �

ε
ε ε ε

επ
ε ε ε

∞

=

= ⋅ + =
−

= ⋅ .

∑�

4��7

Qc�e�jd�bxdz�e�z��xeuj��ay�hjzva�ap}ozd� 
�� 
��β β=
�xd�e�z�yaooa�jcw�cac<z�}xo�ea�vzua�bazyyjbjzced

��� � ��� �		 � ��� 	�	 	β β β β β β β β≡ , = ≡ , = ≡ �A!MB;�q�z
zdej�xejac�ay�e�z�|xo}z�ay� �� �wj|zd�A!gB��zuz

� � � �
�

� � 


�� �

� �

� �
�

� �

π β
ε ρ

= ⋅ 4�"7

~aez�� e�xe� jc� e�z�bxdz�ay� e�z�bu�dexo�ay� yzuua<
zozbeujbfyzuuazoxdejb� xcp� xoda� yau� yzuuazozbeujb
�je�� P�<pzwuzz� pa�xjcd� jc� xppjejac� ea� e�z
jceuap}bzp�bazyyjbjzce��� je� jd�czbzddxu��ea�xpp
e�z�bazyyjbjzce��

!
� bx}dzp���� e�z�zoxdejb� jcezu<

xbejac�ay�e�z�pjdhoxbzp�dhacexcza}do��pzyau�zp
�xezujxo��je��e�z�d}uyxbz�cacyzuuaxbej|z�ox�zu;
Qc� e�z� bxdz� ay� e�z� zca}w�� oxuwz� e�jb�czdd� ay
e�z�yzuuazozbeujb�hoxez� �

� �
 �µε= /� ����zuz� µ �jd
e�z�e�z�zoxdejb��ap}oz�xcp� �ε �jd�e�z�dhacexcza}d
pzyau�xejac�au� e�z�bauuzdhacpjcw�pzyau�xejac
xbba�hxc�jcw�e�z�xhhzxuxcbz�ay� �� �yau�P�<pz<
wuzz�pa�xjc�deu}be}uz�A!�B;
Dze£d� bacdjpzu� e�z� jcyo}zcbz� ay� pzyzbed� ay

e�z�bu�dexo�oxeejbz�ac�e�z��aejac�ay�pa�xjc��xoo;
�z� d�xoo� bacyjcz� ea� e�z� bxdz� ay� hajce�pzyzbed;
Xzhzcpjcw�ac�e�z��a�joje��ay�e�z�pzyzbed�e�zju
jcyo}zcbz�ac�e�z��aejac�ay�e�z�pa�xjc��xoo�bxc
ex�z�hoxbz�jc�e�a��}xojexej|zo��pjyyzuzce��x�d 5
e�ua}w��e�z�yaubzd�ay�pu��xcp�|jdba}d�yujbejac
uzdhzbej|zo�;� Qc� e�z� yjude� bxdz� e�z��aejac� ay
pa�xjc��xoo�jd�xc�xp|xcbz�e�ua}w��e�z�d�dez�
ay �dexejacxu��a�dexbozd�bacdjdejcw�ay �e�z�bac<
dzb}ej|z� xbed� ay� pjdhjccjcw� ay� e�z� �a}cpxu�
yua��e�adz�deahhzud�xcp�jed�y}ue�zu�bxhe}uz���
cz��pzyzbed;�q�z�dzbacp�bxdz�ex�zd�hoxbz�jy�e�z
pa�xjc��xoo�jcezuxbed��je��e�z�d�dez��ay��a<
�joz�pzyzbed�xbba�hxc�jcw�jed��aejac;
q�zdz��ae��e�hzd�ay�e�z��aejac�bxc��z�pz<

dbuj�zp��je�jc� e�z� yux�z�au�d�ay�acz<pj�zc<
djacxo��apzo;�q�}d� �jc�dhjez�ay �x�wzczuxo�db�z�z
ay�bacdjpzuxejac�p}z�ea�e�z�pjyyzuzcbz�jc�ezu�d
e�zju� hxuejb}oxu� pzdbujhejac� jd� bac|zcjzce� ea
hzuyau��dzhxuxezo�;�Dze£d� bacdjpzu� e�z� yjude�ay
e�z��zcejaczp� e�hz� ay��aejac����zc� e�z� pa<
�xjc��xoo� jc� z�ezucxo� yjzop� xp|xcbzd� e�ua}w�
e�z�d�dez��ay�j��a�joz�deahhzud;
Dze£d�pzezu�jcz�e�z�z�huzddjac�yau�e�z�yaubz

xbejcw� ac� e�z��a|jcw��a}cpxu�� yua�� e�z�pz<
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yzbed�jcezuxbejcw��je��je;�q�z�ha�zu�hzu�}cje�ay
xuzx�ay �pa�xjc��xoo�dhzce����e�z�z�ezucxo�zozbe<
ujbxo� yjzop� ea� a|zuba�z� e�z� uzdjdexcbz� ay� pz<
yzbed�ea�e�z��aejac�ay�xc��pa�xjc��xoo�jd�z�}xo
ea

� � � �
� �

� � � � � � �� � � � � ��
� �

∂ ∂⋅ = ⋅ , = − , .
∂ ∂

∫ ∫� � � 4�K7

�zuz� � � ��� � � �− � jd� e�z� jcbuzxdz� ay� zczuw�
uzoxezp� ea� e�z� pz|jxejac� ay� e�z��xoo� yua�� jed
z�}joj�u}��hadjejac� jc� e�z�d�dez��ay�hajced�ay
jed�hjccjcw����pzyzbed� �� �jd�e�z�baaupjcxez�ay
e�z�hoxcz�ay�x|zuxwz�aujzcexejac�ay�e�z�pa�xjc
�xoo� jcezuxbejcw��je�� pzyzbed���� � jd� jed� dhzzp�
� �� � �, � jd� e�z� �}o�� bacbzceuxejac� ay� hajced� ay
hjccjcw�yau�e�z��a}cpxu�����pzyzbed;
q�z�ej�z�z|ao}ejac�ay�e�z�y}cbejac� � �� � �, �jd

pzdbuj�zp�����jczejb�z�}xejac��je��acz�uzox�x<
ejac�ej�z�τ \

� ���

�� τ
∞−= − , 4�M7

��zuz�e�z�z�}joj�u}��pjdeuj�}ejac�ay�e�z�hjccjcw
hajced�jc�e�z�wj|zc�hoxbz�ay�e�z�bu�dexo�AMB

� �� � � �θ∞ = ⋅ − .� 4�g7

�zuz� � ��θ � jd� e�z��zx|jdjpz� y}cbejac�� � � jd� e�z
�}o�� bacbzceuxejac� ay� pzyzbed�� �� � jd� e�z
�x�j�}��pjdexcbz�ay�x�pzyzbe�yua��e�z�hoxcz
ay�e�z�x|zuxwz�aujzcexejac�ay�e�z��a}cpxu���xe
��jb��e�z��a}cpxu��jd�dejoo�bxhe}uzp����x�pzyzbe;
q�z�dao}ejac�ay�4�M7� jd

� � ���� � � �
�

�
� � � � �

ξξ τ ξ
τ∞

−∞

, = − − / ⋅ .∫ 4�P7

q�jd�huzdd}uz�ac�e�z��a}cpxu��yua��pzyzbed�jd

� �� � ���� �

� � � � ��

�
� ���

� �� � � � ��

�
� � � � ��

ξ
τ

ξξ
τ

∞ ∞
∂−∂

∂ ∂
−∞ −∞ −∞

∞

= − , = − ⋅ ×

× − ⋅ .

∫ ∫ ∫
4C�7

Qc� e�z� bxdz� ay� ojczxu� uzdhacdz� e�z� pjyyzuzcbz
���� ��� �ξ �bxc��z�bacdjpzuzp�ea��z�d�xoo;�Qc�x
|jz��ay� e�z� dhzbjyjb� yau��ay� � �� �∞ � e�z� dhxejxo
jcezwuxo� jc� 4C�7� bxc� �z� huzdzcezp� �zuz� xd

� � � � ��� � � ξ⋅ −� ���zuz� ���=� � � xcp� � � jd� e�z
bazyyjbjzce� ay� �}xdjzoxdejbje�� pzdbuj�jcw� e�z
jcezuxbejac� ay� e�z� �a}cpxu���je�� xc� jdaoxezp
pzyzbe�AMB;�Sd�x�uzd}oe�e�z�huzdd}uz�� �oaa�d�xd

���� � � � � � ��
�

� �
� � � �

ξ ξξ
τ τ−∞

−= − − .∫ � 4C!7

q�z�a�exjczp�z�huzddjac�zcx�ozd�}d�ea��ujez
pa�c� e�z�ba�hozez�z�}xejac�ay��aejac�ay� e�z
pa�xjc��xoo� jc�x�bu�dexo��je��pzyzbed;�F}�dej<
e}ejcw�4C!7�jcea�4!7��z�a�exjc

� �

�

� � � � � � � �

��� � � � � �
�

� � � � � �

� �
� � � �

ξ ξξτ τ
−∞

+ + + −

− − − = .  ∫

� �

�

��

4C�7

~a���z� yjcp� e�z� dao}ejac� ay� e�z� z�}xejac
4C�7;� Dze� e�z� z�ezucxo� zozbeujbxo� yjzop� xoezud� jc
ej�z�}cpzu�e�z��xu�acjb�ox�� �� � � �� � � ��� 
 �ω= ;
Dze£d� dzxub�� yau� dao}ejac� ay� e�z� z�}xejac� 4C�7
yau�e�z�dezxp���aejac�xd� �� � �� � ��� � � ��� 
 �ω α= + ;
F}�deje}ejcw� je� jcea� 4C�7�� jc�x�wzczuxo�bxdz��z
a�exjc

� � �
� � �
� ��

� � � � �
� �

�� � �� ��

� � � � �
� �


ω ω ω ωτ
/ += ,

− − / +
4CC7

��zuz� �
� � �� � � �� �ω = + / +� � �xcp� �

�� � �� �� �ω = / +�

jd�e�z�d�}xuz�ay�e�z�y}cpx�zcexo�yuz�}zcb��ay
e�z�}oej�xezo��oacw�x|z�euxcdoxejacxo�|j�uxejacd
ay�pa�xjc��a}cpxujzd� jc� bu�dexod��je��pzyzbed
xcp�h}uzo��pzyzbe�baceuj�}ejac�jcea�je��uzdhzbej<
|zo�;
�zjcw�pjdhoxbzp�jc�xc�z�ezucxo�yjzop�e�z�pa<

�xjc��a}cpxujzd� bxuu��a}e� x� uzhaoxujvxejac�ay
e�z�yzuuazozbeujb��xezujxo�xcp�e�}d�hua|jpz�e�z
baceuj�}ejac�ea�jed�pjzozbeujb�hzu�zx�joje��ε ;�q�z
|xo}z� ay� e�z� oxeezu� �je�� e�z� xbba}ce� ay� e�z
pzezu�jcxejac�ay �e�z�pjzozbeujb�bacdexce�jd

��
 �� �

� � �

ππε ∆= = ⋅ . 4C�7

F}�deje}ejcw� ay� e�z� z�huzddjac� 4CC7� jc� 4C�7
wj|zd� e�z� wzczuxo� z�huzddjac� yau� e�z� pa�xjc
baceuj�}ejac�jcea� ε \

�
�

� � �
� � � ��

��
� �

� ��� � �� ��

�

� � � 


πε ω
ω ω ω ωτ

= ,
+ − − / +

4C"7

���jb��bxc��z�uz�ujeezc�jc�x�ua}ejcz�yau�

�
�

��
� �

��
� �

� �� �

�

� � � 


πε ω
ω βωω

= ,
+ − +�

4CK7

���zuz

= − , = .
+ +

�
ω ω τω βω
ω τ ω τ

� �
� �� ���
� � � � �� �

4CM7

Sbbaupjcw�ea�4C"5CM7�e�z�e�hz�ay�pjzozbeujb
pjdhzudjac�ay�e�z�pa�xjc�aujwjc�pzhzcpd�ac�e�z
uxeja��ze�zzc�e�z�yuz�}zcbjzd� �ω� �xcp� �ω ;�q�}d�
e�z�|xo}z�ay� �ω� �pzhzcpd�ac�ω �4au�ac� τ 7;�Wau
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�τ → �4�jw�o���a�joz�pzyzbed7� � ��
� ��ω ωω = −� �xcp

je�jd�baceuaoozp�aco�����e�z�bazyyjbjzce��;�Qc�e�z
ae�zu�}oej�xez�bxdz�yau� ��

�τ ωω→ ∞, =� ;
q�z�pjdhzudjac�ay�pjzozbeujb�hzu�zx�joje��ay

x�uzdacxce�e�hz�jd�uzxojvzp�xe�ω ω� 
 ;�Qc�e�z�ae�<
zu�huxbejbxoo��j�hauexce�bxdz�ay�uzoxej|zo��d�xoo
yuz�}zcbjzd�ω �e�z�jczuejxo�ezu��jc�4CC7�xcp�jc
4C"7�bxc��z�czwozbezp;�Qc�e�jd�bxdz��z��x|z�pjd<
hzudjac�ay�x�uzox�xejac�e�hz���zuz
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4CP7

�zuz� �
� ��� � �ε π= /� � xcp� �

� ��� � �� �ε π= / +� �

xuz� dexejb� 4j;z;��zxd}uzp� xe� �ω = 7� xcp� �jw�<
yuz�}zcb�� 4ω → ∞ 7� pjzozbeujb� hzu�zx�jojejzd�
uzdhzbej|zo��� baceuaoozp���� e�z�b�xuwzd�ac� e�z
d}uyxbz�ay�yzuuazozbeujb�au����xcae�zu�jcezuxbejac
ay�e�z��a}cpxu���je��e�z�cacyzuuazozbeujb�ox�zu
xcp����e�z�jcezuxbejac�ay�e�z��a}cpxujzd��je�
pzyzbed�� uzdhzbej|zo�;
q�z��zjw�e�ay�e�z��x�j�}�� ��δ �jd
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qx�jcw� jcea� xbba}ce� e�z� bacbzceuxejac� pzhzc<
pzcbz�ay�e�z�bazyyjbjzce� ��� 
 �acz�bxc�dzz�e�xe
jc� e�z� bxdz� ay� j��a�joz� pzyzbed� e�z� pjzozbeujb
hzu�zx�joje�� � � �ε /
 ;��je�� jcbuzxdz� ay� bac<
bzceuxejac�ay �pzyzbed�e�z�aujwjcxoo��ojczxu�}hujdz
ay� e�z� �zjw�e� ay� x� �x�j�}�� ��δ � 4��zuz

>� � 7�jd�uzhoxbzp�e�zc��je��uaae�pzhzcpzcbz�
j;z;�e�z�wua�e��uxez�ay�e�z��zjw�e�ay�x��x�j�}�
��δ ��je��jcbuzxdz�ay� � �wuxp}xoo��doa�d�pa�c;
q�z� pzdbujhejac� ay ��aejac� ay � e�z� pa�xjc

�xoo�jcezuxbejcw��je���a�joz�pzyzbed�jd�hzuyau�zp
dj�joxuo���je��e�z�aco��pjyyzuzcbz�e�xe�e�z�jcj<
ejxo�z�}joj�u}��pjdeuj�}ejac��zuz�jd

� �� � ����� � �� � � ��� � � � � � � � � �δ∞ = + ⋅ / − ⋅ ⋅ − , 4�!7

��zuz�M�jd�e�z�djvz�ay�e�z�zoz�zcexu��bzoo�� �� �jd
e�z�zczuw��ay� jcezuxbejac�ay� e�z��a}cpxu���je�

x�pzyzbe;�Sd�x�uzd}oe� �xoo�e�z�yjcxo�z�huzddjacd�4C"5
��7��zuz�d�a}op��z��zhe����zuz� ���=� � �d�a}op
�z�uzhoxbzp��je��

�� � � ����� ���� �= / −� �xcp� τ
�zuz� jd� e�z� uzox�xejac� ej�z� ay� e�z� pzyzbe
xe�adh�zuz;
Dze£d�ba�hxuz�e�z�a�exjczp�e�zauzejbxo�pz<

hzcpzcbzd��je�� e�z�z�hzuj�zcexo�pxex;� Qc� e�z
z�hzuj�zce�e�z�pa�xjc�baceuj�}ejac�ea�pjzozb<
eujb�hzu�zx�joje���xd�a�dzu|zp�huxbejbxoo��jc�xoo
�xdjb�yx�jojzd�ay�yzuuazozbeujb�bu�dexod�<� jc�e�z
bu�dexod� ay� q�F�� �xqjE

C
����

�
lE

�
� wua}hd� zeb;

A!P5�!B;
q�z�pa�xjc�baceuj�}ejac�jcea�ε �jc�e�z��zw<

x�zuv� uxcwz� ay� yuz�}zcbjzd��xd� a�dzu|zp�� jc
hxuejb}oxu� �jc��xuj}��ejexcxez�ACB�xcp� �xhhxu<
zceo���jc��xoj}��pj��puah�adh�xez�A��B����zuz
jc�x�ca�jcxoo��h}uz�bu�dexo�e�z�pzhzcpzcbz�ay
� �ε ω �jc�e�z�rhoxezx}s�uzwjac��xd�pjdhox�zp�aco�
jc�e�z�yjzop�ay�yuz�}zcbjzd�!�M÷!�g��v;�Se�e�zdz
yuz�}zcbjzd� ay� e�z��zxd}ujcw� yjzop� e�z�|xo}zd
ay�ε �jc�e�z�xuzx�ay�rhoxezx}s�d�xuho��pzbuzxdzp�
��joz� e�z� �x�j�}�� ay� ��δ � yua�� xuzx� ay
ryuzzvjcws��xd� x�u}heo�� d�jyezp� jcea� e�z� xuzx
ay� �jw�� ez�hzuxe}uzd;
q�z�uzxdac�ay �e�zdz�h�zca�zcx�jc�x�pzyzbe<

ozdd�bu�dexo�d�a}op��z��a�|ja}do���e�z�jczuejxo�z�bo}<
djac� ay� pa�xjc� �a}cpxujzd� yua�� e�z� d�jeb�jcw
huabzddzd�xe� �ω ω> ;�Qc�aupzu�ea�bacyju��e�jd��z
d�xoo�zdej�xez�e�z�|xo}z�ay�e�z�oxeezu;�Wau�}d}xo



� ��� 
 � n�F_� }cjed�� 	 ��� �� ��� ��ε ε −, , ,
 
 


�� �� �, 
 �e�z�|xo}z�ay���hua|zd�ea��z� ����
 ��xcp
e�z�|xo}z�ay� �� �xe�

� 
 ��� �� � ���� �β ρ−, , ,
 
 
 


ay� e�z� aupzu� ay� 
��− �� uzdhzbej|zo�;� Qe� hua|jpzd
 

� � ���ω = /� 
 �d �− ��j;z;�¤}de�e�xe�|xo}z�ay�ω �
xe���jb�� e�z��zcejaczp� hzb}ojxuje�� �xd� �zzc
a�dzu|zp�jc�z�hzuj�zce;
Da�<yuz�}zcb��hzb}ojxujejzd� ay� e�z�pa�xjc

baceuj�}ejac� jc� ε ��zuz� jc|zdejwxezp�zdhzbjxoo�
�zoo��je��e�z�z�x�hoz�ay�e�z�yx�jo��ay��xoj}�
pj��puah�adh�xez;�Qc�c}�zua}d�z�hzuj�zced�je
�xd�d�a�c�e�xe�jc�e�z�rhoxezx}s�uzwjac�4��zuz
�zoa�� �� �e�z��jw��|xo}zd�ay� ε �xuz�uzxojvzp7�xe
e�z�yuz�}zcbjzd�ay� 	��
 ��v�e�z��}xdjdexejb�bac<
euj�}ejac�jcea�ε �jd�uzxojvzp��zuz�A�CB;�Qed�|xo}z�jd
baceuaoozp� 4bxc� �z� uzp}bzp7� ��� xhho�jcw� ea� x
dx�hoz�ay�x�bacdexce�zozbeujbxo�yjzop�A��B;�Qceua<
p}bejac�jcea�e�z�bu�dexo�ay�e�z�pzyzbed�}cpzu�jed
pahjcw��je��b�ua�j}��jacd�p}ujcw�e�z�huabzdd
ay� wua�e�� A�"B�� xcp� xoda� }cpzu� juuxpjxejac� ay
e�z� dx�hoz� zje�zu� ��� γ <ux�d�� au� ��� zozbeuac
�zx��A�KB��au����cz}euacd�A�MB�xoda�uzd}oe�jc�x
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pzbuzxdz� ay� e�z� |xo}zd� ay� ε � jc� e�z� rhoxezx}s
uzwjac;
Soo�e�zdz�yzxe}uzd�bxc��z�pzdbuj�zp��je��e�z

�zoh�ay�z�huzddjacd� 4CP����7;� Qc�hxuejb}oxu��z�<
hzuj�zcexoo�� a�dzu|zp� baceuj�}ejac� jcea� ε � jc
ca�jcxoo�� h}uz� bu�dexod� bxc� �z� pzdbuj�zp� ��
e�z��}xdjdexejb�z�huzddjac�yau� �ε ;�Qe�jd�xoda�yx<
|a}uzp����a�dzu|jcw�jc�e�z�z�hzuj�zce�ay�e�z
e�jb�czdd�pzhzcpzcbz� 4wua�e��xoacw��je�� �� 7
ay� e�z�|xo}z� ay� ε ����jb�� jd� huzpjbezp���� e�z
z�huzddjac�yau� �ε ;
q�z� pzyzbed� xhhzxujcw� jc���

�
lE

�
� bu�dexo

}cpzu� jed�pahjcw�xuz� j��a�joz;�q�zuzyauz�� e�z
pjzozbeujb� bacdexce� ay� d}b�� x��xezujxo� bxc� �z
pzdbuj�zp����e�z�z�huzddjac�yau� �ε ;�q�z�z�hzbe<
zp�jc|zudz�huahauejacxo�pzhzcpzcbz�ay �ε �ac��
xbbaupjcw�ea�e�z�x�a|z<dexezp�yau�}oxd�xwuzzd
�zoo�zca}w���je�� e�z�z�hzuj�zcexo� uzd}oed�ac
e�z��zxd}uz�zce�ay� ε �|xo}zd�jc�e�z�rhoxezx}s
uxcwz�jc���

�
lE

�
�bu�dexo��je��x�|xuja}d�pzwuzz

ay� jed�pahjcw���� jacd�ay�b�ua�j}�;
q�z� c}�zujbxo� zdej�xejac� ay� ε � xoda� bajc<

bjpzd��zoo��je��e�z�z�hzuj�zce� jc�e�z�bacdjp<
zuzp�bxdzd;��je��e�z�x�a|z<a�exjczp�|xo}z�ay��
e�z� �}xdjdexejb� pjzozbeujb� hzu�zx�joje�� �ε � jc� x
pzyzbeozdd� bu�dexo� hua|zd� ea� �z� ay� 
��
 ;� q�z
jacd� ay� b�ua�j}�� jc� e�z� pahzp� bu�dexod� ay
��

�
lE

�
�bxc��z�bacdjpzuzp�xd�b�xuwzp�pzyzbed�

xcp� e�zju� zczuw�� ay� jcezuxbejac��je�� pa�xjc
�a}cpxujzd�jd�ay� �	��−


 �zuw;�q�z�bxob}oxezp�|xo}z
ay���xe�e�jd�|xo}z�ay� �� �hua|zd�ea��z�ay�

����


A!�B���joz� e�z�|xo}z� ay� �ε � jedzoy� hua|zd� ea� �z
	��
 �� ��jb�� xoda� bauuzdhacpd� ea� e�z� z�hzuj<

�zcexo�pxex�A��B;
Wjcxoo�� �e�z�yau�}oxd�4CP� ���7�xuz��zoo�pz<

dbuj�zp� e�z� z�hzuj�zcexo� pzhzcpzcbzd� ac� pz<
yzbed� bacbzceuxejac� ay� ba�haczced� ay� pjzozb<
eujb�hzu�zx�joje��xcp��x�j�}�� ��δ � jc� bu�d<
exod���

�
lE

�
�z�hadzp�ea� γ <�au�zozbeuac�juuxpjx<

ejac\� jc� hxuejb}oxu�� e�z� yxbe� ay� pzox�� ay� e�z
�zjw�e�wua�e��ay�e�z��x�j�}�� ��δ � jc� γ <ju<
uxpjxezp� bu�dexo��je�� e�z� jcbuzxdz� ay� pzyzbed
bacbzceuxejac�A�B;

V_W_V_~n_F

!;�?]B\SENDT�K��>�
�LBDBG�Y��>�
�PNbiBG�Y��>�
�OCMTt

E@D�_��_�
�mMN@EDBG�Z��j�
�?BDB\BG�>��P�
�kbNR@E _� O�

Wjvj�x� dzwczeazoz�eujb�zd�j�� �x|ozcj��� D;�� !Pg"�
~x}�x�� CPK�h;

�;�?[CbDBG� L�� >�
� `SGMETbD�>�� m�� Wjvjb�zd�j�z
adca|j� dzwczeazozbeujb�zd�j�� �x|ozcj�� |� �ujdexoox��
{;�~x}�x��Wjv�xeoje�� !PP"�� C�!�h;
C;�kMB�{�
�̂ fO@EN[CT�u�
�QCBNN�̀ ��j���;�S�;�nzux�;

Fab;�� KK�� KCM� 4!PgC7;
�;�OM]TNRSGM� `�� _�
� LbCAME@EM� _�� >�
� gRbt

DBG a� O�� S[�M\;�� �ujdexooawuxyj�x�� !"�� gC�4!PM�7;
";�?MEE@DBG�d��K�� Qv|;�S�xp;�~x}��FFFV��Fzu

yjv;�� �g�� M�C� 4!PK�7;
K;�_SfRMSG�Y��_�
�ZBNfRbiD@E�>��^��Wjv;� e|zup;

ezox�� C��� !P�g� 4!Pgg7;
M;�dMC@END@@�L��^�
�?@ABCD@E�>��?�
�OBN[NBG�>��^;

Wzuuazozbeujbd�� !K��� C"� 4!PP�7;
g;�oSABNBG�Y��_�
�?@ABCD@E�>��?;�Wjv;�e|zup;�ezox�

!g��!KC��4!PMK7;
P;�ZBT[ebCA�>��`;�Wjv;�e|zup;�ezox���g��C�"!�4!PgK7;
!�;�>C\[� K�
� mSC[NSG� _�� >��� �;� Shho;� l��d;�� M��

��gC�4!PP!7;
!!;�dMC@ENC@@�L��^�
�mMCNR@E�>��Y�
�cbCDBG�?��O;

Qv|;�S�xp;�~x}��FFFV��Fzu�yjv;��CP�����MM�4!PM"7;
!�;�db]MfRSG�Y��_�
�_SfRMSG�Y��_�
�ZBNfRbit

D@E >� ^�� Qv|;� S�xp;� ~x}�� FFFV�� Fzu� yjv;�� !��� !�
4!PP�7
!C;�dMC@END@@�L��^�
�_SfRMSG�Y�_�
�oSABNBG Y� _�

l��d;�Fe;�Fao;�4x7��"P��M�!�4!Pg�7;
!�;�?@ABCD@E�>��?�
�dMC@ENC@@�L��̂ ;�Wjv;�e|zup;�ezox�

�g�� �g"� 4!PgK7;
!";�?@ABCD@E�>�?�
�?RSGfRSEDB�>��>;�Wzuuazozbeujbd�

!�!�� �C"� 4!PPC7;
!K;�?@ABCD@E�>��?��Wzuuazozbeujbd��!gK���CP�4!PPK7;
!M;�_BGM[NDT�Y��_ozbeua�xwcjecjz�zyyz�ej�|�e|zupj�

ezox�;�{ab�|x��{ju�� !PgK�� !"P�h;
!g;�?@ABCD@E�>��?�
�_SN[SCSEDB�`��m;� Wjv;� e|zup;

ezox�� CM�� CM�M�� 4!PP"7;
!P;�oBbNSD�n�
�LCSh@EM�L���;�l��d;�Fab;��xhxc��!P�

gC��4!PK�7;
��;�?R@\E@DBG�>��Y;�Wzuuazozbeujbd��Pg��C�4!PgP7;
�!;�LBCEMCS\�n���;�Shho;�l��d;��M!���""�4!PgM7;
��;�?RbGM\BG� `�� >�
� � gRS\bASG� P�� ?�
� ^EMDM[t

NMETME >��Y�
�̀ bAbiBG�cN�tgR;�Qv|;�S�xp;�~x}��FFFV�
Fzu� yjv;�� C!�� !P!P� 4!PKM7;
�C;�̂ M\SD�g�
�?RbGM\BG�̀ ��>�
�o@M\M�P�
�?[CM@e\BGM k�

�ujdexooawuxyj�x�� !C�� g�"� 4!PKg7;
��;�OM]TNRSGM�̀ ��_�
�LbCAME@EM�_��>�
�gRbDBG a� O�


LSNiM]TM[EBGM�`��>;��ujdexooawuxyj�x��!���!K��4!PKP7;
�";�OM]TNRSGM� `�� _�
� LbCAME@EM� _�� >�
� gRbt

DBG a� O;��ujdexooawuxyj�x�� !��� P��� 4!PKP7;
�K;�OM]TNRSGM� `�� _�
� LbCAME@EM� _�� >�
� gRbt

DBG a� O�
�dMC@END@@�L��^�
�?@hBGM�`��_;� Qv|;�S�xp;
~x}��FFFV��Fzu�yjv;��C����K!�� 4!PM�7;
�M;�mSNR@DBG�j��Y;�Vxpjxedjaccjz�zyyz�ej�|�dzwczea<

zoz�euj�x�;�qxd��zce��!PgK\�WS~��!CP�h;

>��?��?@ABCD@E
�>��?��?@FBG


