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��������� ������ ������ !� "#$% !"& ���' ($��%!�) ���*"" +�#���, � � ,�*�� � ' -
������"./!�, �"�� '�, 0("*1���/2�� �*� � .�34 1�5*� �*"!�1��� ��(!�'" ��.�&��� ���-
6 ��� !$1. �6"" !���) +�#� " ����� $( ����#����7",�� 1�"���.."���� 8���� � ��"� 9��)
���*"" ��.� ��� ! #�� �7 !!�)4 ! �'���� !� �� ������� ./����4 %�� ���' ($��%!�� ���*"�
%���� #�!"'� � ��./7$& %���/ �� ' !" �� 5� ���6 ��� +�#���5� � � ,�*�� :��4 � %���!�-
��"4 ��#��!� � '4 %�� ����� ����$&��� '�� '��"% �1�� '�* ./ ���6 ��� ��.� ��� "!� 5��-
*"++ � !6"�./!�)4 � %���/ ��5��!"%!�, $�.��") ����"��� !� *�"($�",�� 5��!"6�, ������
;� 6"�./!� ��' �"'4 %�� ��.!�� "!+��'�6"� � *"!�'"1 �!��"� �� � !" ' ������"./!���"
" �� 9��.&6"" !���) +�#� '�( � ���/ ��.$% !� �$� ' �!�."#� ��./1� ."7/ 9��) ���*""�
8��$����" $!"� ���./!�, ' ��*�� � 7 !"� "!� 5��-*"++ � !6"�./!�, $���! !") ��.� ���
��"%"!�) ��5�4 %�� � ��* 9��.&6"�!!�, '�* . ) ��.!���/& "5!��"�$ ��� *"!�'"1� �!��"�
� � �,.�(* !"� <� � ��� !"�= �"�� '� >
4�?� � ��,�*"'���/ �*!��� ' !!�5� $% �� ���6 ����
!$1. �6"" " ����� !���) +�#� ��"��!�4 !���"' �4 � ������, >�4 @?� 
 ' ! ' !  '!�5" '�* -
." ��!�����&��� !� ���6"�!��!�, ��"�."( !"�, <�'�4 !���"' �4 >�4�?=4 1����� '�5$� "' �/
' ��� ."7/ !� ��'�, !�%�./!�, ���*"�, "." � �.$%� ��� * . !!�, ����' ���� �"�� '��

A ���� �����1� �� �*�. !"� ��"��!!�, ��7 ��$*!��� ) +��'$."���1" " � 7 !"� '�� -
'��"% �1�) '�* ." ��.� �� *��"!��� � ����/ >�? !� ��!�� ' ��*� � *.���) ��%1" ��%"�. -
!"� "!� 5��.� .��.�����1�5� �"�� <' ��*� � � ��.�=� B�� ' ��*��!�) ��*,�* ��. ��"' ! !
1 #�*�%�' �� 9��.&6"" �5� 5���� � ' ������"./!�, 1�..�"*�, " '�5!"�!�, ("*1����, >�4 C?�
A�*,�* " � 7 !"� ������ >�? #�� ' ��." ��"' ! !� *.� ��"��!"� 1�"���.."#�6"" ���� "-
!�� >
	? " � �"+"1�6"" ����". ��! � )'��!� <DEF GHIJKLF= >

?4 ��"����&�", �� *!") ��#-
' � 1�"���..��� ��(!� ��' �"�/ �� ������� ./����4 %�� �!�."�"% �1" � 7 !"� ����/" >�?
��." ��.$% !� ��./1� *.� ��!��!�5� �1.�*� � "!� 5��. M��.��� <*.� � ���5� 1�9++"6" !-
�� ��*�=� :��� �1.�* ����� ����$ � ��"�."( !"& !$. ��5� ����*1� .��.�����1�5� "!� 5��.�
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� �1� ��!���" � *.���) ��%1"4 1�5*� � #��#' �!� %"�.� O"���� p4 �,�*��  � %�����$ !$1-
. �6"" I = I∗ exp

(−p/w2
)
4 +��'�./!� ��� '"��� 1 � �1�! %!���" <#* �/ I∗ " w ���#!�%�&�

�� *91���! !6"�./!�) '!�("� ./ " � #��#' �!� � � �,.�(* !" P� � ��� !" =� A��1�./1$
p "#' !� ��� �� � ."%"!� ∼ 10−1 *� � ."%"!� ∼ 103 *.� � �./!�, � � �,.�(* !!�, ����.�-
��� " � � ��� !!�, ���������4 � ��"� ������ >�? *�.(!� ���/ ��#�"�� *.� ��"��!"� ��1",
�"�� '� 
�1( ��(!� ��' �"�/4 %�� *�( � �.$%� *������%!� ��./7", p ∼ 1022103 � 7 -
!" !$. ��5� ����*1� ������ >�? #!�%"� ./!� ��."%� ��� �� ��.!�5� � 7 !"�4 ��* �(�� 5�
�. *$&�" � �'� <9�� ��1�#�!� !"( � !������ ) ����/ =�

! "# �$��%& '($)�**+ �,-%�+)   ($*.+ �$�$/ 0+12

��. 1$.��!�-1"! �"% �1�� � ��"� !$1. �6"" " ' ��*� ���% �� %������ !$1. �6"" *.�
�*!�1�'��! !�!�, �"�� ' ��#�"��."�/ '!�5"'" ������'" >
�2
@?� :�� � ��"� ��!���!� !�
�� *��.�( !""4 %�� '"1��#���*�7" !���) +�#� '�5$� +��'"�����/�� � ' ������"./!�, ���-
�.���, "." ��������, 1�1 � #$./��� +.$1�$�6") �.��!���"� 
�1" #���*�7" ���!������ ���-
���!�'" 1 *�./! )7 '$ ����$4 1�5*� ", ,���1� �!�) ��#' � �� ��7� � ! 1� 1�"�"% �1� 
#!�% !" r∗� �# � �'�*"!�'"1" "#� ��!�4 %�� *.� ����#���!"� �+ �"% �1�) %���"6� !���)
+�#� � ��*"$��' r � �*!�1�'��! !�!�) �"�� ' �� �$ ��� ������

W (r) = 4πr2γi − 4

3
πr3ρs (μl − μs), <
�
=

5* γi Q ��� �,!���!� !���( !" 4 ρs Q �.��!���/ �� �*�) +�#�4 � μl " μs Q ,"'"% �1" 
��� !6"�.� ("*1�) " �� �*�) +�#� �.� ' ������"./!�5� ����.��� μl > μs� A� 9��) ��"%"! 
W (r) *���"5� � '�1�"'$'�4 1�����) ����� ����$ � 1�"�"% �1�'$ ��*"$�$ r∗� A��1�./1$ W (r)
���!� "#' ! !"& � �'�*"!�'"% �1�5� ��� !6"�.� O"���� <1�����) "'  � '"!"'$' � $���)%"-
��' ������!""=4 %���"6� � ��*"$��'" r < r∗ ! $���)%"�� " "�% #�&�4 � %���"6� � ��*"$��'"
r > r∗ $���)%"�� " ����$�� B���*�7" � ��*"$��'" r = r∗ !�,�*���� � ������!"" ! $���)%"��5�
���!�� �"�� R����� ", +��'"����!"� W∗ �. *$ � "# $���! !"� <
�
= ��" r = r∗S

W∗ =
16πγ3i

3ρ2s(μl − μs)2
. <
��=

R�#!���/ ,"'"% �1", ��� !6"�.�� '�( � ���/ ��%"�. !� "# $���! !"� O"����2O ./'5�./6�
" "'  � �"* >
�?

μl − μs =
LΔθ

θp
, Δθ = θp − θl, <
��=

5* L Q �1����� � �.��� +�#���5� � � ,�*�  *"!"6� '����4 � θl " θp Q � '� ���$�� ����.�-
�� " +�#���5� � � ,�*�� ��7 �1�#�!!� �#!�%� �4 %�� ��#!"1!�� !" #���*�7 ) !���) +�#�
� ' ������"./!�) �"�� ' '�( � ����'���"���/�� 1�1 �� �*�. !" 9! �5 �"% �1�5� ���/ ��
������ W∗4 1�����) �� ������$ � !$1. �6""� � 9��' �.$%� %������ !$1. �6"" '�( � ���/
�� *����. !� 1�1 91���! !6"�./!�� +$!16"� ������ 9! �5 �"% �1�5� ���/ �� >
@4 
�?� ���14
"���./#$� <
��= " <
��=4 "'  '

I = I∗ exp
(−W∗
kBθl

)
= I∗ exp

(
−16πγ3i θ

2
p

3ρ2sL
2Δθ2kBθl

)
, <
�@=

5* kB Q ������!!�� T�./6'�!�� 8�' �"'4 %�� �� *91���! !6"�./!�) '!�("� ./ I∗ �.��� #�-
�"�"� �� � � �,.�(* !"�P� � ��� !"� >
�4
�4
�?� :��� '!�("� ./ '�( � ���/ +$!16" ) r >�?�
� !������ ) ����� 4 5* %������ !$1. �6"" �,�*"� ."7/ � 5��!"%!� $�.��" ��" r = r∗4 '!�-
("� ./ I∗ �$* � �%"���/�� ������!!�'� ���' 9��5�4 ���1�./1$ Δθ � θp4 $���! !" <
�@=
'�( � ���/ � � �"��!� 1�1

I = I∗ exp
( −16πγ3i θp
3ρ2sL

2Δθ2kB

)
. <
��=



�$1. �6"� " ���� !���) +�#� ���

�������� �	
�� 
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��7 $��'�!$��� '�* ./ ����� *."�� *.� �*!�1�'��! !�!�, ����.����� 8!� *�.(!� ���/
'�*"+"6"����!� *.� �"!��!�, �"�� '4 ���1�./1$ "#' ! !" �����*!�) 9! �5"" #��"�"� �� 1�!-
6 !���6"" ��"' �" �"�� '�� 8*!�1� � ����� >
�? ��.� ��1�#�!�4 %�� *.� ��1", �"�� ' '�(!�
#��"���/ ����!�7 !" *.� %������ !$1. �6""4 ��*��!� <
��=� � 9��' �.$%� � '� ���$�� +�-
#���5� � � ,�*� θp4 �,�*���� � Δθ4 #��"�"� �� 1�!6 !���6"" Cl ��"' �" "4 ��1"' ����#�'4 θp
*�.(!� ���/ #�' ! !� +$!16" ) θp(Cl)�

�.� $*������ ���. *$&� 5� "#.�( !"� �� * ' ,���1� �"��"% �1� � � �,.�(* !" Δθ0
" � � �"7 ' $���! !" <
��= � �"* 

I = I∗ exp
[ −p

(Δθ/Δθ0)2

]
, p =

16πγ3i θp
3ρ2sL

2Δθ20kB
, <
��=

5* p "'  � �'��. � #��#' �!�5� %"�.� O"����4 ����� ����$&� 5� � � �,.�(* !"& Δθ04 � $���-
! !" <
��= ����(� � ����) %�����$ !$1. �6"" � #��"�"'���" �� � #��#' �!�5� � � �,.�(* -
!"� w = Δθ/Δθ0�

8�' �"'4 %�� � �.$%� � � ��� !!�, ��������� ����( !" 4 �!�.�5"%!� +��'$. <
��=4
"'  � �"* >
C?

I = I∗ exp
[ −p

ln2(Cl/Cp)

]
, p =

16πγ3i M
2
s

3ρ2sR
2
gθ

3
skB

, <
��=

5* Cp Q 1�!6 !���6"� !���� !"�4 Rg Q $!"� ���./!�� 5�#���� ������!!��4 Ms Q '�. 1$-
.��!�) � �4 � θs Q � '� ���$�� ���������

R��� #���*�7�4 ����.�&� 5��� � � #$./��� !$1. �6""4 �1.&%� � � � �� ��� �,!���!� 
���6 ���4 ����* � �.� �� ' (+�#!�) ��� �,!���" "." ��� �! !" ��"' �" 9��) ��� �,!���/&�
��� '��"% �1�� �����!��1� ��1�) #�*�%" �� *����.� � ����) #�*�%$ �"�� ;� +�!� <� �.��$&
"." 1�!6 !���6"�!!$& *.� �*!�1�'��! !�!�, �"�� '= � *�"($� )�� 5��!"6 ) +�#���5� � � -
,�*�� A��1�./1$ ! "#� ��!� ��%!� � 7 !" ��1�) ! ���6"�!��!�) #�*�%"4 �$* ' "���./#����/
  ���*"6"�!!� 1��#"���6"�!��!� ��"�."( !" � � 9��' �.$%� � '� ���$�!� <1�!6 !���6"-
�!!� = ��. θ ��1�$5 ����$� ) �+ �"% �1�) %���"6� "   �1�����/ ����� dr/dτ ��� * .�&���
"# � 7 !"� �. *$&� ) 1�� ��) #�*�%"S

∇2θ = 0, ρ > r(τ),

dr

dτ
= − λl

ρsL

∂θ

∂ρ
= β∗(θp − θ), ρ = r(τ), <
��=

θ → θl, ρ/r(τ) � 1.

B* �/ ρ Q �+ �"% �1�� 1���*"!���4 τ Q �� '�4 λl Q 1�9++"6" !� � �.������*!���" ("*1�)
+�#�4 � β∗ Q 1"! �"% �1") ����' ��� R 7 !" '�* ." <
��= ��� * .� � �1�����/ ����� %���"6
� �"* 

dr

dτ
=

β∗Δθ

1 + β∗qr
, q =

ρsL

λl
. <
�C=

����! !" <
�C= ��1�#��� �4 %�� �1�����/ ����� ��.� ��� ."! )!�) +$!16" ) � � �,.�(* -
!"�� �.� ! ��./7", 1�"���..�� <r � (β∗q)−1= �1�����/ ����� ! #��"�"� �� ", ��#' ���
:��� � ("' ����� !�#��� ��� 1"! �"% �1"'4 ���1�./1$ �! ��.!���/& ��� * .� ��� ��� �,-
!���!�'" ���6 ���'"� ;1�����/ ����� 1�"���.."���4 %/" ��#' �� �$� ��� !!� �� ���,�*��
#!�% !" (β∗q)−14 1�!���."�$ ��� �1�����/& � �.�����*�� � �.$%� � � ��� !!�, ���������
����( !" <
�C= �� ����#$ ��� �. *$&�"' ����#�'S

dr

dτ
=

β∗ΔC

1 + β∗qr
, q =

Cp

D
, <
�
	=

5* ΔC " D �� *����.�&� ����) � � ��� !" " 1�9++"6" !� *"++$#""�
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8�' �"'4 %�� �$� ���$&� � ��"" �����4 � 1�����, "���./#$&��� ����!�7 !"�4 ��."%!� 
�� +��'$. <
�C= " <
�
	= <�'�4 �� *" ���%",4 >
�4�	?=� 
�14 !���"' �4 ��" ! ��,�*"'���" '�(!�
$% ��/ #��"�"'���/ � '� ���$�� +�#���5� � � ,�*� �� 1�"�"#!� ��� �,!���"� ��7 $��'�!$-
�� ����!�7 !"� *.� %������ !$1. �6"" " �1�����" ����� #���*�7 ) ��." ���� � !� 91�� -
�"' !��./!�U ��.� !�)* !� ", ,���7  ����� ����" ����'���"�� '�' ���6 ���' !$1. �6"" "
����� >
�4
�4�	2��?� ����./#���!" ��"� * !!�, ��7 ����( !") �� *�����.� � ��#'�(!���/
"#$%"�/ �#�"'�* )���" ' (*$ ���6 ���'" !$1. �6"" " ����� %���"6 !� ���' ($��%!�) ���-
*"" +�#���5� � � ,�*�� 8�' �"'4 %�� ��#�"��� !"( � ��"� '�( � ���/ . 51� �*���"����!�
*.� "���./#���!"� *�$5", ����!�7 !") *.� �1�����" ������

R���'���"' �"�� '$ �� �*�, �+ �"% �1", 1�"���..��4 !�,�*��",�� � '�1���1��"% �1"
�*!���*!�) �*!�1�'��! !�!�) � � �,.�(* !!�) <� � ��� !!�)= �� * � :��.&6"� ��1�) �"-
�� '� ��"���� ��� 1"! �"% �1"' $���! !" ' �"�� V�11 ��2A.�!1� *.� �.��!���" f(τ, r)
+$!16"" ����� * . !"� 1�"���..�� �� ��#' ��' " $���! !" ' � �.���5� ��.�!�� *.� � � -
�,.�(* !"� Δθ� A� ! �� 5�� �.$%�)!�'" +.$1�$�6"�'" � �1������, ����� 1�"���.."��� "
�� *��.�5��4 %�� ����� * . !" � '� ���$�� � �"�� ' �*!���*!�4 "'  '

∂f

∂τ
+

∂

∂r

(
dr

dτ
f

)
= 0, r > r∗, <
�

=

ρmCm
dΔθ

dτ
= −4πρsL

∫ ∞

r∗
r2

dr

dτ
f dr, <
�
�=

5* ρm " Cm Q �.��!���/ " � �.� '1���/ �' �"� �.� �������� �� *��.�5� '4 %�� ρm " Cm ��-
����!!� � 
�1( �%"�� '4 %�� ("*1���/4 1������ ��!  ! ��* �(�.� 1�"���..��4 +�1�"% �1"
'5!�� !!� �,.�(*� ��� � !�%�./!�) '�' !� �� ' !" !"( � '� ���$�� 1�"���.."#�6"" !�
� ."%"!$ Δθ0� 
�5*� 5��!"%!� $�.��"� 1 $���! !"�' <
�

= " <
�
�= "' &� �"*

f = 0, Δθ = Δθ0, τ = 0, <
�
�=

dr

dτ
f = I(Δθ), r = r∗. <
�
@=

A��. *!  $�.��" ��� * .� � ����1 #���*�7 )4 �� �*�. ��&�", 1�"�"% �1") ���/ �� ����-
( !"� <
�@=2<
��= " <
�C=2<
�
@= �� *����.�&� ����) ��.!$& �"�� '$ $���! !") *.� ��"��!"�
���' ($��%!�) ���*"" ��W '!�, +�#���, � � ,�*���

! 3# � ��. -+ *�4. 4 '�(�$5%+6��� 4 7'�(�*28�� 49

8��#!�%�� I0 = I(Δθ0)4 ���*"' �. *$&�" � #��#' �!� � � ' !!� " ����' ���S

t =
τ

τ0
, s =

r

l0
, w =

Δθ

Δθ0
, F = l40f, α∗ =

β∗ρsLl0
λl

,

τ0 =
(
β3
∗Δθ30I0

)−1/4
, l0 = (β∗Δθ0)

1/4 I
−1/4
0 , b1 =

4πρsL

ρmCmΔθ0
. <��
=

����./#$� � � ' !!� <��
= � � �"7 ' �����!��1$ ����'���"�� '�) #�*�%" <r∗ → 0=

∂F

∂t
+ w

∂

∂s

(
F

1 + α∗s

)
= 0, s > 0, <���=

dw

dt
= −b1w

∫ ∞

0

s2F (t, s)

1 + α∗s
ds, <���=

F = 0, w = 1, t = 0, <��@=

F =
1

w
exp [pg(w)] , s = 0. <���=

8�' �"'4 %�� � #��#' �!�� '�* ./ <���=2<���= ��"���� � ���' ($��%!$& ���*"& +�#���, � -
� ,�*�� 1�1 "# � � �,.�(* !!�, ����.����4 ��1 " "# � � ��� !!�, ���������� A�" 9��'
+$!16"� g(w)4 �,�*���� � $���! !" <���=4 ��� * .� � 1"! �"% �1") #�1�! ���6 ����



�$1. �6"� " ���� !���) +�#� ���

�������� �	
�� 
� ��� ���� �

� �.$%� � � �,.�(* !!�5� ����.��� <!"(!") "!* 1� ��= " 1"! �"1" � � ��2��./' ��2
V� !1 .�2B ./*��"%� <GXYZ= "# $���! !"� <
��= ��.$%� '

g(w) = gsm = 1− w−2. <���=

� �.$%� 9'�"�"% �1�5� #�1�!� *.� %������ !$1. �6"" I = I∗(Δθ)p4 1�����) %���� "���./-
#$ ��� *.� �!�."#� ���6 ���� � 1�"���.."#�����, <�'�4 !���"' �4 >��?=4 "'  '

g(w) = gsm = lnw. <���=

A�" ��"��!"" � � ��� !!�5� �������� <!"(!") "!* 1� ��= w �� *����.� � ����) � #��#' �!� 
� � ��� !" 4 � � #��#' �!� ����' ��� ��� * .�&��� 1�1

w =
ΔC

ΔC0
, α∗ =

β∗Cpl0
D

, b1 =
4πCp

ΔC0
,

τ0 =
(
β3
∗ΔC3

0I0
)−1/4

, l0 = (β∗ΔC0)
1/4 I

−1/4
0 , <���=

5* ΔC0 Q !�%�./!� � � ��� !" �

�.� � � ��� !!�5� �������� � GXYZ-1"! �"1�) "# <
��= ��.$%� '

g(w) = gss = ln−2

(
1 +

1

wp

)
− ln−2

(
1 +

w

wp

)
, <��C=

5* wp = Cp/ΔC0�

A�" ��"��!"" � � ��� !!�5� �������� � 1"! �"1�) ��) �� I = I∗(ΔC)p >
�? "'  '

g(w) = gss = lnw. <��
	=

8�' �"'4 %�� 5��!"%!� $�.��" <���= '�( � ���/ "���./#���!� 1�1 *.� 5�'�5 !!�)4 ��1 " *.�
5 � ��5 !!�) !$1. �6"" >�@?�

�"! �"1� �!��"� �� � !" ' ������"./!���" ��"���� ��� ! ."! )!�'" "!� 5��-*"++ � !-
6"�./!�'" $���! !"�'" <���= " <���=� �"( ���* '�!���"����! �!�."�"% �1") ' ��* ������-
 !"� ��.!�5� � 7 !"� 9��) '�* ."4 1�����) ��!���! !� ' ��* � *.���) ��%1" *.� ��%"�. !"�
"!� 5��.� .��.�����1�5� �"�� >��?�


�%!� �!�."�"% �1� � 7 !" $���! !"� <���= � !�%�./!�'" " 5��!"%!�'" $�.��"�'"
<��@= " <���= "'  � �"*

F (t, s) = (1 + α∗s)ϕ (x(t)− y(s)) η (x(t)− y(s)), <��

=

5* "���./#���!� ���#!�% !"�

x(t) =

∫ t

0
w(t) dt, y(s) =

∫ s

0
(1 + α∗s) ds = s+

α∗s2

2
,

ϕ(x(t)) =
1

w(t)
exp [pg(w(t))],

� η(x) ���#!�%� � +$!16"& � �"��)*��

�!� 5�"�$� � #��#' �!$& �1�����/ ����� ds/dt = w(t)/(1 + α∗s)4 1������ ��.$% !� "#
$���! !") <
�C= " <
�
	= *.� � � �,.�(* !!�, ����.���� " � � ��� !!�, ��������� � "���./-
#���!" ' � � ' !!�, <��
= " <���=4 � !�%�./!�' $�.��" ' s = 0 ��" t = ν4 ��.$%� '

α∗s =
√

1 + 2α∗ [x(t)− x(ν)]− 1. <��
�=

;���!�7 !" <��
�= ��� * .� � <��" ν = 0= ��*"$� sm(t) 1�"���..��4 ����"�7",�� � !$. ��)
'�' !� �� ' !"4 1�1 +$!16"& �� ' !" t � � #��#' �!�' �"* �
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 � �/4 #�' !�� � � ' !!$& s ��" .&��' ������!!�' t !���) � � ' !!�) ν4 x(ν) = x(t)−
y(s)4 #�' %� '4 %�� �� * .� s = 0 " s = sm(t) "!� 5�"����!"� �� s ����� ���� !!� � � ,�*��
� �� * .� ν = t " ν = 0 "!� 5�"����!"� �� ν� 
�1"' ����#�'4 ��*����.�� ����( !"� <��

= "
<��
�= � "!� 5��./!� $���! !" <���=4 "'  '

dw

dt
= −b1w

∫ t

0
h(ν, t) exp [pg(ν)] dν, <��
�=

h(ν, t) =

{√
1 + 2α∗ [x(t)− x(ν)]− 1

}2

α2∗
√

1 + 2α∗ [x(t)− x(ν)]
, <��
@=

� g(ν) = g(w(ν)) ��� * .� ��� $���! !"�'" <���=4 <���=4 <��C= "." <��
	=�

�!� 5��-*"++ � !6"�./!� $���! !" <��
�= '�(!� $�����"�/ � $% ��' ��5�4 %�� ���%!�
� #��#' �!� %"�.� O"���� p !�'!�5� ��./7  *"!"6�� :�� ����� ����$ � *������%!� "!� !�"�-
!�) !$1. �6""� � 9��' �.$%� "!� 5��. .��.�����1�5� �"�� <��
�= '�(!� ��%"�."�/ � ��'��/&
' ��*� � *.���) ��%1" <' ��*� � � ��.�=�

�# $���! !") <���=4 <���=4 <��C= " <��
	= �. *$ �4 %�� dg/dν < 0 *.� �� , ����'���"�� '�,
1"! �"% �1", ' ,�!"#'�� <��14 !���"' �4 � �.$%� 1"! �"1 GXYZ " ��) �� *.� � � �,.�-
(* !!�, ����.���� ����� ���� !!� "'  ' dg/dν = 2w−3dw/dν < 0 " dg/dν = w−1dw/dν < 0=�
:�� * '�!���"�$ �4 %�� +$!16"� g(ν) *���"5� � '�1�"'$'� !� 5��!"6 ν = 0 "!� ���.�   
��� * . !"�� ��%"�.�� ���"#��*!� +$!16"" w �� ν � ��'��/& $���! !"� <��
�= ��.$%� '4
%�� � ��� ��" ���"#��*!� �� g �� ν ������&��� � !�./ � ��%1 ν = 0 *.� �� , ����'���"-
�� '�, 1"! �"14 � n-� ���"#��*!�� g(n)|ν=0 �= 0 ��" n � 4� A ��� % ��� ! !$. �� "# !",
��"� * !� � ���."6 
4 5* 

χ =

(
6

b1

)1/4

, κ =
1

(1 + wp) ln
3
(
1 + w−1

p

) .


�1"' ����#�'4 ' ��* � *.���) ��%1" *.� "!� 5��.� .��.�����1�5� �"�� <��
�= *� � �. *$-
&�  � 7 !" #�*�%" >��?S

∫ t

0
h(ν, t) exp [pg(ν)] dν ≈

∞∑
k=0

p−(k+1)/4ak(x(t)), <��
�=

ak(x(t)) = (−1)k+1 4
k

k!
Γ

(
k + 1

4

)
Hk(0)

dk

dνk
[h(ν, t)H(ν)]ν=0, <��
�=

5* Γ Q 5�''�-+$!16"� :). ��4 � H(ν) = [g(ν)]3/4 /g′(ν)�

B* �/ ��1( �� * !� �. *$&�" ���#!�% !"�� A ��� % ��� 1�9++"6" !�� � ����( !""
<��
�= "' &� �"* <z = z(x(t))=

a0(z) = −Γ

(
1

4

)
h(0, t)H(0), a1(z) = 4Γ

(
1

2

)
H(0)

[
H(0)

(
∂h

∂ν

)
ν=0

+ h(0, t)H ′(0)
]
,



�$1. �6"� " ���� !���) +�#� ��C

�������� �	
�� 
� ��� ���� �

�+:% )+ "# A���' ��� " +$!16"" �!�."�"% �1�5� � 7 !"� *.� ��#."%!�, 1"! �"1 <#* �/
z = z(x(t)) = 1 + 2α∗x(t)4 � f04 f14 f2 " f3 ��"� * !� !"( =

"����#	����

�� ����	��� "�����$�

�� ��������
WVFZ%�

��
�� �

��
�� &����� WVFZ%�

��
�� �

��
�� &�����

I = I∗ exp
[

−p

(Δθ/Δθ0)
2

]
I = I∗ (Δθ)p I = I∗ exp

[
−p

ln2(Cl/Cp)

]
I = I∗ (ΔC)p

'�	
(

� ��!� 
 ��!�) ��!�) ��!* 
 ��!�� ��!�� 
g(w) ��!�� ��!�� ��!�� ��!�+ 

g(IV)|ν=0 −4b1 −2b1 −4κb1 −2b1
g(V)|ν=0 24b1α∗ 12b1α∗ 24κb1α∗ 12b1α∗
g(VI)|ν=0 −180b1α

2
∗ −90b1α

2
∗ −180κb1α

2
∗ −90b1α

2
∗

g(VII)|ν=0 1680b1α
3
∗ 840b1α

3
∗ 1680κb1α

3
∗ 840b1α

3
∗

H |ν=0 −χ/4 −21/4χ/4 −κ−1/4χ/4 −21/4χ/4

H ′|ν=0 −3α∗χ/20 −3α∗21/4χ/20 −3κ−1/4α∗χ/20 −3α∗21/4χ/20
H ′′|ν=0 9α2

∗χ/50 9α2
∗2

1/4χ/50 9κ−1/4α2
∗χ/50 9α2

∗2
1/4χ/50

H ′′′|ν=0 −57α3
∗χ/100 −57α3

∗2
1/4χ/100 −57κ−1/4α3

∗χ/100 −57α3
∗2

1/4χ/100

w0(z) 1− f0(z) 1− 21/4f0(z) 1− κ−1/4f0(z) 1− 21/4f0(z)

w1(z) w0(z) + f1(z) w0(z) +
√
2f1(z) w0(z) + κ−1/2f1(z) w0(z) +

√
2f1(z)

w2(z) w1(z) + f2(z) w1(z) + 23/4f2(z) w1(z) + κ−3/4f2(z) w1(z) + 23/4f2(z)
w3(z) w2(z) + f3(z) w2(z) + 2f3(z) w2(z) + κ−1f3(z) w2(z) + 2f3(z)

a2(z) = −8Γ

(
3

4

)
H2(0)

[
2H ′(0)

(
∂h

∂ν

)
ν=0

+H(0)

(
∂2h

∂ν2

)
ν=0

+ h(0, t)H ′′(0)
]
,

a3(z) =
32

3
H3(0)

[
3H ′′(0)

(
∂h

∂ν

)
ν=0

+ h(0, t)H ′′′(0) + 3H ′(0)
(
∂2h

∂ν2

)
ν=0

+H(0)

(
∂3h

∂ν3

)
ν=0

]
,

5* H "   ���"#��*!� � ��%1 ν = 0 ��"� * !� � ���."6 
 "

h (0, t) =
(
√
z − 1)

2

α2∗
√
z

,

(
∂h

∂ν

)
ν=0

=
(
√
z − 1)

2

α∗z3/2
− 2

√
z − 1

α∗z
,

(
∂2h

∂ν2

)
ν=0

=
3

z5/2
− 1

z3/2
,

(
∂3h

∂ν3

)
ν=0

=
15α∗
z7/2

− 3α∗
z5/2

.

V$!16"" f0(z)4 f1(z)4 f2(z) " f3(z)4 #�* )������!!� � ���."6 
4 "' &� �"*

f0 = Γ

(
1

4

)
b1χ (

√
z − 1)

3

12α3∗p1/4
, f1 =

√
6πb1 (

√
z − 1)

2
(
√
z − z + 5)

20α2∗
√
pz

,

f2 = Γ

(
3

4

)
b1χ

3

200α∗p3/4z3/2
(
25 + 5z − 66z3/2 + 48z2 − 18z5/2 + 6z3

)
,

f3 =
75 + 20z − 99z2 + 77z5/2 − 111z3 + 57z7/2 − 19z4

100pz5/2
.

8�' �"'4 %��

z = z(x(t)) = 1 + 2α∗x(t), x(t) =

∫ t

0
w(t) dt.

A�*����.�� � � �/
dw

dt
=

dw

dx

dx

dt
= w

dw

dx

� . �$& %���/ $���! !"� <��
�= " ��"!"'�� �� �!"'�!" ����( !" <��
�=4 ��.$%� ' *"++ -
� !6"�./!� $���! !" *.� � #��#' �!�5� � � �,.�(* !"�P� � ��� !"�S

dw

dx
= −b1

∞∑
k=0

p−(k+1)/4ak(x).
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�!� 5�"����!" ���. *! 5� $���! !"� *� � ��.!� � 7 !" *.� wS

w(x) = −b1p
−1/4

∫ x

0

∞∑
k=0

p−k/4ak(x) dx + 1. <��
=

[���� ��� * ."�/ w 1�1 +$!16"& �� ' !" t4 !$(!� !�)�" ����( !" *.� t(x)� A�*����.��
w(x) "# <��
= � ����!�7 !" w = dx/dt4 !�,�*"'

t(x) =

∫ x

0

dx

w(x)
. <���=


�1"' ����#�'4 ����( !"� <��
= " <���= ��� * .�&� � #��#' �!� � � �,.�(* !" P� � -
��� !" w � #��"�"'���" �� �� ' !" t � ����' ��"% �1�' �"* � :�� +$!16"� ��1�#�!� !� �"�� 

*.� *�$, 1"! �"% �1", ' ,�!"#'�� ����� 1�"���..�� "# � � �,.�(* !!�5� ����.��� <+"#"% -
�1" ����' ���4 "���./#���!!� *.� ���% ��4 ��.�&��� �"�"%!�'" *.� � � �,.�(* !!�,
����.���� >��2��?S γi = 0.3 �( '−24 θp = 1273 \4 LV = 7 · 109 �( '−34 ρl = ρm = 7 · 103 15 '−34
ρs = 7.8 ·103 15 '−34 λl = 63 �( '−1 \−1 �−14 β∗ = 0.5 ·10−7 ' �−1 \−14 Cm = 840 �( 15−1 \−14
I0 = 1011 '−3 �−1=� B* �/ w = w0 �� *����.� � ����) ��!��!�) �1.�* � �$''$ � $���! !"" <��
=4
� w = wi <i = 1, 2, 3= ��.� ��� i-' ��"�."( !" ' ��.!�5� � 7 !"� *.� w <9�" +$!16"" ��1( 
���"��!� � ���."6 
=4 ��  �

w = wi = −b1p
−1/4

∫ x

0

i∑
k=0

p−k/4ak(x) dx + 1.

A��� * !!� ���% �� ��1�#���&�4 %�� ��!��!�) �1.�* w0 <�� * ./!�) �.$%�)4 ��!  ���-
�!�."#"����!!�) � ����� >�?= . ("� *������%!� *�. 1� �� ��.!�5� � 7 !"� $���! !"� <��
=�
�# � 7 !"� �"*!�4 %�� � #$./�"�$&�" � � �,.�(* !"�P� � ��� !"� w = w0 " w = w3 �$-
� ��� !!� ��#."%!�� ��$5"'" �.���'"4 �. *$&�" �.�5� '� � �$'' <��
= <�����" ���. 
w0= �!���� �% !/ ��(!�) �1.�* � � 7 !" *.� w� R"�� 
 * '�!���"�$ �4 %�� *�� �. *$&�",
%. !� w1 " w2 <"' &�" ��#."%!� #!�1"= �,�*���� 1 ��.!�'$ � 7 !"& ��14 %�� �. *$&�")
� �' w3 �$� ��� !!� ! "#' !� � � #$./�"�$&�  � � �,.�(* !" � R��% �� ��1�#���&�4 %��
9��� ����* ���� ��� ����� *."��' *.� *������%!� '�.�, #!�% !") p ∼ 10−1� � 9��' �.$%� 
� �1�! %!�� �$''� <��
= ������ �,�*"��� �.�5�*��� '�.�' #!�% !"�' α∗ <1����� ����*1�
10−3210−4 *.� � �./!�, ����.����= *.� .&��, +"1�"����!!�, x " t�

R"�� 
 "..&���"�$ �4 %�� ��.!� � 7 !" *.� w ��* �("� "!+��'�6"& � �1�����" �!�-
�"� �� � !" ' ������"./!���"� ��." ����.�� "#!�%�./!� ��. � � �,.�(* ! �"./!  <�"�� 
4 �
" 
4 ��=4 ��5*� �1�����/ �!��"�  5� � � �,.�(* !"� ��1( ��./7 <'�� '��"% �1" 9�� ��W��!�-
 ��� !�."%" ' ��%1" � � 5"�� !� �"�� 
4 �� ��" '�.�, t=� ; *�$5�) �����!�4 w2 " w3 !� �"�� 
4 ��
" 
4 ��� ��1�#���&�4 %�� "#!�%�./!� ������� �1�����/ �!��"� �� � !" ' ������"./!���" #�' *-
.� ��� <�.��� !� �"�� 
4 ���= � � % !" ' �� ' !"4 1�5*� #�' *.� ��� !$1. �6"� " ���*�.(� ���
$1�$�! !" �$� ���$&�", 1�"���.."����

A�"� * !!� � 7 !"� ��#��.�&� ��� * ."�/ ��!� ����( !" *.� �.��!���" +$!16""
����� * . !"� 1�"���..�� �� ��#' ��' ! ���� *��� !!� "# ����( !") <��

= " <��
=� �%"��-
���4 %�� '�1�"'�./!�) ��#' � 1�"���..��4 ����"�7",�� � !$. �� �� '�4  ��/

sm(x(t)) =

√
1 + 2α∗x(t)− 1

α∗
, <���=

"'  '

F (x(t), s) = (1 + α∗s)E−1
1 (t, s) exp

[
−p(1− E2

1)

E2
1

]
, <��@=
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� w = Δθ/Δθ0 � -��
�
.���
 �� ��-��-.��
��� ���.�

 t = τ/τ0/
(I) WVFZ%�

��
�� ��
 Δθ0 = 373 0 
 p = 66.91 (II) WVFZ%�

��
�� ��
 Δθ0 = 573 0 
 p = 7.41

(III) �

��
�� &����� ��
 Δθ0 = 573 0 
 p = 4! 2�(�(
�34 5��
#���34 ��	�5
�3 	
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3 w0(t)4 w1(t)4 w2(t) 
 w3(t)!

E1(x(t), s) = 1− b1

∫ x(t)−s−α∗s2/2

0

∞∑
k=0

p−(k+1)/4ak(x) dx.

B* �/ s �5��!"% !� � ."%"!�) sm4 � x(t) ��� * .� ��� ����( !" ' <���= � �"* �����!�) +$!1-
6""� 8�' �"'4 %�� ����( !" <���= �. *$ � "# <��
�= ��" ν = 0 "." "# ��"���!"��!"� !$.&
��5$' !�� x(t)− y(s) +$!16"" � �"��)*� � $���! !"" <��

=�

; $% ��' � ���, % ��� , 1�9++"6" !��� ak(x) !� �"�� � ���* '�!���"����!� 9��.&6"�
� #��#' �!�) �.��!���" +$!16"" ����� * . !"� F � ����7� �"*!�4 %�� ��" $� ."% !"" �� -
' !" ����.�&��� �.��� ��%1" � � 5"��� :�� ��W��!� ��� � '4 %�� ��./7�� �1�����/ !$1. -
�6"" ,���1� �!� *.� !�%�./!�) ���*"" ���6 ���4 1�5*� � � �,.�(* !" P� � ��� !" �."#-
1� 1 #!�% !"& w = 1� B�� ' ���6 �� !$1. �6"" �������(*� ��� $1�$�! !" ' 1�"���.."���4
%�� $' !/7� � �� � !/ ' ������"./!���" �"�� '� <$' !/7� � � � �,.�(* !" P� � ��� !" =�
:��4 � ���& �% � */4 #����'�("�� � "!� !�"�!���/ !$1. �6"" " ��"��*"� 1 ����. !"& ��% 1
� � 5"�� !� 5��+"1�, �.��!���" +$!16"" ����� * . !"�� ��(!� ��' �"�/ �� ������� ./����4
%�� ��1� ��� * !" ��!  !��.&*�.��/ 91�� �"' !��./!� � ������, >�C2��?�

��(!�' ����' ���' ���' ($��%!�) ���*"" +�#���, � � ,�*�� ��.� ��� ���  %"�.� 1�"-
���..�� <%"�.� %���"6 !�  *"!"6$ ��W '�= � ' ������"./!�) �"�� ' 

N(x(t)) =
1

l30

∫ sm(x(t))

0
F (x(t), s) ds, <���=

5* x(t) " sm(x) ��� * .�&��� +��'$.�'" <���= " <���=� ��$5"' ��(!�' ����' ���' �"�� '
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3 F (t, s) � -��
�
.���
 �� s = r/l0 � ��-	
(
�� .�.�
��
���.�

 t = τ/τ0 �	3 �����#	����

�# ����	���� � WVFZ%�

��
���/ (I) Δθ0 = 373 04 p = 66.94 � ; x = 0.054

t = 0.054 � ; x = 0.254 t = 0.2544 � ; x = 0.454 t = 0.5034 + ; x = 0.5914 t = 1.5131 (II) Δθ0 = 573 04 p = 7.44
� ; x = 0.054 t = 0.0514 � ; x = 0.254 t = 0.2634 � ; x = 0.454 t = 0.4964 + ; x = 0.714 t = 1.95! '���
��	<
��
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�� 
 5��
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L̄(x(t)) = l0

∫ sm(x(t))

0
sF ds

(∫ sm(x(t))

0
F ds

)−1

. <���=

����( !"� <���= " <���= �� *����.�&� ����) ��.!� � 7 !"� � ����' ��"% �1�' �"* �

8�!��"� ./!� <� #��#' �!� = %"�.� 1�"���..�� ni(t) " �� *!") ��#' � %���"6 ui(t)4 ��-
��� ����$&�" i-'$ ��"�."( !"& � 7 !"� *.� +$!16"" ����� * . !"� <��@=4 ���* '�!���"-
����!� !� �"�� � <ni " ui ��� * . !� !"( =� M 51� #�' �"�/4 %�� � 7 !" ������ �,�*"���
��14 %�� ��"�."( !"� n2 " u2 ���1�"% �1" �����*�&� � � 7 !"�'" �� �/ 5� ����*1� n3 " u3�
��(!� ��' �"�/ ����"."#�6"& 9�", ,���1� �"��"1 �"�� '� ��" $� ."% !"" �� ' !" !� ���-
' ($��%!�) ���*"" ���6 ��� +�#���5� �� ���� !"�� ;� 6"�./!� ��*% �1! '4 %�� ��!��!� 
�1.�*� � � 7 !"� n0 " u0 <� 7 !"� !$. ��5� ����*1�=4 ��!  !�)* !!� � ����� >�?4 *�&�
."7/ ��"�."( !!� 1�% ��� !!� �� *����. !" � ��� * !"" � 7 !")�

["�.� 1�"���..�� Ni " �� *!") ��#' � 1�"���..�� L̄i4 ����� ����$&�" i-'$ ��"�."( !"&
� 7 !"� *.� +$!16"" ����� * . !"� <��@=4 "' &� �"*

Ni(x(t)) =
1

l30

∫ sm(x(t))

0
Fi(x(t), s) ds, L̄i(x(t)) = l0

∫ sm(x(t))

0
sFi ds

(∫ sm(x(t))

0
Fi ds

)−1

,

5* i = 0, 1, 2, . . . "

Fi(x(t), s) = (1 + α∗s)E−1
1i (t, s) exp

[
−p(1− E2

1i)

E2
1i

]
,

E1i(x(t), s) = 1− b1

∫ x(t)−s−α∗s2/2

0

i∑
k=0

p−(k+1)/4ak(x) dx.

8�!��"� ./!� %"�.� %���"6 ni " �� *!") ��*"$� 1�"���..�� ui4 ��1�#�!!� !� �"�� �4 #��"-
����&��� � �"* 

ni(x(t)) =
Ni(x(t))

N3(x∗)
, ui(x(t)) =

L̄i(x(t))

L̄3(x∗)
.
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���		�� ni = Ni(x)/N3(x∗) (I) 
 ����
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ui = L̄i(x)/L̄3(x∗) (II) � -��
�
.���
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��� ���.�

 t = τ/τ0 � �	7(�� �����#	����

�# ����	����

� WVFZ%�

��
���4 Δθ0 = 573 04 p = 7.4! '���
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B* �/ ����' �� x∗ ����� ����$ � �� ' !" t∗4 1�5*� � � �,.�(* !" P� � ��� !" �"�� '� ��.-
!���/& �!��� <w = 0=� :�� ����' ��"% �1�� #��"�"'���/ ��� * .� ��� ����( !" ' <���=4 5* 
t∗ = t(x∗)�

>)*>/? @*ABCDAECF

4" G:HI;J K" LHIMNOIPJQM� RSITU VSIMWU� IMX ;JVHQTPHNVPNHU YJMUPJVT QZ RSITU VSIMWU" 333 '' [SU \QNHMIO
QZ ]SU;JVIO ^S_TJVT" 4`=4" aQO" `" "̂ 499+4b="

6" GITPNUM 1"\"c"� ]OIHY d"G"� efJMXIO \"]"� KNgM_ ]"1" 1UPUH;JMIPJQM QZ PSU VQOOQJXIO VH_TPIO MNVOUIPJQM
HIPU XUMTJP_ '' ^SITU [HIMTJPJQMT" 4``5" aQO" 64" "̂ 48`+477"

8" hJMXUH i"� ePINjUH 1" ePIPJTPJVIO PSUQH_ QZ MNVOUIPJQM� VQMXUMTIPJQM IMX VQIWNOIPJQM '' GX:IMVUT JM
^S_TJVT" 4`9<" aQO" 67" "̂ 8=8+8`<"

=" kIMWUH \"e"� eVSfIHPg G"\" iJMUPJVT QZ MNVOUIPJQM JM MUIH�VHJPJVIO lNJXT '' ^S_TJVIO mU:JUf G" 4`b5"
aQO" 64" "̂ `=b+`7b"

7" eSMUJX;IM a"G" [HIMTJUMP MNVOUIPJQM fJPS I ;QMQPQMJVIOO_ VSIMWJMW nIHHJUH '' ^S_TJVIO mU:JUf o" 6545"
aQO" b6" "̂ 584<58"

<" eSMUJX;IM a"G" [J;U�XURUMXUMP XJTPHJnNPJQMT JM TUOZ�pNUMVSJMW MNVOUIPJQM '' ^S_TJVIO mU:JUf o" 6544"
aQO" b=" "̂ 584<56"

9" hN_U:JVS qN"G"� KIMTNHQ: a"a" iJMUPJVT QZ PSU JMPUH;UXJIPU TPIWU QZ RSITU PHIMTJPJQM JM nIPVS
VH_TPIOOJgIPJQM '' \QNHMIO QZ ]H_TPIO LHQfPS" 4``5" aQO" 45=" "̂ b<4+b<9"

b" hN_U:JVS qN"G"� 3:IMQ: G"2" iJMUPJVT QZ RSITU TURIHIPJQM JM VQOOQJXT 33" dQM�OJMUIH U:QONPJQM QZ I
;UPITPInOU VQOOQJX '' ^S_TJVI G0 ePIPJTPJVIO KUVSIMJVT IMX JPT GRROJVIPJQMT" 4``8" aQO" 4`8" "̂ 664+6=5"

`" 3:IMQ: G"2"� rNnIHU: G"qN" dQM�OJMUIH U:QONPJQM QZ I T_TPU; QZ UOQMWIPUX XHQROJYU IWWHUWIPUT JM I
;UPITPInOU ;IWMUPJV lNJX '' ^S_TJVI G0 ePIPJTPJVIO KUVSIMJVT IMX JPT GRROJVIPJQMT" 4``b" aQO" 674"
"̂ 8=b+8<9"

45" hIHOQf 1"G" [SUQH_ QZ PSU JMPUH;UXJIPU TPIWU QZ VH_TPIO WHQfPS fJPS IRROJVIPJQMT PQ RHQPUJM
VH_TPIOOJgIPJQM '' \QNHMIO QZ ]H_TPIO LHQfPS" 655`" aQO" 844" "̂ 6=b5+6=b8"

44" hIHOQf 1"G"� hIJHX \"i"� eN ]"�s" [SUQH_ QZ PSU :QM cUJ;IHM HNOUT WQ:UHMJMW PSU I:UHIWU TJgU QZ VH_TPIOT
RHUVJRJPIPUX ZHQ; I TNRUHTIPNHIPUX TQONPJQM '' \QNHMIO QZ ]H_TPIO LHQfPS" 655=" aQO" 6<=" "̂ =49+=68"

46" aQO;UH K"� cUnUH G" iUJ;nJOXNMW JM tNnUHTtIPPJWPUM LUnJOXUM '' r" ^S_TJY" ]SU;" 4`6<" aQO" 44`"
"̂ 699+854"

48" rUOuXQ:JVS \"h" 2M PSU PSUQH_ QZ ZQH;IPJQM QZ MUf RSITUT0 VI:JPIPJQM '' \QNHMIO QZ ovRUHJ;UMPIO IMX
[SUQHUPJVIO ^S_TJVT" 4`=6" aQO" 46" "̂ 767+78b"

4=" kJZTSJPg o"K"� ^JPIU:TYJJ k" "̂ ^S_TJVIO YJMUPJVT" 2vZQHX0 ^UHWI;QM ^HUTT� 4`b4" =76 R"

47" kIMXIN k"1"� kJZTSJPg o"K" ePIPJTPJVIO RS_TJVT" 2vZQHX0 ^UHWI;QM ^HUTT� 4`b5" 7<8 R"

4<" KNOOJM \"c" ]H_TPIOOJgIPJQM" kQMXQM0 hNPPUHfQHPST� 4`96" =94 R"



�C@ ���� �. 1��!*���4 ��A� ��.�5"!4 ��;� ;$,�%N�4 ���� �. 1��!*����

�������� �	
�� 
� ��� ���� �

49" LSUHHIT d"� wU:QPPU L" ]Q;RIHJTQM nUPfUUM IRRHQIVSUT ZQH PSU UvRUHJ;UMPIO XUPUH;JMIPJQM QZ ;UPITPInOU
gQMU fJXPS0 G VITU TPNX_ QZ PSU nIPVS VQQOJMW VH_TPIOOJgIPJQM QZ I;;QMJN; QvIOIPU JM fIPUH '' \QNHMIO
QZ ]H_TPIO LHQfPS" 6546" aQO" 8=6" "̂ bb+`b"

4b" [SQ;RTQM ]"a"� eRIURUM w" sQ;QWUMUQNT VH_TPIO MNVOUIPJQM JM nJMIH_ ;UPIOOJV ;UOPT '' GVPI
KUPIOONHWJVI" 4`b8" aQO" 84" "̂ 6564+6569"

4`" hN_U:JVS qN"G"� GOUvIMXHQ: 1"a"� KIMTNHQ: a"a" KIVHQYJMUPJVT QZ VH_TPIOOJgIPJQM" dUf qQHY0 hUWUOO
sQNTU� 6554" 4b8 R"

65" ]SUHMQ: G"G" KQXUHM VH_TPIOOQWHIRS_ 333" hUHOJM+sUJXUOnUHW0 eRHJMWUH� 4`b=" 749 R"

64" iUOPQM i"w"� LHUUH G"k" dNVOUIPJQM JM VQMXUMTUX ;IPPUH0 IRROJVIPJQMT JM ;IPUHJIOT IMX nJQOQW_"
G;TPUHXI;0 oOTU:JUH� 6545" 97< R"

66" dWN_UM ["d" "̂� iJ; i"�\" iJMUPJV TPNX_ QM SU;JRUMPI S_XHIPU HJTUXHQMIPU ;QMQTQXJN; JM nIPVS
VH_TPIOOJgIPJQM n_ VQQOJMW ;QXU '' 3MPUHMIPJQMIO \QNHMIO QZ ^SIH;IVUNPJVT" 655b" aQO" 8<=" "̂ 4+b"

68" mIMXQORS G"� kIHTQM K" [SUQH_ QZ RIHPJVNOIPU RHQVUTTUT" dUf qQHY0 GVIXU;JV ^HUTT� 4`bb" 6<b R"

6=" dx_:OP \"� etQSMUO 2"� KIPNVSQ:I K"� hHQNO K" [SU YJMUPJVT QZ JMXNTPHJIO VH_TPIOOJgIPJQM" G;TPUHXI;0
oOTU:JUH� 4`b7" 875 R"

67" ,������ ."#" D

�����
��0 
������	� 
 �!��" ."0 ������ 4`99" 7== 
"

6<" >��
��� #")" .���
�� 
	���! �
���
��" ."0 ������ 4`96" 846 
"

69" ^QHPUH 1"G"� oITPUHOJMW i"o" ^SITU PHIMTZQH;IPJQMT JM ;UPIOT IMX IOOQ_T" dUf qQHY0 eRHJMWUH� 4``6"
74= R"

6b" sI;gI K"G"� hUHWU h"� KJYQTVS c"� mtNSO o" sQ;QWUMUQNT MNVOUIPJQM QZ TNRUHTIPNHIPUX i]O�TQONPJQMT
ZHQ; TJMWOU OU:JPIPUX ;JVHQXHQROUPT '' ^S_TJVIO ]SU;JTPH_ ]SU;JVIO ^S_TJVT" 655=" aQO" <" "̂ 8=b=+8=b`"

6`" \IMTU G"s" dNVOUIPJQM IMX VH_TPIO WHQfPS JM nIPVS VH_TPIOOJgUHT" 1UOZP0 1UOZP yMJ:UHTJP_ QZ [UVSMQOQW_�
4`99" 4`= R"

85" ^QP G" 3MXNTPHJIO TNVHQTU VH_TPIOOJgIPJQM" 1UOZP0 1UOZP yMJ:UHTJP_ QZ [UVSMQOQW_� 4`b5" 6`` R"

84" kUNnMUH 3"s" hIOIMVUX MNVOUIPJQM IMX WHQfPS ;QXUO ZQH VQMPHQOOUX VH_TPIO TJgU XJTPHJnNPJQM '' \QNHMIO QZ
1JTRUHTJQM eVJUMVU IMX [UVSMQOQW_" 6556" aQO" 68" "̂ 799+7`5"

86" sIMSQNM K"� KQMPITPHNV k"� GggIHQ�^IMPUO ]"� hJTVIMT h"� wHzUVSU K"� ^JnQNOUIN k" eJ;NOPIMUQNT
XUPUH;JMIPJQM QZ MNVOUIPJQM IMX VH_TPIO WHQfPS YJMUPJVT QZ TPHN:JPU NTJMW I PSUH;QX_MI;JV ;QXUOJMW
IRRHQIVS '' ]SU;JVIO oMWJMUUHJMW \QNHMIO" 6548" aQO" 647+64<" "̂ `58+`46"
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G VQ;ROUPU IMIO_PJVIO TQONPJQM QZ IM JMPUWHQ�XJjUHUMPJIO ;QXUO� fSJVS XUTVHJnUT PSU JMPUH;UXJIPU TPIWU QZ RSITU
PHIMTJPJQMT JM QMU�VQ;RQMUMP ;UOPT IMX TQONPJQMT fJPSQNP IOOQfIMVU ZQH lNVPNIPJQMT JM PSU VH_TPIO WHQfPS
HIPUT� JT ZQNMX" GM UvIVP IMIO_PJVIO TQONPJQM QZ PSU YJMUPJV UpNIPJQM JT XUPUH;JMUX fJPSJM PSU ZHI;UfQHY QZ PSJT
;QXUO" [SU XUMTJP_ QZ XJTPHJnNPJQM ZNMVPJQM QZ VH_TPIOT JM TJgUT JT ZQNMX" GM JMPUWHQ�XJjUHUMPJIO UpNIPJQM ZQH PSU
T_TPU; ;UPITPInJOJP_ OU:UO &ZQH JPT TNRUHVQQOJMW'TNRUHTIPNHIPJQM( JT XUHJ:UX ZQH XJjUHUMP YJMUPJV ;UVSIMJT;T
QZ RIHPJVOU MNVOUIPJQM" G VQ;ROUPU IMIO_PJVIO TQONPJQM QZ PSJT UpNIPJQM JT VQMTPHNVPUX QM PSU nITJT QZ TIXXOU�
RQJMP ;UPSQX ZQH PSU kIROIVU�P_RU JMPUWHIO &TPUURUTP XUTVUMP ;UPSQX(" wQNH IRRHQvJ;IPJQMT QZ PSU IMIO_PJVIO
TQONPJQM IHU IMIO_gUX IMX JPT VQM:UHWUMVU JT TSQfM" [SU YJMUPJV ;UVSIMJT;T QZ cUnUH+aQO;UH+wHUMYUO+
rUOuXQ:JVS IMX KUJHT IHU TPNXJUX" G PHIMTJUMP nUSI:JQH QZ PSU MN;nUH QZ RIHPJVOUT IMX PSU ;UIM VH_TPIO TJgU
JT XUPUH;JMUX ZQH TNRUHVQQOUX ;UOPT"
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