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�  �� � � � � �� ! �� � � � � � 4 ? � 4 � � � � �� CP F % & � � �� � � 
 
 �  �� / #  �

� � �  � � � � 
� !� � ! � 
 � 
 � � �� 
 a � � � 
 � 
 �  � 
 ��  � � � � � � � � � � � � � �� � �  �� ~m : 
� #  � � � � � � 
 ��

� 
 � �  � �� � � � 4 � � � 
� � � B0 = 2m/a3 ; % .  � �� � 2 � �� ��  � � �� ~m� � � � 4 � � 
 ? � � � � � � �� � 
 � 
 ~Ω

� # �  
 �  �� � 
� �� � χ %I � 
 �� � � �3 � � � � 4 � � � � � �� � � 
 
 �  �� χ = 10◦ %

5 
 � 
� �  �� � � � a ∆ : ∆ < 1 ; �  � �� � �� � � �  � :�  � ��� � !� � ! � � ;� � � � 
�  � � � � 4 � 
 � � �  � � � � �� !� � ! � �

� 
� � � � 
 
 �  �� � �� � � � �  � �� �� � � 
 ��  � � � � � � � � � � � 
 � �  � � � � �� � �  �� ~m1 %I ��  � � ~m1� � �� � � � � � � �� � � �� ��  � � � ~m / � � �� � 2 � � ~m1� � � � �� � �  � 4 (~Ω, ~m) � 
� � � γ % & 
 � 
� �  � ∆� � 4 � ��

� 
 �� � � �3 � � � � � 
 
�  �� � 
� � � � 0.1 / #  � � ��� � � � � � � � � � �  � � ��   � � ? � � � � � ��� � � �  � � � � �� !� � ! � � / �� 
� � � � �� � � 
 
�  �� / � � � ���� � � �  � � � �  � �� � � 
� � 
 � � � �� � � � �  � �� � �  � � � � � �� ~m1 %

I � � � � � � > � � � # � �� � 4 � � �  � � �� � � � � � � 
 (η = r/a, θ, φ) % & ��� 0  �� � 
� � 
� � � � � � z �� � � � � � ��  � � 
 ~m /
 � � � x�� � � �� � ��  � � 
 ~m1 %= �  � 
 � � � � � � ! �� � 
 � � � � �� � � � � � � � � 2 � � � � θ � 1� � � 
 2 � � � � � ��

� �� � 
 � � �  �� 
 � �  � �  � � � �� ~B = ~B0 + ~B1 ! 
� � � � � 
 �  �� � � � � � � 4 ? � � � � � � �

Br =
B0

η3
, Bθ =

B0

η3

„

θ

2
+ µ cos φ

«

, Bφ = −
B0

η3
µ sin φ

 � � µ = ν
“

∆η
η−1+∆

”3 / ν = B1/B0

� �� � 
� � 2 � � �� � � � �� � ! �� � � � �� �� � � � � � � 
 ��  � �  � � � �� � � � � �� ! ��  ��

ρc = 2ηa

„

3

2
θ + µ

„„

3(1−∆)

η − 1 + ∆

«

−

1

2

««

−1
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I � � �$# 
 �  � �� �� � � � � � 
 � � ��  � ���� � :� �  � 
� � � �  
 � � � � 
 zc = ηc − 1� � �  � � � �� 3 � � 
 � � �� 
  � ���� � θs ;0 � ��  � � �  
 � # � �� � � � �  � � 1 � 
 �� � 2 �  � �  � ! 
� � � 
 �� � � � � � 4 ? � � � � � � C M F �

Φ =
ΩF

2πc
(1 − ξ2)

((

1 −
k

η3

)

f(η) − (1 − k)f(1)

)

 � � F �� 
 � �  �� � � �  �� # � � � !� � �� � 
 � � � 4  � ���� � / ξ � � 
� �  �� �� � � �� � � ��  � ���� � : ξ = 1� � � � �  � � �� 

 � 
 � � 1 �  � ���� � / 
 ξ = 0 � 1 � �  � 
 �� � �� � � � �� �� � � � � � � 
 � �  � �  � � � �� ;

f(η) = (cos χ + µ sin χ cos γ)
1

√

1 + µ2

� � �  � � �  � 0 � ��  � � # � �� �  � ! 
 �� � 
�  � ���� � � � 2 � � � 
�  � � � > � �� � � � :N ; � ! C M F

ρ =
ΩB

2πc
(1 − k)f(1)

! � � � � B � ! � 
# � �� � � 
� �� 2 � � � � �  � � 
 ��  � �  � � � �� �  � # � � (η, ξ, φ) %



� � � � �� � �
 � � � � � � �

I � � �$# 
 � � � � � zc � 1 / zc � ∆ / θ � 1� sin β �
θs
zc

� � � zc
θs

/  � � β � � � �� � 2 � �� ��  � � �� � 
 � �  � �  �

� � �� � � �� � �� � � �  � 4 � � �  � � � � � � !� � ! � � /� �  � � 1 � 
 � : D 8 ; � ! C M F� �2 �  � �  � � � � � � � � 
 �� � � � � � 4 ? � �

� � � � �
Φ = 2Φ0 K1

∞
X

i=1

1

γ2
i

 

z +
F (z, γi)

γi

!

2

kiJ1(ki)
J0(kiξ)

 � � Φ0 = Ωa
c

Bsa / Bs �� � � � # � � 
� 
 � �  � �  � � � �� �  � # � � : η = 1, ξ = 0, φ = 0 ; / θsa � � 
 � � ��

� � � � � 
 � � ��  � ���� � : � 
 � �� � �� � � �  � � � �  � � � � �� !� � ! � � ; / χ� � � �� � 2 � � ~m� ~Ω / γi =
ki
θs

� ki

�� � � ��

� � 
� � � �� � J0(k) = 0

F (z, γ) = −

“

1 − e−γz
” “

1 + e−γ(zc−z)
”

1 + e−γzc

K0 =
1

q

1 + ν2

 

(1 − k) cos χ + (1 +
k

2
)ν sin χ cos γ

!

K1 =
1

q

1 + ν2

 

3k +
3ν

∆

ν

1 + ν2
(1 − ∆)(1 − k)

!

cos χ

−
3ν

∆

1

(1 + ν2)3/2

 

1 − ∆ +
k

2
+

k

2
ν
2
∆

!

sin χ cos γ

� � � �  � � �  � 0 � ��  ��� # � �� �  � 0 � ��  � � # � �� �  � ! 
 �� � 
�  � ���� � � � # � � �� �  �� � � � � � � � 4 ? � � > � �� � � �

ρ =
ΩB

2πc
A(ξ) A(ξ) = −K0 − K1

∞
X

i=0

1

γi

1 − e−γizc

1 + e−γizc

2

kiJ1(ki)
J0(kiξ)
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� �  � � � �� � � �  � � ! � � � �  � � ! � �$# � �� � � � # � � �� �  �� � � � � � � � 4 ? � � > � �� � � � �

dN

dtdγ
=

√
3

2π
αF

c

ρc

βΓF

(

γ

γc

)

1

γc

γc =
3

4π

λc

ρc

βΓ3

F (ξ) =

∫

+∞

ξ

K5/3(s)ds

! � � � � dN
dtdγ

dγ � # � � � � > �  � � �� � 0 � � �  � � � γ� � �  � �� 
 � � dγ / � � � ��� 
 � � �� 0 � ��  � � � �� �  � # � � x ! 
 D � /

γ = ~ω
mc2

� 0 � � �  � � > �  � � 
� � � � � � 1 
� mc2 / ω � �  � # 
�  �  
 / Γ� � � � � � 1 " > 
�  � � 0 � ��  � � � 
�  � # � � x /

β =

q

Γ2−1

Γ / λc = h
mc2

�� �� �  � � �� �� 
� � � � � 
� � � � � 0 � ��  � � � 
 / αF

� � � �  �� � � 
�  � �� �� �  � ��  � � � /

ρc � � 
 � � �� � � �� � ! � � � � � �� �� � � �� � � 
 � �  � �  � � � �� �  � # � � x %



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

& ��� � � # � � � � �� � � �0 > > � 1 � �  
 � �  � � ? � �� � > �  � � 
 / � � � � �� ! ��  �� � � � � � 4 ? � � � � � 
 2 � � � � �

k(x, γ, Ψ) =
3

16

√

3

2
αF

2π

λc

B

Bcr

sin Ψ exp

(

−
8

3

Bcr

Bγ sin Ψ

)

 � � γ � 0 � � �  � � > �  � � 
� � � � � � 1 
� mc2 / B = B(x) �� � � � # � � 
� 
 ��  � �  � � � �� �  � # � � x / Ψ � � � �

� � 2 � � � � � � �� � ��  
� � 
"� � 
 �  
 � � ��  � � �� � 
 ��  � �  � � � �� ~B % & � � γ ≤ 2� �0 > > � 1 � � �  k� # �  
 �  ��

� 
� �� � � � � 4 %

k(x, γ, Ψ) = 0 �  � � γ ≤ 2

� � 2 � � �  � �  �  � / #  � � 
 � � � � � � � 
 2 � �� � � � � � � � ��  � �� � � � !� � � � �  


γ sin Ψ ∼ 2 ÷ 4
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I � � �  
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 � � �  � � � � � 
 zc� � � � � 
 �  ��  
� � � � � � 
 ! �� / #  � � � � �0 > > � 1 � 0 � 
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 � Q� � � � 
� � � 0.1�  � # � � (z = zc, ξ = 1
2

, φ = 0)

Q

(

z = zc, ξ =
1

2
, φ = 0

)

= 0.1

� � � � � � �  � �� 
 � � 0 ≥ zc2 � � � � 
 � � � � � 
�  � ! � 
# � � � � zc � � �� � � � � �� 4 ? �  �� � 3 � � ���� � � � � � �� �

�� � �� � 4 /  � � � �� � 
 � � # �  
 �  �� � � � � 4 # � � � � � %I 0  �� � � �$# 
 � � � � � 
� �2 � � �� � � �  � � � �� � � �  �

 
� � 
 " � ! � �$# � � � � > � �� 
 �� � � � � � 
 
 � � � � ! � 
# � � � � zc � 
� � � � 2

zc = 2



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

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


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

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

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

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


� � �� � � � �� � � � � � � � � � �� �� � � � 	 � �� � � � � Q

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

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

�� � � 
� � � � � � � 	 � � � � � 	 � � � 
� �� � � � � � � � ~m %

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

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


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

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

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




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

B = 0.2 Bcr � P = 0.5�

χ = 10◦ � ∆ = 0.1 � k = 0.15



ν zc, 10−2 Γ, 105 ν zc, 10−2 Γ, 105

d = 0.2 / γ = π d = 0.2 / γ = π
28 % 8 7 8 8 % 8 7P %D 8 % 8 7 8 8 % 8 7P %D

8 %D 7 8 8 % 8 7 M % < 8 %D 7 8 8 % 8 7P %N

8 % 7 7 %O 7 M %O O 8 % 7 < % 7 D D D % <

8 %G D % < J O %NO 8 %G 7 % 7 G O %O D

8 %J D %D < O % < 8 8 %J D % < 8 O %D G

8 % < 8 % MN O %O M 8 % < D % 7 D O %G 7

8 %P 8 % M J N %N G 8 %P D %D 8 N %D N

8 %O D % 8 < D D %O 8 %O D %D P D 8 %J

8 %N 8 %O M N %P M 8 %N 8 % MN M %G 8

d = 0.363 / γ = π / Ωb
c

= 1
3

d = 0.5 / γ = π

8 % 8 7 8 8 % 8 N < % M 8 % 8 7 8 8 % 8 D P G % 8

8 %D G % 7 D D J % < 8 %D D % M G D J %D

8 % 7 D %G D M %J M 8 % 7 D %D 7 M %G <

8 %G 8 % M J N %DO 8 %G 8 %N < N % 8 D

8 %J 8 %O N O % M D 8 %J 8 %O 7 O %O N

8 % < 8 %O 8 N %J G 8 % < 8 %P P N %J D

8 %P 8 %O 8 D 8 %J 8 %P 8 %PO D D % 8

8 %O 8 %O G D G %J 8 %O 8 %P D D 8 %G

8 %N 8 % < J O % < P 8 %N 8 % < 8 P % MP



ν zc, 10−2 Γ, 105 ν zc, 10−2 Γ, 105

d = 0.71 / γ = π / αb = 1
2 / β = π d = 1.0 / γ = π

8 % 8 J < %G 7 G 8 % 8 8 % 8 D J %O 7 J N % 8

8 %D D % < M D G % < 8 %D D %JO D 7 % M

8 % 7 D % 8 G N % M M 8 % 7 8 % M 8 N %O J

8 %G 8 %N D O %O P 8 %G 8 %N 8 O %O 7

8 %J 8 %P M O %P J 8 %J 8 %O 8 O %N 8

8 % < 8 %P < N %J N 8 % < 8 %P P M % 8 G

8 %P 8 %P N D 7 %J 8 %P 8 %O < D P %N

8 %O 8 % < P N %P 7 8 %O 8 % < J O %P G

d = 1.22 / γ = π / αb = 1
2 / β = 0 d = 1.5 / γ = π

8 % 8 M %JO 7 G M % 8 8 % 8 P % 8 7 J < % 8

8 %D D %J J D 7 %P 8 %D D %J 7 D 7 % <

8 % 7 8 % M M N %O G 8 % 7 D % 8 N %N N

8 %G 8 %N D O %N < 8 %G 8 %N D N %D <

8 %J 8 %O D N % 8N 8 %J 8 %O 7 N %P D

8 % < 8 %P N M %O M 8 % < 8 %O D D D %G

8 %P 8 %PO D 7 % < 8 %P 8 %P 7 M %P <

8 %O 8 % < G O % 7 7 8 %O 8 % < D P %N P
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