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

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

�� 	�  ���

0, 1 , 2 , � , n, n+ 1 , �

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

f (n) =G(f( 0) , � , f (n− 1 ) ) .
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� �

n � � � � � � � �

n+ 1 � � � � � � � �

�

� � � 
� � 
 � � Turing �� � ��� � 
 �� � �� �  
 � �� � � �� � � � 
 � �� � � � 
 � �� � � � 
 � �� 	�



� � � � � �

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

�� 	�  � ��� �

0 = ∅ � �� 	 	 � � � � � 	 � �

1 = {0} � � �� � �� 	 �� � � 	 � �

2 = {0, 1 } � � � �� � 	 � �

3 = {0, 1 , 2} ;

�

n = {0, 1 , 2 , � , n− 1 } = {m |m< n} ;

�

ω = {0, 1 , 2 , � , n, � } � � � 	 � 	 �� � � � � 
 �� � 
� � 	  � �

ω+ 1 = {0, 1 , 2 , � , ω} =ω∪ {ω} � �� 	 � 
� � 	 � ��  � � ω, �



� � � � � �

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

�

α = {β | β< α}
α+ 1 = {β | β< α+ 1 } =α∪ {α}

�
ℵ1 = � � 	 �  � � 
 �� � 
 � � � � � 	 �  � � � �� �� � � � � ��

�

ℵ2 = � � 	 � 	� � � � 
 �� � 
 � � � � � 	 � � � � � ��

�

ℵω =
⋃

n< ω

ℵn

ℵω+ 1 = ℵω∪ {ℵω}

�
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� � � �� � � �� � � � �

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

α0 > α1 > α2 > �

� ��  � � � �� ��

� � � �� � � �	  	� 
 ��� � �

f(α) =G(f � {β | β< α} ) =G(f � α) .

�� � � ��  � � � �� �� ω, ω+ω, � , ℵ1 , � � 	 �� �� � � � 	 ��  � α+ 1�



� � � �� � � �

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

� - . � * ) + � % ) C ! � � �

� < � � � � � � � � ω � α � κ �

� � < < � < � � < < � � < � < � � �

- < � < � < � � < < <

. � � � � < � � < < <

� � � � � < � � < < <

* � � � � � � � < < <

) �+ * < < < < � < � < <

* � < < < < < < < � < <

	 � � � � � �� ω � � < � � � < < � � <

$ ω + 1 � � < � � � < < �

! �

� θ < � � < < < < � � � � � � � � �

� � � � � �

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

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

�� � � 
 � � ��� � 
 � 	 ��

��  �� � 	 t = 0�  � 
� � 	 � ��  �� � 	 t = α + 1� 
 � 	 � � � � � � � � � � � 
 � � ��� �

 
 � 	 � �

� � t < θ � � � � � � � � �� � 	 ��  � � � �� � � � � 	 � �� � � � 	 � � � � �	 � � � ��� � � � t� �

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

∀ξ ∈ Ord T(t) ξ = liminf
r→ t

T(r) ξ � � � � 	 � � � �	 � � � � ;

S(t) = liminf
r→ t

S(r) � � � � �� � � � �	 � � ;

H(t) = liminf
s→ t , S( s ) =S( t)

H(s ) �� 	 � � �� �� ��� � � .

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



� � � � � �� �

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

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

(T(θ) ξ) ξ∈Ord ,

� � 	 � �� � � �� �	  � � ��� � 
 �� ��� � χA� � � � 	 ��  � � � � �� ��  � � � �� � �

� � 
 � � 	 � x ⊆ Ord� ��  � � � �� � � � � 
 � � � � 	 � � � � � � � �	 � � � � � � �  � � � � �

� � �� 	 �	  � � � � � � 	  	 � � � � �	 � 
 � � 	 � z ⊆ Ord � � � � � � � �� P � � �� �

� �� 	 � � � 	 � � � �� �	  � � ��� � 
 �� ��� � χz� � z � � � � � �� �� � � � 	 � � � �	 � � � � �

� �� � � � � � � � � 	 � � � 	 � � � �	 � � χx�

P: χz� χx

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



� � � � S �� � ��� ��� 	
� � � �� � � �� � � � �

� 	 �

S= {x⊂ Ord | x� ��  � � � �� � � � � 
 � � � � 	 } .
• S� �� �� � 	 � 
 � � 	  
 � �� � � � � � �	 � 	� ��� � � � 	 � � �� � 	 � � � � � 	 � 	 � � � �

• S� �� �� � 	 � � � ��  	 � � 	� � �� � 	� � � � � 	 � 
 � � 	 � ��

� � x, y∈ S � � � ϕ(u, v)� � � � ∈� ��  � 
 � � �� 	 �

{u∈ x | (S , ∈ ) � ϕ(u, y)} ∈ S.

• � � 	 � � � � 	 � 
 � 	 � �� � � � 	 �� � �  � � � �� � � � � 
 � � ��� � � � � �� � � 	


 � � � 	  � �� � � � �� �� �� � � �� 	 � 
 � � ��� 	  � � � ϕ� � � � 	 	 � � � 
 � �	 �

� � ��� � �  � � � �� � � 	 	 � 	 � 	 � �� � �	 � � ��
• S=M∩ {x | x⊂ Ord} ��  �� � 	 � � � 	 � (M, ∈ )� � � 	 � �� 	 �  � �



� � �

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

(S , ∈ ) � � �� �� 	 � � � �� �� � � � � �	 � � � �
� � � 	 � �� � � � � � �� �� � � � � �� � �� �� � �

� �� � 	 �� � � � � 	 �� � � � 	 ��  � M ∩ {x | x ⊂ Ord} ��  �� � 	 � � � 	 � M� � � 	 �

�� 	�  � �



� �

�

� � � � � � � � � � � � � � �

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

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

L=
⋂
{M |M� � � � � � �� �� � 	 � � � 	 � � � � 	 � � � 	�  � � � � Ord⊆M} .

• L0 = ∅

• Lα+ 1 = �� 	 � 	 �� � �� � � 	 � � � � � 	 � 
 � � 	 � �� � Lα

• Lλ =
⋃
α< λ Lα ��  � � � � � � � ��  � � � �� � λ

• L=
⋃
α∈Ord Lα
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�� � ��� ��� 	
� � � �� � � �� � � � �

� � 	�  	 � S=L∩ {x | x⊂ Ord}�

�� � �� � � � x ∈ S � � 	 � � �� � � � 	 � � � � 
 �	 � � � � � � � �� � � � � �� � 	

�  � � � �� � � �� 	 �	 � α� � � � 	 � �� 	 � � � � 
 � � ��� �� � � � � 	 � � 	 � �  � 	 �� 
 �

� � �� � 	 �� 	 � � � 	 � L � � �� � � 	 � �� 	  	 � 
 � �� � 	 �� 	 x ∈ L�

��  �� 	 � � � � 	 � 	 �� �	 � � � � S = M ∩ {x | x ⊂ Ord} ��  �� � 	 � � � �� �� � 	

� � � 	 � M� � � 	 � �� 	�  � � �� �� 	 L⊆M � 	 � � � 	

S⊆ L∩ {x | x⊂ Ord} .
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• �� 	�  � � � � � � � � 	 � � � � �� � � �	 �� � 	 � 
 � � � � �� � � � 	 � � �

� �� � � � � � � � � � 	  � � 	 � � �

• � 	 � 	  � � � � � ��� � � � � � �� 	  �� ��� � � � � � � � � 
 � � � � � � � � � � �� �� 	

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

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

• � � � � � 
� ��� � � � �� 	 � � � � 
 � � � � � � � � � � � � � �� � � �� �� 	 �� 	 �  � � �

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

• � � � �� � � �	 � � ��� � 
 	 �� � � 
 � � � � �� � � � 	 �� ��� � �

• � � � � �� � ��� � �� � � � � � � 	 � � � ��  � � � � � �� � 
 
� � � �� �� 	 �� � � � L

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