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f(t, x) $ (t, x) %#&#'#( G ) k *#+#,#- �#. x = ϕ(t) $#'#/#& I 0#1 �#�#2 (E) 3#4 .57698

ϕ(t) :#; (E) <#=#3#>#?#@#A#B .DC *#E#F ϕ(t) 3#G#= k + 1 H �#I#J 1#+#,#3#K !#" f(t, x)

$#( G )9L#M#*#+#,#- �#. 5 �#�#2 (E) 3#4 x = ϕ(t) N#1#L#M#*#+#,#- � 3#KDA#O#PRQ !RS 3RT#UV�W�X !�"
f(t, x) $�( G )Y1�4�Z�3 .\[�]�����2 (E) 1�^�_�$�4�Z�4�`�a�b#c#3#d�e#f#gih9$ �#j��

§ 7 k .Dl#m#n E#'#o#p#q �#�#r#s#t#u c#37v9wRK SRx 3#yRz#c �#{R�#�#�R�#2 b s#t#|R} 37v\w#KD$��j��
§ 7 k .Dl�m�n�{���~��#� 3#�#��b s#� 4#Z#3�c#�#K��#���#-#�#c#���#�#4#Z#�#��K l#m#� ���

F (x1, · · · , xm) $�� (x0
1, · · · , x0

m) 3���( |xi − x0
i | < r, i = 1, · · · , m )Y1�����3 . !�"�� $�����(7)Y-

����� (x1 − x0
1), · · · , (xm − x0

m) 3�������K !�" �#� F (x1, · · · , xm) $ (x1, · · · , xm) %�&�'�( G )Y�
��3���(i) J 1�4�Z#3 . E � F (x1, · · · , xm) $���(i)Y1�4�Z�3�K !��#� F . �#���#$#�#�#��(7)9-#��� �¡�¢ ��* ��I#.D£ �#4#Z#�#�#1#L#M#*#- � 3#KD¤#¥#0 x#�#¦ s 3 .�§ ! f(t, x) $�( G )Y1�4�Z�3 .5 ����2

(E) 3 ¡�¨ 4 J 1�L�M�*�- � 3�K©y#z�c � 8#ª�« l�m X©¬#­ �#��2 (E) 3�4�®�¯�1�L�M�*�- �
3 .D°�± 1�4�Z�3�K
4.1 ²´³´µ´¶´²´·´µ¸�¹�º�» y�z�c � 3#¼�½#1#¾��#�#¿�¾#�#� . ¬ � ¼�½#$#À�Á#4#Z ��� 3#Â�� V#W 3#P#Q#k�1#Ã#Ä�Å
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, (a)

∞
∑

i,j=0

Aijt
i
x

j
, (A)

��k Aij ≥ 0. Î
|aij | ≤ Aij ,5 �

(A) 1 (a) 3ÐÏ�Ñ�Ò ( ®�Ó � m ����¿�^ ).
!�"

(A) Ô�1�����3 . 5 ��Õ F (t, x) Ö�× (a) 3ÐÏ�Ø�Ò .6 c���Ù�Ú�-���< s À�Á#¾#�#�#¿�¾#�#�#3 !�S q#Û X
1. Î (A) 1 (a) 3�¾���� .D± $

|t| ≤ α, |x| ≤ β; α, β ≥ 0

)Y��� . 5 ¤�¥�Ü�Ý#Þ (Abel, 1802-1829) c ��.D{ ¡�¢ α′, β′, 0 < α′ < α, 0 < β′ < β, $�ß�à�(
|t| ≤ α

′

, |x| ≤ β
′

0�á {���â ��� . 5 (a) N�1 ¬ } K
2. Î (A) 1 (a) 3�¾���� .©° Pm(a1, · · · , akm

) 1 (a) 3�'�o�ã�� a1, · · · , akm ä ½�å�æ�ã���3����@ . 5 �����
∞

∑

m=0

Pm(A1, · · · , Akm
)tm

1
∞

∑

m=0

Pm(a1, · · · , akm
)tm

3�¾���� . ¬�ç A1, · · · , Akm
1 (A) k [ o�¿ (a) k�3 a1, · · · , akm

{�è 3�ã���K
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3. Î f(t, x) $

R : |t| ≤ α, |x| ≤ β; α, β ≥ 0

0�-���×�����3����#� . 5
F (t, x) =

M

(1 − t
α′ )(1 − x

β′ )
(4.1)

1 f(t, x) 3�¾���� . ��é 0 < α′ < α, 0 < β′ < β, M 1�'�c���K
q�Û 1 ¤�¥�ê�Þ�ë�ì�í#ë (Weierstrass, 1815-1897) î�ï�ð�Ù�Ú�-�<�K�q�Û 2 1 »�ñ 3�K S�x º�» q

Û 3. ò § Í . f(t, x) $ R )Y-���������� X

f(t, x) =

∞
∑

i,j=0

aijt
i
x

j
.

¤�¥�q�Û 1,
¬ ~ ������$

|t| ≤ α
′

, |x| ≤ β
′

0�á {���â ����KDì#ï . �#� ∞
∑

i,j=0

|aij |α
′iβ′j ��� .D£�° |aij |α

′iβ′j Ä�ó X _�$ � � M , ô�<
|aij |α

′i
β
′j ≤ M,

Ú
|aij | ≤

M

α′iβ′j
. (4.2)

ñ�õ
(4.1) k���� F (t, x) 3���������@�×

∞
∑

i,j=0

M

α′iβ′j
t
i
x

j
.

6
(4.2) E�F . F (t, x) 1 f(t, x) 3�¾�����K

4.2 ö´÷´ø´ù´ú´û´ü´ýþ�ÿ
4.1 � f(t, x) ���

|t − τ | < α, |x − ξ| < β; α, β > 0

��������	 .�
���
��
(E) � t = τ ��������� ����� x = ϕ(t), ����������� x(τ ) = ξ.

��� ×����� . l�m�! E n = 1 3�Ç�È ¹�º�» K ®�"�Í τ = 0, ξ = 0. ^ 5 !�#�r���$ t → t−τ, x →

x − ξ, E�%�&�� ¬�' Ç�È�K�Á#1�ò#c � 3 § Í . f(t, x) $
R : |t| < α, |x| < β

)Y-���� ( (�U ­ 8 α, β )�*�+�, )

f(t, x) =

∞
∑

i,j=0

aijt
i
x

j
. (4.3)

- º�. � q�KDÍ x = ϕ(t) $ t = 0 /�0�1 (E) 3�4�Z�4 . `�a�d#e�f#g
x(0) = 0. (4.4)
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Á�1 ϕ(t) $ t = 0 /�0�-����

ϕ(t) =
∞

∑

i=0

ait
i
. (4.5)

× t º�» 4�Z�4�3 . � q . ñ#õ !�1 º#» (4.5) 3�ã�� ai, i = 0, 1, · · ·
6 ���

(E) Õ�d�e�f�g (4.4)
. �

��2�c�KD×�� .�3�!�1 Ê�4 S#x 3� �5 X
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a0 = ϕ(0),

a1 =
(

dϕ

dt

)

0
= f(0, 0) = a00,

a2 = 1
2

(

d2ϕ

dt2

)

0
= 1

2

(

df(t,ϕ(t))
dt

)

0

= 1
2

((

∂f

∂t

)

0
+

(

∂f

∂x

)

0

(

dϕ

dt

)

0

)

= 1
2
(a10 + a01a00),

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

am = 1
m!

(

dm−1f(t,ϕ(t))

dtm−1

)

0
= Pm(a00, a10, a01, · · · , am−1,0, · · · , a0,m−1),

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(4.6)

6#¢ @#k Pm

ñ#õ 1�7�8 ):9 � 3�2#c#3�;#ã#�#�#�#@ . � ! ¿�<�= m Ä#À .D° ¿ � �#�#� 3#½�>#È#@
L�À�K ?

$�@ º�»�X ã�� 6:A @ (4.6) c s 3���� (4.5) $�(
Cρ : |t| ≤ ρ = r(1 − e

−
1

2M )

)Y��� . ��é r ≤ min{α, β}.
¬ � � ��B º�» . 576 Á (4.6) C » dϕ(t)

dt
¿ f(t, ϕ(t)) ��D � m 3�9�H �I $ t = 0 é�3�e J�E ? . £ � ¬ Æ ~ 4#Z#���#½#Ä E#| 3#�#�#���#@ . Ú � m�è�F�E ?�G $�H ä . ϕ(t)

$ t = 0 /�0�1 (E) 3�4�K 3 6 Á ϕ(0) = 0, I ϕ(t) `�a�d�e�f�g (4.4).

× t º�» ã�� 6�A @ (4.6) c s 3���� (4.5) $ Cρ )Y��� .KJ ¸ y�z�L s 3#¾��#��ð .NM�O�P�Q#���
dx

dt
= F (t, x), (4.7)

��k F (t, x) 1 f(t, x) 3�¾�����K ¬ } 3 ��� Ö#× (E) 3 Ï�R�S . ¤�¥�0�T�q�Û 3,
l�m -  

F (t, x) =
M

(1 − t
r
)(1 − x

r
)
,

��k r ≤ min{α, β}.
8

F (t, x) ��U X
F (t, x) =

∞
∑

i,j=0

Aijt
i
x

j
,

5
|aij | ≤ Aij . (4.8)6 S�V A @ C *�2#c Ai:
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A0 = 0,

A1 = A00,

A2 = 1
2
(A10 + A01A00),

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Am = Pm(A00, A10, A01, · · · , Am−1,0, · · · , A0,m−1),

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(4.9)
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M�O � ¬ } c s 3 Ai ×�ã���3������

∞
∑

i=0

Ait
i
. (4.10)
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(4.8) Õ�0�T�q�Û 2 E�F . (4.10) 1 (4.5) 3�¾�����K × t º�» (4.5) $ Cρ )Y��� . ¤�¥�0�T�q�Û

1,
!�1 º�»

(4.10) $ Cρ )Y����K× t º�» (4.10) $ Cρ )Y��� .W3�!�1 º�» P�Q���� (4.7) $ Cρ )YÄ�`�a�d�e�f�g (4.4) 3�4�Z�4�K¬ 1 £ × . !�" ¬ � �#<#= t º#» . 5 ¤#¥�X�T#À#Á . � q#3 º#» -#F . (4.10)
� c�1 ¬ ~ 4�Z#4#$ Cρ)Y3���������@ .D£#° (4.10) (�$ Cρ )Y����K¬ }�� ¹ . V�W E � � t#�#~ ��� �#� 3#d�?�Y � V#W K {#�#� (4.7), Ú ���

dx

dt
=

M

(1 − t
r
)(1 − x

r
)
,

¸ ��Z���� ð�-�<�=
∫ x

0

(

1 −
u

r

)

du =

∫ t

0

M

1 − τ
r

dτ.

[ °
x −

x2

2r
= −rM ln(1 −

t

r
).

¬ ~ À�Á x 3 j * ��� Ä�4
Φ(t) = r − r

(

1 + 2M ln(1 −
t

r
)

) 1

2

,

\ ± ¬ ~ 4�* t = 0
­ ×�] .D° $ Cρ )Y1 t 3�4�Z�����KDc � º�^ K �

_ `

1.
º�»�X

(1)
���

tx
′ = x − t

Á t = 0 a�Ä�À�Á t 3�È�@�������G
(2)
���

t
2
x
′ = x − t

Á t = 0 Ä�À�Á t 3�È�@������ .�b ¬ ~ È#@��#�#��c t t = 0
� ��d�e�f�K

2.
{

(E) 1 n gih ������2 3�Ç�È . º#» y#z#c � K
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