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!"! #$%&'()*+,-./01213&456 

! 789:&;<=>?@0#$%&'()=9*ABC78D&'(6ED

F0#$+G/HIJKLMB+,-./&45601213&456NOD

8BC+,-./&456&PKLQ@R0STU/&VW*X6KYZR[

\BC 

 

]^#$%&'()  

! _U`/)Kab0cd x' &e$f QNcd xKgB#$% E(x)=0 

! ! ! !    

! 

E(x) =
Q

4"#
0

$
(x % x')

x % x'
3
! ! ! ! ! ! ! ! ! ! ! ! ! !  ! ! (7-1) 

*Vh@07&ijklm*@R0nopq@rZ$fst

! 

"(x)Ku@R0 

! ! ! ! !

! 

E(x) =
1

4"#
0

(x $ x')

x $ x'
3
% &(x') % d3x'

$'

+'

(                   ! !  (7-2)                                ! ! ! ! ! ! ! ! !  

=OR0_U`/)KaB#$% E(x)=Vh@vC 

! 7&#$% E(x)Ku@RwxVWyz{3&VW^=|}@R0~s�&z

{3&�) 

! ! ! ! ! !

! 

divE(x) = "(x) /#
0
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-3) 

=OvC9v0 Stokes&VWED0#$% E(x)F 

! ! ! ! ! !

! 

rotE(x) = 0!                                  ! ! (7-4) 

:�b0��R0#$%F+G/HIJ=�YC 

! ! ! ! ! !

! 

E(x) = "grad#(x)                             ! !  (7-5) 

! 

"(x)=#$+G/HIJ0$c*��C 

! $fst*#$+G/HIJ&L�F0(7-2)*(7-5)=�\R0 

  !  ! ! !  

! 

"(x) =
1

4#$
0

%(x')

x & x'
d

3
x'

&'

+'

(                       ! !   (7-6)  

F0

! 

"(x)&�Y&P:�BC  

! ��N0789:&;<&>e:�BC (7-3), (7-4), (7-5) &��r��N�

��:�BC (7-2)*78D(7-3), (7-4), (7-5)N#$%&'()*��BC(7-2)F
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�W�&�)*@R&_U`/):�b07&�W)K��VW:�BwxV

Wyz{3&VW 0̂Stokes&VWN��YZR0 (7-3)0(7-4)*r�RZBC�

�R0#$%&'() (7-3), (7-4), (7-5)N, (7-2)&_U`/)=�M*���BC

(7-5)F(7-3)ED, (7-6)F(7-2)*(7-5)ED0�q�KOD8B&:0��R'()

K��B�>FrZC 

 

�^+,-./&456*1213&456  

! #$+G/HIJ

! 

"(x)F0(7-5)&

! 

E(x) = "grad#(x)=0(7-3)K ¡MB7*K

a�R0 

! ! !     

! 

div grad"(x) = #$(x) /%
0
! !                          (7-7) 

*rBC7&¢£F#$+G/HIJK Laplace ¤¥¦y

! 

" 9vF

! 

"
2^=g}

§mv�&KrB0!4-2 &(2-2):[\va¨K0

! 

f (x,y,z)=©ª&3«1UL

�*@R0 

!

! 

div grad f =" • (" f )  

! ! ! ! !  

! 

=
" 2
f

"x 2
+
" 2
f

"y 2
+
" 2
f

"z2
= (

" 2

"x 2
+
" 2

"y 2
+
" 2

"z2
) f =#

2
f = $ f !   (!4-2-2)!  

N¬­MBC~s¤¥¦:�B Laplace¤¥¦=3«1UL� fKg}§mv�

&*®�BC7&¤¥¦F¯y°J±^9vF

! 

"
2y²³1´µ^*¶·C 

! ! ! ! !

! 

" # $
2
# (

% 2

%x 2
+
% 2

%y 2
+
% 2

%z2
)! ! ! ! ! ! ! ! ! ! ! !   (!4-2-3) 

 :�BC��R0(7-7)F0  

! ! !      !

! 

"#(x) = $
1

%
0

&(x)                                (7-8)  

*rBC¬s:¸¹º0 

! ! ! !     

! 

" 2#(x)

"x 2
+
" 2#(x)

"y 2
+
" 2#(x)

"z2
= $

1

%
0

&(x)                  (7-8')   

:�BC78F+,-./&456yPoisson,1781-1840^*�º8BC 

$f»¼N½:�B%kF0 

! !      !  

! 

"#(x) = 0                                       (7-9)  
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:�BC¬s:¸¹º0 

! ! ! !    

! 

" 2#(x)

"x 2
+
" 2#(x)

"y 2
+
" 2#(x)

"z2
= 0              ! ! ! !   (7-9')       

*rBC7&456F1213&456*�º8BC! ! ! ! ! !  

! (7-8) &+,-./&456=P¹º0#$+G/HIJ

! 

"(x) NOD8BF

¾:�BCv¿@0À~s456&�ÁPKF©ª&L�N�8B7*KÂª

N�>:�BC (7-8)&Ã£KF$fst

! 

"(x)N�B&:0

! 

"(x)&PF

! 

"(x)=Ä

·��Kr�RZBF¾:�BC

! 

"(x)=}ZR0 (7-5)&

! 

E(x) = "grad#(x)                             ! !  

K ¡M8º0$% E(x)�Å9BC 

! @E@rND0 (7-2):0$% E(x)F$fst

! 

"(x)EDÅ9B&:�b0 (7-3), 

(7-4), (7-5), (7-6)=Æv@RZB&FÇÈ*��BCÉÊlËlË+,-./&

456=PEjºrDrZ&¿Ì¨EÍ*&ÎÏNÐÑBC 

! �Òr�:$fst

! 

"(x)NÓ�D8RZB%kF07&+,-./&456

=PÔ�>FrÔ0ÕÖ&×:Øva¨K0#$+G/HIJ

! 

"(x)�$% E(x)

�Å9BC@E@rND0!8:[\Ba¨K0e$f¿¹:FrÔÙÚ�Ä

·Û:F0ÜÝK$f=dÔ*0ÙÚ�ÞKF#$ßÙKa�Ràvr$f

stNÐÑBC78Kab0Ó�v$fstFpá§80$fst�Ú�àv

KÅAjºrDrZyÙÚ&ÏâF!8 :®�B Ĉã&a¨r%kF0äåæ

ç=$c

! 

"(x)KLMB�:Ó�R0+,-./&456è1213&456

=PÔ4�Néê:�BC9v0Ó�D8v$fst

! 

"(x)NëìKíî:�B

%k�ïð:�BCÓ�D8v$fst

! 

"(x)ED0#$+G/HIJ

! 

"(x)è$

% E(x)N�ÒKOD8B%k:�0+,-./&456=PZv4NÏâ&P

F��*�ÒKOD8B7*��BC 

! 7&a¨r+,-./&456è1213&456&éêñ=òóK@RÔ

8BVWN0ô&[\BSTU/&VW:�BC 

  

õ^STU/&VW  

! STU/&VWFwxVWyz{3&VW^EDOD8BCwxVWyz{
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3&VW^F 

!       

! 

  E(x) •ndS
S
" =  divE(x) d

3
x

V
"                  !    (!5-20) 

:��vN0´Y&©ª&3«1UL�=

! 

"(x)*

! 

"(x)@R0 

        

! 

E(x) = "(x)grad#(x)! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (7-10) 

*dZR0wxVWK ¡@RöBC! (!5-20)&¢£F0 

!

! 

E(x) •n = "(x)grad#(x)•n  

        

! 

= "(x)(
#$

#x
nx +

#$

#y
ny +

#$

#z
nz )

! 

= "(x)
#$(x)

#n
               ! ! (7-11) 

77:0                           

! ! ! !

! 

(grad")•n #
$%(x)

$n
# (
$%

$x
nx +

$%

$y
ny +

$%

$z
nz)  

F03«1UL�

! 

"(x)&Òc�÷ø_ùJ

! 

n(x)4ú&~��:�BC�40 

(!5-20)&Ã£F0 

    

! 

divE = div{"(x)grad#(x)} =
$

$x
{"(x)

$#

$x
}+

$

$y
{"(x)

$#

$y
}+

$

$z
{"(x)

$#

$z
} 

        

! 

= "
# 2$

#x 2
+
#"

#x

#$

#x
+ "

# 2$

#y 2
+
#"

#y

#$

#y
+ "

# 2$

#z2
+
#"

#z

#$

#z
 

! ! ! !

! 

= "(x)#2$(x) + grad"(x)• grad$(x)                   ! ! !  (7-12) 

*rBC 78D=(!5-20)K ¡@R0Úûûs=¢£KdÔ*0 

!   !

! 

 {"#2$(x) + grad" • grad$} d
3
x

V
% =   ("

&$

&n
)dS

S
%   ! ! ! ! ! (7-13)  

*rBC78FSTU/&VW&�Y&��yü�ýþ6^:F�BN0ÿì

F0ô&ðK

! 

grad" • grad#=!@v�6KMBCã7:0(7-13):3«1UL�

! 

"(x)*

! 

"(x)=¡8"�R�þ6F¬­MBED0 

! ! !

! 

 {"#2$(x) + grad" • grad$} d
3
x

V
% =   ("

&$

&n
)dS

S
% ! ! ! ! ! ! (7-14) 

:�Byü´ýþ6 Ĉ (7-13) *(7-14) &´Y&#*=$BC!

! 

grad" • grad#!

N!�R0 

    ! !

! 

 {"#2$ %$#2"} d
3
x

V
& =   ("

'$

'n
%$

'"

'n
)dS

S
&               (7-15) 
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*rBC�%��Ò:u&ñ�'Z�Kr�RZBC78Nÿì&STU/&

VWyü(ýþ6^:�BC7&VW=#$+G/HIJ&;<K)}MB7

*:0+,-./&456è1213&456&éêñNWP:*BC�40

STU/&ü�ýþ6(7-13)K+ZR0

! 

"(x) =#(x)*MB0 

! !    !

! 

 {"#2" + (grad")
2
} d

3
x

V
$ =   ("

%"

%n
)dS

S
$   ! ! ! ! !  

*rBC77:§DK0

! 

"2# = 0  (1213&456)N¬­@RZB%kF0 

        

! 

  ("
#"

#n
)dS

S
$ =  (grad")

2
 d

3
x

V
$ % 0                        (7-13’) 

7&L��,K�@º@º-}§8BC 

 

.^STU/&X6*#$+G/HIJ  

  (7-15):&

! 

"  F#$+G/HIJ0�40

! 

"F!

! 

" =1/r*MBC77:& rF 

! 

r = (x
2

+ y
2

+ z
2
)
1/ 2
! :�b0rF/V&e PEDe x(x0y0z)9:&01*MBC

ã&�20(7-15)F0!          

! !

! 

 {"#2
(1/r) $ (1/r)#2"} d

3
x

V
% = {"

&(1/r)

&n
$ (1/r)

&"

&n
}dS

S
%       (7-16) 

*rBC77:&Úûûs*ÞûsF0wxVWyz{3&VW^&%k*ï

Ñ:0 SF34Þ:0VF SN5VMBÚû:�BC 

!

! 

" =1/r*@v7*KFW6N�BCã8F0 

! ! !

! 

"
2
(1/r) = #(1/r) = 0   (r $ 0)                                 (7-17) 

N0r7½=8ZR09R&e:¬­MBED:�BC78=ó:MB;K0

! 

r = (x
2

+ y
2

+ z
2
)
1/ 2  :0

! 

"
2
(1/r) = #(1/r) =

$ 2(1/r)

$x 2
+
$ 2(1/r)

$y 2
+
$ 2(1/r)

$z2
! &ü�<KY

ZR®�RöBC

! 

r
2

= (x
2

+ y
2

+ z
2
)! &=£= x:À~sMB*0

! 

2r("r /"x) = 2x

*rB&:0

! 

("r /"x) = x # r
$1
! :�B7*KÂª@R0 

!

! 

" 2(1/r)

"x 2
=
"

"x
{
"(1/r)

"x
} =

"

"x
{
"(1/r)

"r
#
"r

"x
} =

"

"x
{($1) # r

$2
# x # r

$1
} = $

"

"x
(x # r

$3
) 

        

! 

= "
#

#x
(x $ r

"3
) = "r

"3
" x

#

#x
(r

"3
) = "r

"3
" x("3)r

"4
$ xr

"1
= "r

"3
+ 3x

2
r
"5 
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*rBC9Ý& x0y0z¬s&>=$B*0 

!

! 

"
2
(1/r) = #(1/r) =

$ 2(1/r)

$x 2
+
$ 2(1/r)

$y 2
+
$ 2(1/r)

$z2
   

                 

! 

= "3r
"3

+ 3(x
2

+ y
2

+ z
2
)r

"5
= "3r

"3
+ 3r

"3
= 0! ! ! ! (7-18) 

óEK½*rBC 

! ��R07&�2=(7-16)¢£K?¨Cã&vAKF0ûsÚû V =01/r N

@*rB/Ae r7½=$bB·CD

! 

"&~EFÚû0

! 

V" = (4# /3)"3! *078�

Ü&Ýs&Úû VG&´YKsHMB�>N�BCV7V!IVG:�BC (7-16)

¢£&ûsÚû VJVG*páM8º0VG&KL:F0

! 

"
2
(1/r) = #(1/r) = 0! N

MæçK¬­MBC�40

! 

V" = (4# /3)"3FZÔD:�E§Ô:*B&:0V'JV

*9vûsÚû=NKOM7*NPQBCRS0 

! !

! 

 {"#2
(1/r) $ (1/r)#2"} d

3
x

V
% = $  {(1/r)#2"} d

3
x

V
%            (7-19) 

:�BC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   �40 (7-16)Ã£&ÞûsF0~EFÚû

! 

V" = (4# /3)"3=s1@v7*:0

NT&34Þ S*, ã&~EF=ÔbUZv;KÐÑv�Þ(

! 

S" = 4#"2 )&Þûs

x(x,y,z) 

S 

S! 

r 
P 

! 

V" = (4# /3)"3  

! 

V '=V "V#
 

V 7-1.! 34Þ S&WÝÚû VED0e P=XY*MB~E

F

! 

V"=$b8ÔC7&~EF&�Þ=

! 

S"*MB*0Þ�&Ò

c�÷ø_ùJyn^FCìK0WZEDÜZK$B&:0

! 

S"

�& n F~EF&XYe PKúE¨C~EF

! 

V"FZÔD:�

E§Ô:*BN07&

! 

S"�& n&ñ[FplDrZC 
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&´YKYZR®�B�>NÐÑBC 

 (7-16)Ã£F0 

   

! 

{"
#(1/r)

#n
$ (1/r)

#"

#n
}dS

S
% + {"

#(1/r)

#n
$ (1/r)

#"

#n
}dS

S&
% ! ! ! ! !  (7-20) 

*rBC7&ü´<&ÞûsF0e P =XY*MB~EF=8Zv7*Ka�

RÐ98vÞ

! 

S"KLMBûs:�BCÞ

! 

S"�:F0Òc�÷ø_ùJ n FìK

\e P=úÔ0V 7-1& rN7&~EF=]Ôe:Òc�÷ø_ùJ n=®�B

*0ã&ú*F r&4ú*F^:�b0

! 

"r /"n = #1 *rBCÊK0 

! !     

! 

"
#(1/r)

#r

#r

#n
= " $ (%r%2) $ (%1) = " $ (r%2)  

:�B&:0 

         

! 

"
#(1/r)

#n
S$

% dS = " & (1/r2)
S$

% dS =
1

$2
"

S$

% dS                   

*rBCã7:0e P K+¹B#$+G/HIJ=

! 

"p  *@0Þ�&e:F

! 

" # 0:

! 

" # 0*@R0

! 

" = "p + #*:*B&:0 

! ! ! ! !

! 

=
1

"2
#

S"

$ dS =
(#p + %)

"2
dS

S"

$ =
(#p + %)

"2
& (4'"2) = 4' (#p + %)  

:�BCÊK0

! 

" # 0: 

         

! 

"
#(1/r)

#n
S$

% dS = 4& ' "p                                     (7-21) 

�40(7-20)&Þ

! 

S"KLMBü´&Þûs:F0

! 

"# /"n  Fe P=ÿB_÷K`�

v

! 

"&pab:�BED0

! 

"# /"n <$*MB*0 

! ! ! !

! 

(1/r)
"#

"n
dS

S$
% < (

&

$
) dS

S$
% = (

&

$
)4'$2 = 4'&$                   (7-22) 

N¬­@0

! 

" # 0: 0*rBC��R0

! 

" # 0&cd:0(7-20)F0 

          

! 

{"
#(1/r)

#n
$ (1/r)

#"

#n
}dS

S
% + 4& ' "p  

:�BC�e0(7-16)&Ã£*¢£F0 

! ! ! ! !

! 

"  {(1/r)#2$} d
3
x

V
%

! 

= {"
#(1/r)

#n
$ (1/r)

#"

#n
}dS

S
% + 4& ' "p  
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*rBCe P K+¹B#$+G/HIJ=

! 

"p  *@vED078=¢£K$

�R0ô6=OBC 

! ! ! !

! 

"p = #
1

4$
 {(1/r)%2"} d

3
x

V
& +

1

4$
{(1/r)

'"

'n
#"

'(1/r)

'n
}dS

S
&      (7-23) 

�40(7-8)&+,-./&456F 

! 

"2#(x) = $#(x) = %
1

&
0

'(x)  :�BED07

8� (7-23)K ¡MB*0 

! ! ! !

! 

"p =
1

4#$
0

%(x)

r
d
3
x

V
& +

1

4#
{(1/r)

'"

'n
("

'(1/r)

'n
}dS

S
&          (7-24) 

*rBC78FSTU/&X6yfFSTU/&VW&ü(ýþ6^*�º

8BC78F+,-./&456&P=Ó�BC 

(7-1)~(7-6):F0$%0#$+G/HIJ=5VMBcdp� xyghe^*û

s&i&p� xG=}ZRZB&:0(7-24):&5V�*FïÑ:FrZC 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

=jFV 7-2KkML�K�B&:0 

! ! ! ! ! !

! 

r = x'"x = x " x'0! !

! 

"p = "(x)  

78K'lZR(7-24)=¸*m�B*0 

O  

x 

y 

z 

r 

x' 

P = x 
! 

r = x'"x = x " x'

! 

"p = "(x)  

V 7-2C(7-24):&cdp�yx0r^* (7-1)~(7-6):&

cdp�yx0xĜ &L�C 
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!    

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
& +

1

4#
{
1

x - x'

'"

'n
("

'

'n

1

x - x'
}dS

S
&        (7-25) 

*rBC 

! 7&Ã£ü�<F0 (7-2)*(7-5)EDOv$fst*#$+G/HIJ&L� 

(7-6):�BC^K�¨*0(7-6)F (7-25) :ü´<N½:�B%k&P:�BC

7&ªn=ôo:®�a¨C 
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!"#$%&'()*+,-.&'/0)'1  

! +,-.&'/0)'1234#$%&'() (7-24), (7-25)56789:'V

5;<4=>?@'ABBCDE26FG7HIJ S 5;<4JBC'8K:

LMN4OPN67HIJ S'QRAB VSTU234PV5WXYZ[4O

TU'AB V\]^4_`567a'bc2'de\fgYFENhFiF[O

(7-25)'8K:'HIJ S 5jE4

! 

"V

! 

"# /"n'kSbcde234OlmFn

67HIJ S'bcdeo^p^Nh7a'qr'de6sLtiFGZL7V

QR'=_S9uv5wx4PV234O9/7V \TUAB26FG7yz

{A5|}~_`67HIJ S \�U�/5�GPV5F4OP'_`678

9:' V 5;<4=>?@'ABBCDES��78K:'JBC6�^4O

x�7P'��'_`�i]^��O 

 

1-1)! HIJ SS�U�/534_`  

! � 7-1'HIJ SS�U�/534V<4V7HIJ26

! 

1/x - x' =1/r" 02

34O (7-1)'��F=>C�\]^4V7

! 

"  6 1/r'��5�4��'27�

U�/'HIJ26

! 

" # 0234Ox~7S6qr5�Gbc234�i7��

������6 r'/�V��5F4O��7 

      

! 

r
"r

"n
# r(

"r

"x
nx +

"r

"y
ny +

"r

"z
nz) = (xnx + yny + znz) = r •n 

234�i7rV nS�9/�Fi7

! 

"r /"n = (r •n) /r = +1 VF4OD�i7 

 !

! 

"(1/r)

"n
=
"(1/r)

"r

"r

"n
= #(1/r

2
)(+1) = #(1/r

2
)7

! 

"#

"n
=
"#

"r

"r

"n
$ %(1/r2)(+1) = %(1/r2) 

234O�}Z7�BC;�'�:67 

! !      

! 

"#
$

$n

1

x - x'
= "#

$(1/r)

$n
% "(1/r)("1/r2) =

1

r
3

 

! !      

! 

1

x - x'

"#

"n
$
1

r

"#

"n
$ (1/r)(%1/r2) =

%1

r
3

 

234O�U�2PNi6 234S7

! 

" #1/rV]^~PV7P'¡'JBB

CS¢£F'D�i7¤�5 0 VY6YF[2¥'��5]^4O (7-25)¦§
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!"#$%&'()*+,-./!012345(* 

     

! 

{"
#

#n

1

x - x'
$

1

x - x'

#"

#n
}dS

S
% <

&

r
3

dS =
S

%
&

r
3
' 4( ' r2 =

4(

r
&  

67%89&:;!<=!

! 

(4" /r)#)*

! 

r"#  >?4-@!>*AB%*(7-25)

<=!"#$C

! 

r"#  >?4-@: 

  ;!DE%*V 2FGH4IJ*KL" S 6MNOP%QR*;!MNOP

ST">

! 

" = 0  >Q@UV*WXYZ[!P\]!^)*(7-6)! _`*(7-25)!

abc* 

! ! ! ! ! ! ! !

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
&                      ! !  (7-26) 

>Q@:de>f(7-26))WXYZ[!P\]b&!^>Q@g4hij!)*

;!DE-fMNOPST">

! 

" = 0g4!klm@STno6Q@;42h

i('@: 

 

1-2)! pNq# V!rs>

! 

"2# = 0>Q@UV  

! (7-25)>*pNq# V!rs>

! 

"2# = 0>Q@UV2IJ@: Vrs>tu

Wv[wxy)z{z|!P\]2}~5('@UV>Q@:;!��)*

V!rs%u�6��5-'UV��>)-�*V6�q>Q@UV%C��

m@6*�8 >��m@!>*�q���6�>Q@B);;>)IJ-': 

(7-25)%

! 

"2# = 02��m��* 

 ! ! ! ! ! ! !

! 

"(x) =
1

4#
{
1

x - x'

$"

$n
%"

$

$n

1

x - x'
}dS

S
& ! ! ! ! ! (7-27) 

4-@:ST" S%��@

! 

"4

! 

"# /"n!�6F(���('��* 

! 

"2# = 0! !

b�^)! (7-27)>��>�@;42/�m@:fST" S>!

! 

"4

! 

"# /"n!�2

�J@g;46*�q�%�2/�%&'()*f^!b/�g4� 5(¡%

��m@: 

! 7¢$P\]!^%)./£16¤EDE%*¥¢$P\]!^%)./�

16¤E:

! 

"4

! 

"# /"n)¦!DE-./�1%,j@:_`*(7-27))z{z|

!P\]

! 

"2# = 0!b�^>Q@:;�B�m@4*(7-25)!a§c)¨©P\
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!

! 

"2# = 0"#$%&'()*#+,)-./01!

! 

"2# = $% /&
0
"2%34567

-./01!8

! 

"2# = $% /&
0
9"#:"%;<=>?@6A)B"2%C./0

1!8

! 

"2# = 09"#$%DE563)-./01!8

! 

"2# = $% /&
0
9"#$%3

F67 (7-25)! ,G"HICJKL?@67 

 

1-3)! MNOP V"QR SCST6UVWX3%"Y#Z  

! [\]^"_!8*`ab!9c=defg^"01!"#$%;h5=>

6G3) 

! !

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
& +

1

4#
{
1

x - x'

'"

'n
("

'

'n

1

x - x'
}dS

S
& ! ! ! ! ! (7-25) 

Cijklm()nUVopR S &"

! 

"3

! 

"# /"n"qDh56rG3"stDu

5672v"opR&"

! 

"3

! 

"# /"n;wxyk&,F@G3;z{&'67|}

,)nUVopR S &"

! 

""qrDh5>~)��"��"d�^���

! 

",�

�()�����67nUVopR S &"

! 

"# /"n"qrDh5>~)��"��

"��;��67G>,nUVqz{"%"Y#ZrCST6��"v�3L

?/"��CQ��>67 

! v� 1�! �� V��"����

! 

"(x)3UVR S�"d�^���  

! ! ! ! ! !

! 

"(x);h5=>>~)V��"

! 

"(x),Y#:��67  

G"��,)��"�(&'67 

! �� V��"d�^���S�

! 

"
1
(x)3

! 

"
2
(x)"�:;)�#defg^"01

! " % & ' 6 3   v L ? ¡ 6 7 V " � � & ,

! 

"2#
1
(x) = $%(x) /&

0
, 

! 

"2#
2
(x) = $%(x) /&

0
! &'()UVR S�&,)

! 

"
1
(x) = "

2
(x);¢kT67BG&)

�:"%"£D

! 

"(x) = "
1
(x) #"

2
(x)3T63)

! 

"2#(x) = 0&'67�¤)UVR S

�"@¤63G¥&

! 

"(x) = 0&'67¦7§3"(7-13’) 

 ! !  

! 

  ("
#"

#n
)dS

S
$ =  (grad")

2
 d

3
x

V
$ % 0                        (7-13’) 

D¨@63)UVR S&

! 

"(x) = 0&'6G3,) 

    

! 

  ("
#"

#n
)dS

S
$ =  (grad")

2
 d

3
x

V
$ = 0                      ! ! (7-28) 
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!"#$ V%&'%()*+

! 

grad"(x) = 0 ,! ,-.

! 

"(x) = "
1
(x) #"

2
(x) = const. *

/#$ 0123456789:*/#!;#!.<=> S%()*+

! 

"(x) = 0*

/#!?.V %&'%@A"

! 

"(x)B

! 

"(x) = 0*"CDE"F"G$HI 

! 

"
1
(x) = "

2
(x)*/#$J"#012345BKLM"G$ 

! )%ANOF.V &'%PQRS!<= S T*%0123458UVFD#

!.&'%012345BW@XY#OF.V&'!%PZ!

! 

E(x) = "grad #(x)!

+XY#$[\].^_%`aI+ba)!8*?#$ 

 

! ANc:   de V&'%PQRS

! 

"(x)!<=> ST%012345  

! ! ! ! ! !

! 

"(x)8UVFDDE.V&'%PZ

! 

E(x)BW@fXY#$  

 

! gI

! 

"# /"n%hiUV#)!%jkilV`a$

! 

"# /"nB. 

! ! ! ! ! !

! 

(grad"(x))•n #
$"(x)

$n
# (
$"

$x
nx +

$"

$y
ny +

$"

$z
nz)  

*/#)!.,-.mnop67

! 

"(x)%qrstuvw5

! 

n(x)xy%z{7*

/#$[\].<=> ST* 

! 

"# /"n = (grad#)•n%hiUV#)!B. 

             

! 

"#$ /#n = ("grad$)•n = E•n = E
n
 

*/#OF.<=> ST%PZ%st|RiUV#)!*/#$ 

 

! AN}~de V&'%PQRS

! 

"(x)!<=> ST%012345%  

! ! ! ! ! st|R

! 

"# /"n8UVFDDE.V&'%

! 

E(x)BW@fXY#$  

! de V &'*%PZ

! 

E
1
(x)!

! 

E
2
(x)%�f%�8KL;#!�AM].<=�

�> S *%

! 

E
1
•n = "#

1
/"n!

! 

E
2
•n = "#

2
/"n%hB�MG!;#$�f%�i

! 

E(x) = E
1
(x) "E

2
(x)!;#!, PZ%t��OF

! 

E(x)+PZ!M]%�*/#$ 

! ! ! ! !

! 

(E
2
"E

2
)•n = E•n = #($

1
"$

2
) /#n = #$ /#n = 0! ! ! ! ! ! ! !  

*/�.<=��> ST*B

! 

E = grad" = 0*/#$@x.(7-13’)i�a!.�B

� (7-28)8|�;#%* , V %&'%()*+

! 

grad"(x) = 0 = #E*/�.

! 

E(x) = E
1
(x) "E

2
(x) = 0`�.

! 

E
1
(x) = E

2
(x)*/#$W@%PZ8KL;#$)D
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!"#$%&'()%*+, 

! -./"#!012345/678/9/:;<=>?@AB+,&CD@

A0(7-27)/EFEG/678/9DHBAI:;<=>?@AB+,JK@0

1L5MNO/PQ<%R/STUVWXYZ+[%\

! 

E(x)/]^_`abY

Z+,cd0ef V /ghD1L5MNO%ij/kPQ`]^@*B[%=

abD@AB+,l![/mn*kPQ`]^o+jpDHBAqr+, 
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!"#$%&'()*+,-./012/03456789 

! V1S&:;3<=1>?%@A*+,3(7-24), (7-25)3BCD63EF1 

! ! !

! 

"p =
1

4#$
0

%(x)

r
d
3
x

V
& +

1

4#
{(1/r)

'"

'n
("

'(1/r)

'n
}dS

S
&         ! !  (7-24) 

!    

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
& +

1

4#
{
1

x - x'

'"

'n
("

'

'n

1

x - x'
}dS

S
&      !  (7-25)  

G1:;<= V3HIJ#$K%&'(LMN+,JOP)*QLRL1S6-7-3

@T.UMVW%XYZ@[%J\])*VW^_`ab&1c3%_de@

V+G#$K@AfbQgb1S6-7-5 @`abT.UMVW%XY±Z@[h

%J\])*VWijk d 3[hlm6n6oD"̂ @G1d _pqrLshr

t1c3m6n6oD_de@1456789G#$KuM*Qvwxw1y

%J\])*VWi./0"1Vz{|}i2/0"u~�w*Q 

! cw�&�a*456789J�Nsg�`a1v3�1V 3HIJ#$K

%&'()*��_`a*Q 

 

�Vz./0uVz2/03456789�  

! VW3%XY

! 

"_��%=�� dS &1r 3jkJA*���J�a*456

789G1 

 ! ! ! ! ! !

! 

1

4"#
0

$ % dS

x - x'
=

1

4"#
0

$ % dS

r
! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-29) 

@A*R�1%XY

! 

"@% SJ\])*VWJ�*456789Gc3%=\@

A*Q 

! ! ! ! ! ! !

! 

1

4"#
0

$

r
dS

S

% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-30) 

y%VWXY

! 

"J�fs��*Vz./03456789@A*Q 

! .�1S6-5J��bVz{|}_%�J��b�3&Vz2/0@A*Q

c3456789J�Ns`a��Q��J�RwbVz{|} p & r 3�

�J�r*456789G1 
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   ! ! ! !

! 

V =
1

4"#
0

$
pcos%

r
2

=
1

4"#
0

$
p•r

r
3

                    (!6-50) 

"#$% &'()*+,-./012304"56+&789:$;&7+<

=23048;&7+&'>?@ABC+"#$%DE+&'()*+FG$

HI/JK4L5MN8OPQR:$&'()*+STL?9UVW$XY8

15Z[8\]$^_8 r+`ab8cdefg"#$% 

! N S"+&'()*,-./0+Nhi? !  L:$L5Njkl dS15!  dS

+,-./0?mF%!6-50 +n?op1q$L5r+^_s&'()*,-

./08^$HI/JK415 

         !

! 

V =
1

4"# 0

$ •r

r
3

S

% dS  

Ls$%Vt85r+,-./0Nhi+uveN S+D<wx2304 n

8Eyzp{$XY?E|8}~�L��+"5!=

! 

" #nLs$%r+XY1

&7+QR"#$�t&'}~�(electric double layer)L��T$%��p5 

! ! ! ! !  

! 

V =
1

4"# 0

$ %n•r

r
3

S

& dS! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-31) 

Ls$%rr"+ r+bu15(!6-50)8��p{$�t5Njkl dS�t 

  

 

 

 

 

 

 

 

 

 

 

 

 

r 

dS 

n 

P����� 

S 

,-./0hi�!�2304+u

veN+D<wx2304 n 8�

z{C+e}~�"#$% 

"r+bu 

� 7-3.  &'}~�+,-./0hi�!�2304+��%N

�+�9:$���+<=2304�r�5�^����89:$

N�+�+<=2304�"r�% 
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!"# P$%&'() 7-3)*+&+,-. r/0123456,(7-24), (7-25)2

/!"#(P7&89:;<$%&'=>?@ABC rD+5EF5G5HI* 

JKLMNO/! !"# P$PQRMSTCUH5,PD dSVWXIYZVP

QR[92\]^8_I[9:23I*JKLM`a/,9 dSM`b%Mcd

D P&8 dS$ef+ghdViL23IjC`MJKL,kL23IlmCa

MJKLDNO+5HI (n5-1)*o&8,PQRMST P &8 dS $%&'=

>Cp'qrV3I*sM=>b%/,) 7-22/,t!rtMb%$uI*n6-50

Mv,(7-31)vM rC "! (!r)"D+5,(!r)Cwgu=>?@AB(r)DEFI*s

Mwgu=>?@AB(r)/,!"# P $xyI9:;< dSMQU?@AB

23I*z45,(7-31)/, 

! !  ! !

! 

V
P

=
1

4"# 0

($%) &n•r

r
3

S

' dS! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-32) 

 DuI*(7-24)u{D|}I$/,sM(7-32)M~$+u�_fu8uH*��

�M�����B$/,����ADQU?@ABM�:D-. rV��I*�

�D-. ro�V��yI���MlmD/��V�'sD$��* 

 

�VM��M���9�  

! V M��$���9V��yIlmCEF�'() 7-47*[9: S V Ny

IK: VM��$���9 FV��yIDyI*FC^]¡¢£¤u[9: S’

CEF,S’V NyIK:C V’D+,V’¥¦M§¨CEFI*[9: S’C�W

M9 F1D F22[y*! F1D F2©2MPQcd?BABC n1,n2,�����

BC"1, "ªDyI*# PM�����B/,(7-24)D0«uv$[9: S’$�y

I9:¬V­�4g~2®F8_I* 

! !

! 

"p =
1

4#$
0

%(x)

r
d
3
x

V
& +

1

4#
{(1/r)

'"

'n
("

'(1/r)

'n
}dS

S
&         !  

! ! ! ! ! ! ! ! ! ! !

! 

+
1

4"
{(1/r)

#$

#n
%$

#(1/r)

#n
}dS

S'
& !              (7-33) 

s_/¯°��M±v(7-24)C²Hg³´D01�'$EF_fµH* 
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S’!"#$%&'()F1* F2!"#$&'+,!-$+.) 

!

! 

{(1/r)
"#

"n
$#

"(1/r)

"n
}dS

S '
%  

      

! 

= {(1/r)
"#

1

"n
1

$#
1

"(1/r)

"n
1

}dS
F1
% + {(1/r)

"#
2

"n
2

$#
2

"(1/r)

"n
2

}dS
F2
% ! ! ! ! ! (7-34) 

*-$/V’01+234.) F1* F2(567% F!89#$:;)F!"#$

%&'!<*=$>*?.@$/A:A)F1* F2+BCDEFGHG n1)n2.

+ n1=!n2+"I(JK<.LMANO$/PQN)BCDEFGHG n2( n1

RSONT4+UV!WX.@$/  

! !

! 

{(1/r)
"#

"n
$#

"(1/r)

"n
}dS

S '
%

! 

= {(1/r)(
"#

1

"n
1

+
"#

2

"n
2

) $#
1

"(1/r)

"n
1

$#
2

"(1/r)

"n
2

}dS
F
%  

! ! ! ! ! ! ! ! ! ! ! ! !

! 

= {(1/r)(
"#

1

"n
1

$
"#

2

"n
1

) $ (#
1
$#

2
)
"(1/r)

"n
1

}dS
F
% ! ! (7-35) 

PQN)Y P+Z[\]^G(33)() 

! ! !

! 

"p =
1

4#$
0

%(x)

r
d
3
x

V
& +

1

4#
{(1/r)

'"

'n
("

'(1/r)

'n
}dS

S
&         !  

! ! ! ! !               

! 

+
1

4"
{(1/r)(

#$
1

#n
1

%
#$

2

#n
1

) % ($
1
%$

2
)
#(1/r)

#n
1

}dS
F
&     (7-36) 

*-$/ 

S 

S’ 

F1 

F2 

n1 

n2 

F "1 

"2 

 

V 

V’ 

_ 7-4.  `& V+ab!567% FRcd$/FRefghij

-W%& S’Rcd)>kRlm+% F1* F2.W#/F1* F2n.

+BCDEFGHGR n1)n2 ) Z[\]^GR"1) "o*#$/

$ 

P 

r 
x 
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!"#$%&'()*+,-./01(2(7-30)34(7-36)(56("778(

9):;<=>?@AB3;CAD!"#$%&;4EFGF4 

             

! 

"
S

= #
0

$%

$n
4! ! !

! 

"
F

= #
0

$(%
1
&%

2
)

$n
1

                  (7-37) 

HIAB3JKLMADNO?4(7-24, 25)("778(9):PQRHIAD

ST" SU8VMA

! 

"
S

= #
0
($% /$n), WXY" FU8VMA

! 

"
F

= #
0
$(%

1
&%

2
) /$n

1
(

#$%&JZ6)*+U[O?\RA,-./013]^H_AD  

! )`4(7-36)(56("778(95:a4(7-32)(#b5*+,-./01

;<=>?@AD(7-36), (7-24, 25)("7895:(c782a4dePfg?4 

!  

! 

"
1

4#
$
%(1/r)

%n
dS = "

1

4#
$
%(1/r)

%r

%r

%n
dS  

! ! ! !            

! 

=
1

4"

#

r
2

$r

$n
dS =

1

4"

# % r

r
3

$r

$n
dS  

     [ 

! 

r
"r

"n
# r(

"r

"x
nx +

"r

"y
ny +

"r

"z
nz) = (xnx + yny + znz) = r •n = n•r! ] 

                   

! 

=
1

4"#
0

#
0
$ % $n•r

r
3

dS                        (7-38) 

HIAD (7-32)3hiA34 

! !  ! ! !

! 

"
S

= #$
0
% ,      

! 

"
F

= #$
0
(%
1
#%

2
)                     (7-39) 

3jAB3;CAD95:("78a4ST" S U8VMA#bklmnop

.q

! 

"
S

= #$
0
% , ST" FU8VMA#bklmnop.q

! 

"
F

= #$
0
(%
1
#%

2
)U[A

,-./01rs1tuUvwMAD!  

! xy(#$("%&

! 

"
S

= #
0
($% /$n),  "

F
= #

0
$(%

1
&%

2
) /$n

1
JZ6)*+4nop

.q"%&;

! 

"
S

= #$
0
% , 

! 

"
F

= #$
0
(%
1
#%

2
)HIA5*+4(,-./01Jz{34

(7-36)a|([{UjAD 

    

! 

"p =
1

4#$
0

%(x)

r
d
3
x

V
& +

1

4#$
0

' S

r
dS +

1

4#$
0

( S
)(1/r)

)n
dS

S

&
S
&         !  

                      

! 

+
1

4"#
0

$
F

r
dS +

1

4"#
0

%
F

&(1/r)

&n
1

dS

F

'
F
'        (7-40) 

ST" S J}~�UZO?���9549�:("78a�3j�4�778

3WXY" FU�MA78��;�AD 
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! 

"p =
1

4#$
0

%(x)

r
d
3
x

V
&

! 

+
1

4"#
0

$
F

r
dS +

1

4"#
0

%
F

&(1/r)

&n
1

dS

F

'
F
'         (7-41) 

!"#(7-25)$%&'($)*+,-./01234# 

!   

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
& +

1

4#$
0

'(x')

x - x'
dS +

1

4#$
0

(
)

)n

1

x - x'
dS

S

&
S
&     (7-34)  

453678.# (7-25)%&'($)*9:$;<+=>?@A36BCDE V

$FG@HIJ0KL

! 

"(x)M12# V $NOP S +,  1) QPIHRSPJ0

! 

" = #
0
$ (%& /%n)T4  2)HUVWRSXYZ['\(]$PJ0

! 

" = #$
0
%TM^-

"_`$?+58.-36a$;<5QPIHR4HUVWR$KL9%&

'($KL4bcd361T9NOeH_+,-.fgh@i3_`#2T9N

Oej(k(lmn+,-.fgh@i3_`#+o"36p6-7-3@12"qr

P+st5HIJ0@HIeKLu3_`v9 1T$sWR$w+58.-36

H_$fgh9

! 

(" /#
0
)@i36!"#p6-7-5 @xyz"qr{|(}(~'v

@ d M���z"_`e 2T$HUVWR$w@i�#a$_`$j(k(l

mn$fgh9

! 
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0
)d! @i36 


