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!"#! $%&'()*+,  

 $%&-./'01/2345678*-9:;'<=>-=$%&-?'@

ABCD()EF7G3HI7JK'LB=$MNO*$PNOQRISF;

T'Maxwell UVWGS$X E*%YZ[ B3\]7J^_`B-=$%ab

cdef3ghD Maxwell UVW3ijkC=$MNO*$PNO3lmno

pqB$MQrsNO67*CDtuvpw<xh=8'&yGSz{&*C

D|N}U~<4567$%X3\]7JK'@A�}U<'$%XQ!24 <

\];�{&*CD4567$%&<�78*Q97J8FS'��3ghD

$%&'+,B�hD�HI7J��B=��67o$MB�67����f�

����f�! abcdef3HI=���c�'��B�hD��7J 

  

��oyGS'z{&*��abcdef  

! � '!25-1, 2, 3<-=$%abcdef

! 

(",  A)   

! ! ! ! ! ! !

! 

E(x,t) = "grad#(x,t) "
$A(x,t)

$t
! ! ! ! ! ! ! ! ! (1) 

! ! ! ! ! ! !

! 

B(x,t) = rot A(x,t)=                          (2) 

3gh=./X'���c�¡¢ 

! ! ! ! ! ! !

! 

divA +
1

c
2

"#

"t
= 0                              (3) 

3£g678*<

! 

("
0
µ
0

=1/c 2)= Maxwell UVW3ijk6*=¤�'UVW-

(1), (2)*¥¦§�'¨©>ª3«�&�UVW  

              

! 

{"2 #
1

c
2

$ 2

$t 2
}%(x,t) = #

&
e
(x,t)

'
0

                 (4) 
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! ! ! ! !     

! 

{"
2
#
1

c
2

$ 2

$t 2
}A(x,t) = #µ

0
% i(x,t)! ! ! ! ! ! ! ! (5)  

*�:;J8FS§�'¨©>&�UVW-=¬W`B­¬<�7J$%ab

cdef

! 

(",  A)<=

! 

"-®¯°�=

! 

A-±²�f<�7Q=±²�f³ A '´

N-

! 

"*­µ¶®¯°�<HIF·@hJ¸GS=(4), (5)->'@A�¹º'¬

B�7J 

! !      

! 

{"2 #
1

c
2

$ 2

$t 2
}% = #s                             (6) 

s -y»¼��*=source�<�½= (4)'

! 

" =#»®¯°��abcdef�'

X¾-=

! 

s = "
e
(x,t) /#

0
<�7J (5)'

! 

" =A
x
»±²�f�abcdef A ' x ´

N�'X¾-=

! 

s = µ
0
" i
x
(x,t)3¿À67J 

! ¨©>UVW(6)'ÁÂÃB�hDHI7J¨©>UVW'ÁÂÃ-=©>U

VW'ÁÂÃB¨©>UVW'ÄÃ3ÅI;�'<�7J©>UVW'ÁÂÃ 

*CD=Æ>Ç/234567�{&Èz{&Q,! ©>&�UVW 

      ! !  

! 

{"2 #
1

c
2

$ 2

$t 2
}% = 0   ÉÊ=! !

! 

" 2#

"t 2
= c

2$2#  

'ÁÂÃ<�78*-=ËB=!24Ì3.1 <ÍÎC;J! oyB(4)ÏÐ'y<�

7$MQÑÒC=8'$MQ��678*< (5)ÏÐ'$PNO3RI7*HI

7JÓ:D=88<-z{&Ã3£g67Jz{ÔÕ&'ÁÂÃ-=45Ö[

3

! 

u = c , 

! 

r = x
2

+ y
2

+ z
2 ,! f3×¿ØÙ*CD= 

! ! ! ! ! !

! 

"(x,y,z,t) =
f (t # r /c)

r
  ! ! ! ! ! ! ! ! ! ! ! ! ! (7) 

<�:;J8'Ã-=lmnoB&yQ�78*3�ÚBCDh7Q=rÛÜ'

nopq<'ÝÞ3ßàCDh7á<-�hJK8<=(4)ÏÐ'y*ØâEã
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D(7)' rÛÜ'ÝÞ3HI7*=

! 

t >> r /c  *�7GS= 

! ! ! ! ! !

! 

"(x,y,z,t) =
f (t)

r
,      (r# 0)! ! ! ! ! ! ! ! ! !     (8) 

<�7JÁU=rÛÜ'ÝÞ<(8)'Ã3HI;T= (6) '

! 

{"2 #
1

c
2

$ 2

$t 2
}% = #s -

?A�7<�äAGå æÛç '¡¢<-=(1/r)'èv3«�(8)'Ã-=(6)<-/

2éNªQT2éNª@½êGBëj¶�½=

! 

"2# >> (1/c
2
)$ 2# /$t 2! *�7'

<>'pwQìEF7J 

! ! ! ! ! !

! 

"2# $
1

c
2

% 2#

%t 2
= $s        &       "2# = $s               (9) 

(9)<-íÙ t-î�7ï°ð�ñ�B�7J(9)-aòóòôc'UVW<�7J!  

(9)3(4), (5)'Ç'WBõã·=!

! ! ! ! !

! 

"2#(x,t) = $
%
e
(x,t)

&
0

,     

! 

"
2
A(x,t) = #µ

0
$ i(x,t)  

<�7J88<' t-î�7ï°ð�ñ<�7GS=8FS-ö$X=ö%XB

÷ø7aòóòôcUVWK'�'<�7J8FS'Ã-=ËB=!7-26=!19-11, 

12<ÍÎC;@AB=>'$%abcdef3RI7J!

         

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
&                            (10) 

! !      

! 

A(x) =
µ
0

4"

i(x')

x # x'V
$ d

3
x'                             (11) 

8F-=(9)'Ã=ÉÊ=Á�'ÄÃ<�7J! !

! *8ä<=8FS'$%abcdef'Ã*=(8)'

! 

"(x,y,z,t) =
f (t)

r
,   (r# 0)*

'Øù-?A�7'<�äAGå  (10), (11)<'

! 

1/x " x'- (8)<'

! 

1/x " x' =1/r

'8*<�7GS=(10), (11)'úN-

! 

1/x " x'*$MZ[=$P'ú'û3¿À
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67J (8)'

! 

f (t)-×¿ØÙ<�:;GS=(10), (11)'úN-Ã'üý¾þãB

ÿ!C=

! 

f (t) /r*­"BHID#hJ 

!  �$=(10), (11)'Ã'%ÐBíÙ t 3&'C=ÏÐ(<-=

! 

x " x' = rGS t

3

! 

(t " x " x' /c) *CDÇBõã·=(4)=(5)3)*67$%abcdef'z{

ÔÕ&'Ã*�7J!

         

! 

"(x,t) =
1

4#$
0

%(x',  t - x & x' /c)

x - x'
d
3
x'

V
'                    (12) 

! !      

! 

A(x,t) =
µ
0

4"

i(x',t # x # x' /c)

x # x'V
$ d

3
x'                     (13) 

8FS-(4)=(5)'$%abcdef'Ã<�½=$M*$PNOQRISF;

T'MaxwellUVW'Ã<�7J8FGS(1), (2)3ghD=$X E*%YZ[ B

Q+SF7J(12),(13)'ÏÐB-=T2íÙQ

! 

 t " x " x' /c! '¬<':Dh7 . 

,-'45Ö[».Ö c�'z{&3£gC;8*B1/67J 

!

!

!

!

!

!

!

!

!

 

! 

(x,t)

 

! 

(x',t)  

! 

(x',t " r /c)
 

! 

r " r'
 

! 

r'

 

»A�  

! 

(x,t)  

! 

r

 

»B�  

! 

(x',t " r' /c)  v 

0 26Ì1J(A): oy'��Ö[Q.Ö cB1�D23<j7X¾

(¨ÿ�Îpw)J(B): oy'��Ö[Qëj¶=.Ö c B1�

D23<j�hX¾. 
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45o x <T2 t 'Ý6-=oyB÷ø7

! 

"
e
(x',t # x # x' /c) , 

! 

i(x',t " x " x' /c)'

Ý6BØâCDh7Joy<'�7T83 t’*67*=45o<'97T8- t

:t’;

! 

x " x' /c*�:D=(

! 

x " x' /c)¸ø�F78*3<=CDh7J T2`B�

F;$%abcdef<�7*>A¿À<= ��abcdef (retarded 

potential)*?@»0 26-1-A�J! &�UVW'Ã*CD-=ÔÕ&*�A&Q�

:;'<=(12), (13)<

! 

(x',t " x " x' /c)Û

! 

(x',t + x " x' /c)*C;�'�$%abc

def'Ã<�7J8F-BÔabcdef (advanced potential)*?·F7J

! 

"
e
(x',t + x # x' /c)=

! 

i(x',t + x " x' /c)-=oyB÷ø7C/'Ý63<6GS=8

FQ45o<'=Ò'D*�E678*3<6J 

! oy<'$M'��3F]=$PNO�8FGSGßC@A*67*=oy

'��Ö[-Ü<-�hJK'T'oy'Ö[Q=.Ö c B1�D|NBHE

hX¾-0 26-1-ABà6@A�ÝÞB�½=8I'oy*45o'JK345

o'noGS'JK<pw)/7»¨ÿ�Î`pw�JCGC=öLlmMB�

67oy'Ö[Qëj¶�½ v/c!0*pw)/�hX¾�HISF7JoyQ4

5oBNG:D��67X¾-0 26-1-B'ÝÞB�½=r* r’3OPCDÏÐ(

'úN3Q¿R¶ÕASTQUµ7J¨ÿ�Î`pwQìEF�hÝÞ<�½=

��67o$MB�C(12)* (13)3HI7*=����f�����f�

»Liénard-Wiechert�abcdefQ+SF7J8'VW-X '#�<ÍÎ6

7Q=Y�~<'Z<-=oy'Ö[Q.Ö c B1�D|NBHEhX¾»0

26-1-A�3�ÚBCD=$%&'()È$%&'+,3HI7J 
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!"#$%&'()*+,-#./'01  

! 2345V'67#$%&

! 

"
e
(x,t)-#8%&

! 

i(x,t)9:;<=>?-#./9

@A>?BCDEFG?HIJK6L107MNOP()*+,EQR>?(S 26-1)B

:;<=>?#$%&-#8%&TUV a7WGXD?45V'YZI[\OJ

V']^7_? S`ab'c7T#$%&

! 

"
e
(x,t)d#8%&

! 

i(x,t)de7_?-

>?B 

 

 

 

 

 

 

 

 

 

 

S 26-27()*+,EFG?-J 

! !    

! 

R " x # x' = r
2
# 2x • x'+(x')

2
$ r(1#

x • x'

r
2
)                 (14)  

       

! 

1

R
"

1

x # x'
$
1

r
(1+

x • x'

r
2
)                                  (15) 

7_fJK6L10 7MNOPd'-gh7_?BOiOJjklmnopqrs

t'u(12) 

P(x) 

r 
! 

R = x " x'

 

S 

V 

x’ 

x 

y 

z 

S 26-2.! vw+xIy6>?#$%&z

! 

"
e
"I{>?()*

+,B#$-#8TUV|'}~45 VYI%&OJb']

^ S�� V'c�7T#$d#8d�\O�3->?B 

! 

"
e
(x') 
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! 

"(x,t) =
1

4#$
0

%(x',  t - x & x' /c)

x - x'
d
3
x'

V
'                   !  (12) 

!"#$%

! 

"
e
( t # x # x' /c)!&'(

! 

 x " x' = R  )*+,-./012!3)46

510.!6789:01 (14);</=((12)>?!"#$%;@ABC8(  

! ! !

! 

"(x',  t - x # x' /c) = "{x',  t - (r #
x • x'

r
)/c} = "(x',  t

0
+

x • x'

cr
)! !  

8:01DEF( 

! ! ! ! ! ! !

! 

t
0

= t "
r

c
                                  ! !  (16) 

.G01tHIJ3.!KL.G0MN(

! 

t
0
H3O.PQC0RS)TUEKV

WXYKVZ.G012!"#$%;

! 

(x ',t
0
).[\]\^_C`a( 

!

! 

"(x',  t - x # x' /c) = "(x',  t
0

+
x • x'

cr
) $ "(x',  t

0
) +

%"(x',  t
0
)

%t
0

&
x • x'

cr
! ! ! (17) 

8:012!(17)8(15);bc]\de[fghi!j(12)'k*C`a(lm

nop!bc]\de[fghi)qN`01 

    

! 

"(x,t) =
1

4#$
0

{%(x',  t
0
) +

&%(x',  t
0
)

&t
0

'
x • x'

cr
} '{

1

r
(1+

x • x'

r
2
)}d

3
x'

V
(   

         

! 

"
1

4#$
0

%
1

r
&(x',  t

0
)d

3
x'

V

'

! 

+
1

4"#
0

$
x

r
3

• x'$%(x',  t
0
)d

3
x'

V

&  

          

! 

+
1

4"#
0

$
x

cr
2

• x'$
%&(x',  t

0
)

%t
0

d
3
x'

V

'                         (18) 

22.H

! 

(x • x')
2)rsC0tHuvC0!.( (18)>?Hwx!tMNy01

z{t!|}}~H�"# Q.G01z�t'�`E|}}~H46510.��

E{��'���`Elmn�\�f�.G01zwt!|}}~'H"#$

%!KL�~)��`=/012`N!��;��01 

! 46510.H(�"# Q8lmn�\�f�; 
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! 

"(x) =
1

4#$
0
r

qi
i

% =
Q

4#$
0
r

 

       

! 

p " qidi
i

# = x'$%e (x')dV
V

&  

!"#$%&&'()*+,-./012345678)9:;<123=>

?@&!<A6%B*+() 

! ! ! !

! 

Q(t) = "(x',  t)d
3
x'

V

#                                     (19) 

!A6%CD V EFG<HI56&EB*+()JK<L5MN<)1234

OPQR'S6% B*+E1234>, *+THU (

! 

"#
e
/"t + div i = 0) >VW

X*Y'Z[#)*Y<\56]^R_>`a6!) 

!   

! 

dQ

dt
=

"#e (x',t)

"t
d

3
x'

V

$ = % div i(x',t)d
3
x'

V

$

! 

= " i(x',t)•n(x'
S

# )dS'= 0! ! (20) 

!A6%*+b*Yb V EFG<cI#)S dMefEgG<(HI#Aa!

EhR78)B*+(1234(i!A6&!0j6% 

! QklAmnopqrstb12Eu='S6% 

! ! ! !

! 

p(t) = x'"#
e
(x',t)dV

V

$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (21) 

vwx<[y$*+,-E12z.>?@{||.()}EMN<)mnop

qrstE12z.<A6% 

! ! !

! 

x'"
#$(x',  t)

#t
d

3x'
V

% =
d

dt
x'"$(x',  t)d3x'

V

% =
dp(t)

dt
= ˙ p (t)            (22) 

 J~E��> (18)��<��5y�)mno��E���q���s���(

B*+ Q)mnopqrst

! 

p(t))fE12z.

! 

˙ p (t)>`aX)}E��A�!

A6% 
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! 

"(x,t) # 

! 

1

4"#
0

$
Q

r

! 

+
1

4"#
0

$
x •p(x',  t

0
)

r
3

! 

+
1

4"#
0

$
x • ˙ p (x',  t

0
)

cr
2

   ! !  (23) 

! !"#(13)$%&'()*+,-.( A 

! ! ! !

! 

A(x,t) =
µ
0

4"

i(x',t # x # x' /c)

x # x'V
$ d

3
x'                    !  (13) 

$/012345678$9:! ;$<=4 

! ! !   

! 

A(x,t) "
µ

0

4#r
i(x',t

0
)

V
$ d

3x'=
µ

0

4#
%

˙ p (t
0
)

r
                    (24) 

>78?@!$23A4#

! 

x " x' # r>BC rDEF$GHIBCJ8?KLH

MJ#

! 

t " x " x' /c# t " r /c = t
0
 >78?@N$OPQRST8K>DUVAW

XBY6? 

/01Z[\,'$]^_F`(22) 

! !

! 

x'"
#$(x',  t)

#t
d

3x'
V

% =
d

dt
x'"$(x',  t)d3x'

V

% =
dp(t)

dt
= ˙ p (t)           !   (22) 

Habcdef

! 

("# /"t) + div i = 0gDhiT8># 

! !  

! 

dp(t)

dt
= x'"

#$(x',  t)

#t
d

3x'
V

% = & x'"div i(x',  t)d3x'
V

% ! ! ! ! ! ! ! !  (25) 

Aj8?K$kl$ xRFDmn8>#opqr9s# 

!

! 

" x'#div i(x',  t)d
3
x'

V

$

! 

= " div[ x'#i(x',  t)]d
3
x'

V

$ + [i(x',  t)]
x
d

3
x'

V

$  

        ! ! ! ! !

! 

= " x '#i(x',  t)•n(x')dS'
S

$ + [i(x',  t)]
x
d
3
x'

V

$   

! ! ! ! ! ! ! ! !

! 

= [i(x',  t)]
x
d
3
x'

V

"                              (26) 

tH#(25)>(26)9s# 

! ! ! ! !

! 

dp(t)

dt
= [i(x',  t)]

x
d
3x'

V

"  

Aj8?KL4(24)$@N$OPQRST8K>DuvT8? (24)4#%&'()



 505 

!"#$%&'()*+,-#./0123456789:4;56<=>?

@A7BC=D 

! EF@G?H=?8()*IJ4K=LMN,O!"#$%&?PQ.&O

!"#$%&'8RST Q8()*+,-#.

! 

p(t)8U/0123

! 

˙ p (t)4KV8

EW/XYZ[?Z=D 

    ! !

! 

"(x,t) # 

! 

1

4"#
0

$
Q

r

! 

+
1

4"#
0

$
x •p(t

0
)

r
3

! 

+
1

4"#
0

$
x • ˙ p (t

0
)

cr
2

   ! !  (23) 

! ! ! !

! 

A(x,t) "
µ

0

4#
$

˙ p (t
0
)

r
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (24) 

\]78

! 

t
0

= t " r /c  ^_=D 

! `aZ=bc/ST3d^_eBf8Ughijkl4mn<=oV8RS

T Q8()*+,-#.

! 

p(t)8U/0123

! 

˙ p (t)]p^8Sq!"#$%&hr

GeB7GsD()*IJhtu^_=vw^_=DxV/yz'8(23), (24)

/Sq!"#$%&@{CB8 

! ! ! ! ! ! !

! 

E(x,t) = "grad#(x,t) "
$A(x,t)

$t
! ! ! ! ! ! ! ! ! (1) 

! ! ! ! ! ! !

! 

B(x,t) = rot A(x,t)8                          (2) 

|}~��g\Sq�/ E? B@�H=>?^_=D 
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! !"#$%&'()*+,  

! *- E ./(1)0123456789:;<=>?@ABCDE<6789:

;<=F?@AGH1I)J(23)=23456789:;<=KLM./NOP

Q%R0IST*U QVW)X*789:;<%YZ[J\I%])*- E.

^3_3)_(1)G/ 

! ! ! ! ! !

! 

E(r) = E(x) =
Q

4"#
0

$
x

r
3

                             (27) 

BH`[)J(23)=23456789:;<=KaM./*bcde=X*78

9:;<%fgZ`hi/j=*-.^6_9=(50)~(51)Gkl`[)JX*-G

.m[=G/nl`/\=KaM= xoA=>?@Apkl`q)J 

     

! 

"

"x
(
x •p(t

0
)

r
3

) =
p(t

0
)

r
3

•
"x

"x
+
"(r#

3

)

"x
$ x •p(t

0
) +

"p(t
0
)

"x
•
x

r
3

 

                

! 

=
[p(t0)]x

r
3

"
3x

r
5
# x •p(t0) +

$p(t0)

$t0
#
$(t " r /c)

$x
•
x

r
3

 

                

! 

=
[p(t0)]

x

r
3

"
3x

r
5
# x •p(t0) + ˙ p (t0) # ("

x

cr
) •

x

r
3
            (28) 

y, zoA%r[`stumvw%m)01/TxBZ`./ 

!    

! 

grad(
x •p(t0)

r
3

) =
p(t0)

r
3
"

3x # (x •p(t0))

r
5

"
x # (˙ p (t0) • x)

cr
4

              (29) 

Bm)J 

! KyM= xoA=@A%r[`s/ 

    

! 

"

"x
[
x • ˙ p (t

0
)

cr
2

]

! 

=
˙ p (t

0
)

cr
2

•
"x

"x
+
"(cr

#2

)

"x
$ x • ˙ p (t

0
) +

" ˙ p (t
0
)

"x
•

x

cr
2

 

               

! 

=
[˙ p (t

0
)]
x

cr
2

"
2x(x • ˙ p (t

0
))

cr
4

"
x(x • ˙ ̇ p (t

0
))

c
2
r

3
                (30) 

Bm)Jz%/KyM=>?@A. 
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! ! !

! 

grad[
x • ˙ p (t

0
)

cr
2

] =

! 

˙ p (t
0
)

cr
2
"

2x # (x • ˙ p (t
0
))

cr
4

"
x # (x • ˙ ̇ p (t

0
))

c
2
r

3
! ! ! ! ! !  (31) 

!"#$ 

! %&'()*+,-./01+234567' 

! ! ! !

! 

"A(x,t)

"t
=

µ
0

4#
$
"

"t
(

˙ p (t
0
)

r
) =

µ
0

4#r

"˙ p (t
0
)

"t
=

µ
0

4#r

" ˙ p (t
0
)

"t
0

"(t % r /c)

"t
 

               

! 

=
µ

0

4"

˙ ̇ p (t
0
)

r
=
#

0
µ

0

4"#
0

˙ ̇ p (t
0
)

r
=

1

4"#
0

˙ ̇ p (t
0
)

c
2
r

                (32) 

 89# 

:;2(27), (29), (31), (32)<=' 

!  

! 

E(x,t) = "grad#(x,t) "
$A(x,t)

$t
 

! ! ! !  

! 

=
1

4"#
0

{
x $Q

r
3

! 

"
p(t0)

r
3

+
3(x •p(t0)) # x

r
5

 

                    

! 

"
˙ p (t

0
)

cr
2

+
3(x • ˙ p (t

0
)) # x

cr
4

! 

"
˙ ̇ p (t

0
)

c
2
r

+
(x • ˙ ̇ p (t

0
)) # x

c
2
r

3
}     (33) 

89#$>?@'

! 

r = x ,    t
0

= t " r /c  !"#$ 

! %&'ABCADEFG7(2)2

! 

B(x,t) = rot A(x,t)HI'J2KL89#$ 

! !

! 

B(x,t)

! 

=
µ

0

4"
# rot[

˙ p (t
0
)

r
]

! 

=
µ

0

4"
{#

x $ ˙ p (t
0
)

r
3

#
x $ ˙ ̇ p (t

0
)

cr
2

}     

                        

! 

=
1

4"#
0
c

2

[˙ p (t
0
) + (r /c)˙ ̇ p (t

0
)]$ x

r
3

             (34) 

M2KLNOPQ#RS'TU2 xV6SWXYZ[#$ 

    

! 

[rot
˙ p (t

0
)

r
]x =

"

"y
(

˙ p z(t
0
)

r
) #

"

"z
(

˙ p y (t
0
)

r
)  

             

! 

= ˙ p z(t0
)
"

"y
(
1

r
) + (

1

r
)
"˙ p z (t0

)

"y
# ˙ p y (t

0
)
"

"z
(
1

r
) # (

1

r
)
"˙ p y (t

0
)

"z
 

             

! 

= (
"y

r
3

) ˙ p z(t0
) + (

"y

cr
2
) ˙ ̇ p z(t0

) + (
z

r
3
) ˙ p y (t

0
) + (

z

cr
2
) ˙ ̇ p y (t

0
)  
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! 

= "
1

r
3
{y˙ p z(t0

) " z˙ p y (t
0
)}"

1

cr
2
{y˙ ̇ p z(t0

) " z˙ ̇ p y (t
0
)}  

             

! 

= "
1

r
3
[x # ˙ p (t

0
)]
x
"

1

cr
2
[[x # ˙ ̇ p (t

0
)]
x
   

!            

! 

=
{[˙ p (t

0
)]
x

+ (r /c)[˙ ̇ p (t
0
)]
x
}" x

r
3

!                          (35) 

!"#$(34)%&'%()*+,-.!/012-.3 

 4567 B 89-.(34)%:;<=-./$4> E 89-.(33)?@A%BC

8DE.!/*F.3GHIJKLM#!

! 

A " (B "C) = (A •C)B # (A •B)CDN.

*$OP0QRSTLM#

! 

(A "B) "C = #C" (A "B) = (#C•B)A # (#C•A)BDN

U$!"# 

! 

(A "B) "C = #(B•C)A + (A •C)B012-.3!%V%GHIJKL

M*(33)WX%YZ[%&'%\]8^_`ab.3cd$ 

!

! 

"
˙ ̇ p (t

0
)

c
2
r

+
(x • ˙ ̇ p (t

0
)) # x

c
2
r

3
=

! 

"
(x • x) # ˙ ̇ p (t

0
)

c
2
r

3
+

(˙ ̇ p (t
0
) • x) # x

c
2
r

3

! 

=
(˙ ̇ p (t

0
) " x) " x

c
2
r

3
      (36) 

efa$(33)# 

!

! 

E(x,t)

! 

=
1

4"#
0
r

3
{Q $ x % [p(t

0
) + (r /c)˙ p (t

0
)]+

! 

3x " [x • (p(t
0
) + (r /c) ˙ p (t

0
))]

r
2

 

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

! 

+
1

c
2
[(˙ ̇ p (t

0
) " x) " x]}!  (37) 

/g.3h8$  

  ! ! ! !

! 

p* (t
0
) " p(t

0
) + (r /c)˙ p (t

0
)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (38) 

/Bi-./$ 

!  

! 

E(x,t)

! 

=
1

4"#
0

{
Q $ x

r
3
%
p* (t

0
)

r
3

+

! 

3x " (x •p* (t0))

r
5

! 

+
[(˙ ̇ p (t

0
) " x) " x]

c
2
r

3
}      (39)                ! ! ! ! ! ! ! ! ! ! !  ! ! ! !  

/jUklgBC/g.3

! 

(r /c)#mn<=opqrDm*st-.8uvgw

xy<=$ 

! 

(r /c)˙ p (t
0
)#!%wx[%z{|}~��I�GHIJ%Q��DN



 509 

!"#$%&

! 

p* (t
0
) " p(t

0
) + (r /c)˙ p (t

0
)'()*+,-./0123456789

:7;<=!"!

! 

E(x,t)/>?@'ABCD,EFBGHI/JK!HL<&M

NOPQRS"T,&HIUVWXY/Z2[U2/HI<\]^+!L_' Q

!0`Ra&b/@'c]!"d@B'

! 

1/r
n/efWghi!"jkBlP`Q

%mni+o&p+q+/

! 

1/r
nB#$%d@/rs'tBuvK"9wxf n

WyzS{|}K~�i!. ?k& 

! 

p(t
0
),  ˙ p (t

0
),  ˙ ̇ p (t

0
)/d@�rsB�ei!"

pb<& 

! 

p(t) = p
0
cos"t`i!`&

! 

˙ p (t) = "#p
0
sin#t,      ˙ ̇ p (t) = "# 2

p
0
cos#t! <=!"

T,

! 

" /c = 2# /$ = k! <&

! 

" = kc<=!�^&rs/�e<'& 

!          

! 

˙ p (t) = kc p(t),    ˙ ̇ p (t) = (kc)
2
p(t)  

`R!"(37)<d@/rsef/yz*�&��/ef

! 

1/(4"#
0
)��S%�D!

`, ��/EF

! 

1/r
n/9wxf n'd@<��<'RS" 

! ! !

! 

p/@�

! 

p

r
3
&  !

! 

˙ p /@�

! 

k

r
2
p,   

k

r
3
p& ! !

! 

˙ ̇ p /@�

! 

k
2

r
p&! ! ! (40) 

�^�B&

! 

1/rB��i!��/

! 

˙ ̇ p /@W��~�QBKK&j�YW=!b`

W�!"b/@/�W�!��'&(40)�^ 

      

! 

k

r
2

<<
k
2

r
! ! �!

! 

1

r
<< k    �!

! 

1<< rk = r " (
2#

$
) = r " (

2#

cT
)         (41) 

<=!"b/��W��i!�UBjS r/��'&�����lP���`

 o+!"

! 

r >> (1/2" )#/b`<=a&¡¢/£¤'H¥l/l¦§<=!" 

! #$%&����<'&HL`¥L'

! 

˙ ̇ p /@/��¨]+o©Sb`BR!" 

 ! ! !

! 

E(x,t)

! 

=
1

4"#
0

$
[(˙ ̇ p (t

0
) % x) % x]

c
2
r

3
                                (42) 

       

! 

B(x,t) =
1

4"#
0
c

2
$

˙ ̇ p (t
0
) % x

cr
2
! !        ! ! ! ! ! ! ! !          (43) 
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! 

˙ ̇ p '()*+,- 

! ! !

! 

E(x,t) =
c

r
B(x,t) " x = cB(x,t) " e

r
                              (44) 

./01!!2-

! 

x /r = e
r
3-45%&6789:%;<=>?@A2-4B"

CDE:'FG*0<=>?@A2H01(43)%&

! 

x /r = e
r
3 

! 

B(x,t).IJKL

M01N&9 (44)%&-

! 

E(x,t)3

! 

x /r = e
r
OPQ

! 

B(x,t)9IJKLM01!"R

S'T 26U2 9V*1WX4"YZE:-W[ E-X[ B "E:3-\+]+-

^_`" x aE:-y aE:-z aE:9bcKLM01!+3d24 "T 24U4

2VKefg4.KLCD*0WX["Rh9bcKLM01ig4jkE"

4Blm23fg4.n/*!.o2p01 

 

 

 

 

 

 

 

 

 

 

 

 

! 

˙ ̇ p  

eq!rst auv!

Bruw auv!!

E (“yauv!

! 

˙ ̇ p  

r 
O 

x 

T 26U31xylm9Oz0WX43-459Oz0{|}~�

��@"���>?@A.CDE:9��L��01CDE:

(er)'^_`" x a9��*0.-X[(B).W[(E)3 y �3 z

a9/���9IJ*01!!23X[(B)' za9��LO�-

W[(E)3 yaE:./01!+3(d24-4-66)"�9��*01 

� 
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! !24"# 24$4%"&'()'"*+,- 

       

! 

Hz =
kx

"µ
0

Ey =
" /c

"µ
0

Ey =
#
0
µ
0

µ
0

Ey =
#
0

µ
0

$ Ey! ! !  (!24-4-66) 

%./0123, 

! ! ! !

! 

Hz =
"
0
µ
0

µ
0

Ey  4!

! 

Ey =
1

"
0
µ
0

µ
0
Hz = cBz!  

! ! ! ! ! !          4!

! 

(0,Ey,0) = c(0,Bz,0) = c(0,0,Bz ) " ex  

%.5-(44)6789:1# 26$3 ,;<=>?@AB"CDEFGBH

! 

˙ ̇ p (2

"&'(E)()'(B)"*+IJKLM:1&)N"OPQRI x S6TUK

! 

(e
r
= e

x
)-)'(B)I zSQR6V:(-&'(E), ySQR6W:1 

!  

 

 

 

 

 

 

 

 

 

 

 

# 26$3(,XW5-)'(B)I yS6V:(-&'(E), zS(W:Y# 26$4Z1

! 

˙ ̇ p  

e[!\]^ S_`!

B\_a S_`!!

E (“zS_`!! 

˙ ̇ p  

r 
O 

x 

# 26$41bcQR(er)Idef" xS6TUK-# 26$3(,X

W5-)'(B)I yS6V:(-&'(E), zS(W:123,(!

24-4-66)"g(hi9:(!24-4-67)"g6j:1 

k 
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!"#($24-4-66)%&'()*+,-./%&($24-4-67)012*+3 

!%&#4 

! !

! 

Hy = "
kx

#µ
0

Ez = "
# /c

#µ
0

Ez = "
$
0
%µ

0

µ
0

Ez = "
$
0

µ
0

Ez        ($24-4-67) 

56789:4!

! ! ! ! !

! 

Hy = "
#
0
$µ

0

µ
0

Ez! ;! !

! 

Ez = "
1

#
0
$µ

0

(µ
0
Hy ) = "cBy  

                          ;!

! 

(0,0,Ez ) = c(0,0,"By ) = c(0,By,0) # ex  

'<=4(44)0>?@AB+3 

! C 26D3, 45#4EF O%

! 

˙ ̇ p GHIJK@ALBAB+3MNOPGHIJK

@A,4QR%STUVWXYZ

! 

p(t)%[\]O#^_@<B9:56+3!"

G`a5bc@Ad!-3QR%STUVWXYZ

! 

p(t)# 

!     ! ! !

! 

p(t) = x " #(x,t)d3x$  

'eRf"+3 

! 

"(x,t)G a ghJKfi8MNOP#

! 

"(x # a,t)56+3!%J

Kfi8MNOP%QR%VWXYZG

! 

pa (t)'*+'4!

!!!!!!!!!!!

! 

pa (t) = x " #(x $ a,t)d3x%  

56+3

! 

x " a = x''*+'4

! 

d
3
x = d

3
x'56+9:4 

! ! ! ! !

! 

pa (t) = x " #(x $ a,t)d3x% = (x'+a) " #(x',t)d3x'%  

               

! 

= x'"#(x',t)d3x'$ + a #(x',t)d3x$ '= p(t) +a "Q(t) 

'<+j!%klG[\5]O*+'4m0(20)5bc@8n-04oMN

! 

Q(t)#

[\^K@<B9:4!

! ! ! ! !

! 

˙ p a (t) = ˙ p (t),    ˙ ̇ p a (t) = ˙ ̇ p (t)  

pqr*+3!
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!

! 

˙ ̇ p (t
0
)!"#$%&'()*+,!-./%&!0

! 

˙ ̇ p (t
0
)(12345678&

*+,9:#&(0 

! 

˙ ̇ p (t
0
) " e

r
= 0);&<)0(42)((43)=$0

! 

E(x,t) = B(x,t) = 0

);&>?@0

! 

˙ ̇ p (t
0
)(12345A*+,A-./%BC>D30

! 

˙ ̇ p (t
0
)(EF

8&345AGHIJ<*+,!-./%&>'<KL5-./%&*+,<

IJAIC3MNOP!;&>'<QR9ST5:#KL>  
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!"#$%&'()*+,-./0  

! 122-4)-(45) 23456789:;<=>?=@ABCDE S F:%G E +

&GH(H,IJKL9MNO,P9PQ8RST

! 

S = E "H " sin#(BCDE2

UV:W-XYZ9W-L[Q\]^_`%&G(abEcdIe_f

! 

S = E "H = E " (1/µ
0
)B2U`Q\:ghIijkl`f 

! ! !

! 

E(x,t)

! 

=
1

4"#
0

$
[(˙ ̇ p (t

0
) % x) % x]

c
2
r

3
                                (42) 

      

! 

B(x,t) =
1

4"#
0
c

2
$

˙ ̇ p (t
0
) % x

cr
2

=
µ

0

4"
$

˙ ̇ p (t
0
) % x

cr
2
! !                    (43) 

2U`Q\: 

   

! 

S = E " (1/µ
0
)B

! 

=
1

(4" )
2#

0

$
1

c
3
r

2
[(˙ ̇ p (t

0
) % e

r
) % e

r
]% [˙ ̇ p (t

0
) % e

r
] 

                

! 

=
1

(4" )
2#

0

$
1

c
3
r

2
{%(e

r
•[˙ ̇ p (t

0
) & e

r
]) $ [˙ ̇ p (t

0
) & e

r
] + [(˙ ̇ p (t

0
) & e

r
)]2

$ e
r
} 

                

! 

=
1

(4" )
2#

0

$
[(˙ ̇ p (t

0
) % e

r
)]

2

c
3
r

2
$ e

r
 

! 

(A "B) "C = #(B•C)A + (A •C)BImnk:

! 

(e
r
•[˙ ̇ p (t

0
) " e

r
] = 02U`g+Iop

kn`fqpk:;<=>?=@ABCDEF: 

! ! !     

! 

S(x,t) =
µ

0

(4" )
2
c
#
[(˙ ̇ p (t

0
) $ e

r
)]

2

r
2

# e
r
! ! ! ! ! ! ! ! ! ! ! ! (45) 

+O`f;<=>?=@ABCDE(PSF%&'(rs,P9tu5:v(

RSTFwxFy2U`g+z{`f| 26}39~_789

! 

˙ ̇ p (t
0
)+

! 

e
r
(O_�*

I�+_`+:(45)F 

! ! ! !  

! 

S(x,t) =
µ

0

(4" )
2
c
#
[(˙ ̇ p (t

0
)sin$)]

2

r
2

# e
r
                        (46) 

2U`fghF:'�Q\ r(��9U` x9�nk:%&'(rs,P9MN
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!"#$%&'()*"#+,-./012.3456789:;<=>?'

@5AB)*C

! 

S(x,t) " e
r
:D'E0 r:F%GHId!J.KL*&MNOPQR

STUVWXYZ[.\]^_6"#+,`Oa:789:b;<=>?P c

!6A 

         

! 

P(t) = S(x,t)d"
"

# = S(x,t)r
2
d$

"

#                       (47) 

d"RYZ[:GHdCF%GHc:efR d!/d"=r2/1 dg6(h 26-5)Aijk

lmknopqr=:st^

! 

S(x,t)Ru:evdg6VWC(47):%&M'u.

KL*:&M.w5xGyg6. h 26-5 .z5{|.C}~dzNOF�:%

&GHRC

! 

2" # rsin$ # rd$ = 2" r
2
sin$ # d$! dg6A�_c

! 

S(x,t):&' 

 

 

 

 

 

 

 

 

 

 

u=0 VW��d[�&M'���C(47):%&Mc!6A 

   

! 

P(t) =
µ

0

(4" )
2
c
#

[(˙ ̇ p (t
0
)sin$)]

2

r
2

# 2" r
2
sin$ # d$

0

"

%

! 

=
2"µ

0

(4" )
2
c
# (˙ ̇ p (t

0
)

2
sin

3$d$
0

"

%  

r 

u 

r sin# 

F%GH d! 

d" 
rd# 

O 

F%! ! 

rd# 

 

! 

˙ ̇ p (t
0
)  

h 26-5.! STVWE0 r :F%!.\]^_678

�AF%GH d!{6&Mc du.{6&Mc:efA 
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! 

sin
n
x!"#$% 

  ! ! !

! 

sin
n
xdx" = #

cos x $ sinn#1x

n
+
n #1

n
sin

n#2
xdx"  

&'()*% 

! ! ! !

! 

sin
3"d"

0

#

$ =
2

3
sin"d"

0

#

$ =
2

3
[%cos"]

0

#
=
4

3
 

&'(+,-.%/01)*23456789:(;<=>?@A!BCD!

EFGHIJ$% 

       !

! 

P(t) =

! 

µ0

6"c
# [˙ ̇ p (t0)]

2                                  ! (48) 

KL(+ 

! MN%/01)*%5OP!NQ6%;<345?A%;<=>?@A67

89:(BCD!FGHIJ$%(47)K(48))*% 

         

! 

dP(t)

d"
= S(x,t)r

2

! 

=
µ

0

(4" )
2
c
# [(˙ ̇ p (t

0
)sin$)]

2                 (49) 

&'(+

! 

˙ ̇ p (t
0
)!NQ)*N<5(P)RS(K(T 26-6)%PUV%W&$BCXY

OV&'(Z%PU[W/2&$\]^KL(+_`aN<5bcdZ'(+ 

 

 

 

 

 

 

!

P 

! 

˙ ̇ p (t
0
)

 

T 26-6. 

! 

˙ ̇ p (t
0
)!QeKBCX!7fghJi!jk+ 

! 

˙ ̇ p (t
0
)K erZ 

l(mn 
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! #$%)*+,-./012#$%&34#5,672*+89:/0;<

&#=>?,34)@ABC0DE&@A34FG2HIJ#$%)KL2E

&#$%MNO&PQ,RS%1TUVWBC0DE&RS%)'(%X2Y

M72#Z[\<V.1]J/E1)X^0D'(%&34_)-.%1`a

Xb05cM2d,ef'(1ghC0DE&iXM2*+89:/0;<&

#<)'(jXb05cFG2'(%&f+8kl0D*+,60 X m&ef

'(1TUnoJpqrs'(2tuv&'(XnoJwxyz'(J{,|

}Ukl0~�2!~2!�"D#$%&'(,�/0#$Z�&kl�)2X m8�

}U*+9�8��/0��&��,J�U}0DE&�M2*+��1#$

Z�&��Xb0&X2���,YY�T}��&��8��/0D 

 

1. '(%&#$5  

! ��8��,/0I�,2*+89:/0;<,� BCI#<8¡¢;�O 

,£^2-.#$%&¤¥�¦M z§1/0¨© 26ª7"D«TU2-.#$%M

x §�¦,¬�I#5:>2

! 

E
0
e
i"t , 8­|®&1/0. E&34#5);� O

&#<,¯°348@A/0D#<&±²³£FG&´³8 x 1/012µ¶

�&·¸¹8�}U2#<,�/0º4�»¼M½&6¾,J0D 

        

! 

m
e
(
d
2
x

dt
2

+ "
dx

dt
+#

0

2
x) = $eE

0
e
i#t
! ! ! ! ! ! ! ! ! ! ! ! (50)!

E&¿ÀM2#<)-.#$%&#5FGÁÂ0Ã8Ä/DÅÀ&ÆaÇM�

ÈÉÇ2ÆÊÇM#<)#$%8VW/0E1XËÌ¹Íz8Î¾E12ÏÐ!
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!

!"#$%&'()*+,-./0123456789:;<:=>?@3A

B-CD34EF%GH()IJKLMAB-/NO(PQRSTJKU/

! 

"
0
V

(WX34 

! (50)8YZJKR[\]CD3=>P^23_5!(66)C`a()b?%PcRd/

ef3%D)gW8Phi1j%kl23mR8no23cV;Cp34qr
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! ! ! ! !
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!"#$%&'()*+,-./01234-5*67 

! 89:;<=>#$%&()?@AB& Liénard-Wiechert*+,-./0CD 

! ! Maxwell EFG! H! (I+,-./0! H! JK+,-./0!  

! ! ! ! ! H! Liénard-Wiechert potential! HL234-5MN"! ! ! ! (82) 
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1

4#$
0

%
q

r'&(v• r ' /c)
                       (89-1) 

! ! ! ! ! !

! 

A(x,t) =
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