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

! Maxwell()*+,-./(01234567(89:;<=#$%&1>.?

@A%&,BC.DEFGH(IJK=%&<@ALM(NO1>.P'QR

STU.?VWV=DEFGH(IJQX(YY(Z1[\#]C.LM'%

&(B^,_`C.'=%abcJ,deC.fg'h.?XP1MaxwellK=

#$%&i%j%&k%jlm([\nopQqrV=[\#]C.LM'%

&,sVDEFGH(IJQ_`C.P',tuV5?P(_`+KDEFG

Hvw:x8yzH(IJ'{|4.?fg'VT=%M E=%jlm D=LM

H=Ljlm B=%alm}=%& i! ,BC.~�()*+iMaxwell ()*

+p<��4.?P4,�0=%LM(�',��.�%a�(��H�G=

�]�(bcJ<��4.?!

!

�p%abcJ'Maxwell(#$%& 

! %L�q(��+K=%M(NO<LM([\#],>.P'Q�VTU.?

�)=@A%&,BC.DEFGH(IJK=!17�7-(35-2)W�= 

! ! ! ! ! ! ! !

! 

rot H(x) = i(x)                          ! ! ! (1) 

1>0=%&<@ALM(NO1>.P'QRSTU.?�V=P(DEFG

H(IJQX(YY(Z1[\#]C.LM'%&(B^,_`C4|= 

! ! ! ! ! ! ! !

! 

rot H(x,t) = i(x,t)                             (2) 

1>.?P41�U(���W�! X(�,%abcJQ��.?��(��

<>.?��K=��hM �%a(¡�KA,bc34¢|h�hU?P4

K%L£¤(¥¦§¨©1>.?����(��K=(2)(ª«K%&lm i(x, t)



 359 

1>.W�=P4K%a(&4,B^C.W�1>.?�V=(2)<%abcJ

'deC.h�=(2)K¬­1®hUP',h.? 

! (2)(ª«1>.%&lm i(x, t)(¯°(±²³ S,BC.³´oK=µ¶@�

Q­UT=·(��,¸¹1®.? 

  ! ! ! ! ! ! ! ! !

! 

i(x,t) •n(x)dS
S

" = div i(x,t)dV
V

" ! ! ! ! ! ! (3) 

U�(�(��,=±º³ S ( x ($»1=¼½W�¾½,¿W�À$IÁÂ

xÃH< n(x)1>.W�=(3)(Ä«KÅ´ VW�¾½,&ÆC.%&Q¸C?

ÇÈT=Å´ V¼,É�.%almQ}(x,t)'C.'=!

! ! ! ! !

! 

i(x,t) •n(x)dS
S

" = div i(x,t)dV
V

" = #
d

dt
{ $(x,t)dV
V

" }      (4)!

<tÊVh�4|h�hU?&Æ�1>.W�ËÌÍ<ÎÏ=Å´ V!QÐ@V

T��.'=!

! ! ! ! !

! 

d

dt
{ "(x,t)dV
V

# } =
$"(x,t)

$t
dV

V

#                         (5) 

'¸¹1®.W�=(4)K 

! ! !

! 

div i(x,t)dV
V

" +
#$(x,t)

#t
dV

V

" = {div i(x,t) +
#$(x,t)

#t
}dV

V

" = 0 

'h.?P4K¯°( V1tÊC.W�=ÑÒ¼< 01>.?ÓÔ= 

! ! ! !    

! 

div i(x,t) +
"#(x,t)

"t
= 0                                (6) 

<tÊC.?P4KnoZ1¸¹V5%abcJ1>.?P(fgKÕ,=!

4-31�VTU.? 

   DEFGH(IJQ�5@A%&(M K=

! 

"#(x,t) /"t = 01>0=Ö×(%

&(&Ø�K 01>.?ÇÈT=(6),ÙÚC.fgK 
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! ! ! ! ! !     

! 

div i(x) = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! !    (7) 

1>0=(6)(��§%abcJQÛW,ÜÝVTU.?DEFGH(IJ(1)K 

! 

rot H(x) = i(x)1>.<=P(Ä«( divQÞÈT=!4�51RS5 rot,BC.

ßà+ Qá�'=

! 

div[rot H(x)] = 0 = div i(x) 'h.?â,=DEFGH(IJ

K=(7)(

! 

div i(x) = 0' ãVTU.? 

! VWV=@A%&,sC.DEFGH(IJQX(YY(Z1[\#]C.

LM'%&(B^,_`C4|= 

! ! ! ! ! ! ! !

! 

rot H(x,t) = i(x,t)                             (2) 

1>.<=P(Ä«(µ¶'Þ4|=Úä=rot,BC.ßà+W�= 

! ! ! ! ! ! ! !

! 

div[rot H(x,t)] = 0 = div i(x,t)! ! ! ! ! ! ! ! ! (8) 

'h.?P4K%a(��§bcJ(6) 

   ! ! ! ! ! ! !

! 

div i(x,t) +
"#(x,t)

"t
= 0                      !  (6) 

'å�W, ãVhU? 

! P(æ�ãQçèC.5é,=MaxwellKDEFGH(IJQ·(��,_`

V5? 

! ! ! ! ! ! !

! 

rot H(x,t) = i(x,t) +
"D(x,t)

"t
                      (9) 

êë345ì<#$%&(displacement current)1>.?%jlm([\no1>

0=%j%&'�{|4.?P(+<%abcJ'deVhUP'K=(9)(Ä

«( divQÞ4|å�W1>.?5�V=íy8(IJQ=[\#]<>.M 

,_`VT 

! ! ! ! ! ! !

! 

divD(x,t) = "
e
(x,t)                             (10) 
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'VT­U.?ÓÔ= 

! !

! 

div[rot H(x,t)] = 0 = div i(x,t) + div
"D(x,t)

"t
 

                   

! 

= div i(x,t) +
"

"t
[divD(x,t)] = div i(x,t) +

"#
e
(x,t)

"t
    (11) 

P(��,(9)K%abcJ' ãC.?îT(ï��<[\,ðcVhUM =

(9)K@A%&,BC.DEFGH(IJ'h.? P(��,=Maxwell,�È

T[\#]C.%&=LM(��§B^'VT_`345 (9)+K=

Ampere-Maxwell(IJ'{|4.?ñòó+ª«(ô�ìK=õA(qÁ%&1

>.<=ô�ìK%jlm([\#ö÷1>.?%jlmKÀ$³´QøÏ%

£ùÁ(¦ú1>.W�=P([\#]<LM(NO'h.P'Q°×C.?

qÁKhÏ'�?P(��h%£ùÁ(¦ú<#öC4|=LM(NO'h.?!

! �)=ûü1%L�q(��+K? 

! ! ! !

! 

rotE(x,t) = "
#

#t
B(x,t)                                (!21-24) 

1>È5?Ljlm([\#ö<%MQýþ.P'Q°×V5?LjlmKÀ

$³´QøÏLùÁ(ú1>.W�=ñòó'ÿ!(B^,h.?!

!

"p"E#E$G(%%%&!

! Ampere-Maxwell(IJQ�çC.,K="E#E$G,&´345%a<'

.%&Q��4|�çV(CU?�)=%aQ&´V5"E#E$GQ%*%

+W�,0-V=±./'C.'=Úä=Ö(%aK±./QõÈTË%a½

,&4=./,K%&<ýþ.?P(%%%&,�0LM H <ýþ.K01>

.?VWV=P(%%%&K[\''�,12C.3@A%&1>.?P(3
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@A%&<"E#E$G(¾4±./Q&4.\="E#E$G(%aK12

V=P4,s5VT"E#E$G¼41K#$%&i%j%&p<&4.'�

�.S®1>.i6 22�1p?!

!

!

!

!

!

!

!

!

!

! LMK±ºÁ C Q7'C.¯°(³,sC.³´o,�ÈT8��4.?X

(³QS�'C.'=P(³1KõA(9q%&lm i��Q��4|�UW�=!

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

! 

H(x,t)• dx
C

" = i(x,t)•n
1
(x)dS

S1

" = I! ! ! ! ! ! ! ! (12)!

1>.?#$%&K:B^�W�=S�,BC.³´oK;1>.?!

! ! ! ! ! ! ! ! !

! 

"D(x,t)

"t
•n

1
(x)dS

S1

# = 0! ! ! ! ! ! ! ! ! ! ! ! ! (13)!

�)=X(³Q S",'.'=P4QøÏ(K#$%&(<1=õA(9q%&

lm iK��.=¨KhU?�W�!

! ! ! ! ! ! ! !

! 

H(x,t)• dx
C

" =
#D(x,t)

#t
•n

2
(x)dS

S2

" !!!!!!!!!!!!!!!!!!(14)!

1>.?!

+ + + + + +  

>!>!>!>!>!>!!

D 
n2  

 

C 
n1=n 

 

 

S1 

S2 

 

I 

n=!n2 

=!n 

 

6 22�1. "E#E$G(%%%&<'.LM H

'"E#E$G¼4,ýþ.#$%& 

 

H 
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! LM HK=±ºÁ CQ7'C.¯°(³,sC.³´o1>.5é,K=S�

' S",BC.³´o(12)'(14)<àVUP'<=¨1>.??@1�C��,=

%abcJQ­U4|=ÄA<àVUP'<BW.? 

! S�' S"Q BC5±²³ SQ��.?±²³ S,sVTõA(À$IÁÂx

ÃH nQ��.'=³ S�'³ S(À$IÁÂxÃH n1' nKàVU=VWV=

³ S2'³ S(À$IÁÂxÃHK¿®<Ds1>.E!(13)QáÈT!

! ! !

! 

"D(x,t)

"t
•n

2
(x)dS

S2

# = $
"D(x,t)

"t
•n

1
(x)dS

S1

# +
"D(x,t)

"t
•n

2
(x)dS

S2

# ! ! (15) 

1>.?! n�Fn=  n2F!n1>.W�=(15) G«K !

!!!!!!!!!

! 

(15) = "
#D(x,t)

#t
•n(x)dS

S1 +S2

$ = "
d

dt
D(x,t)•n(x)dS

S1 +S2

$ !

%jlm D Q%alm},H®I�.?D ,�UT(µ¶@�'íy8(IJ

W�=!

! ! ! !

! 

"
d

dt
D(x,t)•n(x)dS

S1 +S2

# = "
d

dt
divD(x,t)dV

V

# = "
d

dt
$(x,t)dV

V

# ! ! ! (16)!

1>.?(16)KJ,=%abcJQá�'=! !

! ! ! !

! 

"
#$(x,t)

#t
dV =

V

% div i(x,t)dV =
V

% i(x,t) •n(x)dS
S

%  

        

! 

= i(x,t)•n
1
(x)dS

S1

" # i(x,t)•n
2
(x)dS

S2

" = i(x,t)•n
1
(x)dS

S1

" = I!

1>.?f²(14)K=!

! ! ! !

! 

H(x,t)• dx
C

" =
#D(x,t)

#t
•n

2
(x)dS

S2

" = I ! ! ! ! ! ! ! ! ! ! ! ! (17)!

1>.W�=P4K(12),àVU?ÓÔ=LM H K±ºÁ C Q7'C.¯°(

³,sC.³´o18��4.P'<K.?"E#E$G(%a<%%C.'

®="E#E$G¼41ýþ.%&<#$%&i%j%&p1>.?!
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!"Maxwell#$%&!

! ''()*+,-./01#23456789Maxwell#$%&:;<=>'

6?(<9@ABC#./DEF=#$%&G)HIJK89@ 

!            

! 

divD(x,t) = "
e
(x,t)! ! ! ! ! ! ! ! ! ! ! ! ! (18) 

             

! 

divB(x,t) = 0                               (19) 

             

! 

rot H(x,t) "
#D(x,t)

#t
= i(x,t)                    (20)!

             

! 

rot E(x,t) +
"B(x,t)

"t
= 0                       (21) 

FL#MN#$%&#OGPQREP 

! ! ! ! ! ! !

! 

D(x,t) = " #E(x,t)                           (22) 

              

! 

B(x,t) = µ "H(x,t)                           (23)!

:ST>9@

! 

"EU#AB#V.WP

! 

µEU#AB#X/W(Y9@AB#V.

W6X/W?PU8Z8P[\]^#

! 

"6

! 

µ#_`(ab(<9Dc?de6f

9@ghPAB(Ef,ij#./D:klG>9DcEP

! 

" #"
0
,     µ # µ

0
 6

ij#V.WPX/WGm<nJ8o)p@ (18)~(21)EqersfMaxwell#

$%&6to89@ 

! (18)&E.DGd>9uv[#45(P.D#wxE.y(Y9'6:z>@ 

(19)&E/DGd>9uv[#45(P/D#wx6f9{/y|magnetic 

monopole"E}~hfp'6:z>@(20)E���^�����[v��#45

(Y9@(21)E Faraday #��h�./V�#45(Y9@! Maxwell #$%&

EP.D EP.��� DP/D HP/��� BP.y���P.� i! G�>9

MN#$%&�Kf9@'8KEMaxwell#$%&6to89g##P��EP
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Maxwell!"#$%(1865)&'()*+,-(1885).(/0(1890)1234567

89:;< =Maxwell #>?@A.BC#9DEF'”Maxwell-Heaviside-Hertz

#>?@A.BCGH9:;.#IJ1:;KL<MN.MEIJ9:OP<

Maxwell>?@1QRST6 1865UD'VWXYXZ1[\]^_`&QR5'

abc#defg&h@i56U9M:;<jTDklEmnopq9:;<

j#rs9'bc'abc'tuvc#wx9yPz{|4c#}~1���

1N6.y�;��9:;<���U1 1868U9:;j.&�P.'�c&�

56����#x�#��1���c#���”catch up”�;j.1�����

9:N6�M��9H;< 

 =Maxwell #>?@A�D' (22).(23)1S������N� ¡¢@1£¤

¥].EN�¦;<e@1��;4§D¨#©ª9:;< =Maxwell#>?@A

9#«¬h#h.@#h&­��®¯P<t° E't±²³ D'u° H'u±

²³ B't´²³µ't� i #¶9't´²³µ.t� i D·��T6¸9:

;.­�;.'«¬¹Wº`»`D E'D'H'B #¼½.E;<¾¿#h9y

P.'3x4=129:;<jT�À5>?@#hD'(18).(19)DZÁW`#@9:

;��' ¡9 Â'(20).(21)D¾¿9­�;. 3Ã2=69:;<>?@#Ä ¡

D 8.E;<����'«¬¹Wº`»`h# 12D'>?@#h 8¯ªÅ¦#

9'=Maxwell#>?@ADÆ�ÇPME¦ÈÉ>?@9:;< 

! Çj9'(22).(23)&���'>?@#h&¾¿9 6Ê�ËÌ�j.��;.'

>?@#hD¾¿9 14 .Eª'w³D'«¬¹Wº`»`h 12 ¯ªM'>?

@#h1 2 Ê�ÅFEN�5Í¦'Î#ÏÐ�E;<ÑD¨#¯P�­��M

Ò¦<Ó�56(22).(23)&Ô¦�'«¬¹Wº`»`& D . B'ÕD E . H
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!"#$%&'()*+,-./012 6*3-'45#6789Maxwell:;

<=>:;<=12 8 *3-?%8@2A;<=:1:;B 2 !"CD'45

*ED:!FG?H!  

! 4:IJ28(18)~(21) :9Maxwell :;<=>KL#3-' (20):MN:O

PQR-.8 

!       

! 

div rot H(x,t) " div
#D(x,t)

#t
= div i(x,t)! ! ! ! ! ! ! ! ! ! ! (24)  

.S-'7?78TN*8

! 

div rot H(x,t) = 0BUVW#(X78YZ[\]^_

?%8

! 

div i(x,t) + "#
e
(x,t) /"t = 0  *3-.! `#8(24)2 

         

! 

div
"D(x,t)

"t
#
"$

e
(x,t)

"t
=
"

"t
[divD(x,t) # $

e
(x,t)] = 0    

.S-'4:MNQab*c)&-.8dNe#2ab t2f1.7gh%i x

:jBh-'kl8 

! ! ! ! !  

! 

divD(x,t) " #
e
(x,t) = X(x)                           (25) 

*3-'45Q9Maxwell :;<=>:mn=(18).op5q8

! 

X(x) = 0*3-

4.#S-'rKst (uv ):wYAx:ayQ t=0 .7Za#8

! 

divD(x,0) " #
e
(x,0) = 0*35q8z{:|}:ay t*~#(18)B(X&-. ��

g8mn=(18)2����Q�&!"*3-' 

! ��#7g8(21)#�Dg�MN:OPQR-.8 

! ! ! ! !

! 

div rot E(x,t) " div
#B(x,t)

#t
= 0 

*3A8TNmn�2UVW#�*3-?%8

! 

"[divB(x,t)]/"t = 0.S-'45Q 

ab*c)7g 

! ! ! ! ! ! !

! 

divB(x,t) =Y (x)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! �26� 
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!"#$ (19)!%&'(

! 

Y (x) = 0)*#$+,-.(/0)123451678 t=0

!9:6;<

! 

divB(x,0) = 0)*'(<=>1?@167 t )A;(19)BCDE#. 

1)< (18)!FG;(19)HIJKL8MENO)*#$ 

! P1QR;<ST1UMaxwell1VWXY1RZ<(18)!(19)[

! 

D(x,t), B(x,t)1

6\]^;_`abc"dIJKL1@e9f"d$D, B, E, H 8ghijkl

ml!E#!Cn) 121gho!"#B< (22)!(23)8pqr<VWX1o8

Cn) 6NOstE!uq#!<VWX1o[Cn) 14!"#$9f9<VW

X1o[vw 2 xy#1) 12 !"4<ghijklmlo 12 !z9d$gh

ijklml8 D ! B<{[ E ! H !9:|})H<UMaxwell1VWXY1

VWXo[Cn)uqr~)*4<gho1~!��9rd#$ 

! =�1��)[<�����!

! 

div i(x,t) + "#
e
(x,t) /"t = 0! 8�d:$ ��r<

(18)~(21) 1UMaxwell 1VWXY<���!���;aE#(22)!(23)<!Fz

;�����H<����1���;pqr����B*#$ 



 368 

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

! 34 56789-:;-<&=> ?=@A?=@ABCD=#E-FGHIJ

KFGLMNOPQRSTU#E=VE=@A?HRW-XYZK[\]^_

`aHb)cd&K)Qefg=hig-RWUVE89Kj=VE-kl&U

IOmnopLqje-rj&#ELstb)uH-Sv&wxfyQzt{

U=|-}~0U����#E�H8����VE�H���gO)Qo�p

�- Lorentz, H. A. (1853-1928)Le-���{q�yQ|-����#E�89=

LorentzU�O$%&'()��Y��?-\����f= 1895;=Zeeman, P. 

(1865~1943)L|�]���&��fy(Zeeman ��)QRW5�&�tb)-U

#+H#$%{qj=e-����U=#$%&`b) Maxwell 012H=*

#+& ¡b)Z¢£p¤¥H¦§¨¥{©ª«�) Newton -./012{

q)H}~)Q Maxwell 012H Newton -./012]¬­«®gv]¯c

dHb)���RST-­%{q)Q!!

! °±:{*#+]}~y%²=Maxwell012³3´µ¶³·3µU=!

! ! ! ! ! !  

! 

divD(x,t) = e
i
" 3(x # z

i
(t))

i=1

N

$ ! ! ! ! ! ! !        !    (28) 

             

! 

divB(x,t) = 0                                      (29) 

             

! 

rot H(x,t) "
#D(x,t)

#t
= e

i

dz
i
(t)

dt
$ 3

(x " z
i
(t))

i=1

N

%             (30)!

             

! 

rot E(x,t) +
"B(x,t)

"t
= 0                              (31) 

!

! 

e
i
U*#+ i-#+=

! 

z
i
(t)U*#+ i-¸< t&'()¹º»Y��]¼bQ½

y=¾¿k-#+]}~)89=(22)H(23)UÀ#ÁHÂ$ÁU¾¿-Ã]ÄdQ!

              

! 

D(x,t) = "
0
#E(x,t)                           ! ! !  (32) 
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! 

B(x,t) = µ
0
"H(x,t)                            ! ! ! (33)!

(28)!(30)"#$%&'()(&*+,-!*./01234 

! 56& *+ i"789 mi!23!&:"*+/;23 Newton"<=6>?

%&@ABCDE!F"*+!"G"HIJE9KLM& 

! ! !

! 

m
i

d
2
z
i
(t)

dt
2

= e
i
E(z

i
(t),t) + e

i

dz
i
(t)

dt
"B(z

i
(t), t)  

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

! 

" G
mim j (z i(t) " z j (t))

z i(t) " z j (t)
3

j# i

N

$ ! ! ! ! ! ! ! ! (34) 

!N34G %HIJEOPQR34(34)"#$"@ABCDE"S/%&*+ i

"TUE&VW&'"*+XYZ3*[\/]3EX'"*+/^_23:!&

`ab(Mc34*[\"d"Qe*+f!gMh7f9KL&i1Njkl

m!nolm"`!Q&Maxwell6>?! Newton"<=6>?9pqrsMt

9uv3!"KL6%&wxQ`yz{|h}~Q"���KL6QR34g

�g&:"]�N����Nq\Q%&��S/*�X�O/�x23:!�

�Q�Nc4b�&*�����X�������r(3����/YcM`

(34)%��Q�Nc4������/��3+*.��"�=%8��Q���

�FNc4g�gNX�&������/� r(Nc+*��"¡¢S��

3�=X(34)Q��Q�3:!%&£¤¥£!gM¦§r(Mc34̈ ©M& (34)

%*[\"ª«¬­A!<=89K®23¯/°±QR34²15 Q³*\"

Maxwell ´E9KL�¯/&'"µ¶"·¸²15-9¹Q&ºp»¼Q"<=8½

�¾¸5¿�N<=6>?¹& 

! ! ! ! !  

! 

D

Dt
[ ("v)dV
B (t )

# ] = "KdV
B

# + T(n)
S

# dS                (²15À14)  

/;´23`"%bÁÂÃr(McNcÄ!ÅÆ�4(34)%5¿�Çr(�<=
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!"#$%&'()*+,-./0!"#$1234%56'&'7815$%)

9:;<=>? Maxwell !"#?@ABCDEF&'GH$1IJ.$)KL

.MN&LO4&IJ79:;<=>4PQR>STF2 Newton./0!"#

4 Maxwell !"#4.UVWXJ?.()*+,-.YZC[/0!"#$1

273.34S\]D)^_$+`a.bcde:4/0fSTFMN7 

!

gh+`a.bcde:4ij<kl<mnopqd r!

! stu.v+a%8wxyw $zJMND)stu$.+{|} D4+a E.~

�)

! 

D = "
0
E)S�'24(8wxy11-1)) 

! ! ! !

! 

U =
"
0

2
E
2
(x)dV

V

# =
1

2
E(x)•D(x)dV

V

# !               ! ! !  (35)  

$1�)v+a%t5Dbcde:S�F234(��27+`a.bcde

:D?)3.v+a.bcde:(�@��'2%�$127�D)819 $B

C�JMNDv+a E4v`a H.��#%���(��'.$)v`aD�

����.#!

! ! ! !

! 

U '=
µ
0

2
H
2
(x)dV

V

" =
1

2
H(x)•B(x)dV

V

" ! ! ! ! ! ! ! ! ! ! ! (36)!

S���2.%��$1�N7�st.�`�

! 

µ
0
�%)  

                  

! 

µ
0

= 2"k = 4"x10#7(N /A2)! ! ! ! ! ! ! ! ! (818-4) 

$127818$O�JMND`a H.��% [A/m]$12.$) 

         

! 

[µ
0
H
2
] = [

N

A
2
"
A
2

m
2
] = [

N "m

m
3
] = [

J

m
3
] 

� ¡¢£J�.bcde:$1�)(36). U’%¤¥D`a.bcde:$1

273�¦.34S\]D)@�%)staS§¨D)Maxwell!"#(18)~(23)
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!"#$%&'()*+,-./0(34)12(3%456789(.:;<!=

>? 

! (20)(@AB

! 

E(x,t)B(CD0(21)(@AB

! 

H(x,t)B(CD06EF? 

! ! ! ! !

! 

E(x,t) •[rot H(x,t) "
#D(x,t)

#t
] = E(x,t) • i(x,t)                (37) 

          !

! 

H(x,t) •[rot E(x,t) +
"B(x,t)

"t
] = 0                       (38) 

BGF?HIJ K(37)L(38)M6NOFBPQ<IR2O;ST

! 

(x,t)6UVWFX0 

          

! 

"E•
#D

#t
"H •

#B

#t
+ E• rot H "H • rot B = E• i               (39) 

BGF?YA(Z[0Z\]!N^J;0(22), (23)(_`6a^J0 

! ! ! ! !

! 

"E•
#D

#t
"H •

#B

#t
= "

#

#t
[
1

2
E•D +

1

2
H •B]! ! ! ! ! ! ! ! ! (40) 

b(cdC;(35)Bbe12fgIh(36)!ijWFbBklF?(39)YA(Z

m0Zn]!N^J;0opq+rs(t(uvPwxX6y>? 

           

! 

div(E "H) =H • rotE #E• rotH! ! ! ! ! ! ! ! ! ! ! ! (41) 

z{J0(39);0!

        

! 

"
#

#t
[
1

2
E•D +

1

2
H •B]" div(E $H) = E• i! ! ! ! ! ! ! ! ! ! (39’) 

BGF?|}]6~=IJ0�D V!N^JD�WFB0 

! ! ! !

! 

"
d

dt
[
1

2
E•D +

1

2
H •B]dV

V

# = E• idV
V

# + div(E $H)dV
V

#        (42) 

��F?bb�0���D �!��F%'B&'()*+,-(�6!

! ! ! ! !

! 

U
e.m.

" [
1

2
E(x,t)•D(x,t) +

1

2
H(x,t)•B(x,t)]dV

V

# ! ! ! ! ! !  (43) 

B��IJ�O?be;�%'B�&'()*+,-6[��Ih�����0
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!"#$%&'()*+,-! (42)./$0123456789:;<=>?

,$*@(42)3ABCD$EF=GH*I,- 

      

! 

"
dU

e.m.

dt
= E(x,t)• i(x,t)dV

V

# + [E(x,t)$H(x,t)]•n(x,t)dS
S

#         (44) 

J$K/3LMNOP$!"#$%&'()$QRS*+,-TU@./0T

23@!VWX3

! 

i(x,t) = "(x,t) # v(x,t)*@LMNOP=LM:;YZ[\,!]

*+,89@ 

! 

E(x,t)• i(x,t) = "(x,t) #E(x,t)• ($s /$t)*+,-^O _ $LM`;P

$!]=abc!# E deFLMNOP$fg*+,-h)ijkl3!]$

mnUo=p=qr*+,89@"#d!]=abcs\fg3p=t*+,-

u=@J$23!"#d^O _ $!]=eFfg@vw@!]d!"#89x

yz,%&'()*+,-./0123{|:$P}89~}�J${B:Y

Z�cV�\,!"%&'()�����s9s�-!

! J$EF= (44)3@LMNOP$!"#$%&'()$QRSd@LMNO

P=!]=xy���,%&'()�LMNOP=: S YZ[bc~}=�w

>��,!"#$%&'()$�*+,J�Y�bc�,-./012$:;

;<$�=G�����'@!!

          

! 

S(x,t) " E(x,t) #H(x,t)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (45) 

3@��j��j�����'����,-1884 �=(44)Y��� Poynting, J. 

(1852~1914)=��-��j��j�����'

! 

S(x,t)3@� 22-2=�\EF=@

!#E�"#H$�UY �:=qrsUo=o8F¡I�

! 

S = E "H " sin#$�

��'*+¢@LMNOP=J$:$LM:;£�¢V�\,!"#$%&'

()YG\- 
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! !"#$#%&'()* S +,-./(44)0 

         

! 

"
dU

e.m.

dt
= E(x,t)• i(x,t)dV

V

# + S(x,t)•n(x,t)dS
S

# ! ! ! ! ! (46) 

1234 

 

 

 

 

 

 

 

 

 

(44), (465+6789:;<=;0/>?@9AB*CD(43)!

! 

U
e.m..

= u
e.m.

V

" dV !

+/EFGHIJK9>?@9AB*CD

! 

u
e.m.
(x,t)   

! ! ! ! !

! 

u
e.m.
(x,t) "

1

2
[E(x,t)•D(x,t) +H(x,t)•B(x,t)]           (47)  

LMNOPQ-4RS/!"#$#%&'()* S;T-.9UVWX0/ 

! ! ! ! !

! 

S(x,t) •n(x,t)dS
S

" = div S(x,t)dV
V

"  

LY3Z[/(46)0 

          

! 

"
#u

e.m.

#t
dV

V

$ = E(x,t) • i(x,t)dV
V

$ + div S(x,t)dV
V

$  

           

! 

{
"u

e.m.

"t
+E(x,t) • i(x,t)

V

# + div S(x,t)}dV = 0  

! 

S 

z 

x 

y 

E 

H 

! 

S = E "H " sin#  

\ 22-2. !"#$#%&'()* S 0/>@ E 1?@ H 9]S

;^<2S_;_Z`abc

! 

S = E "H " sin#9'()*4EFd

ef;EFGHZ[gh=3>?@9AB*CD4 
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!"#$%&'()*+,-./,01234

! 

u
e.m.
(x,t)567#89:;<!=

>? 

! ! ! ! !

! 

"u
e.m.

(x,t)

"t
+ div S(x,t) = #E(x,t) • i(x,t)                  (48) 

@A#$(46)56B7#CD5EF=>GHIJK? 

! ! ! ! !

! 

"
#u

e.m.
(x,t)

#t
= E(x,t)• i(x,t) + div S(x,t)                  (49) 

LM#$NOLPQ*CD5-/ E,RST[U/-V] = [N/C]LM#. WX?N

18LPQ*CD5./ H,RST [A/m]LM#$YZ[\[]^_`a2 S,

RST? 

       

! 

[N /C] " [A /m] = [
N " A

C "m
] = [

N "C

C "m " s
] = [

N "m

m
2
" s
] = [

J

m
2
" s
]! ! ! ! ! (50) 

LM+?%&bc)*+?%&d()*+@ef7#-./,01234LM

#$=g=$ 

! 

div S(x,t),RST

! 

[
J

m
3
" s
]!"#,L?%&bc)*+?%&'(

ghij7#-./,01234!"#$!
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!"#$%&'()*#+,-./0123456!

! #* i.789 mi:#*89 ei;<=:(34)>?:#*&@A) Newton.B

CDEF9:G3HIJK;L.#*;.M.NOPKQR: 

! ! !

! 

m
i

d
2
z
i
(t)

dt
2

= e
i
E(z

i
(t),t) + e

i

dz
i
(t)

dt
"B(z

i
(t), t)  

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

! 

" G
mim j (z i(t) " z j (t))

z i(t) " z j (t)
3

j# i

N

$ ! ! ! ! ! ! ! ! (34) 

;<ST UD:Maxwell DEF?V#*WX>YZ<S(28)~(33)9[\=:#

$%&'()V#*-./01239]^)TV#*WX_`aA) Maxwell

DEF?:  

! ! ! !

! 

divD(x,t) = e
i
" 3(x # z

i
(t))

i=1

N

$ ! ! ! ! ! ! !        !   ! ! ! (28) 

        

! 

rot H(x,t) "
#D(x,t)

#t
= e

i

dz
i
(t)

dt
$ 3

(x " z
i
(t))

i=1

N

%             ! ! (30)!

.bc>:d`e&fgh^Ri=\)TL. Maxwell DEF.YZ?jkR

l\Td`e?:#* ei_mMno V.p&q);Air: 

     

! 

e
i
" 3(x # z

i
(t))d

3
x

V

$ = e
i
:

! 

e
i
A(x) " # 3(x $ z

i
(t))d

3
x

V

% = e
i
A(z

i
(t))     (51) 

>q)TsS:NOPK.tuIvw19 

! ! ! !  

! 

V (z i " z j ) = "G
mim j

z i " z j
                                  (52) 

;A);: 

! ! ! ! !

! 

gradiV (z i " z j ) =G
mim j (z i " z j )

z i " z j
3

                         (53) 

>q)TSx<:

! 

gradiV (z i " z j )?yz{1

! 

z
i
. x:y:z |W&})mM~W9

��A)T!
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!!!!!

! 

gradiV (z i " z j ) =
#V (z i " z j )

#(zi)x
$ i +

#V (z i " z j )

#(zi)y
$ j+

#V (z i " z j )

#(zi)z
$k! ! ! (54) 

! !"#$(51), (53)%&'($(34))*+,'-./#01$ 

! !  

! 

m
i

d
2
z
i
(t)

dt
2

= e
i
" 3(x - z

i
(t))E(x,t)d

3
x

V

#  

               

! 

+ e
ii
" 3(x - z

i
(t))

dz
i
(t)

dt
#B(x,t)d3x

V

$    

               

! 

" gradiV (z i(t) " z j (t))
i# j

$                             (55) 

"+23(45 i +6789:;

! 

v
i
(t) =

dz
i
(t)

dt
(+<=%>?$@A+45-B

CA+D%E1($ 

      

! 

m
i
v
i
(t)•

dv
i
(t)

dt
i=1

N

" = {[ e
i
# 3(x - z

i
(t))v

i
(t)

i=1

N

" ]•E(x,t)
V

$ }d
3
x  

                      

! 

+ {[ e
i
" 3(x - z

i
(t))v

i
(t)

i=1

N

# • (v
i
(t)]$B(x,t)

V

% )}d
3
x!

                      

! 

" gradiV (z i(t) " z j (t))•
dz i(t)

dt
i# j

$
i=1

N

$              (56) 

(F1GH3+IJK)$45+67

! 

v
i
(45LMNOPQR1STUVWX

! 

(v
i
"B)LYZ[$

! 

v
i
• (v

i
"B) = 0#\1+#]^1. H3+I_K)*+,'-

`0a^1"(Lbc1G 

!

! 

" gradiV (z i(t) " z j (t))•
dz i(t)

dt
i# j

$
i=1

N

$ = " gradi{ V (z i(t) " z j (t))}•
dz i(t)

dt
i# j

$
i=1

N

$   (57) 

""#$N d+54efOPF1g@h+ijkXlmVno;)$pF15

4efq+lmVno;+D#\1OP$ 

     

! 

V (z
1
,z
2
,....,z

N
} = V (z

k
(t) " z

l
(t))}

k

N

#
l>

N

# ! ! ! ! ! ! ! ! ! ! ! ! ! ! (58) 

(`R1rs14-1#+54efgt4uv;wT+xy%z{+"(|G"}%
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!"#$(54)%& 

     

! 

gradi{ (z i(t) " z j (t))}
i# j

$ = gradi{ V (zk (t) " z l (t))}
k

N

$
l>

N

$  

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

! 

= gradi{V (z1,z2,....,zN}                     (59)!

'()*+,-./012'34567+89:;<=>

! 

V (z
k
(t) " z

l
(t))?$

! 

gradi

@#+A#6B#C+%&67+,DE$!

   

! 

" gradiV (z i(t) " z j (t))•
dz i(t)

dt
i# j

$
i=1

N

$ = " gradiV (z1,z2,...,zN) •
dz i(t)

dt
i=1

N

$        

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

! 

= "
d

dt
V (z

1
,z
2
,...,zN)  ! ! ! !      ! (60) 

FG0HI?$JKLM4NO(x,y,z)0PQR? gradO#ST0UV67+A#$

WX$ 

! 

d" =
#"

#x
dx +

#"

#y
dy +

#"

#z
dz = (grad")• (dx,dy,dz)! 67+A#@!YZ[+, 

\]0^_%&$(56)?$`a0bcd@eaEfgZ$!!

 

! 

m
i
v
i
(t)•

dv
i
(t)

dt
i=1

N

" +
d

dt
V (z

1
,z
2
,...,zN) = {[ e

i
# 3(x - z

i
(t))v

i
(t)

i=1

N

" ]•E(x,t)
V

$ }d
3
x    (61) 

#hi6j+,A0eak?$ 

! ! ! ! ! ! ! !

! 

d

dt
[

1

2
m

i
v
i

2
(t)

i=1

N

" +V (z
1
,z
2
,...,zN)]                       (62)!

67l$(61)0ea?$mn12o0Ppqrs>tM#Puvwx09:;<

=>rs>tM0yTz{|}l0S~�@hgZ[+,��$(61)0`a?, 

(34)`a0b�$b�d0nmE8*+�M�;�xE8�gZ[+,��E�

+��'B67+A#%&$nmE8*+n� E 0����'�Y}�067

+,��6��}nm'n��%&�}rs>tM67+,�%&$(61)?mn

12o0Prs>tM0yTz{|}l0�R?$nmo'n��%&�}r

s>tM67+A#@��Z[+, 
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! !"#$%&'()*!+,-./01234567 (30)8  

! 

rot H(x,t) "
#D(x,t)

#t
= e

i

dz
i
(t)

dt
$ 3

(x " z
i
(t))

i=1

N

%  9:;<7=8>;*?@ABCD 

 

! 

{[ e
i
" 3
(x - z

i
(t))v

i
(t)

i=1

N

# ]•E(x,t)
V

$ }d
3
x = {[rot H(x,t) %

&D(x,t)

&t
]•E(x,t)}d

3
x

V

$   (63) 

E8FG8HIJK67(41)8

! 

div(E "H) =H • rotE #E• rotH9:;<7!  

         

! 

(rotH) •E = E• rotH = H • rotE " div(E #H) 

L07 

! !       

! 

"
#D

#t
•E = "

#

#t
(
1

2
D•E) ,   

AMC-.7 

!

! 

[rot H(x,t) "
#D(x,t)

#t
]•E(x,t)

! 

=H • rotE " div(E #H) "
$

$t
(
1

2
D•E)  

N.*7OPQRS58!+TU8VW7

! 

rotE = "#B/#t ,! 9:XYD 

!

! 

[rot H(x,t) "
#D(x,t)

#t
]•E(x,t)

! 

= "H •
#B

#t
" div(E $H) "

#

#t
(
1

2
D•E) 

                          

! 

= "
#

#t
(
1

2
H •B) " div(E $H) "

#

#t
(
1

2
D•E) 

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

! 

= "
#

#t
(
1

2
D•E +

1

2
H •B) " div(E $H) 

ZXY7(61)67 

! !  

! 

d

dt
[

1

2
m

i
v
i

2
(t)

i=1

N

" +V (z
1
,z
2
,...,zN)] 

                 

! 

= "
d

dt
(
1

2
D•E +

1

2
H •B)dV

V

# " div(E $H)dV
V

#      

FG8[\K9]^_Y7`G*ab9cdC<7 

!

! 

"
d

dt
[

1

2
m

i
v
i

2
(t)

i=1

N

# +V (z
1
,z
2
,...,zN) + (

1

2
D•E +

1

2
H •B)dV

V

$ ]

! 

= div(E "H)dV
V

#  
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!"#$%&'()*+$,-.)/0123$(61)#456789:;<1= 

!

! 

"
d

dt
{

1

2
m

i
v
i

2
(t)

i=1

N

# +V (z
1
,z
2
,...,zN) + [

1

2
D(x,t) •E(x,t) +

1

2
H(x,t) •B(x,t)]dV

V

$ } 

! ! ! ! ! !                

! 

= (E(x,t) "H(x,t))•n(x)dS
S

#                (64) 

>8?"8@AB#$CDEFGHI8JKLMNOP;QRSTUVWXY

N8Z[\

! 

U
M
]: 

        

! 

U
M

=
1

2
m

i
v
i

2
(t)

i=1

N

" +V (z
1
,z
2
,...,zN)  

)D^_8LMNOP\

! 

U
e.m.
]: 

        

! 

U
e.m.

= [
1

2
D(x,t) •E(x,t) +

1

2
H(x,t) •B(x,t)]dV

V

" ! ! ! ! ! ! (64-1)  

`abcd8ef1=>8D^_8LMNOP\

! 

U
e.m.
]`ghI-ic+8L

MNOPjk)lmn$ 

! ! ! ! !

! 

u
e.m.

=
1

2
D(x,t) •E(x,t) +

1

2
H(x,t) •B(x,t)                  (64-2) 

;<1=opq$(64)HI# 

! ! ! ! !

! 

"
d

dt
(U

M
+U

e.m.
) = S(x,t)•n(x)dS

S

# ! ! ! ! ! ! ! ! !    (65) 

;<1=CDEFGHI8LMNOP;D^_8LMNOP8ghrsic+

8tuv#$UwWVWxyz{|N S )*pq}~,`�pqG�)���

��1D^_8LMNOP)9��>;`��q�1= 

! ��e�c*�)$UwWV�Wxyz{|N

! 

S(x,t)#$D_ E ;^_ H 8

��`��,)�l<��)�2����

! 

S = E "H " sin#8z{|Nef+$g

hrsB)ghI-23���1D^_8LMNOP`��=��e#$D^

LMNOP8ghrsfc+8tu#$ 
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!          

! 

"
dU

e.m.

dt
= E(x,t)• i(x,t)dV

V

# + S(x,t)•n(x,t)dS
S

# ! ! ! ! ! (46) 

!"#$%(65)&(46)'()*&+ 

! ! ! ! ! !

! 

d

dt
(U

M
) =

! 

E(x,t)• i(x,t)dV
V

"  

&,*-+./0(61)1.&!"*% 

! 23456,789:;<*=>?:3+@:+ABCDEDFGHIJK S

1LMKNO1P/Q-45R*%(65)0+=>?:ST*U=VWXYZ:

[R*LMKNO\4]!"*-+^_-`!0,a+A=>?1LMKNO

1P/Q1bcd!"*.&:ef-gh!"*% !
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!"#$%&'()*#+,-./01234!

! 56789:;<&(34)./0=>?@(55)&;AB.;<&CD7E)F 

! !  !

! 

m
i

d
2
z
i
(t)

dt
2

= e
i
" 3(x - z

i
(t))E(x,t)d

3
x

V

#  

               !

! 

+ e
ii
" 3(x - z

i
(t))

dz
i
(t)

dt
#B(x,t)d3x

V

$    

               !

! 

" gradiV (z i(t) " z j (t))
i# j

$                           (55) 

G./0=>?&;AH-./01IJK)FG.LM@H!

! ! ! !

! 

m
i

d
2
z
i
(t)

dt
2

= m
i

dv
i
(t)

dt
=
d

dt
m

i
v
i
(t)  

7N)OPH(55).*#+, i&QR)STIU)UH 

! ! !

! 

d

dt
[ m

i
v
i
(t)

i=1

N

" ] = [ e
i
# 3
(x - z

i
(t))] $  

i=1

N

" E(x,t)d
3
x

V

%

! 

 

                  

! 

+ [ e
i
" 3(x - z

i
(t))

dz
i
(t)

dt
i=1

N

# ]$B(x,t)d3x
V

% !

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

! 

" gradiV (z i(t) " z j (t))
i# j

N

$
i=1

N

$                        (66)!

GG7HVM.WXY@Z7N)F (53)&[\H]^_`&a\bcdefc

d.g4hijR)OP7N)Fklm&@!

! ! ! !

! 

gradiV (z i(t) " z j (t)) = "grad jV (z i(t) " z j (t))!

hnom&ijR)GU&;)FG.pM7qr. i, j&QR)TIs)UH!

      ! !

! 

gradiV (z i(t) " z j (t))
i# j

N

$
i

N

$ = " grad jV (z i(t) " z j (t))
i# j

N

$
i

N

$  

7N)FG.VM7 i, j&QR)T.tuIvwxKbHyP&Hz{|}~�

@���(7��)OPH

! 

V (z i(t) " z j (t)) =V (z j (t) " z i(t))7N).7H 
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! ! !      

! 

= " grad jV (z j (t) " z i(t))
j# i

N

$
j

N

$

! 

= " gradiV (z i(t) " z j (t))
j# i

N

$
i

N

$  

!"#$%&'()*+,-# i, j./-0123-4567#89:,-( 

! ! ! !

! 

gradiV (z i(t) " z j (t))
i# j

N

$
i

N

$ =

! 

" gradiV (z i(t) " z j (t))
j# i

N

$
i

N

$  

&;<(71'!

! !

! 

2 gradiV (z i(t) " z j (t))
i# j

N

$
i

N

$ = 0! =!

! 

gradiV (z i(t) " z j (t))
i# j

N

$
i

N

$ = 0  

>?@56!

! ! AB-((66)'(!

! ! ! ! !

! 

d

dt
[ m

i
v
i
(t)

i=1

N

" ] = [ e
i
# 3
(x - z

i
(t))] $  

i=1

N

" E(x,t)d
3
x

V

%

! 

 

                  ! !

! 

+ [ e
i
" 3(x - z

i
(t))

dz
i
(t)

dt
i=1

N

# ]$B(x,t)d3x
V

% ! ! ! !  

+C56DE(!

! ! ! !

! 

divD(x,t) = e
i
" 3(x # z

i
(t))

i=1

N

$ ! ! ! ! ! ! !        !   ! ! ! (28) 

        

! 

rot H(x,t) "
#D(x,t)

#t
= e

i

dz
i
(t)

dt
$ 3

(x " z
i
(t))

i=1

N

%             ! !  (30)!

.F9+((66)'!

 

! 

d

dt
[ m

i
v
i
(t)

i=1

N

" ] = {E(x,t)divD(x,t) + [rot H(x,t) #
$D(x,t)

$t
]%B(x,t)}d

3
x

V

&

! 

 (67) 

+C56GH#IJK:L4-M35671' 

! !

! 

E(x,t)divD(x,t) + [rot H(x,t) "
#D(x,t)

#t
]$B(x,t)  

! ! ! ! !                   

! 

= E divD+ (rot H) "B #
$D

$t
"B        (68) 

+C56N7&(DO: 



 383 

      

! 

"

"t
(D#B) =

"D

"t
#B +D#

"B

"t
 

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

! 

rot E = "#B /#t , ./0$%1& 

! ! !

! 

"

"t
(D#B) =

"D

"t
#B $D# rot E  

12%34567& 

! ! !

! 

"D

"t
#B =

"

"t
(D#B) +D# rot E  

89%345.(68)+:;</0$%3 

      

! 

E divD+ (rot H) "B #
$

$t
(D"B) #D" rot E  

!!!!!!!!!!

! 

= E divD"D# rot E "B # (rot H) "
$

$t
(D#B)  

          

! 

= E divD"D# rot E "B # (rot H) "$
0
µ

0

%

%t
(E #H)  

(67)<=$1& 

! !

! 

d

dt
[ m

i
v
i
(t)

i=1

N

" ] = {E divD#D$ rot E #B $ (rot H) #%
0
µ

0

&

&t
(E $H)}d

3
x

V

' !  (69) 

!>?5%3448& 

! ! ! ! ! ! !

! 

G
M
(t) " m

i
v
i
(t)

i=1

N

# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  !  (70-1) 

      ! ! ! !

! 

G
e.m.
(t) = "

0
µ
0
(E #H)d3x

V

$ = (D#B)d3x
V

$                 (70-2) 

1@A$%1&(69)B 

       

! 

d

dt
[G

M
(t) +G

e.m.
(t)] 

            

! 

= {E(x,t)divD(x,t) "D(x,t) # (rot E(x,t))}d
3
x

V

$  

             

! 

+ {H(x,t)divB(x,t) "B(x,t) # (rot H(x,t))}d
3
x

V

$              (71) 
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!"#$%&'()*+, B-./#Maxwell012, 

! 

divB = 0 , 3456(7

8-

! 

H divB = 039:%$;<39:#;!=>E(D?!>H(B?@A2BC

DEFGH=I#$;@78@JKLMNO(PQR-ST#!

! ! ! ! ! ! !

! 

D(x,t) = "
0
#E(x,t)                                 (22) 

              

! 

B(x,t) = µ
0
"H(x,t)                                (23)!

@.U3VW!(X<Y<(

! 

E(x,t)!

! 

H(x,t)Z#5O(

! 

E(x,t)!

! 

B(x,t)=[\=

I#$(71)78@

! 

{E(x,t)divD(x,t) "D(x,t) # (rot E(x,t))}d
3
x

V

$ @]^^_-ST#

JKN(

! 

{E(x,t)divD(x,t)}d
3
x

V

" (F`15 =ab'%cdR@ Maxwell ef-C

e'65#$cdR=O

! 

rot E(x) = 0=Z#gh(JMN@]^^_O[<"5$!

! `15=@ab3i5j'6(]^^_@k^_.l!

! ! ! !

! 

{E(x,t)divD(x,t) "D(x,t) # (rot E(x,t))}!

@ xm_3no6pqW$rl@

! 

(x,t)O'shtuv/#$ 

! !

! 

[EdivD"D# rot E]
x

= $
0
[EdivE"E # rot E]

x
 

        

! 

= "
0
ExdivE# [Ey $ (rot E)z # Ez $ (rot E)y ] 

        

! 

= "
0
Ex (

#Ex

#x
+
#Ey

#y
+
#Ez

#z
)

! 

"#
0
Ey $ (

%Ey

%x
"
%Ex

%y
) + #

0
Ez $ (

%Ex

%z
"
%Ez

%x
)   

       

! 

= "
0

#

#x
(
1

2
Ex

2
$
1

2
Ey

2
$
1

2
Ez

2
) + "

0

#

#y
(Ex % Ey ) + "

0

#

#z
(Ex % Ez)          (72) 

div@wl-xy/#dRm_@.lF:h<%$ 

! (71)78@zWK{@]^^_@k^_.l 

! ! ! !

! 

{H(x,t)divB(x,t) "B(x,t) # (rot H(x,t))}   

-{56z(

! 

E(x,t)!

! 

H(x,t) @CDEgh((72)!|}~�F�h<# x 
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!"#$ 

!

! 

[HdivB "B # rot H]
x

= µ
0
[HdivH "H # rot H]

x
 

        

! 

= µ
0
HxdivH " [Hy # (rot H)z "Hz # (rot H)y ] 

        

! 

= µ
0
Hx (

"Hx

"x
+
"Hy

"y
+
"Hz

"z
)

! 

"µ
0
Hy # (

$Hy

$x
"
$Hx

$y
) + µ

0
Hz # (

$Hx

$z
"
$Hz

$x
)   

       

! 

= µ
0

"

"x
(
1

2
Hx

2
#
1

2
Hy

2
#
1

2
Hz

2
) + µ

0

"

"y
(Hx $Hy ) + µ

0

"

"z
(Hx $Hz)           (73) 

 div%&'("%)*+%,%-./0123$456789: Maxwell %;

<=>?@A15-(38)%B7C23-:DEFGHIJ567KL3% Maxwell 

%;<=>?@#$ 

  

! 

T
(e)

=

"
0

2
(Ex

2 # Ey

2 # Ez

2
) "

0
Ex $ Ey "

0
Ex $ Ez

"
0
Ey $ Ex

"
0

2
(Ey

2
# Ez

2
# Ex

2
) "

0
Ey $ Ez

"
0
Ez $ Ex "

0
Ez $ Ey

"
0

2
(Ez

2 # Ex

2 # Ey

2
)

% 

& 

' 
' 
' 
' 
' ' 

( 

) 

* 
* 
* 
* 
* * 

       (74) 

MN:DBOP7#$A15-(38)MQRSTUV:W$XXU%56!"%Y'

#

! 

(x,t)MNZ3L:[W$A15-(38)%6\M]NZ3L:D^67KL3%

Maxwell %;<=>?@#$^6_` H!".aL3$  

 

! 

T
(m) =

µ
0

2
(Hx

2 "Hy

2 "Hz

2
) µ

0
Hx #Hy µ

0
Hx #Hz

µ
0
Hy #Hx

µ
0

2
(Hy

2
"Hz

2
"Hx

2
) µ

0
Hy #Hz

µ
0
Hz #Hx µ

0
Hz #Hy

µ
0

2
(Hz

2 "Hx

2 "Hy

2
)

$ 

% 

& 
& 
& 
& 
& & 

' 

( 

) 
) 
) 
) 
) ) 

     (75) 

56!" E.aLJ(74)7bcNOMN:D 

 A15Udef2Jgh7$Maxwell %;<=>?@#$(71)%iK%jkk"

%lk"m'. div.aL3no2J6\%&'UV:DEFGHIJMaxwell 
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!"#$%&'()(74)*(75)!+,-./0)x123456() 

   

! 

[EdivD"D# rot E]
x

+ [HdivB"B # rot H]
x
 

              

! 

=
"

"x
(Txx

(e )
+ Txx

(m )
) +

"

"y
(Txy

(e )
+ Txy

(m )
) +

"

"z
(Txz

(e )
+ Txz

(m )
)         (76) 

,-.7y, z 12345689:(;<*=.7>?@ABCMaxwell !"#

$%&'!12( 

! ! ! ! ! !

! 

Tij = Tij
(e )

+ Tij
(m )                                      (77) 

,-.7DEF3()G15 ,HIJC Maxwell !"#$%&'12

! 

TijK(77),

LMNOBPQ57RS6)iTx)y)z*J6)#!12 Fi* Ti(n)3U"V.

"#$%&' T !WX12YZK>4![\]'

! 

T
i
*VBP)^_`aKbS

6) 

! ! ! ! ! !

! 

F
i
= T

i
(n)dS

S

" = T
i
•n dS

S

" = divT
i
dV

V

"                ! (78) 

c1dV.7eB( (G15f30)c1dJC!*Yg9h,-.7G15 ,!HI

*ijk()(71)! i12KlO65.!,)(78)((71)mn! i123oL,M

.e*,-.7  

           

! 

d

dt
[G

M
(t) +G

e.m.
(t)]

i
= F

i
                             (79) 

RS6)iTx)y)z12K>43p*q6)r!sj3;<,M.7 

! ! ! ! ! !

! 

d

dt
[G

M
(t) +G

e.m.
(t)]= F                             (80) 

eB()t!uvw!xyz2c{|}~�,-�)eBc{#�3oJ5*

5j Newton!uv��E3U"J65.7! �J6)�!{#*J6! F�( 

(74), (75), (77), (78)K�h6Maxwell $%&',;<AB){��#�!��K
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!"#! Newton $%&'()$*+,-./01/%&2$3456789

:;<# (80)=>?@A6BC<D?EFG6";:$%&2345HIJ<#

EF$KLMN>?@AH679:!%&2OPQ9:;<RSOTU<#V

WXYZ[\$D?EFS?@A$%&2$]^2=/_$VWXY`6GS

abS$cbdefg:G6hi9[%&2jGOkl9[%&2m6n9;

RSe-o#?@A$%&2e 

        

! 

G
e.m.
(t) = "

0
µ
0
(E #H)d3x

V

$ = (D#B)d3x
V

$               ! ! (70-2) 

S9[O/RpeVWqrZ[\6stu/?@A$%&2vw=/ 

! ! ! !

! 

g
e.m.
(t) = "

0
µ
0
(E #H) =D#B                              (70-3) 

SL<#xy(64-2)Iz[{|/?@A$}~���vw= 

        

! 

u
e.m.

=
1

2
(E•D+H •B)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (64-2) 

IJg[#R${|6?@A=/�qI=L;O/��$}~���vwS%

&2vwe!"��IJ<S���uLML;#!
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!"#$%& Maxwell '()*+,-#.(/0$(/!

! #%1234567 Maxwell '()*+,(74)89:15 ;<=>?@19A

B&(3x3)CD1EF;G4H  

     

! 

T
(e)

=

"
0
ExEx "

0
ExEy "

0
ExEz

"
0
EyEx "

0
EyEy "

0
EyEz

"
0
EzEx "

0
EzEy "

0
EzEz

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 
 +  

)
"

0

2
E

2
0 0

0 )
"

0

2
E

2
0

0 0 )
"

0

2
E

2

# 

$ 

% 
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% 
% 
% % 

& 

' 

( 
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( 
( 
( ( 

     (81) 

IA&CD8JKCD;9LE&M89NO#%&PQRST>U&VW,X

Y

! 

u
(e )

= ("
0
/2)E

2
= (1/2)E•D1Z[\]^_>`&;a4H

! 

D = "
0
E;a4bc9

! 

Di = "
0
Ei    (i = x,y,z)! ;a4d0`e=fghi9 

      

! 

T
(e)

=

ExDx ExDy ExDz

EyDx EyDy EyDz

EzDx EzDy EzDz

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 

! 

 "   

u
(e )

0 0

0 u
(e )

0

0 0 u
(e )

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 
! ! ! ! ! !     (82) 

0j4H 

 $%1Bkf&567Maxwell'()*+,(75)1Bkf`lmno1pf9 

! ! !

! 

T
(m) =

µ
0
HxHx µ

0
HxHy µ

0
HxHz

µ
0
HyHx µ

0
HyHy µ

0
HyHz

µ
0
HzEx µ

0
HzHy µ

0
HzHz

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 
 +  

(
µ

0

2
H

2
0 0

0 (
µ

0

2
H

2
0

0 0 (
µ

0

2
H

2

" 

# 

$ 
$ 
$ 
$ 
$ $ 

% 

& 

' 
' 
' 
' 
' ' 

  (83) 

NO$%;89

! 

B = µ
0
H;aU9q>&PQRST>U&$%VW,XY89

! 

u
(m ) = (µ

0
/2)H

2 = (1/2)H •B! 0rs;G4bc9 

      

! 

T
(m)

=

HxBx HxBy HxBz

HyBx HyBy HyBz

HzBx HzBy HzBz

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 

! 

 "   

u
(m )

0 0

0 u
(m )

0

0 0 u
(m )

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 
! ! ! ! ! !     (84) 

;a4H 
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(77)!"#$%&'()*+,-Maxwell ./0123-45

! 

Tij6 

! ! ! !

! 

Tij = Tij
(e )

+ Tij
(m )

 

! 

= EiDj + HiB j " (u
(e )

+ u
(m )
)#ij  

! ! ! ! ! ! ! ! ! !  

! 

= EiDj + HiB j " u#ij       ! ! ! ! ! !     (85) 

789:;<-

! 

"ij6=>?@AB-C3DE#

! 

"ij =1(i = j),   "ij = 0(i # j)FGH:! !

u6*+,-IJKLM)"-N?3OBE#!  

! ! ! !

! 

u = u(e ) + u(m ) =
1

2
("
0
E
2 + µ

0
H
2
) =
1

2
(E•D+H •B)           (86) 

EP9:  

! IJQRS=T3U

! 

n = (nx,ny,nz )EP9GV/W./S=T3X

! 

T(n)-Y$4

5Wx45X6#

! 

D•n = D
n
, 

! 

B•n = B
n
-GZF[\]#^_-!`a89: 

 ! !

! 

T
1
(n) = T

1 j " n j

j=1

3

# = Ex (Dx " nx + Dy " ny + Dz " nz)  

                    

! 

+Hx (Bx " nx + By " ny + Bz " nz ) # u " nx  

! ! ! ! ! ! ! ! !  

! 

= E
x
D•n +H

x
B•n" u # n

x
= D

n
E
x

+ B
n
H

x
" u # n

x
 

bcad]#

! 

T(n)-Ye45Wy45X#Yf45Wz45X6# 

      

! 

T
2
(n) = DnEy + BnEy " u # nyg!!! ! !

! 

T
3
(n) = D

n
E
z
+ B

n
H

z
" u # n

z
!

789:hi]#GV/W./S=T3X

! 

T(n)6j-!`aGkEl9: 

      

! 

T(n) =

T
1
(n)

T
2
(n)

T
3
(n)

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 

=

DnEx +BnHx - u ( nx
DnEy +BnHy - u ( ny
DnEz +BnHz - u ( nz

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 
    

                  

! 

= D
n
"E +B

n
"H # u "n 

! ! ! ! ! ! ! ! !

! 

= (D•n) "E + (B•n) "H # u "n   ! ! ! ! ! ! ! ! (87) 

m-no6#IJQRS=T3U nEP9Vap[H9GV/W./S=T3X

! 

T(n)7*+,WE#HX7-qrFst9:E -ruEP9

! 

D•n = D
n
6vAw
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!"#$%&%'(&)*+,-./0123%45-6789:;<=#H
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! 

B•n = B
n
ABCD!"?,#$%&%'(&)*+,-./E2

3%45-678

! 

D•n = D
n
;FG=A#H15%I 15J10-KG=L</MN<

+%"#OO"AP,QRSG8

! 

B•n = B
n
;FG=T#I 15J10 ;UV<=W

XYZ[G8 

! H15"MN<+\]%^0_%'(`)*+,%abcd! 

! ! ! !

! 

u = ("
0
/2)E

2
= (1/2)E•D

! 

= (1/2)DE  

A#OO"A#E_%abcd!efg,# 

! ! ! !

! 

u = u(e ) + u(m ) =
1

2
("
0
E
2 + µ

0
H
2
) =
1

2
(E•D+H •B)! ! ! ! ! ! (86) 

hS,#0E_%'(`)*+,%abcd!;ig@8OYA#jk" 

! ! ! !

! 

u
e.m.

=
1

2
D(x,t) •E(x,t) +

1

2
H(x,t) •B(x,t)                  (64-2) 

h6l<+mnh9o"?@8WXpA^0_%_qhr/9o"#0123

%s;E23-WXYZ[G8I 15-118"A#tuvv#vw#vxy;z@0123

%{1`|%}~��cA#E23;FG=T9:;��"?@8 

! 0E_A#��%abcd!���!

      !  

! 

u = u
e.m.

= u(e ) + u(m ) =
1

2
("
0
E
2 + µ

0
H
2
) =
1

2
(E•D+H •B)! ! ! (86) 

��%������ 

! ! ! ! !

! 

g
e.m.
(t) = "

0
µ
0
(E #H) =D#B        ! ! ! ! ! ! ! ! !  (70-3) 

-�F8R�;#0E_A{��7@abcd!%�Y����������
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! 
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