
 !"#$%& ' !" #$%&"''(*"+ ,"'-.'"!*/+."+ !"$%!&!'()(*)*&+ ,-./*"* 01234 5*")$6*7!'())&"8.9
~∇× ~H = ~j +

∂ ~D

∂t
 !"!#:';!<&68')(*)*&+ ,=>">;>?4 01@09

~∇× ~E = −
∂ ~B

∂t
 !"$#

~H = %&'(" )*+,-./01*
~j = 2.03%,46.*  7/89*0* 2.0:%* ;#
~D = *+*1.0" <*0-64*=8('
~E = *+*1.0" )*+,-./01*
~B = %&'(" >(,81.43(?4* =*4,*( &(,*0*( @&AB*++CD+*468('*(  -3'" E*=*(=*,4('8('*(# 1:((*( &8- ,*( *0-.*( =*4C,*( D+*468('*( &='*+*4.*. B*0,*(F B*(( %&( G8-/.G+46 ,4* H&,8('-*06&+.8(' =*0I1-46.4'.JK8- '*-6+3--*(*0 )+/6* L4*9*(,*0 2.03% = K8- *4('*-6+3--*(*% <3+8%*( &=L4*9*(,* H&,8(' M03 N*4.

∮

A

~j d ~A = −

∫

V

∂ρ

∂t
dV  !"O#

ρ =*,*8.*. ,&=*4 ,4* 7/89*0* ;H&,8('-,46.*J ?&- =*.0&6.*.* <3+8%*( -3++ '039 '*(8' -*4(F -3,&-- I=*0 P3+&04-&.43(-*Q*1.* *." '*%4..*+. B40,"@4. ,*% D&89-6*( 2&.G *0'4=. -46J
∮

A

~j d ~A =

∫

V

~∇ ·~j dV  !"R#8(, ,&%4. B40, &8- ,*0 S30-.*6*(,*( D+*468('J
~∇ ·~j = −

∂ρ

∂t
 T3(.4(84./.-'+*468('#.  !"U#O



 !"# $%& '()*&++,.&/ 0&+12+&%.3/2&/43, 1&5 6/1378%9/,2&,&8: *%;1 13;. <%+1&/ 1&; $%=&;2&/:
~∇ · ~∇× ~E = −

∂

∂t
(~∇ · ~B) >!"?@4++2&5&%/ 2%+8A ~∇ · ~∇× ~a = 0. >!"B@$(5%8 %,8 /3; &%/& C;8,(D.E/2%27&%8 FG; ~∇ · ~B 5H2+%.A

~∇ · ~B = F (~x) >!"I@'%8 1&5 J(3K,.&/ J&,&8: 2%+8 D:2+" C;8,(D.E/2%27&%8 =9/ ~∇ · ~BA
∫

V

(~∇ · ~B) dV =

∮

A

~B d ~A >!"L@M, 2%D8 /(. .&38%2&5 N8(/1  !"#! 5(2/" '9/9O9+&P$(5%8 F9+28A
~∇ · ~B = 0; 655&; &;.(+8&/ >!"!#@$(, $3;.Q383/2,2&,&8: +%&F&;8 &D&/F(++, 13;. <%+1&/ 1&; $%=&;2&/:

~∇ ·~j +
∂

∂t
(~∇ · ~D) = 06/8&2;(+F9;5A[∮

~j · d ~A = −
∂

∂t

∫

~∇ · ~D dV = −
∂

∂t

∫

ρ dV

]

. >!"!!@'%8 1&; R9/8%/3%8E82+&%.3/2 *%;1 1(;(3,
−

∂ρ

∂t
+

∂

∂t
(~∇ · ~D) = 0

~∇ · ~D = ρ. >!"!S@$%& J+&%.3/2&/ !"!T !"ST !"!# 3/1 !"!S ,%/1 1%& '()*&++,.&/ 0&+12+&%.3/2&/ %/ (++2&5&%/2G+8%2&; 09;5"
~D 3/1 ~E D:*" ~H 3/1 ~B *3;1&/ &%/2&FG.;8T 35 1%& 0&+1&U&78& D&% V9;.(/1&/ ,&%/ =9/'(8&;%& 5H2+%.,8 (++2&5&%/ :3 &;F(,,&/" $% &' ((% 2&+8&/ 1%& V&;7/GOF3/2&/

~B = µ◦ · ~H

~D = ε◦ · ~E. >!"!W@$%5&/,%9/&/A H |A/m X B
∣
∣ V s

m2 X E
∣
∣ V

m
D

∣
∣ As

m2 " <&% M%/D;%/2&/ =9/ '(8&;%& %/ 0&+1&; 8;%88 &+&7Y8;%,.& 3/1 5(2/&8%,.& Z9+(;%,(8%9/ (3F >%/13:%&;8& $%O9+F&+1&; 91&; 43,;%.83/2 O&;5(/&/8&;$%O9+&@" [H.&;& '3+%8O9+(/8&%+& 7H//&/ %5 4++2&5&%/&/ =&;/(.+E,,%28 *&;1&/"M+&78;%,.& Z9+(;%,(8%9/A ~P (~x) =
∑

i

ni · 〈~pi〉 >!"! @



 !"#$%&'(*% +,-".'("&',$/ ~M(~x) =
∑

i

ni · 〈~mi〉 0121 3
~pi = q ·∆~x ; ~mi = I ·∆~a 0121435%'-*%$6'*&% 6%. 7,.&% i/

〈pi〉 〈mi〉 = 8'&&-%.%( %-%9&.'(*%( :;<2 8"#$%&'(*%( ='>,-8,8%$& %'$%( 5%'-*%$( 6%. 7,.&% i"8 ?.& ~x2@--#%8%'$ #A-&'#% B%;'%*C$#%$ ;<'(*%$ ~H, ~B, ~D, ~E/
~D = ε◦ · ~E + ~P 0121D3
~B = µ◦( ~H + ~M)
︸ ︷︷ ︸ !"#$# !#%&"'"(& )(& ~M "$' *#" +,-$".#/& 0*1",3 0121E3!'& @C($"*8% F,$ G%..,HI G%..'8"#$%&'(*%$ (,<'% "$6%.%$ !"&%.'"-'%$ 8'& 9,8>-%J%$ K'#%$H(*"G&%$ #'-& GA. $'*& ;C #.,L% ~E C$6 ~H 6'% -'$%".% MN*%.C$#
~P = ε◦χe · ~E 0121O3
~M = χm · ~H. 012PQ3

χeI χm ('$6 6'% %-%9&.'(*% :;<2 8"#$%&'(*% 7C(;%>&':'-'&N&R '8 '(,&.,>%$ !%6'C8 79"-".%I (,$(&5%$(,.%$2 ="$$ %.#%:%$ ('* 6'% (,#2 !"&%.'"-#-%'*C$#%$/
~D = ε◦εr

~E; 8'& εr = χe + 1 012P13
~B = µ◦µr

~H ; 8'& µr = χm + 1 012PP3
εrI µr ('$6 +%.8'&&'F'&N&(;"*- :;<2 +%.8'":'-'&N&(;"*-2 ~j C$6 ~E <%.6%$ A:%. 6'% S%'&GN*'#9%'& σF%.9$A>G&/

~j = σ · ~E 012PT3B%<%#C$#(#-%'*C$# GA. 5%'-*%$ 8'& S"6C$# qI !"((% m C$6 U%(*<'$6'#9%'& ~v '$ %-%9&.,8"H#$%&'(*%$ V%-6%.$/
d

dt
(m · ~v) = q · ( ~E + ~v × ~B) 012PW3 !" #$%&"''('"!*+,(", !, #$-".!" '$+-", /+0$11",("2$00-3
~∇× ~H = ~j +

∂ ~D

∂t

~∇× ~E = −
∂ ~B

∂t
~∇ · ~B = 0
~∇ · ~D = ρ 012P 3 !" #$%&"''('"!*+,(", !, 4$5++13X$ 6'%(%8 V"-- ('$6 ρ,~j 6C.* Y>C$9&GZ.8'#% [I G.%' '8 \"9CC8 :%<%#-'*%I 8"((%:%*"G&%&% S"H6C$#(&.N#%. F%.C.("*& (,<'% 6C.* '6%"- -%'&%$6% ]N$6% "-( @CL%$:%."$6C$# 09%'$ K'$6.'$#%$



 !"# $%& '()*&++,.&/ 0&+12+&%.3/2&/45/ 0&+1&6/7 /36 89&6:;.&/+(13/2&/ 3/1 <,=6>?&@" $(// 2%+=A
c2 · ~∇× ~B =

~j

ε◦
+

∂ ~E

∂t

~∇× ~E = −
∂ ~B

∂t
~∇ · ~B = 0

~∇ · ~E =
ρ

ε◦
B!"C @


