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!"#! $%&  

! Maxwell'()*+,-./0123$%&4&5'()67+839:40

1;<6=; c>?39@4&5'()4ABCDEFG39 

 

HIMaxwell'()J,-.4$%&  

! !22K3BLMNMaxwell4'()OP 

!            

! 

divD(x,t) = "
e
(x,t)! ! ! ! ! ! ! ! ! ! ! ! ! (1) 

             

! 

divB(x,t) = 0                               (2) 

             

! 

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

#t
= i(x,t)                    (3)!

             

! 

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

"t
= 0                       (4) 

4QC4)>?RP@8BS4T)6UV239 

! ! ! ! ! ! !

! 

D(x,t) = " #E(x,t)                           (5) 

              

! 

B(x,t) = µ "H(x,t)                           (6)!

! ,-.4$%W/FG3WXOP,-.4$YZ<O[>?3*+P 

! ! ! ! ! ! !

! 

divD(x,t) = "
e
(x,t) = 0  

\NP,-.>O$]OFG3^_O`D4>P 

! ! ! ! ! ! !

! 

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

#t
= i(x,t) = 0 

Ja39(5),! (6)4b$cJd%ce,-4b$cJd%c

! 

"
0
,   µ

0
Bfg39h

iEP,-.4$%W/FG3j4Maxwell4'()Okl4mnBa39 

!            

! 

divD(x,t) = 0! ! ! ! ! ! ! ! ! ! ! ! !      (7) 

             

! 

divB(x,t) = 0                               (8) 
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! 

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

#t
= 0                          (9)!

             

! 

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

"t
= 0                         (10) 

! ! ! ! ! ! !

! 

D(x,t) = "
0
E(x,t)                             (11) 

              

! 

B(x,t) = µ
0
H(x,t)                             (12)!

op4T)/qDEPEPHrs4)Bt2JP 

!            

! 

divE(x,t) = 0! ! ! ! ! ! ! ! ! ! ! ! !     !   (13) 

             

! 

divH(x,t) = 0                                !  (14) 

             

! 

rot H(x,t) "#
0

$E(x,t)

$t
= 0                       ! (15)!

             

! 

rot E(x,t) + µ
0

"H(x,t)

"t
= 0                     ! (16) 

@@>P(15)4 rot/uiEP 

! ! ! ! ! ! !

! 

rot rot H(x,t) "#
0

$

$t
{rotE(x,t)} = 0! ! ! ! ! ! !  (17) 

Ja36PvwxBO rotBy23S4z{)P 

! ! ! ! !

! 

rot rot A = grad div A "# A = grad div A "$
2
 A  

/|DP}B(14)4~�/|n9:MEPvTxBO(16)/|nJP(15)O 

! ! ! ! !

! 

"#
2
 H(x,t) + $

0
µ

0

% 2

%t 2
H(x,t) = 0  

JaRP��P 

! ! ! ! !  

! 

" 2

"t 2
H(x,t) =

1

#
0
µ

0

$
2
 H(x,t)                          (18) 

Ja39 

 (16)4 rot/uiE EBCDE��@J/�R�2JP 
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! ! ! ! ! !

! 

rot rot E(x,t) + µ
0

"

"t
rotH(x,t) = 0  

            

! 

"#
2
E(x,t) + $

0
µ
0

% 2

%t 2
E(x,t) = 0 

            

! 

" 2

"t 2
E(x,t) =

1

#
0
µ

0

$
2
 E(x,t)! ! ! ! ! ! ! ! ! ! ! ! ! (19) 

Ja39��P%WJ$WBCDES4'()67+839 

! ! ! ! !  

! 

" 2

"t 2
H(x,t) =

1

#
0
µ

0

$
2
 H(x,t)                          (18) 

           

! 

" 2

"t 2
E(x,t) =

1

#
0
µ

0

$
2
 E(x,t)! ! ! ! ! ! ! ! ! ! ! ! ! (19) 

@8OP&5'()>?RPS�>��23mnBP��4-����4��

O&5401;<4T�/��MED39�BP$%&4,-.401;</ u

J23JP!

!!!!!!!!!!!

! 

u
2 =

1

"
0
#µ

0

= c 2! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (20-1)!

>?RP!

! ! ! ! !

! 

c =
1

"0 #µ0
= 2.99792458 $108(m /s)!!!!!!!!!!!!!!!!!!!(20-2) 

01;<6,-.4=; � >?39&5'()J:4ABCDEOS�>��

239! 

! Maxwell O 1861 �BPWeber J Kohlrausch(1856)6���B��MN

! 

c
w
 6

¡4$%&401;< cJP

! 

c
w

= 2 " c4y�B?3@JB¢£DN9¤¥¦8

301;< cO 3.11x10
8
m/secJaRPFizeau6 1849�B§¢.>¨�MN=;

<(3.153±0.005)x10
8
m/sec B©ªB«D@J/¬MN®I9:MEP$%&6�

¯23@JOP1888�B HertzBmR°±¦8N9«²³4FG'6 Newtonk
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´4µ¶³�BJ·¸/¹2@JBa39NrMPº�2»¼OP½¾4¿,

-À4FG'JP19 ÁÂÃ>4¿,-À4FG'6Än@J>?39ÅÆ4Ç

A>OP¿,-JOÈÉÊËJÌnÍÎ>ÏN¦8ED3ÀJ4FG'6ÐsÑ

8+8EDN9@4ÒÓO!27>ÔÕMmn9! !

! ÖB!22K3>�»NmnBP×Maxwell4'()ØJÙÚ83e4OP�jOP

MaxwellÛÜ4Ý½(1865)/PÞßàáâã(1885)JÞËä(1890)6åæÇMN�

ç>?RPè´O”Maxwell-Heaviside-Hertz 4'()ØJÙé»¼J4�ê6?

3®I@JeëMEìDN9!@4×Maxwell4'()Ø*+,-.4$%W4&

5'()/íî@JOPïë4mnBPð¸EñòÉóBôõ9! :4Çö4

wCO÷øùËúûÊüýþË/ÝBÿ¦aD!>íÿ>¼3*+>?39?

N*eP¿,-.4$%W4&5'()/íîmnB×Maxwell 4'()Ø6"

G+8ED3ÀJeÌG:n>?39 ñ#$ÉúûÊüýþËJ÷øùËúû

ÊüýþË/qDEP¿$%ûÊüýþËÀ/�%MP@4¿$%ûÊüýþËÀ

BmR×Maxwell4'()Ø/&¼'GEÔÕ23@JOP!25>(n9 
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!"#$%&'()*+  

! ,-#$%&'  

! ./0*#$%&'12.342 

! ! ! ! ! ! !

! 

" 2#(x, t)

"t 2
= u

2 "
2#(x, t)

"x 2
! ! ! ! ! ! ! ! ! ! ! ! ! (21) 

567-

! 

"(x, t)1289:*:;12/<5=>?7@A48:, 9:*BC*

DE%F*GH2IJKLM7#NO

! 

"(x, t)1PQIJRO*IJ*STUV2

W#NOXYUZ[2N\(N7-.3412]OR*^_UZK`E?7a

b[Kc?-u 1)*ab[defKLg?7hY567- (21)512efi

j1 x*k*./0567RO2

! 

"(x, t)1)*Vl x5*mf t4no7pqr

s*ab[567-LghY ut(21)51./0*LghY(N7*52pqr

s567- 

! pqrs*ab[2uvw2xy*XY28:* x GHN\2d 3 /0ef

KLg?7@AN:;*#$%&'12r=(x,y,z)KVlz{|}(~�2 

! ! ! ! ! !

! 

" 2#(r, t)

"t 2
= u

2
{
" 2#(r, t)

"x 2
+
" 2#(r, t)

"y 2
+
" 2#(r, t)

"z2
}        ! (22) 

(N7-��12 

           

! 

" 2#(r, t)

"t 2
= u

2$#(r,t)! �1!

! 

(
" 2

"t 2
#u2$)%(r,t) = 0!    (22�1) 

(c�5�7-r�rp���

! 

"1��r���K���

! 

"
2567RO2(22�

1)5

! 

"K

! 

"
24l��v�t��-LghY u12

! 

u
2
" u

2(z{|}(N7-~

R~2�%�NxyLghY567NO2pqrsu *��5t��.! ��5

*

! 

"(r, t)1efVl r=(x,y,z)5mf t 5*pqrs*ab[567RO2(22)*

+1pqrs#(��7- 
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! !"#$%&'()*+,-./012#34

! 

E = (Ex,Ey,Ez )564

! 

H = (Hx,Hy,Hz )&789:;<=)/#>&781:;<='()*?@ABC

DEFGH4I&$%"JK0L81H/MN8OP! (22)&+,-.'()

)

! 

"(r, t)D:;<=)
  

! 

! 
" (r, t) = [#

x
(r, t),  #

x
(r,t),  #

x
(r, t)]9QRSTU&91HV  

! ! ! !

  

! 

" 2
! 
# (r, t)

"t 2
= u

2
{
" 2
! 
# (r, t))

"x 2
+
" 2
! 
# (r,t)

"y 2
+
" 2
! 
# (r,t)

"z2
}! ! ! ! ! ! ! ! ! (23) 

WXY#  

        
  

! 

" 2
! 
# (r, t)

"t 2
= u

2
$
! 
# (r,t)! Z0!

  

! 

(
" 2

"t 2
#u

2
$)
! 
% (r,t) = 0!   ! ! ! !  (23[1) 

/MHV\]/^T364_E#H`&$%"JK*ab9cHVSOS#(23)#

(23[1)D x#y#z&def9ghbi# 

! ! ! !

! 

" 2#
x
(r,t)

"t 2
= u

x

2
$#

x
(r, t), 

        

! 

" 2#y (r,t)

"t 2
= uy

2
$#y (r, t),! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (23[2) 

        

! 

" 2#
z
(r,t)

"t 2
= u

z

2
$#

z
(r, t), 

j1H&/#:;<=)&$%/MXYU# (22)#(22[1)/&+,-.$

! 

"(r, t)

Dkde9cY0lYghHajjmn/MHVWXY#(21)j(22)&$%"J

K&oDghbipqaj91HVrBs&364&4I0#L&781"t

/UEFuv0 c/wSq&/#

! 

ux = uy = uz = c/MHV 

 

xV !@A&$%"JK&o  

! !@A&$%"JK(21)&!yoDgh78Va&"JK0 

! ! !

! 

(
" 2

"t 2
# u2

" 2

"x 2
)$(x, t) = 0   z!

! 

(
"

"t
+ u

"

"x
)(
"

"t
# u

"

"x
)$(x, t) = 0     (24) 
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!"#$%&'()&*+,-.+/ 

! ! ! !

! 

(
"

"t
+ u

"

"x
)#(x, t) = 0,      

! 

(
"

"t
# u

"

"x
)$(x, t) = 0 ,           (25) 

!01/2343.*5/ f!g'67.8)!9:/ 

! ! ! !  

! 

"(x, t) = f (t # x /u) ,        

! 

"(x, t) = g(t + x /u)            (26) 

';<-=!>?@-A (26)>(25)/(21)'BCD=!5E.FGHIJ+,-A 

! 

" = t # x /u !9:/

! 

f (")5, 

  

! 

"#

"t
=
"f

"$
%
"$

"t
=
"f

"$
= f ',       

! 

"u
#$

#x
= "u

#f

#%
&
#%

#x
= "u

#f

#%
& ("

1

u
) = f ', 

!

! 

" 2#

"t 2
=
"

"$
(
"f

"$
) = f ' ',            

! 

u
2 "

2#

"x 2
= u

"

"x
(u
"#

"x
) = u

"

"x
($ f ') = $u

"f '

"%
&
"%

"x
= f ' ', 

KLH9:/ 

! 

" = t + x /u  !9:/

! 

" = g(#)';<-!/ 

!

! 

"#

"t
=
"g

"$
%
"$

"t
=
"g

"$
= g',     

! 

u
"#

"x
= u

"g

"$
%
"$

"x
= u

"g

"$
%
1

u
= g', 

!

! 

" 2#

"t 2
=
"

"$
(
"g

"$
) = g' ',         

! 

u
2 "

2#

"x 2
= u

"

"x
(u
"#

"x
) = u

"g'

"x
= u

"g'

"$
%
"$

"x
= g' ', 

=.FGH9:/MEN.OPQRS 

! ! ! ! ! !

! 

" 2#(x, t)

"t 2
= u

2 "
2#(x, t)

"x 2
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (21) 

.MT*5/(26).MEUV+W-A 

! ! ! !

! 

"(x, t) = f (t # x /u) + g(t + x /u)! ! ! ! ! ! ! ! ! ! ! ! ! ! (27) 

MEUV.X)5/8)>67+W-.+/2.YHZ[:;<-A8)56

7+W->/2.\)]x/t^._.8`>ab-A 

! =.\)_.8`'/

! 

"(x, t) = f (t # x /u)+c:dFGAe_ t!]tfgt +̂

! 

"

.h'ij:d-A 
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! ! ! !

! 

"(x, t + #t) = f (t + #t $ x /u) = f (t $
[x $ u#t]

u
)              (28) 

!"#$

! 

"(x, t) = f (t # x /u)%&'( x)

! 

[x " u#t]%*+,-./012(345

60 t)789:;:<=->$

! 

"(x, t)) x%?@>ABCD@.4EF 24G1H$

! 

"(x, t + #t)#

! 

"(x, t)) x IJKL%M'NOPQ.RI12(3

! 

u"t#45

! 

"tI

51I$SOI xKLTINOUV12(3WX>$

! 

"(x, t) = f (t # x /u)# xKL

%YZ[\ u1NO](^_S)`]3 

 

 

 

 

 

 

 

 

 

! 

g(t + x /u)%ab>R$ 

!            

! 

"(x, t + #t) = g(t +
[x + u#t]

u
)  

<c(de$

! 

g(t + x /u)#$YZ[\ u1 xIfKL%NO](SO12(I1$

ghS<ij$YZ[\u1 xIJKL%NO](^_S

! 

f (t " x /u)<kl](3

mnoISOKpqImrs#^_S<ghSIt12(3f!g Iuvwc/

0xESx/0H#SIye"KESOIz{H%|(3Sx/0#$F 24-

! 

u"t  

! 

f (t " x /u)  

! 

f (t "
[x " u#t]

u
)  

x 

! 

"(x, t)

 

F 24G13

! 

"(x, t) = f (t # x /u)#YZ[\ u1 xKL%NO](

^_S12(3 
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!"#$%&'()*+",-./012

! 

f (t " x /u)34567389:(;<

"#$%=>?@389:A(B(;C"#$%DE?@"012FGHIJ

KLMN"OPQRS345A 

             

! 

"(x, t) = acos[#(t $ x /u) + %]                      (29) 

a TUVW@345AXTYZ2@345ADE?@"[@\345

! 

["(t # x /u) + $]T]^L_`a5AbT t=0cx=0L()dQef5]^345B

g;hi]^L_`a5A 

! (29)"Zi?@"j@T tL x345"3;2kTdlmQ8nlmQ8Zi

oFpqAdl"ZioBg;C"rsFt)qdllu"W@ T/vwq5A  

! ! ! ! ! ! ! !

! 

"(x, t) ="(x, t + T)! ! ! ! ! ! ! ! ! ! ! ! !  (30) 

(29)Fx:I 

! ! ! ! ! ! !

! 

cos["(t # x /u) + $] = cos["(t + T # x /u) + $]! ! ! ! (31) 

345Aya#z;

! 

"T = 2#  34z;

! 

" = 2# /T = 2#$L%5ATT{|}~/�

z��a5��dllu;q%��Zi345A�ZY 2������FZi T

3��)

! 

"TYZ2@345AUk@T

! 

" =1/T3Zi"�@3;dl"�@"

C�F�+A 

! nl"Zio"rsBgc2k"nlm�z�("��lu"W@c2����

/�ga5A 

! ! ! ! ! ! !

! 

"(x, t) ="(x + #,t)! ! ! ! ! ! ! ! !  ! ! ! !  !  (32) 

(29)Fx:I; 

! ! ! ! ! !

! 

cos["(t # x /u) + $] = cos{"[t # (x + %) /u]+ $}! ! ! ! !  (33) 

345Ay"rsT

! 

"# /u = 2$345A�Q;2�T 
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! 

" = 2# $ u /% = u $T = u /& !                          (34) 

!"#$%&'()*+',-'./0',-1234'!

       ! !

! 

u = " /T = "# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (35) 

!"#$5167485*+ c9:;' 

! 

c = "#!"#$ 

! <=>?! x@AB()*+ u!CD,/

! 

f (t " x /u)'

! 

cos["(t # x /u) + $]EF

GH67'

! 

f (x /u " t),    cos[#(x /u " t) + $]I,/@JKELM:'x @AB u !

()N#CO,!"#$,/@JKBPQ:'RS*+ETUVWX#$ 

     !

! 

cos["(t # x /u) + $] = cos{#["(x /u # t) # $]} = cos["(x /u # t) # $] 

!"#YZ'

! 

cos["(x /u # t) # $]!I[\$]]!4 

! 

cos["(t # x /u) + $]1@E^

_;\#$:Y:'`a4bcRS1deEfgB:h\9ij!4h\]9

B=>$I:'

! 

cos["(x /u # t) + $]  EklN#9']VBm:\14 

! 

cos["(t # x /u) # $]!"#$! n&ZEklN#Y4'opq1raBs_;t

h_;\#$]1u\v\;4wBx+yz#$ 

 

3.  {|}1,/@JK1~  

! 3 |}��E()N#�����

! 

"(r, t)1,/@JK4'�y1s�B

r=(x,y,z)ER�����9:;' 

! ! ! ! ! !

! 

" 2#(r, t)

"t 2
= u

2
{
" 2#(r, t)

"x 2
+
" 2#(r, t)

"y 2
+
" 2#(r, t)

"z2
}        ! (22) 

!"#$]]!4m@�4()*+ u E��:;\#$���h{|}���

�1,/9:;��h14'��,9��,!"#$u�!�ZV#,/��

1u�YZ��h��E�|}@AB()N#�',�4��9h#$]V�
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!"#$%&'()*+,-./0123!"#4*56789:;7<=>*

+,#?@A"BCDE#$FG$H*DE)I7JKCA"$LM#N7C

&OPQ&RO4ST&'UV#,WX7Y9Z[26$\2=]^_&' 

 

`3.1! !"#,ab!

! c3de,(-7fghiO_O*+Rh#.72Zjk7lN#,#m4

jk7no&'RphqrsB72Z*-.4tuv-7%&WX,!"#/

0PQwxyz 24{2|'#?}~

! 

"(r,t)@v-/0,�� r* 

! ! ! ! ! ! ! !

! 

r = (x
2

+ y
2

+ z
2
)
(1/ 2)
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (36) 

O>� t,}~$%&'!��O_&/0*:;���� r@�� r7;H�o

&' 

  

 

 

 

 

 

 

 

 

! 

"(r,t)7Y9Z*x*y*z*7}_& 2�,��6h��*(22),#?)��7�

�_&' 

r 

O 

x 

y 

z 

z 24{2. #.4tuv-7%&WX,

!"#,#"' 
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!     

! 

"#

"x
=
"#

"r

"r

"x
=
"#

"r
(
1

2
) $ (x 2 + y

2
+ z

2
)
(%1/ 2) $ 2x =

"#

"r
$
x

r
 

  ! !

! 

" 2#

"x 2
=
"

"x
(
"#

"r
$
x

r
)

! 

=
x

r
"
#

#x
(
#$

#r
) +

#$

#r
"
1

r
+
#$

#r
" x "

#(1/r)

#x
 

      ! !

! 

=
" 2#

"r2
$ x 2 /r2 +

"#

"r
$
1

r
+
"#

"r
$ x $ (%r%2) $ (

x

r
)

! 

=
x
2

r
2

" 2#

"r2
+
1

r

"#

"r
$
x
2

r
3

"#

"r
 

  !"#x#y#z"$%& 2'()*+,# 

! ! ! !

! 

" 2#

"x 2
=
x
2

r
2

" 2#

"r2
+
1

r

"#

"r
$
x
2

r
3

"#

"r
 

! ! ! !

! 

" 2#

"y 2
=
y
2

r
2

" 2#

"r2
+
1

r

"#

"r
$
y
2

r
3

"#

"r
 

! ! ! !

! 

" 2#

"z2
=
z
2

r
2

" 2#

"r2
+
1

r

"#

"r
$
z
2

r
3

"#

"r
 

-./0123# 

! ! ! !

! 

" 2#(r,t)

"x 2
+
" 2#(r,t)

"y 2
+
" 2#(r,t)

"z2

! 

=
" 2#

"r2
+
2

r

"#

"r
=
1

r
$
" 2(r $#)

"r2
       (37) 

(22)(45678,# 

! ! ! !

! 

1

u
2

" 2#(r,t)

"t 2
=
1

r
$
" 2{r $#(r,t)}

"r2
                             (38)  

9:&;-.0<=>23# 

! ! ! !

! 

" 2{r #$(r,t)}

"t 2
= u

2 "
2
{r #$(r,t)}

"r2
!                          (39) 

?@/.&;-.,(21)(ABC(456789DEFG&(F#H(AIJF

G&(27)(

! 

"(x, t) = f (t # x /u) + g(t + x /u)0KLF=&;(39)(MN49OP4(

J, 

! ! ! !

! 

r "#(r,t) = f (t $ r /u) ,   

! 

r "#(r,t) = g(t + r /u)  

FG&Q/#RS4(MN49OP4(AIJ,# 

! ! ! !

! 

"(r,t) = (1/r) # f (t $ r /u) ,   

! 

"(r,t) = (1/r) # g(t + r /u)! ! ! ! ! ! (40) 
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!"#$%&'()*+,-./01234#567!89:(;<=>?@

ABCD4#$%E'(8/0-.)*+,1FG4#HI7!89:(;<

=>?@ABJK4#$ 

 

LMNO! PQ7RSTUVWXY Z [\]!"#^_`!

! &abcdefghijk8lmR\]RUV4#nopqRPQ7krs

#$u(UVWXtuvwkxyA8(22)RS!bz{|b.b}$  

! ! ! ! ! ! !

! 

" 2#(r, t)

"t 2
= u

2
{
" 2#(r, t)

"x 2
+
" 2#(r, t)

"y 2
+
" 2#(r, t)

"z2
}        ! (22) 

~A8UV\]Y x[\]=&�AB}#567RPQ7b.8�RS(8 

            !

! 

"(x, t) = acos[#(t $ x /u) + %]                      (29) 

�( 

! ! ! ! ! ! !

! 

"(x, t) = acos[#(x /u $ t) $ %]                      (29’) 

!��!�#$ 

! "#�� t =8"#PQ�R,Y8�B�A}

! 

["(t # x /u) + $]R�8��8�

�8k��B}#b.8�RPQ�!(���

! 

"(x, t)(�B�A�8�&R��

�b�B}#$�R��bPQk���Q�(7Q���$UV\]Y x[\

]=&�AB}#(29)R^_(8 x=const.!�m�{# x[= ¡bPQ¢y£z

Q¤Y���Q!"#$(29)!R���QR¥¦(8 

! ! ! ! ! ! !

! 

"(t # x /u) + $ = const.! ! ! ! ! ! ! ! ! ! ! ! !  ! (41) 

!"#-.. 

! 

x = ut " (u /#)(const "$)!"#$A-A§¨,©§u(mªbR!§  

! ! ! ! ! ! ! !

! 

x = u " t + const.! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (23) 
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!"#$%&'()*+,-./0u!"#$%&12340560#$34

)*+-789:;<+, 

 (29) &!

! 

"(x, t) = acos[#(t $ x /u) + %]  /=>2?7#$348@AB=

! 

" = 2#$   

)*+CD=                

 ! ! ! !

! 

"(x, t) = acos[2#$(t % x /u) + &] 

EF7#$348@AB=

! 

" = (2# /$)u  )*+CD, 

         

! 

"(x, t) = acos[(2# /$)(ut % x) + &] 7G+,               (42) 

! (42))

! 

" = 07:;0

! 

"(x, t = 0) = acos[(2# /$)(%x)]7

! 

"(x, t) = acos[(2# /$)(ut % x)]

&HI&EJ8, t8K?)/GLMNOPQP7RA;0STUL7S 24-3&

VWTG+,

! 

"(x, t) = acos[(2# /$)(ut % x)]/0 

           

! 

"(x, t) = acos{(2# /$)[%(x % ut)]} 

)*+CD0

! 

"(x, t = 0) = acos[(2# /$)(%x)]8 x&XYZT ut[\]^12:_ 

 

 

 

 

 

 

 

 

 

 

x`a 

! 

"  

x 

ut ut 

! 

"(x, t = 0) = acos[(2# /$)(%x)] 

! 

"(x, t) = acos{(2# /$)[%(x % ut)]} 

S 24b3,cdefg) xYZT#$34h)ij]%E,-&E

2&"#$%/0i^YZ xTklG ybz%T*+, 
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!"#$%&'(" x)(x!ut)*+,-./#$0. 

! 

"(x, t) =

! 

acos[(2" /#)(ut $ x)]

1&x23)4567 u#89:;<=>?#$0@ 

!  
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3.3! !"#$%&'()*+,-$./$01  

! 23$4./56789:;$./<x=4./>?'(@ABC!"#DE

24F4DGHIJKLAM!!

 

 

 

 

 

 

 

 

 

 

!

x' 46(29)$ x4NOP5QA$59xD x'! ?RSTLJKLUVWXM 

          

! 

"(x',t) = acos[#{t $ (x ' /u)}+ %]                        (43) 

x'$Y69'(./?Z[\<O]Q>$^_5Q`9aU?bc7Pde"<S>

f$g6hJO:$YDiLAaN?7AMg P 6Pde"<S>$gDjkI

JXAMO]P$ OFQFx=4l$mno+ O]Q5QApq9aU6rst./

$Bduvwx<l>Ng P$dRuvwxN$yz5QAM{[J 

        

! 

"(r, t) = acos[#{t $ (l % r) /u}+ &]                   ! ! !  (44) 

Nk|5SAM

! 

" # t  6}$~~?IJr

! 

{"(l # r) /u}69���$

! 

" = 2# $ u /%! p

y 

x 

z 

x=<st./> 

! " # $!

Pde" S 

l! (st./$

Bduvwx) 

P 

Pde"f$g P$

dRuvwx r 

O 

Q 

E 24F4M:;$./ x’?s�!"#N}$Pde"M 
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!"

! 

" /u = 2# /$  #$%&'"(&)*+,-./0123%#" 

!    

! 

"(r,t) = acos[# $ t % (l $ r)# /u + &] = acos[# $ t % (l $ r)(2' /() + &]  !  (45) 

#$%4(('" 

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

! 

(l " r)(2# /$) = ((2# /$)l " r) = (k " r)!!!!!!!!!!!!!!! (46) 

#05"67"89:;,<=>?@ABC l,DEF'GHIJKLMNO&!

,DP@ABC"!

! ! ! ! ! ! ! ! ! !

! 

k = (2" /#)l! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (47)!

#QR=%4S&TUI(45)V"!

! ! ! ! !!!!!!!

! 

"(r, t) = acos[# $ t % (k $ r) + &]!!!!!!!!!!!!!!!!!!  (48)!

#$%4!

! 89:;,<=>?@ABC l& W"X"YZ[V"89:;# W\]$=^_

`&ab"X\#$=^_c&ab"Y\#$=^_d&ab'e%467"8

9:;&:;ab'e%4!

! ! ! ! ! !!!l

! 

= (cos",cos#,cos$)f!!

! 

cos
2" + cos

2 # + cos
2 $ =1!

DP@ABC

! 

k&g1hV"

! 

k = 2" /# =$ /u'IS&;1VDi&jk:;'

e%4Di:l+mno%&V u
2
 'e%p!" 

! ! ! ! ! !   

! 

" 2
= k

2
u
2

= (kx
2

+ ky
2

+ kz
2
)u

2 

#<n=%4

! 

(k " r)V"qrst O#u?vw#&xyzO{Q|m"}~&D

]��./�%p,<=P,JKLMNO&'e%4D&P,<=&'DP@

ABC#��4  

 (48)VI��P&<nz

! 

e
i"

= exp(i") = cos" + i # sin"|m�M/��ho%(#

]��. 
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! 

"(r, t) = a # ei[$ t%(k #r )+& ]
= a # exp{i[$ t % (k # r) + &]}!

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

! 

A = ae
i"!%789:;<=!

!!!!!!!!!!!

! 

"(r, t) = Ae
i(# t$k•r )

= A % exp{i(# t $ k • r)}!                  (49) 

!">=?2"@AB4BCDEFGHI#$1234JK0LMNOPQ= 

(49)4R3SST

! 

Re{"(r, t)}FBC4RU4VWX,YZ.#![\.#$ 

 12356

! 

A = ae
i"4]^1230 A*!.#!=

! 

A* = ae
" i#_`#$

! 

"(r, t)4]

^1230

! 

" * (r,t)!.#!=

! 

" * (r,t) = A* #exp{$i(%t $ k • r)}!"#$aI0b

c!=BC4R3ST0

! 

Re{"(r, t)}=de3ST0

! 

Im{"(r,t)}!.#!=!

!!!!!!!!

! 

Re{"(r, t)} =
1

2
["(r, t) +" * (r,t)] 

! ! ! !

! 

Im{"(r,t)} =
1

2i
["(r,t) #" * (r, t)] 

_`#$fN= 

! ! ! !

! 

"(r,t)
2

="(r, t) #" * (r,t) 

_`#$aIHQghO4ij!%7k26-5)-2_lmnop.#$ 

! (48)fNQ(49)4

! 

"(r, t)Q=qrst_`#&H=BC4VWXFuvwxX

_`#OPQ=

! 

"(r, t)Qy4VWX4z{4 x=y=z|T},YZ%7M#$u

vwxX4 x|T"H= (48)!(49)4

! 

"(r, t)Q 

! ! ! ! ! !

! 

"
x
(r,t) = a

x
cos[# $ t % (k $ r) + &]!!!!!!!!!!!!!!!!!!     (50) 

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

! 

"
x
(r,t) = A

x
e
i(# t$k %r )

= A
x
% exp{i(# t $k % r)}!             (51) 

!J~.#$uvwxX!%74BC4VWXQ 

! 

("x (r, t),  "y (r,t),  "z(r, t))  !"

#$��4�,��%7=��_Q@AB!%74ghB,�M7���c$ 

! y4�,=����!%7��N�,�M7mn���w.#$aa_Q r
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!"#$ k!%&'()*+,- 

! ! ! ! !!!!!!!

! 

"(r, t) = acos[# $ t % (k $ r) + &]!!!!!!!!!!!!!!!!!!  (48)!

! ! ! ! ! ! ! !

! 

"(r, t) = Ae
i(# t$k•r )

= A % exp{i(# t $ k • r)}!          (49) 

./0123456789:

! 

A = ae
i"$;

! 

a:<=$>45?@AB$CDEF

G';(48): 

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

! 

"'(r, t) = acos[(k # r) $% # t $ &]!!!!!!!!!!!!!!!!!!!  

$HI35JK-L34.;67=!,MNO:; 

! ! ! ! ! ! ! !

! 

"'(r, t) = ae
i(k•r#$ t#% )

= ae
# i% & exp{i(k • r #$ t)}! !

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

! 

= A* "exp{#i($ t # k • r)}                     

.P45

! 

"'(r, t):(49)!

! 

"(r, t)!67QR$>S;

! 

" * (r,t)!J.$>450<!

,M!TU:

! 

Re["(r, t)]$>4.VW234!$;

! 

Re["(r, t)]= Re[" * (r, t)]$>S;

67QR!

! 

" * (r,t)HX$>45YE;

! 

[" * (r, t)]*="(r,t)$>45Z[\;]%

^XP\_%HX$>45 

! ,MNO: k!%&'()*+,-/`[\; 

! 

k • r'abc^d[P3%-

ef`4J.Hg35h!ij;kl:mn"o'Hpbc-dq2; 

! ! ! ! ! ! ! !

! 

"(r, t) = acos[(k # r) $% # t + &]!!!!!!!!!!!!!!!!!!! (48’) 

.`4!$;67=!,MNO: 

! ! ! ! ! ! ! !

! 

"(r, t) = Ae
i(k # r$%# t )

= Aexp[i(k # r $% # t)]! ! ! ! ! ! (49’) 

.P45 

! JJ$:<=r=.1E,=stuv!wxy;zH;]{':;67=.

12VW4J.^$x45JK\!|}'~32:;�W������P�-��

yKE35 
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!"#$%&'(%)  

! #$%&%*+,-./ 

! ! ! ! ! ! ! !

! 

" 2

"t 2
H(x,t) =

1

#
0
µ

0

$
2
 H(x,t)                   (52) 

! ! ! ! ! ! ! !

! 

" 2

"t 2
E(x,t) =

1

#
0
µ

0

$
2
 E(x,t)                    (53) 

01234(48)&

! 

"(r, t) = acos[# $ t % (k $ r) + &]!5678/#9 E :;<=>?/

'(%&)?@8&#9 E./!

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

! 

E(x,t) = e
( i) " (E

0
)i cos[# " t $ (k " x) + %]

i= x,y,z

& !!!!!!!!(54) 

?A>4BCDEFG./x/y/z &HIJKL0MNO>&0/x 567>4 

#9 E(x, t).DEFG01>:;/

! 

e
(x )

,  e
(y )

,  e
(z ). P/Q/R+S&TBDEFG5

MO4UVW&XY.!

! 

(E
0
)x,  (E0

)y,  (E0
)z0/ (48)&XYZ[\]^_O>4(48)!

5`6@3&0/ 

! ! ! ! ! ! ! !

! 

" #$ % t & (k % x) + ' ! ! ! ! ! ! ! ! ! ! ! ! !  (55) 

0B^.VW0a@74b]/(54)&'(%). 

      

! 

E(x,t) = {e
(x )
" (E

0
)x + e

(y )
" (E

0
)y + e

(z)
" (E

0
)z}cos# ! !         (56) 

?MN0c>4de5fg#$9& Maxwell +,-(13)&

! 

divE(x,t) = 0]hi@

8j>?/ 

! !

! 

divE(x,t) =
"Ex

"x
+
"Ey

"y
+
"Ez

"z
 

            

! 

= (E
0
)x
"

"x
cos# + (E

0
)y
"

"y
cos# + (E

0
)z
"

"z
cos#  

            

! 

= (E
0
)x
"cos#

"#

"#

"x
+ (E

0
)y
"cos#

"#

"#

"y
+ (E

0
)z
"cos#

"#

"#

"z
 

           

! 

= "{(E
0
)x # kx + (E

0
)y # ky + (E

0
)z # kz} # sin$ = 0            (57) 
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 !"#$%&'()*+,-.#/0+1 

! ! ! ! ! ! !

! 

(E
0
)x kx + (E

0
)y ky + (E

0
)z kz =E

0
•k = 0                  (58) 

!"#$! 23456789:;.4<=>?@ k A

! 

E
0
1BCDEF#$GH

EI(58)JKI4<=>?@ kA

! 

E(x,t)1BCDILM=>?@1 k+NBO2

3P+"#$QRI

! 

E(x,t)1S4!"#A%A'T#$UVWX1 H +YFE

Z,-.#5!I

! 

H(x,t)ZS4!"#$ 

! [\1I

! 

E(x,t)A

! 

H(x,t)5,]A^_5`a'b5cd+OHEF#J!"#$ 

%&:ef#g+I(56) 5 rot:h#AI 

     

! 

rotE = (
"Ez

"y
#
"Ey

"z
) $ e

(x )
+ (
"Ex

"z
#
"Ez

"x
) $ e

(y )
+ (
"Ey

"x
#
"Ex

"y
) $ e

(z )  

         

! 

= [sin"(E
0
)z ky # sin"(E0

)y kz ] $ e
(x ) 

          

! 

+[sin"(E
0
)x kz # sin"(E0

)z kx ] $ e
(y ) 

          

! 

+[sin"(E
0
)y kx # sin"(E0

)x ky ] $ e
(z)                        (59) 

%5ij:klLmM5Maxwell8no(16)5 

! 

rot E(x,t) + µ
0

"H(x,t)

"t
= 0 +pq

.#AmM=>?@'rK&#5!I%&:ef#$ 

 st!1I[\:uv+.#g+I4<=>?@ k :

! 

k = (k
x
,0,0)A x89+6

w234:ef#$(59)1 

! ! !

! 

rotE = "sin#(E
0
)z kx $ e

(y )
+ sin#(E

0
)y kx $ e

(z )
! ! ! ! ! ! ! ! ! (60) 

Auv+O#$

! 

k = (k
x
,0,0)A x89+6w234+xyD/%AJKIkx5z'

{HEF#$|/IE'S4!"#%AJK

! 

(E
0
)
x
=0!

! 

(E
0
)y,  (E0

)z5z'{HE

F#$ LM=>?@ E}~1I 

! ! !

! 

E(x,t) = e
(y )
" (E

0
)y cos# + e

(z)
" (E

0
)z cos#                      (61) 
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!"#$%&'(61)(Maxwell)*+(16),-./&!0 

!   

! 

µ
0

"H(x,t)

"t
= #rotE = sin$(E

0
)z kx % e

(y )
# sin$(E

0
)y kx % e

(z)          (62) 

12&'34156$0 

! ! ! ! !

! 

µ
0

"Hy

"t
= (sin#)(E

0
)z kx  

! ! ! ! !

! 

µ
0

"Hz

"t
= #(sin$)(E

0
)y kx  

!"&7809:8(;<1=4>$0 

     

! 

µ
0
Hy = (E

0
)z kx sin"zdt# = (E

0
)z kx sin"(

1

$
)d"# = %

1

$
(E

0
)z kx cos"  

! !  

! 

µ
0
Hz = "(E

0
)y kx sin#ydt$ = "(E

0
)y kx sin#(

1

%
)d#$ =

1

%
(E

0
)y kx cos#  

?@0AB HC34D0 

! ! ! !

! 

Hx = 0

Hy = "
1

#µ
0

(E
0
)z kx cos$

Hz =
1

#µ
0

(E
0
)y kx cos$

                                 (63) 

E)0 (61)780FB EC34D0 

! ! ! !

! 

Ex = 0

Ey = (E
0
)y " cos#

Ez = (E
0
)z " cos#

                                       (64) 

9:780FB!ABCG=(H&!0 

  !

! 

E•H = "
1

#µ
0

(E
0
)z (E0

)y kx cos
2$ +

1

#µ
0

(E
0
)z (E0

)y kx cos
2$ = 0!     (65) 

!"&'FB!ABDI,JKCLM)NOx )NP,QR" ySz TG,2U0

VWD9CTG1RX>$%&9!YZ&' 
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! (63)!(64)"#$%!&

! 

Ey "Hz  , 

! 

Ez "Hy  '()*'+,-./0%1 

        

! 

Hz =
kx

"µ
0

Ey =
" /c

"µ
0

Ey =
#
0
µ
0

µ
0

Ey =
#
0

µ
0

$ Ey! ! ! ! ! ! !  (66) 

        

! 

Hy = "
kx

#µ
0

Ez = "
# /c

#µ
0

Ez = "
$
0
%µ

0

µ
0

Ez = "
$
0

µ
0

Ez        !   (67)!

!

! 

E(x,t) = e
(y )
" (E

0
)y cos# + e

(z)
" (E

0
)z cos#  (61)230%/&(66)3 

! ! !

! 

E(x,t) = e
(y ) " (E

0
)y cos[# " t $ (kx " x) + %] = e

(y ) " (E
0
)y cos&        (68)  

!&45/ 6789:;<=>5?)@AB%1C'5?&(66):DE%FG)&

H53 I78'J!=%1K 24L43&C'45!H5/MN!=OPQRB%

C'ST"UB1!4H5'VWXY&45 E 'Z[XY&H5 H 'Z[XY

'\]3&^_`' a&6&IXY)bcdc+,9P>%1!

!

!

!

!

!

!

!

!

!

!

!

4H5'VWXY'efghij"

! 

e
k
kC'5?3 alXYm!B%!&!

Ey 

Hz 

(xl) 

4H5'VWXYnxlop 

(yl) 

(zl) 

K 24L4145/

! 

E(x,t) = e
(y )
" (E

0
)y cos#! 20%!q&H53 

! 

H(x,t) = e(z ) " #
0
/µ

0
" (E

0
)y " cos$ 2 0 % 1 < r 9 &

! 

" =# $ t % (k
x
$ x) + &1 
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!!!!!!!!!!!

! 

e
k
" E = Z

0
H!!!!!

! 

Z
0

=
E

H
=

µ
0

"
0

! ! ! ! ! ! ! ! ! ! (68’) 

Z0"#$%&'()&*+,-./0!

! 123(67)"3(61)43 

! ! !

! 

E(x,t) = e
(z ) " (E

0
)
z
cos[# " t $ (k

x
" x) + %] = e

(z) " (E
0
)
z
cos&           (69)  

+3#5" z6789+:;5<43=8>3?5"(67)8@AB y6789+

C/0D 24E443xF8GHB yFIzF+ 90J>KLHBLMN.-3zFI

!yF+C/0=8OPQ(67)85<BC/0 

!  (66)+(67)"RSB6SN/Q3TU8#5+?5VWXY E3H"3Z[\ ]

^B_H3`aBbc:de/843(66)+(67)f67+:d<6:;ghQ#

5+?5VWXY E3H4_/0#5 E4ij@A0#5 E867"3 

         

! 

Ex = 0,   Ey = (E
0
)y " cos#,    Ez = (E

0
)z " cos#                 (61) 

4_/kl3#58 y67+ z678mn"o`pqfrs:d3 

!

!

!

!

!

!

!

!

!

z 

y (xF8t"u]8v) 

w 

w 

! 

(E
0
)
z
 

! 

(E
0
)y  

! 

"(E
0
)
z
 

! 

"(E
0
)
z
 

D 24E50#5VWXY8xHybzx{|0

! 

tan" = (E
0
)y /(E0

)z

82}89B#5VWXY"~�N/0 

� 
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! 

Ey =
(E

0
)y

(E
0
)z
Ez         ! ! ! ! ! ! ! ! !              ! (70) 

!"#$%&'()*+,-y.z/01

! 

tan" = (E
0
)y /(E0

)z'23"*+45#$!

6'784-%9:';<*+4=>"/01-%&?@AB'()*+C2

D*+4EFGHI#&JK->LMN!O8PQ 24.5R$()/'MS*+

,-

! 

tan" = (E
0
)y /(E0

)z'(TUVW1XYZHI#$Q 24.5 '784-%&?

@AB':/K y.z /04[\]A^#!-:/'_`,>L!"S-abC

cd^#4eI-f'_`,6'>LgKh)^#$ ;<*+' xijklH-

mnop4%&?@AB':/Kqr#!-:/,-Q 24.5'()/'MS*

+!;<*+' x i'st#u/0Kv()w"CF x *+4;x$f'yz

1-6'78"()/'MS{|Ku/MN!j}~$N'MN4sIH,-

n�1��^#$ 

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

! ,-.! #$%&$!

! /01234$5E'H"6#$789':;<=%:;>=7?@ABCD!

! !

! 

divE(x,t) =
"Ex

"x
+
"Ey

"y
+
"Ez

"z
= 0 ,    

! 

divH(x,t) =
"Hx

"x
+
"Hy

"y
+
"Hz

"z
= 0 

78EFGHG'IJK2LM6:60=HKNEBCDO76PQFRS'TU

VWXYEZ[$5\$"D6'#$2]D'^_S`DabYE&$cde

YEFTU2fgh'i[jk'UlZ[jm%YEn'#$2WXog6

! 

V
S

= µ /" p! &$2WXog6

! 

V
P

= [" + (3/4)µ]/#'78EF

! 

V
P
/V

S
" 3 >1%

PEqr"Fstu'vw$2&$6xDyzG primary $'#$6&$2{D|

}27 secondary $%~�'�J�J2WXogD P % S!2��V�CF����

� .� �HK����JA���vwo��6'

! 

V
P
/V

S
" 3 >17a�2��P �

$��}yzYEI%D���'a�2��P

! 

V
S
2yzn�V��GuQEF

�JcR ¡2$bS¢£2¤78EFRS'¥U76'i[jk¦O789'

§9¨©V¡DªYZ[«P¬��GPQ27'#$6deGPQFGHG'

^_S`2fg¨��&$%GuWX7�EF¥U1VWXYE&$2WXo

g6'TU2 ®�7i[jVO%GA

! 

 u = " /#78EF  

! TU¯¥U1V ° S`DWXY&$V'±²$¤V�Qu$bV³´µ¶7

·¸¹'
  

! 

! 
" = ("x,"y,"z ) = ("x,0,0)78E27'!

! ! !!!

  

! 

div
! 
" =

#"x

#x
+
#"y

#y
+
#"z

#z
=
#"x

#x
$ 0! !

78EFGHG'!
  

! 

rot
! 
" Vº}E%'!

!!!!!!

  

! 

rot
! 
" = (

#"z

#y
$
#"y

#z
)
! 
i + (

#"x

#z
$
#"z

#x
)
! 
j + (

#"y

#x
$
#"x

#y
)
! 

k !
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! ! ! ! !

  

! 

= (
"#x

"z
)
! 
j + ($

"#x

"y
)
! 

k = 0 

! 

"
x
# 0!"#$%&'()!#$*+ y-z (",-.(!&)/0123" y-z

(4!56!78"9!#$:;0<=>?))/0@A"9!&BC"9!

"DE:F*F&G))/!"&BC"9!@A"9!"DE:HIJK0L

M>DNOE$: 

! ?)PQDR&G)!"STUV>WXD(4>Y/UV%#$:Z0(4

>"X[\$]^0UV%_`+a$0!&G)!"Y/UV0bR%cdP

D$:;a"ef)0G)!g&hi)jkl!g5m!#$:n 24o5"k0

XpbkqrsFOE$%&tu0v!"&bkwx>^EOg=yF6z{

D|}*+~�\$: 

 

���  Xpbk&�bk&��bk  

! #$k�*+B�+a���'()0h} E"&(59)&(60)*+&6z{> 

! !      

! 

E(r, t) = E0 expi(" t #k •r)                               (71-1) 

         

! 

E0 = (ax exp i"x,   ay expi"y,    az exp i"z )                     (71-2) 

P�w!�$:E9"��Y�!-.g���Y�����!&;a"k�!0

Bk>���a$:�&cdq��>\$�>&xUV0'(ST)P\$P& 

! !      

! 

Ex (x,y,z,t) = 0                               

         

! 

Ey (x,y,z,t) = ay " expi#y " expi($ t % k " x)                   (72) 

         

! 

Ez(x,y,z,t) = az " expi#z " expi($ t % k " x)  

! 

EyP

! 

E
z
>"&Y���

! 

ayP

! 

a
z
P-.��

! 

"yP

! 

"
z
0��0�^0�� ¡¢¡%
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! 

Ey8

! 

E
z
9)5:;#&.-674 E.<=>?.@A6BC6+.@+>?

*6DEF6<G12

! 

ay8

! 

a
z
8HI12

! 

"y8

! 

"
z
.JK.LMNOPO-QR;

#&' 

! ST+UVW+X*6YZ.[\].^2._+,`a#b#cdF+ef

ghijk-3&.-6lDmn.+-3o$p6/q)#&+.@+>?*

Mrst-3&'(#).u"A-3&ST+*@+h$%v%'wx+,.

45p6yz.>{9)6@+|}+`~��)#&�-*v%'h9h6S

T+�wx+,9).+e��;qiA6����epK����U���v

�X�@+�e��;q&86+*@Ae�K��Fv&'(.��*+�.

������6� Xe¡¢h$p)�(8Fh$6((-*6+.@+>?`6

! 

ay, 

! 

a
z
, 

! 

"y , 

! 

"
z
.JK.LMNOPO-QR;#&(8.£eR¤&' 

! (72)e¥2-¦§¨#©6                               

    

! 

Ey (x,y,z,t) = ay " cos(# t $ k " x + %y ),  

! 

Ez(x,y,z,t) = az " cos(# t $ k " x + %z)  

-3&`6ª«HI.¬%e.��F6®:¯e°±Fh$¦§¨&'!

! ! ! ! !

! 

"y = "z + "                                        (73) 

(#e²�86 

! ! ! !

! 

Ey (x,y,z,t) = ay " cos(# t $ k " x + %y )

! 

= ay " cos(# + $)! !  ! (74-1) 

        

! 

Ez(x,y,z,t) = az " cos(# t $ k " x + %z)

! 

= a
z
" cos(#)   !       (74-2) 

! 

(" t # k $ x + %
z
) = &8h$

! 

"e³´¨#©6

! 

Ey8

! 

E
z
.µ¶`·"A6@+>?.

QR`-¸&'

! 

"e³´hijk*!

! ! !!!

! 

(Ey /ay )
2

+ (Ez /az )
2 " 2(Ey /ay ) # (Ez /az) # cos$ = sin

2$ !!!!!!! !(75) 
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! 

Ey!

! 

E
z
()*#+,-.!

! 

0 " sin2# "1 ./#0123 24455

67"89:;5<=>?@#!2AB('2CD!"#$895:;'%5

CDE>FG*#$HI2CDE>JKLMN2O5JKLM5PQ'RSP

/#%!("#$3 2445 567(2T

! 

E
z
, 

! 

EyU589:;5<=>V*W! z

X5"*YZ>[!*#!2  

! ! ! !

! 

tan" =
Ey

Ez

=
ay cos(# + $)

az cos(# )
                             (76) 

./#012 

        

! 

" = tan
#1
[
ay cos($ + %)

az cos($)
]                               (76’) 

%&>\].^_*#!2

! 

d

dx
(tan

"1
u) =

1

1+ u
2

du

dx
 (`aNb2 

       

! 

d"

dt
=

#$ % ayaz % sin&

(ay cos')
2

+ (az cos(' + &))2
                       (77) 

!"#$c(CDE5 JKLMSP' sind5e5fgh(6ibjk#$ 

! lE5(75)2(76)2(76’)2(77)012,567"mnopqrs.Q#$!

TtUABuvwT

! 

ay, 

! 

a
z
, 

! 

"y , 

! 

"
z
5xy5z{|}~}(�s5vwq��U�

CDE>2

! 

d" /dtqf�'h5SP(KL*#mnop.2CDmn!�

�&#$!

TRUd=� .���q"����!

  

! 

tan" =
ay

az
,    

d"

dt
= 0   

! ! ! 3 2445(�N���mn5op(��*#$ 

T�Ud=�5\�!

! !!

! 

tan" = #
ay

az
,    

d"

dt
= 0 
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<=>6=±?/2"@A!

!!!!!!!
  

! 

Ey = ay " cos(# + $) = !ay " sin(#),!

! 

E
z

= a
z
" cos(#)!

! ! !     

! 

(Ey /ay )
2

+ (Ez /az )
2

=1 

!!!!!!8BC5DEF8:G0H"IJ5 K0LJMNOP.;

! 

d" /dt # 0:", 

! ! ! QRST"4U5VWG-.;!

<X>6=±?/2,

! 

ay = az = a"@A!

!!!!!!!
  

! 

Ey = a " cos(# + $) = !a " sin(#),!  

! 

E
z

= a " cos(#)!

!!!!!!!

! 

(Ey )
2

+ (Ez )
2

= a
2Y!!

  

! 

tan" =
Ey

Ez

= !(
sin#

cos#
) = !tan(# ),    

  

! 

d"

dt
= !#!

!!!!!Z[5C8:.;  

! 

d" /dt = !#:",0RS\]5^_,-./4U`a/ 

! !  9:.Vb"()*+/-.;C()8cde.;fRG8gRG"C( 

! !  )"Vb"*+hi 24-6MjP; 
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! 

EyAB9C=DE3

! 

E
z
AB"F"GH&'2I1J 

! ! !

! 

Ey = (1/2)a " sin(#) $ (1/2)a " sin(#) = 0 ,!                 (78-1) 

! ! !

! 

E
z

= (1/2)a " cos(# ) + (1/2)a " cos(#) = a " cos(# )            (78-2) 

%&'"#$"KL(MAN12GH&'OPQR1SOTUEV1J 

! WX3(78Y2)2GZN1X["GH&'6

! 

E
z
AB9DE3

! 

EyAB"F"GH

&'8<3\]"^_=3#$"%&'"KL`QMAaR1J 

! 45( Ey(bc=@.d03 

! ! !

! 

"z = "y + "                                      !   (79) 

=>e@.3 

! 

(" t # k $ x + %y ) = &2N123  

! ! ! !

! 

Ey (x,y,z,t) = ay " cos(# t $ k " x + %y )

! 

= ay " cos(#)! !  ! ! (80-1) 

        

! 

Ez(x,y,z,t) = az " cos(# t $ k " x + %z)

! 

= a
z
" cos(# + $)   ! ! (80-2) 

2I1J

! 

" = ±# /2,    ay = ax = a(f_23 

         
  

! 

Ey = a " cos(#),        Ez = !a " sin(# )                   (81) 

2I1J 

! 

(" t # k $ x + %y ) = &93y g`Q"hij2@.d01J!"KL9k

24Y7=lHEm@nJop3!RQ9k 24Y6"&'KL(q/2r-hi@n<

"=stN1J 

! (81)"#$"%&'=)*+/2(,-./0123 

! 

E
z
AB9DE3

! 

EyAB9

"F"GH&'2I1J 

! ! !

! 

Ey = (1/2)a " cos(# ) + (1/2)a " cos(#) = a " cos(# )             (82-1) 

! ! !

! 

E
z

= (1/2)a " sin(#) $ (1/2)a " sin(#) = 0                   (82-2) 

!"^_=3s=Iu.v1whx2yzx"%&'`QGH&'OPQR1
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