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E
E dt

t L
∂

ε
∂

+ = , 

 

0

0

,

1
.

P k

H
rot E

t

rot H E
Q L

∂
μ

∂

ε

= −

=

 

        . 

   ,   ,     
  ,   : 

0
0

0,

1 1
,CT

p k k

rot E

E
E E dt j

Q L t L
ε ∂

ε
∂

≅

+ + =
                   (8.13) 

 CTj  –   . 
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 (8.13)        0ε , 

 

2
2

2
0

1
.CTp

p
p

jE E
E

Q t tt

ω ∂∂ ∂
ω

∂ ε ∂∂
+ ⋅ + = ⋅                      (8.14) 

 (8.14)       E  

     ,E EdS=  : 

2
2

2
0

1 CTE E
E

p
p

p

I
Q t tt

ω ∂∂ ∂
ω

∂ ε ∂∂
+ ⋅ + = ⋅ ,                 (8.15) 

 I  –  . 

 (8.15)      
 ,     [15].  

  ,   (8.14)  
“ ”  ,      

   

2
( ) (0)

P t
Qi t PP

E Et e e

ω

ω
−

= ⋅  , 

. .    ( )E t    

   pω ,     

 : 

2 P

P

Q
τ

ω
=  . 

          
 . 

             
      .   

       .  ,  
         

    .    
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§ 9.      
 

 

      ,        
 ,       [16]. ,   

   ,    , 
     .      ,   

     .   
        
.        

   ,     
           
.    ,     

         
   . . .  ,   

  ,      
       .  

       ,   
     , . .  , 
 ,     

  ,    .  
    ,     

       .  
     ,   

         
      .  

  ,       
        . 
      

    . 

         ,    ,  
      ,   
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 ,     
   . ,    

       
 ,   .  

     ,   
  . 

        ,     
       
     .    , 

     .  
      

       
 [17]. 

               
          

,         
   .  , 

   [11,12],     
     

    (2.17, 3.3).  
      : 

B
E dl ds v B dl

t

D
H dl ds v D dl

t

∂
′ ′ ′= − + ×

∂

∂
′ ′ ′= − ×

∂

,                          (9.1) 

 

B
rotE rot v B

t

D
rotH rot v D

dt

∂
′ = − + ×

∂

∂
′ = − ×

.                                    (9.2) 

 

      : 
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E v B

H v D

′ = ×

′ = − ×
 .                                             (9.3) 

  (9.1-9.3),   
 ,      

         
.  ,   (9.3)  

      . 

       (9.1–9.3),    ,   
  ,        
 .     

        
    . 

       (9.3)   ,    

   ,   E   H  

  , . .    H    

  E   .     
 ,       

 [2].    
2

g
E

rπε
=     

 ,       g ,  

   
1
r

,  r -      

  . 

            E     
 vΔ   ,      
  H E vεΔ = Δ .       

         
vΔ ,        HΔ     

   ( )2
E E vμεΔ = Δ .    

  ,       , 

    ( )vE r′      

  v n v= Δ ,  0vΔ → ,  n →∞ .    



91 
 

       
  ,       : 

( ),
2

v
gch vcE r v Ech

r cπε

⊥

⊥
⊥′ = = . 

               e,   
    : 

( ) 2,
4

v
ech

cE r v
rπε

⊥

⊥′ =    , 

 v⊥ -      , 

      . 

         ,   
,       [2,11,12]: 

( , ) ( )
4

v
ech vcr v r ch

r c
ϕ ϕ

πε

⊥

⊥
⊥′ = = ,                                (9.4) 

 ( )rϕ -    .  

( , )r vϕ ⊥′      - , . .    

    ,        
       . 

       
    .  ,   

 ,     ,    
    ,   

. 
    ,    

, : 

( )
v

H v Hch
c
⊥

⊥′ = . 

 v⊥ -      . 

        
     ,  E

↑
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H
↑

,  E⊥   H⊥ ,     ,   

  ,    
,  ,    

   
                   
 

,

1
,

v v v
E E ch v B sh

c c c
v v

B B ch v E sh
c vc c

⊥ ⊥ ⊥

⊥ ⊥ ⊥

′ = + ×

′ = − ×
                         (9.5) 

 
0 0

1
c

μ ε
=  –  . 

        (9.5)      [2]. 
,  ,    

 ,   ,   
     

              ,  
      

   —   . 
       ,   1   

 vΔ    ,  2     
 vΔ   1  . .    vΔ   

(      ),    
    1 2, . . .  : 

 

      

2
1 1

2
2 1 1 2 1 1

/

/

E E v B B B v E c

E E v B B B v E c

⊥ ⊥ ⊥ ⊥ ⊥ ⊥

⊥ ⊥ ⊥ ⊥ ⊥ ⊥

= + Δ × = − Δ ×

= + Δ × = − Δ ×
 (9.6)       

 
 . .         

 EΔ   BΔ  
2, /E v B B v E c⊥ ⊥Δ = Δ × Δ = −Δ ×                      (9.7) 

  E⊥   B⊥    .    

x   vΔ ,  (2.7)    
2, , /y z y y zE B v E B v B E v cΔ = − Δ Δ = Δ Δ = Δ            (9.8) 

 (9.8)      
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2

2

0 0 0 1

0 0 1 0

0 1 / 0 1

1 / 0 0 0

y

z

y

z

E

E
U AU v U

Bc

Bc

−

Δ = Δ =

−

 

 
 ,      

   , . .   
 NK K′ =    K   v N v= Δ ,   

    

( )
( )

dU v
AU v

dv
=                                          (9.9) 

     v    A .  
     exp( )vA : 

( ) exp( ) , (0)U U v vA U U U′ ≡ = =                       (2.10) 

 U  - -      K ,  U ′  - -
     K′ .  (2.10)   (9.9), 

,  U ′      (9.9): 

[ ]exp( )( )
exp( ) ( )

d vAdU v
U A vA U AU v

dv dv
= = =  

       : 

2 2 3 3 4 41 1 1
exp( ) ...

2! 3! 4!
va E vA v A v A v A= + + + + +  

 E  -    4 4× .    
  A     

 

2

0 0 1 0 0
, , 0 .

/ 0 1 0 0 0
A

c

α
α

α

−
= = =

−
 

 
 

2 2
2

2

/ 0

0 /

c
A

c

α

α

−
=

−
,            

3 2
3

3 4

0 /

/ 0

c
A

c

α

α
=

−
, 
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4 4
4

4 4

/ 0

0 /

c
A

c

α

α
= ,             

5 4
5

5 6

0 /

/ 0

c
A

c

α

α

−
= ….. 

      

[ ] [ ]
2 4

2 411 22
exp( ) exp( ) ....,

2! 4!
v v

vA vA I
c c

= = − + −
 

[ ] [ ]
3 5

2
3 521 12

exp( ) exp( ) ..... ,
3! 5!

v v v
vA c vA I

c c c c
α

= − = − + −  

 I -   2 2× .  ,  
2 4 6 8 .... Iα α α α− = = − = = = ,    

( )

( )
( )

/ /
exp( )

/ / /

/ 0 0 /

0 / / 0

0 / / / 0

/ / 0 0 /

Ich v c c sh v c
vA

sh v c c Ich v c

ch v c csh v c

ch v c csh v c

ch v c c ch v c

sh v c c ch v c

α

α

−
= =

−

−

 

   (9.10)    exp( )vA ,  

 

( ) ( )
/ / , / / ,

/ / / , / / /

y y z z z y

y y z z z y

E E ch v c cB sh v c E E ch v c cB sh v c

B B ch v c E c sh v c B B ch v c E c sh v c

′ ′= − = +

′ ′= + = −

, 
    

,

1

v v v
E E ch v B sh

c c c
v v

B B ch v E sh
c vc c

⊥ ⊥ ⊥

⊥ ⊥ ⊥

′ = + ×

′ = − ×
 .                            (9.11) 

    (9.5) 

  ,     
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,       vΔ   
  (9.6)  (9.7).   ,   

      
 ,   . (https://ru.wikipedia.org/wiki/ ). 
    

v
c arth

c
θ =                                         (9.12) 

,    1K   K , 2K   1K , 3K   2K   . . 

  θΔ ,    NK K′ =   K  

Nθ θ= Δ .     vθΔ ≅ Δ .   (9.7) 
    

2, /E B B E cθ θ⊥ ⊥Δ = Δ × Δ = −Δ ×  

   
v
v

θ θ= .  (9.9)    ,   

,      

( )
( )

dU
AU

d
θ

θ
θ

= . 

 ,        
 ,        

.  ,  (9.11)   

,

1
,

E E ch B sh
c c c

B B ch E sh
c c c

θ θ θ
θ

θ θ
θ

θ

⊥ ⊥ ⊥

⊥ ⊥ ⊥

′ = + ×

′ = − ×
 

  

 

,

1
,

v
E E ch v B sh

c c c

B B ch v E sh
c vc c

θ θ

θ θ

⊥ ⊥ ⊥

⊥ ⊥ ⊥

′ = + ×

′ = − ×
                            (9.13)
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( )
( )

( )2 2

/1
,

1 / 1 /

th c
ch sh

c cth c th c

θθ θ

θ θ
= =

− −
, 

  

  (9.12) in (9.13)     
  

( )
2 2

22 2

1

1 /

1 1

1 /

E E vB
v c

B B v E
cv c

⊥ ⊥ ⊥

⊥ ⊥ ⊥

′ = +
−

′ = − ×
−

 .              (9.14)

                      

 

       (9.11)  (9.14) 

,       2 2/v c .  
       
 

 

§ 10.       
 
 
         (9.5)     

 ,      
   .  ,   

   zH   xE ,    

 y ,        

x    xv .       

     (9.5) : 
 

,

,

.

x x

x
y z

x
z z

E E

v
E H sh

c
v

H H ch
c

′ =

′ =

′ =
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 ,    ,    
    vE′ . 

   E′     : 

( ) ( )
1

2 22
.x

x y x

v
E E E E ch

c
′ ′ ′= + =                          (10.1) 

  H ′  -    y ,   E′  
      α ,  : 

v v
sh

c c
α ≅ ≅ .                                         (10.2) 

    .      
       ,  
 ,     . 

   a        y ,  
   xy ,     y   ,  

 (10.2).      

E′   H ′      .  
     .  

,       
       

   .      
.      .   

 ,     .    
,      ,   
      .  

        
        

.        (10.1). 
       , ,    

 ,    .  

    E   H   , 
   ,    ,  

      vH ′ . 
            

     
 ,       E   H , 

  .     
 ,         
  ,   (10.2).    
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1

c
με

=        

      
  . 

         ,    
,          

.       
        , 

  (10.2).     , 
     ,   

      
    .     

       
(10.2).    ,       

    , 
  

sinrv v α=  

     sinα α≅ ,  
v
c

α = ,   

     

2

0 2d

v

c
ω ω⊥ = .                                         (10.3) 

        
  ,       

 ,    ,    
,   (10.3),    

,           . 
     (10.5)  

 ,   ,     
        

   . 
       ,      ,  

      , 
     .     

    .  (10.4)  (10.5)  
   ,  ,    

    .   ,   
 (10.5)      ,  

 ,      .  
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§ 11.    , 
         

 

        ,        
     .  
      

       ,  
,   ,     

 ,  ,   , 
   .      

  ,          
,     . 

             
       

 .      
 ,      

         . 
        ,  

 .    ,    
  ,       

,       ,  
   .    

   ,       ,  
     , . . 
     ,   

    . 

       ,      
      ,  

    .     
    ,  

      ,   
 ,         
 ,      .  

,       
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   ,  ,  ,  ,   
  ,       

      (   - ). 

            -  
.  ,  -   
    (9.4),   

 ,   ,     
 ,        

 . 

        
  ( . 11),    . 

 ,  1g + , 2g +   1g − , 2g −    

   ,     
. 

1v

2v

z
1F

2F

3F 4F

r

1g +

2g+

2g -

1g -

 

 

. 11.       
      . 

 

 1g + , 2g +       

   .   ,   
      

, . .       
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       1g + , 1g −  

 2g + , 2g − ,     .  . 11 

        
   z .     

( )     1v   2v .  

        
   ,     .  

  1F   2F      ,   

  3F    4F      . 

           ,  
  ,  

 

1 2
1

1 2 1 2
2

1 2 1
3

1 2 2
4

,
2

,
2

,
2

.
2

g g
F

r

g g v v
F ch

r c

g g v
F ch

r c

g g v
F ch

r c

πε

πε

πε

πε

+ +

− −

− +

+ −

= −

−
= −

= +

= +

                                (11.1) 

 

   ,    , 
     

1 2 1 2 1 2 1
2
g g v v v v

F ch ch ch
r c c cπεΣ

−
= + − − .                (11.2) 

      1g   2g      

,        .     v<< 
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c ,         
v

ch
c

, . .  

,  
2

2

1
1

2
v v

ch
c c

≅ + .    (11.2)  

1 1 2 2 1 2
1 2 22 2

g v g v I I
F

c r c rπε πεΣ = = ,                                          (11,3) 

   1g   2g      , 

  1v   2v      . 

          ,     
I ,   

2
I

H
rπ

= , 

   (17.3) : 

1 2 1 2
1 2 12 22

I I H I
F I H

c r c
μ

πε εΣ = = = , 

 1H  -     ,  

   1I ,     . 

 

1 1 2F I HμΣ = , 

 2H  -  ,      

  . 

     ,  
    . 

       (11.3)     
  ,      

     
  ,      

 ,   ,    
   .       



103 
 

     ,   
   .       

  .     
,        

   .       

      
v

ch
c

.    v~ c

    .    
        
  .    ,   

       
. ,     ,    

    .  
  ,     ,  
    .  

  ,   .  
     

2
1 2

2 22 2

I Iv
F

c cπε ε
Δ = , 

 

          
   . 

    ( . 12),   

  .     1F   3F ,  

         

 ,    2v    

  .      
  : 

1 2 2 1 2

2
g g v v v

F ch ch
r c cπεΣ

−
= − .                             (11.4) 

       , 
  ,     ,   

.       
      .  
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 (11.4)  ,    2v    

  ,   ,  2v >> 1v ,  

   .    .  
         
  ,   ,     

      . 
        . 

    . 

          .   (11.3),  
   ,    

   ,    , 
    : 

2
1 2 1 2 1

2 2

1
2 2
g g v v v

F
r c cπεΣ = − .                                   (11.5) 

  (11.5) ,     
          

   1 2

1
2

v v=  . 

             
    ,       

 (11.5)  . ,  

1 1
1 22

g v
H

c rπε
=  

 ,       
 ,  : 

1 2 1 2
2 222

g g v v
F g v H

r c
μ

πεΣ = = . 

  ,        
  . 

,  
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2 2 2F g E g v HμΣ = = , 

 ,   ,    ,  
  E ,     

 .       

  
2

2

v

c
     

      ,  
       . 

         ,      
   ,     

 ,       
,  .     
  .  ,       

   ,   , . .  

  ,      2F  

       . 

       ,     
       ,   

 ,         
.        . 

        ,       
       

     ?    
,      

        
  .    

      ,  
       .   

 ,       
,     , 

     . 

             
  .     

     ,   
-    ,    
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  .     ?  (11.3) 
   ,     ,   

    .   

  1I     2I ,      

. ,     ,    
,    .  

 (11.3)  r ,   : 

1 2
2

ln

2

I I r
W

cπε
= . 

 ,         , 
 ,     .  

 ,   ,   , , 
    ,   

.         .  
  ,     ,  

,     .   
       . . .. 

            : 

1 2
2 1 1 22

ln

2 z z

I I r
W I A I A

cπε
= = = , 

 

1
1 2

ln

2z

I r
A

cπε
=  

 z -   ,   
     ,  

2
2 2

ln

2z

I r
A

cπε
=  

 z -   ,   
     . 

           ,  
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.       ,   
         

 ,    
.     ,   
       

.       .  ,  
        , 

  ,     .   
     .     

,    .     
   ,    

      ,  
        

   ,     , 
   .     . 

            ,   
       .   

           
   . 

             200  
 ,       

 ,      ,   
  [1].   ,   

   ,   
   ,     

 ,  . . .    ,  
       ,  

        .  
  ,       

 ,    ,     
 .   ,      

         
      .  

      ,     , 
   .  -  ,    
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g +    g − ,     

   ( .12).  

       ,     
   r   ,  

   z    

 

2
g

E
rπε

+
+ =                                                  (11.18) 

 

 

z

r

1g +

1g -
1v

 

 

. 12. ,    . 

 

  ,      
   r .      

 1v ,       

: 

 

2
1 1

2

1
1

2 2 2
v vg g

E ch
r c r cπε πε

− −
− = − − + .                         (11.19) 

 

 (11.18)  (11.19), : 
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2
1
24

g v
E

c rπε

−
− = −  

 

 ,        
,    .   
    ,    

 v c .        
 ,      

,      [11, 
18]. 

       ,  ,     1v  

 ,       v  
( . 13).     (11.18)  (11.19)  : 

 

2

2

1
1

2 2
g v

E
r cπε

+
+ = +                                          (11.20) 

 

 

2
1

2

( )1
1

2 2
v vg

E
r cπε

−
− −

= − +                                      (11.21) 

 

z

r

1g +

1g -
1v

v
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. 13.    . 

 

 (11.20)  (11.21), : 

 

2
1 1
2 2

1
2 2

v v vg
E

r c cπε
+ = −                                    (11.22) 

 

         
 .     
  ,    , 

     .    (11.22) 
 

 

1
22

gv v
E

c rπε
+ =                                         (11.23) 

 

  ,    , 
   ,   ,  

 (11.23),       
    

 

1
2

gv v
g

c
+ =  

 

              ,  
      v ,     
  ,     

  .   ,   
,     ,  
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     ,    
.        

       , 
       ,   

  .  

          ,    
    ,    

  . 14.    

 

( )E r

g + g -

v
v

V

1r

2r

r

1v

 

 

. 14.   . . .  . 

 

        ,  1r   2r      

,      ,  
       ,    .  

   ,   . 
,        

,   (11.23): 
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2

1

1 1 2
2 2

1

ln
2 2

r

r

gv v gv v rdr
U

r rc cπε πε
= =  

 

   ,     ,   
 ,     

,      .  
      , 

     .     
,       

   . . .    . 

            ( . 20)    
 ,      .   

1     ,    
       .  

,    .     
      ( . 15), 

    ,    
 ,     ,  

  .       
        

    .      
  ,    ,  

   ,       . 

 

V

1
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. 15.        
  . 

 

        

             
    ( . 16),   

   : 

 

( )E r

r

v-

g + g -

v
V

1r

2r

 

 

. 16.      . 

 

     . 

 ,     
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2
1 1

2

( )1
1

2 2 2
v v v vg g

E ch
r c r cπε πε

− −
− − −

= − = − + , 

 

   

 

2

2

1
1

2 2 2
g v g v

E ch
r c r cπε πε

+ −
+ = = + . 

 

       

 

1
22

vvg
E

r cπε
= , 

 

      1r   2r    , 

   ,   

 

2 1 1
2

( )
2

g r r vv
U

r cπε
−

= . 

 

         
   ,   

     . . .  . 
         
  ,  ,        , 

   ,    
.   
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       ,     
         

     . 

               
 ,        

     
  .   

( )      
        .  

      ,    
,    ,  [19],   

    ,   
   ,  : «   

 …..».      
        

   .  ,     
   ,      

   « »   
 .      

,        
 .        
   ,   ,     

     .  
,    [20], ,    

      
 ,      
,    .    

    ,    
       

,     
         

   .    , 
       

  . 

             , 
   ,   

   .    
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      ,    
     ,  

     ,  .   

                , 
    ,     

    .   ,   
    ,       

   ,     
    .      

     ,      
     ,  

    .        
        

  .     
       

,      ,    
      .  

             , 
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,        
 .       

  ,     
     .   ,   

   .    , 
       ,  

 .       « » 
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       . 

    .     
    ,     

  .      
,   .     
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   ,    
.  

 

§ 12.  -   

 

       
    ,   

-  , ,     
       [11]: 

0

( , )
4

r
v t

c
g ch

cr t
r

ϕ
π ε

⊥ −

= ,                                     (12.1) 

 
r

v t
c⊥ −  –    g ,   

  r       
r

t t
c

′ = − , r –   

    ,     ,     t . 

       ,   ,    
 ,     , 

  -  ?   
   ,    

      
    . ,     

,  ,       
   ,     

  . ,      

r
c

 ( .  (13.2)).       

   -  ,   
  .   

( , )E grad r tϕ= − ,      1 ( . 17) . 
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           r     
  :        

 (      1   x    0   
).  1   ,   0 -   

.      ,  
          

: 1)     r     

     2)     r  
     . 

( )yE t
g

xx

r

y

( )yv t

(1)

 

 

. 17.      . 

 

       ,  e    
  y ,     0,    

,       1   r  
    .   

     1 : 

 

0

( , )
( , )

(1)
4 ( , )

y

y

r y t
v t

cr t e
E ch

y y r y t c
ϕ

πε
⊥

−
∂ ∂

= − = −
∂ ∂
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 ,      , 
    ,      

 .    : 

 

0

( , )
4

y y

y

x x
v t v t

c ce
E x t sh

cx y cπε

∂ − −
= −

∂
 ,                   (12.2) 

 x  -  -      x . 

,  
1y y y

y

x x x
v t v t v t

c c ct
y t y t x
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