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(1. 3. 13)

mi

d

dt
vi(t) =

∫

V

dV qiδ
3(r − xi(t)) [E(r, t) + vi(t) × B(r, t)] .(1)

vi(t) = dxi(t)/dt
∑

i vi(t) · (1)

∑

i

miv

�(t) ·
d

dt
vi(t)(2)

=
∑

i

∫

V

dV qi δ
3(r − xi(t))

× [v �(t) · E(r, t) + v �(t) · vi(t) × B(r, t)] .

2 (1. 3. 16)
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∑

i

d

dt

(

1

2
miv

� 2(t)

)

(3)

=
∑

i

∫

V

dV qi δ
3(r − xi(t))v �(t) · E(r, t)

=

∫

V

dV

(

∇× H(r, t) −
∂D(r, t)

∂t

)

· E(r, t) .

w(r, t) ≡
1

2
{E(r, t) · D(r, t) + B(r, t) · H(r, t)} .(4)

∂

∂t
w(r, t) = E ·

∂D

∂t
+ H ·

∂B

∂t
= E ·

∂D

∂t
− H · ∇ × E(5)

( (1. 3. 17) )
(5) (3)
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∑

i

d

dt

(

1

2
miv

� 2(t)

)

(6)

=

∫

V

dV

[

−
∂w

∂t
− H · ∇ × E + E · ∇ × H

]

.

∇ · (E × H) = H · ∇ × E − E · ∇ × H .(7)

( ) (6)

d

dt

[

∑

i

1

2
miv

� 2(t) +

∫

V

dV w(r, t)

]

= −

∫

V

dV ∇ · (E × H) .(8)

W (t) ≡
∫

V
dV w(r, t) S(r, t) ≡ E(r, t) × H(r, t)
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−
d

dt

[

∑

i

1

2
miv

� 2(t) + W (t)

]

=

∫

V

dV ∇ · S(r, t)(9)

( →) =

∫

S

S(r, t) · dS .

∑

i

1

2
miv

� 2(t) = V .(10)

W (t) =

∫

V

dV w(r, t)(11)

=

∫

V

dV
1

2
{E(r, t) · D(r, t) + B(r, t) · H(r, t)}

= V

(w(r, t) )
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1

2
E · D = ,

1

2
B · H = .

(9)
(9) V

(9) V S
( V

)
S(r, t) = E(r, t) × H(r, t)(12)

(Poynting)

S(r, t) :
V

m

A2

N

N

Am
=

J

sm2
.(13)
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: S(r, t) 6= 0

S(r, t)
∫

S
S(r, t) · dS

: E(r) H(r)

S(r) = E(r) × H(r) 6= 0 .(14)

∫

S

S(r) · dS =

∫

V

∇ · (E × H) dV(15)

=

∫

V

(H · ∇ × E − E · ∇ × H) dV = 0

( V ∇× E = ∇× H = 0 )
V
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◦
V

∫

S
S(r, t) · dS = 0 (9)

d

dt

[

∑

i

1

2
miv

� 2(t) + W (t)

]

= 0(16)

∑

i

1

2
miv

� 2(t) + W (t)(17)

1
2 (16)
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•

W =
1

2

∫

V

E(r) · D(r) dV .(18)

∇ · (φ(r)D(r)) = (∇φ(r)) · D(r) + φ(r)∇ · D(r)(19)

= −E(r) · D(r) + φ(r)ρ(r)

W =
1

2

∫

V

ρ(r)φ(r) dV −
1

2

∫

V

∇ · (φ(r)D(r)) dV(20)

=
1

2

∫

V

ρ(r)φ(r) dV −
1

2

∫

S

φ(r)D(r) · dS
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(|r| → ∞)

φ(r) ∼
1

|r|
, |D(r)| ∼

1

|r|2
(21)

∼ |r|2 V
(20) 2

W =
1

2

∫

V

ρ(r)φ(r) dV , .(22)

◦ 1: xi qi (i = 1, · · · , N )

ρ(r) =
∑

i

qiδ
3(r − xi) , φ(r) =

∑

i

1

4πε0

qi

|r − xi|
.(23)
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W =
1

2

∑

i6=j

∫

qiδ
3(r − xi)

1

4πε0

qj

|r − xj|
dV(24)

=
1

2

∑

i6=j

1

4πε0

qiqj

|xi − xj|
.

N = 2

W =
1

2

1

4πε0

[

q1q2

|x1 − x2|
+

q2q1

|x2 − x1|

]

=
1

4πε0

q1q2

|x1 − x2|
.(25)

( 1/2 )
2

q1, q2 |x1 − x2|
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W = −

∫ |x1−x2|

∞

F (x)dx = −

∫ |x1−x2|

∞

1

4πε0

q1q2

x2
(26)

=
1

4πε0

q1q2

|x1 − x2|
. ( (25) )

◦ 2: a ( )

ρ(r) =

{

ρ0 , r < a ,

0 , r > a .
(27)

E(r) = E(r)r̂ r = |r| r̂ = r/r =
( (1. 1. 15, 16) ) r

∫

E · dS =
1

ε0

∫

ρ(r′) dV ′ .(28)
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= E(r)

∫

dS = 4πr2E(r) .(29)

=
1

ε0

∫ r

0

ρ(r′) 4πr′2dr′ =

{

Q/ε0 , r > a ,

Q(r)/ε0 , r < a .
(30)

Q ≡
∫ a

0
ρ(r′)4πr′2dr′ = 4πa3ρ0/3 ( )

Q(r) ≡ (r/a)3Q ( r(< a) )

E(r) =



















Q

4πε0r2
, r > a ,

Q(r)

4πε0r2
, r < a .

(31)

( )
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W =
ε0

2

∫

E
2(r) dV =

ε0

2

∫ ∞

0

E2(r) 4πr2dr(32)

=
ε0

2

(

Q

4πε0

)2 [
∫ a

0

(r

a

)6 1

r4
4πr2dr +

∫ ∞

a

1

r4
4πr2dr

]

=
3

5

Q2

4πε0a
.

Q a → 0 ( )
W → ∞ (cf. 1)
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