
18Ù dÂ�éØ
>ÄåÆ��éØØC5ê�ÜìÜ�Ó�ÆÔn�>f�ÆÆ�

November 29, 2013



teaching objectives



teaching objectives

1 o�>6�Ý¥þ¶



teaching objectives

1 o�>6�Ý¥þ¶
2 o�³¥þ¶



teaching objectives

1 o�>6�Ý¥þ¶
2 o�³¥þ¶
3 >^|Üþ¶



teaching objectives

1 o�>6�Ý¥þ¶
2 o�³¥þ¶
3 >^|Üþ¶
4 $Ä��>âf�>^|¶



teaching objectives

1 o�>6�Ý¥þ¶
2 o�³¥þ¶
3 >^|Üþ¶
4 $Ä��>âf�>^|¶
5 >^|ØCþ¶



teaching objectives

1 o�>6�Ý¥þ¶
2 o�³¥þ¶
3 >^|Üþ¶
4 $Ä��>âf�>^|¶
5 >^|ØCþ¶



1.o�>6�Ý¥þ¢�L²§�>âf�>Ö�§�$Ä�Ý�'§=>ÖQ´��âÔ[Iþ§=



1.o�>6�Ý¥þ¢�L²§�>âf�>Ö�§�$Ä�Ý�'§=>ÖQ´��âÔ[Iþ§=
Q =

∫

ρdV =ØCþ



1.o�>6�Ý¥þ¢�L²§�>âf�>Ö�§�$Ä�Ý�'§=>ÖQ´��âÔ[Iþ§=
Q =

∫

ρdV =ØCþe·�âf>Ö�ÝǑρ0,NÈ�ǑdV0.�âf±�Ý~u $Ä�§duâÔ[Â 



1.o�>6�Ý¥þ¢�L²§�>âf�>Ö�§�$Ä�Ý�'§=>ÖQ´��âÔ[Iþ§=
Q =

∫

ρdV =ØCþe·�âf>Ö�ÝǑρ0,NÈ�ǑdV0.�âf±�Ý~u $Ä�§duâÔ[Â 
dV = dV0

√

1 −
u2

c2



1.o�>6�Ý¥þ¢�L²§�>âf�>Ö�§�$Ä�Ý�'§=>ÖQ´��âÔ[Iþ§=
Q =

∫

ρdV =ØCþe·�âf>Ö�ÝǑρ0,NÈ�ǑdV0.�âf±�Ý~u $Ä�§duâÔ[Â 
dV = dV0

√

1 −
u2

c2�A�



1.o�>6�Ý¥þ¢�L²§�>âf�>Ö�§�$Ä�Ý�'§=>ÖQ´��âÔ[Iþ§=
Q =

∫

ρdV =ØCþe·�âf>Ö�ÝǑρ0,NÈ�ǑdV0.�âf±�Ý~u $Ä�§duâÔ[Â 
dV = dV0

√

1 −
u2

c2�A�



1.o�>6�Ý¥þ
~J = ρ~u = γuρ0~u



1.o�>6�Ý¥þ
~J = ρ~u = γuρ0~ueÚ\>6�Ý1o©þ:



1.o�>6�Ý¥þ
~J = ρ~u = γuρ0~ueÚ\>6�Ý1o©þ:J4 = icρ



1.o�>6�Ý¥þ
~J = ρ~u = γuρ0~ueÚ\>6�Ý1o©þ:J4 = icρK�¤��o�¥þµ



1.o�>6�Ý¥þ
~J = ρ~u = γuρ0~ueÚ\>6�Ý1o©þ:J4 = icρK�¤��o�¥þµJµ = ρ0UµéAuo��m¥þxµ = (~x , ict)§k>6�Ýo�¥þµ



1.o�>6�Ý¥þ
~J = ρ~u = γuρ0~ueÚ\>6�Ý1o©þ:J4 = icρK�¤��o�¥þµJµ = ρ0UµéAuo��m¥þxµ = (~x , ict)§k>6�Ýo�¥þµ

Jµ = (~J , icρ)d�>ÖÅð½Æ�L«Ǒo�ÆC/ªµ



1.o�>6�Ý¥þ
~J = ρ~u = γuρ0~ueÚ\>6�Ý1o©þ:J4 = icρK�¤��o�¥þµJµ = ρ0UµéAuo��m¥þxµ = (~x , ict)§k>6�Ýo�¥þµ

Jµ = (~J , icρ)d�>ÖÅð½Æ�L«Ǒo�ÆC/ªµ
∂Jµ

∂xµ
= 0



2.o�³¥þâÔ[5�^�e³�§
∇

2
A −

1

c2

∂2
A

∂t2
= −µ0J



2.o�³¥þâÔ[5�^�e³�§
∇

2
A −

1

c2

∂2
A

∂t2
= −µ0J

∇
2φ −

1

c2

∂2φ

∂t2
= −

ρ

ε0



2.o�³¥þâÔ[5�^�e³�§
∇

2
A −

1

c2

∂2
A

∂t2
= −µ0J

∇
2φ −

1

c2

∂2φ

∂t2
= −

ρ

ε0

∇ · A +
1

c2

∂φ

∂t
= 0Ǒ�L«ǑÆC/ª"|^



2.o�³¥þâÔ[5�^�e³�§
∇

2
A −

1

c2

∂2
A

∂t2
= −µ0J

∇
2φ −

1

c2

∂2φ

∂t2
= −

ρ

ε0

∇ · A +
1

c2

∂φ

∂t
= 0Ǒ�L«ǑÆC/ª"|^

� ≡ ∇
2
−

1

c2

∂2

∂t2
=

∂

∂xµ

∂

∂xµ



2.o�³¥þ��
�~A = −µ0

~J , �φ = −µ0c
2ρeò~A Úφ Ü¿Ǒ��o�³¥þµ



2.o�³¥þ��
�~A = −µ0

~J , �φ = −µ0c
2ρeò~A Úφ Ü¿Ǒ��o�³¥þµ

Aµ = (
⇀
A,

i

c
φ)



2.o�³¥þ��
�~A = −µ0

~J , �φ = −µ0c
2ρeò~A Úφ Ü¿Ǒ��o�³¥þµ

Aµ = (
⇀
A,

i

c
φ)Kk

�Aµ = −µ0Jµ,
∂Aµ

∂xµ
= 0



3.>^|Üþl
⇀

B = ∇×
⇀

A
⇀

E = −∇φ −
∂

⇀
A

∂t



3.>^|Üþl
⇀

B = ∇×
⇀

A
⇀

E = −∇φ −
∂

⇀
A

∂t��
B1 =

∂A3

∂x2
−

∂A2

∂x3
, ...



3.>^|Üþl
⇀

B = ∇×
⇀

A
⇀

E = −∇φ −
∂

⇀
A

∂t��
B1 =

∂A3

∂x2
−

∂A2

∂x3
, ...Ú

E1 = ic

(

∂A4

∂x1
−

∂A1

∂x4

)

, ...Ú\ Fµυ = ∂Aυ
∂xµ

−
∂Aµ

∂xυ



3.>^|Üþ>^|�¤��o�Üþµ



3.>^|Üþ>^|�¤��o�Üþµ
Fµυ =











0 B3 −B2 −
i
cE1

−B3 0 B1 −
i
cE2

B2 −B1 0 −
i
cE3

i
cE1

i
cE2

i
cE3 0













3.>^|Üþ>^|�¤��o�Üþµ
Fµυ =











0 B3 −B2 −
i
cE1

−B3 0 B1 −
i
cE2

B2 −B1 0 −
i
cE3

i
cE1

i
cE2

i
cE3 0











d�ð�d��§|�±�ǑÆC/ªµ



3.>^|Üþ>^|�¤��o�Üþµ
Fµυ =











0 B3 −B2 −
i
cE1

−B3 0 B1 −
i
cE2

B2 −B1 0 −
i
cE3

i
cE1

i
cE2

i
cE3 0











d�ð�d��§|�±�ǑÆC/ªµ






∇ ·
⇀
E = ρ

ε0

∇×
⇀
B = µ0ε0

∂
⇀
E

∂t
+ µ0

⇀
J

⇒
∂Fµυ

∂xυ
= µ0Jµ



3.>^|Üþ,�é�§��Ǒµ



3.>^|Üþ,�é�§��Ǒµ
{

∇B = 0

∇× E = −
∂B
∂t

⇒
∂Fµυ

∂xλ
+

∂Fυλ

∂xµ
+

∂Fλµ

∂xυ
= 0dÜþC�'XµF ′

µυ = aµλaυτFλτ ��>^|C�'Xµ
E ′

1 = E1, B ′
1 = B1



3.>^|Üþ,�é�§��Ǒµ
{

∇B = 0

∇× E = −
∂B
∂t

⇒
∂Fµυ

∂xλ
+

∂Fυλ

∂xµ
+

∂Fλµ

∂xυ
= 0dÜþC�'XµF ′

µυ = aµλaυτFλτ ��>^|C�'Xµ
E ′

1 = E1, B ′
1 = B1

E ′
2 = γ (E2 − vB3) , B ′

2 = γ
(

B2 +
v

c2
E3

)



3.>^|Üþ,�é�§��Ǒµ
{

∇B = 0

∇× E = −
∂B
∂t

⇒
∂Fµυ

∂xλ
+

∂Fυλ

∂xµ
+

∂Fλµ

∂xυ
= 0dÜþC�'XµF ′

µυ = aµλaυτFλτ ��>^|C�'Xµ
E ′

1 = E1, B ′
1 = B1

E ′
2 = γ (E2 − vB3) , B ′

2 = γ
(

B2 +
v

c2
E3

)

E ′
3 = γ (E3 + vB2) , B ′

3 = γ
(

B3 −
v

c2
E2

)



4.$Ä��>âf�>^|âf�>þe,±�Ý~v$Ä"Àë�XΣ′�½3âfþ§KΣ′X�*	öw�



4.$Ä��>âf�>^|âf�>þe,±�Ý~v$Ä"Àë�XΣ′�½3âfþ§KΣ′X�*	öw�
~E ′ =

e~x ′

4πε0r
′3

, ~B ′ = 0



4.$Ä��>âf�>^|âf�>þe,±�Ý~v$Ä"Àë�XΣ′�½3âfþ§KΣ′X�*	öw�
~E ′ =

e~x ′

4πε0r
′3

, ~B ′ = 0ÏdΣXþ�*	öÿ�µ



4.$Ä��>âf�>^|âf�>þe,±�Ý~v$Ä"Àë�XΣ′�½3âfþ§KΣ′X�*	öw�
~E ′ =

e~x ′

4πε0r
′3

, ~B ′ = 0ÏdΣXþ�*	öÿ�µ
Ex = ex ′

4πε0r
′3, Bx

′ = 0,



4.$Ä��>âf�>^|âf�>þe,±�Ý~v$Ä"Àë�XΣ′�½3âfþ§KΣ′X�*	öw�
~E ′ =

e~x ′

4πε0r
′3

, ~B ′ = 0ÏdΣXþ�*	öÿ�µ
Ex = ex ′

4πε0r
′3, Bx

′ = 0,

Ey = γ
ey ′

4πε0r
′3, By

′ = −γ v
c2

ez ′

4πε0r
′3,



4.$Ä��>âf�>^|âf�>þe,±�Ý~v$Ä"Àë�XΣ′�½3âfþ§KΣ′X�*	öw�
~E ′ =

e~x ′

4πε0r
′3

, ~B ′ = 0ÏdΣXþ�*	öÿ�µ
Ex = ex ′

4πε0r
′3, Bx

′ = 0,

Ey = γ
ey ′

4πε0r
′3, By

′ = −γ v
c2

ez ′

4πε0r
′3,

Ez = γ ez ′

4πε0r
′3, Bz

′ = γ v
c2

ey ′

4πε0r
′3,



4.$Ä��>âf�>^|âf�>þe,±�Ý~v$Ä"Àë�XΣ′�½3âfþ§KΣ′X�*	öw�
~E ′ =

e~x ′

4πε0r
′3

, ~B ′ = 0ÏdΣXþ�*	öÿ�µ
Ex = ex ′

4πε0r
′3, Bx

′ = 0,

Ey = γ
ey ′

4πε0r
′3, By

′ = −γ v
c2

ez ′

4πε0r
′3,

Ez = γ ez ′

4πε0r
′3, Bz

′ = γ v
c2

ey ′

4πε0r
′3,



4.$Ä��>âf�>^|^ΣXþ�ålL«>^|"|^
x ′ = γx , y ′ = y , z ′ = z ,



4.$Ä��>âf�>^|^ΣXþ�ålL«>^|"|^
x ′ = γx , y ′ = y , z ′ = z ,��

~E =

(

1 −
v2

c2

)

e~x

4πε0

[

(

1 − v2

c2

)

r2 +
(

~v ·~x
c

)2
]3/2

,



4.$Ä��>âf�>^|^ΣXþ�ålL«>^|"|^
x ′ = γx , y ′ = y , z ′ = z ,��

~E =

(

1 −
v2

c2

)

e~x

4πε0

[

(

1 − v2

c2

)

r2 +
(

~v ·~x
c

)2
]3/2

,

~B =
~v

c2
× ~E .



4.$Ä��>âf�>^|� v ≪ c ,



4.$Ä��>âf�>^|� v ≪ c ,
~E = e~x

4πε0r
2 = ~E0 ,



4.$Ä��>âf�>^|� v ≪ c ,
~E = e~x

4πε0r
2 = ~E0 ,

~B = ~v
c2 ×

~E0 = µ0e~v×~x

4πr3 .



4.$Ä��>âf�>^|� v ≪ c ,
~E = e~x

4πε0r
2 = ~E0 ,

~B = ~v
c2 ×

~E0 = µ0e~v×~x

4πr3 .� v ∼ c , 3�vR���k
~E = γ

e~x

4πε0r
3

>> ~E0,



4.$Ä��>âf�>^|� v ≪ c ,
~E = e~x

4πε0r
2 = ~E0 ,

~B = ~v
c2 ×

~E0 = µ0e~v×~x

4πr3 .� v ∼ c , 3�vR���k
~E = γ

e~x

4πε0r
3

>> ~E0,3�v²1��k
~E =

(

1 −
v2

c2

)

e~x

4πε0r
3

<< ~E0 .



5.>^|ØCþ�IÂ ��EâÕ[ØCþµ
1

2
FµνFµν = B2

−
1

c2
E 2 .|^��é¡Üþ

εµνλτ = +1, µνλτ�²Lóg��CǑ1234

εµνλτ = −1, µνλτ�²LÛg��CǑ1234

εµνλτ = 0, µνλτk?¿ü��I�Ó��EÑ



5.>^|ØCþ�IÂ ��EâÕ[ØCþµ
1

2
FµνFµν = B2

−
1

c2
E 2 .|^��é¡Üþ

εµνλτ = +1, µνλτ�²Lóg��CǑ1234

εµνλτ = −1, µνλτ�²LÛg��CǑ1234

εµνλτ = 0, µνλτk?¿ü��I�Ó��EÑ
i

8
εµνλτFµνFλτ =

1

c
~B · ~E




