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Ohm’s Law: J = σE = (1/ρ)E. Continuity Equation: ∇ · J = −∂ρ/∂t

Mutual Inductance: emf2 = −dΦ2
dt = −M dI1

dt Self Inductance: emf1 = −dΦ1
dt = −LdI1

dt

Maxwell Equations in integral form:∫
S
D · da = Qfenclosed

∫
S
B · da = 0∫

P
E · dl = − d

dt

∫
S
B · da

∫
P
H · dl = Ienclosed +

d

dt

∫
S
D · da

Energy density: u = 1
2(ϵ0E

2 + 1
µ0
B2) Poynting vector: S = 1

µ0
(E×B)

Boundary conditions at the interface of two materials.

D⊥
1 −D⊥

2 = σf B⊥
1 −B⊥

2 = 0

E
∥
1 −E

∥
2 = 0 H

∥
1 −H

∥
2 = Kf × n̂

Wave equation in vacuum:

∇2E = µ0ϵ0
∂2E

∂t2
∇2B = µ0ϵ0

∂2B

∂t2

Speed of light in vacuum c = 1/
√
ϵ0µ0. In dielectric v = c

n where n =
√
ϵµ/ϵ0µ0.

Plane wave solution propagating in direction k̂ (not in metals)

E = E0 cos(k · r− ωt+ δ) B =
1

v
k̂×E

with E0 perpendicular to k̂ and v = ω/k.

Snell’s law: sin θT
sin θI

= n1
n2
.

For linearly polarized waves with polarization in the material boundary plane (not in metals):

E0R =
α− β

α+ β
E0I E0T =

2

α+ β
E0I α =

cos θT
cos θI

β =
µ1v1
µ2v2

Wave equation in metal:

∇2E = µϵ
∂2E

∂t2
+ µσ

∂E

∂t
∇2B = µ0ϵ0

∂2B

∂t2
+ µσ

∂B

∂t

Linearly polarized solution for propagation in z direction (metals):

Ẽ = Ẽ0 e−κzei(kz−ωt) = Ẽ0 e−κzei(kz−ωt)x̂ B̃ = B̃0 e−κzei(kz−ωt) =
k̃

ω
Ẽ0 e−κzei(kz−ωt)ŷ

k̃ = k + iκ k = ω

√
ϵµ

2

[√
1 +

( σ

ϵω

)2
+ 1

]1/2

κ = ω

√
ϵµ

2

[√
1 +

( σ

ϵω

)2
− 1

]1/2

Reflection from conductive surface at 90o incidence:

Ẽ0R =
1− β̃

1 + β̃
Ẽ0I Ẽ0T =

2

1 + β̃
Ẽ0I β̃ =

µ1v1
µ2ω

k̃2


