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differential            MAXWELL'S EQUATIONS           integral 
∇•B = 0                                                        ∫ dA•B  = 0 

∇×E  + 
t∂

∂B =  0   ∫ dL•E = – d
dt   ∫ dA•B  ≡ – dΦ

dt   

∇•E = ρ/εo                            ∫ dA•E = Qenclosed/εo 

∇×B  – 
tc ∂

∂E
2

1 = µoJ                          ∫ dL•B = µo∫ dA•(J +εo t∂
∂E ) 

∇•J  + ∂ρ/∂t  = 0      ∫ dA•J  = – ∂Qenclosed/∂t 

 •  Polarization density of electric dipole moments P   
 •  Polarization density of magnetic dipole moments M 
 •  Displacement field  D  ≡  εoE  +  P  
 •  Polarization charge  ρbound  ≡  –∇•P  
 •  Free charge  ρfree ≡  ρ – ρbound  
 •  Polarization current  Jpol ≡  ∂P/∂t 
 •  Current   Jfree ≡ J  – Jpol – ∇×M 
 •  Field strength  H  ≡ B/µo –  M  

differential                     MAXWELL IN MATTER             integral 
∇ • B = 0                                                                    ∫ dA•B  = 0 

∇ ×E  + 
t∂

∂B =  0 (Faraday)                            ∫ dL •E = – d
dt   ∫ dA•B   

∇•D = ρfree  (Gauss)                              ∫ dA •D = Qfree 

∇× H  – 
t∂

∂D = Jfree                   (Ampère)                            ∫ dL •H = ∫ dA •(Jfree + 
t∂

∂D ) 

∇•Jfree + ∂ρfree/∂t  = 0  (charge cons)  ∫ dA•Jfree = – ∂Qfree/∂t  

Linear media:   P = χeE, D = εE = (1+χe)εoE  
(but ferromagnets aren't linear)   M = χmH, B = µH = (1+χm)µoH  

Field Energy 

dρMagE(r) =H(r)•dB(r) ,   dρElecE(r) =E(r)•dD(r) , S = E × H ,  ∇•S  + ∂ρEnergy /∂t  = 0 

 

Inductance   Mutual inductance Φab  = Mab Ia  , Self inductance Φ = L I   
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Electromagnetic Waves 

Plane waves in uniform space:  
)(

0),( tiet ω−⋅= rkErE  and ),(ˆ1),( )(
0 t

c
et ti rEkBr rk ×== −⋅ ωB  

dispersion relation , µσωµεω ik += 22
IR ikkk +=  

wavelength
 λ = 2π –λ   ≡  2π

Rek    –λ  = 1/kR   

definitions of wave quantities  insulator (σ=0)  free space 

phase velocity vp  ≡ ω / kR  vp  =  1
√εµ  vp  = c 

index of refraction  n  ≡ c
vp     n = √(εr µr) n = 1 

Attenuation length 

   
δ = ∞ (no attentuation) 

δ ≡ 1/ Im k “skin depth” 

EM Waves at Plane Boundary         match on interface:(kI)×n̂ =(kR)×n̂ =(kT)×n̂ =k×n̂    
k1sinθI =k1sinθR 
�θI =θR =θ1
law of reflection

    wave vectors
   coplanar   

k1sinθ1=k2sinθR
�n1sinθ1=n2sinθ2
    Snell's law

     

ETm⊥ = EIm⊥  ×  
2 n1cosθ1

n1cosθ1+n2cosθ2
   ETm||  =  EIm||  × 

2 cosθ1/n2
cosθ1/n1+cosθ2/n2

  

ERm⊥ =  EIm⊥  ×  
n1cosθ1–n2cosθ2
n1cosθ1+n2cosθ2

  ERm||  =  EIm||  ×  
cosθ2/n2–cosθ1/n1
cosθ1/n1+cosθ2/n2

  

    Brewster angle:  θ1+θ2 = π/2 

Potential Fomulation 

fields from potential:  B  =  ∇ × A  ,   E  = – ∇V   –  
t∂

∂A   

retarded potential A(r) = 
µo
4π  ∫d3R  J(R,T=t–|R–r|/c)

| R – r |     J = (J, cρ) , A(r,t) = (A(r,t),V(r,t)/c)  

 

Electric Dipole Radiation 

electric dipole p(t)=p0
tie ω , s << λ , r  ⇒ V (r) ≈  r•p(t–r/c)

4πεor2
  ( 1r   +ik )  = static + radiation 

Erad(r,t) = eiω(t–r/c)  ×  1
4πεo

 k2
r (po – 

(r•po)r
r2

)  , λ << r 

In spherical coordinate (p(t) // ) Eẑ  r
θsin

∝ , E(r,t) // , B(r,t) // , and S(r,t) // θ̂− φ̂− r̂  


