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Chapter 7 (the 442 half) 
 
Polarization current:  

𝐉௣ ൌ
డ𝐏

డ௧
   

𝐉𝐭𝐨𝐭 ൌ 𝐉௙ ൅ 𝐉௕ ൅ 𝐉௣  
 

Ampere’s law with Maxwell’s fix, for materials:  ∇ ൈ 𝐇 ൌ 𝐉𝐟 ൅
డ𝐃

డ௧
 

 
Ohm’s law:  𝐉 ൌ 𝜎𝐄    
 

Scattering model:  𝜎 ൌ
௡௘మఛ

௠
    

 
Inductance: 

Mutual inductance:  𝑀ଵଶ ൌ
஍೗೚೚೛ మ

ூభ
 

Self inductance: 𝐿 ൌ
஍೗೚೚೛ భ

ூభ
  

EMF:  ℇ ൌ െ𝐿
ௗூ

ௗ௧
    

 
 
Chapter 8 
 
Energy:  

Stored energy:  𝑈 ൌ ቀ׬
ఢబ
ଶ
𝐸ଶ ൅

ଵ

ଶఓబ
𝐵ଶቁ 𝑑𝜏   

Energy density:  𝑢 ൌ
ఢబ
ଶ
𝐸ଶ ൅

ଵ

ଶఓబ
𝐵ଶ  

Energy density in materials:  𝑢 ൌ
ଵ

ଶ
𝐄 ⋅ 𝐃 ൅

ଵ

ଶ
𝐁 ⋅ 𝐇   

 
Poynting vector:   

Basic:  𝐒 ൌ
ଵ

ఓబ
𝐄 ൈ 𝐁 

In matter:  𝐒 ൌ 𝐄 ൈ 𝐇 
 
Poynting’s theorem: 

Basic:  ∇ ⋅ 𝐒 ൌ െ𝐄 ⋅ 𝐉 െ
డ௨

డ௧
 

Alternate:  
డ

డ௧
ሺ𝑢௠௘௖௛ ൅ 𝑢௘௠ሻ ൌ െ∇ ⋅ 𝐒 

Integral form:  ∮ 𝐒 ⋅ 𝑑𝐚 ൅
డௐ

డ௧
ൌ െ

డ௎

డ௧
 

With no work (continuity eq. for energy):  
డ௨

డ௧
ൌ െ∇ ⋅ 𝐒  

 In matter:  
డ௨

డ௧
ൌ 𝐄 ⋅

డ𝐃

డ௧
൅ 𝐇 ⋅

డ𝐁

డ௧
 

 

Momentum density  𝐠 ൌ
ଵ

௖మ
𝐒 ൌ 𝜇଴𝜖଴𝐒 ൌ 𝜖଴𝐄 ൈ 𝐁    
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Maxwell stress tensor:  𝑇௜௝ ൌ 𝜖଴ ቀ𝐸௜𝐸௝ െ
ଵ

ଶ
𝛿௜௝𝐸ଶቁ ൅

ଵ

ఓబ
ቀ𝐵௜𝐵௝ െ

ଵ

ଶ
𝛿௜௝𝐵ଶቁ 

 
Maxwell force equation (my name; I think it’s unnamed in the book):  

 Basic:  𝐅 ൌ ∮ 𝐓⃖ሬ⃗ ⋅ 𝑑𝐚ௌ െ 𝜖଴𝜇଴
డ

డ௧
׬ 𝐒 𝑑𝜏௏  

 Alternate:  ቌ
𝐹௫
𝐹௬
𝐹௭
ቍ ൌ ∮ ቌ

𝑇௫௫ 𝑇௫௬ 𝑇௫௭
𝑇௬௫ 𝑇௬௬ 𝑇௬௭
𝑇௭௫ 𝑇௭௬ 𝑇௭௭

ቍ൭
𝑛௫
𝑛௬
𝑛௭
൱ 𝑑𝑎ௌ െ 𝜖଴𝜇଴

డ

డ௧
׬ ቌ

𝑆௫
𝑆௬
𝑆௭
ቍ  𝑑𝜏௏  

 Per volume: 𝐟 ൌ ∇ ⋅ 𝐓⃖ሬ⃗ െ 𝜇଴𝜖଴
డ𝐒

డ௧
   

 With no force (continuity eq. for momentum):  
డ𝐠

డ௧
ൌ െ∇ ⋅ ൫െ𝐓⃖ሬ⃗ ൯  

 
Chapter 9 
 
Wave equation: 

 1D:   
డమ௙

ௗ௭మ
ൌ

ଵ

௩మ
డమ௙

డ௧మ
 

3D:  ∇ଶ𝑓 ൌ
ଵ

௩మ
డమ௙

డ௧మ
  

Speed of light:  𝑐 ൌ
ଵ

ඥఢబఓబ
 

Electric and magnetic fields in free space: 

∇ଶ𝐄 െ
ଵ

௖మ
డమ𝐄

డ௧మ
ൌ 0    

∇ଶ𝐁 െ
ଵ

௖మ
డమ𝐁

డ௧మ
ൌ 0  

 
Wave quantity relationships: 

Wavelength, frequency, speed:  𝑣 ൌ 𝜆𝑓 

Wavelength and wavevector:  𝜆 ൌ
ଶగ

௞
  

Frequency, etc.:  𝑓 ൌ
ଵ

்
ൌ

௞௩

ଶగ
   

Angular frequency:  𝜔 ൌ 2𝜋𝑓 ൌ 𝑘𝑣  
 

Inhomogeneous wave equation in linear, isotropic matter (assuming Ohm’s law): 

Electric field:  ∇ଶ𝐄 ൌ 𝜇𝜖
డమ𝐄

డ௧మ
൅ 𝜇𝜎

డ𝐄

డ௧
 

Magnetic field:  ∇ଶ𝐁 ൌ 𝜇𝜖
డమ𝐁

డ௧మ
൅ 𝜇𝜎

డ𝐁

డ௧
  

 
Plane waves:  
 Electric field:  𝐄෨ሺ𝐫, 𝑡ሻ ൌ 𝐄෨଴𝑒௜

ሺ𝐤⋅𝐫ିఠ௧ሻ 
 Alternate:  𝐄෨ሺ𝐫, 𝑡ሻ ൌ E෩଴𝑒௜

ሺ𝐤⋅𝐫ିఠ௧ሻ𝐧ෝ  

 Magnetic field:  𝐁෩ሺ𝐫, 𝑡ሻ ൌ
ଵ

௖
 𝐤መ ൈ 𝐄ሺ𝐫, 𝑡ሻ 

 Alternate:  𝐁෩ሺ𝐫, 𝑡ሻ ൌ
ଵ

௖
E෩଴𝑒௜

ሺ𝐤⋅𝐫ିఠ௧ሻ𝐤መ ൈ 𝐧ෝ   

Intensity: 

Plane wave in free space:  〈𝑆〉 ൌ
ଵ

ଶ
𝑐𝜖଴𝐸଴

ଶ 

Plane wave in matter:  〈𝑆〉 ൌ
ଵ

ଶ
𝑛𝑐𝜖଴𝐸଴

ଶ 

 

Radiation pressure: 𝑃 ൌ
ଵ

஺

୼௣

୼௧
ൌ

ଵ

ଶ
𝜖଴𝐸ଶ ൌ

ூ

௖
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Index of refraction: 

Basic:  𝑛 ൌ √𝜖௥𝜇௥ ൎ √𝜖௥ 
Wave speed:  𝑣 ൌ

௖

௡
ൌ

ఠ

௞
 

 
Laws of geometrical optics: 
 Reflection:  𝜃ூ ൌ 𝜃ோ  

 Refraction (Snell’s law):  
ୱ୧୬ఏ೅
ୱ୧୬ఏ಺

ൌ
௡భ
௡మ

 

 
Fresnel equations: 
 Definitions of quantities: 

  𝛼 ൌ
ୡ୭ୱఏ೅
ୡ୭ୱఏ಺

  

  𝛽 ൌ
ఓభ௡మ
ఓమ௡భ

ൎ
௡మ
௡భ

  

𝑟 ൌ
ா෨బೃ
ா෨బ಺

  

𝑡 ൌ
ா෨బ೅
ா෨బ಺

  

𝑅 ൌ
௉ೃ
௉಺
ൌ 𝑟ଶ  

𝑇 ൌ
௉೅
௉಺
ൌ 𝛼𝛽𝑡ଶ ൌ 1 െ 𝑅  

 normal incidence (assuming 𝜇௥ ൌ 1 for both materials): 
𝑟 ൌ

௡భି௡మ
௡భା௡మ

  

𝑡 ൌ
ଶ௡భ

௡భା௡మ
   

𝑅 ൌ ቀ௡భି௡మ
௡భା௡మ

 ቁ
ଶ
  

𝑇 ൌ
ସ௡భ௡మ

ሺ௡భା௡మሻమ
  

p polarization: 

𝑟 ൌ
ா෨బೃ
ா෨బ಺

ൌ
ఈିఉ

ఈାఉ
  

𝑡 ൌ
ா෨బ೅
ா෨బ಺

ൌ
ଶ

ఈାఉ
   

𝑅 ൌ ቀఈିఉ
ఈାఉ

ቁ
ଶ
  

𝑇 ൌ
ସఈఉ

ሺఈାఉሻమ
  

s polarization: 

𝑟 ൌ
ா෨బೃ
ா෨బ಺

ൌ
ଵିఈఉ

ଵାఈఉ
   

𝑡 ൌ
ா෨బ೅
ா෨బ಺

ൌ
ଶ

ଵାఈఉ
   

𝑅 ൌ ቀଵିఈఉ
ଵାఈఉ

ቁ
ଶ
  

𝑇 ൌ
ସఈఉ

ሺଵାఈఉሻమ
  

 
Brewster’s angle:    tan 𝜃஻ ൌ

௡మ
௡భ

 

  
Conductors: 

Complex permittivity, complex n:  𝜖௥̃ ൌ 𝑛෤ଶ 



Most important 442 equations – pg 4 
 

Complex k:  
௞෨

ఠ
ൌ

௡෤

௖
   

𝑘෨ଶ ൌ 𝜇𝜖𝜔ଶ ൅ 𝑖𝜇𝜎𝜔  

 Skin depth:  𝛿 ൌ
ଵ

௞೔೘ೌ೒
 

𝜖௥̃ ൌ 𝜖௥,௥௘௔௟ ൅ 𝑖
ఙ

ఢబఠ
   

 
Lorentz oscillator model:   

Susceptibility:  𝜒෤ ൌ
௤ாబ
௠

 
ଵ

ఠబ
మିఠమି௜ఠఊ

  

Plasma frequency:  𝜔௣ ൌ ට
ே௤మ

௠ఢబ
 

Dielectric constant:  𝜖௥̃ ൌ 1 ൅
ఠ೛
మ

ఠబ
మିఠమି௜ఠఊ

  

Applied to conductors:  𝜖௥̃ ൌ 1 െ
ఠ೛
మ

ఠమା௜ఠఊ
  

 
Waveguides:  

Rectangular waveguides: 𝑘 ൌ ටఠమ

௖మ
െ

௠మగమ

௔మ
െ

௡మగమ

௕మ
  

Cylindrical waveguides:  𝑘 ൌ ටఠమ

௖మ
െ

௨ഀ೘
మ

ோమ
 

 𝑢ఈ௠ is Bessel function zero for TM, Bessel function derivative zero for TE 
 
 
Chapter 10 
 
Fields from potentials:  

𝐄 ൌ െ∇𝑉 െ
డ𝐀

డ௧
  

𝐁 ൌ ∇ ൈ 𝐀  
 
Gauge transformations: 

𝐀ᇱ ൌ 𝐀 ൅ ∇𝜆  

𝑉ᇱ ൌ 𝑉 െ
డఒ

డ௧
  

 
Coulomb vs Lorentz gauges: 
 Coulomb: 

Definition:  ∇ ⋅ 𝐀 ൌ 0 
 
Poisson’s eq:  ∇ଶ𝑉 ൌ െ𝜌/𝜖଴  

Eq. for 𝐀:  ∇ଶ𝐀 െ 𝜇଴𝜖଴
డమ𝐀

డ௧మ
ൌ െ𝜇଴𝐉 ൅ μ଴ϵ଴

ப

ப୲
ሺ∇𝑉ሻ   

Lorentz: 

Definition:  ∇ ⋅ 𝐀 ൌ െ
ଵ

௖మ
డ௏

డ௧
 

Inhomogeneous wave eq.:  ∇ଶ𝑉 െ 𝜇଴𝜖଴
డమ௏

డ௧మ
ൌ െ

ఘ

ఢబ
  

IWE, alternate notation:  □ଶ𝑉 ൌ െ
ఘ

ఢబ
  

Inhomogeneous wave eq.:  ∇ଶ𝐀 െ 𝜇଴𝜖଴
డమ𝐀

డ௧మ
ൌ െ𝜇଴𝐉  

IWE, alternate notation:  □ଶ𝐀 ൌ െ𝜇଴𝐉  
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Assuming Lorentz gauge from here on out… 
 
Potentials from charge & current densities: 
 Retarded time:  𝑡௥ ൌ 𝑡 െ

௖
   

𝑉ሺ𝐫, 𝑡ሻ ൌ
ଵ

ସగఢబ
׬
ఘሺ𝐫,௧ೝሻ 𝑑𝜏′  

𝐀ሺ𝐫, 𝑡ሻ ൌ
ఓబ
ସగ
׬
𝐉ሺ𝐫,௧ೝሻ 𝑑𝜏′    

 
Liénard–Wiechert potentials for point charges: 

𝑉ሺ𝐫, 𝑡ሻ ൌ
ଵ

ସగఢబ

௤௖

ሺ ௖ି ⋅𝐯ሻ
  

𝐀ሺ𝐫, 𝑡ሻ ൌ
ఓబ
ସగ

௤௖𝐯

ሺ ௖ି ⋅𝐯ሻ
ൌ

𝐯

௖మ
𝑉ሺ𝐫, 𝑡ሻ  

 
Fields of a moving point charge: 

General formulas: 
Defn. of 𝐮:  𝐮 ൌ 𝑐ො െ 𝐯  
𝐄ሺ𝐫, 𝑡ሻ ൌ

௤ 

ସగఢబሺ ⋅𝐮ሻయ
ሾሺ𝑐ଶ െ 𝑣ଶሻ𝐮 ൅ ൈ ሺ𝐮 ൈ 𝐚ሻሿ  

𝐁ሺ𝐫, 𝑡ሻ ൌ
ଵ

௖
 ො ൈ 𝐄ሺ𝐫, 𝑡ሻ   

Constant velocity formulas: 
Distance vector:  𝐑 = from current location of charge to field point 
𝜃 ൌ angle between 𝐯 and 𝐑 

𝐄 ൌ
௤

ସగఢబ

ଵି௩మ/௖మ

൬ଵି
ೡమ

೎మ
ୱ୧୬మ ఏ൰

య/మ
𝐑෡

ோమ
   

𝐁ሺ𝐫, 𝑡ሻ ൌ
ଵ

௖మ
 𝐯 ൈ 𝐄   

 
Chapter 11 
 
Radiated power: 

Relationship to Poynting vector: 𝑃 ൌ 〈𝐒〉׬ ⋅ 𝑑𝐚     

From oscillating electric dipole: 〈𝐒〉~ ୱ୧୬మ ఏ 

௥మ
; 𝑃 ൌ

ఓబ௣బ
మఠర

ଵଶగ௖
  

From oscillating magnetic dipole: 〈𝐒〉~ ୱ୧୬మ ఏ 

௥మ
; 𝑃 ൌ

ఓబ௠బ
మఠర

ଵଶగ௖య
  

From arbitrary localized source:  𝑃 ൌ
ఓబ௣ሷమ

଺గ௖
   

From point charges (Larmor formula): 〈𝐒〉~ ୱ୧୬మ ఏ 
మ ;  𝑃 ൌ

ఓబ௤మ௔మ

଺గ௖
   

 

Liénard correction to Larmor formula: ௗ௉
ௗஐ

~
ୱ୧୬మ ఏ

ሺଵିఉ ୡ୭ୱ ఏሻఱ
; 𝑃 ൌ

ఓబ௤మఊల

଺గ௖
൬𝑎ଶ െ ቚ𝐯ൈ𝐚

௖
ቚ
ଶ
൰  

 

Abraham-Lorentz radiation reaction force:  𝐅 ൌ
ఓబ௤మ𝒂ሶ

଺గ௖
  

 
 
Chapter 12 
 
Definitions:  
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𝛽 ൌ 𝑣/𝑐  

𝛾 ൌ
ଵ

ඥଵିఉమ
     

 

Einstein velocity addition: 𝛽ଵଷ ൌ
ఉభమାఉమయ
ଵାఉభమఉమయ

   

 
Velocity addition alternate notation, including transverse formulas:  
(important note: prime frame is moving to the right with respect to unprimed frame)  

𝑢௫ᇱ ൌ
௨ೣି௩

ଵି௩௨ೣ/௖మ
  

𝑢௬ᇱ ൌ
௨೤

ఊሺଵି௩௨ೣ/௖మሻ
  

𝑢௭ᇱ ൌ
௨೥

ఊሺଵି௩௨ೣ/௖మሻ
  

 

Time dilation:  Δ𝑡ଶ ൌ
ଵ

ఊ
Δ𝑡ଵ 

Length contraction:  Δ𝑥ଶ ൌ 𝛾Δ𝑥ଵ  
 
Lorentz transformations:  (important note: all 𝛾’s here are 𝛾௩)  

ቀ𝑐𝑡
𝑥
ቁ
ଶ
ൌ ൬

𝛾 േ𝛾𝛽
േ𝛾𝛽 𝛾 ൰ ቀ𝑐𝑡

𝑥
ቁ
ଵ
   

Defn. of 𝚲 matrix:  𝚲 ൌ Λఔ
ఓ ൌ ൮

𝛾 േ𝛾𝛽 0 0
േ𝛾𝛽 𝛾 0 0

0 0 1 0
0 0 0 1

൲  

 
Master list of all 4-vectors which transform according to 𝚲:  (important note: all 𝛾’s here are 𝛾௨) 

Position:  𝑥ఓ ൌ ቌ

𝑐𝑡
𝑥
𝑦
𝑧

ቍ  

Velocity:  𝜂ఓ ൌ ൮

𝛾𝑐
𝛾𝑢௫
𝛾𝑢௬
𝛾𝑢௭

൲   

Momentum:  𝑝ఓ ൌ ൮

𝐸/𝑐
𝑝௫
𝑝௬
𝑝௭

൲    

Relativistic energy, is conserved:  𝐸 ൌ 𝛾𝑚𝑐ଶ  
Relativistic momentum, is conserved:  𝑝௫ ൌ 𝛾𝑚𝑢௫, etc. 

Acceleration:  𝑎ఓ ൌ

⎝

⎜
⎜
⎜
⎛

𝛾ସ  
𝐮⋅𝐚

௔
 

𝛾ଶ ቀ𝑎௫ ൅
௨ೣమ௔ೣ
௖మି௨మ

ቁ

𝛾ଶ ቀ𝑎௬ ൅
௨೤మ௔೤
௖మି௨మ

ቁ

𝛾ଶ ቀ𝑎௭ ൅
௨೥మ௔೥
௖మି௨మ

ቁ⎠

⎟
⎟
⎟
⎞

   

Minkowski force:  𝐾ఓ ൌ 𝑚𝑎ఓ   
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Potential:  𝐴ఓ ൌ ൮

𝑉/𝑐
𝐴௫
𝐴௬
𝐴௭

൲   

Current density:  𝐽ఓ ൌ ൮

𝜌𝑐
𝐽௫
𝐽௬
𝐽௭

൲   

where 𝐽௫ ൌ 𝜌𝑢௫, etc. 
 

Covariant/contravariant relationship:  𝑎ఓ ൌ ሺെ𝑎଴, 𝑎ଵ,𝑎ଶ, 𝑎ଷ ሻ 
 
Relativistic energy-momentum relation:  𝐸ଶ ൌ ሺ𝑝𝑐ሻଶ ൅ ሺ𝑚𝑐ଶሻଶ  
 
Field transformations:  (all 𝛾’s here are 𝛾௩; prime frame is moving to the right) 

𝐸௫ᇱ ൌ  𝐸௫  
𝐸௬ᇱ ൌ 𝛾൫𝐸௬ െ 𝑣𝐵௭൯  
𝐸௭ᇱ ൌ 𝛾൫𝐸௭ ൅ 𝑣𝐵௬൯  
𝐵௫ᇱ ൌ  𝐵௫   

𝐵௬ᇱ ൌ 𝛾 ቀ𝐵௬ ൅
௩

௖మ
𝐸௭ቁ   

𝐵௭ᇱ ൌ 𝛾 ቀ𝐵௭ െ
௩

௖మ
𝐵௬ቁ     

 
List of 4-tensors:  

Field tensor:  𝐹ఓఔ ൌ

⎝

⎜
⎛

0 𝐸௫/𝑐 𝐸௬/𝑐 𝐸௭/𝑐
െ𝐸௫/𝑐 0 𝐵௭ െ𝐵௬
െ𝐸௬/𝑐 െ𝐵௭ 0 𝐵௫
െ𝐸௭/𝑐 𝐵௬ െ𝐵௫ 0 ⎠

⎟
⎞

    

Dual tensor:  𝐺ఓఔ ൌ

⎝

⎜
⎛

0 𝐵௫ 𝐵௬ 𝐵௭
െ𝐵௫ 0 െ𝐸௭/𝑐 𝐸௬/𝑐
െ𝐵௬ 𝐸௭/𝑐 0 െ𝐸௫/𝑐
െ𝐵௭ െ𝐸௬ 𝐸௫/𝑐 0 ⎠

⎟
⎞

    

Stress tensor:  𝑇ఓఔ ൌ

⎝

⎜
⎛

𝑢 𝑆௫/𝑐 𝑆௬/𝑐 𝑆௭/𝑐
𝑆௫/𝑐 െ𝑇ଵ,ଵ െ𝑇ଵ,ଶ െ𝑇ଵ,ଷ

𝑆௬/𝑐 െ𝑇ଶ,ଵ െ𝑇ଶ,ଶ െ𝑇ଶ,ଷ

𝑆௭/𝑐 െ𝑇ଷ,ଵ െ𝑇ଷ,ଶ െ𝑇ଷ,ଷ⎠

⎟
⎞

  

Lorentz transformations: 𝐹ఓఔ ൌ Λఒ
ఓΛఙఔ 𝐹ఒఙ  (similarly for 𝐺ఓఔ, 𝑇ఓఔ) 

 
Important equations in tensor form:  

Maxwell equations (first half):  
డிഋഌ

డ௫ഌ
ൌ 𝜇଴𝐽ఓ   

Maxwell equations (second half):  
డீഋഌ

డ௫ഌ
ൌ 0   

Lorentz force:  𝐾ఓ ൌ 𝑞𝜂ఔ𝐹ఓఔ  

Fields from potentials:  𝐹ఓఔ ൌ
డ஺ഌ

డ௫ഋ
െ

డ஺ഋ

డ௫ഌ
    

Lorentz gauge condition:  
డ஺ഋ

డ௫ഋ
ൌ 0  
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Potentials from sources:  □ଶ𝐴ఓ ൌ െ𝜇଴𝐽ఓ  

Equation of continuity for charge:  
డ௃ഋ

డ௫ഋ
ൌ 0   

Equation of continuity for energy & momentum:  
డ்ഋഌ

డ௫ഋ
ൌ 0  


