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Chapter 7 

𝐉௣ ൌ
డ𝐏

డ௧
   

𝐉𝐭𝐨𝐭 ൌ 𝐉௙ ൅ 𝐉௕ ൅ 𝐉௣  

∇ ൈ 𝐇 ൌ 𝐉𝐟 ൅
డ𝐃

డ௧
  

𝐉 ൌ 𝜎𝐄    

𝜎 ൌ
௡௘మఛ

௠
    

𝑀ଵଶ ൌ
஍೗೚೚೛ మ

ூభ
  

𝐿 ൌ
஍೗೚೚೛ భ

ூభ
   

ℇ ൌ െ𝐿
ௗூ

ௗ௧
    

𝑈 ൌ ቀ׬
ఢబ
ଶ
𝐸ଶ ൅

ଵ

ଶఓబ
𝐵ଶቁ𝑑𝜏    

𝑢 ൌ
ఢబ
ଶ
𝐸ଶ ൅

ଵ

ଶఓబ
𝐵ଶ   

𝑢 ൌ
ଵ

ଶ
𝐄 ⋅ 𝐃 ൅

ଵ

ଶ
𝐁 ⋅ 𝐇   

 
Chapter 8 
𝐒 ൌ

ଵ

ఓబ
𝐄 ൈ 𝐁  

𝐒 ൌ 𝐄 ൈ 𝐇  

∇ ⋅ 𝐒 ൅ 𝐄 ⋅ 𝐉 ൌ െ
డ௨

డ௧
  

∮𝐒 ⋅ 𝑑𝐚 ൅
డௐ

డ௧
ൌ െ

డ௎

డ௧
  

డ௨

డ௧
ൌ െ∇ ⋅ 𝐒  (if no 𝐉) 

𝐠 ൌ
ଵ

௖మ
𝐒 ൌ 𝜇଴𝜖଴𝐒 ൌ 𝜖଴𝐄 ൈ 𝐁    

𝑇௜௝ ൌ 𝜖଴ ቀ𝐸௜𝐸௝ െ
ଵ

ଶ
𝛿௜௝𝐸ଶቁ ൅

ଵ

ఓబ
ቀ𝐵௜𝐵௝ െ

ଵ

ଶ
𝛿௜௝𝐵ଶቁ  

𝐅 ൌ ර 𝐓⃖ሬ⃗ ⋅ 𝑑𝐚
⬚

ௌ
െ 𝜖଴𝜇଴

𝜕
𝜕𝑡
න 𝐒 𝑑𝜏
⬚

௏
 

ቌ
𝐹௫
𝐹௬
𝐹௭
ቍ ൌ ∮ ቌ

𝑇௫௫ 𝑇௫௬ 𝑇௫௭
𝑇௬௫ 𝑇௬௬ 𝑇௬௭
𝑇௭௫ 𝑇௭௬ 𝑇௭௭

ቍ൭
𝑛௫
𝑛௬
𝑛௭
൱𝑑𝑎

⬚
ௌ

െ

𝜖଴𝜇଴
డ

డ௧
׬ ቌ

𝑆௫
𝑆௬
𝑆௭
ቍ  𝑑𝜏

⬚
௏

  

𝐟 ൌ ∇ ⋅ 𝐓⃖ሬ⃗ െ 𝜇଴𝜖଴
డ𝐒

డ௧
   

డ𝐠

డ௧
ൌ െ∇ ⋅ ൫െ𝐓⃖ሬ⃗ ൯  (if no 𝐟) 

 
Chapter 9 
డమ௙

ௗ௭మ
ൌ

ଵ

௩మ
డమ௙

డ௧మ
  

∇ଶ𝑓 ൌ
ଵ

௩మ
డమ௙

డ௧మ
  

𝑐 ൌ
ଵ

ඥఢబఓబ
  

∇ଶ𝐄 െ
ଵ

௖మ
డమ𝐄

డ௧మ
ൌ 0  (free space)  

∇ଶ𝐁 െ
ଵ

௖మ
డమ𝐁

డ௧మ
ൌ 0  (free space) 

𝑣 ൌ 𝜆𝑓  

𝜆 ൌ
ଶగ

௞
  

𝑓 ൌ
ଵ

்
ൌ

௞௩

ଶగ
   

𝜔 ൌ 2𝜋𝑓 ൌ 𝑘𝑣  

∇ଶ𝐄 ൌ 𝜇𝜖
డమ𝐄

డ௧మ
൅ 𝜇𝜎

డ𝐄

డ௧
  

∇ଶ𝐁 ൌ 𝜇𝜖
డమ𝐁

డ௧మ
൅ 𝜇𝜎

డ𝐁

డ௧
   

 

𝐄෨ሺ𝐫, 𝑡ሻ ൌ 𝐄෨଴𝑒௜
ሺ𝐤⋅𝐫ିఠ௧ሻ  

𝐄෨ሺ𝐫, 𝑡ሻ ൌ E෩଴𝑒௜
ሺ𝐤⋅𝐫ିఠ௧ሻ𝐧ෝ  

𝐁෩ሺ𝐫, 𝑡ሻ ൌ
ଵ

௖
 𝐤መ ൈ 𝐄ሺ𝐫, 𝑡ሻ  

𝐁෩ሺ𝐫, 𝑡ሻ ൌ
ଵ

௖
E෩଴𝑒௜

ሺ𝐤⋅𝐫ିఠ௧ሻ𝐤መ ൈ 𝐧ෝ    

〈𝑆〉 ൌ
ଵ

ଶ
𝑐𝜖଴𝐸଴

ଶ  (free space) 

〈𝑆〉 ൌ
ଵ

ଶ
𝑛𝑐𝜖଴𝐸଴

ଶ  

𝑃 ൌ
ଵ

஺

୼௣

୼௧
ൌ

ଵ

ଶ
𝜖଴𝐸ଶ ൌ

ூ

௖
  

𝑛 ൌ √𝜖௥𝜇௥ ൎ √𝜖௥  
𝑣 ൌ

௖

௡
ൌ

ఠ

௞
  

𝜃ூ ൌ 𝜃ோ  
𝑛ଵ sin𝜃ଵ ൌ 𝑛ଶ sin𝜃ଶ  

𝛼 ൌ
ୡ୭ୱఏ೅
ୡ୭ୱఏ಺

  

𝛽 ൌ
ఓభ௡మ
ఓమ௡భ

ൎ
௡మ
௡భ

  

𝑟 ൌ
ா෨బೃ
ா෨బ಺

  

𝑡 ൌ
ா෨బ೅
ா෨బ಺

  

𝑅 ൌ
௉ೃ
௉಺
ൌ 𝑟ଶ  

𝑇 ൌ
௉೅
௉಺
ൌ 𝛼𝛽𝑡ଶ ൌ 1 െ 𝑅  

𝑟 ൌ
௡భି௡మ
௡భା௡మ

  (normal incidence) 

𝑡 ൌ
ଶ௡భ

௡భା௡మ
  (normal) 

𝑅 ൌ ቀ
௡భି௡మ
௡భା௡మ

 ቁ
ଶ
  (normal) 

𝑇 ൌ
ସ௡భ௡మ

ሺ௡భା௡మሻమ
   (normal) 

𝑟 ൌ
ா෨బೃ
ா෨బ಺

ൌ
ఈିఉ

ఈାఉ
  (p-polar) 

𝑡 ൌ
ா෨బ೅
ா෨బ಺

ൌ
ଶ

ఈାఉ
   (p-polar) 

𝑅 ൌ ቀ
ఈିఉ

ఈାఉ
ቁ
ଶ
  (p-polar) 

𝑇 ൌ
ସఈఉ

ሺఈାఉሻమ
   (p-polar) 

tan𝜃஻ ൌ
௡మ
௡భ

  

𝑟 ൌ
ா෨బೃ
ா෨బ಺

ൌ
ଵିఈఉ

ଵାఈఉ
    (s-polar) 

𝑡 ൌ
ா෨బ೅
ா෨బ಺

ൌ
ଶ

ଵାఈఉ
    (s-polar) 

𝑅 ൌ ቀ
ଵିఈఉ

ଵାఈఉ
ቁ
ଶ
   (s-polar) 

𝑇 ൌ
ସఈఉ

ሺଵାఈఉሻమ
   (s-polar) 

𝜖௥̃ ൌ 𝑛෤ଶ  
௞෨

ఠ
ൌ

௡෤

௖
   

𝑘෨ଶ ൌ 𝜇𝜖𝜔ଶ ൅ 𝑖𝜇𝜎𝜔  

𝛿 ൌ
ଵ

௞೔೘ೌ೒
  

𝜖௥̃ ൌ 𝜖௥,௥௘௔௟ ൅ 𝑖
ఙ

ఢబఠ
   

𝜔௣ ൌ ට
ே௤మ

௠ఢబ
  

𝜒෤ ൌ
௤ாబ
௠

 
ଵ

ఠబ
మିఠమି௜ఠఊ

  

𝜖௥̃ ൌ 1 ൅
ఠ೛
మ

ఠబ
మିఠమି௜ఠఊ

  

𝜖௥̃ ൌ 1 െ
ఠ೛
మ

ఠమା௜ఠఊ
  (conductor) 

𝑘 ൌ ටఠమ

௖మ
െ

௠మగమ

௔మ
െ

௡మగమ

௕మ
 (rect) 

𝑘 ൌ ටఠమ

௖మ
െ

௨ഀ೘
మ

ோమ
  (cylindrical) 

(𝑢ఈ௠ is Bessel function zero for TM, 
Bessel function derivative zero for TE) 

 
Chapter 10 

𝐄 ൌ െ∇𝑉 െ
డ𝐀

డ௧
  

𝐁 ൌ ∇ ൈ 𝐀  
𝐀ᇱ ൌ 𝐀 ൅ ∇𝜆  

𝑉ᇱ ൌ 𝑉 െ
డఒ

డ௧
  

∇ ⋅ 𝐀 ൌ 0  (Coulomb gauge) 
∇ଶ𝑉 ൌ െ𝜌/𝜖଴ (Coulomb) 

∇ଶ𝐀 െ 𝜇଴𝜖଴
డమ𝐀

డ௧మ
ൌ െ𝜇଴𝐉 ൅

μ଴ϵ଴
ப

ப୲
ሺ∇𝑉ሻ  (Coulomb) 

∇ ⋅ 𝐀 ൌ െ
ଵ

௖మ
డ௏

డ௧
  (Lorentz gauge) 

∇ଶ𝑉 െ 𝜇଴𝜖଴
డమ௏

డ௧మ
ൌ െ

ఘ

ఢబ
  (Lorentz) 

∇ଶ𝐀 െ 𝜇଴𝜖଴
డమ𝐀

డ௧మ
ൌ െ𝜇଴𝐉 (Loren.) 

𝑡௥ ൌ 𝑡 െ
௖
   

𝑉ሺ𝐫, 𝑡ሻ ൌ
ଵ

ସగఢబ
׬
ఘሺ𝐫,௧ೝሻ 𝑑𝜏′  

𝐀ሺ𝐫, 𝑡ሻ ൌ
ఓబ
ସగ
׬
𝐉ሺ𝐫,௧ೝሻ 𝑑𝜏ᇱ  

𝑉ሺ𝐫, 𝑡ሻ ൌ
ଵ

ସగఢబ

௤௖

ሺ ௖ି ⋅𝐯ሻ
  (L-W) 

𝐀ሺ𝐫, 𝑡ሻ ൌ
𝐯

௖మ
𝑉ሺ𝐫, 𝑡ሻ  (L-W) 

𝐮 ൌ 𝑐ො െ 𝐯  

𝐄ሺ𝐫, 𝑡ሻ ൌ
௤ 

ସగఢబሺ ⋅𝐮ሻయ
ሾሺ𝑐ଶ െ

𝑣ଶሻ𝐮 ൅ ൈ ሺ𝐮 ൈ 𝐚ሻሿ  
𝐁ሺ𝐫, 𝑡ሻ ൌ

ଵ

௖
 ො ൈ 𝐄ሺ𝐫, 𝑡ሻ   

𝐄 ൌ
௤

ସగఢబ

ଵି௩మ/௖మ

൬ଵି
ೡమ

೎మ
ୱ୧୬మ ఏ൰

య/మ
𝐑෡

ோమ
   

(constant velocity; 𝐑 = from current 
location of charge to field point, 𝜃 ൌ 
angle between 𝐯 and 𝐑) 

𝐁ሺ𝐫, 𝑡ሻ ൌ
ଵ

௖మ
 𝐯 ൈ 𝐄   

 
Chapter 11 
𝑃 ൌ 〈𝐒〉׬ ⋅ 𝑑𝐚     

〈𝐒〉~
ୱ୧୬మ ఏ 

௥మ
; 𝑃 ൌ

ఓబ௣బ
మఠర

ଵଶగ௖
 (electric 

dipole) 

〈𝐒〉~
ୱ୧୬మ ఏ 

௥మ
; 𝑃 ൌ

ఓబ௠బ
మఠర

ଵଶగ௖య
  

(magnetic dipole) 

𝑃 ൌ
ఓబ௣ሷమ

଺గ௖
  (arb. localized source) 

〈𝐒〉~
ୱ୧୬మ ఏ 

మ ;  𝑃 ൌ
ఓబ௤మ௔మ

଺గ௖
 (Larmor) 

ௗ௉

ௗஐ
~

ୱ୧୬మ ఏ

ሺଵିఉ ୡ୭ୱఏሻఱ
; 𝑃 ൌ

ఓబ௤మఊల

଺గ௖
൬𝑎ଶ െ ቚ

𝐯ൈ𝐚

௖
ቚ
ଶ
൰ (Liénard) 

𝐅୰୰ ൌ
ఓబ௤మ𝒂ሶ

଺గ௖
  (Abraham-Lorentz) 

 
Chapter 12 
𝛽 ൌ 𝑣/𝑐  

𝛾 ൌ
ଵ

ඥଵିఉమ
     

𝛽ଵଷ ൌ
ఉభమାఉమయ
ଵାఉభమఉమయ

   

𝑢௫ᇱ ൌ
௨ೣି௩

ଵି௩௨ೣ/௖మ
  

𝑢௬ᇱ ൌ
௨೤

ఊሺଵି௩௨ೣ/௖మሻ
  

𝑢௭ᇱ ൌ
௨೥

ఊሺଵି௩௨ೣ/௖మሻ
  

(prime frame is moving to the right)  

Δ𝑡ଶ ൌ
ଵ

ఊ
Δ𝑡ଵ  

Δ𝑥ଶ ൌ 𝛾Δ𝑥ଵ  

ቀ
𝑐𝑡
𝑥 ቁଶ

ൌ ൬
𝛾 േ𝛾𝛽

േ𝛾𝛽 𝛾 ൰ ቀ
𝑐𝑡
𝑥 ቁଵ

  

𝚲 ൌ Λఔ
ఓ ൌ

൮

𝛾 േ𝛾𝛽 0 0
േ𝛾𝛽 𝛾 0 0

0 0 1 0
0 0 0 1

൲   

𝑥ఓ ൌ Λఔ
ఓ𝑥ఔ (gen. vector transf.) 

𝑥ఓ ൌ ቌ

𝑐𝑡
𝑥
𝑦
𝑧

ቍ  

𝜂ఓ ൌ ൮

𝛾௨𝑐
𝛾௨𝑢௫
𝛾௨𝑢௬
𝛾௨𝑢௭

൲   

𝐸 ൌ 𝛾𝑚𝑐ଶ  
𝐩 ൌ 𝛾𝑚𝐮  

𝑝ఓ ൌ ൮

𝐸/𝑐
𝑝௫
𝑝௬
𝑝௭

൲    

𝑎ఓ ൌ

⎝

⎜
⎜
⎜
⎛

𝛾௨ସ  
𝐮⋅𝐚

௔
 

𝛾௨ଶ ቀ𝑎௫ ൅
௨ೣ
మ௔ೣ

௖మି௨మ
ቁ

𝛾௨ଶ ቀ𝑎௬ ൅
௨೤
మ௔೤

௖మି௨మ
ቁ

𝛾௨ଶ ቀ𝑎௭ ൅
௨೥మ௔೥
௖మି௨మ

ቁ⎠

⎟
⎟
⎟
⎞

   

𝐾ఓ ൌ 𝑚𝑎ఓ   

𝐴ఓ ൌ ൮

𝑉/𝑐
𝐴௫
𝐴௬
𝐴௭

൲   

𝐉 ൌ 𝜌𝐮  

𝐽ఓ ൌ ൮

𝜌𝑐
𝐽௫
𝐽௬
𝐽௭

൲   

𝑎ఓ ൌ ሺെ𝑎଴,𝑎ଵ,𝑎ଶ,𝑎ଷሻ  (covar.) 
𝐸ଶ ൌ ሺ𝑝𝑐ሻଶ ൅ ሺ𝑚𝑐ଶሻଶ  
𝐸௫ᇱ ൌ  𝐸௫  
𝐸௬ᇱ ൌ 𝛾൫𝐸௬ െ 𝑣𝐵௭൯  
𝐸௭ᇱ ൌ 𝛾൫𝐸௭ ൅ 𝑣𝐵௬൯  
𝐵௫ᇱ ൌ  𝐵௫   

𝐵௬ᇱ ൌ 𝛾 ቀ𝐵௬ ൅
௩

௖మ
𝐸௭ቁ   

𝐵௭ᇱ ൌ 𝛾 ቀ𝐵௭ െ
௩

௖మ
𝐸௬ቁ     

(prime frame is moving to the right) 

𝐹ఓఔ ൌ Λఒ
ఓΛఙఔ 𝐹ఒఙ (tensor transf.) 

𝐹ఓఔ ൌ

⎝

⎜
⎛

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

⎟
⎞

    

𝐺ఓఔ ൌ

⎝

⎜
⎛

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

⎟
⎞

    



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⎠

⎟
⎞

  

డிഋഌ

డ௫ഌ
ൌ 𝜇଴𝐽ఓ  (two of Maxwell)  

డீഋഌ

డ௫ഌ
ൌ 0  (other two of Maxwell) 

𝐾ఓ ൌ 𝑞𝜂ఔ𝐹ఓఔ  (Lorentz force) 

𝐹ఓఔ ൌ
డ஺ഌ

డ௫ഋ
െ

డ஺ഋ

డ௫ഌ
 (E,B from V,A) 

డ஺ഋ

డ௫ഋ
ൌ 0  (Lorentz gauge) 

□ଶ𝐴ఓ ൌ െ𝜇଴𝐽ఓ (V,A from 𝜌,J)   
డ௃ഋ

డ௫ഋ
ൌ 0  (Eq of cont. for charge) 

డ்ഋഌ

డ௫ഋ
ൌ 0 (Eq. of cont. for E & p)  

 
 
 
 

 


