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Constants & Conversion Factors 
g = 9.8 m/s2  
G = 6.67 × 10-11 N⋅m2/kg2 
kB = 1.381 × 10-23 J/K 
NA = 6.022 × 1023 
R = kB∙NA = 8.314 J/mol∙K  
σ = 5.67 × 10-8 W/m2∙K4 

c = 3 × 108 m/s 
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 9.11 × 10-31 kg 
1 inch = 2.54 cm 
1 m3 = 1000 L 
1 atm = 1.013 × 105 Pa = 14.7 psi 
1 eV = 1.602 × 10-19 J 
𝑇𝑇𝐹𝐹 = 9

5
𝑇𝑇𝐶𝐶 + 32  

𝑇𝑇𝐶𝐶 = 5
9

(𝑇𝑇𝐹𝐹 − 32)  
𝑇𝑇𝐾𝐾 = 𝑇𝑇𝐶𝐶 + 273.15  
 
Materials Parameters 
𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤: 1000 kg/m3 
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎: 1.29 kg/m3 (at 0°C, 1 atm) 
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: 2700 kg/m3 
𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: 24 × 10-6 /°C 
𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: 17 × 10-6 /°C 
𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠: 11 × 10-6 /°C 
𝑐𝑐𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤: 4186 J/kg⋅°C 
𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖: 2090 J/kg⋅°C 
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠: 2010 J/kg⋅°C 
𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: 900 J/kg⋅°C 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: 387 J/kg⋅ºC 
𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤: 3.33 × 105 J/kg 
𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤: 2.26 × 106 J/kg 
𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛: 1.98 × 105 J/kg 
𝑘𝑘𝑡𝑡ℎ,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: 238 J/s⋅m⋅°C 
𝑘𝑘𝑡𝑡ℎ,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: 397 J/s⋅m⋅°C 
𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎: 343 m/s (at 20°C) 
𝑛𝑛𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 1.33 (unless otherwise specified) 
𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 1.5  (unless otherwise specified)  
𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 = 1.0  (unless otherwise specified) 
 
Misc. Math 

𝑥𝑥 = −𝑏𝑏±�𝑏𝑏2−4𝑎𝑎𝑎𝑎
2𝑎𝑎

    
𝐴𝐴𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 4𝜋𝜋𝑅𝑅2  
𝑉𝑉𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 4

3
𝜋𝜋𝑅𝑅3  

(1 + 𝑥𝑥)𝑛𝑛 ≈ 1 + 𝑛𝑛𝑛𝑛  
 
Fluids & Thermodynamics 
𝑃𝑃 = 𝑃𝑃0 + 𝜌𝜌𝜌𝜌 (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ)  
𝐵𝐵 = weight of displaced fluid 
𝐴𝐴1𝑣𝑣1 = 𝐴𝐴2𝑣𝑣2 (if incompressible) 
𝑃𝑃1 + 1

2
𝜌𝜌𝑣𝑣12 + 𝜌𝜌𝜌𝜌ℎ1 = 𝑃𝑃2 + 1

2
𝜌𝜌𝑣𝑣22 + 𝜌𝜌𝜌𝜌ℎ2  

Δ𝐿𝐿 = 𝛼𝛼𝐿𝐿0Δ𝑇𝑇,Δ𝑉𝑉 = 𝛽𝛽𝑉𝑉0Δ𝑇𝑇;  𝛽𝛽 = 3𝛼𝛼  
𝑃𝑃𝑃𝑃 = 𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑁𝑁𝑘𝑘𝐵𝐵𝑇𝑇  (ideal gas) 
𝐾𝐾𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 3

2
𝑘𝑘𝐵𝐵𝑇𝑇 (translational only) 

𝑚𝑚/𝑘𝑘𝐵𝐵 = 𝑀𝑀/𝑅𝑅   (𝑀𝑀 = molar mass) 

𝑓𝑓(𝑣𝑣) = 4𝜋𝜋 � 𝑚𝑚
2𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇

�
3/2

 𝑣𝑣2𝑒𝑒−
1
2𝑚𝑚𝑣𝑣2/𝑘𝑘𝐵𝐵𝑇𝑇  

𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = �2𝑘𝑘𝐵𝐵𝑇𝑇
𝑚𝑚

   

𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ∫ 𝑣𝑣𝑣𝑣(𝑣𝑣)𝑑𝑑𝑑𝑑 =∞
0  �8𝑘𝑘𝐵𝐵𝑇𝑇

𝜋𝜋𝜋𝜋
   

𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 = �∫ 𝑣𝑣2𝑓𝑓(𝑣𝑣)𝑑𝑑𝑑𝑑∞
0 = �3𝑘𝑘𝐵𝐵𝑇𝑇

𝑚𝑚
   

Mean free path: ℓ = 1
√2𝜋𝜋𝑑𝑑2𝑛𝑛

 
Ave time between collisions: 𝜏𝜏 = ℓ/𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎  

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑘𝑘𝑡𝑡ℎ𝐴𝐴Δ𝑇𝑇
𝐿𝐿

= 𝐴𝐴Δ𝑇𝑇
𝑅𝑅

;𝑅𝑅 = 𝐿𝐿/𝑘𝑘𝑡𝑡ℎ  
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑇𝑇4  
𝑄𝑄 = 𝑚𝑚𝑚𝑚Δ𝑇𝑇  
#dof𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 3;  #dof𝑑𝑑𝑑𝑑𝑑𝑑 ≈ 5 (at room temp) 
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 = #dof

2
𝑁𝑁𝑘𝑘𝐵𝐵𝑇𝑇 =  #dof

2
𝑛𝑛𝑛𝑛𝑛𝑛  

𝑄𝑄 = 𝑛𝑛𝑛𝑛Δ𝑇𝑇  
𝐶𝐶𝑣𝑣 = (#dof)𝑅𝑅/2   
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑛𝑛𝐶𝐶𝑣𝑣𝑇𝑇;  Δ𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑛𝑛𝐶𝐶𝑣𝑣Δ𝑇𝑇 
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = Δ𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑊𝑊𝑏𝑏𝑏𝑏   (First Law) 
Δ𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑊𝑊𝑜𝑜𝑜𝑜   (First Law) 
𝐶𝐶𝑝𝑝 = 𝐶𝐶𝑣𝑣 + 𝑅𝑅 = (#dof + 2)𝑅𝑅/2  
𝛾𝛾 = 𝐶𝐶𝑝𝑝/𝐶𝐶𝑣𝑣 = (#dof + 2)/#dof  
isotherm:𝑃𝑃1𝑉𝑉1 = 𝑃𝑃2𝑉𝑉2  
reversible adiabatic: 𝑃𝑃1𝑉𝑉1

𝛾𝛾 = 𝑃𝑃2𝑉𝑉2
𝛾𝛾  

reversible adiabatic: 𝑇𝑇1𝑉𝑉1
𝛾𝛾−1 = 𝑇𝑇2𝑉𝑉2

𝛾𝛾−1  
𝑒𝑒𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 1 − 1

𝑟𝑟𝛾𝛾−1
;   𝑟𝑟 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚   

𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 1 − 1
𝑟𝑟𝛾𝛾−1 �

𝑟𝑟𝑐𝑐
𝛾𝛾−1

𝛾𝛾(𝑟𝑟𝑐𝑐−1)
� ;  

     𝑟𝑟 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

, 𝑟𝑟𝑐𝑐 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 

   
𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 1 − 𝑇𝑇𝑐𝑐/𝑇𝑇ℎ  
Δ𝑆𝑆12 = ∫ 𝑑𝑑𝑑𝑑

𝑇𝑇
state 2
state 1 ,  

     integral done over any reversible path   
𝑆𝑆 = 𝑘𝑘𝐵𝐵 ln𝑊𝑊    
  (𝑊𝑊 = #microstates with the given energy)  
#microstates = �𝑁𝑁𝑘𝑘� = 𝑁𝑁!

𝑘𝑘!(𝑁𝑁−𝑘𝑘)!
   (e.g. coins) 

#macrostates = 2𝑁𝑁     (e.g. coins) 
 
Waves & Sound 
𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1

2
𝜇𝜇𝜔𝜔2𝐴𝐴2𝑣𝑣  

𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑣𝑣2−𝑣𝑣1
𝑣𝑣2+𝑣𝑣1

;   𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 2𝑣𝑣2
𝑣𝑣2+𝑣𝑣1

  
𝑅𝑅 = |𝑟𝑟|2;   𝑇𝑇 = 1 − 𝑅𝑅  
𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �𝑇𝑇/𝜇𝜇 ;   𝜇𝜇 = 𝑚𝑚/𝐿𝐿  
𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 = �𝑌𝑌/𝜌𝜌 ;   𝑌𝑌 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
= 𝐹𝐹/𝐴𝐴

Δ𝐿𝐿/𝐿𝐿
  

𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �𝐵𝐵/𝜌𝜌 = 343 m
s
�𝑇𝑇/293K    

𝛽𝛽 = 10 log10 �
𝐼𝐼
𝐼𝐼0
� ;  𝐼𝐼 = 𝐼𝐼010

𝛽𝛽
10;  

     𝐼𝐼0 = 10−12 W/m2  
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑣𝑣±𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
𝑣𝑣±𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

  (Doppler) 

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�
1+𝑣𝑣/𝑐𝑐
1−𝑣𝑣/𝑐𝑐

  (Doppler for light) 

sin𝜃𝜃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 1/Mach#  
Δ𝑃𝑃𝑃𝑃 = 0, 𝜆𝜆, 2𝜆𝜆, …     constructive 
Δ𝑃𝑃𝑃𝑃 = 𝜆𝜆

2
, 3𝜆𝜆
2

, 5𝜆𝜆
2

, …     destructive 
Musical “just ratios”:  

Octave = × 2; Perfect fifth =3/2; 
Perfect fourth = 4/3; Major third = 5/4 

Musical “equal temperament”: 

Half step = 21/12 ≈ 1.0595 
Octave = 12 half steps; Fifth = 7 half steps; 
Fourth = 5 half steps; Major third = 4 h.s. 

Fourier series (𝑓𝑓(𝑡𝑡) is periodic, 𝜔𝜔0 = 2𝜋𝜋/𝑇𝑇): 
𝑓𝑓(𝑡𝑡) = 𝑎𝑎0 +  ∑ 𝑎𝑎𝑛𝑛∞

𝑛𝑛=1 cos(𝑛𝑛𝜔𝜔0𝑡𝑡) +
∑ 𝑏𝑏𝑛𝑛∞
𝑛𝑛=1 sin (𝑛𝑛𝜔𝜔0𝑡𝑡)  

𝑎𝑎0 = 1
𝑇𝑇 ∫ 𝑓𝑓(𝑡𝑡)𝑑𝑑𝑑𝑑𝑇𝑇

0   

𝑎𝑎𝑛𝑛 = 2
𝑇𝑇 ∫ 𝑓𝑓(𝑡𝑡) cos(𝑛𝑛𝜔𝜔0𝑡𝑡)𝑑𝑑𝑑𝑑

𝑇𝑇
0   

𝑏𝑏𝑛𝑛 = 2
𝑇𝑇 ∫ 𝑓𝑓(𝑡𝑡) sin(𝑛𝑛𝜔𝜔0𝑡𝑡) 𝑑𝑑𝑑𝑑

𝑇𝑇
0   

𝑣𝑣𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜔𝜔
𝑘𝑘
�
𝜔𝜔=𝜔𝜔0

   

𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜔𝜔=𝜔𝜔0

   

 
Optics 
𝑛𝑛 = 𝑐𝑐/𝑣𝑣  
𝑛𝑛1 sin𝜃𝜃1 = 𝑛𝑛2 sin 𝜃𝜃2  
TIR when 𝜃𝜃2 = 90° (𝜃𝜃1 is “critical angle”) 
tan𝜃𝜃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑛𝑛2/𝑛𝑛1  
𝐼𝐼 = 𝐼𝐼0cos2𝜃𝜃 (Malus’s law for polarizers) 
1
𝑓𝑓

= 1
𝑝𝑝

+ 1
𝑞𝑞
   (mirrors & thin lenses) 

𝑓𝑓 = + for converg, – for diverg 
𝑝𝑝 = + for real object, – for virtual 
𝑞𝑞 = + for real image, – for virtual 

𝑚𝑚 = −𝑞𝑞/𝑝𝑝  
𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑅𝑅/2  

𝑅𝑅 = + if “)” ,   – if  “(” 
1

𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
= (𝑛𝑛 − 1) � 1

𝑅𝑅1
− 1

𝑅𝑅2
� “lensmaker’s eq” 

𝑅𝑅1 = + if “(” ,   – if  “)” 
𝑅𝑅2 = + if “(” ,   – if  “)” 

𝜙𝜙 = 2𝜋𝜋(𝑃𝑃𝑃𝑃)/𝜆𝜆 = 𝑘𝑘(𝑃𝑃𝑃𝑃)    (or use Δ𝑃𝑃𝑃𝑃)  
𝑓𝑓 = 𝐴𝐴1𝑒𝑒𝑖𝑖𝜙𝜙1 + 𝐴𝐴2𝑒𝑒𝑖𝑖𝜙𝜙2 + 𝐴𝐴3𝑒𝑒𝑖𝑖𝜙𝜙3 + ⋯   
𝐼𝐼 = 𝐼𝐼0|𝑓𝑓|2  
2 narrow slits: 𝐼𝐼 = 𝐼𝐼0 cos2 �𝜋𝜋𝑑𝑑

𝜆𝜆
sin𝜃𝜃� 

     𝑚𝑚𝑚𝑚 = 𝑑𝑑 sin𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 ;  𝑚𝑚 = 0, ±1, ±2, … 
1 wide slit: 𝐼𝐼 = 𝐼𝐼0 sinc2 �𝜋𝜋𝑎𝑎

𝜆𝜆
sin 𝜃𝜃 �  

     𝑚𝑚𝑚𝑚 = 𝑎𝑎 sin 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 ;  𝑚𝑚 = ±1, ±2, … 
circular slit: 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 = 1.22𝜆𝜆/𝐷𝐷  
grating: 𝑚𝑚𝑚𝑚 = 𝑑𝑑 sin𝜃𝜃 
    𝑅𝑅 = 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎

Δ𝜆𝜆
= #slits × 𝑚𝑚 

Bragg: 𝑚𝑚𝑚𝑚 = 2𝑑𝑑 sin𝜃𝜃 
 
 
 
   
 
 
 


