
Physics 471 Formula Sheet (8 Apr 2024) 

𝑐 2.998 10  m/s ℎ 6.626 10  Js 
𝑘 1.381 10  J/K 𝑁 6.022 10   
𝑚 9.109 10  kg 𝑒 1.602 10  C 

𝜀 8.854 10  C2/Nm2 

𝜇 4𝜋 10  Tm/A   𝜎 5.670 10  W/m2K4 
General E&M 
∇ ⋅ 𝐄 𝜌/𝜀     
∇ 𝐄 𝜕𝐁/𝜕𝑡    
∇ ⋅ 𝐁 0  
∇ 𝐁 𝜇 𝐉 𝜇 𝜀 𝜕𝐄/𝜕𝑡  
∇ ⋅ 𝐃 𝜌   

∇ 𝐇 𝐉
𝐃
  

∇ ⋅ 𝐉   

𝐃 𝜀 𝐄 𝐏,    𝜀 𝜀 𝐄 for linear isotropic 

𝐇
𝐁

𝐌,    
𝐁

  for linear isotropic  

𝐏 𝜀 𝜒𝐄  for linear isotropic 
𝜀 1 𝜒  for linear isotropic 
𝜌 𝜌 𝜌       𝜌 ∇ ⋅ 𝐏 

𝐉 𝐉 𝐉 𝐉    

     𝐉 ∇ 𝐌     𝐉 𝜕𝐏/𝑑𝑡 

∇ 𝐸 𝜀 𝜇
𝜕 𝐄
𝜕𝑡

𝜇
𝜕𝐉
𝜕𝑡

𝜇
𝜕 𝐏
𝜕𝑡

1
𝜀
∇ ∇ ⋅ 𝐏  

Plane wave: 𝐄 𝐄 𝑒 𝐤⋅𝐫  

𝜀̃ 𝑛         𝑘 𝑛    𝜆     𝛿   

Lorentz Model 

𝜔   

𝜒   (dielectrics) 

𝜒   (metals) 

Poynting 

∇ ⋅ 𝐒   

𝐒 𝐄 𝐁   

𝑢 𝐸 𝐵   

𝐄 ⋅ 𝐉  

𝐼 𝑡 〈𝑆 𝑡 〉 𝑛𝜀 𝑐𝐸 𝑡   

Fresnel Eqs 

𝛼 ,  𝛽   

𝑟 , 𝑡  (p-polar) 

𝑟 , 𝑡  (s-polar) 

𝑅 |𝑟| ,   𝑇 𝛼𝛽|𝑡|  
Two Interfaces 

𝑡   

𝑇  
| | | |

| |
  

𝑇 𝛼 𝛽 |𝑡 |  
 

/
  

𝑇     

𝐹
| || |

| || |
  

Φ 𝜙 𝜙 2𝑘 𝑑 cos 𝜃   

ΔΦ 4/√𝐹   

Δ𝜆
√

  

Δ𝜆   

𝑓 2𝜋/ΔΦ Δ𝜆 /Δ𝜆 𝜋√𝐹/2  
Multilayers 
𝑡 1/𝑎   
𝑟 𝑎 /𝑎   

𝛽 𝑘 ℓ cos𝜃   

p-polar:  

𝑀
cos𝛽

 cos𝛽
  

𝐴
𝑛 cos𝜃
𝑛 cos𝜃   

 ∏ 𝑀
cos𝜃  0
𝑛 0   

s-polar: 

𝑀
cos𝛽  

𝑖𝑛 sin𝛽 cos𝜃  cos𝛽
  

𝐴
𝑛 cos𝜃 1
𝑛 cos𝜃 1   

∏ 𝑀
1 0

𝑛 cos𝜃  0   

Crystals 

  

Biaxial: 

cos𝜃   (optic axes dirs.)  

Uniaxial: 

𝑛 𝑛 ,  𝑛  

p-polar, optic axis  to surface: 

tan 𝜃   

tan 𝜃   

Polarization 
SEE NEXT PAGE  

Fourier, Delta, Convolution 

𝑓 𝜔
√  

𝑓 𝑡 𝑒 𝑑𝑡  

𝑓 𝑡
√  

𝑓 𝜔 𝑒 𝑑𝜔  

𝐼 𝜔  𝑛𝜀 𝑐|𝐸 𝜔 |  

𝐼 𝑡 𝑑𝑡 𝐼 𝜔 𝑑𝜔  

𝛿 𝑡 𝑡  ⇔ 𝑒 𝑑𝜔  

𝑎 𝑡 ⊗ 𝑏 𝑡 𝑎 𝑡 𝑏 𝑡 𝑡 𝑑𝑡′  

𝐹𝑇 𝑎 𝑡 ⊗ 𝑏 𝑡 √2𝜋 𝐹𝑇 𝑎 𝑡 ⋅ 𝐹𝑇 𝑏 𝑡   

𝐹𝑇 𝑎 𝑡 ⋅ 𝑏 𝑡
√

 𝐹𝑇 𝑎 𝑡 ⊗ 𝐹𝑇 𝑏 𝑡   

Two deltas:  𝐹𝑇 2/𝜋  cos 𝑘𝑑/2  

Comb function (odd N deltas):  𝐹𝑇
√

/

/
  

𝐹𝑇 𝐸 𝑒 / 𝑒 𝐸 𝑇𝑒 /   

Linear dispersion 

𝑣 𝑘   

𝑡 𝐤𝐫𝐞𝐚𝐥 ⋅ Δ𝐫  

𝐼~𝑒 𝐤𝐢𝐦𝐚𝐠 ⋅ 𝐫|𝐸 𝑡 𝑡 , 𝐫𝟎 |   
Quadratic dispersion 

𝑘 𝑘 𝜔 𝜔 𝛼 𝜔 𝜔   

𝑛 𝜔 𝑛 |   

𝛼 𝑛 𝜔 2𝑛 |    

Gaussian wavepacket, through thickness z: 
Φ 2𝛼𝑧/𝑇   

𝑇 𝑇√1 Φ   

𝐸 𝑡, 𝑧 / exp tan Φ 𝑡

 exp 𝑡   

Michelson, Temporal Coherence 
Single 𝜔: 𝐼 𝜏 2𝐼 1 cos𝜔𝜏    
Band of 𝜔’s: 

𝜀 𝐼 𝜔 𝑑𝜔  

𝛾 𝜏 𝐼 𝜔 𝑒 𝑑𝜔  

Sig 𝜏  ~ 2𝜀 1 Re 𝛾 𝜏   

𝑉 𝜏 visibility |𝛾 𝜏 |  

𝜏 |𝛾 𝜏 | 𝑑𝜏  

𝐹𝑇 Sig 𝜏  ~ 2𝜀 𝛿 𝜔 𝐼 𝜔 𝐼 𝜔   
Rays:   ∇𝑅 𝐫 𝑛 𝐫 �̂� 𝐫   
ABCD Matrices 

Translation: 1 𝑑
0 1

 

Flat surface refraction: 
1 0
0 𝑛 /𝑛  

Curved surface refraction: 
1 0

𝑛 /𝑛 1 𝑛 /𝑛   

R = + for convex, – for concave 

Spherical mirror/thin lens: 
1 0
1/𝑓 1  

𝑓 𝑛 /𝑛 1 1/𝑅 1/𝑅 ;  
R = + for curving like “(”, – for curving like “)” 

𝑓 𝑅/2;   R = + for curving like “)” 
Compound system, general properties: 
𝐵 0 (image formation) 
𝐴  magnification 

ABCD of 𝑑 , then an optic, then 𝑑 : 
𝐴 𝑑 𝐶 𝑑 𝐴 𝐵 𝑑 𝑑 𝐶 𝑑 𝐷

𝐶 𝑑 𝐶 𝐷   

𝑝 1 𝐷 /𝐶,  𝑝 1 𝐴 /𝐶 ,  𝑓 1/𝐶  

Cavity stability: 1 1 

Diffraction formulas 
Helmholtz Eq.:  ∇ 𝐄 𝐫 𝑘 𝐄 𝐫   
Huygens-Fresnel: 𝐸 𝑥, 𝑦, 𝑧

          ∬ 𝐸 𝑥 ,𝑦 , 0 𝑑𝑥 𝑑𝑦′  

Fresnel-Kirchhoff: 𝐸 𝑥,𝑦, 𝑧

          ∬ 𝐸 𝑥 ,𝑦 , 0
𝐑,𝐳

𝑑𝑥 𝑑𝑦′  

Fresnel:  𝐸 𝑥, 𝑦, 𝑧
/

  

∬ 𝐸 𝑥 ,𝑦 , 0 𝑒 / 𝑒 / 𝑑𝑥 𝑑𝑦′  

Fraunhofer: 𝐸 𝑥,𝑦, 𝑧
/

  

∬ 𝐸 𝑥 ,𝑦 , 0 𝑒 / 𝑑𝑥 𝑑𝑦′  

𝐼 𝐼 |2d FT of aperture function|   

Single slit:  𝐹𝑇
√

 𝑎 sinc 𝑘 𝑎/2   

Rectang.:  𝐹𝑇  𝑎𝑏 sinc 𝑘 𝑎/2  sinc 𝑘 𝑏/2   

Double: 𝐹𝑇 2/𝜋  𝑎 sinc 𝑘 𝑎/2 cos 𝑘 𝑑/2   

Top hat:  𝐹𝑇  
 

 jinc 𝑘 𝑎  

𝑘 𝑘𝑋/𝑧, 𝑘 𝑘𝑌/𝑧, 𝑘 𝑘𝜌/𝑧 

Spectrometer:  𝜆 ,  Δ𝜆  

Rayleigh:  𝜃
.

 

Gaussian Beams 

𝐸 𝑥,𝑦, 𝑧 𝐸 exp   

exp 𝑖𝑘𝑧 𝑖 tan    

𝑧 ,  𝑅 𝑧 ,  𝑤 𝑤 1   

𝑞 , 𝑞 𝑧 𝑖𝑧   

  



Polarization: Jones and Stokes   
 

LIGHT Jones Stokes 
unpolar n/a 1

0
0
0

 

Horiz 
linear 

1
0

 1
1
0
0

 

Vert 
linear 

0
1

 1
1

0
0

 

45° 
linear 

1

√2
1
1

 
1
0
1
0

 

–45° 
linear 

1

√2
1
1

 
1
0
1

0

 

Linear 
at 𝜃 

cos𝜃
sin 𝜃

 1
cos 2𝜃
sin 2𝜃

0

 

RCP 1

√2
1
𝑖

 
1
0
0
1

 

LCP 1

√2
1
𝑖

 
1
0
0
1

 

Ellip-
tical 

𝐴
𝐵𝑒

 

with 
𝐴
𝐵 1 

1
𝐸

⎝

⎜
⎛

𝐸
𝐸 𝐸

2𝐸 𝐸 cos 𝛿
2𝐸 𝐸 sin 𝛿⎠

⎟
⎞

 

𝛿 is the phase shift 
of vert relative to 
horiz 

 
Jones: 

Angle of elliptical: 𝛼 tan   

𝐸 𝐸

√𝐴 cos 𝛼 𝐵 sin 𝛼 𝐴𝐵 cos𝛿 sin 2𝛼  

𝐸 ° 𝐸

√𝐴 sin 𝛼 𝐵 cos 𝛼 𝐴𝐵 cos𝛿 sin 2𝛼  

 
Stokes: 

Amount polarized: 𝑆 𝑆 𝑆  

Amount unpolarized: 𝑆 𝑆 𝑆 𝑆  

Deg of polarization   

 

 

OPTIC Jones Mueller (Stokes) 
Horiz  
linear   
polar 

1 0
0 0

 1
2

1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0

 

Vert  
linear  
polar 

0 0
0 1

 1
2

1 1 0 0
1 1 0 0

0 0 0 0
0 0 0 0

 

45°  
linear  
polar  

1
2

1 1
1 1

 1
2

1 0 1 0
0 0 0 0
1 0 1 0
0 0 0 0

 

–45°  
linear  
polar 

1
2

1 1
1 1

 1
2

1 0 1 0
0 0 0 0
1 0 1 0

0 0 0 0

 

angle 𝜃  
linear  
polar 

cos 𝜃 sin 𝜃 cos𝜃
sin 𝜃 cos𝜃 sin 𝜃

 1
2

1 cos 2𝜃 sin 2𝜃 0
cos 2𝜃 cos 2𝜃 cos 2𝜃 sin 2𝜃 0
sin 2𝜃 cos 2𝜃 sin 2𝜃 sin 2𝜃 0

0 0 0 0

 

𝜆/4 
fast axis  
horiz 

1 0
0 𝑖

 1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

 

𝜆/4 
fast axis  
vert 

1 0
0 𝑖

 1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

 

𝜆/4 
fast axis  
45° 

1
2

1 𝑖 1 𝑖
1 𝑖 1 𝑖

 
1 0 0 0
0 0 0 1
0 0 1 0
0 1 0 0

 

𝜆/4 
fast axis  
angle 𝜃 

cos 𝜃 𝑖 sin 𝜃 1 𝑖 sin 𝜃 cos𝜃
1 𝑖 sin 𝜃 cos𝜃 sin 𝜃 𝑖 cos 𝜃

 

⎝

⎜⎜
⎛

1 0 0 0

0 cos 2𝜃
1
2

sin 4𝜃 sin 2𝜃

0
1
2

sin 4𝜃 sin 2𝜃 cos 2𝜃

0 sin 2𝜃 cos 2𝜃 0 ⎠

⎟⎟
⎞

 

𝜆/2 
fast axis  
horiz 

1 0
0 1

 1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 

𝜆/2 
fast axis 
vert 

1 0
0 1

 1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 

𝜆/2 
fast axis 
at 𝜃 

cos 2𝜃 sin 2𝜃
sin 2𝜃 cos 2𝜃

 1 0 0 0
0 cos 4𝜃 sin 4𝜃 0
0 sin 4𝜃 cos 4𝜃 0
0 0 0 1

 

Reflect 𝑟 0
0 𝑟

 
(not worrying about) 

Transmit 𝑡 0
0 𝑡

 
(not worrying about) 

Rotation 
 

𝑅 cos𝜃 sin 𝜃
sin 𝜃 cos𝜃

 

 
𝑀   

  
 𝑅𝑀   

 
𝑅  

𝑅

1 0 0 0
0 cos 2𝜃 sin 2𝜃 0
0 sin 2𝜃 cos 2𝜃 0
0 0 0 1

 ? ? 

Notes: 

The two quarter wave Jones matrices as given in the Wikipedia article https://en.wikipedia.org/wiki/Jones_calculus, are slightly 
different than those here because there is an additional overall phase shift included there. I think Peatross & Ware’s equations are 
better and am using them here. 

I’m convinced the Wikipedia article on Mueller matrices, https://en.wikipedia.org/wiki/Mueller_calculus, has a wrong equation for the 
“General Linear Retarder” matrix. It doesn’t reproduce the matrices given for quarter and half wave plates (which I do think are 
correct). On the other hand, I found a similar equation in a book by Gil and Ossikovski, Polarized Light and the Mueller Matrix 
Approach, which gives a similar equation on page 171, Eq (4.29) but differs from the Wikipedia equation by a few negative signs. It 
correctly reproduces the quarter and half wave plates matrices found both on Wikipedia and the additional ones given in this article on 
a Mueller matrix Python module, https://pypolar.readthedocs.io/en/latest/06-Mueller-Matrices.html, so I trust it I used that equation to 
generate the “𝜆/4 fast axis angle 𝜃” and “𝜆/2 fast axis angle 𝜃” equations.  

I found three trustworthy references which all said that the Mueller R matrix given here should work like the Jones R matrix, namely 
𝑀  𝑅𝑀 𝑅 . However, when I tested that equation against known results, it didn’t reproduce them. I was not able to 
determine what is going wrong with that. The references are the Gil and Ossikovski book; this paper Nee, "Decomposition of Jones 
and Mueller matrices in terms of four basic polarization responses", J. Opt. Soc. Am. A 31, 2518 (2014) 
http://dx.doi.org/10.1364/JOSAA.31.002518; and this website https://www.fiberoptics4sale.com/blogs/wave-optics/104730310-
mueller-matrices-for-polarizing-elements. (Note they all defined R using the opposite angle convention than I used so they give the 
equation as 𝑀  𝑅 𝑀 𝑅 but that doesn’t explain the issue.) 


