Most important equations from Physics 442
By Dr. Colton (last updated: 12Aug 2023)

Chapter 7 (the 442 half)

Polarization current:
=2
P 5t

Joot = +In +1p

Ampere’s law with Maxwell’s fix, for materials: VX H = J¢ + Z—]:

Ohm’s law: J = oE

ne’t

Scattering model: o =

Inductance:
Mutual inductance: M;, = %
1
Self inductance: L = %
1
EMF: € = L4
dt
Chapter 8
Energy:
Stored energy: U = f(%OEz +i32) e
0

Energy density: u = Sopz4 2 p2
2 2o
Energy density in materials: u = %E D+ %B -H
Poynting vector:
Basic: S=—E xB
Ho
In matter: S=E XH

Poynting’s theorem:
Basic: V-S=—E‘]—Z—1:

Alternate: %(umech +Upy) =—V-S
Integral form: ¢S - da + Z—V: = — aa_Lt’

With no work (continuity eq. for energy): % =-V-S§
du aD 0B
In matter: P E-E+H~E

Momentum density g = CLZS = Up€oS = €gE X B
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Maxwell stress tensor: T;; = € (EiEj — %SijEz) + ui (BiBj - %61-]-32)
0

Maxwell force equation (my name; I think it’s unnamed in the book):
. = d
Basic: F=¢ T-da—e€opo, [, Sdr

E, Tex Tey Ter\ /my (S
Alternate: | B | =4, | Tox Ty Tyz (ny> da — €oltp Efv Sy | dr
F, T, T, T,/ \n S,
s

Per volume: f = V- T — ,uoeo%

With no force (continuity eq. for momentum): % =-V- (—'?)

Chapter 9
Wave equation:
3D: v2f =527
Speed of light: ¢ = \/%
Electric and magnetic fields in free space:
VE-L2E=0
V2B — ciz?an =0

Wave quantity relationships:
Wavelength, frequency, speed: v = Af

2
Wavelength and wavevector: A = 7”
1k
Frequency, etc.: f == ZZ

Angular frequency: (u =2nf = kv

Inhomogeneous wave equation in linear isotropic matter (assuming Ohm’s law):
Electric field: V2E = ye + o —-

Magnetic field: V2B = ye 2o 6t2

Plane waves:
Electric field: E(r, t) = Egel(kr-«t)
Alternate: E(r,t) = Eje!kr-«Oq
Magnetic field: B(r,t) = % k x E(r, t)
Alternate: B(r,t) = %Eoei(k'r_“’t)i( X i
Intensity:
Plane wave in free space: (S) = %ceoEg

: 1
Plane wave in matter: (S) = EnceoEg

- 1A 1 1
Radiation pressure: P = =2P ~€E? =~
A At 2 c
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Index of refraction:

Basic: n =61, = €,
[ w

Wave speed: v =—=
p n k

Laws of geometrical optics:
Reflection: 8; = 04

Refraction (Snell’s law): sinfr _ ny

sin 6; o n,

Fresnel equations:

Definitions of quantities:
__cosfr

~ cos 6;
ﬁ = #l—nz =~
HaMyg ny
Eor
Eor

ny

normal incidence (assuming y,- = 1 for both materials):
_ NNy

ni+n,
2711

Tl1+n2
_ 2
_ (n1 le)
Tl1+n2
4n1n2
- (ny+ny)?
p polarization:
Eor — a—p
Eo[ a+ﬁ
_ EoT _ 2
- Eol - a+ﬁ
a-f 2
R = (%&£
a+f
__ 4ap
(a+p)?
s polarization:
_ Eor _ 1-aB
- EOI - 1+0.’ﬂ
Eor 2
t=—=—
EOI 1+aB

- ()

4ap
(1+ap)?

T =

ny

Brewster’s angle: tanfp = -
1

Conductors:
Complex permittivity, complex n: &, = 72
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Complex k: k-1
w c

k? = pew? + ipow
Skin depth: § = —

imag

~ . O
€. — € +i—
r r,real €ow

Lorentz oscillator model:

TS LR qEy 1
Susceptibility: ¥ = m oi—wr—iwy
Plasma frequency: w, = Ng®
q Y- Wp = meg
. : - wp
Dielectric constant: €. =1+ —————
wi—wi-iwy
2
. Lo _ Wp
Applied to conductors: €, =1 P
Waveguides:
. w? m?n?  n?n?
Rectangular waveguides: k = \/ =TTz T e
.. . w?  ui,
Cylindrical waveguides: k = |— ——"

c? R?
Ugm 1s Bessel function zero for TM, Bessel function derivative zero for TE

Chapter 10

Fields from potentials:

Gauge transformations:

A'=A+V2
=y 94
Vi=vV-2

Coulomb vs Lorentz gauges:
Coulomb:
Definition: V-A =10

Poisson’s eq: V2V = —p/e,

9%A i)
Eq. for A: V2A — Ho€o 57 = —UoJ + Ho€g E(VV)
Lorentz:

e 19V
Definition: V-A = — =5 —
c? ot
2 a%v p
Inhomogeneous wave eq.: V*V — pug€q aE ==
0
IWE, alternate notation: 0%V = — Eﬁ
0
2 9%A
Inhomogeneous wave eq.: V*A — g€, 37 = —Uo)

IWE, alternate notation: 0O?A = —p,]
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Assuming Lorentz gauge from here on out...

Potentials from charge & current densities:
Retarded time: t, =t — %

1 (rty)
V(rt) = Ef%d‘[/

A(r,t) = Lo [0 gy

Liénard—Wiechert potentials for point charges:

1 qc
Virt) = amey (2c—2V)
A(r,t) = Ho_ 9V  _ lV(r, t)

4T (2c—2v) 2

Fields of a moving point charge:
General formulas:
Defn.ofu: u=cz—v

= 9%  [(c? — 2
E(r,t) = yE——E [(c* —v®)u+2X (uxa)]

B(r,t) = % 2 X E(r,t)
Constant velocity formulas:

Distance vector: R = from current location of charge to field point
0 = angle between v and R

_q 1-v?/c? R
T 4me 2 3/2 g2
0 (1—1:—zsin2 6)

1
B(r,t) = S VX E

Chapter 11

Radiated power:

Relationship to Poynting vector: P = [(S) - da

sin?6 p= op§w*

From oscillating electric dipole: (S)~

rz ’ 121'cc2
4
. . T . sin p _ HoMow
From oscillating magnetic dipole: (S) Tzz P = p—
From arbitrary localized source: P = %

- 2,2
From point charges (Larmor formula): ()~ S22, p = £092

2% 67mC
2.,6 2
.7 . d in2 0 vXa
Liénard correction to Larmor formula: & ~ 2 p=HdY (g2 _|¥2
dQ (1—-BcosB)s 67TC c
o . . ,uoqzd
Abraham-Lorentz radiation reaction force: F = Tome

Chapter 12
Definitions:
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B=v/c
1

Y=g
Einstein velocity addition: B;53 = ﬁ:;H;"
12P23

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

’ Ux—V
u, =—
X 1-vuy,/c?
lJ Uy
u = ——m--
Y y(1-vuy/c?)
u
u, = Z

 y(1-vuy/c?)

Time dilation: At, = %/Atl
Length contraction: Ax, = yAx;
Lorentz transformations: (important note: all y’s here are ¥,,)
(ct) _ ( y iyﬁ) (ct)
X /2 TvB 14 X/q
Yy tvB
Defn. of A matrix: A = AL = igﬁ
0

|4
0
0

SO =R OO
- o O O

Master list of all 4-vectors which transform according to A: (important note: all y’s here are y;,)
ct

X
y

z

yc

VU

yuy

Yuz

E/c

Px

Py

Pz

Relativistic energy, is conserved: E = ymc?
Relativistic momentum, is conserved: p, = ymu,, etc.

4_ ua
/ uxax \

zuzI

Position: x#* =

Velocity: n#* =

Momentum: p* =

uyay
c2—u2
uzaz

2

2

Acceleration: at* = (
(ay +
(e +

Minkowski force: K* = ma#
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. A

Potential: A* = Ax
y
A,

pc

. Jx

Current density: J#* = Ji
y
Iz
where J,, = pu,, etc.
Covariant/contravariant relationship: a, = (=a° a',a? a3®)

Relativistic energy-momentum relation: E? = (pc)? + (mc?)?

Field transformations: (all y’s here are y,,; prime frame is moving to the right)
E, = E,
Ej, = V(Ey - UBZ)
E; =y(E, +vB,)
B, = B,
, v
By =y (By +2E,)

v

B, =v (B, —%B,)

List of 4-tensors:

. . MV — B
Field tensor: F ~E,/c - 0 B,

] o By B, 0
.
[s"

x/c Ey/c E,/c
x/c B, _By

0 B, B, B, \
-B, 0 —E,/c Ey/c
Dual t D GHY =
ual tensor By EZ/C 0 _ x/C
—-B, —E, E/c 0

Sx/c  Sy/c  S;/c
Se/c —=Tiy =Tz —Ti3

Stress tensor: THY = g ) )
Sy/c —To1 —Tpp —To3
SZ/C _T3’1 —T3’2 —T3,3

Lorentz transformations: F*V = AgA}’,F 49 (similarly for GV, THV)

Important equations in tensor form:

. aFW
Maxwell equations (first half): —— = uo/*
ac;# —0

Maxwell equations (second half)

Lorentz force: K* = gqn, F*Y

. . 04V  0AH
. W - _
Fields from potentials: F TR

.. 0A*
Lorentz gauge condition: P 0
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Potentials from sources: O%A* = —pyJH
. o aJH
Equation of continuity for charge: # =0

. . oTHv
Equation of continuity for energy & momentum:

dxH
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