
Physics 300: Fundamental Equations

Special Relativity

Length contraction and Time dilation: L = L0/γ(v) T = T0γ(v)
Lorentz transformations: x = γ(v)(x′ + vt′) t = γ(v)(t′ + vx′/c2)

Velocity addition: ux = u′
x+v

1+vu′
x/c2 uy = u′

y

γ(v)(1+vu′
x/c2)

Doppler shift (approaching): f = f0

√
1+β
1−β λ = λ0

√
1−β
1+β

Inertial mass and momentum: minertial = γ(u)m ~p = γ(u)m~u
Total Energy and Kinetic Energy: E = γ(u)mc2 KE = mc2(γ(u)− 1)

Four vectors (µ = 0, 1, 2, 3): xµ = (ct, ~x) pµ = (E, ~pc)
Invariants: s2 = −(xµ)2 = x2 − c2t2 m2c4 = (pµ)2 = E2 − p2c2

Nuclear Binding Energy: BE = (ZM [1H] +NM [n]−M [A])c2

Nuclear Reaction Energy (A+B → C +D): Q = (M [A] +M [B]−M [C]−M [D])c2

where β = v/c and γ(v) = 1√
1−v2/c2

.

Early Quantum Theory
Blackbody radiation: E(λ) = hc

λ I(λ, T ) = 2πhc2

λ5
1

eE(λ)/kBT−1

Wein and Stefan-Boltzmann Laws: λMT = 2.898× 10−3 m K R = σT 4

Photoelectric and Compton effects: eVstop = hc/λ− φ ∆λ = λC(1− cos θ)
Rutherford scattering: dσ

dΩ = D2
c

16 sin4 θ/2
Dc = ZαZT e2

4πε0K

Ndet = (ntAT )Ninc

AT

dσ
dΩ (Adet

R2 )
Bohr Model: Rn = n2a0 En = −E0

n2 , E0 = 1
2

e2

4πε0a0

a0 = 4πε0h̄2

e2mred
mred = m1m2

m1+m2

Moseley’s x-ray formulas: EγK
= (Z − 1)2E0(1− n−2) EγL

= (Z − 7.4)2E0( 1
22 − n−2)

de Broglie and Bragg diffraction: p = h/λ = h̄k 2d sin θ = nλ

Schroedinger Theory

Wave Parameters: ω = 2π/T = 2πf k = 2π/λ
Heisenberg uncertainty relations: ∆x∆px ≥ h̄/2 ∆t∆E ≥ h̄/2

Time-dep. Schroedinger equation:
(
−h̄2

2m
∂2

∂x2 + V (x)
)

Ψ(x, t) = ih̄ ∂
∂tΨ(x, t)

Static Schroedinger equation:
(
−h̄2

2m
∂2

∂x2 + V (x)
)
ψ(x) = Eψ(x), where Ψ(x, t) = ψ(x)e−iEt/h̄

Boundary conditions: Ψ(x, t) and ∂Ψ(x,t)
∂x continuous at each boundary.

Square well: ψn(x) =
√

2
L sin (nπx/L) En = h̄2n2π2

2mL2

Operators: p̂x = −ih̄ ∂
∂x x̂ = x Ê = ih̄ ∂

∂t

Probability and expectation values: dP (x→ x+ dx) = ψ∗(x)ψ(x)dx < O >=
∫
dx ψ∗(x)Ôψ(x)

Harmonic oscillator: ψn(x) = NnHn(x/α)e−
1
2 (x/α)2 where α =

√
h̄/(mω)

En = h̄ω(n+ 1/2) and ω =
√
ksp/m

and Nn normalizes the wavefunction: 1 =
∫ +∞
−∞ |ψn(x)|2dx
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Atoms and Molecules

Radial Schroedinger Eq. :
(
− h̄2

2me
( ∂2

∂r2 + 2
r

∂
∂r ) + h̄2l(l+1)

2mer2 + V (r)
)
Rnl(r) = EnlRnl(r)

Hydrogen wavefunctions: ψnlml
(r, θ, φ) = Rnl(r)Ylml

(θ, φ) R10(r) =
√

2
a3
0
e−r/a0 (g.s.)

Spherical Harmonics: L̂2Ylml
(θ, φ) = h̄2l(l + 1)Ylml

(θ, φ) L̂zYlml
(θ, φ) = h̄mlYlml

(θ, φ)
Hydrogen quantum numbers: n = 1, 2, 3, . . .; n > l; −l ≤ ml ≤ +l; multiplicity = 2l + 1
Electron magnetic moments: µz = −gjµBmj , where for orbital a.m., gl = 1 and for spin a.m., gs = 2
Zeeman and Stern-Gerlach: U = −~µ · ~B = gjµBmjB Fz = gjµBmj

dB
dz

Angular momentum addition: ~Jtot = ~J1 + ~J2 |j2 − j1| ≤ jtot ≤ j1 + j2
(similarly for ~L and ~S) (2j1 + 1)(2j2 + 1) =

∑
i(2ji + 1), where ji are allowed values of jtot

Spectroscopic notation: {s, p, d, f, g, h, . . .} =⇒ l = {0, 1, 2, 3, 4, 5, . . .}
Diatomic molecules: Erot = L2

2I = h̄2l(l+1)
2mredR2 ; Evib = h̄ω(n+ 1

2 ) where ω =
√

ksp

mred

ksp = V
′′
(r0) where r0 is the separation; transitions: ∆l = ±1

Solid State
Crystal energetics: U(r) = −α e2

4πε0r + A
rn Equilibrium: dU

dr = 0

Fermi gas model: d3N = 2V old3p
h3 n = N/V ol = 8πp3

F

3h3

Fermi-Dirac Distribution: fFD(E, T ) = (e(E−EF )/kT + 1)−1 EF = p2
F

2m
Drude model of conduction: ρ = mev̄

e2nelMF P
lMFP = 1

nσscatt

Nuclear
Nuclear size and shape: R = r0A

1/3 ρ(r) = ρ0(1 + e(r−R)/a)−1

Nuclear Energetics: BE[AZ] =
(
ZM [1H] +NM [n]−M [AZ]

)
c2

Semiempirical Mass Formula: BESE [AZ] = aV A− aAA
2/3 − asym(N − Z)2A−1 − acZ(Z − 1)A−1/3

Decay law: N(t) = N0e
−t/τ , dN(t)

dt = −N(t)/τ Half-life: t1/2 = ln(2)τ
Nuclear radiation:: α-decay: AZ → (A−4)(Z − 2) +4 He

β−-decay: AZ → A(Z + 1) + e− + ν̄e

γ-decay: AZ∗ →A Z + γ

Constants
c = 3.00× 108 m/s me = .511 MeV/c2 mp = 938.27 MeV/c2 mn = 939.57 MeV/c2

md = 1875.6 MeV/c2 1 eV = 1.6× 10−19 J u (amu) = 931.49 MeV/c2 h = 6.63× 10−34 J-s
hc = 1240 eV-nm h̄c = 197.3 eV-nm kB = 1.38× 10−23 J K−1 = 8.617× 10−5 eV K−1

σ = 5.67× 10−8 W m−2 K−4 e2

4πε0
= 1.44 eV-nm For Hydrogen: a0 = 0.0529 nm, E0 = 13.6 eV

λC = hc
mec2 = 2.43× 10−3 nm

µB = eh̄
2me

= 5.7884× 10−5 eV/T
Madelung constant for cubic crystal: α = 1.7476
Nuclear shape parameters: r0 = 1.2 fm, ρ0 = 0.14 fm−3, a = 0.65 fm
Semiempirical mass formula parameters: {aV = 14 MeV, aA = 13 MeV, asym = 19 MeV, ac = .72 MeV}
Carbon-14 dating parameters: τ = 8267 yr, atmospheric 14C/12C = 1.2× 10−12
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