
Physics 235  Equation Sheet 

 -  1  - 

Useful Relations 
 

 
 

 

 
 

 
 

 
 

 
 

 
Linear momentum: 

 
 

 
Angular momentum: 

 

 
 

Work done by a force: 
 

 
 

Relation between force and potential energy: 
 

 
 

Simple Harmonic Oscillator: 
 

 
 

  

A • B = AxBx + AyBy + AzBz

C = A × B =
x̂ ŷ ẑ
Ax Ay Az
Bx By Bz

A • B ×C( ) = B • C × A( ) = C • A × B( )

A × B ×C( ) = A •C( )B − A • B( )C

A × B( )• C × D( ) = A • B × C × D( )⎡⎣ ⎤⎦

A × B( )× C × D( ) = A × B( )•D⎡⎣ ⎤⎦C − A × B( )•C⎡⎣ ⎤⎦D

!p = m!v

!
L = !r × !p

W =
!
F i d!r

1

2

∫

!
F = −

!
∇U

!!x +ω 0
2x = 0
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Damped Harmonic Oscillator: 
 

 
 

Driven harmonic motion: 
 

 
 

Van der Pol equation: 
 

 
 

Lyapunov exponent: 
 

 
 

Gravitational force: 
 

 
 

Gravitational field: 
 

 
 

Gravitational potential: 
 

 
 

Gravitational potential energy: 
 

 
 

Poisson’s equation: 
 

 
 

!!x + b
m
!x +ω 0

2x = 0

!!x + b
m
!x +ω 0

2x = F0
m
cosωt

!!x + µ x2 − a2( ) !x +ω 0
2x = 0

λ = lim
n→∞

1
n

ln
df xi( )
dxi=0

n−1

∑

!
F = −G mM

r2
r̂

!g = −
!
∇Φ

Φ = −G M
r

U = mΦ

∇2Φ = 4πGρ
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Euler's equations without external constraints: 
 

 

 
Euler's equations with external constraints g{y; x} = 0: 

 

 

 
where l(x) is the Lagrange undetermined multiplier. 
 
Hamilton's principle: 

 

 

 
The Lagrange equations of motion: 

 

 

 
Lagrange equations of motion with undetermined multipliers: 

 

 

 
Definition of the Hamiltonian: 

 

 

 
Hamilton's equations of motion: 

 

 

 

  

∂ f
∂yi

− d
dx

∂ f
∂yi '

⎛
⎝⎜

⎞
⎠⎟
= 0

∂ f
∂y

− d
dx

∂ f
∂y '

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟
+ λ x( ) ∂g

∂y
⎛
⎝⎜

⎞
⎠⎟
= 0

δ T −U( )dt
t1

t2

∫ = 0

 

∂L
∂xi

− d
dt

∂L
∂ !xi

= 0

 

∂L
∂qj

− d
dt

∂L
∂ !qj

+ λk t( ) ∂ fk
∂qjk=1

m

∑ = 0

 
H = !qj

∂L
∂ !qj

⎛

⎝⎜
⎞

⎠⎟j
∑ − L

 

∂H
∂pj

− !qj = 0

∂H
∂qj

+ !pj = 0
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Orbital motion: 
 

 

 

 

 

 

 

 

 
Effective potential energy: 

 

 

 
 
Center of Mass: 

 

 

 
Linear momentum of a system of particles: 

 
 

 

 

 
  

 
E = 1

2
µ !r2 + 1

2
l2

µr2
+U r( )

dr
dt

= ± 2
µ
E −U( )− l2

µ2r2

θ r( ) = ±

l
µr2

⎛
⎝⎜

⎞
⎠⎟

2
µ
E −U( )− l2

µ2r2

dr∫

d2

dθ 2
1
r

⎛
⎝⎜

⎞
⎠⎟ +
1
r
= − µr2

l2
F r( )

V r( ) =U r( ) + l2

2µr2

Rcm =
miri

i
∑

mi
i
∑

= 1
M

miri
i
∑

 P = M !R

dP
dt

= Fext
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Angular momentum of a system of particles: 
 

 
 

 

 
Scattering cross sections: 

 

 

 
Rutherford scattering: 

 

 

 
Rocket equations: 

 
R u = M a 

 

 

 
Fixed and rotating coordinate systems: 

 

 

 
Effective forces in rotating coordinate systems: 

 
 

 
  

L = Lcm + Lwrt ,cm

dL
dt

= ri × Fi,ext{ }
i
∑

σ θ( ) = #of interactions per target nucleus into an area dΩ '  at θ
# of incident particles per units area

= b
sinθ

db
dθ

σ θ( ) = k
4T0 '

⎛
⎝⎜

⎞
⎠⎟

2
1

sin4 θ / 2( )

vf = vi + u ln
Mi

M f

⎛

⎝⎜
⎞

⎠⎟

vf =
dr '
dt

⎛
⎝⎜

⎞
⎠⎟ fixed

= dR
dt

⎛
⎝⎜

⎞
⎠⎟ fixed

+ dr
dt

⎛
⎝⎜

⎞
⎠⎟ rotating

+ω × r =V + vr +ω × r

Feff = maf − 2mω × vr −mω × ω × r{ }
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Kinetic energy of a rigid object: 
 

 

 
where the quantity Iij is called the inertia tensor, and is a 3 x 3 matrix: 

 

 

 
Transformation of the inertia tensors for rotations: 

 
 

 
The angular momentum of a rotating rigid body is equal to 

 

 

 
The Euler equations in a force-free field: 

 
 

 
 

 
 

 
The Euler equations in a force field: 

 
 

 
 

 
 

 

T = 1
2
MV 2 + 1

2
Iijω iω j

i, j
∑ = TCM +Trot

I{ } =

mα rα ,2
2 + rα ,3

2( )
α
∑ − mαrα ,1rα ,2

α
∑ − mαrα ,1rα ,3

α
∑

− mαrα ,2rα ,1
α
∑ mα rα ,1

2 + rα ,3
2( )

α
∑ − mαrα ,2rα ,3

α
∑

− mαrα ,3rα ,1
α
∑ − mαrα ,3rα ,2

α
∑ mα rα ,1

2 + rα ,2
2( )

α
∑

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

I '{ } = λ{ } I{ } λ t{ }

Li = Iikω k
k
∑

 I1 − I2( )ω1ω 2 − I3 !ω 3 = 0

 I2 − I3( )ω 2ω 3 − I1 !ω1 = 0

 I3 − I1( )ω 3ω1 − I2 !ω 2 = 0

 N1 = I1 !ω1 − I2 − I3( )ω 2ω 3

 N2 = I2 !ω 2 − I3 − I1( )ω 3ω1

 N3 = I3 !ω 3 − I1 − I2( )ω1ω 2
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Kinetic energy of a system of oscillators: 
 

 

 
Potential energy of a system of oscillators: 

 

 

 
where 

 

 

 
Equations of motion of coupled oscillators: 

 

 

 
Solution of the loaded string: 

 

 

 
where 

 

 
 

  

 
T = 1

2
mjk !qj !qk

j ,k
∑

U q1,q2,...( ) = 1
2

Ajkqjqk
j ,k
∑

Ajk =
∂2U

∂qj ∂qk 0

 

1
2

Akjqk +mkj !!qk( )
k
∑ = 0

qj t( ) = βsas sin j sπ
n +1( )

⎛
⎝⎜

⎞
⎠⎟
eiω st

s
∑

ω s=2
τ
md
sin sπ

2 n +1( )
⎛
⎝⎜

⎞
⎠⎟
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Solution of the continuous string: 
 

 
 

where 
 

 

 
 
and 

 
 

 
Kinetic and potential energy of the string: 

 

 

 

 

 
The ideal wave equation: 

 

 

 
The real wave equation: 

 

 

 
 
The phase velocity of a wave: 

 

 

 

qj t( ) = βse
iω st sin sπ x

L
⎛
⎝⎜

⎞
⎠⎟s

∑ = q x,t( )

ω s = s
π
L

τ
ρ

βs = µs + iν s

T = ρL
4

ω s
2 µs sin ω st( ) +ν s cos ω st( )( )2

s
∑

U = ρL
4

ω s
2 µs cos ω st( )−ν s sin ω st( )( )2

s
∑

∂2q
∂x2

= ρ
τ
∂2q
∂t 2

τ ∂2q
∂x2

− D ∂q
∂t

+ F x,t( ) = ρ ∂2q
∂t 2

V = ω
k
= τd

m

sin kd
2{ }

kd
2
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The wavelength of a wave: 
 

 

 
 
 
 
 

Important additional information 
 
Best baseball team in the USA: 

 
Yankees 

 
 
Best soccer team in the world: 

 
AJAX 

 
 
Best airline in the world: 

 
KLM (Koninklijke Luchtvaart Maatschappij = Royal Dutch Airlines) 

 
If in doubt, the correct answer may be: 

 
Yankees, AJAX, the Netherlands, or KLM. 

 
 
  

λ = 2π
k
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