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For motion in one dimension:

vav =
∆x

∆t
Average velocity;

v =
dx

dt
Instantaneous velocity;

For motion in three dimensions:

�v =
d�r
dt

; �a =
d�v
dt

=
d2�r
dt2

; �r(t1) =�r0 +
∫ t1

0

�v dt ; �v(t1) = �v0 +
∫ t1

0

�adt .

For constant acceleration �a, if �r =�r0 and �v = �v0 at time t = 0, then

�v(t) = �v0 +�at

�r(t) =�r0 +�v0t +
1
2
�at2 .

For one-dimensional motion with constant acceleration a:

v2 = v2
0 + 2a(x − x0) .

For circular motion at constant speed v:

a =
v2

r
,

where r is the radius of the circle, and the acceleration is directed towards the center of
the circle.

If an object has position �r and velocity �v, its position and velocity relative to an
observer with position �r0 and velocity �v0 are given respectively by

�r′ =�r−�r0 , �v′ = �v−�v0 .

Average velocity and acceleration are given by

�vaverage =
∆�r
∆t

, �aaverage =
∆�v
∆t

.



Mass, Acceleration, and Force:

�F = m�a (Newton’s second law);

�F = −GMm

r2
r̂ (the gravitational force between two particles);

�F =
1

4πε0

Qq

r2
r̂ (the electrostatic force between two particles);

Fx = −kx (Hooke’s law);

where r̂ is a unit vector pointing from the particle which is the source of the force,
toward the particle on which the force is acting.

Friction: ∣∣∣�Fk

∣∣∣ = µk

∣∣∣�N
∣∣∣ (kinetic friction);

∣∣∣�Fs

∣∣∣ ≤ µs

∣∣∣�N
∣∣∣ (static friction).

Kinetic Energy, Work, and Potential Energy:

1 Dimension 3 Dimensions Description

W ≡ F∆x W ≡ �F · −→∆r Work done by
a constant force �F

W ≡
∫

F (x) dx W ≡
∫ �r2

�r1

�F · −→dr Work done by
a varying force �F

U(xp) ≡ U0 −
∫ xp

x0

F dx U(�rp) ≡ U0 −
∫ �rp

�r0

�F · −→dr Potential energy
derived from force �F

F = −dU

dx
�F =

[
−∂U

∂x
,−∂U

∂y
,−∂U

∂z

]
Force derived from
potential energy
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�a ·�b = |�a||�b| cos θ

= axbx + ayby + azbz

(scalar (or dot) product of two vectors);

Ek =
1
2
mv2 (kinetic energy of a particle);

W = Ek,f − Ek,i (work-energy theorem);

1
2
mv2 + U(x) = constant (energy conservation);

1
2
mv2 + mgh =

1
2
mv2

0 (kinetic & potential energy for projectile);

W =
1
2
kx2 (work to compress a spring);

U =
1
2
kx2 (potential energy for spring force);

W = mgh (work to lift a body near the surface of the Earth);

U = mgh
(gravitational potential energy, near the
surface of the Earth);

U = −GMm

r
(gravitational potential energy, spherical bodies);

U =
1

4πε0

Qq

r
(electrostatic potential energy, spherical charges).
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