
When do we need to use QM?

1)  λ ≈ dimensions of the system

2)  Energy level spacing >> kT
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Classical waves 2 2
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travelling to right)
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ω = 2πυ = angular freq.

Add two travelling waves of same freq. and amplitude, opposite direction

[sin( ) sin( )]

   2 sin cos ( ) cos

A kx t kx t

A kx t x t

ω ω

ω ψ ω

Ψ = − + +

= =
standing wave (fixed nodes)

Complex representation

( ')i kx tAe ω φ− +Ψ =
Euler:

cos sin
cos sin

cos (1/ 2)( )
sin (1/ 2 )( )

ix

ix

ix ix

ix ix

e x i x
e x i x

x e e
x i e e

−

−

−

= +

= −

= +

= −

(wave equation) ν = 
velocity



2 2

2 2 2v
1

x t
∂ Ψ ∂ Ψ

=
∂ ∂

( , ) ( ) cosx t x tψ ωΨ =
for classical standing wave

2 2

2 2

4 0d
dx
ψ π ψ

λ
+ =

h
p

λ =

Derivation of the Schrödinger eq.
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Derivation of the Schrödinger eq.
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Classical expression for total energy
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time-dependent S. E.
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∂ Form of wavefunction for a  stationary
state

Energy is constant over time.
Ψ is a soln. of the time-indep. SE

In QM, all observables (position. momentum, energy, 
angular momentum, etc) are associated with operators

ˆ     n n nO aψ ψ=

operator eigenvalue
eigenfunction

In QM the eigenvalues correspond to the 
observables and are real

Eigenvalue eq.
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vector space
x • y = 0
x • z = 0
y • z = 0

where x, y, z are vectors 
in the x, y, z directions

function space
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Orthogonality

The *, means "take the complex conjugate, i.e., "i" replaced by "-i"
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The different eigenfunctions of a QM operator are orthogonal
(degenerate eigenfunctions are a special case)

If   , the functions are normalized* 1i idxψ ψ
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Normalize a(a – x) on 0 < x < a
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If both orthogonal and normalized, then called orthonormal
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ψ = − is normalized on 0 < x < a

Orthonormal set of functions:  orthogonal and normalized
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2.  Integrate over both sides

The EF’s of a QM operator form a complete set
⇒ any function in that space can be written in 

terms of the eigenfunctions

bn is the projection of f onto ψn

The analogue in vector 
spaces is: v = ai +bj +ck

where i, j, k are unit vectors in 
the x, y, z directions



Fourier 
series
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2 o n n

n n

n x n xf x b b a
L L
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= + +∑ ∑ see page
446 of
textfor a function periodic over –L < x < L

Key ideas:

• time independent and time dependent Schrödinger equations

• operators

• eigenvalue equations

• orthogonal functions and complete basis sets


