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A. Questions regarding the harmonic oscillator.

1. The wave functions for the harmonic oscillator can be written

ψnx = 1
n!

anψ0,

where n is a nonnegative integer and ψ0 is the ground state wave function . Using the fact that a
and a are hermitian conjugates (adjoints), show that for m ≠ n,

∫
−∞

+∞
dx ψm

∗ xψnx = 0,

that is ψm and ψn are orthogonal.
2. For the n = 1 state of the harmonic oscillator, find the most probable position(s) of a particle of

reduced mass, μ.
3. Using the wave function from Question 1, show that

aψnx = n ψn−1x, aψnx = n + 1 ψn+1x.

4. For the ground state of a one-dimensional harmonic oscillator, find the average value of of the

kinetic energy,

T =

px
2

2μ , and the potential energy, V = 1
2 kx 2. Verify that < T >=< V >.

5. The vibrations of a diatomic molecule can be approximated by a harmonic oscillator. Diatomic
molecules undergoing vibrational transitions absorb and/or emit energy in the infrared part of
the electromagnetic spectrum. The infrared spectrum of 1H35Cl has its strongest band at
8.65 × 1013 Hz. Calculate the force constant of the bond in this molecule. Predict the frequency
of the strongest infrared band of 1H37Cl. What assumption must you make in order to perform
this calculation. Isotopic masses are: 1H, 1.007852 amu; 35Cl, 34.968854 amu; 37Cl, 36.965896
amu.

B. General questions on quantum mechanics.

1. What are the similarities and differences between the particle in a box (1D) and the harmonic
oscillator wave functions and energies.

2. Why are Hermitian operators important in quantum mechanics?
3. How do the differences between the classical and quantum mechanical harmonic oscillator

exemplify the two major differences between the classical and quantum that we discussed
earlier in the course?

C. Questions pertaining to uncertainty relations.

1. The uncertainty in a dynamical variable A is denoted by ΔA and is defined as
ΔA2 = 〈A2 〉 − 〈A〉2. Calculate the uncertainty in the position and momentum for a particle in a
box (1D) of length, L, and show that the Heisenberg uncertainty relation for position and
momentum is satisfied for each state, i.e., each value of the quantum number n.

2. Consider a one-dimensional system whose Hamiltonian, H, is

H =
px

2

2m
+ Vx.



Suppose that the system is in an eigenstate, ψx, of the Hamiltonian. Show that the uncertainty
in the energy is zero. This is true in the general case, when the system is in an eigenstate of any

operator, A, the uncertainty in, A, is zero.
3. Compute Δx and Δpx for the harmonic oscillator ground state. What value does the product of

uncertainties ΔxΔpx have? Does it obey Heisenberg’s uncertainty relation?

4. In general, it can be shown that for two operators A and B, the uncertainty product is

ΔAΔB ≥ 1
2 ∫ d3r Ψ∗A,BΨ .

Use this result to prove that ΔxΔpx ≥ h
4π and ΔyΔpy ≥ h

4π , but
ΔxΔpy = ΔyΔpx = 0. What do the latter two relationships imply?


