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1. Born-Oppenheimer approximation

Consider a system of two particles with Hamiltonian
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We first regard the system as a classical system, where (xk, pk) with k = 1, 2 are the positions
and momenta of the particles.

(a) (15pts) Classical mechanics tells that the solution of this Hamiltonian has two oscillation
modes of two frequencies. Find these two frequencies.

Hint: If you need a review of classical mechanics, have a look at Landau’s Mechanics or
Goldstein’s Classical Mechanics.

Now we regard the system as a quantum system, that is, the positions and momenta of the
particles are regarded as operators subjected to the commutation relation [xk, pl] = i~δkl.

(b) (10pts) What are the exact eigenvalues of H.

(c) (15pts) Solve the quantum mechanical problem in the Born-Oppenheimer approximation
(with m�M), where we consider
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as the “atomic” kinetic energy term, first ignored, and solve the “electronic” problem,
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with fixed parameter x1 (that is, determining the eigenvalues εn1(x1)), then later solve the
atomic eigenvalue problem

p21
2M

+ εn1(x1). (4)

(d) ∗ Compare the approximate solution in (c) with the exact solution in (b).
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