SP425: Advanced Quantum Theory 2026 12-week Exam

[10 points] Question 1: Two non-interacting electrons are placed in the
same potential. One electron will be in the single-particle stationary
state 1 while the other is in state 1)s.

List out all four allowed normalized stationary states at this energy.
Electrons are, of course, indistinguishable spin-1/2 fermions.
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SP425: Advanced Quantum Theory 2026 12-week Exam

[15 points] Question 2: The excited states of helium come in two types:
orthohelium and parahelium. Parahelium states have higher energy
than the equivalent orthohelium states.

Write a paragraph describing the difference between the orthohe-
lium and parahelium states. Explain the following in your answer:
Why are the parahelium states at higher energies?

The 1s2s states occur with one electron in the single-particle ground
state (n = 1, [ = 0) and the other in a single particle n = 2, [ =0
state. What are the degeneracies of orthohelium 1s2s state and of the
parahelium 1s2s state? (Note: these degeneracies come solely from
spin because both electrons are in [ = 0 states.)
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[20 points] Question #3: In this problem we will use natural units, so
that A = m = w = 1. Our unperturbed system is a simple harmonic
oscillator. This system is perturbed by adding a delta function barrier
of strength «a at position z = 1:

1
Vi@ = 5332 +ad(z—1), soV'(z)=ad(zx—1)
(a) Determine the first-order correction to the ground state energy.

(b) Determine the first nonzero term in the second-order correction to
the ground state energy.
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[20 points] Question #4: We’ll again consider a particle constrained to
a circle, using polar coordinates and 0 < ¢ < 27. One way to list the
pair of degenerate first excited states is

B = et md e = e

We then add a perturbation that is a constant upward potential
T
shift Vj over the region 0 < ¢ < 7 Therefore:
Vo 0<é<3
0 g < ¢ <2m
Construct the W matrix and determine the two first-order energy
corrections E1.
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SP425: Advanced Quantum Theory 2026 12-week Exam

20 points] Question #5: You are using the variational principle to esti-
mate the bound state energy for a delta function well: V(z) = —ad(z).
(a will be a positive constant with dimensions of energy-length.) Your
trial wave function will be

(a) Determine (7).
(b) Determine (V).

(¢) Find the value of a that will minimize (H).
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This wave function is normalized: ~cos? (%E) dr =1
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[15 points| Question #6: You are estimating the ground state energy of
the Li™ ion (two electrons orbiting a nucleus with three protons). You
use the variational principle, modeling each electron’s wave function
as hydrogen-like where the effective nuclear charge S is the variational
parameter. This gives an energy expectation value of

(H) = (13.6 eV) [262 — 128 -+ Zﬁ} .

What is your bound on the ground state energy?
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