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1. Nuclear interaction

a. What is Yukawa’s model of nuclear interaction and what is the logic behind it?

b. In which way modern nucleon-nucleon potentials improve on Yukawa’s idea?

2. Prove that the state |Ψ〉 =
1√
2

(|µν〉+ |µα〉) is an eigenstate of the particle-number operator N =
∑
i a

+
i ai, but

not an eigenstate of all individual components a+i ai.

3. Let us consider a set of creation and annihilation operators {a+α ; aα} and their corresponding vacuum |Φ0〉.

a. What property does |Φ0〉 have under the action of aα?

Making use of Wick’s theorem with respect to |Φ0〉, compute the vacuum expectation value of

b. The operator aαaβa
+
γ a

+
δ ;

c. The operator a+αa
+
β aγaδaλa

+
µ .

4. Hartree-Fock

a. Can nucleons be considered as independent particles and why?

b. Explain schematically in what consists the Hartree-Fock method.

c. In which sense Hartree-Fock is a self-consistent approximation?

5. Symmetry breaking

a. When approximating the solution of the many-body Schrödinger equation, why one would be interested in
using a wave function that does not have the same symmetries of the exact one?

b. Which transformation of the creation and annihilation operators introduces particle-number breaking?
What are the consequences on the density matrices?

6. Derive the normal-ordered form of the Hamiltonian

H =
∑
αβ

tαβ a
+
αaβ +

(
1

2!

)2 ∑
αβγδ

v̄αβγδ a
+
αa

+
β aδaγ

with respect to a generic Bogolyubov vacuum |Φ〉 (which is not the vacuum of the {a+α ; aα}). Recall that

• The matrix elements of the two-body operator appear in their antisymmetrised version:

v̄αβγδ ≡ vαβγδ − vαβδγ .

• One can make use of the density matrices

ραβ ≡ 〈Φ|a+β aα|Φ〉 , καβ ≡ 〈Φ|aβaα|Φ〉 .


