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Problem 27: 2+2+1 points

The Lennard-Jones potential
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v =¢((2) -2(2))
is a basic model to describe the interaction of two non-charged atoms.

a) Calculate the position r,,;,and the depth Vi, 0f the minimum of the potential

b) Derive the Taylor series at the minimum 7,,;; up to the second order (harmonic oscillator
order) to obtain an approximate potential.

c¢) Draw a sketch of both potentials.

Problem 28: 1+2+2 points

The SE of the harmonic oscillator is given by

H=
The position and momentum operator can be expressed by
X =x9+06x with +/((6x)?) = Ax

p=po+dp with /((6p)?)=Ap

with the mean position x, = (¥|X|¥) and mean momentum p, = (¥|p|¥) and a fluctuation of the
position 6x and momentum dp around the mean value with the standard deviation Ax and Ap.

Use the representation of the position and momentum and Heisenberg’s uncertainty principle to
calculate the energy for the ground state.

a) Utilize the symmetry of the system to obtain xy and py.
b) Derive the Hamiltonian (H) as a function of Ap or Ax by plugging in £ and p and Heisenberg’s
uncertainty principle.
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c) The minimum average energy of the harmonic oscillator is the ground state. Therefore, it has
to fulfill
o(H) _ a(H)
a@p)  a(dx)

Problem 29: 1+1+1+1+1+1+1 points
Let A, B and C be operators. The commutator is defined as

[A,B] = AB — BA.
Calculate the following commutators:

a) [px,x] and [p,7] with the momentum operator p = (py,py,p;) and position operator

r = (x,y,2), (See lecture notes)
b) [x,¥), [Py, 2] and [p,, ] .

Show the the following commutator relations:

o) [A,B+Cl=[AB]+I[AC],
d) [4,BC]=[4,BIC + B[A,C].

The angular momentum operator L = (Ly, Ly, L,) is defined by
L=rXp.
Calculate the following commutators:

e) [x,Lyland [py, Ly,
f LwLy],
g) [Ly, L?].Hint:"c+d+f=g"
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