“Condensed Matter Physics” course (part 2): Problem set 1

F. M. Marchetti’ *
(Dated: March 19, 2020)

I. IDEAL BOSE GAS IN A 3D BOX (NUMERICAL)
Consider an ideal Bose gas of N (non-interacting) bosons in a three-dimensional (3D) cubic box with periodic
boundary conditions. The gas is at thermal equilibrium at a temperature T .
1. Invert numerically the equation which fixes the total number of particles IV,

3/2 eBh > T
Ne—1 in <T> ga/2(c) g3y2(e™) = ﬁ/o o (1)
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in order to obtain the rescaled chemical potential p/(kgT.) as a function of N and the rescaled temperature
T/T., where T, is the critical temperature for BEC.

2. Plot u/(kgT,) as a function of T/T, for different values of the total number of particles N and comment the
results you get.

3. Plot the condensate fraction fig = No(N,T/T.)/N and the thermal fraction i = Np(N,T/T.)/N as a function
of T/T. for different values of the total number of particles N and compare the numerical results with the
analytical formula valid in the thermodynamic limit. Compare your results with those of the following picture.
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II. IDEAL BOSE GAS IN 2D

4. Show that, for a free gas in a box of dimension d = 1,2,3 and volume V = L¢, the DoS is given by

¢ m d/2

where Qg4 = 47 (d = 3),27(d = 2),1(d = 1).

5. Evaluate the condition determining the critical temperature of an ideal gas in a 2D box (with boundary condi-
tions) and comment why the condition Np(u — 07,7) < N can never be satisfied at finite temperature. Does
a critical temperature for BEC T, exists in 2D for an ideal gas?

III. ISOTHERMAL PRESSURE CURVES (NUMERICAL)

Numerically invert the equation

1= K%/z(eﬁu)
Ve g3/2(1)
in order to obtain the rescaled chemical potential Su as a function of the rescaled volume V/V, for V' > V_ (compare

your result with the left panel of the figure below). Use this result for plotting, at a given fixed temperature, the Bose
gas isothermal curves of pressure,

V>V,. (3)

2F 21 ep m \3/2 5/ i
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as a function of the volume V' — remember that p — 0 in the BEC phase V < V.. Change temperature and find
the BEC critical line in the P — V plane; add it to the plot. Compare your results with the right panel of the figure
below. Note that there we have used rescaled variables such as pressure P’ = P/(m/27h?)%/? (measured in units of
ES/Q, where Ey = kgTp is a reference energy scale), and volume V' = V/(27h?/m)>/? (measured in units of EO_?’/Q).
When one recovers the P, = kgT/V expression for a classical gas?
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IV. HARMONICALLY TRAPPED SYSTEMS
Consider an ideal gas of bosons in a 3D harmonic trap:
1 1
Vewt(r) = =mw? - 1% = —m (wiz® + wiy® + wjz?) . (5)
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6. Evaluate the system DoS and show that is given by

1

_ a—1 _
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(6)

7. Repeat the same calculations for 2D and 1D harmonic traps and evaluate the corresponding critical temperature
for BEC.

V. SECOND QUANTISATION

Consider the definitions of creation and annihilation operators for bosons (occupation N; =0,1,2,...)

af|No,N1,...Nj,...) = \/N; +1|No, N1,... ,N; +1,...) (7)
aj|No, N1,...Nj,...) = /Nj|No, Ny,...N; = 1,...) (8)

and for fermions (occupation N; = 0,1):

&fNo, N1, Ny, ...y = (=1)7(1 = N;)|No, N1,... . Nj +1,...) (9)
¢;INo, N1, ... Nj,...) = (=1)PNj|Nog, Ny,...N; — 1,...) (10)

where P = Ny + Ny + -+ + N;_1 and where we indicate with ¢ = 0,1,... the energy levels of the single-particle
problem Hle;) = €;le;) and with N; the occupation number of each such a state.

8. Derive the canonical commutation and anticommuation relations

[a;,al] = 05 [a;,4;] = 0= [a],al] (11)
and
{éi’é;} = 0y {éivéj} =0= {éjvé;(} : (12)

For bosons show that in general one has that

la, alag] = d1jak [af,alay) = —0yal . (13)

9. Consider the following two-state Hamiltonian
H=c (a{al + a;aQ) +A (aia; + azal) : (14)
for two boson fields (all operators commute except [d;,d}] = 1 = [dy,a}]) — note that this Hamiltonian does

not conserve the number of particles. Show that you can rewrite the Hamiltonian in the form
kS N N € A dl
H=(al a,) (A 6) (d;)—e. (15)

Find a general transformation to a new set of operators

()=o) o

where O is a 2 X 2 matrix, such that the bosonic canonical transformation relations are preserved for 4;. Choose
the parameters of this transformation O such that now the Hamiltonian expressed in terms of these new operators
is diagonal, i.e., of the form

H = B34, + 2434, . (17)



