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1. This question has two independent parts: 
(a) Show that the enthalpy H can be related to the Gibbs’s free energy as 

 
 
 
 

(b) Show that  
 
 
 

2. Mercury has a radius of 2.44 × 106 m and is at a distance of 5.8 × 1010 m from 
the Sun which has a radius of 7 × 108 m. The power output from the Sun is  
4 × 1026 W. Note that one side of Mercury always faces the Sun. Treating 
Mercury as a black body: 
(a) Find the total power absorbed by Mercury from the Sun. (2 pts) 

 
(b) If Mercury is in thermodynamic equilibrium, it will emit the same total 

power as it receives from the Sun. Assuming that the temperature of the 
”hot side” of Mercury is uniform, find this temperature. (4 pts) 
 

(c) What is the ratio of peak frequency of the radiation emitted by the Sun to 
that of Mercury? (4 pts) 
 
 

×
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Figure 1: Figure shows a Joule paddle. RT refers to room 
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9. 1000 joules of heat are added at constant pressure of 1 atm to an ideal 
monoatomic gas. The system expands in the process and its temperature rises 
10 K. 
 
(a) Find the number of moles present (2 pts). 

 
(b) Find the increase in volume (3 pts). 

 
(c) Find the entropy change in terms of the initial temperature (5 pts). 

 
 

Figure 2: Figure shows the Otto cycle. Gas is compressed adiabatically in A → B, 
gas is heated isochorically in B → C, gas is expanded adiabatically in C → D, 
and gas is cooled isochorically in D → A. 

 
10. Figure 2 depicts the approximate behavior of a gasoline engine which is similar 

to that of the Otto cycle. Compute the efficiency for an ideal gas (with 
temperature-
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12. The thermodynamic identity is: 
dE = T dS − pdV + µdN. (1) 

We obtain the definition of temperature, pressure and chemical potential by 
holding two of (E, S, V, N) 
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of particles, N, and volume, V , of a substance, 
S = A [UNV]1#3,  

where A is a constant. 
 
(a) Verify that entropy is an extensive quantity according to this definition, and 

obtain the units for the constant A. 
 

(b) Derive the internal energy as a function of temperature, volume, and the 
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(c) Find n(T) when there is an equal number of different sites, N = M. 
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20. Consider a classical N-particle system with Hamiltonian 
 
 
 
 

at temperature T . For this problem, you may use the formulas 
 

 
 
 
 
 

(a) Show that: 
 

 
 
 

(b) Derive a similar relation, involving q!. 
 
 

21. What does a surface of constant energy look like in the phase space of an 
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energy, mean energy, and heat capacity of the system. Comment on the heat 
capacity relative to an ideal gas at constant volume. 
 
 

24. The energy difference between the lowest atomic state 1S0 and first excited 
3S1 state of the helium atom is 159,843 cm$1. The superscripts of the 
spectroscopic states denote the degeneracy. Evaluate the fraction of excited 
states in He gas at 6000 K. 
 
 

25. (a) Find the ratio of the number of ortho-hydrogen and para-hydrogen 
molecules in a H2 gas. What would this be for heavy hydrogen D2? The 
nuclear spin of H is 1/2 and of D is 1, and ortho has the greater spin weight 
than para. 
 
(b) The rate of ortho-para conversion is so small that the two forms can be 
separated as though they are different kinds of gases. Calculate the specific heat at 
low temperatures and show that para-hydrogen has the larger specific heat. 

 
 
26. A crude estimate of the surface temperature of the earth is to assume that the 

clouds reflect a fraction of all sunlight, the rest being absorbed by the earth and 
reradiated. Treating the sun as blackbody at a temp T = 5800K, find the surface 
temp of the earth. You may assume the earth is an ideal absorber and that the 
rotation of the earth allows it to emit in all directions. The radius of the sun is 
6.96 x 10 km and that of the earth is 6,400 km. The mean distance between the 
sun and the earth is 1.5 x 10 m.  

 
 
27. A simplified model of diffusion consists of a one-dimensional lattice, with lattice 

spacing , in which an “impurity” makes a random walk from one lattice site to 
an adjacent one, making jumps at time intervals Dt.  After  jumps, the atom has 
taken N1 steps to the right and N2 steps to the left with N = N1 + N2.  It is now 
located at x

 1  
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 Find an expression for  in the terms of a, ∆t. 

 
 
28. Show that : , where  and  are the heat capacities at 

constant pressure and volume, respectively, is the coefficient of 

thermal expansion, and  is the isothermal compressibility. 

 
 

29. Lead has a molar mass of 207.2 g/mole. At 25°C and 1 atmosphere of pressure, it 
has an isothermal bulk modulus of B = 1.6 x 1010 Pa, a mass density r = 11.4 
g/cm3, and a coefficient of thermal expansion of 87 x 10-6/°C.  Its specific heat at 
constant pressure Cp = 128 J/kg-°C. 

 
a) How big is the difference between Cp and its constant volume specific heat CV? 
 
b) The Law of Dulong and Petit states that the heat capacity of any solid at room 

temperature arises from the vibrations of the atoms (3N degrees of freedom), 
which can be calculated by treating the vibrations as a set of 3N classical 
harmonic oscillators. Does the Law of  Dulong and Petit describe Cp or CV?  What 
would you predict the heat capacity of lead to be if this law is correct? 

 
c) Find the Debye temperature of lead.  How does the specific heat of lead vary 

with temperature for temperatures well below the Debye temperature? 
 
 

30. Consider a monoatomic ideal gas of mass density  at temperature T, whose 
atoms have mass m.  The number of atoms with velocities  in the velocity space 
volume element  is given by the Maxwell-Boltzmann distribution 

 

 
a) What is the average velocity ? 
 

!

!

!
"#

$
"

!
!

=
!
!

D

!"# $!"%% !"!+= Cp Cv

!"
#

#
!
"
#

$
%
&

'
'

=
!(

!
! "

#
# !!

"

#
$$
%

&
'
'

(=
!)

ρ
!!

!" !!

!"
#$B

!!!$
#B

$
$

!"!&
'

()*

'

!
"""

!

"
#$

%&'
"

#$
"(!

!
!
"

#
$
$
%

& ++'
!!
"

#
$$
%

&
=

(
)

!"#"



11 

 

 

b) Derive the distribution of speed . 
 
c) What is the most probable speed ? 
 
d) Obtain expressions for the average , and root-mean-square speed  and , 

and  rank them in increasing order.  

 [Hint: ] 

 
 

31. A certain material is completely specified by its volume V and temperature T.  It 
has an equation of state p = AT4, where A is a constant independent of the 
volume.  The heat capacity at fixed volume is measured to be BVT3. 

 
a) From dimensional analysis, B and A have the same units.  Show that   B = 12A. 
 
a) Find the entropy of this material as a function of V and T. 
 
c) If this material is cooled adiabatically and reversibly from 20K to 10K, by how 

much does the volume change? 
 
 

32. Consider an ideal Fermi gas of spin 1/2 particles in 3-dimensional box.  The 
number of particles per unit volume is n, the mass of the particles is m, and the 
energy of the particles is the usual E = p2/2m.  Assume that the temperature is 
quite low. 

 
a) Find formulas for the Fermi energy EF, Fermi wavevector kF, and Fermi 

temperature TF in term of m, n and constants such as h and kB. 
 
b) Find the total energy of the gas at zero temperature. 
 
c) Show that the heat capacity at low temperature is proportional to T. 
 
 

33. A collection of N spin 1/2 atoms are fixed in a solid.  The atoms do not interact 
with each other.  The magnetic moment of each atom is ±µ0.  If a magnetic field H 
is applied to the solid, each atom has an energy of ±µ0H. 
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a) Find the mean energy in a magnetic field at a given temperature T. 
 
b) Find the entropy of this collection. 
 
c) The magnetization m of a solid is defined as the net magnetic moment per unit 

volume.  The average magnetic moment is defined via = - H.  For 
noninteracting moments, the magnetization typically obeys a Curie Law where m 
= c0H/T for vanishingly small H.  Find the value of the constant c0 for this 
problem. 

 
 
 
34. A collection of N bosons is contained in a volume V.  The spin of the particles is 

0. 
 
a) 
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c) Suppose one counted the number of particles in a small subvolume of size 0.1 

micron on a side.  What is the probability of finding no particles in this volume? 
 
 

37. The pressure in a vacuum system is 10-3 mm Hg.  The external pressure is 1 atm 
at 300 K.  This is a pinhole in the vacuum system of area 10-10 cm2.  Assume that 
any molecule entering the pinhole goes through.  Use an average molecular 
weight of air as 29 amu. 

 
a) How many molecules enter the vacuum system each hour? 
 
b) If the volume of the system is 2 liters, by how much does the pressure rise in 1 

hour? 
 
c) How long does it take for the pressure to rise to 750 mm Hg? Note: this is close to 

the pressure outside the vacuum tank.  
 
 

38. The diatomic molecule HD has a set of rotational energy levels  

which are  degenerate, and a vibrational spectrum  is 

called the rotational temperature, and  the vibrational temperature.  
 

a) Assuming the molecules do not interact among themselves, evaluate the 
partition sum for N atoms confined to a volume V.  You may not be able to 
compute all the sums in closed form. 

 
b) Evaluate the Helmholtz Free energy F(T, V, N) in the limits  

and   It will help to use the fact that when  is much smaller than the 
spacing of the energy levels, the sum can be computed as an integral. 

c) Sketch, as accurately as you can, the behavior of  from 25K to 5000K, using 
a logarithmic scale in temperature. Assume that and . 

39. Consider an equilibrium gas consisting of two types of atoms of masses and 
, both obeying Maxwellian velocity distribution corresponding to the same 

temperature , 
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(
 where  is the mass of particle type  i, and the are the corresponding velocity 

distributions.   Using the well-known identity 
 

)(
(

 where is the center-of-mass velocity, is the relative velocity and 
is the reduced mass, show that the distribution of relative 

velocities between the two types of atom is also Maxwellian, with distribution 

*(

 
 
40. An object of heat capacity C is used as the cold thermal reservoir by a Carnot 

engine.  The hot reservoir has an infinite heat capacity.  During the operation of 
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c)   This gas undergoes a process at fixed temperature where the volume is changed 
from Vi to Vf.  Find the change in entropy in terms of the variables n, R, T, Vf and 
Vi. 

 
 
42. Consider a classical gas composed of N particles of mass m that possess a 

permanent electric dipole moment p. The gas is subject to a uniform electric field 
of size E in the x-direction and is enclosed in a container of size V. The potential 
energy of a dipole is . 

 
a) Find the partition function.  
 
b) Find the net polarization of the sample as a function of field strength, pressure, 

and temperature. The polarization P is defined as the net dipole moment per unit 
volume.  

 
 

43. The energy spectrum of neutrinos (spin ½ massless particles) is E=pc.  For a 
collection on N neutrinos confined to volume V, calculate 

 
a)  The Fermi wave vector. 
 
b)  The Fermi energy.  
 
c)  The total energy at T = 0. 
 

d)  The compressibility of the neutrino gas.  
 
 

44. Consider an ideal Fermi gas of spin -1/2 particles in a 3-dimensional box. The 
number of particles per unit volume is n, the mass of the particles is m, and the 
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c)  If the magnetic moment of the particles is ue, show that the paragmagnetic 
susceptibility x for low fields in the limit of zero temperature is given by  

 

 
45. Consider a system consisting of two particles, each of which can be in any one of 

three quantum states of respective energies 0, e, and 3e.  The system is in contact 
with a heat reservoir at temperature T. 

 
a) Write an expression for the partition function Z if the particles obey classical 

Maxwell-Boltzmann statistics and are considered distinguishable. 
 
b) Write a similar expression if the particles obey Bose-Einstein statistics. 
 
c) Write a similar expression if the particles obey Fermi-Dirac statistics. 
 
 

46.   A box of volume V hold blackbody radiation at a temperature T.  
 

a) Show that the amount of energy stored in a small range of frequencies  
is given by 

 , 

 and find all expressions for a and b in terms of V, T, KB, h, c. 
 
b) The Wien displacement law describes the relationship between the peak intensity 

in the blackbody energy distribution (1) and the temperature. Derive this 
relationship. Note: the function  




