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PREFACE

Thermal physics is a beautiful, subtle and difficult subject. To gain an understanding
of thermal physics it is convenient to treat problems with varying degrees of sophis-
tication, and with several complementary approaches. Our emphasis is to illustrate
the principles with specific problems, rather than rigorous formalism. Problems are
solved from the points of view of kinetic theory (Chapters 1, 7 and 8), statistical me-
chanics of closed systems (Chapter 2), statistical mechanics of open systems (Chap-
ters 3 and 4), and thermodynamics (Chapter 6). These approaches sometimes lead
to the same results, and sometimes lead to results that vary in generality, rigor and
predictive power. It is fascinating to discover so many relationships among such dif-
ferent approaches to thermal physics. The relation between entropy and information
is remarkable. Applications include superfluidity, semiconductors, cosmology and
astrophysics. We have made an effort to make the chapters self contained. These
criteria require some repetition which we believe is pedagogical. Handy integrals and
formulas are collected in the appendices. A few problems that complement the text
are also included.

It is assumed that the reader has some familiarity with calculus, combinatorics
and probability theory. We use concepts of modern physics such as “quantum state”
and “Planck law”. Exposure to modern physics is therefore assumed.

The text contains more material than what can usually be covered in a single
term. Chapters may be chosen for an upper undergraduate or a first year graduate
course. We hope that the text will also be useful in the personal library of scientists
and engineers.

A note on notation. We omit the Boltzmann constant k£ in all chapters except
the first.

This is a text, not a research report. I claim no originality on any of the material
covered (except perhaps on parts of the sections on hadron collisions and on dark
matter). A brief account of the development of thermal physics is given in Section
1.1. Some problems and data have been adapted from several sources, in particular
the excellent texts by Charles Kittel, Landau and Lifshitz, and the awe inspiring
Feynman Lectures on Physics.

Thanks are due to Dr. Carlos Montufar and Dr. Santiago Gangotena for re-
viewing the manuscript. I also thank the help of friends and students in writing and
checking formulas, drawing figures and assisting with the computer, in particular
Neidy Martén, Marco Guevara, Patricio Larrea and David Cardenas.

*Sections with a star are relatively difficult and are not required to understand
subsequent material. These sections may be omitted on a first reading.






Contents

Chapter 1. INTRODUCTION TO KINETIC THEORY
1.1 History . . . . . oo
1.2 Pressure . . . . . . .
1.3 Work . . . o
1.4 Mechanical equilibrium . . . . .. .. ... ..o
1.5 Heat . . . . . o
1.6 Thermal equilibrium . . . . . . .. ... ... L oL
1.7 Equation of state . . . . . . ... ...
1.8 Units . . . . . o L
1.9 Total energy . . . . . . . . . . L
1.10 Specific heat . . . . . . ...
1.11 Adiabatic expansion . . . . . . . . . .. .. ...
1.12 Isothermal expansion . . . . . . . . . .. ... ... ... .......
1.13 Carnot efficiency . . . . . . ...
1.14 Maxwell distribution . . . . . . . . ... ..o
1.15 The exponential atmosphere * . . . . . . .. . ... ... ... ...

Chapter 2. STATISTICAL MECHANICS
2.1 The principles of statistical mechanics . . . . . .. ... ... .. ...
2.2 N harmonic oscillators . . . . . . ... ... oL
23 Particleinabox . . . . . ...
24 Idealnoble gas . . . . . . ...
25 Binary alloy . . ... ...

Chapter 3. THERMAL EQUILIBRIUM
3.1 Boltzmann distribution and temperature . . . . . .. ... ... ...
3.2 Partition function and free energy . . . . . .. ... .00
3.3 Boltzmann entropy . . . . . . .. ...
3.4 Harmonic oscillator . . . . . . . . .. .. ... ... ..
3.5 Planck radiation . . . . . .. ... ...
3.6 Rotation of diatomic molecules . . . . . . .. . ... ... .. .....
3.7Particleinabox . . . . ... ...
38Idealnoblegas . . . . . . . . ...
3.9 Equipartition theorem . . . . . . . .. ... .. ... .. ... .. ..
3.10 Ideal molecular gas . . . . . . . . . .. ...
3.11 Alternative derivation of the Boltzmann distribution . . . . . . . ..
3.12 Dipolar polarizability . . . . ... ... ... ... ... ...

Chapter 4. DIFFUSIVE EQUILIBRIUM
4.1 Gibbs distribution and chemical potential . . . . . . . . .. ... ...
4.2 Grand partition function . . . . . . ... ... L.
4.3 Fermi-Dirac and Bose-Einstein distributions . . . . ... .. ... ..



44 1Idealnoblegas . . . . . . . ..o
4.5 Adsorption . . . ...
4.6 Vapor PresSUre . . . . . v v v v v v it
4.7 Chemical reactions . . . . .. . ... oL oo
4.8 Hadron collisions * . . . . . . . ... ...

Chapter 5. WORK AND HEAT
51 Heat . . . . ..
52 Work . . .o
53Ideal moble gas . . . . . . ..o
5.4 Thermodynamic identity . . . . . . .. .. ... .. ... ... ...
5.5 Ideal gas of molecules . . . . . . . ... ...

Chapter 6. THERMODYNAMICS
6.1 Laws of thermodynamics . . . . . ... ... ... .. 0 0.
6.2 Entropy and thermodynamic temperature . . . . . . . ... .. .. ..
6.3 Carnot efficiency . . . . . .. ... oo oo oo
6.4 A Maxwell relation . . . . . . .. ... L
6.5 Rubber band . . . . . . . ... oo
6.6 Electric battery . . . . . . . ... o
6.7 Freeenergy . . . . . . . .
6.8 Enthalpy . . . . . . .
6.9 Thermodynamic potential . . . . . ... .. ... ... ... .....
6.10 Irreversible process . . . . . . . ...
6.11 Chemical potential . . . . . . . . . . ... ... ... ...
6.12 Chemical reactions . . . . . . . . . ... .o
6.13 Vapor pressure . . . . . . ..o e e
6.14 Schottky defects . . . . . ... ... o oo oo
6.15 Frenkel defects . . . . . . . ...
6.16 Paramagnetism . . . . . .. ..o o L
6.17 Binary alloy . . . . . . . ... oo
6.18 Joule-Thomson effect® . . . . . . ... ... ... ... ... ......

Chapter 7. TRANSPORT
7.1 Electric conductivity . . . . . . . ...
7.2 Diffusion . . . ...
7.3 Heat conduction . . . . . . ... ... ...
T4 Viscosity * . . . .

Chapter 8. KINETIC THEORY
8.1 Pressure * . . . ..
8.2 Boltzmann distribution * . . . . .. ... ..
8.3 Einstein A and B coefficients . . . . . . . .. .. ... ... ...

67

79
79
81
82
83
84

87
87
88
90
92
94
95
95
97
98
98
99
100
102
103
104
104
106
108

111
111
113
115
116



8.4 Transition probabilities . . . . . . ... ... oL oL
8.5 Fermi-Dirac distribution . . . . . . . . . ... L.
8.6 Bose-Einstein distribution * . . . . ... .. oL

8.7 Evaporation . . .

Chapter 9. LOW TEMPERATURE PHYSICS

9.1 Real gases * . . .

9.2 Van der Waals equation . . . . . . .. ... ... ..
9.3 Degenerate Fermi gas . . . . . . ... .. ... ... ..
9.4 Heat capacity of electrons in a metal . . . . . . ... ... ... ...

9.5 Model of a metal

9.6 Fermi-Thomas atom . . . . . . . . . . . . .. .. ... ... .. ....

9.7 Nuclear matter . .

9.8 Degenerate ultra-relativistic Fermigas . . . . . . .. ... ... . ...
9.9 Heat capacity of solids . . . . . . ... .. ... ... . ........
9.10 Einstein condensation . . . . . . . . .. ... ... ...

9.11 Liquid helium . .

9.12 Heat capacity of liquid helium * . . ... .. ... ... .......

9.13 Superfluidity * .

9.14 Landau theory of superfluidity * . . . . ... ... ... .. ... ..
9.15 Thermomechanical effect of He IT . . . . . . . . . ... ... .. ...

Chapter 10. FLUCTUATIONS, INFORMATION AND NOISE

10.1 Brownian motion
10.2 Johnson noise . .

10.3 Information and entropy . . . . . . . . ... ... L.
10.4 Information loss due tonoise . . . . . .. ... .. ...
10.5 Transmission capacity of a continuous channel *. . . . . . . . . . ..
10.6 Power and maximum entropy * . . . . ... ... L.
10.7 Power and band-width of white noise * . . . . . . .. ... ... ...
10.8 The Gaussian or normal distribution * . . . . .. .. ... ... ...
10.9 Sampling rate and bandwidth * . . . .. ... ... ...
10.10 Maximum capacity per unit bandwidth * . . . . ... ... ... ..

Chapter 11. SEMICONDUCTORS

11.1 Pure silicon . . .
11.2 Doped silicon . .

11.3 Minority carrier lifetime . . . . . . . . ...
11.4 Conduction and diffusion . . . . .. ... ...
11.5 Minority carrier diffusion length . . . . . . .. ... ... ... ...

Chapter 12. COSMOLOGY

12.1 Observations . .

133
133
137
138
143
145
147
150
150
151
158
159
163
165
168
170

173
173
175
179
182
184
187
188
189
190
191

195
195
200
205
206
207

209



12.2 The Cosmological Principle . . . . . . ... ... ... ... ... ..
12.3 Radiation . . . . . . ..
124 Matter . . . . . oL
12.5 Dynamics of a Homogeneous Universe . . . ... ... ... ... ..
12.6 The Standard Model . . . . . . . . . ... ...
12.7 Nucleosynthesis . . . . . . . . .. ...
12.8 Electron-Proton Recombination . . . . . . . ... ... ... ... ..
12.9 Dark Matter . . . . . . ... L

Chapter 13. ASTROPHYSICS
13.1 White Dwarfs and Neutron Stars . . . . . . . . . . .. ... .. ...
13.2 Stellar Structure . . . . . . . . ...
13.3 The Sun *. . . . . . . .
13.4 Stellar Evolution . . . . . . . . .. ... ...

PROBLEMS
Appendix A: HANDY INTEGRALS
Appendix B: HANDY FORMULAS

Index

255

259

265



Chapter 1. INTRODUCTION TO
KINETIC THEORY

In this introductory chapter we consider the kinetic theory of gases from a historical
point of view. The history of the physics of gases is interesting since it lead to the
first reliable determination of the size of atoms, and the discrepancies between the
classical theory and experiment contributed to the birth of quantum mechanics at
the turn of the century.

1.1 History

With the benefit of hindsight let us briefly recall the main developments
that lead to the kinetic theory of gases in its present form. At the time
of Galileo (1564-1642) it was well known that water will not raise more
than 34 feet when sucked by a pump. Torricelli (1608-1647) filled a glass
tube with mercury, put his finger on the end, and inverted the tube into
a dish of mercury. The mercury in the glass tube raised about 30 inches
above the level of the mercury in the dish. These observations lead
eventually to the concept of atmospheric pressure.

Richard Townley and Henry Power discovered in 1653 that the pres-
sure P of a gas varies in proportion to the inverse of its volume V' when it
is compressed at constant temperature (for example room temperature).
The law

PV = constant at constant temperature

was verified and established by Robert Boyle in 1662 and is generally
known as Boyle’s law.



2 INTRODUCTION TO KINETIC THEORY

Daniel Bernoulli proposed in 1738 the first quantitative kinetic theory.
In particular Bernoulli showed that the pressure of the gas is proportional
to the square of the molecular velocity v:

PV = %NMUQ

However the equation derived by Bernoulli remained mostly forgotten
until 1820 when it was re-derived by Herapath!

The law of thermal expansion of gases in its modern form was es-
tablished at the end of the 18th century by J.A.C. Charles and J.L.
Gay-Lussac:

P=C(T+1T) at constant volume

or
V=C'(T+Ty) at constant pressure

where C', C'’ and Ty are constants. The universality of Ty for different
gases suggests that there is a lowest temperature T = —Tj for which
the pressure or volume drops to zero, as suggested a century earlier by
Guillaume Amontons. It is then natural to define T+ Ty as an absolute
temperature which we will henceforth denote by T'.

In 1845 J.J. Waterson gave the first statement of the equipartition
theorem: the average value of the kinetic energy %M v? is the same for
different types of molecules in a mixture of gases. Another important
contribution to the kinetic theory was made by Rudolph Clausius who
introduced the concept of mean free path.

The modern form of the kinetic theory is a direct outgrowth of the
work of James Clerk Maxwell (~1860) and Ludwig Boltzmann (/1870).

In 1865 Josef Loschmidt made the first convincing calculation of the
size of molecules using the mean free path obtained from viscosity mea-
surements.

The development of the kinetic theory outlined above may suggest
that the theory advanced in a regular fashion. Actually the development
of the physics of gases was quite erratic and full of confusion. To stress
this point it is sufficient to mention here that two key concepts of the



