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Preface to the Second Edition

In preparing to write the preface to the second edition of this book, I realized anew my
debt to the work of Herbert B. Callen. He was not only my thesis advisor and my friend,
but it was through his teaching and his book on thermodynamics that I first understood
the subject in any depth. I take this opportunity once again to acknowledge how much
his pedagogy and advice have meant to my work.

The postulational approach to thermodynamics, which is primarily based on his work
and that of his thesis advisor, 1.4sz16 Tisza, provides a clear basis for the theory. It is not
difficult to understand but can seem rather abstract when first encountered as a student —
as, indeed, it did to me many years ago. Many professors have told me that they thought
that Callen’s book was too daunting to give to their students, but that it was the book that
they consulted for thermodynamics.

Part I of my book originated as an introduction to Callen’s Thermodynamics in my
teaching. One difficulty that I had found as a student was that Callen’s book started
off presenting entropy and the postulates of thermodynamics in the first chapter, and
temperature as a partial derivative of the entropy in the second chapter. I had only a
vague idea at the time of what the entropy was, and its partial derivative with respect to
energy was a complete mystery. I have tried to avoid this difficulty in my own teaching of
thermodynamics by presenting the students with an explicit calculation of the entropy of
a classical ideal gas. All assumptions are stated, and all mathematics is explained. I felt —
and my students generally agreed — that they were then ready to understand Callen’s
postulates.

Part II developed from my notes for teaching from Callen’s textbook. I found that
while the ideas in Callen’s postulates provided a great foundation for thermodynamics,
their specific form was less than ideal. For the first edition of this book, I separated them
into six new postulates, each of which expressed a separate idea. I also generalized the
postulates to include non-homogeneous systems.

I gave an explicit guide to the use of Jacobians in deriving thermodynamic identities,
which I have not found anywhere else, but which my students have found to be easy to
apply. Callen mentioned Jacobians in his first edition, but not in his second. Similarly,
I simplified the derivation of Maxwell relations, with the result that my students have
regarded them (correctly) as being easy to derive.

I also gave an explicit derivation of the stability criteria for second partial derivatives
with respect to intensive variables because many students had difficulty with them.

Parts III (classical statistical mechanics) and IV (quantum statistical mechanics) used
computer calculations extensively. They allowed many calculations to be carried out
explicitly. I firmly believe that the future of physics will rely heavily on the computer,
and I think that computation is currently being neglected in university curricula.
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viili  Preface to the Second Edition

The second edition has come into being because I have discovered how to clarify the
presentation of many of the central concepts, especially in the derivation of the entropy
in Part 1. Along the way, I have corrected a significant number of typographical errors.

In Part I, Chapters 4 and 6, I have more clearly distinguished generic variables
from variables describing particular systems used in derivations. My previous labeling
convention did not cause any problems in the classes I taught, but it has caused confusion
with some readers. I have also generalized the derivation of the entropy from treating only
two systems at a time to deriving the entropy simultaneously for all systems that might
interact.

In the second edition, I have again changed the list of postulates to include the
possibility of negative temperatures. Callen had mentioned negative temperatures in his
book, but had excluded them in the interest of simplicity.

In Chapter 11, I have expanded the review of the Carnot cycle with two new
illustrations. This chapter now also contains a discussion of negative temperatures, and
how they affect the analysis of heat engines.

Massieu functions were mentioned by Callen, but not developed. I did the same in
the first edition. I have expanded the treatment of Massieu functions in Chapter 12,
after realizing that they are much more useful than I had previously thought. They are
essential when considering negative temperatures because the corresponding entropy is
not monotonic.

The discussion of the Nernst Postulate (Third Law of Thermodynamics) in
Chapter 18 includes a discussion of why zero temperature would not be possible to
attain if classical mechanics were valid instead of quantum mechanics. In fact, it would
be more difficult to attain very low temperatures if the Nernst Postulate were not valid.

A new chapter (Chapter 21) has been added to discuss the consequences of including
the widths of the energy and particle-number distributions in the calculation of the
entropy. It is both a more realistic assumption and gives better expressions for the entropy.
These results are based on new work since the publication of the first edition of this book.

In Chapters 28 on Bose-Einstein statistics and 29 on Fermi-Dirac statistics, I’'ve
introduced numerical calculations based on work with a former student, Tyson Price.
The numerical results show many of the thermal properties of Bose and Fermi gases
more clearly and simply than would be possible with analytic calculations alone.

The Index has been thoroughly updated and expanded.

My recommendations for a programming language to use for the computational
problems have changed. I still advocate the use of Python, although not VPython. I have
found that plots using MatPlotLib are much better, as well as being easier for students
(and professors) to program. On the other hand, I have found that students prefer the
freedom to use a wide variety of programming languages, and I have never insisted that
they use Python.

I would like to thank my colleagues, Markus Deserno and Michael Widom, for their
helpful comments based on their own experiences from using my book to teach both
undergraduate and graduate courses in thermal physics.

I would also like to thank my former students, William Griffin, Lachlan Lancaster,
and Michael Matty, for their contributions to some of the results presented here. I would
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Preface to the Second Edition — ix

especially like to thank Michael Matty for his extensive constructive criticism of the text
and his contributions to my class. Finally, I would like to thank Karpur Shukla for many
useful conversations.

As in the first preface, I would like to thank my wife, Roberta L.. Klatzky, for her
unwavering support.

Robert H. Swendsen
Pittsburgh, April 2019
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Preface to the First Edition

Habe Muth dich deines eigenen Verstandes zu bedienen.
(Have the courage to think for yourself.)

Immanuel Kant, in Beantwortung der Frage: Was ist Aufklarung?

The disciplines of statistical mechanics and thermodynamics are very closely related,
although their historical roots are separate. The founders of thermodynamics developed
their theories without the advantage of contemporary understanding of the atomic
structure of matter. Statistical mechanics, which is built on this understanding, makes
predictions of system behavior that lead to thermodynamic rules. In other words,
statistical mechanics is a conceptual precursor to thermodynamics, although it is a
historical latecomer.

Unfortunately, despite their theoretical connection, statistical mechanics and thermo-
dynamics are often taught as separate fields of study. Even worse, thermodynamics is
usually taught first, for the dubious reason that it is older than statistical mechanics. All
too often the result is that students regard thermodynamics as a set of highly abstract
mathematical relationships, the significance of which is not clear.

This book is an effort to rectify the situation. It presents the two complementary
aspects of thermal physics as a coherent theory of the properties of matter. My intention
is that after working through this text a student will have solid foundations in both
statistical mechanics and thermodynamics that will provide direct access to modern
research.

Guiding Principles

In writing this book I have been guided by a number of principles, only some of which
are shared by other textbooks in statistical mechanics and thermodynamics.

o [ have written this book for students, not professors. Many things that experts might
take for granted are explained explicitly. Indeed, student contributions have been
essential in constructing clear explanations that do not leave out ‘obvious’ steps that
can be puzzling to someone new to this material.

e The goal of the book is to provide the student with conceptual understanding, and
the problems are designed in the service of this goal. They are quite challenging,
but the challenges are primarily conceptual rather than algebraic or computational.
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o [ believe that students should have the opportunity to program models themselves

and observe how the models behave under different conditions. Therefore, the
problems include extensive use of computation.

The book is intended to be accessible to students at different levels of preparation.
I do not make a distinction between teaching the material at the advanced under-
graduate and graduate levels, and indeed, I have taught such a course many times
using the same approach and much of the same material for both groups. As the
mathematics is entirely self-contained, students can master all of the material even
if their mathematical preparation has some gaps. Graduate students with previous
courses on these topics should be able to use the book with self-study to make up
for any gaps in their training.

After working through this text, a student should be well prepared to continue with
more specialized topics in thermodynamics, statistical mechanics, and condensed-
matter physics.

Pedagogical Principles

The over-arching goals described above result in some unique features of my approach
to the teaching of statistical mechanics and thermodynamics, which I think merit specific
mention.

Teaching Statistical Mechanics

e The book begins with classical statistical mechanics to postpone the complications

of quantum measurement until the basic ideas are established.

I have defined ensembles in terms of probabilities, in keeping with Boltzmann’s
vision. In particular, the discussion of statistical mechanics is based on Boltzmann’s
1877 definition of entropy. This is not the definition usually found in textbooks, but
what he actually wrote. The use of Boltzmann’s definition is one of the key features
of the book that enables students to obtain a deep understanding of the foundations
of both statistical mechanics and thermodynamics.

A self-contained discussion of probability theory is presented for both discrete and
continuous random variables, including all material needed to understand basic
statistical mechanics. This material would be superfluous if the physics curriculum
were to include a course in probability theory, but unfortunately, that is not usually
the case. (A course in statistics would also be very valuable for physics students—
but that is another story.)

Dirac delta functions are used to formulate the theory of continuous random
variables, as well as to simplify the derivations of densities of states. This is not
the way mathematicians tend to introduce probability densities, but I believe that it
is by far the most useful approach for scientists.
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e Entropy is presented as a logical consequence of applying probability theory to
systems containing a large number of particles, instead of just an equation to be
memorized.

e The entropy of the classical ideal gas is derived in detail. This provides an
explicit example of an entropy function that exhibits all the properties postulated
in thermodynamics. The example is simple enough to give every detail of the
derivation of thermodynamic properties from statistical mechanics.

e The book includes an explanation of Gibbs’ paradox—which is not really paradox-
ical when you begin with Boltzmann’s 1877 definition of the entropy.

e The apparent contradiction between observed irreversibility and time-reversal-
invariant equations of motion is explained. I believe that this fills an important gap
in a student’s appreciation of how a description of macroscopic phenomena can
arise from statistical principles.

Teaching Thermodynamics

o The four fundamental postulates of thermodynamics proposed by Callen have been
reformulated. The result is a set of six thermodynamic postulates, sequenced so as
to build conceptual understanding.

e Jacobians are used to simplify the derivation of thermodynamic identities.

e The thermodynamic limit is discussed, but the validity of thermodynamics and
statistical mechanics does not rely on taking the limit of infinite size. This is
important if thermodynamics is to be applied to real systems, but is sometimes
neglected in textbooks.

o My treatment includes thermodynamics of non-extensive systems. This allows me
to include descriptions of systems with surfaces and systems enclosed in containers.

Organization and Content

The principles I have described above lead me to an organization for the book that
is quite different from what has become the norm. As was stated above, while most
texts on thermal physics begin with thermodynamics for historical reasons, I think it
is far preferable from the perspective of pedagogy to begin with statistical mechanics,
including an introduction to those parts of probability theory that are essential to
statistical mechanics.

To postpone the conceptual problems associated with quantum measurement, the
initial discussion of statistical mechanics in Part I is limited to classical systems. The
entropy of the classical ideal gas is derived in detail, with a clear justification for every step.
A crucial aspect of the explanation and derivation of the entropy is the use of Boltzmann’s
1877 definition, which relates entropy to the probability of a macroscopic state. This
definition provides a solid, intuitive understanding of what entropy is all about. It is my
experience that after students have seen the derivation of the entropy of the classical
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ideal gas, they immediately understand the postulates of thermodynamics, since those
postulates simply codify properties that they have derived explicitly for a special case.

The treatment of statistical mechanics paves the way to the development of thermody-
namics in Part II. While this development is largely based on the classic work by Herbert
Callen (who was my thesis advisor), there are significant differences. Perhaps the most
important is that I have relied entirely on Jacobians to derive thermodynamic identities.
Instead of regarding such derivations with dread—as I did when I first encountered
them—my students tend to regard them as straightforward and rather easy. There
are also several other changes in emphasis, such as a clarification of the postulates of
thermodynamics and the inclusion of non-extensive systems; that is, finite systems that
have surfaces or are enclosed in containers.

Part III returns to classical statistical mechanics and develops the general theory
directly, instead of using the common roundabout approach of taking the classical limit
of quantum statistical mechanics. A chapter is devoted to a discussion of the apparent
paradoxes between microscopic reversibility and macroscopic irreversibility.

Part IV presents quantum statistical mechanics. The development begins by consid-
ering a probability distribution over all quantum states, instead of the common ad hoc
restriction to eigenstates. In addition to the basic concepts, it covers black-body radiation,
the harmonic crystal, and both Bose and Fermi gases. Because of their practical and
theoretical importance, there is a separate chapter on insulators and semiconductors.
The final chapter introduces the Ising model of magnetic phase transitions.

The book contains about a hundred multi-part problems that should be considered as
part of the text. In keeping with the level of the text, the problems are fairly challenging,
and an effort has been made to avoid ‘plug and chug’ assignments. The challenges in the
problems are mainly due to the probing of essential concepts, rather than mathematical
complexities. A complete set of solutions to the problems is available from the publisher.

Several of the problems, especially in the chapters on probability, rely on computer
simulations to lead students to a deeper understanding. In the past I have suggested
that my students use the C++ programming language, but for the last two years I have
switched to VPython for its simplicity and the ease with which it generates graphs. An
introduction to the basic features of VPython is given in in Appendix A. Most of my
students have used VPython, but a significant fraction have chosen to use a different
language—usually Java, C, or C++. I have not encountered any difficulties with allowing
students to use the programming language of their choice.

Two Semesters or One?

The presentation of the material in this book is based primarily on a two-semester
undergraduate course in thermal physics that I have taught several times at Carnegie
Mellon University. Since two-semester undergraduate courses in thermal physics are
rather unusual, its existence at Carnegie Mellon for several decades might be regarded
as surprising. In my opinion, it should be the norm. Although it was quite reasonable
to teach two semesters of classical mechanics and one semester of thermodynamics to
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undergraduates in the nineteenth century—the development of statistical mechanics was
just beginning—it is not reasonable in the twenty-first century.

However, even at Carnegie Mellon only the first semester of thermal physics is
required. All physics majors take the first semester, and about half continue on to the
second semester, accompanied by a few students from other departments. When I
teach the course, the first semester covers the first two parts of the book (Chapters 1
through 18), plus an overview of classical canonical ensembles (Chapter 18) and
quantum canonical ensembles (Chapter 22). This gives the students an introduction
to statistical mechanics and a rather thorough knowledge of thermodynamics, even if
they do not take the second semester.

It is also possible to teach a one-semester course in thermal physics from this book
using different choices of material. For example:

o If the students have a strong background in probability theory (which is, unfortu-
nately, fairly rare), Chapters 3 and 5 might be skipped to include more material in
Parts IIT and IV.

e If it is decided that students need a broader exposure to statistical mechanics, but
that a less detailed study of thermodynamics is sufficient, Chapters 14 through 17
could be skimmed to have time to study selected chapters in Parts III and IV.

o If the students have already had a thermodynamics course (although I do not
recommend this course sequence), Part II could be skipped entirely. However, even
if this choice is made, students might still find Chapters 9 to 18 useful for review.

One possibility that I do not recommend would be to skip the computational material.
I am strongly of the opinion that the undergraduate physics curricula at most universities
still contain too little instruction in the computational methods that students will need in
their careers.
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Introduction

If, in some cataclysm, all scientific knowledge were to be destroyed, and only one
sentence passed on to the next generation of creatures, what statement would contain
the most information n the fewest words? I believe it is the atomic hypothesis (or
atomic fact, or whatever you wish to call 1t) that all things are made of atoms—1Uittle
particles that move around in perpetual motion, attracting each other when they are
a lhittle distance apart, but repelling upon being squeezed into one another. In that one
sentence you will see an enormous amount of information about the world, if just a
little imagination and thinking are applied.

Richard Feynman, in The Feynman Lectures on Physics

1.1 Thermal Physics

This book is about the things you encounter in everyday life: the book you are reading,
the chair on which you are sitting, the air you are breathing. It is about things that can
be hot or cold; hard or soft; solid, liquid, or gas. It is about machines that work for you:
automobiles, heaters, refrigerators, air conditioners. It is even about your own body and
the stuff of life. The whole subject is sometimes referred to as thermal physics, and it is
usually divided into two main topics: thermodynamics and statistical mechanics.

Thermodynamics is the study of everything connected with heat. It provides powerful
methods for connecting observable quantities by equations that are not at all obvious, but
are nevertheless true for a// materials. Statistical mechanics is the study of what happens
when large numbers of particles interact. It provides a foundation for thermodynamics
and the ultimate justification of why thermodynamics works. It goes beyond thermody-
namics to reveal deeper connections between molecular behavior and material properties.
It also provides a way to calculate the properties of specific objects, instead of just the
universal relationships provided by thermodynamics.

The ideas and methods of thermal physics differ from those of other branches of
physics. Thermodynamics and statistical mechanics each require their own particular
ways of thinking. Studying thermal physics is not about memorizing formulas; it is about
gaining a new understanding of the world.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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2 Introduction

1.2 What are the Questions?

Thermal physics seeks quantitative explanations for the properties of macroscopic
objects, where the term ‘macroscopic’ means two things:

1. A macroscopic object is made up of a large number of particles.

2. Macroscopic measurements have limited resolution.

The apparently vague terms ‘large number’ and ‘limited resolution’ take on specific
meanings with respect to the law of large numbers that we will study in Chapter 3. We will
see that the relative statistical uncertainty in quantities like the energy and the number of
particles is usually inversely proportional to the square root of the number of particles.
If this uncertainty is much smaller than the experimental resolution, it can be neglected.
This leads to thermodynamics, which is a description of the macroscopic properties that
ignores small statistical fluctuations.

We will assume that we somehow know what the object is made of; that is, what kinds
of atoms and molecules it contains, and how many of each. We will generally speak of
‘systems’ instead of objects. The difference is that a system can consist of any number
of objects, and is somehow separated from the rest of the universe. We will concentrate
on systems in equilibrium; that is, systems that have been undisturbed long enough for
their properties to take on constant values. We shall be more specific about what ‘long
enough’ means in Chapter 22.

In the simplest case—which we will consider in Part [—a system might be completely
isolated by ‘adiabatic’ walls; that is, rigid barriers that let nothing through. We will also
assume, at least at first, that we know how much energy is contained in our isolated
system.

Given this information, we will ask questions about the properties of the system. We
will first study a simple model of a gas, so we will want to know what temperature and
pressure are, and how they are related to each other and to the volume. We will want to
know how the volume or the pressure will change if we heat the gas. As we investigate
more complicated systems, we will see more complex behavior and find more questions
to ask about the properties of matter.

As a hint of things to come, we will find that there is a function of the energy E, volume
V', and number of particles N that is sufficient to answer all questions about the thermal
properties of a system. It is called the entropy, and it is denoted by the letter S.

If we can calculate the entropy as a function of E, IV, and N, we know everything about
the macroscopic properties of the system. For this reason, S = S(E, VV,N) is known as a
fundamental relation, and it is the focus of Part I.

1.3 History

Atoms exist, combine into molecules, and form every object we encounter in life. Today,
this statement is taken for granted. However, in the nineteenth century, and even into
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History 3

the early twentieth century, these were fighting words. The Austrian physicist Ludwig
Boltzmann (1844-1906) and a small group of other scientists championed the idea of
atoms and molecules as the basis of a fundamental theory of the thermal properties of
matter, against the violent objections of another Austrian physicist, Ernst Mach (1838
1916), and many of his colleagues. Boltzmann was right, of course, but the issue had not
been settled even at the time of his tragic suicide in 1906. In the tradition of Boltzmann,
the intention in this book is to present thermodynamics as a consequence of the molecular
nature of matter.

The theory of thermodynamics was developed without benefit of the atomic hypoth-
esis. It began with the seminal work of Sadi Carnot (French physicist, 1792—1832), who
initiated the scientific discussion of heat engines. The First Law of Thermodynamics was
discovered by James Prescott Joule (English physicist, 1818—-1889), when he established
that heat was a form of energy and measured the mechanical equivalent of heat. The
Second Law of Thermodynamics was first stated in 1850 by Rudolf Clausius (German
physicist, 1822—-1888), who in 1865 also invented the related concept of entropy. The
Second Law can be expressed by the statement that the entropy of an isolated system
can increase, but not decrease.

Entropy was a mystery to nineteenth-century scientists. Clausius had given entropy an
experimental definition that allowed it to be calculated, but its meaning was puzzling. Like
energy, it could not be destroyed, but unlike energy, it could be created. It was essential
to the calculation of the efficiency of heat engines (machines that turn the energy in hot
objects into mechanical work), but it did not seem to be related to any other physical laws.

The reason why scientists working in the middle of the nineteenth century found
entropy so mysterious is that few of them thought in terms of atoms or molecules.
Even with molecular theory, explaining the entropy required brilliant insight; without
molecular theory, there was no hope.

Serious progress in understanding the properties of matter and the origins of
thermodynamic laws on the basis of the molecular nature of matter began in the 1860s
with the work of Boltzmann and the American physicist J. Willard Gibbs (1839-1903).

Gibbs worked from a formal starting point, postulating that observable quantities
could be calculated from an average over many replicas of an object in different
microscopic configurations, and then working out what the equations would have to
be. His work is very beautiful (to a theoretical physicist), although somewhat formal.
However, it left certain questions unresolved—most notably, what has come to be called
‘Gibbs’ paradox’. This issue concerned a discontinuous change in the entropy when
differences in the properties of particles in a mixture were imagined to disappear
continuously. Gibbs himself did not regard this as a paradox. The issues involved are
still a matter of debate in the twenty-first century.

Boltzmann devoted most of his career to establishing the molecular theory of matter
and deriving the consequences of the existence of atoms and molecules. One of his
great achievements was his 1877 definition of entropy—a definition which provides
a physical interpretation of the entropy and the foundation of statistical mechanics.
Unfortunately, although Boltzmann’s paper is often cited, it is rarely read. This had
led to frequent misinterpretations of what he meant. At least part of the problem
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4 Introduction

is that he wrote in a fairly dense nineteenth-century German, and an English trans-
lation has only appeared recently.! We will discuss what he actually wrote in some
detail.

Part I of this book is devoted to developing an intuitive understanding of the concept of
entropy, based on Boltzmann’s definition. We will present an explicit, detailed derivation
of the entropy for a simple model to provide insight into its significance. Later parts
of the book will develop more sophisticated tools for investigating thermodynamics and
statistical mechanics, but they are all based on Boltzmann’s definition of the entropy.

1.4 Basic Concepts and Assumptions

This book is concerned with the macroscopic behavior of systems containing many
particles. This is a broad topic since everything we encounter in the world around us
contains enormous numbers of atoms and molecules. Even in relatively small objects,
there are 10%° or more atoms.

Atoms and molecules are not the only examples of large numbers of particles in
a system. Colloids, for example, can consist of 10! or more microscopic particles
suspended in a liquid. The large number of particles in a typical colloid means that they
are also well described by statistical mechanics.

Another aspect of macroscopic experiments is that they have limited resolution. We
will see in Part I that the fluctuations in quantities like the density of a system are
approximately inversely proportional to the square root of the number of particles in
the system. If there are 10%° molecules, this gives a relative uncertainty of about 10710
for the average density. Because it is rare to measure the density to better than one part
in 109, these tiny fluctuations are not seen in macroscopic measurements. Indeed, an
important reason for Mach’s objection to Boltzmann’s molecular hypothesis was that no
direct measurement of atoms had ever been carried out in the nineteenth century.

Besides the limited accuracy, it is rare for more than a million quantities to be
measured in an experiment, and usually only a handful of measurements are made. Since
it would take about 6N quantities to specify the microscopic state of N atoms, thermo-
dynamic measurements provide relatively little information about the microscopic state.

Due to our lack of detailed knowledge of the microscopic state of an object, we need
to use probability theory—discussed in Chapters 3 and 5—to make further progress.
However, we do not know the probabilities of the various microscopic states either.
This means that we have to make assumptions about the probabilities. We will make

! Sharp, K. and Matschinsky, F. Translation of Ludwig Boltzmann’s ‘Paper On the Relationship between
the Second Fundamental Theorem of the Mechanical Theory of Heat and Probability Calculations Regarding
the Conditions for Thermal Equilibrium’, (Sitzungberichte der Kaiserlichen Akademie der Wissenschaften.
Mathematisch-Naturwissen Classe). Abt. II, LXXVI 1877, pp. 373-435 (Wien. Ber. 1877, 76: 373-435).
Reprinted in Wiss. Abhandlungen, Vol. II, reprint 42, pp. 164-223, Barth, Leipzig, 1909. Entropy 2015, 17:
1971-20009.
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Basic Concepts and Assumptions 5

the simplest assumptions that are consistent with the physical constraints (number of
particles, total energy, and so on): we will assume that everything we do not know is
equally probable.

Based on our assumptions about the probability distribution, we will calculate the
macroscopic properties of the system and compare our predictions with experimental
data. We will find that our predictions are correct. This is comforting. However, we must
realize that it does not necessarily mean that our assumptions were correct. In fact, we
will see in Chapter 22 that many different assumptions would also lead to the same
predictions. This is not a flaw in the theory but merely a fact of life. Recognizing this fact
helps a great deal in resolving apparent paradoxes, as we will see.

The predictions we make based on assumptions about the probabilities of microscopic
states lead to the postulates of thermodynamics. These postulates, in turn, are sufficient
to derive the very powerful formalism of thermodynamics, as we will examine in Part II.

These same assumptions about the probabilities of microscopic states also lead to the
even more powerful formalism of statistical mechanics, which we will investigate in the
Parts III and IV of the book.

1.4.1 State Functions

It has long been known that when most macroscopic systems are left by themselves
for a long period of time, their measurable properties stop changing and become time-
independent. Simple systems, like a container of gas, evolve into macroscopic states that
are well described by a small number of variables. For a simple gas, the energy, volume,
and number of particles might be sufficient. These quantities, along with other quantities
that we will discuss, are known as ‘state functions’.

The molecules in a macroscopic system are in constant motion so that the microscopic
state is constantly changing. This fact leads to a fundamental question. How is it that
the macroscopic state can be time-independent with precisely defined properties? The
answer to this question should become clear in Part I of this book.

1.4.2 Irreversibility

A second fundamental question is this. Even if there exist macroscopic equilibrium
states that are independent of time, how can a system evolve toward such a state but
not away from it? How can a system that obeys time-reversal-invariant laws of motion
show irreversible behavior? This question has been the subject of much debate, at
least since Johann Josef Loschmidt’s (Austrian physicist, 1821-1895) formulation of the
‘reversibility paradox’ in 1876. We will present a resolution of the paradox in Chapter 22.

1.4.3 Entropy

The Second Law of Thermodynamics states that there exists a state function called the
‘entropy’ that is maximized in equilibrium. Boltzmann’s 1877 definition of the entropy
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6  Introduction

provides an account of what this means. A major purpose of the calculation of the entropy
of a classical ideal gas in Part I is to obtain an intuitive understanding of the significance
of Boltzmann’s entropy.

1.5 Plan of the Book

This book presents thermal physics as a consequence of the molecular nature of matter.
The book is divided into four parts, in order to provide a systematic development of the
ideas for someone coming to the subject for the first time, as well as for someone who
knows the basic material but would like to review a particular topic.

Part I: Entropy The entropy will be introduced by an explicit calculation for the
classical ideal gas. The ideal gas is a simple model with macroscopic properties that
can be calculated exactly. This allows us to derive the entropy in closed form without
any hidden assumptions. Since the entropy of the classical ideal gas exhibits most of the
thermodynamic properties of more general systems, it will serve as an introduction to
the otherwise rather abstract postulates of thermodynamics. In the last two chapters,
Chapters 7 and 8 of Part I, the formal expression for the entropy of a classical gas
with interacting particles is obtained, along with general expressions for the temperature,
pressure, and chemical potential, which establish the foundations of classical statistical
mechanics.

Part II: Thermodynamics The formal postulates of thermodynamics are introduced,
based on the properties of the entropy derived in Part I. Our treatment follows
the vision of Laszlo Tisza (Hungarian physicist, 1907-2009) and Herbert B. Callen
(American physicist, 1919-1993). Although the original development of thermody-
namics by nineteenth-century physicists was a brilliant achievement, their arguments
were somewhat convoluted because they did not understand the microscopic molecular
basis of the laws they had discovered. Deriving the equations of thermodynamics
from postulates is much easier than following the historical path. The full power of
thermodynamics can be developed in a straightforward manner and the structure of
the theory made transparent.

Part III: Classical statistical mechanics Here we return to classical statistical mech-
anics to discuss more powerful methods of calculation. In particular, we introduce
the canonical ensemble, which describes the behavior of a system in contact with a
heat bath at constant temperature. The canonical ensemble provides a very powerful
approach to solving most problems in classical statistical mechanics. We also introduce
the grand canonical ensemble, which describes a system that can exchange particles with
a large system at a fixed chemical potential. This ensemble will prove to be particularly
important when we encounter it again in Chapters 27 through 30 of Part IV, where we
discuss quantum systems of indistinguishable particles. Statistical mechanics can derive
results that go beyond those of thermodynamics. We discuss and resolve the apparent
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Plan of the Book 7

conflict between time-reversal-invariant microscopic equations with the obvious exis-
tence of irreversible behavior in the macroscopic world. Part III will introduce molecular
dynamics and Monte Carlo computer simulations to demonstrate some of the modern
methods for obtaining information about many-particle systems. We will also refine
the calculation of the entropy to include the non-zero width of the energy and particle
number distributions.

Part IV: Quantum statistical mechanics In the last part of the book, we develop
quantum statistical mechanics, which is necessary for the understanding of the properties
of most real systems. After two introductory chapters on basic ideas we will devote
chapters to black-body radiation and lattice vibrations. There is a chapter on the general
theory of indistinguishable particles, followed by individual chapters on the properties of
bosons and fermions. Since the application of the theory of fermions to the properties of
insulators and semiconductors has both theoretical and practical importance, this topic
has a chapter of its own. The last chapter provides an introduction to the Ising model of
ferromagnetism as an example of the theory of phase transitions.
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2

The Classical Ideal Gas

The laws of thermodynamics, as empirically determined, express the approximate and
probable behavior of systems of a great number of particles, or, more precisely, they
express the laws of mechanics of such systems as they appear to beings who have not the
fineness of perception to enable them to appreciate quantities of the order of magnitude
of those which relate to single particles, and who cannot repeat their experiments often
enough to obtain any but the most probable results.

J. Willard Gibbs

The purpose of Part I of this book is to provide an intuitive understanding of the
entropy, based on calculations for a simple model. The model chosen is the classical
ideal gas, for which the entropy can be calculated explicitly and completely without any
approximations or hidden assumptions.

The treatment is entirely in terms of the theory of classical mechanics. No quantum
mechanical concepts are used. All the ideas will follow directly from the work of
Ludwig Boltzmann (1844-1906), and especially his 1877 paper on the Second Law
of Thermodynamics. We will use more modern mathematical methods than he did to
derive the entropy of the classical ideal gas, but we will make no assumptions with which
he was not familiar.

In Chapters 7 and 8 the formal expression for the entropy will be extended to
classical systems with interacting particles. Although the expression we obtain can rarely
be evaluated exactly, the formal structure will be sufficient to provide a basis for the
development of thermodynamics in Part II. The same formal structure will also lead to
more powerful methods of calculation for statistical mechanics in Parts III and IV.

2.1 Ideal Gas

What distinguishes an ‘ideal’ gas from a ‘real’ gas is the absence of interactions between
the particles. Although an ideal gas might seem to be an unrealistic model, its properties
are experimentally accessible by studying real gases at low densities. Since even the
molecules in the air you are breathing are separated by an average distance of about
ten times their diameter, nearly ideal gases are easy to find.

The most important feature that is missing from a classical ideal gas is that it does not
exhibit any phase transitions. Other than that, its properties are qualitatively the same

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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12 The Classical Ideal Gas

as those of real gases, which makes it valuable for developing intuition about statistical
mechanics and thermodynamics.

The great advantage of the ideal gas model is that all of its properties can be calculated
exactly, and nothing is obscured by mathematical complexity.

2.2 Phase Space of a Classical Gas

Our model of a classical gas consists of N particles contained in some specified volume.
Each particle has a well-defined position and momentum. The positions of all particles
can be represented as a point in configuration space—an abstract 3 N-dimensional space,
with axes for every coordinate of every particle. These coordinates can be given in various
forms:

g={rli=1,...,N}
= {x;,¥i2ili = 1,...,N}
={gli=1,...,3N}. 2.1)

The momenta of all particles can be represented as a point in momentum space—
an abstract 3N-dimensional space, with axes for every component of the momentum of
every particle

p={pili=1,...,N}
= {PuisbyisDaili=1,...,N}
={pli=1,...,3N}. 2.2)

The kinetic energy of the i-th particle is given by the usual expression, |p;|?/2m, and
the total kinetic energy is just the sum of the kinetic energies of all particles,

-

12
E:Z"Dll . 2.3)

- m
=1

[\

The complete microscopic state of the system can be described by a point in phase
space—an abstract 6 N-dimensional space with axes for every coordinate and every
momentum component for all N particles. Phase space is the union of configuration
space and momentum space, {p,q}:

{psq) ={gppjli =1,...,3N}. (2.4)

Since, by definition, there are no interactions between the particles in an ideal gas, the
potential energy of the system is zero.
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Probability Theory 13
2.3 Distinguishability

Particles will be regarded as distinguishable, in keeping with classical concepts. To be
specific, particles are distinguishable when the exchange of two particles results in a
different microscopic state. In classical mechanics, this is equivalent to saying that every
point in phase space represents a different microscopic state. Distinguishability does not
necessarily mean that the particles have different properties; classically, particles were
always regarded as distinguishable because their trajectories could, at least in a thought
experiment, be followed and the identity of individual particles determined.

On the other hand, it will be important to remember that experiments on macroscopic
systems are always assumed to have limited resolution. In both statistical mechanics and
thermodynamics, we are concerned with measurements that do not have the sensitivity
to resolve the positions or identities of individual atoms.

2.4 Probability Theory

Because of the importance of probability theory in statistical mechanics, two chapters are
devoted to the topic. The chapters discuss the basic principles of the probability theory
of discrete random variables (Chapter 3) and continuous random variables (Chapter 5).

The mathematical treatment of probability theory has been separated from the
physical application for several reasons: (1) it provides an easy reference for the
mathematics, (2) it makes the derivation of the entropy more compact, and (3) it is
unobtrusive for those readers who are already entirely familiar with probability theory.

If the reader is already familiar with probability theory, Chapters 3 and 5 might
be skipped. However, since the methods for the transformation of random variables
presented differ from those usually found in mathematics textbooks, these chapters might
still be of some interest. It should be noted that we will need the transformation methods
using Dirac delta functions, which are rarely found in mathematical texts on probability
theory.

The chapters on probability theory are placed just before the chapters in which the
material is first needed to calculate contributions to the entropy. Chapter 3 provides
the methods needed to calculate the contributions of the positions in Chapter 4, and
Chapter 5 provides the methods required to calculate the contributions of the momenta
in Chapter 6.

To apply probability theory to the calculation of the properties of the classical ideal
gas—or any other model, for that matter—we will have to make assumptions about the
probability distribution of the positions and momenta of 102° or more particles. Our
basic strategy will be to make the simplest assumptions consistent with what we know
about the system and then calculate the consequences.

Another way of describing our strategy is that we are making a virtue of our ignorance
of the microscopic states and assume that everything we don’t know is equally likely. How
this plays out in practice is the subject of the rest of the book.
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14  The Classical Ideal Gas

2.5 Boltzmann’s Definition of the Entropy

In 1877, after a few less successful attempts, Boltzmann defined the entropy in terms of
the probability of a macroscopic state. His explanation of the Second Law of Thermody-
namics was that isolated systems naturally develop from less probable macroscopic states
to more probable macroscopic states. Although Boltzmann’s earlier efforts to prove this
with his famous H-theorem were problematic and highly controversial, his fundamental
insight is essentially correct.

In his 1877 paper, Boltzmann also specified that the entropy should be defined in
terms of a composite system; that is, a system composed of two or more subsystems with
some sort of constraint between them. An example of such a composite system would
be a volume of gas divided into two smaller volumes (or subsystems) by a partition. The
partition acts as a constraint by restricting the number of particles in each subsystem
to be constant. The removal of the partition would then allow the system to develop
from a less probable macroscopic state to a more probable macroscopic state for the
distribution of particle positions. The final state, after the composite system had come to
equilibrium, would correspond to the most probable macroscopic state. According to the
Second Law of Thermodynamics, the thermodynamic entropy should also be maximized
in the equilibrium state. The comparison of these two properties of the equilibrium state
led Boltzmann to associate the entropy with the probability of a macroscopic state, or
more precisely with the logarithm of the probability.

In the following chapters, we will make a direct application of Boltzmann’s definition
to the calculation of the entropy of the classical ideal gas, to within additive and
multiplicative constants that we will determine later.

26 S=klogW

Boltzmann’s achievement has been honored with the inscription of the equation
S =FklogW on his tombstone. The symbol S denotes the entropy. The symbol W
denotes the German word Wahrscheinlichkeit, which means ‘probability’. The natural
logarithm is intended, although ‘log’ is written instead of the more modern ‘In’. Curiously
enough, Boltzmann never wrote this equation. It does reflect his ideas, except for the
important use of composite systems in his definition. The equation was first written in
this form by the German physicist Max Planck (1858-1947) in 1900. The constant k,
also written as kg, is known as the Boltzmann constant.

The symbol W has often been misinterpreted to mean a volume in phase space, which
has caused a considerable amount of trouble. This misinterpretation is so common that
many scientists are under the impression that Boltzmann defined the entropy as the
logarithm of a volume in phase space. Going back to the original meaning of W and
Boltzmann’s 1877 definition (with composite systems) eliminates much of the confusion
about the statistical interpretation of entropy.

The main differences between Boltzmann’s treatment of entropy and the one in this
book lie in the use of modern mathematical methods and the explicit treatment of the
dependence of the entropy on the number of particles.
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2.7 Independence of Positions and Momenta

In the derivation of the properties of the classical ideal gas, we will assume that the
positions and momenta of the particles are independent. We will present a more formal
definition of independence in the Chapter 3, but the idea is that knowing the position of a
particle tells us nothing about its momentum, and knowing its momentum tells us nothing
about its position. As demonstrated at the beginning of Chapter 4, the independence of
the positions and momenta means that their contributions to the total entropy can be
calculated separately and simply added to produce the final answer.

2.8 Road Map for Part |

The analysis of the entropy in Part I has been divided into chapters to make it easier to
keep track of the different aspects of the derivation.

The concepts and equations of discrete probability theory are developed in Chapter 3,
just before they are needed in Chapter 4 to calculate the contributions of the positions
to the entropy.

Probability theory for continuous random variables is discussed in Chapter 5, just
before its application to the calculation of the contributions of the momenta to the
entropy in Chapter 6.

Chapter 7 generalizes the entropy to systems with interacting particles.

Chapter 8 completes the foundations of classical statistical mechanics by relating the
partial derivatives of the entropy to the temperature, pressure, and chemical potential.

The following flowchart is intended to illustrate the organization of Part I. The
derivation of the entropy of the classical ideal gas follows the arrows down the right-
hand side of the flowchart.

Flow chart for Part [

Chapter 2
Introduction to the classical
ideal gas
U
Chapter 4

Chapter 3

. e Confi tional entropy of
Discrete probability = onuguraional entropy o

an ideal gas

g

Chapter 6
= | Energy-dependent entropy
of an ideal gas

U

Chapter 5
Continuous probability

Chapter 7
Complete entropy of real
and ideal classical gases

U

Chapter 8
T, P, u and their relationship
to the entropy
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The initial state will usually be a very improbable one. The system will run from this
state to ever more probable states until it reaches the most probable one, which is the
state of thermal equilibrium. If we apply this to the second law, we can identify the
quantity that is usually called the entropy with the probability of that state.

Ludwig Boltzmann, 1877

3.1 What is Probability?

The definition of probability is sufficiently problematic to have occasioned something
akin to religious wars in academic departments of statistics. There are two basic factions:
frequentists and Bayesians.

To understand why the definition of probability can be a problem, consider an
experiment with N trials, each of which can result in a success or failure by some
criterion. If N be the number of successes, then N;/N is called the frequency of success
for those trials.

Frequentists define the probability by the asymptotic frequency of success in the limit
of an infinite number of trials,

N,
p= lim —. (3.1)

This definition looks precise and objective. Indeed, it is found as tke definition in many
physics texts. The major problem is that humans have a finite amount of time available,
so that by the frequentist definition we can never determine the probability of anything.
Bayesian probability provides a solution to this quandary.

The Bayesian view of probability is based on the work of Thomas Bayes (English
mathematician and Presbyterian minister, 1702—-1761). Bayesians define probability as a
description of a person’s knowledge of the outcome of an experiment, based on whatever
evidence is at that person’s disposal.

One great advantage of the Bayesian definition of probability is that it gives a clear
meaning to a statement such as: “The mass of a proton is 1.672621637(83) x 10727 kg’,
where the (83)’ is called the uncertainty in the last digit. What does ‘(83)’ mean?
Certainly the mass of a proton is an unambiguous number that does not take on

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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What is Probability? 17

different values for different experiments. Nevertheless, the ‘(83)’ does have meaning
as an expression of our uncertainty as to the exact value of a proton’s mass.

Bayesian probability is accepted by most statisticians. However, it is in disrepute
among some physicists because they regard it as subjective, in the sense that it describes
what an individual knows, rather than being absolute truth. However, none of us has
access to absolute truth. Bayesian statistics provide an appropriate way to describe the
knowledge that an individual does have, based on the experimental results that he or she
has access to.

In my opinion, the only reasonable form of objectivity that we can demand is that two
observers with the same information will come to the same conclusions, and Bayesian
statistics fulfills this requirement.'

The word ‘probability’ is used somewhat differently in statistical mechanics. I shall
call it ‘model probability’. It is most closely related to the frequentist meaning in that the
specific values of model probabilities are assumed to be known exactly, as if we had an
infinite number of trials. Of course, we really have only finite number of (imprecise)
measurements, and as we shall see, we need to fix the probabilities of an enormous
number of random variables (in excess of 1020), so that we have no direct access to
an experimental confirmation of our assumptions.

The model probability is only assumed to be valid for an equilibrium state. Indeed, all
calculations will be for equilibrium, except in Chapter 22, where we discuss irreversibility.
Even though we speak of thermodynamics, we limit our discussions to transitions
between equilibrium states, primarily because the transitions themselves are too difficult
to calculate.

The assumed form of the model probability is usually based on the plausible argument
that events that are essentially alike have equal probabilities in equilibrium.

Another common argument uses the property of ergodicity, which is an additional
assumption. A system is ergodic if, starting from an arbitrary point in phase space,
the trajectory of the system will pass arbitrarily close to every allowable point in phase
space. This trajectory is necessarily a one-dimensional subset of a 6/ N-dimensional
space. Regions in phase space that are visited equally frequently are then assigned equal
probabilities. The argument to ergodicity is very popular, but it has certain weaknesses.
For one thing, ergodicity by itself does not determine which regions will be visited equally
frequently. Next, ergodicity has only been proven for a very limited number of systems
(not the ideal gas). Such an argument also has the difficulty that it requires an enormous
amount of time for a trajectory to spread through phase space—of the same order of
magnitude as the Poincaré recurrence time discussed in Chapter 22.

A somewhat better argument, although still not proven for general systems, starts with
an initial probability distribution that is spread over a non-zero region in phase space,
which is a much more realistic assumption. If the time development of such a distribution

! This interpretation is sometimes called ‘objective Bayesian probability’ to distinguish it from ‘subjective
Bayesian probability’. Some workers do not regard the ‘prior’ in the Bayesian formalism as describing the
information available to an experimenter before the current experiment, but rather as being an arbitrary choice.
With this interpretation, Bayesian probability is subjective—and useless for physics.
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18  Discrete Probability Theory

leads to a unique prediction for observable quantities, that is used to justify the model
probability. It has the advantage of converging much faster, as shown in Chapter 22 for
the classical ideal gas.’

We can then use our assumed model probability to calculate the predicted outcome of
an experiment. If measurements agree with our predictions, we can say that our model
is consistent with the experiment. This is not the same thing as saying that our model
probabilities are correct, and we will see in Chapter 22 that many different distributions
can lead to the same predictions. Nevertheless, agreement with experiment is always
comforting.

Statistical mechanics is based on simple assumptions, expressed as model probabili-
ties, that lead to a wide variety of predictions in excellent agreement with experiments.
How this is done is the main subject of this book.

3.2 Discrete Random Variables and Probabilities

We begin by defining a set of elementary events
A:{aj|j= I,NA} 3.2)

and assigning a probability P’(g;) to each event. The combination of random events and
their probabilities is called a ‘random variable’. If the number of elementary events is
finite or countable, it is called a ‘discrete random variable’.

The probabilities must satisfy the conditions that

0<P(a) <1 (3.3)

for all ;. An impossible event has probability zero, and a certain event has probability 1.
Random events can be anything: heads/tails, red/black, and so on. If the random events
are all numbers, the random variable is called a ‘random number’.
Elementary events are defined to be exclusive—one, and only one elementary event
can occur at each trial—so that the probabilities must also satisfy the normalization
condition

Ny
ZP(aj) =1. (3.4)
j=1

2 In general, the probability distribution after an irreversible process is not exactly the same as the model
probability, although it gives identical predictions for the probabilities of macroscopic variables. This supports
the use of model probabilities for equilibrium calculations.
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To simplify notation, we will often write this equation as

Y P@=1, (3.5)

suppressing explicit mention of the number of elementary events.

3.3 Probability Theory for Multiple Random Variables

If more than one thing can happen at each trial we can describe the situation with two
or more sets of random events. For example, both an event from 4 and an event from

B = {br|k=1,NB} (3.6)

might occur. We can then define a joint probability P(a;, br)—or more simply, P(a, b)—
which must satisfy

0 <P(a,b) <1 (3.7

and

> Plab)=1. (3.8)
a b

3.3.1 Marginal and Conditional Probability

Naturally, if we have P(a, b) we can retrieve the information for either A or B alone. The
marginal probability of 4 is defined by

Pa(a)=) P(a;b) (3.9)
b

with a similar expression for Pp(b). A nice feature of marginal probabilities is that they
automatically satisfy the positivity and normalization criteria in egs. (3.3) and (3.4).

The name marginal probability comes from the practice of calculating it in the margins
of a table of probabilities. Table 3.1 shows an example of two random variables that each
take on two values.

Conditional probability is the probability of an event a, given that event b has occurred.
It is denoted by P(a|b), and is related to the full probability of both A and B occurring
by the equations:

P(a,b) = P(a|b)Pg(b) (3.10)
= P(bla)P4(a). (3.11)
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20 Discrete Probability Theory

Table 3.1 Example of a table of probabilities for
independent random variables: The events of A (labeled
3’ and ‘4°) are listed down the left column, and events
of B (labeled ‘1’ and 2°) across the top. The values of
the probabilities are given in the four center squares.
The margins contain the marginal probabilities, as

defined in eq. (3.9).

A\B 1 2 Pa(a)
3 1/2 1/4 3/4
4 1/6 1/12 1/4
Pp(b) 2/3 1/3 1

If Pp(b) # 0, the conditional probability P(a|b) can be written as

P(a,b)
P(alb) = . (3.12)
| Pp(b)
Combining egs. (3.10) and egs. (3.11) gives us Bayes’ theorem
P(bla)P4(a)
P(al) = —————. 3.13
(alb) Ppb) (3.13)

We will discuss some of the consequences of Bayes’ theorem in Section 5.5.

3.3.2 Independent Variables
A particularly interesting case occurs when the probability distribution can be written as
a product:

P(a,b) = P4(a)P5(b). (3.14)

When eq. (3.14) is true, the two random variables are said to be independent because, if
Pg(b) # 0, the conditional probability P(a|b) is then independent of b,

P(a;b) _ P4(a)Pp(b)

P(alb) = =
@b = pe) Pp(b)

=Py(a), (3.15)

and P(b|a) is independent of a.
Table 3.1 gives an example of independent random variables, and Table 3.2 gives an
example of random variables that are not independent.
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Table 3.2 An example of a table of probabilities for
random variables that are not independent. The table is
arranged in the same way as Table 3.1.

c\D 1 2 Po(©)
3 0.5 0.25 0.75
4 0.1 0.15 0.25
Pp(d) 0.6 0.4 1

3.3.3 Pairwise Independence and Mutual Independence

If we have more than two random variables, the set of random variables might satisfy
two kinds of independence: pairwise or mutual.

Pairwise independence means that the marginal distribution of any pair of random
variables can be written as the product of the marginal distributions of the individual
random variables.

Mutual independence means that the marginal distribution of any subset of random
variables can be written as the product of the marginal distributions of the individual
random variables.

It is obvious that mutual independence implies pairwise independence. Whether the
converse is true is the subject of a problem in this chapter.

3.4 Random Numbers and Functions of Random Variables

Given an arbitrary random variable A4 = {gj|j = 1,--- N4}, we can define a numerical
function on the set of elementary events, F = {F(a;)|1,---,N4}. The set of random
numbers F, together with their probabilities, is then also a random number.

If we introduce the Kronecker delta function

] 1 x=y
Bx,y_{ 0 xy (3.16)

then we can write the probability distribution of F compactly,

Pr(f) =) 8/,F@Pa(a. (3.17)

As a simple illustration, consider a random variable that takes on the three values
—1, 0, and 1, with probabilities P4(—1) = 0.2, P4(0) = 0.3, and P4(1) = 0.5. Define a
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function F(a) = |al, so that F takes on the values 0 and 1. The probabilities Pr(f) are
found from eq. (3.17),

1
Pr(0) = ) 80,r@Pa(a)

a=—1
= 00,F(-1)Pa(—1) 4+ 80,F0)P4(0) + 80,r(1)Pa(1)
—0+P0)+0=0.3 (3.18)

1
Pr(1)= ) 81,r@Pala)

a=—1
=01, Fr(—1)Pa(—1) +81,Fr0)Pa(0) + 51,71y Pa(1)
=Py(-1)+0+P4(1)=0.240.5=0.7. (3.19)

We can also use the Kronecker delta to express arbitrary combinations of random
numbers to form new compound random numbers. For example, if X and Y are random
numbers, and G(x,y) is an arbitrary function, we can define a new random variable, Z.
The probability distribution of Z is given by a sum over all combinations of the events
of X and Y, with the Kronecker delta picking out the ones that correspond to particular
events of Z

Pz(2) =) 8:6ap) P(%:). (3.20)
x

A warning is necessary because the limits on the sums in eq. (3.20) have been
suppressed. The only difficult thing about actually doing the sums is in keeping track
of those limits. Since being able to keep track of limits will also be important when we
get to continuous distributions, we will illustrate the technique with the simple example
of rolling two dice and asking for the probability distribution of their sum.

Example: Probability of the Sum of Two Dice

We will assume that the dice are honest, which they tend to be in physics problems, if
not in the real world. Let X = {x|x = 1,2, 3,4, 5, 6} be the random number representing
the outcome of the first die, with Y a corresponding random number for the outcome
of the second die. The sum S = X + Y. The values taken on by S range from 2 to 12.
Since all elementary events are equally likely,

1 1

1
P(x,y) = Px (x) Py (x) = (g) (g) =36 (3.21)
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and eq. (3.20) then becomes

6 ©6
P(s) = 31—6 DY ety (3.22)

x=1y=1

Do the sum over y first. Its value depends on whether s = x + vy for some value of y,
or equivalently, whether s — x is in the interval [1, 6]

6
1 1<s—x<6.
z;as’x“’ _{ 0 otherwise (3.23)
y:

This places two conditions on the remaining sum over x. Only those values of x for which
both x <s—1 and x > s — 6 contribute to the final answer. These limits are in addition
to the limits of x < 6 and x > 1 that are already explicit in the sum on X. Since all four of
these inequalities must be satisfied, we must take the more restrictive of the inequalities in
each case. Which inequality is the more restrictive depends on the value of s, as indicated
in Table 3.3.

For s <7, the lower bound on x is 1 and the upper bound is s — 1. For s > 7, the lower
bound on x is s — 6 and the upper bound is 6. The sums can then be evaluated explicitly,

s—1

1 s—1
_— = <
36 36 -
P(s) = (3.24)
26: 1 _13-s
36 36 -
x=5s—6

Even though the probability distribution of both X and Y are uniform, the probability
distribution of § is not. This is an important result. Although we will be generally
assuming a uniform underlying probability distribution for most microscopic quantities,
we will see that the distribution of macroscopic observables will be very sharply peaked.

Table 3.3 Determining the limits for the second sum when evaluating eq. (3.22).

lower limit upper limit
Limits on sum: x>1 x<6
From the Kronecker delta: x> s—6 x<s—1
More restrictive if s <7 x>1 x <s—1
More restrictive if s > 7 x> s—6 x<6
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It must be admitted that there are easier ways of numerically computing the prob-
ability distribution of the sum of two dice, especially if a numerical result is required.
Eq. (3.20) is particularly easy to evaluate in a computer program, since the Kronecker
delta just corresponds to an ‘TF’ statement. However, we will have ample opportunity to
apply the method just described to problems for which it is the simplest approach. One

reason why the example in this section was chosen is that the correct answer is easy to
recognize, which makes the method more transparent.

3.5 Mean, Variance, and Standard Deviation

The mean, or average, of a function F(A), defined on the random variable A4, is given by

(F) =) _F(a)P4(a). (3.25)

Similarly, the #-th moment of F can be defined as

(F") = "F(a)"P4(a). (3.26)

The n-th central moment is defined by subtracting the mean before taking the n-th
power in the definition

(F—(F)") =Y (F(a)— (F))" Pa(a). (3.27)

a

The second central moment plays an important role in statistical analysis and is called
the variance, o2

o = ((F—(F))’) =) _(F(a) — (F))* Pa(a). (3.28)
a
It can also be written as
o = ((F—(F)?) = (F) - (F)*. (3.29)
The square root of the variance is called the standard deviation,
o =,/ (F?)— (F)2. (3.30)

The standard deviation is frequently used as a measure of the width of a probability
distribution.
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3.6 Correlation Function

Suppose we have two random numbers, A and B, and their joint probability distribution,
P(A, B), along with functions F(A4) and G(B) defined on the random variables. F and G
are random numbers, and we can ask questions about how they are related. In particular,
we can define a correlation function, frg,

Jre = (FG) — (F)(G). (3.31)

If F and G are independent random numbers, we would expect the correlation
function to vanish, which it does:

fra= Y F(@G®)P(a,b) (3.32)
a b
— F(a)Pa(a) )  G(b)Pp(b)
a b
=YY F(a)G(b)P4(a)Pp(b)
a b
— Y _F(a)Pa(a)y_ G(b)Pp(b)
a b

=0.

3.7 Sets of Independent Random Numbers

Given a set of random numbers {F;|j =1,---,N}, we are often interested in a new
random number formed by taking the sum

S=) F. (3.33)

We can easily calculate the mean of the random number S, which is just the sum of
the means of the individual random numbers

N N
()= <ZF]-> =) _(F). (3.34)
j=1 j=1

If the random numbers are pairwise independent, we can also calculate the variance
and the standard deviation,
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02 = (8% —(S)? (3.35)

In this derivation, o2 denotes the variance of the j-th random number. We see that the
variance of the sum of a set of pairwise independent random numbers is just the sum of
the variances.

If the random numbers F; all have the same mean and variance, these equations
simplify further. If (F;) = (F) for all j, then

N
(S) = Z<Ff> = N(F). (3.36)
Similarly, if sz = o2 for all j, then
N
a§:2c§2:N02. (3.37)
j=1
Note that the standard deviation of S grows as the square root of the number of
variables

os=av/N. (3.38)

On the other hand, the relative standard deviation decreases with the square root of the
number of variables

Us_o’«/ﬁ_ o2

(S) N(F) (F)JN’

(3.39)
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It might be argued that this is the most important result of probability theory for statistical
mechanics. For many applications in statistical mechanics, the appropriate value of N is
102° or higher, so that the relative uncertainties for macroscopic quantities are generally
of the order of 10~ or smaller. This is far smaller than most experimental errors, leading
to predictions with no measurable uncertainty.

3.8 Binomial Distribution

A particularly important case is that of N independent, identically distributed random
numbers, {F}}, that can each take on the value 1 with probability p and 0 with probability
1 — p. An example would be N flips of a coin, where the coin might be fair (p = 0.5) or
biased (p # 0.5).

The mean and variance of each random number are easily seen to be (F) = p and
02 = p(1 — p). The mean and variance of the sum

S= iF,- (3.40)
j=1
are then
(S)=pN (3.41)
and
o2 =p(1-p)N. (3.42)

The standard deviation is

os =+/p(1—p)N (3.43)

and the relative standard deviation is

os _vPU-pN _ l-p (3.44)
(S) PN PN

3.8.1 Derivation of the Binomial Distribution

We can go further and calculate the explicit probability distribution P(S) of the sum of
random numbers. This result will be extremely important in the analysis of the classical
ideal gas.
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The probability of a specific subset of #» random variables taking on the value 1, while
the remaining N — n random variables that take on the value 0 is easily seen to be

p'(1—pN (3.45)

To complete the calculation, we only need to determine the number of permutations
of the random variables with the given numbers of ones and zeros. This is the same as
the number of ways by which N distinct objects can be put into two boxes, such that n
of them are in the first box and N — » are in the second.

To calculate the number of permutations, first consider the simpler problem of
calculating the number of ways in which N distinct objects can be ordered. Since any
of the N objects can be first, N — 1 can be second, and so on, there are a total of
N!=N(NN —1)(N —2)---2-1 permutations.

For our problem of putting objects into two boxes, the order of the objects in
each box does not matter. Therefore, we must divide by #n! for over counting in
the first box and by (N —#n)! for over counting in the second box. The final num-
ber of permutations is known as the binomial coefficient and has its own standard
symbol

(N) N!
= (3.46)
n n!(N —n)!

Multiplying by the probability given in eq. (3.45) gives us the binomial distribution

N! N
P(n|N) = mp"(l —p)N = <n>P"“ —p)N, (3.47)

The binomial distribution acquires its name from the binomial theorem, which states
that for any numbers p and g,

N

N NN
(p+q>N=Z—p"q”‘"=2(n>p"qN—". (3.48)

(N — n)!
= n!(N —n)! =
Setting ¢ = 1 — p proves that the binomial distribution in eq. (3.47) is normalized.

3.8.2 Useful Identities for the Binomial Coefficients

Although the evaluation of the binomial coefficients appears to be straightforward, N!
grows so rapidly as a function of N that the numbers are too large for a direct application
of the definition. For example, a popular spreadsheet overflows at N = 171, and my hand
calculator cannot even handle N = 70.

On the other hand, the binomial coefficients themselves do not grow very rapidly with
N. The following identities, which follow directly from eq. (3.46), allow us to calculate
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the binomial coefficients for moderately large values of » and N without numerical

difficulties,
N N
(0 = (N) =1 (3.49)
N-1 N-1 N
< ) + ( > = (3.50)
n n—1 n
N N-—-n (N
( ) _ ( ) 351)
n+1 n+1\n

The proofs of these identities will be left as exercises.

3.9 Gaussian Approximation to the Binomial Distribution

For a fixed value of p and large values of N, the binomial distribution can be approxi-
mated by a Gaussian function. This is known as the central limit theorem. We will not
prove it, but we will show how to determine the appropriate parameters in the Gaussian
approximation.

Consider a general Gaussian function,

g(x) = 02

2
\/21_Zexp [—M] (3.52)
o

The mean and the mode (the location of the maximum) coincide
(%) = %o = Xmax- (3.53)

The variance is given by the second central moment

1 o (x — x0)?
<(x—x0)2)= W/_oo(x—xo)zexp [—T}dx (3.54)

1 o] ) yZ
- N 2mo? /;ooy =P [_m] v

1 1
o
V20202

1
N 2mwo?

=O’2.
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It is now easy to find a Gaussian approximation to the binomial distribution, since
both the mean and the variance are known exactly from egs. (3.41) and (3.42),

(n) =pN (3.55)
and
o?=p(1 —p)N. (3.56)

A Gaussian function with this mean and variance gives a good approximation to the
binomial distribution for sufficiently large » and N

P(n|N) ~ (3.57)

1 o [_ (n—pN)? ]
Srpd—pN Pl 2p(1—-pN ]’

How large #» and N must be for eq. (3.57) to be a good approximation will be left as a
numerical exercise.

3.10 A Digression on Gaussian Integrals

To derive a good approximation for N! that is practical and accurate for values of N as
large as 1020, we need to develop another mathematical tool: Gaussian integrals.
Gaussian integrals are so important in statistical mechanics that they are well worth a
slight detour. Although the formulas derived in this section can be found wherever fine
integrals are sold, a student of statistical mechanics should be able to evaluate Gaussian
integrals without relying on outside assistance.
The first step in evaluating the integral

o0 2
G:f e Y dx (3.58)
—00

will later prove to be very useful in non-Gaussian integrals later in the book because
we sometimes only need the dependence of the integral on the parameter a. Make the
integral in eq. (3.58) dimensionless by the transformation y = x/a

G=_ [OO 4 (3.59)

= — e y. .
Vval -«

Note that the dependence on the parameter a appears as a simple factor in front of the

integral.
To evaluate the dimensionless integral, we square it and recast the product as a two-
dimensional integral
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G2 1/00 -2y 1/00 g (3.60)
= — e X— e .
Val Jal o ®
:l/oo /OO e_(x2+y2)dxdy
a,)_ _

=—/ e 2mrdr
alJjo

4 2 00 T
= — | —é = —.
a 0 a

The value of a Gaussian integral is therefore:

o0
/ e gy = /%. (3.61)
—00

3.11 Stirling’s Approximation for N!

As mentioned previously, a difficulty in using the binomial distribution is that
N! becomes enormously large when N is even moderately large. For N =25,
N!'~ 1.6 x 10?3, and we need to consider values of N of 10%° and higher! We would
also like to differentiate and integrate expressions for the probability distribution, which
is inconvenient in the product representation.

The problem is solved by Stirling’s approximation, which is valid for large numbers—
exactly the case in which we are interested. We will discuss various levels of Stirling’s
approximation, beginning with the simplest.

3.11.1 The Simplest Version of Stirling’s Approximation

Consider approximating In N'! by an integral.

N N N
InN!=1n (Hn) = Zln(n) m/ In(x)dx = NInN — N + 1. (3.62)
n=1 1

n=1
This is equivalent to the approximation

N!~ NNexp(1 — N). (3.63)

3.11.2 A Better Version of Stirling’s Approximation

A better approximation can be obtained from an exact integral representation of N/,

N!= / N, (3.64)
0
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The correctness of eq. (3.64) can be shown by induction. It is clearly true for N =0,
since 0! =1= fooo e *dx. If it is true for a value N, then using integration by parts we can
then prove that it is true for N + 1,

(N+1)!= /Ooe_xxNde (3.65)

0
[ [ e
= (N+ 1N

The integral in eq. (3.64) can be approximated by noting that the integrand is sharply
peaked for large values of N. This suggests using the method of steepest descent, which
involves approximating the integrand by a Gaussian function of the form

o (3.66)

RV
g(x) = Aexp [—M}

where A, x,, and o are constants that must be evaluated.
We can find the location of the maximum of the integrand in eq. (3.64) by setting the
first derivative of its logarithm equal to zero. For the Gaussian function, this gives

d d
—Ing(x) = — |:1nA —

(x—xo)z] o rmxe)
dx dx B

s — =0, (3.67)

Or X = X,.
Comparing eq. (3.67) to the first derivative of the logarithm of the integrand in
eqg. (3.64) equal to zero, we find the location x, of the maximum

d N
0=—[-x+Nlnx] =—1+—, (3.68)
dx x

or x = x, = N. The value of the amplitude is then just the integrand in eq. (3.64), e *xN
evaluated at x = x, = N, or A = e VNN,

The second derivative of the logarithm of a Gaussian function tells us the value of the
variance

2
%lng(x) = dii [— (xazx")} = —i. (3.69)
When using this method of evaluating the variance of a Gaussian approximation,
the second derivative of the logarithm of the function being approximated should be
evaluated at x,.

To find the value of o2, take the second derivative of the logarithm of the integrand
in eq. (3.64) and evaluate it at x,,
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Table 3.4 Comparison of different levels of Stirling’s approximation with exact results for N ‘Stirling
(stmple)’ refers to eq. (3.63), ‘Stirling (tmproved)’to eq. (3.72), and ‘Gosper’to eq. (3.73).

N N! Stirling  error Stirling error Stirling error
(simple) (improved) (Gosper)
1 1 1 0% 0.922  -7.79% 0.996 -0.398%
2 2 1.47 -26% 1.919 -4.05% 1.997 -0.132%
3 6 3.65 3% 5.836  -2.73% 5.996 -0.064%
4 24 12.75 —-47% 23.506 —2.06% 23.991 -0.038%
5 120 57.24 -52% 118.019 -1.65% 119.970  -0.025%
10 3628800 1234098 -66% 3598694 -0.83% 3628559 -0.007%

20 243 x10®  587x10Y7  -76% 243 x10'® —0.42% 2.43x10'® -0.002%

1 42 d N N
—pzw[—x+Nlnx] ZE[_H?] == (3.70)
or
2
o2 = xﬁo —N. 3.71)

We can now use the formula for a Gaussian integral derived in Section 3.10,

00 oo - N 2
N!= / e *xNdx ~ / e NNNexp [—%]dx%e_NNNx/ZnN. (3.72)
0 0

As can be seen in Table 3.4, eq. (3.72) is a considerable improvement over eq. (3.63).

The procedure used in this section to approximate a sharply peaked function by a
Gaussian is extremely useful in statistical mechanics because a great many functions
encountered are of this form.

3.11.3 Gosper’s Approximation

Finally, we mention a very interesting variant of Stirling’s approximation due to Gosper,’

1
Nla~ e NNN (2N~|—§)n. (3.73)

3 Cited in http://mathworld.wolfram.com/StirlingsApproximation.html
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Table 3.4 shows that Gosper’s approximation is extremely good, even for very small
values of N.

3.11.4 Using Stirling’s Approximation

In applications to statistical mechanics, we are most often interested in the logarithm of
the probability distribution, and consequently in In N!. This has the curious consequence
that the simplest form of Stirling’s approximation is by far the most useful, even though
Table 3.4 shows that its accuracy for N! is very poor for large N.

From Gosper’s approximation, we have a very accurate equation for In N'!

1 1
1anN1nN—N+§1n[(2N+§> n}. (3.74)

In statistical mechanics we are most interested in large values of N, ranging from
perhaps 1012 to 10%%. The relative error in using the simplest version of Stirling’s
approximation, InN! ~ NInN — N, is of the order of 1/N, which is completely negligible
even if N is as ‘small’ as 10!2. For N = 10?4, InN!~ NInN — N is one of the most
accurate approximations in physics.

3.12 Binomial Distribution with Stirling’s Approximation

Since the last term in eq. (3.74) is negligible for large values of N, the most common
approximation is to keep only the first two terms. If we use this form of Stirling’s formula,
we can write the binomial distribution in eq. (3.47) in an approximate but highly accurate
form,

PIN) = —1 (1 — pyN (3.75)
= NP T2 '
InP(n|N)~ NInN —nlnn— (N —n)In(N — n) (3.76)

+ nlnp+ (N — n)In(1 — p).

Note that the contributions from the second term in Stirling’s approximation in eq. (3.74)
cancel in eq. (3.76).

Using Stirling’s approximation to the binomial distribution turns out to have a number
of pleasant features. We know that the binomial distribution will be peaked and that its
relative width will be small. We can use Stirling’s approximation to find the location of
the peak by treating # as a continuous variable and setting the derivative of the logarithm
of the probability distribution with respect to z in eq. (3.47) equal to zero,

0
—InP#®IN)=0 3.77)
on
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or
ad
0= T [InN!—1Inn! —In(N —n)! +nlnp+ N — nln(1 — p)]
n

0
=3n [NInMN—-N—-nlnn—n— (N —n)In(N —n) — (N —n)
n
+nlnp+ N —nln(1 — p)]
=—Inn+In(N —n) +Inp —In(1 — p). (3.78)
This equation determines the location #, of the maximum probability from the equation:

Ny

N
N—-n, 1—p

(3.79)

which has the solution
n, = pN. (3.80)

This means that the location of the peak, within the simplest of Stirling’s approximations,
gives the exact value of (n) = pN.

3.13 Multinomial Distribution

An important generalization of the binomial distribution is the multinomial distribution.
Instead of considering N7 particles divided among just two boxes, we divide them among
M > 2 boxes, labelled j = 1,...,M.

The assignment of each particle is assumed to be independent of the assignment of
every other particle. If the probability of a given particle being assigned to box j is p;, the
probability of a specific subset of N; particles being assigned to box j is

M N
| JEAS (3.81)
j=1

which is the generalization of eq. (3.45). This must be multiplied by the number of ways
of choosing the set of N; particles from N7 total particles. The argument runs parallel
to that in Subsection 3.8.1. There are N7! total permutations of the N7 particles. Divide
them up into M boxes of N; particles, where Z]N] = N7. The order of the particles in
each box is irrelevant, so we must divide by a factor of N;! for each box j. The resultant
multinomial probability distribution is
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Nr! \ N
PAND = = | [ 12, (3.82)

[= N/

For application to the ideal gas, we will assume that the probability of finding a
particular particle in the volume V; of box j is proportional to Vj. If the total volume
is Vr= Zj V;, we have p; = V;/ V7. Inserting this into eq. (3.82) it becomes

AN

Nr! M(V;)Nf Nt 4 (VY

PN} = =—r— — ] = 1 . (3.83)
’ (nﬁlz\c!>g Vr VZTVT]E N}

This equation will be very important in the next chapter. Indeed, it is very important to
all of classical statistical mechanics.

3.14 Problems

Sample program to simulate rolling a single die

The sample program uses Python 2.

The computer program supplied first asks you how many times you want to roll a
single die. It then chooses a random integer between 1 and 6, records its value, and
repeats the process until it has chosen the number of random integers you specified. It
then prints out the histogram (the number of times each integer occurred), tells you how
many seconds the program took, and quits.

Histograms will play a significant role in the questions in this and other chapters. They
are simply a record of the number of times each possible outcome is realized during
a particular experiment or simulation. Histograms are a compact way of displaying
information, as opposed to a list of all results generated. An estimate of the probability
of each outcome is found by simply dividing the entries in the histogram by the number
of trials.

The histogram is printed out in two formats to illustrate the possibilities. The time
required to run the program is calculated and it will prove very useful. Since both ‘trials’
and ‘sides’ are integers, the division ‘trials/sides’ truncates the result and produces an
integer, as is common in many computer languages. If Python 3 had been used, this
division would have produced a floating point number.

Two special Python commands are used in this program: numpy.zeros(sides,int) and
random.random(). The command numpy.zeros(sides,int) is in the ‘module’ numpy,
which is imported in the first line of the program. It produces a vector of integer zeros.
The command random.random() is in the ‘module’ random, which is imported in the
second line of the program.

Text to be printed is enclosed in either single or double quotes, but they must match.

Take a few minutes and play with this program. Change any command and see
what happens. One of the nice things about programming is that you can’t break the
computer.
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When you finish coding a program, run it several times exploring various regions of
parameters. It takes very little of your time, it gives you a good overview of how the
parameters affect the probability distributions, and it is the aspect of programming that
is the most fun.

The following sample Python code is for the program OneDie_ PARTIAL.py.

import numpy

import random

from time import clock
t0 = clock ()

trials = 100
print "_Number_of_trials._.=.", trials

sides = 6
histogram = numpy.zeros (sides ,int)
print histogram

j=0

while j < trials:
r = int(random.random() * sides )
histogram [r] = histogram|[r] + 1

j=j+1
print histogram

s=0

while s < sides:
print s, histogram[s], histogram|[s] — trials/sides
s=s+1

tl = clock ()
print "\n_Program.time._.=." , "%.10.4f” % (t1 — t0) , "_seconds"

PROBLEM 3.1
Rolling a die with a computer

For this problem, either modify the Python program (OneDie_ PARTIAL.py) supplied,
or write your own from scratch, using whatever computer language you prefer.

1. Write a program (or modify the one given) to calculate and print out the histogram
of the number of times each side occurs, the deviation of this number from one-
sixth of the number of trials, the frequency with which each side occurs, and the
deviation of this from one sixth. Hand in a copy of the code you used.

2. Show a typical print-out of your program.

3. Run the program for various numbers of random integers, starting with a small
number, say 10, and increasing to a substantially larger number. The only upper
limit is that the program should not take more than about one second to run. (Your
time is valuable.)
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THIS IS A COMPUTATIONAL PROBLEM.
ANSWERS MUST BE ACCOMPANIED BY DATA.
Please hand in hard copies for all data to which you refer in your answers.

4. As the number of trials increases, does the magnitude (absolute value) of the
differences between the number of times a given side occurs and one-sixth of the
number of trials increase or decrease?

(Hint: This is not the same question as the next one.)

5. As you increase the number of trials, does the ratio of the number of times each side

occurs to the total number of trials come closer to 1/6?

PROBLEM 3.2
Mutual independence

We defined the concept of pairwise independence in this chapter. There is a related
concept called mutual independence. Consider the set of random variables

{4;lj=1,...,N}.

They are said to be mutually independent if for any subset of {4;} containing # of these
random variables, the marginal distribution satisfies the condition

P  x(aisajsaps ... an) = Pi(a;) Pi(a) Pr(ag) - - - Pu(an).

Obviously, mutual independence implies pairwise independence. The question is
whether pairwise independence implies mutual independence.
Provide a proof or a counter example.

PROBLEM 3.3
A die with an arbitrary number of sides

Suppose we have a die with S sides, where S is an integer, but not necessarily equal
to 6. The set of possible outcomes is then {n|n=1,...,8} (or {n|n=0,...,8 — 1}, your
choice). Assume that all sides of the die are equally probable, so that P(n) = 1/S.

Since this is partly a computational problem, be sure to support your answers with
data from your computer simulations.

1. What are the theoretical values of the mean, variance, and standard deviation as
functions of S? The answers should be in closed form, rather than expressed as a
sum. (Hint: It might be helpful to review the formulas for the sums of integers and
squares of integers.)

2. Modify the program you used for an earlier problem to simulate rolling a die with
S sides, and print out the mean, variance, and standard deviation for a number of
trials. Have the program print out the theoretical predictions in each case, as well as
the deviations from theory to facilitate comparisons.

3. Run your program for two very different values of S. Are the results for the mean,
variance, and standard deviation consistent with your predictions?

(Do not use such long runs that the program takes more than about a second to run.
It would be a waste of your time to wait for the program to finish.)
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4. Experiment with different numbers of trials. How many trials do you need to obtain
a rough estimate for the values of the mean and standard deviation? How many trials
do you need to obtain an error of less than 1%? Do you need the same number of
trials to obtain 1% accuracy for the mean and standard deviation?

PROBLEM 3.4
Independence and correlation functions

We have shown that if the random variables 4 and B were independent and F(A4) and
G(B) were numerical functions defined on 4 and B, then

(F(A)GB)) = (F(A))(G(B)).
Suppose have two random numbers, X and Y, and we know that:
(XY) = (XN(Y).

Does that imply that X and Y are independent?
Provide a proof or counter-example.

PROBLEM 3.5
Some probability calculations (the Chevalier de Méré’s problem)

1. Suppose we roll an honest die ten times. What is the probability of noz finding a ‘3’
on any of the rolls.
2. Calculate the following probabilities and decide which is greater.

The probability of finding at least one ‘6’ on four rolls is greater than the probability of
finding at least one ‘double 6’ on 24 rolls of two dice.

Historical note:

This is a famous problem, which is attributed to the French writer Antoine Gom-
baud (1607-1684), who called himself the Chevalier de Méré (although according to
Wikipedia he was not a nobleman). He was an avid but not terribly successful gambler,
and he enlisted his friend Blaise Pascal (French mathematician, 1623—-1662) to calculate
the correct odds to bet on the dice rolls, described previously. Pascal’s solution was one
of the early triumphs of probability theory.

PROBLEM 3.6
Generalized dice

1. Modify your computer program to simulate the roll of N dice. Your program should
let the dice have any number of sides, but the same number of sides for each die. The
number of dice and the number of sides should be read in at the start of the program.

One trial will consist of N rolls. Your program should calculate the sum of the N
numbers that occur during each trial. It should also compare the results for the mean,
variance, and standard deviation of that sum with the theoretical predictions.
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2. Test the calculations that we have carried out for the mean, variance, and standard
deviation of the sum of the numbers on the dice. In each case, obtain data for a couple
of different run-lengths.

Investigate cases (a) and (b).

(a) Two dice, each with ten sides.
(b) Ten dice, each with twenty sides.

3. Use your program to investigate the width of the distribution for various numbers of
two-sided dice. Does the width of the distribution increase or decrease with increasing
numbers of dice? Do your results agree with the theory?

PROBLEM 3.7
Mismatched dice

We derived the probability distribution for the sum of two dice using Kronecker deltas,
where each die had S sides.

For this problem, calculate the probability distribution for the sum of two dice using
Kronecker deltas, when one die has four sides, and the other has six sides.

PROBLEM 3.8
Computer simulations of mismatched dice

1. Write a computer program to compute the probability distribution for the sum of

two dice when each die has an arbitrary number of sides.
Run your program for dice of four and six sides.

2. Modify the computer program you wrote for the previous problem to compute the
probability distribution for the sum of three dice when each die has an arbitrary
number of sides.

Run your program once for all dice having six sides, and once for any combination
you think is interesting.

PROBLEM 3.9
Sums of 0s and 1s

The following questions are directly relevant to the distribution of ideal-gas particles
between two boxes of volume V4 and Vp. If V=V4+ Vg, then p=V,4/V and
1—-p="Vg/V.

1. Prove the following identity for binomial coefficients:

2. Modify a new copy of your program to simulate the addition of an arbitrary number
of independent random numbers, {nj| j=1,...,N }, each of which can take on the
value 1 with probability P(1) = p and 0 with probability P(0) =1 — p.
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Have the program print the histogram of values generated. ('To save paper, print
only the non-zero parts of the histograms.)

Include a calculation of the theoretical probability from the binomial distribution,
using the identity you proved at the beginning of this assignment. Have your program
calculate the mean, variance, and standard deviation, and compare them to the
theoretical values that we have calculated.

Have the program plot the theoretical prediction for the histogram on the same
graph as your histogram. Plot the deviations of the simulation data from the theoret-
ical predictions on the second graph. (A discussion of how to make plots in VPython
is included in Section 4 of the Appendix.)

. Run your program for the following cases, using a reasonable number of trials.

Comment on the agreement between the theory and your computer experiment.

a. N=10,p=0.5
b. N=30,p=0.85
c. N=150,p=0.03

PROBLEM 3.10
Sums of 0s and 1s revisited: The Gaussian approximation

1.

Modify the program you used for the simulation of sums of 0s and 1s to include a
calculation of a Gaussian approximation to the binomial distribution.
Keep the curve in the first graph that shows the theoretical binomial probabilities,
but add a curve representing the Gaussian approximation in a contrasting color.
Modify the second graph in your program to plot the difference between the full
binomial approximation and the Gaussian approximation.

. Run simulations for various values of the probability p and various numbers of ‘dice’,

with a sufficient number of trials to obtain reasonable accuracy. (Remember not to
run it so long that it wastes your time.)

Comment on the accuracy (or lack thereof) of the Gaussian approximation.
Run your program for the following cases, using a reasonable number of trials.
Comment on the agreement between the theory and your computer experiment.

1. N=10,p=0.5
2. N=30,p=0.85
3. N=150,p=0.03

PROBLEM 3.11
The Poisson distribution

We have derived the binomial distribution for the probability of finding n particles
in a subvolume out of a total of N particles in the full system. We assumed that the
probabilities for each particle were independent and equal to p=Vy4/V.
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When you have a very large number N of particles with a very small probability p,
you can simplify this expression in the limit that p — 0 and N — oo, with the product
fixed at pN = u. The answer is the Poisson distribution:

1
Py(n) = Eu" exp(—p).

Derive the Poisson distribution from the binomial distribution.

(Note that Stirling’s formula is an approximation, and should not be used in a
derivation or a proof.)

Calculate the mean, variance, and standard deviation for the Poisson distribution as
functions of .

PROBLEM 3.12
Numerical evaluation of the Poisson distribution

In an earlier problem you derived the Poisson distribution,

1
Py(n) = ;u” exp(—pu).

1. Modify (a copy of) your program to read in the values of © and N and calculate
the value of the probability p. Include an extra column in your output that gives the
theoretical probability based on the Poisson distribution.

(Note: It might be quite important to suppress rows in which the histogram is zero,
otherwise, the print-out could get out of hand for large values of N.)

2. Run your program for various values of u and N. How large does N have to be for

the agreement to be good?
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The Classical Ideal Gas:
Configurational Entropy

The single, all-encompassing problem of thermodynamics is the determination of the
equilibrium state that eventually results after the removal of internal constraints in a
closed, composite system.

Herbert B. Callen

This chapter begins the derivation of the entropy of the classical ideal gas, as outlined
in Chapter 2. Our goal is to derive the entropy function for each member of a large
set of isolated thermodynamic systems, with the total entropy given by the sum over
the individual entropies. The essential property of these entropy functions is that when
two or more systems are allowed to exchange particles, the sum of the total entropy is a
maximum at the equilibrium value of the quantity which can be exchanged. We will use
this property as a basis for the definition of entropy, following the ideas of Boltzmann.
The exchange of energy or volume will be considered in Chapter 6.

The first step is to separate the calculation of the entropy into two parts: One for
the contributions of the positions of the particles, and one for the contributions of their
momenta. In an ideal gas, these are assumed to be independent, although this is not true
for all interacting particles. As we will see, the total entropy is then just the sum of the
two contributions.

The contributions of the probability distribution for the positions of the particles,
which we will call the configurational entropy, will be calculated in this chapter. After
probabilities are generalized to continuous variables in Chapter 5, the contributions of
the momenta to the entropy will be given in Chapter 6.

4.1 Separation of Entropy into Two Parts

The assumption that the positions and momenta of the particles in an ideal gas are
independent allows us to consider each separately.

As we saw in Section 3.3, the independence of the positions and momenta means that
their joint probability can be expressed as a product of functions of ¢ and p alone,

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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P(g,p) = Py(9) Pp(p). (4.1

According to Boltzmann’s 1877 definition, the entropy of a composite system is propor-
tional to the logarithm of the probability of the extensive variables to within additive and
multiplicative constants. Since eq. (4.1) shows that the probability distribution in phase
space can be expressed as a product, the total entropy will be expressed as a sum of the
contributions of the positions and the momenta.

The probability distribution in configuration space, P;(g), depends only on the
volume V' and the number of particles, N. Consequently, the configurational entropy,
S¢> depends only on V' and Nj that is, Sq = Sy(V,N).

The probability distribution in momentum space, P,(p), depends only on the total
energy, E, and the number of particles, N. Consequently, the energy-dependent con-
tribution to the entropy from the momenta, S,, depends only on E and N; that is,
Sp = Sp(E,N).

The total entropy of the ideal gas is given by the sum of the configurational and the
energy-dependent terms:

Sworal(E; V,N) = S¢(V,N) + Sp(E, N). (4.2)

The thermodynamic quantities E, I/, and N are referred to as ‘extensive’ parameters
(or observables, or variables) because they measure the amount, or extent, of something.
They are to be contrasted with ‘intensive’ parameters, such as temperature or pressure
(to be defined later), which do not automatically become bigger for bigger systems.

4.2 Probability Distribution of Particles

Before presenting the solution for a large number of systems in Section 4.8, we will first
restrict the discussion to the distribution of particles between two systems, and see how
this leads to an expression for the configurational entropy.

Let us consider a composite system consisting of two boxes (or subsystems) con-
taining a total of N7 j;, distinguishable, non-interacting particles. We will label the boxes
J and k&, with volumes V; and V. The total volume of the two boxes is V7 = V; + V.
The number of particles in subsystem j is N;, with N}, = N7 — N; being the number of
particles in subsystem 4.

We can either constrain the number of particles in each box to be fixed, or allow the
numbers to fluctuate by removing the wall that separates the boxes. The total number of
particles N is constant in either case. We will first consider the probability distribution
for the number of particles in each subsystem when the constraint (impenetrable wall)
is released (by removing the wall or making a hole in it). We will consider the case of
isolated systems in Section 4.3.

In keeping with our intention of making the simplest reasonable assumptions about
the probability distributions of the configurations, we will assume that the positions of the
particles are not only independent of the momenta, but are also mutually independent
of each other. The probability density P,(¢g) can then be written as a product,
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N
Py(q) = Py, (1) = [ Piis (4.3)

=1

where P;(r;) is the probability distribution of the single particle 7. If we further assume that
a given particle is equally likely to be anywhere in the composite system, the probability
of it being in subsystem j is V;/Vr .

Remember that this is an assumption that could, in principle, be tested with repeated
experiments. It is not necessarily true. However, we are strongly prejudiced in this matter.
If we were to carry out repeated experiments and find that a particular particle was almost
always in subsystem j, we would probably conclude that there is something about the
system that breaks the symmetry.

The assumption that everything we do not know is equally probable—subject to the
constraints—is the simplest assumption we can make. It is the starting point for all
statistical mechanics. Fortunately, it provides extremely good predictions.

If the N7 particles are free to go back and forth between the two subsystems,
the probability distribution of Nj is given by the binomial distribution, eq. (3.47), as
discussed in Section 3.8:

P = (B ()
T Ni{(N7j—N)!' \ VT Vi

Nz, Vi \N Ve \\Nra N
(W) G) -G e
N; Vi VT .k
To emphasize the equal standing of the two subsystems, it is often useful to write this
equation in the symmetric form

PN, N) = NT,jk! I/} Nj Vi N, @5)
” NjINg! \ VT Vrge) '

with the implicit constraint that N; 4+ N = N .

4.3 Distribution of Particles between Two Isolated Systems
that were Previously in Equilibrium

If the two subsystems are first in equilibrium with each other and then separated by

inserting a partition or closing the hole, the probability of finding N; particles in system
7 and N, particles in system k is exactly the same as if the subsystems remained in

! This can be shown more formally after the discussion of continuous random variables in Section 5.2 of
Chapter 5.
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equilibrium with each other. It is still given by eq. (4.5). This probability is defined for
all values of N; and N, = N7, — Nj in two subsystems that are isolated from each other.

Therefore, eq. (4.4) gives the probabilities of the variables N; and Ny, even if the two
systems, j and k, are isolated from each other. Since the initial state of the composite
system in this example is specified by N; and N, eq. (4.4) gives the probability of the
initial state that Boltzmann was referring to in his 1877 paper, which was quoted at the
beginning of Chapter 3.

4.4 Consequences of the Binomial Distribution

As shown in Section 3.7, the average value of N; from the binomial distribution is

Vi
(N;) = N7 v . (4.6)
Tk
By symmetry, we also have
Vk
(Ni) = Nt ( v >> 4.7
Tk

so that

(Nj) _ (Ng) _ Nrjr
Vk Vrjk

(4.8)

N

The width of the probability distribution for N; is given by the standard deviation, as

given in eq. (3.43),
r Vv v 1/2
8Nj = N( J )<1— J )] (4.9)
L\ V1r V. ik

[N )]

N :<N]> ( VZk)] N '

In general, the mode, or location of the maximum of the probability distribution,
differs from the location of the average value <N]) by something of order 1 /(Nj) If
<N]) ~ 1029, this error is unmeasurable. By a fortunate quirk in the mathematics, the
average value has exactly the same value as the mode of approximate probability density
using Stirling’s approximation. This turns out to be very convenient, although not
necessary.

N
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4.5 Actual Number versus Average Number

It is important to make a clear distinction between the actual number of particles Nj at
any given time and the average number of particles (Nj).

The actual number of particles, Nj, is a property of the system. It is an integer, and it
fluctuates with time if the system can exchange particles with another system.

The average number of particles, (Nj), is part of a description of the system and not a
property of the system itself. It is not an integer, and is time-independent in equilibrium.

The magnitude of the fluctuations of the actual number of particles is given by the
standard deviation, 8N;, from eq. (4.9), which is of the order of ,/(N;). If there are about
1020 particles in subsystem 7, the actual number of particles N; will fluctuate around the
value (Nj) by about 6N; ~ 1019 particles. The numerical difference between Nj and (Nj)
is very big—and it becomes even bigger for bigger systems!

Given the large difference between N; and (N;), why is (N;) at all useful? The answer
lies in the fact that macroscopic measurements do not count individual molecules.
The typical method used to measure the number of molecules is to weigh the sample
and divide by the weight of a molecule. The weight is measured experimentally with
some relative error—usually between 1% and one part in 10°. Consequently, using (N;)
as a description of the system is good whenever the relative width of the probability
distribution, § Nj/(Nj), is small.

From eq. (4.6), the relative width of the probability distribution is given by

The relative width is proportional to 1/, /(Nj), which becomes very small for a macro-

scopic system. For 1020 particles, the relative uncertainty in the probability distri-
bution is about 10719 which is much smaller than the sensitivity of thermodynamic
experiments.

In the nineteenth century, as thermodynamics was being developed, the atomic
hypothesis was far from being accepted by all scientists. Thermodynamics was formu-
lated in terms of the mass of a sample, rather than the number of molecules—which in
any case, many scientists did not believe in. Fluctuations were not seen experimentally,
so scientists did not make a distinction between the average mass in a subsystem and the
actual mass.

Maintaining the distinction between N; and (Nj;) is made more difficult by the
common tendency to use a notation that obscures the difference. In thermodynamics,
it would be more exact to use (N;) and similar expressions for the energy and other
observable quantities. However, it would be tiresome to continually include the brackets
in all equations, and the brackets are invariably dropped. We will also follow this
practice in the chapters on thermodynamics, although we will maintain the distinction
in discussing statistical mechanics.
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Fortunately, it is fairly easy to remember the distinction between the actual energy or
number of particles in a subsystem and the average values, once the distinction has been
recognized.

4.6 The ‘Thermodynamic Limit’

It is sometimes said that thermodynamics is only valid in the limit of infinite system
size. This is implied by the standard terminology, which defines the ‘thermodynamic
limit’ as the limit of infinite size while holding the ratio of the number of particles to the
volume fixed.

An obvious difficulty with such a point of view is that we only carry out experiments
on finite systems, which would imply that thermodynamics could never apply to the
real world.

Another difficulty with restricting thermodynamics to infinite systems is that the finite-
size effects due to containers, surfaces, interfaces, and phase transitions are lost.

The point of view taken in this book is that thermodynamics is valid in the real
world when the uncertainties due to statistical fluctuations are much smaller than the
experimental errors in measured quantities. For macroscopic systems containing 102°
or more molecules, this means that the statistical uncertainties are of the order 10710 or
less, which is several orders of magnitude smaller than typical experimental errors. Even
if we consider colloids with about 102 particles, the statistical uncertainties are about
1079, which is still smaller than most measurements.

Taking the limit of infinite system size can be a very useful mathematical approxima-
tion, especially when studying phase transitions, but it is not essential to either understand
or apply thermodynamics.

4.7 Probability and Entropy

We have seen that the equilibrium value of N; is determined by the maximum of the
probability distribution (or mode) given by

P(N-Nk)zNT*ik! Vi \V (Ve \¥ (4.11)
»? N;IN! \ Vr Vi) '

with the constraint that N; 4+ N = Nrj. We can show the dependence of eq. (4.11) on
the composite nature of the total system by introducing a new function,

N

%4
Qy(N, V)= N (4.12)
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where IV and N are generic variables that stand for the relevant volume and particle
number (V}, Vi or V), and (N;, N, or N7). This allows us to rewrite eq. (4.11) as

Qq (N}, V) 2 (N> Vi)

P(N;,N) =
(N> N) Qq (N7 2> VT i)

(4.13)

At this point, we are ready to make an extremely important observation. Since the
logarithm is a monotonic function of its argument, the maximum of P (Nj,Nk) and the
maximum of In[P (Nj, N;)] occur at the same values of N; and Ng; they both represent
the mode of the probability distribution. Using In [ P (Nj, N%) ] turns out to be much more
convenient than using P(Nj, Nk), partly because we can divide it naturally into three
distinct terms:

Nj 1Nk Tk
In[P(N,N,)]=In| -2— | +In| %4~ | —In| 2L 4.14
n[P (NN =1n | 3 +H[Nk!:| *| N @19

=InQ, (1\[], V}) +InQy (Ng, Vi) —InQ, (NTg'ka VT,jk) .

The first term on the right (in both forms of this equation) depends only on the variables
for subsystem j, the second depends only on the variables for subsystem &, and the third
term depends only on the variables for the total composite system. Note that since N7
and V', are assumed to be constants, In €2, (NT ks VT ,;'k) is also a constant.

It will be convenient to define a function

VN
Sy (N, V) =kIn (W) + kXN (4.15)
= kIn, (N, V) + kXN, (4.16)

where N and V are again generic variables, and 4 and X are both (at this point) arbitrary
constants. The maximum of the function

Sgt (N> Vjs Ni, Vi) = kIn [P (Nj, Ni) ] + Sq (N7 2> V) (4.17)
= Sq (ZV], V]) + Sq (Nk> Vk) B

with the usual constraint that N; + Nj = N7, then gives us the location of the mode of
the distribution of the number of particles, which is an excellent approximation to (Nj).

We have seen in Section 3.8 that the width of the probability distribution is propor-
tional to ,/(Nj). Since the probability distribution is normalized, the value of its peak must
be proportional to 1/,/(N;). This can also be seen from the gaussian approximation in
eq. (3.57), with pN — (N;), and 1 — p — V},/Vr j. At the equilibrium values of N; and
Np, this gives
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InP (N, N)|

1
equil —Eln (27 (N}))(Vi/ VT e)) - (4.18)
Since the function S; (N7, Vi) is of order N7z, and N7 > (N;) > > In(N}), the
term kIn [P (N;,N)] in eq. (4.17) is completely negligible at the equilibrium values of
Nj and Np. Therefore, in equilibrium, we have

Sgit (Njs VisNiy Vie) = Sq (Nj, Vi) + Sg (Nks Vi) = Sq (N1 jies Vi) - (4.19)

Note that in eq. (4.19) we have used the numbers N; and N}, instead of the averages
(N;) and (Np). This represents the approximation that the width of the particle-number
distribution vanishes. It corresponds to the microcanonical ensemble, which assumes that
width of the energy distribution vanishes. It should be remembered that they are both
approximations, although very good ones. We will discuss their consequences in some
detail in Chapter 21.

We canidentify S,z (N], V;s Ng, Vk) as the part of the entropy of the composite system
that is associated with the configurations; that is, with the positions of the particles. We
will call S (N], Vis Ng, Vk) the total configurational entropy of the composite system.
The functions S, (N], I/}) and S, (Ng, V) are called the configurational entropies of
subsystems j and k.

We have therefore found functions of the variables of each subsystem, such that the
maximum of their sum yields the location of the equilibrium values

St (Njs Vis Ni Vi) = Sq (N3, V;) + Sq (Nis Vi) (4.20)

subject to the usual constraint that N; + Nj, = N7 .

The fact that the contributions to the configurational entropy from each subsystem
are simply added to find the configurational entropy of the composite system is a
very important property. It is traditionally known, reasonably enough, as ‘additivity’.
On the other hand, the property might also be called ‘separability’, since we first derived
the entropy of the composite system and were then able to separate the expression into the
sum of individual contributions from each subsystem.

The entropy of a composite system has the property of being additive whether or not
the subsystems are in equilibrium with each other.

The function that we have identified as the configurational entropy follows Boltz-
mann’s definition (see Section 2.5) in being the logarithm of the probability of a composite
system (within additive and multiplicative constants). The fact that it is maximized at
equilibrium (takes on the value of its mode) agrees with Boltzmann’s intuition. This
turns out to be the most important property of the entropy in thermodynamics, as we
will see in Chapter 9.

Boltzmann’s definition of the entropy always produces a function that takes on its
maximum, or mode, in equilibrium. Anticipating the discussion of the laws of thermo-
dynamics in Part II, this property is equivalent to the Second Law of Thermodynamics,
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which we have therefore derived from statistical principles. (There is still the matter of
irreversibility, which will be addressed in Chapter 22.)

4.8 The Generalization to M > 2 Systems

In thermodynamics, we are usually interested in the interactions between more than
just two (sub)systems. We will need to consider the effects of putting two systems
into equilibrium with each other, separating them, and then letting one of the systems
equilibrate with a different system. We will also need to consider equilibrium conditions
involving three or more systems.

The equations we have derived are easily generalized to an arbitrarily large number
of systems using the results for the multinomial probability distribution in eq. (3.82), as
derived in Section 3.13. In fact, the systems can be taken to include all systems in the
world that might possibly be brought into contact with each other.

If we have M > 2 systems, whether exchanging particles or isolated from each other,
the probability distribution for {N;|[j = 1,...,M} is

P(N;j=1,...,M}) = (L)
J EEEES ] 1_[]1‘;111\6'

M Vv, N,
H(V—T> ) (4.21)

k=1

In this equation, N7 = Z]Ail Njand VT = Z]Ail V; are constants. The individual system
volumes, V; are also regarded as constants for now. Eq. (4.21) was derived in Chapter 3
as eq. (3.83).

Using the definition of Q4(N, V) in eq. (4.12), the multinomial probability can be
written as

. T2, Qo Nk, Vi)
PN, V;|j=1,...,.M}) = = .
{ (j ]|] ) QQ(NT5VT)

(4.22)

This equation is a generalization of eq. (4.13). It is valid whether some or all of the
individual systems are in equilibrium with each other, or if all M systems are isolated
from each other. If every system is isolated from every other system, eq. (4.22) is the
probability of the initial state {N;, V;|j = 1,...,M}.

Finally, using the definition of entropy in eq. (4.15), we can write

M

SN Vili = Lo MY = 3 Sg(Nis Vi) — So(NT, V) + G, (4.23)
k=1
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where C is an arbitrary constant. N7, VT, and C are constants, whose values have no
physical consequences.

Eq. (4.23) shows that the entropy of an individual system, j, S;(N;, V), is exactly
the same as derived from considering just two systems, and, in fact, the expression for
Sy(Nj, V5), is independent of the total number of systems. The validity of this equation
is not dependent on whether the systems are isolated or in equilibrium.

The fact that the expression for the entropy of system j contains a factor of 1/N;!,
is due to the use of interacting systems in the definition of entropy, following
Boltzmann and the form of the multinomial coefficient. This derivation has not
been universally accepted, and a wide variety of other explanations have been
proposed, some claiming that it is impossible to understand the factor of 1/Nj!
without invoking quantum mechanics. The controversies have run for over 140 years
without any sign of slowing down. I recommend the literature on Gibbs’ paradox to
any student interested in pursuing the matter.

4.9 An Analytic Approximation for the
Configurational Entropy

The expression for the configurational entropy becomes much more practical if we intro-
duce Stirling’s approximation from Section 3.11. The entropy can then be differentiated
and integrated with standard methods of calculus, as well as being much easier to deal
with numerically.

Because we are interested in large numbers of particles, only the simplest version of
Stirling’s approximation is needed: InN!~ NInN — N. The relative magnitude of the
correction terms is only of the order of In N/N, which is completely negligible. It is rare
to find an approximation quite this good, and we should enjoy it thoroughly.

Using Stirling’s approximation, our expression for the configurational entropy becomes

S, (N, V)~ kN [m (%) + X} , (4.24)

where N and V' are generic variables that take the values N7 and V7, as well as
{Np, Vilk=1,...,M}. X and k are still arbitrary constants. In Chapter 8 we will discuss
further constraints that give them specific values.

Eq. (4.24) is our final result for the configurational entropy of the classical ideal gas,
under the assumption that the number of particles is known exactly. This definition will
be supplemented in Chapter 6 with contributions from the momentum terms in the
Hamiltonian. But first, we need to develop mathematical methods to deal with continuous
random variables, which we will do in Chapter 5.

www.TechnicalBooksPDF.com



Problems 53

4.10 Problems

PROBLEM 4.1
Using the entropy to find the equilibrium equations

This object of this problem is to find the equilibrium conditions for ideal-gas systems that
are allowed to exchange particles. Use Stirling’s approximation and eqgs. (4.15), (6.40),
and (4.24).

1. Consider two ideal-gas systems with volumes V; and V. They are initially isolated
and contain N; and N, respectively. After they are brought together and allowed
to come to equilibrium, find the equation that expresses the condition for the
equilibrium values, N]* and N}, and solve that equation.

2. Now consider three ideal-gas systems with volumes V}, Vi, and V3. The systems are
initially isolated and contain Nj, N, and N3 particles. Now let them all exchange
particles and come to equilibrium. Find two equations to express the equilibrium
conditions, and solve them to find the equilibrium values Nj*, N}, and N3.

3. Again consider the same three ideal-gas systems with volumes Vj, V%, and V3. The
systems are again initially isolated and contain N;, N, and N3 particles.

First, bring systems j and % together and let them come to equilibrium. Find the
equilibrium values N] *and Nj.

Now separate systems j and k. Bring systems & and 3 together and let them come to
equilibrium. Find the number of particles in each of the three systems.
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Continuous Random Numbers

It may be that the race is not always to the swift nor the battle to the strong—1but that’s
the way to bet.

Damon Runyon

In Chapter 3 we discussed the basics of probability theory for discrete events. However,
the components of the momenta of the particles in an ideal gas are continuous variables.
This requires an extension of probability theory to deal with continuous random
numbers, which we will develop in this chapter.

5.1 Continuous Dice and Probability Densities

To illustrate the essential features of continuous random numbers we will use a simple
generalization of throwing a die. While a real die has six distinct sides, our continuous
die can take on any real value, x, between 0 and 6.

Assume that our continuous die is ‘honest’ in the sense that all real numbers between
0 and 6 are equally probable. Since there is an infinite number of possibilities, the
probability of any particular number being found is p = 1 /00 = 0.

On the other hand, if we ask for the probability of the continuous random number x
being in some interval, the probability can be non-zero. If all values of x are equally
probable, we would assume that the probability of finding x in the interval [a,b] is
proportional to the length of that interval,

b
P([a,b]):A/ dx = A(b— a) (5.1)

a

where A is a normalization constant. Since the probability of x being somewhere in the
interval [0, 6] must be 1,
6
P([O,l]):A/ dx=064A=1, (5.2)
0

we have A =1/6.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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This leads us to define a ‘probability density function’ or simply a ‘probability density’,
P(x) =1/6, to provide us with an easy way of computing the probability of finding x in
the interval [a, 6],

b b
1 b—
—dx = a.

P([a,b]):/a P(x)dxzfa - .

(5.3)

I apologize for using P to denote both probabilities and probability densities, even
though they are very different things. This confusing notation certainly does not
help keep the distinction between the two concepts in mind. On the other hand,
it is usually easy to tell which concept is intended. Since much of the literature
assumes that the reader can figure it out, this is probably a good place to become
accustomed to doing so.

5.2 Probability Densities

We can use the idea of a probability density to extend consideration to cases in which
all values of a continuous random number are not equally likely. The only change is that
P(x) is then no longer a constant. The probability of finding x in an interval is given by
the integral over that interval,

b

P([a,b]):/ P(x)dx. (5.4)

a

Generalization to multiple dimensions is simply a matter of defining the probability
density of a multidimensional function. If there are two continuous random numbers,
x and v, the probability density is P(x, V).

There is one feature of probability densities that might not be clear from our example
of continuous dice. In general, although probabilities are dimensionless, probability
densities have units. For example, if the probability of finding a single classical particle
is uniform in a box of volume V, the probability density within the volume is

1
P(x,y,2) = I_/J (5.5)

and it has units of [ ~>]. When the probability density is integrated over a sub-volume
of the box, the result is a dimensionless probability, as expected.

Because probability densities have units, there is no upper limit on their values. Their
values must, of course, be positive. However, unlike probabilities, they do not have to be
less than 1. In fact, it is even possible for a probability density to diverge at one or more
points, as long as the integral over all values is 1.
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Like probabilities, probability densities must be normalized. If @ indicates the entire
range over which the probability density is defined, then

/ P(x)dx = 1 (5.6)
Q

with obvious extensions to multi-dimensional, continuous random numbers.
Marginal probabilities are defined in analogy to the definition for discrete numbers

&w=/ P(x,9)dy. 5.7)

Conditional probabilities can also be defined if P, (x) # 0. The conditional probability
P(y|x) can be written as

P(x,y)
P(ylx) = 5.8
VI Po) (5.8)
In general, we have
P(x,y) = P(x|y)Py(y)
= P(y|x)Px(x). (5.9
Bayes’ theorem for continuous variables then takes the form
P(x|y)Py(y)
P(ylx) = ——2— (5.10)
Py(x)

Independence is also defined in analogy to discrete probability theory. Two continuous
random numbers are said to be independent if

P(x,y) = Px(x)Py(y). (5.11)

Using eq. (5.9), we can see that if x and y are independent random numbers and
P, (y) # 0, the conditional probability P(x|y) is independent of y:

P(xy) _ PioPy(y) _

P = =
=20 P, (y)

Py(x). (5.12)

The average of any function F(x) can be calculated by integrating over the probability
density

(F(x)) = /OO F(x)P(x)dx. (5.13)

—0o0
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Averages, moments, and central moments are all defined as expected from discrete
probability theory.

Mean:
(x) = f_ Z xP(x)dx (5.14)
n-th moment:
(x"y = /_ Z X" P(x)dx (5.15)
n-th central moment:
((x—(x)") = /_Z (x — (x))" P(x)dx. (5.16)

As for discrete probabilities, the variance is defined as the second central moment,
and the standard deviation is the square root of the variance.

A word of warning:

Many books refer to continuous random numbers as if they were discrete. They
will refer to the probability of finding a random number in a given interval as being
proportional to the ‘number of points’ in that interval. This is entirely incorrect and
can cause considerable confusion. The number of points in an interval is infinite. It
is even the same infinity as the number of points in any other interval, in the sense
that the points in any two intervals can be mapped one-to-one onto each other. This
error seems to have arisen in the nineteenth century, before physicists were entirely
comfortable working with continuous random numbers. Although we are now in
the twenty-first century, the error seems to be quite persistent. I can only hope that
the next generation of physicists will finally overcome it.

5.3 Dirac Delta Functions

In Chapter 3 we discussed finding the probability of the sum of two dice using Kronecker
delta functions. In the next section we will carry out the analogous calculation for
two continuous dice. Although the problem of two continuous dice is highly artificial,
it is useful because its mathematical structure will often be encountered in statistical
mechanics.

For these calculations we will introduce the Dirac delta function, named for its
inventor, Paul Adrien Maurice Dirac (English physicist, 1902-1984). The Dirac delta
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function is an extension of the idea of a Kronecker delta to continuous functions. This
approach is not usually found in textbooks on probability theory—which is unfortunate,
because Dirac delta functions make calculations much easier.

Dirac delta functions are widely used in quantum mechanics, so most physics students
will have encountered them before reading this book. However, since we will need
more properties of the delta function than are usually covered in courses in quantum
mechanics, we will present a self-contained discussion in the next section.

5.3.1 Definition of Delta Functions

To provide a simple definition of a Dirac delta function, we will first consider an ordinary
function that is non-zero only in the neighborhood of the origin,'

0 x<-—¢
1
Se(x)=)— —€e<x=<e
2¢e
0 x>c¢
Clearly, this function is normalized,
o
/ Se(x)dx=1. (5.17)
—0oQ

In fact, since d, (x) is only non-zero close to the origin,

b
/ae(x)dxz 1 (5.18)

aslongasa< —€and b > €.
It is also obvious that the function is symmetric,

8e(x) = 8e(—x). (5.19)

If we consider the function §¢(cx), where ¢ is a constant, the symmetry of the function
means that the sign of ¢ is irrelevant,

Se(ex) = 8¢ ([c]x). (5.20)

Note that the width of the function §. (cx) is a factor of 1/|c| times that of §¢ (x), while the
height of the function remains the same (1/2¢).

! An alternative way of defining the Dirac delta function uses Gaussian functions, which has advantages
when discussing derivatives. The approach used in this section has been chosen for its simplicity.
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5.3.2 Integrals over Delta Functions
We can integrate over . (cx) by defining a new variable y = cx,
b b/lcl 1
[ deteoas= [ sl = (5.21)
a a/lc| |C|

When the argument of the delta function has a zero at some value of x # 0, the integral
is unaffected as long as the limits of the integral include the zero of the argument of the
delta function. As long as a < d/c— € and b > d/c+ €, we have

b b/|c| 1
/86(cx—d)dx:/ Se(y)dy/|c| = m (5.22)
a a/lcl

The Dirac delta function, §(x), is defined as the limit of 8. (x) as € goes to zero.

5(x) = lim ¢ (x). (5.23)

The Dirac delta function is zero for all x # 0 and infinite for x = 0, so that calling it a
function greatly annoys most mathematicians. For this reason, mathematics books
on probability theory rarely mention the delta function. Nevertheless, if you are
willing to put up with a mathematician’s disapproval, the Dirac delta function can
make solving problems much easier.

The integral of the Dirac delta function is also unity when the limits of integration
include the location of the zero of the argument of the delta function,

b
f S(x)dx=1 (5.24)

as long as a < 0 and b > 0, and zero otherwise.
Similarly, when the argument of the delta function is (c¢x —d), the value of the
integral is

b 1
/8(cx—d)dx: m (5.25)

as long as a < d/c and b > d/c, and zero otherwise.

5.3.3 Integral of f(x) times a Delta Function

The Dirac delta function can be used to pick out the value of a continuous function at a
particular point, just as the Kronecker delta does for a discrete function. This is one of
its most useful properties.
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Consider a function f (x) that is analytic in some region that includes the point x,. Then
we can expand the function as a power series with a non-zero radius of convergence

o0

1 .. .
fey=>" J.—!f(” (%) (x — %)/, (5.26)

=0

where f @ (x,) is the J-th derivative of f(x), evaluated at x = x,,

. d’
1P 0) = —5f () (5.27)
X
x=x0
Consider the integral over the product of f(x) and 8¢ (x — x,)
00 1 Xo+€
f SF(0)8e (x — x,)dx = e Sfo)dx
—00 Xo—€
= Z / " ) (5 50
]' 2e Xo—€
j=
o0
- Z L 100 () [ej+1 - (—e)j'H] . (5.28)
]' 2¢ j+1

All terms with odd j vanish. Keeping only the even terms and defining » =j/2 for even
values of j, we can write the integral as

0]

o0 1
_ N ew 2n
/_ oOf(oc)ée(x xo)dx—}:o @nt 1)!f (x0)€

ad 1
=f(xo) + Y —— P (x,)€". (5.29)
nz:; 2n+1)!

When we take the limit of € — 0, the function, 8. (-) becomes a Dirac delta function, and
the right-hand side of the equation is just f(x,),

/Oof(x)fS(x—xo)dx aACHE (5.30)

We can generalize eq. (5.30) to include more general arguments of the delta function.
First, if the argument is of the form ¢(x — x,), the result is divided by |c|,

f(xo)
le]

foof(x)S(C(x—xo))dX= (5.31)
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We can further generalize this equation to allow the delta function to have an arbitrary
argument, g(x). If g(x) has zeros at the points {x;|[j = 1,...,7}, and g'(x) is the derivative
of g(x), the integral becomes

> v S
/_ S@be)dx= E ol (5.32)

This can be proved by expanding g(x) about each of its zeros.

Common errors in working with Dirac delta functions:

¢ Not including all zeros of g(x) inside the region of integration.
e Including zeros of g(x) that are outside the region of integration.
e Not using the absolute value of g’(x) in the denominator.

5.4 Transformations of Continuous Random Variables

We are often interested in functions of random variables, which are themselves random
variables. As an example, consider the following problem.

Given two continuous random variables, x and y, along with their joint probability
density, P(x,y), we wish to find the probability density of a new random variable, s, that
is some function of the original random variables, s=f(x,y). The formal solution can be
written in terms of a Dirac delta function,

P(s) = / f P(x,9)8(5 — f (x,)) dx . (5.33)

As was the case for the corresponding discrete random variables, the probability density
of s is automatically normalized,

/OO P(s)ds = /00 /OO /00 P(x,y)6(s — f(x,y))dsdxdy (5.34)

o o
:/ / P(x,y)dxdy = 1.
—0Q0 v —O0

The last equality is due to the normalization of P(x,y).

5.4.1 Sum of Two Random Numbers

To see how eq. (5.33) works in practice, consider the sum of two uniformly distributed
random numbers. We will use the example of two continuous dice, in which the two
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random numbers x and y each take on values in the interval [0, 6], and the probability
density is uniform,

P(x,y) = 1/36. (5.35)

This probability density is consistent with the normalization condition in eq. (5.6).
The probability density for s = x +y is then

6 r6
P(s) =/ / P(x,y)8(s — (x +))dxdy
0o Jo
1 6 r6
=— f / 8(s— (x+y))dxdy. (5.36)
36 Jo Jo
Following the same procedure as in Section 3.4, we first carry out the integral over y.

1 0<s—x<6

6
/0 8(s— (x+y))dy = {o othermise (5.37)

In direct analogy to the procedure for calculating the sum of two discrete dice in
Section 3.4, we have two conditions on the remaining integral over x. Only those values
of x for which both x < s and x > s — 6 contribute to the final answer. These limits are
in addition to the limits of x < 6 and x > 0 that are already explicit in the integral over
x. Since all four of these inequalities must be satisfied, we must take the more restrictive
of the inequalities in each case. Which inequality is the more restrictive depends on the
value of s. Determining the proper limits on the integral over x is illustrated in Table 5.1,
which should be compared to Table 3.3 for the corresponding discrete case.

For s <6, the lower bound on x is 0 and the upper bound is s. For s > 6, the
lower bound on x is s — 6 and the upper bound is 6. The sums can then be evaluated
explicitly,

Table 5.1 Determining the limits for the second integral
when evaluating eq. (5.36).

lower limit upper limit

From limits on integral: x>0 x <6
From delta function: x> s—6 x<s
More restrictive if s <6 x>0 x<s
More restrictive if s >6 x> s—6 x <6
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/‘51 s
— = s<6
PG 0 36 36 (5.38)
S) = . .
6 1 12—5
— = §>6
6 36 36

5.5 Bayes’' Theorem
Bayes’ theorem, eq. (3.13), was derived in Section 3.3.1,

P(B|A)P4(A
P(A|B) = %, (5.39)

and given in eq. (5.10) for continuous variables as

P(x|y)Py(y) .

P(ylx) = Poo)

(5.40)

If we accept the Bayesian definition of probability in Section 3.1, we can apply
eq. (5.39) to the determination of theoretical parameters from experiment.

Let X denote the data from an experiment, while 6 denotes the theoretical parame-
ter(s) we wish to determine. Using standard methods, we can calculate the conditional
probability P(X|6) of observing a particular set of data if we know the parameters.
However, that is not what we want. We have the results of the experiment and we want
to calculate the parameters conditional on that data.

Bayes’ theorem gives us the information we want about the theoretical parameters
after the experiment. It provides the information on a particular set of measurements X,
as the conditional probability for 6 in the following equation:

P(X|0)P; (0
POIX) = % (5.41)

In Bayesian terminology, Py (0) is called the ‘prior’ and represents whatever knowledge we
had of the parameters before we carried out the experiment. The conditional probability
P(X|0)—viewed as a function of 6—is called the ‘likelihood’. The conditional probability
P(0|X) is known as the ‘posterior’, and represents our knowledge of the parameters after
we have obtained data from an experiment.

For example, suppose we want to determine the value of the asymptotic frequency f
(the frequentist’s probability) for a particular random event. Assume we have done an
experiment with a binary outcome of success or failure, and we obtained n = 341,557
successes in N = 10° trials. The experimental data, denoted previously by X, is n
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in this case. We would immediately guess that f ~ 0.341557, but how close to that
value is it?

Our theoretical parameter, denoted by 6 in eq. (5.41), is the value of f. Suppose we
knew nothing of the value of f before the experiment, except that 0 < f < 1. A reasonable
description of our knowledge (or lack of it) would be to say that our prior is a uniform
constant for values between zero and 1. From the normalization condition, the constant
must be 1,

0 <0
Pr(f)y=11 0=f=<1 (5.42)
0 f>1

The likelihood is given by the binomial distribution

Pn(nlf) = Lf"(l —pHN (5.43)
n!(N —n)!

As is usual in Bayesian calculations, we will ignore Py, (7); since it does not depend on f,

it simply plays the role of a normalization constant. Putting eqs. (5.41), (5.42),and (5.43)
together and ignoring multiplicative constants, we have the probability density for f,

Px(fln) ocf"(1 —HN ™. (5.44)

For large n and N, this is a sharply peaked function. The maximum can be found by
setting the derivative of its logarithm equal to zero:

d d n N-—n
—Pn(f|n) = — [nInf + (N — n)In(1 — f) + constants] = — — =0. (5.45)
df df fo1-f
The maximum is therefore located at
n
fmax = N (5-46)

as expected, since we had 7z successes in N trials.
The variance can be found by approximating the distribution by a Gaussian, finding
the second derivative, and evaluating it at f,qx,

d? dln N-n
F[nlnf+(N—n)ln(l —f)]:a[;— 1—fi| (5.47)
n N-—n

www.TechnicalBooksPDF.com



Problems 65

Evaluating this derivative at f = f,;,, = n/IN The variance is then given by

1 N N N
= _ —_ (5.49)
o fmax 1 _fmax fmax(l _fmax)
or
0_2 :fmax(l _fmax). (550)

N

The standard deviation is then

so that the uncertainty in the value of f is proportional to 1/ VN. In the case of our
example with f & 0.341557 and N = 10°, the standard deviation is & 0.00047.

5.6 Problems

PROBLEM 5.1
Probability densities

1. Given a continuous random number x, with the probability density
P(x) = Aexp(—2x)

for all x > 0, find the value of A and the probability that x > 1.
2. Ttis claimed that the function

B
P(y)=—
y

where B is a constant, is a valid probability density for 0 <y < 1.
Do you agree? If so, what is the value of B?

3. Itis claimed that the function
C
Py =,|—
y

where C is a constant, is a valid probability distribution for 0 <y < 1.
Do you agree? If so, what is the value of C?
4. The probability distribution P(x,y) has the form

P(x,y) = Dxy
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for the two random numbers x and y in the region x > 0,y > 0, and x+y < 1, where
D is a constant, and P(x,y) = 0 outside this range.

(a) What is the value of the constant D?
(b) What is the probability that x < 1/2?
(¢) Are x and y independent?

PROBLEM 5.2
How well can we measure the asymptotic frequency?

I have run a number of computer simulations in which a ‘success’ occurred with
probability p. It would be no fun if I told you the value of p, but I will tell you the results

of the simulations.

Trials Successes

102 69

103 641
10* 6353
10° 63738
10° 637102

107 6366524

1. Using Bayesian statistics, we showed that we can represent our knowledge of the
value of p by a probability distribution (or probability density) P(p|n), which is the
conditional probability density for p, given that an experiment of N trials produced
n successes. P(p|n) is found using Bayes’ theorem. Note that P(n|p), the conditional
probability of finding 7 successes in N trials when the probability is p, is just the
binomial distribution that we have been studying.

Find the location of the maximum of this probability density by taking the first
derivative of P(p|n) and setting

d
a—plnP(pln) =0.

Find the general expression for the width of P(p|n) by taking the second derivative.
The procedure is essentially the same as the one we used for calculating the Gaussian
approximation to the integrand in deriving Stirling’s approximation.
2. Using the result you obtained above, what can you learn about the value of p from
each of these trials? Is the information from the various trials consistent? (Suggestion:
A spreadsheet can be very helpful for calculations in this problem.)
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PROBLEM 5.3
Continuous probability distributions

Determine the normalization constant and calculate the mean, variance, and standard
deviation for the following random variables:

1. Forx>0
P(x) = Aexp(—ax).
2. Forx>1

P(x) = Bx 2.

PROBLEM 5.4
Integrals over delta functions

Evaluate the following integrals in closed form:

1.

o0
/ x5 (x? —yz)dx

—00

/-oo exp(—x)d(sin(x)))dx.

-1

3. The probability density P(x,y) has the form
P(x,y) = 24xy

for the two random numbers x and y in the range x > 0,y > 0, and x+y < 1, and
P(x,y) = 0 outside this range.
What is the probability distribution for the following new random variable,

z=x+y?

PROBLEMS5.5
Transforming random variables

Consider the two random variables x and y. Their joint probability density is given by
P(x,y) = Aexp [—xz — Zy]

where A is a constant, x > 0,y > 0,and y < 1.
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Evaluate the constant 4.
. Are x and y independent? Justify your answer.
3. If we define a third random number by the equation

N —

z=x2+2y

what is the probability density P(z)?

PROBLEM 5.6
Maxwell-Boltzmann distribution

In the near future we will derive the Maxwell-Boltzmann distribution for the velocities
(or the momenta) of gas particles. The probability density for the x-component of the
velocity is

P(v,) =Aexp [—ﬂ%mvfc} .

What is the value of the normalization constant A?

. What is the probability density for the velocity v = (vx, Uy, vz)?

3. What is the probability distribution (probability density) of the speed (magnitude of
the velocity)?

N —

PROBLEM 5.7
Two one-dimensional, ideal-gas particles

Consider two ideal-gas particles with masses m4 and mp, confined to a one-dimensional
box of length L. Assume that the particles are in thermal equilibrium with each other, and
that the total kinetic energy is E = E4 + Ep. Use the usual assumption that the probability
is uniform in phase space, subject to the constraints.

1. Calculate the probability distribution P(E4) for the energy of one of the particles.

2. Calculate the average energy of the particle, (E4).

3. Find the most probable value of the energy E4 (the location of the maximum of the
probability density).

PROBLEM 5.8
Energy distribution of a free particle

Suppose we have an ideal gas in a finite cubic box with sides of length L. The system is in
contact with a thermal reservoir at temperature 7. We have determined the momentum
distribution of a single particle to be:

oy
P(p) = Xexp |:_'3|§_7|n:| .

Find P(E), where E is the energy of a single particle.
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PROBLEM 5.9
Particle in a gravitational field

An ideal gas particle in a gravitational field has a probability distribution in momentum
p and height z of the form

. 1512
P(p,2) = Xexp| B — — fmgz

for 0 < 2z < oo and all values of momentum.

1. Evaluate the constant X.
2. Calculate the average value of the height: (z).
3. Calculate the probability distribution of the total energy of the particle
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The Classical Ideal Gas: Energy
Dependence of Entropy

You should call it entropy, for two reasons. In the first place your uncertainty function
has been used in statistical mechanics under that name, so it already has a name. In
the second place, and more important, no one really knows what entropy really is, so
n a debate you will always have the advantage.

John von Neumann, suggesting to Claude Shannon a name for his new
uncertainty function, as quoted in Scientific American, (1971) 225(3): 180.

This chapter provides the second half of the derivation of the entropy of the
classical ideal gas, as outlined in Chapter 2 and begun in Chapter 4. In the present
chapter we will calculate the probability distribution for the energy of each subsystem.
The logarithm of that probability then gives the energy-dependent contribution to the
entropy of the classical ideal gas. The total entropy is just the sum of the configurational
entropy and the energy-dependent terms, as discussed in Section 4.1.

6.1 Distribution for the Energy between Two Subsystems

We again consider the composite system that consists of the two subsystems discussed
in Chapter 2, and we will extend the discussion to M > 2 systems in Section 6.6.
Subsystem j contains Nj; particles and subsystem & contains N}, particles, with a total of
Nt jr. = N; + N}, particles in the composite system. Since we are dealing with classical,
non-interacting particles, the energy of each subsystem is given by

Ny

= 2
Ea ZZ |poz,z| , (61)

4 2m
=1

where a = or k and m is the mass of a single particle. The momentum of the 7-th particle
in subsystem « is py,;.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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The composite system is perfectly isolated from the rest of the universe, and the total
energy Et,j, = E; + Ey, is fixed. We are interested in the case in which the two subsystems
can be brought into thermal contact to enable the subsystems to exchange energy, so that
the composite system can come to thermal equilibrium.

A partition that is impervious to particles, but allows energy to be exchanged between
subsystems, is called a ‘diathermal’ wall, in contrast to an adiabatic wall that prevents the
exchange of either particles or energy. We wish to calculate the probability distribution
of the energy between two subsystems separated by a diathermal wall.

To proceed with the entropy calculation, we must make an assumption about the
probability distribution in momentum space. The simplest assumption is that the
momentum distribution is constant, subject to the constraints on the energy. This is
again the model probability that we introduced in Chapter 4.

With the assumption of uniform probability density in momentum space, we can
calculate the probability distribution for the energy from that of the momenta, using the
methods from Section 5.4. We use Dirac delta functions to select states for which system
J has energy E; and system k has energy Ej. Conservation of energy in the composite
system of course requires that Ej, = E j, — Ej, but this form of writing the probability
distribution will be useful in Section 6.2 when we separate the contributions of the two
subsystems.

Since the notation can become unwieldy at this point, we use a compact notation for
the integrals

/"‘/(“')dpg,r“dpg,z\gf /(~-)dpa, (6.2)

and write:

[ee) 2 2
f P E] Z |P],z| d f s |Pk/é| de
“o0 =1 e=1 2m

% gk |Pz|2
[ 8\ Er,jr— Z o dp

—00 =1

P(Ej,Ex) = (6.3)

The integral over dp in the denominator goes over the momenta of all particles in systems
j and k.
The denominator of eq. (6.3) is chosen to normalize the probability distribution,

0
/ P(Ej,ET,jk—Ej) dE; = 1. (6.4)
0
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By defining a function

Na I
_ 0 Ipa,i|2
QEasNo) = | | Eu=)_ =2 | dpus (6.5)
=1

we can write eq. (6.3) in an even more compact form that highlights its similarity to
eq. (4.13)

Qp (Ejs Nj) Qp (Eps Ni)
Q (Er,jesN1je)

P(E,E) = (6.6)

6.2 Evaluation of @,

To complete the derivation of P(Ej,Ek), we need to evaluate the function ©, (E,N) in
eq. (6.5), where E and N are generic variables that stand for Ej, Ej, or E7,;; and N; , N,
or N7, ;. Fortunately, this can be done exactly by taking advantage of the symmetry of
the integrand to transform the 3N-dimensional integral to a one-dimensional integral,
and then relating the integral to a known function.

6.2.1 Exploiting the Spherical Symmetry of the Integrand

The delta function in eq. (6.5) makes the integrand vanish everywhere in momentum
space, except on a sphere in momentum space defined by energy conservation

N
2mE =" |pil*. (6.7)

The radius of this 3N-dimensional sphere is clearly +/2mkE.

Since the area of an n-dimensional sphere is given by A= S,r""!, where S, is
a constant that depends on the dimension, n, the expression for the function can
be immediately transformed from a 3N-dimensional integral to a one-dimensional

integral,
|1>z 2
Qy(E,N) = o | i AP3N

o0
pZ
_ f S.pN15 <E - _> dp. 6.8)
2m
0
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The new integration variable is just the radial distance in momentum space,
N
2 =12
P> =) 1Bl (6.9)
=1

To evaluate the integral in eq. (6.8), transform the variable of integration by defining
x = p?/2m, which implies that p?> = 2mx and pdp = mdx. Inserting this in the expression
for 2, (E,N), we can evaluate the integral

o
Qp(E,N) =S, /(me)(3N_1)/28 (E — x) (2mx) " V2 mdx
0
= S,m(2mE)>N/>71, (6.10)

The only thing remaining is to evaluate S,, which is the surface area of an n-
dimensional sphere of unit radius.

6.2.2 The Surface Area of an n-Dimensional Sphere

The volume of a sphere in # dimensions is given by C,r", where C,, is a constant. By
differentiation, the area of the sphere is nC,r"~ 1, so that S, = nC,,.

To evaluate C,, we can use a trick involving Gaussian integrals. We begin by taking
the n-th power of both sides of eq. (3.61):

00 5 n
[ ] ==
—0o0
IS o0 n
:/ / exp —Zx]z dxldx2,~--,dxn
—00 —o0 j=1
00

:/ exp (—r2> S, Ldr
0

o
= nCn/ exp (—r2> " Ldr. (6.11)
0

We can transform the final integral in eq. (6.11) to a more convenient form by changing
the integration variable to ¢ = 12,

o0
n? = nC,,/ exp (_72> " ldr
0
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1 o0
= —nCn/ exp (_72) " 22rdr
2 0

1 o0
=-nC, | e t?* 4. (6.12)
2 0

The integral in eq. (6.12) is well known; it is another representation of the factorial
function

o0
m!:/ e '"dr. (6.13)
0

We can see why this is so by induction. Begin with m = 0,

o0 o0
/ e—lzodzzf eldt=1=0. (6.14)
0 0

If eq. (6.13) is valid for m, then we can use integration by parts to prove that it is valid
for (m+ 1),

o0 oo
/ e " dr = [ m+ 1)"] ) — (m+ 1)/ (—e D e"dr
0 0

o0
= (m+ 1)/ e '"dt
0

= (m+ 1)m!
= (m+1). (6.15)

This confirms the validity of eq. (6.13) for all positive integers.

A convenient consequence of eq. (6.13) is that it provides an analytic continuation of
m! to non-integer values. It is traditional to call this extension of the concept of factorials
a Gamma (I") function,

o0
l"(m—i—l):m!:/ e '"dr. (6.16)
0

For many purposes, I'(:) is a very useful notation. However, the shift between m and
m~+ 1 can be a mental hazard. I will stay with the factorial notation, even for non-integer
values.
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Returning to eq. (6.12), we can now complete the derivation of C,,,

72 = lnCn/Ooe_zz:"/z_ldz:
2 0

n
= —_ - '
C, (2) (/2 — 1)
= (n/2)!C,. (6.17)
This gives us values for C,, and S,, = nC,:

n/2
Cp=—
(1n/2)!
n_n/2

n .
(n/2)!

(6.18)

n=

(6.19)

6.2.3 Exact Expression for 2,
Inserting eq. (6.19) into the expression for 2, (E,N) in eq. (6.10) we find

3N 3N/2

- (3N—/2)'m(2mE)3N/2_1' (6.20)

Q, (E,N)

An excellent approximation to the logarithm of 2, (E, N) can be found using Stirling’s
approximation. The errors are of order InN/N,

InQ,(E,N)~ N 21 <£> X (6.21)
np())’\’ |:2nN+:| .

The constant X in eq. (6.21) can be calculated, but will not be needed at this point.

6.3 Distribution of Energy between Two Isolated
Subsystems that were Previously in Equilibrium

As was the case for the probability distribution of particles, the probability distribution of
the energy is exactly the same in equilibrium and for isolated systems that were previously
in equilibrium. The act of separating the two systems has no effect on the probability
distribution of the energy. Analogous to Subsection 4.3, when the two systems are allowed
to exchange energy, the probability distribution for E; is given by the product of the two
factors.
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6.4 Probability Distribution for Large N

Putting the functional form of €, into eq. (6.6)—and ignoring constants for the time
being—we find the energy-dependence of the probability distribution,

Qp (EjsNj) @ (ET, 2 — Ejy Ni)
Qp (ET, 6> N1, j2)

P(Ej,Er,jr — Ej) =

oc (B) ™2 (Br e — )2

(6.22)

We are primarily interested in finding the average energy, (E;). The energy E; has
a very narrow probability distribution, and the measured energy will almost always be
equal to (E;) within experimental error. We want to find the width of the distribution,
$E;, primarily to confirm that the distribution is narrow. As before, note that the neglect
of the width of the distribution is a extremely good approximation, but an approximation
nevertheless. We will return to this point in Chapter 21.

The average, (E;), is most easily found by approximating it by the mode of the
probability distribution, which is the location of the maximum probability. The mode
is found by taking the derivative of the logarithm of the energy distribution and setting
it equal to zero,

9 3N 1 (3N, 1
—WnP(E,Erjp—E)=(=2-1)= - ~1 =0, (6.23)
JE; ’ Z E 2 Er,jr —E

Solving this equation gives us the location of the maximum of the probability distribution,
which is located at (Ej) to very high accuracy,

3N; —2
(Ej) = Ejmax = <m) Er . (6.24)
’]

For a large number of particles, this becomes

Nj
E'j,max = NT " ET,jk: (625)
J]

or

Ejmax _ Ern _ (Ej) (6.26)
N; " Nrg N’ .

with a relative error of the order of N, ?’k' When Nt = 1029, or even Nt jr = 1012, this
is certainly an excellent approximation.
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Note that the energy per particle is the same in each subsystem. This is a special
case of the equipartition theorem, which we will discuss in more detail when we
come to the canonical ensemble in Chapter 19.

For large Nj, the probability distribution is very sharply peaked. It can be approx-
imated by a Gaussian, and we can use the same methods as we did in Section 3.9 to
determine the appropriate parameters. In particular, we can calculate the width of the
probability distribution by taking the second derivative of the logarithm, which gives us
the negative reciprocal of the variance:

92 3N; 1 3N, 1
—InP(E,Erp—E)=—(—-1)—= — -1 ) 6.27
OE? (BB — E) < 2 >E].2 ( 2 )(ET,jk_Ej)z ©:27

Evaluating this at the maximum of the function, Ej max = E7,j2N;/NT,jr, and assum-
ing that we are dealing with large numbers of particles so that we can approximate
3N;/2 — 1~ 3N;/2, this becomes

82
ag2 nf (Ej>Er, k. — Ej) |Ej = E1,jN;/NT, 8
J

2

2

_ (3Nj) N7 jp 3 <3Nk> N7

= BN BN
2 ) E7 ;N; 2 ] E7 4N,

2
__3Nr (L n L)
- 2 .
2B, \N; ' Ny

2
_ 3N <NT,jk>
2E]2 N;Np

= —aE—]?. (6.28)

The variance of E; is then:

(6.29)

2(E;)? (Nij> _ (B <2Nk)
3N? \Nrx/  Nrj\3N; /)’
The width of the energy distribution is then given by the standard deviation § Ej = o,

1
og; = (E)) —(

2Nk>l/2
Nt

3N,
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-5 (5o )1/2 (6.30
YN \3Nr/) '

From eq. (6.30), we see that since E; o« N;, the width of the probability distribution
increases with ,/Nj, while the relative width,

OF, _ 95 _ i<—2Nk )1/2 (6.31)
(E;)  (E) N; \3NT,jk
decreases with /.

The behavior of the width and relative width is analogous to the \/]7] behavior we saw
in eq. (4.9) for the width of the probability distribution for N;. As the size of the system
increases, the width of the probability distribution for E; increases, but the relative width
decreases. For a system with 1020 particles, the typical relative deviation of E; from it
average value is of the order of 10719, which is a very small number.

This increase of the standard deviation §E; with the size of the system has the same
significance discussed in Section 4.5 for §Nj. The average value of the energy is a
description of the subsystem that we find useful; it is not the same as the true energy
of the subsystem at any given time.

For both the energy and the number of particles in a subsystem, we have found
that the relative width of the probability distribution is very narrow. As long as the
width of the probability distribution is narrower than the uncertainty in the experimental
measurements, we can regard the predictions of probability theory (statistical mechanics)
as giving effectively deterministic values.

It is important to note both that it is not necessary to take the ‘thermodynamic limit’
(infinite size) for thermodynamics to be valid, and that it is necessary for the system
to be large enough so that the relative statistical fluctuations of measured quantities is
negligible in comparison with the experimental error.

6.5 The Logarithm of the Probability Distribution and
the Energy-Dependent Terms in the Entropy

In direct analogy to the derivation of eq. (4.17) for the configurational contributions in
Chapter 4, we can find the contributions from the momentum degrees of freedom to the
entropy (the energy-dependent term) by taking the logarithm of eq. (6.6).

In analogy to eq. (4.15), we can define a function to describe the contributions to the
entropy of the classical ideal gas from the momentum degrees of freedom,

Sy = kInQp (Ey> Ny) (6.32)
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where o refers to one of the subsystems, j or &, or the total system when the subscript
T, jk is used. Taking the logarithm of eq. (6.22), the energy-dependent contributions to
the entropy of the composite system are seen to be:

Sp,ot (Ej> Njs Eps Ni) = kIn P (Ej, Nj, Eps Ni) + Sp (E7, je> N7 1)
= Sp (Ejs Nj) + Sp (Ers Ni) - (6.33)
Sp,i0t (E},]\G,Ek,Nk) is the energy-dependent contribution to the total entropy of the
composite system, while S, (E],N]) and S, (E,Np) as the corresponding energy-
dependent contributions to the entropies of the subsystems. Eq. (6.33) shows that
the energy-dependent contributions to the entropy of an ideal gas are additive, as the
configurational terms were shown to be in Section 4.7.

As was the case for the configurational entropy, the height of the probability distribu-
tion for E; is proportional to ,/N; (or +/N), so that in equilibrium

kInP (E;,Nj, Ep, N) x InNj << Sy (E7,jis N7, j2) ¢ N7, & (6.34)

and the energy-dependent contributions to the entropy of the composite system in
equilibrium is given by S, (ET, ks INT, jk);

Spoior (Ej> Njs Exs Nit) = Sp (Ejs Nj) + Sp (Exs Ni) = Sp (E, k> N j1.) - (6.35)

If E and N are generic variables standing for N; or Ng, we can see from eq. (6.21),
that the energy contributions of the entropy for large N are given by

Sy(E,N) = kInQ,(E,N) ~ kN Eln <§) +X} (6.36)

where the errors are of order 1/N, and X is a constant that we will not need to evaluate
at this point.
6.6 The Generalization to M > 2 systems

As in Section 4.8, the equation for the entropy can be generalized to an arbitrary number
M > 2 systems. Eq. (6.6) simply becomes a product of M factors, one for each system,

YU Q, (B Np)
Q, (ET,NT)

P(EpNplk=1,...,M})) = , (6.37)

where Q, (ET,N7) is a normalization constant. In this equation, E7 = ZQLEk and

Nt = ZQ/I: 1 Np, are constants. Eq. (6.37) is analogous to eq. (4.22), which was derived
from the discrete probability distribution for the particle distribution.
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Finally, in analogy to Chapter 4, we can define the energy contributions to the
entropy as

Sp(Ers Ni) = In2) (Eg, Np) (6.38)
so that
M
Sp({Eps Nilk=1,...,M}) = ZSP(Ek:Nk) — Sp(E7,N7)+C' (6.39)
k=1

where E7, N7, and C’ are constants, whose values have no physical consequences.

Eq. (6.39) shows that contributions to the entropy of an individual system, S, (Eg, Ng),
are exactly the same as derived from considering just two systems, and, in fact, are
independent of the total number of systems. The validity of this equation is not
dependent on whether the systems are isolated or in equilibrium with each other.

www.TechnicalBooksPDF.com



7/

Classical Gases: Ideal and Otherwise

All models are wrong, but some are useful.
George Box, British statistician (1919-2013)

In Chapter 2 we introduced Boltzmann’s 1877 definition of the entropy in terms of the
logarithm of a probability for a composite system. We assumed that the positions and
momenta of the particles in a classical ideal gas were independent random variables, so
that we could examine their contributions to the entropy independently. In Chapter 4
we calculated the contributions from the positions of the particles, and in Chapter 6 we
calculated the contributions from the momenta of the particles. Now we are in a position
to put them together to find the total entropy of a composite system.

7.1 Entropy of a Composite System of Classical Ideal Gases

We have seen that the contributions to the total entropy of the composite system from the
positions of the particles in eq. (4.15) and their momenta in eq. (6.32) simply add to give
the total entropy. Since both the configurational and energy-dependent contributions
to the entropy of the composite system are separable into contributions from each
subsystem, the total entropy is also separable. It is easier (and requires less space) to
look at the expression for the entropy of a single system at this point, rather than the
composite system needed for the derivations in Chapters 4 and 6,

gNi2-1 N
Si(Ei,ViyN)=kN; |In| 2—— | +In| =L | + X" |. (7.1)

This equation contains two constants that are still arbitrary at this point: &, which will be
discussed in Chapter 8, and X', which we will discuss further in this chapter.

For any macroscopic system—that is, any system with more than about 1019
particles—Stirling’s approximation is excellent. We can also replace 3N;/2 — 1 with
3N;/2, which has a relative error of only 3/2N;. The result is the entropy of a classical
ideal gas,

3 (E v

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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under the approximation that the widths of the energy- and particle-number-
distributions are neglected. The constant X = X’ + 1 comes from the replacement of
N;! by Stirling’s approximation.

The value of X in eq. (7.2) is completely arbitrary if we restrict ourselves to classical
mechanics. However, there is a traditional value chosen for X,

3 drm 5
X=2In[ ZZ) 42, 7.3
2n(3h2>+2 (7.3)

The constant % in this expression is Planck’s constant, taken from quantum mechanics.
The presence of Planck’s constant in eq. (7.3) makes it obvious that this value of X
has nothing to do with classical mechanics. It is determined by solving for the entropy
of a quantum mechanical gas—for which the additive constant does have a meaning—
and taking the classical limit. We will carry out this procedure in Chapters 27, 28,
and 29.

7.2 Equilibrium Conditions for the Ideal Gas

By definition, the entropy of any composite system should be a maximum at equilibrium.
Eq. (7.2) satisfies that condition with respect to both energy and particle number. We
will show this explicitly below—first for equilibrium with respect to energy, and then with
respect to particle number.

7.2.1 Equilibrium with Respect to Energy

We want to confirm that the expression we have derived for the entropy predicts the
correct equilibrium values for the energies of two subsystems. To do that, consider an
experiment on a composite system with fixed subvolumes, V; and V%, containing N;
and N}, particles respectively. The total energy of the particles in the composite system
is ET jx. There is a diathermal wall separating the two subvolumes, so that they can
exchange energy.

We want to find the maximum of the entropy to confirm that it occurs at the
equilibrium values of E; and Ej, = Et j — E;. We find the maximum in the usual way,
by setting the partial derivative with respect to E; equal to zero,

d 0
ES(E]" Vis N ET i — Ejy Vi, N) = 3E [Si(Ejs VisNj) + Sk (Er,je — Ejs Vies Ni) |
7

E;

9 9E, 0
=—3S;(E;,V;,N;) + — ——S(Eg, Vi, N|

oL; i (Ejs Vj ])+8EjaEk % (Eks Vies Ni)

0 0
=—S8;(E;,V;;N;) — —Si(Ep, Vi, N,

oE; ;i (Ejs Vis Nj) oE, % (Eks Vis Ni)
—o. (7.4)
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This gives us an equilibrium condition that will play a very important role in the
development of thermodynamics,

as;  aS
2o 2ok (7.5)
0E; OE
Since the partial derivative of the entropy with respect to energy is
aS; a [3 E; Vi
L =kNj— [=In( L )+In( L |+X
oE, OB [27\N N;
3 a
= EkMa_Ej [InEj —InNj]
3kN;
_ 7.6
2E (7.6)
the equilibrium condition is predicted to be
E E
o .} (7.7
Nj N

which is the same equilibrium condition found in eq. (6.26).

7.2.2 Equilibrium with Respect to the
Number of Particles

We now demonstrate that our expression for the entropy predicts the correct equilibrium
values of the numbers of particles in each subsystem. Consider an experiment on a
composite system with fixed subvolumes, V; and V. The total number of particles is
Nt jr, but there is a hole in the wall between the two subvolumes, so that they can
exchange both energy and particles. The total energy of the particles in the composite
system is ET,jk~

Since the two subsystems can exchange particles, they can certainly exchange energy.
The derivation in the previous subsection is still valid, so that the entropy is correctly
maximized at the equilibrium value of the energy; that is, the same average energy per
particle in the two subsystems.

Now we want to find the maximum of the entropy with respect to N; to confirm that
it occurs at the equilibrium values of Nj and N = N j» — N;. We find the maximum in
the usual way, by setting the partial derivative with respect to N; equal to zero,
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WS(E']Q I/j)Z\[j;Ek) I/jaNT,]k
J

: Ideal and Otherwise

N =

Z)N

8N
=0.

[S (Ej5 VjsNj)+Sk(Egs Vis N7, 1, — Nj) |

ON., 0
r  Sp(Eps Vi Np)

E,Vi,N;))+ —
S(/: 7> )+3N 3N

—5; (Evp ]>N) Sk(Ek3 Vk,Nk)

(7.8)

This gives us another equilibrium condition, in analogy to eq. (7.5), which will also be
important in thermodynamics,

D)

N

_ EAYA

N (7.9)

The partial derivative of the entropy with respect to N; is rather complicated:

S 9
IN;,  ON;

—1In
| 2
(3
—1
| 2
(3
—1In

| 2

[

E.
n _]
(5

(
11’1
]\[]

V;

)y
(5)+n(x) ]
>+ln(]%> —i—X:
(5) ()

)+

V;

N — Z)+mIn( 2L )+x

Y [ (N)“(N)*}
3 1

+kN[ 2_Nj_ﬁ}

5
_ 25 7.1

2k (7.10)

The condition for equilibrium is to set the partial derivatives with respect to the number
of particles equal in the two subvolumes,

(5)+

k|:§1n
2

Vi

]
N;

5 3
X|-Zk=k|21
)+x]-Se=e3m(5:

E,

V
In
) * (Nk

5
)+X} -2k (11D

Because of the equilibrium with respect to energy, we also have eq. (7.7),

g _
N;

Ep

A (7.12)

Combining egs. (7.11) and egs. (7.12), we find the equation for equilibrium with respect

to Nj,

=z

Z

7 (7.13)

www.TechnicalBooksPDF.com



The Volume-Dependence of the Entropy 85

As expected from eq. (4.8), the number of particles per unit volume is the same in both
subsystems.

7.3 The Volume-Dependence of the Entropy

An interesting and important feature of the expression we have derived for the entropy
of the classical ideal gas in eq. (7.2) is that it also correctly predicts the results for a kind
of experiment that we have not yet discussed.

Consider a cylinder, closed at both ends, containing an ideal gas. There is a freely
moving partition, called a piston, that separates the gas into two subsystems. The piston
is made of a diathermal material, so it can transfer energy between the two systems, but
it is impervious to the particles. There are N; particles on one side of the piston and N,
particles on the other. Since the piston can move freely, the volumes of the subsystems
can change, although the total volume, V7, = V; + Vp, is fixed.

Because the piston can conduct heat, the average energy per particle will be the same
on both sides of the piston, as derived in Chapter 6:

(&) _ (B (7.14)
Nj N

The maximum of the entropy with respect to the position of the piston is then found by
setting the derivative of the total entropy with respect to V; equal to zero:

d
S(E}a j:l\]]:EkaVT]k_ ];Nk) [S(E}s ]:N)‘l'Sk(EksVT,]k j:Nk)]
]

%
oV
= S E VN + 0 G BTN
,/(;;J)JraVaV 2 (Eps Vis Np)
—S;(E;, V},N; —S1(Er, Vi, N
aV i (Ejs Vi Nj) — 3V % (Eks Vis Ni)
—o0. (7.15)

This gives us the equilibrium condition in a familiar form,

3S; 3k

_ OOk 7.16
v, A (7.16)

Since the partial derivative of the entropy with respect to volume is

0S; a [3 E; V;
—~ =kN—|=In +1n +X
o, a2 \N) TN
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VA
:kNjiln -7
o, \N;

kN;
) (7.17)
Vi

and the equilibrium condition that the particle density is the same in both subsystems is
correctly predicted,

N, N
e S (7.18)
Vi Tk

How did this happen? It is nice to know that it is true, but why should the maximum of
the entropy with respect to the position of the piston produce the correct equilibrium
volumes? The answer can be found by calculating the probability distribution for the
position of the piston.

Under the usual assumption that all configurations are equally likely (subject to the
constraints), the joint probability density for the positions of the particles and the position
of the piston should be a constant, which we denote as Y,

P(V}-,{?l,ﬂi: 1,...,Nj}{r2l7 = 1,...,Nk}) =Y. (7.19)

"To find the marginal probability distribution P(1;), we simply integrate over the positions
of every particle, noting that N; particles are restricted to volume V}, and N}, particles
are restricted to volume Vj:

=y, (7.20)

To find the maximum of P (V}) under the condition that V3 = V. — Vj, we differentiate
with respect to 1}, and set it equal to zero,

9 N
a—Vj,P(V}) = YNV’

W - YNV (Vg — VN =0, (7.21)

Solving eq. (7.21), we find the hoped-for result:

Nj N

= . 7.22
v =T (7.22)
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The key point is that the logarithm of the volume dependence of P(V]) is exactly the
same as that of the entropy. In every case, defining the entropy as the logarithm of the
probability (to within additive and multiplicative constants) gives the correct answer.

7.4 Asymmetric Pistons

The derivation of the entropy assumes that the total volume is conserved when two
systems are connected with a moveable piston. This will be the case if the pistons have
the same cross section in each system that they connect, although that cross section may
be different for the pistons linking two other systems.

However, this is not the most general experimental situation. A piston connecting
systems j and & might have a different cross-sectional area of A; on one side and a cross-
sectional area of 4, on the other side. This would lead to a change in the total volume if
the piston moves.

We can show that the same form of the entropy will correctly predict equilibrium
for the case of pistons with differing cross sections for each system, although the form
of the equilibrium equations will be modified. The demonstration that this is the case
is much simpler if we have the interpretation of the partial derivatives with respect to
energy (giving the temperature) and volume (giving the pressure). Therefore, we will
postpone the demonstration until Section 8.7.

7.5 Indistinguishable Particles

In Chapter 4 we calculated the configurational entropy of a classical ideal gas of
distinguishable particles. On the other hand, from quantum mechanics we know that
atoms and molecules of the same type are indistinguishable. It is therefore interesting
to ask in what way the probability distribution, and consequently the entropy and other
properties of the composite system, would change if we were to assume that the particles
were indistinguishable. It turns out that nothing changes.

For the following derivation, recall that particles are regarded as distinguishable if
and only if the exchange of two particles produces a different microscopic state. If the
exchange of two particles does not produce a distinct microscopic state, the particles are
indistinguishable.

The question is how to modify the derivation of eq. (4.4) in Chapter 4 to account for
indistinguishability.

The first consequence of indistinguishability is that the binomial coefficient intro-
duced to account for the permutations of the particles between the two subsystems must
be eliminated. Since the particles are indistinguishable, the number of microscopic states
generated by exchanging particles is equal to 1.

The second consequence is that the factors (V;/ N1 - Vi/ VYNT.e=Nj in eq. (4.4)
must also be modified.
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Consider our basic assumption that the probability density for the positions of the
particles must be a constant, with the value of the constant determined by the condition
that the probability density be normalized to 1.

For N; distinguishable particles in a three-dimensional volume V;, the probability

density is clearly V . The probability of finding a specific set of N; particles in

subvolume V; and the rest in subvolume V7 is therefore VN] VNT’]k NT”k

However, the calculation for indistinguishable particles is somewhat different We
cannot label individual particles in a way that distinguishes between them. We can,
however, label the particles on the basis of their positions. If two particles are exchanged,
their labels would also be exchanged, and the state would be unchanged. A simple way
of achieving this is to introduce a three-dimensional Cartesian coordinate system and
label particles in order of their x-coordinates; that is, for any microscopic state, particles
are labeled so that x;; < x;j,;41 in subsystem j and X, < Xg,¢41 in subsystem k. For
simplicity, we will assume that the subsystems are rectangular, with edges parallel to
the coordinate axes. The lengths of the subsystems in the x-direction are L; and Lg, and
the corresponding areas are 4; and Ay, so that the volumes are given by V; = 4;L; and
V= ApLy.

We will follow the same procedure established in Chapters 4 and 6 and assume the
probability distribution in coordinate space to be a constant, which we will denote by

Y(N71 &, VT,i)>
P({7,i}5{Tre}) = Y(NTjis VT j1).- (7.23)

The probability of finding N; particles in subvolume V; and N = N j — N; in sub-
volume V7, is found by integrating over coordinate space. The integrals in the y- and
z-directions just give factors of the cross-sectional areas of the two subsystems. The
integrals over the x-coordinates must be carried out consistently with the labeling
condition that x;; < xj,;41 and xg,¢ < X ¢41:

N N [ Xj.N, Xk
P(Nj,Np) = Y(NT,jr, VT,jk)A]' ]Ak / dx]',N]./ dxj N.—1* f dx; 1
0 0 0

J

L, . x}e’Nk . x, )
X/o dxk,Nk/O dxk,Nk—l“'/O dxk’l. (7.24)

I have used primes to indicate the integrals over the x-coordinates in subsystem k.
The integrals in eq. (7.24) are easily carried out by iteration,

. J VNk
) — : | L= k
P(Nj, Ni) = Y N7,k VT,j2) N (Nk! ) . (7.25)
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This gives the probability distribution of identical particles, except for the determination
of the normalization constant, Y (N7, jz, Vr,jr).

It is clear that the dependence of P(N;,N) on its arguments for indistinguishable
particles in eq. (7.25) is exactly the same as that for distinguishable particles in eq. (4.4).
This means that we can determine the value of the normalization constant by comparison
with the normalized binomial distribution in eq. (3.47):

Nt jz!

pL

T,jk

Y (N1 o, VT, 52) = (7.26)

The full probability distribution for identical particles is found by substituting eq. (7.26)
in eq. (7.25),

7 N,
P(I\G,NszT—’Tf’i % (K’;,) (7.27)
Vgﬂ;j ;! ket

This expression is identical to the probability distribution for distinguishable particles in
eq. (4.4).

Since the entropy is given by the logarithm of the probability distribution, the entropy
of a classical gas is exactly the same for distinguishable and indistinguishable particles.

The result that the entropy is exactly the same for classical systems with distinguish-
able and indistinguishable particles might be surprising to some readers, since most
of the literature for the past century has claimed that they were different. My claim
that the two models have the same entropy depends crucially on relating the entropy
to the probability distribution. However, I think we might take as a general principle
that two models with identical properties should have the same entropy. Since the
probability distributions are the same, their properties are the same. It is hard to see
how any definition that results in different entropies for two models with identical
properties can be defended.

7.6 Entropy of a Composite System of Interacting Particles
Up to this point we have considered only an ideal gas, in which there are no interactions

between particles. In real gases, particles do interact: particles can attract each other
to form liquids and they can repel each other to make the liquid difficult to compress.
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a few nanometers

Fig. 7.1 Schematic plot of typical interatomic potential. The potential, ¢(r), is significantly different
from zero only over a few nanometers.

Fig. 7.1 shows a typical interatomic potential, which is significantly different from zero
only over very short distances.

Even though interatomic potentials are very short-ranged, they can have important
effects, including the formation of liquid and solid phases, with phase transitions between
them. We will return to this topic in Chapters 19 and 31.

To generalize our analysis of the entropy of the classical ideal gas to include interacting
particles, it is useful to go back and re-derive the entropy of the ideal gas, without taking
advantage of the independence of the positions and the momenta. Our basic assumption
is still that of a uniform probability distribution in phase space, consistent with the
constraints on the composite system.

7.6.1 The Ideal Gas Revisited

We begin with our assumption from Section 1.4 that the probability distribution in phase
space is uniform, subject to the constraints. The physical constraints are:

1. N; particles are in subsystem j and Ny, in subsystem k.

2. Subsystem j has an energy E; and subsystem & has an energy Ej.

Instead of doing the integrals separately for the configurations and the momenta, we
can write the final result for P(E;, V}, N;; Eg, Vi, Np) as an integral over all of phase space,
with Dirac delta functions imposing the energy constraints as before. This does not
simplify matters for the ideal gas, but it will make the generalization to real gases easier.

Calculating the probability distribution for the energies, volumes, and numbers of
particles of each subsystem is straightforward, but the expression becomes a little
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unwieldy. While it is great fun for a teacher to write it across two or three blackboards
so that students can see it as a whole, the constraints of a book make it somewhat more
difficult to write out completely. To make it manageable, we will use the same compact
notation that we used earlier for the integrals over phase space. The 3N,-dimensional
integral over the positions of the particles in subsystem « will be indicated as [dg, and
similarly for the other variables.

Write the Hamiltonian of the subsystem « as

3Ny

Hy(qospo) = Z

i=1

g 2
|Pot,i|

- (7.28)

where @ = j or k to indicate the subsystems. To make the notation more compact we will
write H,, to indicate Hy (qu>pu)-

The marginal probability distribution for the energies, volumes, and number of
particles of each subsystem is then found by integrating over all space:

P(E;, V;, Njs Eps Vs Ni) =
Nr ! [dg; [ dp; [ dar [ dprS(E; — H)8(Ey, — Hy) (7.29)
N;INg! [dq [ dpS(Erj, — Hr,jr)

Because the particles in the two subsystems do not interact with each other, eq. (7.29)
can be written in a more compact form by introducing a function

1

Qa(Eot: Va:Na) = W
o

/dqa / dpa §(Ea — Ho(das pa) (7.30)

where we have written Hy, (gy,pe ) for clarity. Note that we have included a factor of h—3Ne
in the expression for 2,. This factor is not required classically, but it is allowed since we
can always multiply the right side of eq. (7.29) by 1 = hNTsit /BNipNe, We will see later
that this simple modification produces consistency between the classical result for the
ideal gas and the classical limit of a quantum ideal gas.

With this notation, eq. (7.29) becomes

Qj(E'j: I/j:]\[j)Qk(Eka Vs N)

PE,V;,,N;;Ep, Vi, Np) =
S ’ QET, jk, VT,j8s NT, j1)

(7.31)

Taking the logarithm of the probability distribution in eq. (7.31), in analogy to eq. (4.17),
we find the expression for the entropy of the composite system,

Stot(Ejs Vs Njs Eps Vies Ni) = kIn[P(Ej, Vi, Njs Egs Vi Ni) | + S(ET ks V1, jies N, j20)
= S](E']J I/])A[]) + Sk(Ek, Vs Np). (732)
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(We have neglected to include an arbitrary additive constant because it has no physical
consequences.)
The entropy of an isolated system is given by the logarithm of €2,

S(E,V,N) = kInQ(E, V,N), (7.33)

where E, IV, and N are again generic variables, which can represent properties of
subsystem j, subsystem k, or the entire composite system.

Eq. (7.32) shows that the total entropy of an ideal gas is an additive. It will be left as
an exercise to show that this expression for the entropy of a classical ideal gas is identical
to that in eq. (7.2)—including the value of the constant X given in eq. (7.3).

Note that we have introduced a new constant, %, into eq. (7.30). It is easy to confirm
that this expression for the probability distribution is still equivalent to eq. (7.29) for any
value of %, so that this new constant is completely arbitrary, and therefore meaningless
within classical statistical mechanics. It has been introduced solely for the purpose of
ensuring consistency with quantum statistical mechanics. It is a remarkable fact that the
choice of % as Planck’s constant produces agreement with quantum statistical mechanics
in the classical limit. This probably seems rather mysterious at this point, but it will
become clear when we return to this question in Chapters 27, 28, and 29.

7.6.2 Generalizing the Entropy to Interacting Particles

We do not need to make any changes in our fundamental assumptions about the
probability distribution in phase space to find the entropy of a system with interacting
particles. We still assume a uniform probability distribution in phase space, subject to
the physical constraints of our composite system. The only difference is that the energy
now includes interaction terms. However, because it is possible for a molecule in one
subsystem to interact with a molecule in the other subsystem, the separability of the
entropy of the composite system into the sum of the entropies for each subsystem is no
longer trivial.

First write the Hamiltonian of the composite system composed of subsystems j and %
in terms of sums over the particles,

N,k |~ |2 Nrjx NT ik
l

Hrjp(@p) =)~ —+ Z PR IGHD (7.34)

1=1 =1 1'>1

or

z|2

Z|Pkl|

|bj,
Hr jr(g:p) = Z !

=1
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N; N N N
N b GisFii) + DY b Frestae)
i=117>i (=10>¢
N; N,
+ D0 s ) (7.35)
=1 (=1

This equation is written two ways. First, as a single, composite system, and then broken
into pieces, representing the subsystems. The last term on the right in eq. (7.35)
represents the interactions between particles in different subsystems. This is the term
that causes difficulties in separating the entropy of the composite system into a sum of
entropies of the subsystems.

We can define the Hamiltonian of subsystem j:

51 > o
Hi(@pp) =) ==+ D ¢ (istii)- (7.36)

i=1 i=1i'>i

The limit of 7/ > 7 in the second sum over positions is there to prevent double counting.
Similarly, we can define the Hamiltonian of subsystem k:

Ny,

Brel? | A
Hy(qr>pr) = E —z’m +E E & (FryosThypr)- (7.37)
=1 =10t

However, because of the interaction term linking the two subsystems,

N N

Hip(gjsqe) = ) Y ¢ Fris ) (7.38)

n=1¢=1

the total Hamiltonian is not just the sum of H; and H:

Hr, (g, p) = Hi(q>0;) + Hr(qrs pr) + Hir(g55qr)- (7.39)

Fortunately, the range of the interactions between molecules in most materials (or
between particles in colloids) is short in comparison with the size of the system.
Therefore, the contributions to Hj, are only significant for molecules in different
subsystems that are close to each other. Since the range of molecular interactions is only
a few nanometers, this means that only pairs of molecules very close to the interface
between the two subsystems contribute at all. The energy corresponding to these direct
interactions between molecules in different systems is therefore proportional to the size
of the interface, which scales as the surface area in each system, or Vf /3
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In terms of the number of particles, the contribution of the direct interactions
to molecules subsystem o« with a different subsystem is proportional to Nf/ > As
a fraction of all molecules in subsystem «, this is Ng/ 3 /Ny = Ny Y 3 However, the
fraction of molecules close to the interface in another subsystem, o, is proportional
to No;l/ > This makes the total effect of the interface of the order of N, 1 3No;1/ 3 It
N, and N, are both of the order of 1021, then the interaction term is of the order
of NV 3N(;1/ >~ 10-710"7 = 10~!4. Therefore, neglecting the interactions between
molecules in different subsystems is a very good approximation.

Neglecting the term Hj, in eq. (7.39), we can again write the joint probability in terms
of the product of two terms as in eq. (7.29). The difference is that now the Hamiltonians
only include the interactions between particles within the same system,

P(E;, V},Nj; Ep, Vi, Ni) =
Nr,j! [dgj [dpj [dqp [dprd(Ej — H))8(Ej, — Hy) (7.40)
N;INy! [dq [dpS(ET jr — Hr j) '
or
P(E}’ W:M’;Ek’ VisNp) =
Nr,jx! [dgj [dpjS(E; — H,)) [dqz, [dpr8(Er — Hy) (7.41)
N;!IN! Jdq [dpS(ET,jr — HTjr) ’ )

The factors in eq. (7.41) can be made explicit by introducing a generalized 2 function,
1
(B VarNe) = 3 [da [dpusiE. ~ (7.42)

and writing

Qi (Ej, Vi, Nj) QR (Eps Vi, Ni)

(7.43)
Q(ET jk, V1,0 NT %)

P(lip I/jJZVjSEka VisNp) =

As before, the subscript « can take on the values of j or & to represent a subsystem,
or be replaced by T, jk to represent the full system. The parameter % is still completely
arbitrary within classical statistical mechanics. As mentioned above, /# will be identified
as Planck’s constant in Chapters 27, 28, and 29 to ensure consistency with the classical
limit of the corresponding quantum system.

Now that we have expressed the probability distribution for interacting classical
particles as a product of terms, we can define the entropy by taking the logarithm and
multiplying it by a constant, k. The result is formally the same as eq. (7.32) for ideal
gases,
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Stot(Ejs Vs Nj3 Eps Vies N) = kIn[P(Ej, Vi, Njs Es Vis Ni) | + S(ET ks V1, jis N j)
= Sj(E}, Vj, Nj) + Sk(Ep> Vis Ni)- (7.44)

The entropy terms of individual systems are again given by logarithm of the €2 functions,

Sa(Eas Vs No) = kIn Qq (Eqs Vs No) (7.45)

1
=kIn [m /dqa fdpaﬁ(Ea — Ha)i| .

Now the Hamiltonians H; and H}, include the intra-system interactions.

7.7 The Second Law of Thermodynamics

As was the case for ideal gases, the probability distributions for energy, volume, and
number of particles in composite systems of interacting particles are very narrow—
the width is generally proportional to the square root of the number of particles. The
relative width of the probability distributions will therefore again be much smaller than
experimental errors. For systems of interacting particles, the observed values of the
energy, volume, and number of particles will agree with the location of the maxima of
the corresponding probability distributions to within the accuracy of the experiment.

A comparison of eq. (7.41) for the probabilities in a compound system of interacting
particles and eq. (7.43) for the entropy of the composite system shows that the location
of the maximum of the entropy gives the equilibrium values of the quantity of interest
when the corresponding internal constraints are released. This is an important result for
two reasons.

First, it allows us to find the equilibrium values of the energy, volume, or number of
particles for any experimental situation, once the entropy is known.

Second, if the entropy is maximized for unconstrained equilibrium, it necessarily
follows that any constrained macroscopic state of the composite system must have an
equal or lower total entropy. This is the Second Law of Thermodynamics.

If the composite system is in any constrained macroscopic state—that is, if there are
any constraints on the energy, volume, or number of particles in any subsystem—the
total entropy of the composite system cannot decrease if those constraints are removed.

7.8 Equilibrium between Subsystems

For a composite system composed of two general, classical subsystems, the total entropy
is the sum of the entropies of the subsystems, as indicated in eq. (7.44),

Slot(Eja V}')]Vj;Ek: VisNp) = Sj(E‘p I/p]\[]) + Sk(Eka Vs Np). (746)
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Since the total entropy is maximized upon release of a constraint, we can determine
the new equilibrium parameters by setting the appropriate partial derivative of the total
entropy equal to zero.

For example, consider a situation in which the volumes and numbers of particles are
held fixed in the subsystems, but the subsystems are connected by a diathermal wall.
Equilibrium is found from the partial derivative with respect to E;, with E = E7,;, — E;:

d
_Smt(E}'s V}':I\ZjSET,jk - E}': Vs Nk)
L

d 3
= a—E]S](E]: I/}‘,I\fj')ﬁ-a—E}Sk(ET,jk—E}, Vp,Ni) =0. (7.47)

Since Ej = Er,jr — Ej, it must be that dE/dE; = —1, and we can rewrite eq. (7.47) in a
symmetric form:

3 dE, 0
—Si(E;, V;,N;)) = —— —Sr(Er, Vi, N, 7.48
BE.] ]( 75 Vj ]) aE.] aEk % (Eks Vies Ni) ( )
or
9E;  0Ej '

Eq. (7.49) is important. Beyond giving us an algorithm for finding the equilibrium value
of Ej, it tells us that the condition of equilibrium is that a derivative of the entropy with
respect to the energy has the same value for two subsystems in thermal contact.

Similar arguments show that the condition for equilibrium with respect to volume
when two subsystems are separated by a moveable piston is given by

as;, 0S8
% _ 2ok (7.50)
aVv; ol

and equilibrium with respect to particle number when a hole is made in the wall between
two subsystems is given by

8—S] = 8—Sk. (7.51)
ON; 0N

These last three equations provide both a means of solving problems and the basis
for establishing the connection between statistical mechanics and thermodynamics. The
explicit relationships between these derivatives and familiar quantities like temperature
and pressure will be the subject of the following chapter. However, the first and arguably
the most important consequence of these equations is presented in the next section.
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7.9 The Zeroth Law of Thermodynamics

An immediate consequence of egs. (7.49), (7.50), and (7.51) is that if two systems are
each in equilibrium with a third system, they must also be in equilibrium with each other.

Assume systems j and % are in equilibrium with respect to energy, then eq. (7.49)
holds. If systems & and £ are also in equilibrium with respect to energy, then we have a
similar equation for the partial derivatives of S and S, with respect to energy,

a—S] = B—Sk = 8—&2 (7.52)
0E; 0E, 0K,

Since the partial derivatives with respect to energy must be the same for systems j and
£, they must be in equilibrium with respect to energy.

Clearly, this argument is equally valid for the volume or the number of particles. We
therefore have a general principle that if two systems are each in equilibrium with a third
system, then they are in equilibrium with each other.

This is the Zeroth Law of Thermodynamics. It is valid both for equilibrium when
the subsystems in thermal contact with each other, and for potential equilibrium if the
subsystems are isolated from each other, but eq. (7.52) holds.

The numbering of the laws of thermodynamics might seem rather strange—
especially the ‘zeroth’. The need to state it explicitly as a law of thermodynamics
was not recognized during the nineteenth century when thermodynamics was being
developed, perhaps because it is so fundamental that it seemed obvious. When it was
declared a law of thermodynamics, the numbers for the other laws had long been
well established. Ralph H. Fowler (British physicist and astronomer, 1889-1944)
is credited with calling it the Zeroth Law to place it in the leading position. At
this point in the book we have encountered only the Second and Zeroth Laws of
Thermodynamics. The First and Third Laws are yet to come.

7.10 Problems

PROBLEM 7.1
General forms for the entropy

We have derived the entropy of a classical ideal gas, which satisfies all the postulates
of thermodynamics (except the Nernst postulate, which applies to quantum systems).
However, when interactions are included, the entropy could be a very different function
of U, VV, and N. Here are some functions that are candidates for being the entropy of
some system. [In each case, 4 is a positive constant.]
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1. Which of the following equations for the entropy satisfy the postulates of thermody-
namics (except the Nernst postulate)?

1. S=AUVN)/3

2/3
2. S=4 (@)
Vv

uv
. S=A4A1— ).
5. s=4()

V3
4. S=A(
(x@)

2. For each of the valid forms of the entropy in the previous part of the problem, find
the three equations of state.

PROBLEM 7.2
The ‘traditional’ expression for the entropy of an ideal gas of distinguishable
particles

It is claimed in many textbooks on statistical mechanics that the correct entropy for a
classical ideal gas of distinguishable particles differs from what we derived in class. The
traditional expression is

3 (E
S(E,V,N) = kkN[Eln (N) +1In(V) +X} .

Assume that you have two systems, j and &, with N; and N}, particles and V; and V},
volumes respectively, which are both described by an entropy of this form.

Consider an experiment in which the volumes are fixed, but a hole is made in the wall
separating the two subsystems.

Calculate the location of the maximum of the total traditional entropy to determine
its prediction for the equilibrium distribution of the energy and the particles between the
two systems.

Naturally, your answer should depend on the relative sizes of the fixed volumes,
V; and V.
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Temperature, Pressure, Chemical
Potential, and All That

The most simple test of the equality of temperature of two bodies is that they remain
n equilibrium when brought into thermal contact.

J. Willard Gibbs

In this chapter we will discuss the temperature, 7', the pressure, PP, and the chemical
potential, u. We will find explicit expressions for these three quantities in terms of partial
derivatives of the entropy with respect to energy, volume, and number of particles. In
doing so, we will complete the foundations of classical statistical mechanics.

In Chapter 9, which begins Part II, we will see how the structure of statistical
mechanics leads to a set of postulates that provides a foundation for thermodynamics.
The rest of the chapters in Part II develop the theory of thermodynamics from these
postulates.

In Part III we shall return to classical statistical mechanics. While the equations
developed in Part I are (in my opinion) the clearest way to understand the assumptions
of statistical mechanics, the new methods developed in Part III are much more powerful
for practical calculations.

8.1 Thermal Equilibrium

We have seen in Section 7.9 that if two objects are in thermal equilibrium with each
other (equilibrium with respect to energy exchange), then the partial derivative of the
entropy with respect to energy must have the same value in both systems. We also know
that if two systems are in thermal equilibrium, they must be at the same temperature.
Therefore, the partial derivative of the entropy with respect to energy must be a unique
function of temperature. One purpose of this chapter is to determine the nature of that
function.

After we have determined the relationship between the temperature and the partial
derivative of the entropy with respect to energy, we will find similar relationships between
other partial derivatives of the entropy and the pressure and the chemical potential.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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In all cases, the relationships linking 7', P, and p with partial derivatives of the entropy
will be valid for all systems. This is a very powerful statement. It means that if we can
calculate the entropy as a function of E, IV, and N, we can calculate all thermal properties
of the system. For this reason, the entropy as a function of energy, volume, and number
of particles,

S=S(E,V,N), (8.1)

is known as a ‘fundamental relation’. We will see later that there are a number of other
functions that also contain the same, complete thermodynamic information about a
system, which makes them equivalent to eq. (8.1). Such functions are also representations
of the fundamental relation.

8.2 What do we Mean by ‘Temperature’?

For most of us, temperature is the reading we obtain from a thermometer. The basic
property of a thermometer is that it undergoes some sort of physical change that can be
measured when it is heated or cooled. The most readily available thermometer is our own
body. It shivers when it is cold, and sweats when it is hot. These are subjective measures,
but they do form the basis for our intuitive understanding of temperature.

To make the definition of temperature objective, we need to choose something that
will provide a theoretical and experimental standard, as well as a numerical scale. We
will use the ideal gas for this purpose. Since we can calculate all of the properties of an
ideal gas, we can determine how its volume or pressure will change when it is heated or
cooled. Since we can do experiments on real dilute gases, we can relate our definition of
temperature to the real world.

The basic equation we will use to uniquely define the thermodynamic temperature is
the ideal gas law:

PV = NkpT. (8.2)

The pressure P in this equation is defined as the average force per unit area. The constant
kp is called Boltzmann’s constant. It has units of Joules per degree, and relates the
temperature scale to the energy scale. Eq. (8.2) is often written as

PV = nRT (8.3)

where n = N/N is the number of moles (N4 = 6.0221415 x 10?> being Avogadro’s
number, named after Amedeo Carlo Avogadro, Count of Quaregna and Cerreto,
Italian scientist, 1776—1856), and R = N4kp is known as the ideal gas constant. The
experimental identification of the temperature as being proportional to the pressure
for fixed volume, or the volume for fixed pressure, coincides with our notion that gas
expands, or its pressure increases, when heated.

www.TechnicalBooksPDF.com



Derivation of the Ideal Gas Law 101

Although the ideal gas law is well known experimentally, to make contact with the
entropy we must derive it from the properties of the ideal gas found in previous sections.
What we will actually do in the next section is prove that the ratio PIV/N is equal to a
certain property of a thermal reservoir, and then use eq. (8.2) to associate that property
with the temperature. This derivation will give us the universal relationship between the
temperature and dS/0E.

8.3 Derivation of the Ideal Gas Law

The first step in the derivation of the ideal gas law is to derive the Maxwell-Boltzmann
equation for the probability density of the momentum of one ideal gas particle. We will
then use this probability density to determine the pressure due to collisions on the walls
containing an ideal gas. This will lead us to the ideal gas law and the definition of the
temperature in terms of the partial derivative of the entropy with respect to the energy.

8.3.1 The Maxwell-Boltzmann Equation

We are interested in the properties of a single particle in an ideal gas, and it does not
matter which particle we choose, since they all have the same probability density. We can
find that probability density as a marginal density of the full probability density in phase
space. If the total energy of the system is E, the full probability density is given by

P(P)Q) =

Q(E,V,N) h3NN;5(E_H(P’Q)) (8.4)

where
1
QUEV,N) = i /dp /dq3<E—H<p,q>> 8.5)

and we have used the compact notation p= {p;li=1,2,...,N} and ¢g={#i|i=1,
2,...,N}.

As a first step, we will find the marginal probability density for both the momentum
and position of particle 1 by integrating P(p,q) in eq. (8.4) over all variables except
p1 and 71:

PG, = f Pps...dpn / Prs...dPraP(pr0)

1 1
" Q(E,V,N) B*NN!

/d3p2 . .d3pN/d3r2 .. d’rNS(E — HN (D5 9)).
(8.6)

In eq. (8.6), Hy is the Hamiltonian of the N-particle system.
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We can write the integral in eq. (8.6) in terms of the function Q for a system with
N — 1 particles,

1
~ BPE-D(N 1)

3N
x /d% .dPrNS <E— 1p11%/2m — pr/zm) . (8.7)

=2

@(E- 1P /2m VN 1) [ao2.apsx

Note that the energy term, |p; |?/2m, has been separated from the rest of the Hamiltonian
because it has not been integrated out. With this notation, eq. (8.6) can be written
compactly,

Q(E—|p112/2m,V,N — 1)
Nm3Q(E, V,N)

P(p1,71) = (8.8)

Since P(p1,71) does not depend explicitly on 7, we can easily integrate 7; out to obtain

V. Q(E—|p11*/2m V,N - 1)

P(p) =
(P0) =75 QE,V.N)

(8.9)

We would like to take advantage of the fact that |p1|?/2m is very small in comparison
to E. We can exploit this by taking the logarithm of eq. (8.9), treating |p; |>/2m as a small
perturbation, and keeping only the leading terms:

InP(p1) =InQ(E — |p1>/2m, V,N — 1)

|4
—InQE,V,N)+1In (—)

Ni?
~mQEV,N-1 - 2" L oEm v, N1
2m OE
Vv
—InQ(E, V,N)+1n(w). (8.10)

The higher-order terms in the expansion are extremely small because the average value
of |p1|?/2m is on the order of a factor of N smaller than E.
The first thing to note about eq. (8.10) is that only the second term depends on p;.
The second thing to note about eq. (8.10) is that the approximation

0 0
EIHQ(E’ V,N—l)wﬁan(E, V,N) (8.11)

is extremely good. The error is only of order 1/N.
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The derivative of In 2 with respect to energy turns out to be so important that it has
been universally assigned the Greek letter 3,

d
ﬁza—Ean(E, V,N). (8.12)
We can now rewrite eq. (8.10) in a much simpler form,
InP(p1) = —BIp1|?/2m + constants, (8.13)
where the ‘constants’ may depend on E, V, and N, but are independent of p;. Since
the constants in this equation are determined by the normalization condition, we can

complete the derivation of P(p1) from our knowledge of the properties of Gaussian
integrals:

3/2 > 2
P(51)=<27Tim) exp(—ﬁ%). (8.14)

This is the Maxwell-Boltzmann probability density for the momentum of a single
particle.

The expansion used in deriving P(p;) is extremely valuable in statistical mechanics.
This is the first time it appears in this book, but far from the last.

Note that the three components of the momentum are independent, so that the
probability density of a single component can be found easily by integrating out the
other two,

i,
ENS f — exp (—/3 ;—m) : (8.15)

8.3.2 The Pressure in an Ideal Gas

From the Maxwell-Boltzmann probability density for the momenta, we can calculate the
pressure by integrating over the collisions that occur during a time Az.

Consider a flat portion of the wall of the container of an ideal gas with area 4. (The
assumption of flatness is not necessary, but it makes the derivation much easier.) Define
a coordinate system such that the x-axis is perpendicular to the wall. To simplify the
problem, note that the y- and z-components of a particle’s momentum do not change
during a collision with the wall, so that they do not transfer any momentum to the wall and
do not affect the pressure. This reduces the calculation to a one-dimensional problem.
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By Newton’s Second Law, the average force on the wall during a time-period At is
given by the total momentum transferred to the wall during that period,

FAr= / ApxP(pxs AD)dps. (8.16)
collisions

P(py, At) is the probability of a particle hitting the wall during the time Az, and the
integral goes over all particles that hit the wall during that period of time. Since we intend
to make Atz small, we do not have to include particles that might hit the wall a second
time after bouncing off a different part of the container.

Let the wall be located at x = 0, with the particles confined to x < 0. Then particles
will hit the wall only if p, > 0 and the particles are within a distance Azv, = Azpy/m
of the wall, where m is the mass of a particle. Letting the area of the wall be denoted
by A, the volume of particles that will hit the wall is AAzp,/m. The average number
of particles in that volume is NAAtp,/Vm, where N is the total number of particles,
and T is the total volume. If we multiply the number of particles in the volume by
P(p,) (the probability density of the momentum from eq. (8.14)), then multiply that by
the momentum transfer, Ap, = 2p,, and finally integrate over the momentum, we have
the total momentum transfer to the wall during Az, which is equal to the average force

times Atz:
NAA:p,
FAt_/ ,/2 exp( px) p—[ppx. (8.17)
am

Note that the integral extends only over positive momenta; particles with negative
momenta are moving away from the wall.

Using the definition of the pressure as the force per unit area, P = F/A4, eq. (8.17)
becomes an equation for the pressure

‘/271 / ep( )pxdpx (8.18)

The integral in eq. (8.18) can be carried out by the methods discussed in Section 3.10.
You could also look up the integral in a table, but it is more fun to work it out by yourself.
The result is surprisingly simple,

PV =Np~L (8.19)
Eq. (8.19) should be compared with the usual formulation of the ideal gas law,

PV = NkgT (8.20)
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where kp is known as Boltzmann’s constant. This comparison allows us to identify g8
with the inverse temperature,

p=—ru. (8.21)

Because of the Zeroth Law, we can use an ideal-gas thermometer to measure the
temperature of anything, so that this expression for 8 must be universally true.

8.4 Temperature Scales

Although we are all familiar with the thermometers that we use every day, the temperature
scale in the previous section is rather different than those commonly found in our homes.
First of all, eq. (8.2) makes it clear that T cannot be negative (for an ideal gas), but
both temperature scales in common use—Celsius and Fahrenheit—do include negative
temperatures.

The Celsius temperature scale is defined by setting the freezing point of water equal
to 0° C, and the boiling point of water equal to 100° C. The Celsius temperature is
then taken to be a linear function of the temperature 7 given in eq. (8.2). Operationally,
this could be roughly carried out by trapping a blob of mercury in a glass tube at high
temperature, and measuring the position of the mercury in freezing water and in boiling
water. I actually carried out this experiment in high school, before people were quite
aware of the toxicity of mercury. I do not recommend trying it.

Using the Celsius temperature scale we can extrapolate to zero volume of the gas.
Done carefully, it extrapolates to a temperature of —273.15° C, which is known as
‘absolute zero’ because it is the lowest possible temperature.

For the rest of this book we will use the Kelvin temperature scale, which is shifted
from the Celsius scale to agree with eq. (8.2) and make zero temperature fall at absolute
Zero,

T(K) = T(°C) + 273.15. (8.22)

Although eq. (8.22) seems quite simple, it is easy to forget when doing problems.
A very common error in examinations is to use the Celsius temperature scale when
the Kelvin scale is required.

Since we are following tradition in defining the Celsius and Kelvin temperature scales,
the value of Boltzmann’s constant is fixed at kg = 1.380658 x 10_23j’K_1. If we were
to have thermometers that measure temperature in Joules, Boltzmann’s constant would
simply be 1.
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8.5 The Pressure and the Entropy

From the explicit expression for the entropy of the classical ideal gas in eq. (7.2), we can
find the derivative of the entropy with respect to the volume,

0S a [3 E vV

=kNl.
V

This relationship is only true for the ideal gas. By comparing eq. (8.23) with the ideal

gas law, eq. (8.2), we find a simple expression for the partial derivative of entropy with
respect to volume that is true for all macroscopic systems

oS kP
ad - (8.24)
8V E,N kBT

At this point we will make the standard choice to set the constant 4 that we first introduced
in eq. (4.15) equal to Boltzmann’s constant, £ = kg. Eq. (8.24) now becomes

39S P
9o =, (8.25)

This is the formal thermodynamic relationship between entropy and pressure.

8.6 The Temperature and the Entropy

By comparing egs. (7.30), (8.12), and (8.21), we can see that

aS 1
(E)V N =Fkef = T (®:20

Because of the Zeroth Law, this relationship must be valid for all thermodynamic sys-
tems. It is sometimes used as the definition of temperature in books on thermodynamics,
although I have always felt that eq. (8.26) is too abstract to be a reasonable starting point
for the study of thermal physics. One of the purposes of the first part of this book is
to explain the meaning of eq. (8.26). If that meaning is clear to you at this point, you
will be in a good position to begin the study of thermodynamics in the next part of
the book.
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Since we know the entropy of the classical ideal gas from eq. (7.2), we can evaluate
the derivative in eq. (8.26) explicitly:

0S 0 [3 E Vv
— =kgN— | =In| = |+In|{ = )|+ X
0E )y N 0E | 2 N N

3 1

—kpN— = —. 8.27
BN &= == (8.27)

The last equality gives us the energy of the classical ideal gas as a function of temperature
3
E= 5NkBT. (8.28)

An interesting consequence of eq. (8.28) is that the average energy per particle is just

E 3
— = —kpT 8.29
N 2rB (8.29)

which is independent of the particle mass. This is a simple example of the equipartition
theorem, which we will return to in Chapter 19.

8.7 Equilibrium with Asymmetric Pistons, Revisited

There is an interesting and useful generalization of the equations for equilibrium that
can be derived from the entropy. We had assumed that the total volume, V7 = Zj Vi,
was conserved when systems exchanged volume through a piston. We do not need this
restriction.

Suppose systems j and % are connected by pistons of unequal cross sections. To be
specific, assume that the area of the piston on the %’ side is A;, while the area of the
piston on the ‘%’ side is Ay # A;. Now the sum of the changes in volume in the two
systems does not vanish, AV; 4+ AV = A;Ax; + ApAxp, # 0, where Ax, is the distance
the piston moves outward. Naturally, Ax; = —Axy. The force on the piston on the ¢’ side
is A;P;, where the pressure in system j is given by

L(B_Sf) (8.30)
T NV g,
and
1 aS;
—=<—f> . (8.31)
T O )y N,

7Y

The corresponding force on the piston on the ‘%’ side is AxPy.
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Assume that thermal equilibrium has been achieved, so that T; = Tj.

In equilibrium, the forces must be equal, A;P; = APy, so that the pressures are not
equal. This implies that

3S; P, P 3S
A; ( ) =A]~——Ak—k—Ak< k) . (8.32)
Vi) N T T, Vi) g,

The result is that instead of the usual equilibrium criterion, we have a generalized

equilibrium criterion,
aS; aS,
A; ( ) = Ay <—k) ) (8.33)
av; EN; Ve /) EN,

When A4; = Ay, we recover the usual expression.

8.8 The Entropy and the Chemical Potential

The chemical potential, i, is related to the number of particles in much the same way
that the temperature is related to the energy and the pressure is related to the volume.
However, while we do have thermometers and pressure gauges, we do not have a
convenient way of directly measuring the chemical potential. This makes it difficult
to develop our intuition for the meaning of chemical potential in the way we can for
temperature and pressure.

On the other hand, it is straightforward to define the chemical potential in analogy

with egs. (8.25) and (8.26),
(§> el (8.34)

For the classical ideal gas, we can find an explicit equation for the chemical potential
from the equation for the entropy,

0 3 E | 4
3 E V 3 1
=t [ () n(p) ]
3 V 5
= —kBT[ In <§kBT) +In (N) +X— E] ) (8.35)

The complexity of this expression probably adds to the difficulty of acquiring an intuitive
feeling for the chemical potential. Unfortunately, that is as much as we can do at this
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point. We will revisit the question of what the chemical potential means several times
in this book, especially when we discuss Fermi—Dirac and Bose—FEinstein statistics in
Chapters 27, 28, and 29.

8.9 The Fundamental Relation and Equations of State

We have seen that derivatives of the entropy with respect to energy, volume, and number
of particles give us three equations for the three variables 7', P, and u, so that we have
complete information about the behavior of the thermodynamic system. For this reason,

S=S(E,V,N) (8.36)

is called a fundamental relation. Specifically, it is called the fundamental relation in
the entropy representation, because the information is given in the functional form of
the entropy. There are also other representations of the same complete thermodynamic
information that we will discuss in Chapter 12.

The derivatives of the entropy give what are called ‘equations of state’, because they
give information concerning the thermodynamic state of the system. Since there are three
derivatives, there are three equations of state for a system containing only one kind of
particle. The equations of state for the classical ideal gas are given in egs. (8.2), (8.28),
and (8.35).

Note that although it is quite common to hear PV = NkgT referred to as ‘the’ equation
of state, it is only valid for the classical ideal gas, and even then it is only one of three
equations of state.

For a general thermodynamic system, the three equations of state are independent.
If all three are known, the fundamental relation can be recovered (up to an integration
constant).

On the other hand, as we will see in Chapter 13, only two of the equations of state
are independent for extensive systems—that is, systems for which the entropy, energy,
volume, and number of particles are all proportional to each other. In that case, only two
equations of state are needed to recover the fundamental relation.

While the fundamental relation contains complete information about a thermody-
namic system, a single equation of state does not. However, equations of state are still
very important because, under the right circumstances, one equation of state might have
exactly the information required to solve a problem.

8.10 The Differential Form of the Fundamental Relation

Much of thermodynamics is concerned with understanding how the properties of a
system change in response to small perturbations. For this reason, as well as others that
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we will see in later chapters, the differential form of the fundamental relation is very
important.

A small change in the entropy due to small changes in the energy, volume, and number
of particles can be written formally in terms of partial derivatives

S aS A
as= <—> dE+ | — av + (— dN. (8.37)
From the equations of state we can rewrite eq. (8.37) in a very useful form:
1 P "
dS=|—=|dE — )dV — (= )dN. 8.38
(7) e+ () - (5) 35

This is known as the differential form of the fundamental relation in the entropy
representation. It is valid for all thermodynamic systems.

8.11 Thermometers and Pressure Gauges

As mentioned previously, the most important characteristic of a thermometer is that it
shows a measurable and reproducible change when its temperature changes.

The next most important characteristic of a thermometer is that it should be small in
comparison to the system in which you are interested. Energy will have to flow between
the system and the thermometer, but the amount of energy should be small enough so
that the temperature of the system of interest does not change.

A ‘pressure gauge’ must satisfy the same condition of ‘smallness’. It must have some
observable property that changes with pressure in a known way, and it must be small
enough not to affect the pressure in the system being measured.

8.12 Reservoirs

In studying thermodynamics it will often be useful to invoke a thermal reservoir at
a fixed temperature, so that objects brought into contact with the reservoir will also
come to equilibrium at the same temperature. The most important characteristic of a
‘reservoir’ is that it must be very large in comparison to other systems of interest, so that
its temperature does not change significantly when brought into contact with the system
of interest.

We will also find it useful to extend the concept of a reservoir to include a source of
particles at a fixed chemical potential, or a large container of gas that can maintain a fixed
pressure when connected to the system of interest through a piston.
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8.13 Problems

PROBLEM 8.1
Equilibrium between two systems

Consider a mysterious system X. The energy-dependence of entropy of system X has
been determined to be

Ux\ /2
Sx(Ux,Vx,Nx) = kpNx A(V_) +B
X

where A and B are positive constants.
Suppose that system X has been put into thermal contact with a monatomic ideal gas
of N particles and the composite system has come to equilibrium.

1. Find an equation for Uy in terms of the energy of the ideal gas.
[You do not have to solve the equation.]
2. What is the temperature of the ideal gas as a function of Ux, Vx , and Nx?

PROBLEM 8.2
Equilibrium between two ideal gases connected by an asymmetric piston

Consider two containers of ideal gas that are connected by a diathermal, asymmetrical
piston. In system 1, the piston has a cross-sectional area of A1, and in system 2 the other
end of the piston has a cross-sectional area of A,. The piston can move freely, changing
the volumes of each of the systems. The energies, volumes, and particle numbers are
Ey,V1,Ny and E, V5, N>.

1. Find two equations expressing the equilibrium conditions.

2. From the equations derived in the first part of the problem, find the relationships
between the temperatures of the systems.

3. From the equations derived in the first part of the problem, find the relationships
between the pressures of the systems.
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The Postulates and Laws
of Thermodynamics

In this house, we OBEY the laws of thermodynamics!

Homer Simpson (Dan Castellaneta, American actor, and writer)

9.1 Thermal Physics

With this chapter we begin the formal study of thermodynamics, based on the properties
of the entropy developed in Part 1 from the study of the foundations of classical statistical
mechanics. We will return to statistical mechanics in Parts III and IV.

The theories of statistical mechanics and thermodynamics deal with the same physical
phenomena. In many cases it is possible to derive exactly the same equations from either
theory, although not necessarily with equal ease. In no case do the two theories contradict
each other. Nevertheless, they do have different origins, and are based on very different
assumptions. Because of the different points of view that accompanied the development
of thermodynamics and statistical mechanics, it is easy to become confused about what
is an assumption and what is a derived result.

The task of keeping assumptions and results straight is made more difficult by the
traditional description of thermodynamic ideas by the terms ‘postulates’ and ‘laws’, since
a postulate or law in thermodynamics might also be regarded as being derived from
statistical mechanics.

9.1.1 Viewpoint: Statistical Mechanics

The foundations of statistical mechanics lie in the assumption that atoms and molecules
exist and obey the laws of either classical or quantum mechanics. Since macroscopic
measurements on thermal systems do not provide detailed information on the positions
and momenta (or the many-particle wave function in quantum mechanics) of the 102° or
more atoms in a typical object, we must also use probability theory and make assumptions
about a probability distribution in a many-dimensional space.

On the basis of the assumptions of statistical mechanics, we can write down a formal
expression for the entropy as the logarithm of the probability of a composite system,

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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as we did for classical statistical mechanics in Part I. In some simple cases, such as the
classical ideal gas, we can even obtain a closed form expression for the entropy. In most
cases we must make approximations.

In Part I, we found an explicit expression for the entropy of the classical ideal gas,
which allows us to understand the properties of the entropy for this simple system. We
also presented arguments that certain properties of the entropy should not change when
interactions between particles are included in the calculation.

The point of view taken in this book is that statistical mechanics is the more funda-
mental theory. Thermodynamics is based on assumptions that can be understood in the
context of statistical mechanics. What we will call the ‘Postulates of Thermodynamics’
and the ‘Laws of Thermodynamics’ are, if not theorems, at least plausible consequences
of the theory of statistical mechanics.

Molecular theory and statistical mechanics provide a fundamental explanation and
justification of thermodynamics. We might as well take advantage of them.

9.1.2 Viewpoint: Thermodynamics

Thermodynamics was defined in Chapter 1 as the study of everything connected with
heat. The field was developed in the nineteenth century before the existence of atoms and
molecules was accepted by most scientists. In fact, the thermodynamics of the nineteenth
century was expressed in terms of the mass of a system, rather than the number of
particles it contains, which is standard today.

Because thermodynamics was developed without benefit of the insight provided
by molecular theory, its history is characterized by ingenious but rather convoluted
arguments. These arguments eventually led Herbert Callen (American physicist,
1919-1993) and his advisor, Laszl6 Tisza (Hungarian and American physicist,
1907-2009), to create a formal system of postulates based on the concept of entropy,
from which all of thermodynamics could be derived.

From the point of view of thermodynamics, everything starts with the postulates
presented later in this chapter. Even though these postulates can be traced back to
statistical mechanics, they provide a reliable starting place for a self-consistent theory
that produces complete agreement with experiments in the real world.

Thermodynamics can also be regarded as complementary to statistical mechanics.
It gives different insights into physical properties. In many cases, thermodynam-
ics is actually more efficient than statistical mechanics for deriving important
equations.

Beginning the study of thermodynamics with the formal postulates, as we do
in Part II of this book, avoids much of the complexity that nineteenth-century
scientists had to deal with. The only drawback of the formal postulates is that they
are rather abstract. A major purpose of Part I of this book was to make them less
abstract by providing an explicit example of what entropy means and how it might be
calculated.

In this chapter, we will make the connection between the statistical mechanics of Part I
and the thermodynamics of Part II more explicit by discussing the concepts of ‘state’
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and ‘state function’ in the two theories. We will then present the postulates and laws
of thermodynamics, including references to the corresponding results from classical
statistical mechanics that were obtained in Part I.

9.2 Microscopic and Macroscopic States

A microscopic state is a property of a system of particles. In classical mechanics, a
microscopic state is characterized by specific values of the positions and momenta of
every particle; that is, a point in phase space. In quantum mechanics, a microscopic state
is characterized by a unique, many-particle wave function.

In thermodynamic experiments we restrict ourselves to ‘macroscopic’ measurements,
which are characterized by their limited resolution; by definition, macroscopic mea-
surements cannot resolve individual particles or microscopic length scales. It might be
appropriate to remember that thermodynamics was developed before scientists even
believed that molecules existed—and they certainly did not measure the behavior of
individual molecules.

For both classical and quantum systems, the microscopic state is not experimentally
accessible to macroscopic measurements. In the experiments we wish to describe, we
can obtain some information about the microscopic state, but we cannot determine it
completely.

A macroscopic state is not a property of a thermodynamic system; it is a description of
a thermodynamic system based on macroscopic measurements. Due to the experimental
uncertainty of macroscopic measurements, a macroscopic state is consistent with an
infinity of microscopic states. A system can be in any microscopic state that would be
consistent with the experimental observations.

Formally, this might seem to be a rather loose definition of what we mean by
‘macroscopic state’. In practice, however, there is rarely a problem. Because microscopic
fluctuations are so much smaller than experimental uncertainties, it is relatively easy to
specify which microscopic states are consistent with macroscopic measurements.

9.3 Macroscopic Equilibrium States

An equilibrium state is a special kind of macroscopic state. Within the limits of
experimental measurements, the properties of a system in an equilibrium state do not
change with time, and there is no net transfer of energy or particles into or out of the
system.

Equilibrium states can usually be described by a small number of measurements in the
sense that all other properties are completely determined within experimental error. In
the case of an ideal gas, discussed in Part I, we need to know only the number of particles,
the volume, and the energy. Given those values, we can calculate the temperature,
pressure, and chemical potential, along with a number of other quantities that we will
discuss in the following chapters.
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For more complicated systems we might need to know how many molecules of each
type are present, and perhaps something about the shape and surface properties of the
container. In all cases, the number of quantities needed to characterize an equilibrium
system will be tiny in comparison with the number of particles in the system.

9.4 State Functions

The term ‘state function’ denotes any quantity that is a function of only the small number
of variables needed to specify an equilibrium state.

The main substance of the thermodynamic postulates is that for every macroscopic
system in thermal equilibrium there exists a state function called the entropy, which has
certain properties listed in Section 9.5. Given these postulates, the entire mathematical
structure of thermodynamics can be derived—which is the subject of the rest of Part II.

9.5 Properties and Descriptions

In order to understand thermodynamics it will be important to keep in mind the
distinction between a property of a system and a description of a system. A ‘property’ is an
exact characteristic of a system. If a system contains exactly 63749067496584764830091
particles, that is a property of the system. A ‘description’ is, at most, an estimate of a
property. If measurements reveal that a system has 6.374907(2) x 1023 particles, that is
a description.

In Chapter 4 we calculated the average number of particles in a subsystem. That
number is an excellent description of the system for human purposes because the relative
statistical fluctuations are so small. However, it is not the true number of particles at any
instant of time. In a system of 102° particles. The true number of particles is a property
of the system, but its exact value will fluctuate over time by roughly 10° particles.

Because thermodynamics deals with descriptions of macroscopic systems, rather than
their true properties, we will not belabor the distinction in Part II. All quantities will be
descriptions of a system.

9.6 The Essential Postulates of Thermodynamics

I will present the postulates of thermodynamics in a somewhat different form than
originally given by Callen. They will be separated into essential postulates, which must
always be true, and optional postulates, which will not apply to every thermodynamic
system, but which are very convenient when they do apply.

These four postulates must always be true for a complete theory of thermodynamics
for general systems.
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9.6.1 DPostulate 1: Equilibrium States

Postulate 1: There exist equilibrium states of a macroscopic system that are characterized
uniquely by a small number of extensive variables.

Recall that extensive variables are quantities that provide a measure of the size of the
system. Examples include the total energy, the volume, and the number of particles.
By contrast, intensive parameters are quantities that are independent of the size of the
system. Examples include temperature, pressure, and chemical potential.

The remaining postulates all specify properties of a state function called the ‘entropy’.
These properties should be compared to what you know of the entropy of an ideal gas
from Part I.

9.6.2 Postulate 2: Entropy Maximization

Postulate 2: The values assumed by the extensive parameters of an isolated composite
system in the absence of an internal constraint are those that maximize the entropy over
the set of all constrained macroscopic states.

The property of the entropy in the second postulate is by far the most important. It has
two consequences that we will use repeatedly.

First, whenever we release a constraint on a composite system, the entropy will not
decrease,

AS > 0. 9.1)

This follows directly from Boltzmann’s idea that macroscopic systems go from less
probable states to more probable states. The final state must be the most probable
state and therefore have the highest entropy. This property is the Second Law of
Thermodynamics.

Eq. (9.1) can be rather puzzling. It gives time a direction, sometimes called the
‘arrow of time’. This can seem strange, since the underlying equations of motion for
the molecules, either classical or quantum, are time-reversal invariant. There is not really
a contradiction, and we will reconcile the apparent conflict in Chapter 22.

The second consequence of eq. (9.1) is that we can find the equilibrium values of the
extensive parameters describing the amount of something in each (sub)system after a
constraint has been released by maximizing the entropy. This will provide an effective
approach to solving problems in thermodynamics.

9.6.3 DPostulate 3: Additivity

Postulate 3: The entropy of a composite system is additive over the constituent subsystems.
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Additivity means that
Sj,k(Ej: I/}',J\G‘;Ek, Vkst) = S](E]) I/}:A[]) + Sk(Eks Vk5Nk)> (92)

where S; and S}, are the entropies of systems j and k.

Since we regard the composite system as fundamental in the definition of entropy,
and the entropy of a composite system separates into the sum of the entropies of the
subsystems, this postulate could be equally well called the postulate of separability. The
term ‘additivity’ is generally preferred because of the concentration on the properties of
simple systems in the history of thermodynamics.

Most interactions between molecules are short ranged. If we exclude gravitational
interactions and electrical interactions involving unbalanced charges, the direct inter-
action between any two molecules is essentially negligible at distances of more than a
few nanometers. As discussed at the end of Chapter 7, this leads to an approximate
separation of the integrals defining the entropy for the subsystems, so that the entropy
of the composite system is just the sum of the entropies of the subsystem.

Additivity for systems with interacting particles is an approximation in that it neglects
direct interactions between particles in different subsystems (see the discussion in
Section 7.6.2). However, deviations from additivity are usually very small due to the
extremely short range of intermolecular interactions in comparison to the size of
macroscopic systems.

9.6.4 DPostulate 4: Continuity and Differentiability

Postulate 4: The entropy is a continuous and differentiable function of the
extensive parameters.

The true number of particles is, of course, an integer. However, when we talk about
the ‘number of particles’ or the value of N, we really mean a description of the
number of particles that differs from the true number by less than the accuracy of our
measurements. Since N is a description of the number of particles, it is not limited to
being an integer.

Thermodynamics is much easier if we can work with functions that are continuous
and differentiable. Conveniently, it is almost always true that we can.

This postulate is often given in terms of the assumed analyticity of the functions.
However, the postulate of analyticity can break down. When it does, it usually signals
some sort of instability or phase transition, which is particularly interesting. Stability and
phase transitions are discussed in Chapters 16 and 17. We will consider specific examples
of phase transitions in Chapters 28 and 31.

9.7 Optional Postulates of Thermodynamics

The following three postulates are not applicable to all thermodynamic systems. When
they are applicable, they often simplify the analysis of thermodynamic behavior.
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9.7.1 Optional Postulate 5: Extensivity

Postulate 5: The entropy is an extensive function of the extensive variables.

‘Extensivity’ is the property that the entropy is directly proportional to the size of the
system; if the extensive parameters are all multiplied by some positive number A, the
entropy will be too,

SOU,AV,AN) = AS(U, V,N). 9.3)

Mathematically, eq. (9.3) means that the entropy is assumed to be an homogeneous,
first-order function of the extensive variables.

The extensivity postulate is not true for all systems!

Even such a common system as a gas in a container violates this postulate, because
the molecules of the gas can be adsorbed onto the inner walls of the container. Since the
surface-to-volume ratio varies with the size of the container, the fraction of molecules
adsorbed on the inner walls also varies, and such a system is not extensive.

For most of the book we will not assume extensivity, although in Chapter 13 we will
see that extensivity can be extremely useful for investigating the properties of materials.

The properties of additivity and extensivity are often confused. This is probably
due to the fact that many textbooks restrict their discussion of thermodynamics
to homogeneous systems, for which both properties are true. Additivity is the more
fundamental property. It is true whenever the range of interactions between particles
is small compared to the size of the system. Extensivity is only true to the extent that
the surface of the system and the interface with its container can be neglected.

9.7.2 Optional Postulate 6: Monotonicity

Postulate 6: The entropy is a monotonically increasing function of the energy for equilib-
rium values of the energy.

In the example we discussed in Part I, the entropy of the classical ideal gas was shown
to be a monotonically increasing function of the energy. This monotonicity is important,
since it implies that the temperature is positive, as we have shown in Chapter 8 for the
ideal gas. However, monotonicity is not true for some of the most important models in
physics, as we will see in Chapter 31. These models exhibit negative temperatures in
some energy regions.

The question of whether the temperature of certain thermodynamic systems can be
negative has become a topic of some debate in recent years. I have gone on record as
saying that negative temperatures are consistent with thermodynamics,’ and I will

! R. H. Swendsen, “Thermodynamics, Statistical Mechanics, and Entropy,” Entropy, 19:603 (2017).
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develop the formalism of thermodynamics accordingly. What I say about positive tem-
peratures is not controversial. What I say about negative temperatures is controversial.

There are a number of models of great importance to statistical mechanics, for
which dS§/0U =1/T <0 in certain energy regions (see Chapter 31). For these
models, Postulate 6 does not hold. On the other hand, this is not the usual case.
Consequently, many of the applications of thermodynamics, like the theory of heat
engines, assume that 7" > 0. These will be discussed in Chapter 11, which will
include a brief section on the changes required for negative temperatures.

9.7.3 Optional Postulate 7: The Nernst Postulate

Postulate 7: The entropy of any system is non-negative.

The Nernst Postulate? is also known as the Third Law of Thermodynamics, adding to
the confusion between laws and postulates. It only applies to quantum systems, but, since
all real systems are quantum mechanical, it ultimately applies to everything. It has some
important consequences, which are discussed in Chapter 18. The Nernst Postulate is
listed as optional because classical systems are interesting in themselves and useful in
providing a contrast with the special properties of quantum systems.

The Third Law is the only law (or postulate) that cannot be understood on the basis
of classical statistical mechanics. For classical models, the entropy always goes to negative
infinity as the temperature goes to zero. The explanation of the Third Law is intrinsically
quantum mechanical. Its consequences will be discussed in Chapter 18, but it will not
be derived until Chapter 23 in Part I'V.

In quantum statistical mechanics there is a universally recognized convention for
the absolute value of the entropy that will be discussed in Part IV. This convention
implies that

lim S(T) > 0. 9.4)
T—0

The Third Law (or Nernst Postulate) is often stated as lim7_,o S(7) = 0, but that is
incorrect. There are many examples of systems with disordered ground states that
have a (positive) non-zero entropy at zero temperature.

The Nernst Postulate is also often credited with preventing the attainment of a
temperature of absolute zero, but that is also incorrect; absolute zero would still be
unattainable if the world obeyed classical statistical mechanics.

2 Named after the German scientist Walther Hermann Nernst (1864-1941), who won the Nobel Prize in
1920 for its discovery.
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9.8 The Laws of Thermodynamics

The ‘laws’ of thermodynamics were discovered considerably earlier than the formulation

of thermodynamics in terms of ‘postulates’. The peculiar numbering of the laws is due to

fixing the First and Second laws before the importance of the ‘zeroth’ law was realized.

The current numbering scheme was suggested by Ralph H. Fowler (British physicist and

astronomer, 1889-1944) as a way of acknowledging the importance of the ‘zeroth’ law.
The laws of thermodynamics are:

Zeroth Law If two systems are each in equilibrium with a third system, they are also
in equilibrium with each other.

First Law Heat is a form of energy, and energy is conserved.

Second Law After the release of a constraint in a closed system, the entropy of the
system never decreases.

Third Law (Nernst Postulate) The entropy of any quantum mechanical system
goes to a constant as the temperature goes to zero.

The Zeroth Law was derived from statistical mechanics in Section 7.9.

The First Law is simply conservation of energy. However, at the time it was formulated
it had just been discovered that heat was a form of energy, rather than some sort of
mysterious fluid as had been previously supposed.

The Second Law is essentially the same as Postulate 2 in Subsection 9.6.2.

The Third Law is listed as Postulate 7 in Section 9.7.3.
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Perturbations of Thermodynamic
State Functions

When you come to a fork in the road, take it.
Yogi Berra

As discussed in the Chapter 9, state functions specify quantities that depend only on the
small number of variables needed to characterize an equilibrium state. It turns out that
state functions are strongly restricted by the postulates of thermodynamics, so that we
can derive a great many non-trivial equations linking observable quantities. The power
of thermodynamics is that these relations are true for all systems, regardless of their
composition!

In Part I we used the symbol E to denote the energy of a system, which is customary
in statistical mechanics. Unfortunately, it is customary in thermodynamics to use
the symbol U for the energy. The reason for this deplorable state of affairs is that
it is often convenient in thermodynamics to consider the energy per particle (or
per mole), which is denoted by changing to lower case, u = U/N. Since e might
be confused with Euler’s number, # and U have become standard. Technically,
there is also a difference in meaning. The proper definition of U is U = (E).
When we consider the microcanonical ensemble, for which the width of the energy
distribution is zero, it does not make any difference. It will become important when
we turn to quantum systems. We will follow thermodynamics convention in Part
II and denote the energy by U. It is fortunate that students of thermal physics are
resilient, and can cope with changing notation.

10.1 Small Changes in State Functions

In much of thermodynamics we are concerned with the consequences of small changes.
Part of the reason is that large changes can often be calculated by summing or integrating
the effects of many small changes, but in many cases the experimental questions of
interest really do involve small changes.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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Mathematically, we will approximate small changes by infinitesimal quantities. This, in
turn, leads us to consider two distinct types of infinitesimals, depending on whether or not
there exists a function that can be determined uniquely by integrating the infinitesimal.

10.2 Conservation of Energy

The great discovery by James Prescott Joule (English physicist, mathematician, and
brewer, 1818-1889) that heat is form of energy, combined with the principle that energy
is conserved, gives us the First Law of Thermodynamics.

We will usually apply the First Law to small changes in thermodynamic quantities, so
that it can be written as

dU =dQ +dw (10.1)

if the number of particles in the system does not change. Although dU,dQ, and @aW are
all infinitesimal quantities, there is an important distinction between those written with
d and those written with & that is discussed in the next section.

The change in the energy of a system during some thermal process is denoted by dU,
and is positive when energy is added to the system. The energy added to the system in
the form of heat is denoted by @Q, and the work done on the system is denoted by aW.
The sign convention is that all three of these differentials are positive when energy is
added to the system.

Our choice of sign convention for ZW is by no means universal. Taking an informal
survey of textbooks, I have found that about half use our convention, while the
other half take @V to be positive when work is done by the system. Be careful when
comparing our equations with those in other books.

In many applications of thermodynamics we will have to consider transfers of energy
between two or more systems. In that case, the choice of the positive directions for dQ
and W will be indicated by arrows in a diagram.

10.3 Mathematical Digression on Exact and Inexact
Differentials
Consider an infinitesimal quantity defined by the equation
dF = f(x)dx, (10.2)

where f(x) is some known function. We can always—at least in principle—integrate this
equation to obtain a function F(x) that is unique to within an additive constant.
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Now consider the infinitesimal defined by the equation
dF =f(x,y)dx + g(x,)dy, (10.3)

where f(x,y) and g(x,y) are known functions. Although the differential @F can be
integrated along any given path, the result might depend on the specific path, and not
just on the initial and final points. In that case, no unique function F(x,y) can be found
by integrating eq. (10.3), and &F is called an ‘inexact’ differential. The use of & instead
of d indicates that an infinitesimal is an inexact differential.

Note that if two path integrals produce different values, the integral over the closed
path going from the initial to the final point along one path and returning along the other
will not vanish. Therefore, the failure of an integral around an arbitrary closed path to
vanish is also characteristic of an inexact differential.

As an example, take the following inexact differential:

dF = xdx+ xady. (10.4)

Consider the integral of this differential from (0,0) to the point (x,y) by two distinct
paths.

Path A: From (0,0) to (x,0) to (x,y).
Path B: From (0,0) to (0,y) to (x,y).

The path integral for Path A gives

X 'y 1
/ x dx’ + / xdy =—x?+xy (10.5)
0 y’:O 0 x/:x 2
and the path integral for Path B gives
Y * 1 1
/ xdy + f x' dx’ =0+ —x* = =2 (10.6)
0 x'=0 0 /=y 2

Since the two path integrals in eqgs. (10.5) and (10.6) give different results for y #£ 0,
there is no unique function F(x,y) corresponding to the inexact differential in eq. (10.4).

10.3.1 Condition for a Differential to be Exact

We can easily determine whether a differential is exact or inexact without the necessity
of performing integrals over all possible paths. If a function F(x,y) exists, we can write
its differential in terms of partial derivatives,
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oF oF
dF = (—) dx+ (—) dy. (10.7)
ox ay
If the differential
dF = f(x,y)dx + g(x,y)dy (10.8)

is exact, we can identify f(x,v) and g(x,y) with the corresponding partial derivatives of
F(x,),

oF
floy) = x (10.9)
X
oF
g(x,y) = ™ (10.10)
Y

By looking at partial derivatives of f(x,y) and g(x,v), we find that they must satisfy the
following condition:

of  9*°F 9°F 0g
dy  9ydx  Oxdy Ox

(10.11)

The central equality follows from the fact that the order of partial derivatives can be
switched without changing the result for well-behaved functions, which are the only kind
we allow in physics textbooks.

10.3.2 Integrating Factors

There is an interesting and important relationship between exact and inexact differen-
tials. Given an inexact differential,

aF = f(x,y)dx + g(x,y)dy (10.12)
we can find a corresponding exact differential of the form
dG = r(x,y)dF (10.13)

for a function r(x,y), which is called an ‘integrating factor’. The function r(x,y) is not
unique; different choices for r(x,y) lead to different exact differentials that are all related
to the same inexact differential.

The example given in eq. (10.4) is too easy. The function r(x,y) = 1/x is obviously
an integrating factor corresponding to dG = dx + dy.

A less trivial example is given by the inexact differential

dF =ydx+dy. (10.14)
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To find an integrating factor for eq. (10.14), first write the formal expression for the
exact differential,

dG = r(x,y)dF = r(x,y)ydx + r(x,y)dy. (10.15)

The condition that dG is an exact differential in eq. (10.11) gives

3 3
— [r(x2)y] = —r(x,y) (10.16)
ay ax
or
L (10.17)
r — = .
yay 0x

Eqg. (10.17) has many solutions, so let us restrict our search for an integrating factor
to functions that only depend on x,

r(x,y) = r(x). (10.18)

Eq. (10.17) then simplifies because the partial derivative with respect to y vanishes,

d
r— Z:' (10.19)
Eq. (10.19) can be easily solved
r(x,y) = r(x) = exp(x). (10.20)
The final result for dG is
dG = exp(x)dF = yexp(x) dx + exp(x)dy. (10.21)

Naturally, any constant multiple of exp(x) is also an integrating factor.

10.4 Conservation of Energy Revisited

Since the energy U is a state function, the differential of the energy, dU, must be an exact
differential. On the other hand, neither heat nor work is a state function, so both #Q and
dW are inexact.
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10.4.1 Work

For simplicity, first consider an infinitesimal amount of work done by using a piston to
compress the gas in some container. Let the cross-sectional area of the piston be A4, and
let it move a distance dx, where positive dx corresponds to an increase in the volume,
dV = Adx. The force on the piston due to the pressure P of the gas is FF = PA, so that
the work done on the gas is —Fdx or

dW = —Fdx = —PdV. (10.22)

The volume of the system is obviously a state function, so the differential d1” is exact.
Eq. (10.22) shows a relationship between an inexact and an exact differential, with the
function 1/P playing the role of an integrating factor. To see thatd@W is indeed an inexact
differential, integrate it around any closed path in the P, "-plane. The result will not
vanish.

10.4.2 Heat

The heat transferred to a system turns out to be closely related to the change in entropy
of the system. Consider the change in entropy due to adding a small amount of heat ZQ
to the system,

dS=S(E+dQ,V,N)—-S(E,V,N) = (E) d’Q:dL—Q. (10.23)
0E )y N T
Again we see an equation relating exact and inexact differentials. In this case, the function
1/T is the integrating factor.
Eq. (10.23) is extremely important for a number of reasons. It can be used to
numerically integrate experimental data to calculate changes in entropy. It is also
important for our purposes in the next section when written slightly differently,

d0 = TdsS. (10.24)

10.5 An Equation to Remember
Egs. (10.22) and (10.24) can be used to rewrite eq. (10.1) in a very useful form,
dU =TdS — PdV. (10.25)

This equation is, of course, only valid when there are no exchanges of particles with
another system, so that the total number of particles in the system of interest is held
constant.

Curiously enough, in Section 8.10 on the fundamental relation in the entropy
representation, we have already derived the generalization of eq. (10.25) to include a
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change dN in the number of particles. Rewriting eq. (8.38) with dU instead of dE, we
have

(1 P %
s = (27) dU + <7) dv — (?) dN. (10.26)

Solving this equation for dU, we find one of the most useful equations in thermo-
dynamics:

dU = TdS — PdV + jdN. (10.27)

The reason that the differential form of the fundamental relation is equivalent to the First
Law of Thermodynamics (energy conservation) is that energy conservation was used in
its derivation in Part I.

If there is one equation in thermodynamics that you must memorize, itis eq. (10.27).
In the following chapters you will see why this is so.

Eq. (10.27) provides another interpretation of the chemical potential u. It is the
change in the energy of a system when a particle is added without changing either
the entropy or the volume. The difficulty with this explanation of the meaning of
is that it is far from obvious how to ‘add a particle without changing the entropy’.
Apologies.

10.6 Problems

PROBLEM 10.1
Integrating factors for inexact differentials

We showed that the inexact differential
dF =ydx+dy
is related to an exact differential by an integrating function

r(x%,y) = rx(x).
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1. Show that @F is also related to another (different) exact differential by an integrating
function of the form

r(x,y) = ry(¥).

2. Derive an explicit expression for r,(y) and show that the new differential is exact.

3. For the new differential and x,y > 1, calculate and compare the path integral from
the point (1,1) to (1,y), from there to (x,y), with the path integral from the point
(1,1) to (x, 1), from there to (x,V).
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Thermodynamic Processes

Nothing in life is certain except death, taxes and the second law of thermodynamics. All
three are processes in which useful or accessible forms of some quantity, such as energy
or money, are transformed into useless, inaccessible forms of the same quantity. That
1s not to say that these three processes don’t have fringe benefits: taxes pay for roads
and schools; the second law of thermodynamics drives cars, computers and metabolism;
and death, at the very least, opens up tenured faculty positions.

Seth Lloyd, American professor of mechanical engineering and physics (1960- )

In this chapter we will discuss thermodynamic processes, which concern the conse-
quences of thermodynamics for things that happen in the real world.

The original impetus for thermodynamics, aside from intellectual curiosity, was the
desire to understand how steam engines worked so that they could be made more
efficient. Later, refrigerators, air conditioners, and heat pumps were developed and were
found to be governed by exactly the same principles as steam engines.

The main results in this chapter rely on the temperature being positive, which would
be consistent with Optional Postulate 6: Monotonicity (Subsection 9.7.2). This is usually,
but not always, true. We will call attention to the results that depend on 7" > 0 as they are
derived, and later in the chapter, we will explain the changes necessary to take negative
temperatures into account.

11.1 Irreversible, Reversible, and Quasi-Static Processes

If we release a constraint in a composite system, the new equilibrium state maximizes the
total entropy so that the change in entropy is non-negative for all processes in an isolated
system,

ds > 0. (11.1)

The change in the total entropy is zero only when the system had already been in
equilibrium.

When the total entropy increases during some isolated thermodynamic process, the
process is described as ‘irreversible’. Running the process backwards is impossible,

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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since the total entropy in an isolated system can never decrease. All real processes are
accompanied by an increase in the total entropy, and are irreversible.

On the other hand, if the change A X in some variable X is small, the change in entropy
can also be small. Since the dependence of the entropy on a small change in conditions
is quadratic near its maximum, the magnitude of the increase in entropy goes to zero
quadratically, as (AX)?, while the number of changes grows linearly, as 1/AX. The sum
of the small changes will be proportional to (AX)?/AX = AX, which goes to zero as AX
goes to zero. Consequently, a series of very small changes will result in a small change
of entropy for the total process. In the limit of infinitesimal steps, the increase of entropy
can vanish. Such a series of infinitesimal steps is called a quasi-static process.

A quasi-static process is reversible. Since there is no increase in entropy, it could be
run backwards and return to the initial state.

The concept of a quasi-static process is an idealization, but a very useful one. The
first applications of thermodynamics in the nineteenth century concerned the design of
steam engines. The gases used in driving steam engines relax very quickly because of
the high speeds of the molecules, which can be of the order of 1000#/s. Even though
the approximation is not perfect, calculations for quasi-static processes can give us
considerable insight into the way real engines work.

Quasi-static processes are not merely slow. They must also take a system between
two equilibrium states that differ infinitesimally. The classic example of a slow
process that is not quasi-static occurs in a composite system with two subsystems
at different temperatures, separated by a wall that provides good but not perfect
insulation. Equilibration of the system can be made arbitrarily slow, but the total
entropy will still increase. Such a process is not regarded as quasi-static.

Although the word ‘dynamics’ appears in the word ‘thermodynamics’, the theory is
primarily concerned with transitions between equilibrium states. It must be confessed
that part of the reason for this emphasis is that it is easier. Non-equilibrium properties
are much more difficult to analyze, and we will only do so explicitly in Chapter 22, when
we discuss irreversibility.

11.2 Heat Engines

As mentioned above, the most important impetus to the development of thermodynamics
in the nineteenth century was the desire to make efficient steam engines. Beginning with
the work of Sadi Carnot (French scientist, 1792-1832), scientists worked on the analysis
of machines to turn thermal energy into mechanical energy for industrial purposes. Such
machines are generally known as heat engines.

An important step in the analysis of heat engines is the conceptual separation of the
engine itself from the source of heat energy. For this reason, a heat engine is defined to
be ‘cyclic’; whatever it does, it will return to its exact original state after going through
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a cycle. This definition ensures that there is no fuel hidden inside the heat engine—a
condition that has been known to be violated by hopeful inventors of perpetual-motion
machines. The only thing a heat engine does is to change energy from one form (heat)
to another (mechanical work).

11.2.1 Consequences of the First Law

The simplest kind of heat engine that we might imagine would be one that takes a
certain amount of heat ZQ and turns it directly into work @W. Since we are interested
in efficiency, we might ask how much work can be obtained from a given amount of
heat. The First Law of Thermodynamics (conservation of energy) immediately gives us
a strict limit:

aw <do. (11.2)

A heat engine that violated eq. (11.2) could be made into a perpetual-motion machine;
the excess energy (@W —dQ) could be used to run the factory, while the rest of the work
would be turned into heat and fed back into the heat engine. Because such a heat engine
would violate the First Law of Thermodynamics, it would be called a Perpetual Motion
Machine of the First Kind.

Perpetual Motion Machines of the First Kind do not exist.

A pessimist might express this result as: “You can’t win.” Sometimes life seems like
that.

11.2.2 Consequences of the Second Law

The limitations due to the Second Law are considerably more severe than those due to
the First Law f the temperature is positive.

If a positive amount of energy in the form of heat@Q is transferred to a heat engine, the
entropy of the heat engine increases by dS =dQ/T > 0. If the heat engine now does an
amount of work @W = d@Q, the First Law (conservation of energy) is satisfied. However,
the entropy of the heat engine is still higher than it was at the beginning of the cycle
by an amount dQ/T > 0. The only way to remove this excess entropy so that the heat
engine could return to its initial state would be to transfer heat out of the system (at a
lower temperature), but this would cost energy, lowering the amount of energy available
for work.

A machine that could transform heat directly into work,dW = d@Q, could run forever,
taking energy from the heat in its surroundings. It would be called a Perpetual Motion
Machine of the Second Kind because it would violate the Second Law of Thermody-
namics.

Perpetual Motion Machines of the Second Kind do not exist.

A pessimist might express this result as: “You can’t break even.” Sometimes life seems
like that, too.
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It is unfortunate that perpetual-motion machines of the second kind do not exist,
since they would be very nearly as valuable as perpetual-motion machines of the first
kind. Using one to power a ship would allow you to cross the ocean without the need of
fuel, leaving ice cubes in your wake.

11.3 Maximum Efficiency

The limits on efficiency imposed by the First and Second Laws of Thermodynamics
lead naturally to the question of what the maximum efficiency of a heat engine might
be. The main thing to note is that after transferring heat into a heat engine, heat must
also be transferred out again before the end of the cycle to bring the net entropy change
back to zero. The trick is to bring heat in at a high temperature and take it out at a low
temperature.

We do not need to be specific about the process, but we will assume that it is quasi-
static (reversible). Simply require that heat is transferred into the heat engine from a
reservoir at a high temperature T, and heat is removed at a low temperature 77, < Tg.
If the net work done by the heat engine during an infinitesimal cycle is @W, conservation
of energy gives us a relationship between the work done and the heat exchanged,

aW =dQp +4dQy. (11.3)

Sign conventions can be a tricky when there is more than one system involved. Here
we have at least three systems: the heat engine and the two reservoirs. In eq. (11.3), work
done by the heat engine is positive, and both dQy and @Qy, are positive when heat is
transferred to the heat engine. In practice, the high-temperature reservoir is the source
of energy, so dQy > 0, while wasted heat energy is transferred to the low-temperature
reservoir, so dQy. < 0.

Because a heat engine is defined to be cyclic, the total entropy change of the heat
engine for a completed cycle must be zero:

a0y dQr
dS= —+ —=0. 11.4
Ty + 11 ( )

The assumption of a quasi-static process (reversibility) is essential to eq. (11.4). While
dS =0 in any case because of the cyclic nature of the heat engine, a violation of
reversibility would mean that a third (positive) term must be added to (@Qg/TH +
dQr/Ty) to account for the additional generation of entropy.

If we use eq. (11.4) to eliminate Q; from eq. (11.3), we obtain a relationship between
the heat in and the work done,

1L
aw = <1——>d’QH. (11.5)
Ty



136  Thermodynamic Processes

We can now define the efficiency of a heat engine, 7,

aw T, Tu-Tr

_aw i (11.6)
aQn Ty T

n

The efficiency 7 is clearly less than 1, which is consistent with the limitation due to the
Second Law of Thermodynamics. Actually, the Second LLaw demands that the efficiency
given in eq. (11.6) is the maximum possible thermal efficiency of any heat engine,
whether it is reversible (as assumed) or irreversible. The proof of this last statement will
be left as an exercise.

11.4 Refrigerators and Air Conditioners

Since ideal heat engines are reversible, you can run them backwards to either cool some-
thing (refrigerator or air conditioner) or heat something (heat pump). The equations
derived in the previous section do not change.

First consider a refrigerator. The inside of the refrigerator can be represented by the
low-temperature reservoir, and the goal is to remove as much heat as possible for a given
amount of work. The heat removed from the low-temperature reservoir is positive for a
refrigerator,dQy > 0, and the work done by the heat engine is negative,dW < 0, because
you have to use power to run the refrigerator.

We can define a coefficient of performance €g and calculate it from egs. (11.3) and
(11.4):

_agr Ip
T aw T Ty-T1

€R (11.7)

This quantity can be much larger than 1, which means that you can remove a great deal
of heat from the inside of your refrigerator with relatively little work; that is, you will need
relatively little electricity to run the motor.

An air conditioner works the same way as a refrigerator, but ZQy is the heat removed
from inside your house or apartment. The coefficient of performance is again given by
eq. (11.7).

The coefficient of performance for a refrigerator or an air conditioner is clearly
useful when you are thinking of buying one. Indeed, it is now mandatory for new
refrigerators and air conditioners to carry labels stating their efficiency. However, the
labels do not carry the dimensionless quantity €g; they carry an ‘Energy Efficiency
Ratio’ (EER) which is the same ratio, but using British Thermal Units (BTU) for
dQr and Joules for @W. The result is that the EER is equal to eg times a factor of
about 3.42 BTU/¥. A cynic might think that these peculiar units are used to produce
larger numbers and improve sales—especially since the units are sometimes not
included on the label; I couldn’t possibly comment.
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11.5 Heat Pumps

Heat pumps also work the same way as refrigerators and air conditioners, but with a
different purpose. They take heat from outside your house and use it to heat the inside
of your house. The low-temperature reservoir outside your house usually takes the form
of pipes buried outside in the yard. The goal is to heat the inside of your house as much
as possible with a given amount of work.

We can define a coefficient of performance for a heat pump,

—dQn  Th

= . (11.8)
—dW  Tp-TL

€HP =

This quantity can also be significantly larger than 1, which makes it preferable to use
a heat pump rather than running the electricity through a resistive heater to heat your
house.

11.6 The Carnot Cycle

The Carnot cycle is a specific model of how a heat engine might work quasistatically
between high- and low-temperature thermal reservoirs. The Carnot heat engine is con-
ceived as a closed piston containing gas—usually an ideal gas. To clarify the description
of the cycle, we will include two figures: Fig. 11.1, which contains a plot of pressure
vs. volume, and Fig. 11.2, which contains a plot of temperature vs. entropy for the same
process.

We’ll describe the cycle as beginning at pressure P4 and volume V4 in Fig. 11.1 and
temperature T4 and entropy S4 in Fig. 11.2, both labelled as point A. The heat engine is
assumed to be in contact with a (high-temperature) thermal reservoir at temperature 7 4.
It expands to a volume of /g, while remaining in contact with the thermal reservoir and
doing work. If Q4p is the amount of heat transferred to the heat engine along the path AB,
then the entropy of the heat engine grows by an amount Q4p/74. The path from 4 to B
in Fig. 11.2 is consequently a straight, horizontal line. Since the heat engine is expanding,
the pressure is steadily reduced, according to the ideal gas law, P = NkgT4/V . The heat
engine is now at point B in both Fig. 11.1 and Fig. 11.2.

Next, the heat engine is removed from contact with the thermal reservoir. It then
continues to expand and do work until it is reaches a volume of /5. The heat engine
has cooled further, according to the adiabatic equation, P = (constant) V~>/2 reaching
a temperature of T¢. Because there is no transfer of heat along the path BC, and the
process is reversible, the entropy remains unchanged. The heat engine is now at point C.

At this point the heat engine is put in contact with a second (low-temperature) thermal
reservoir, which is at temperature 7. The heat engine is then compressed isothermally
until it reaches a volume of IVp. Because it requires work to compress the heat engine, the
heat engine does negative work on the path between point C and point D. The pressure
grows during this part of the cycle according to the ideal gas law, P = NkpTc/V, until it
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Fig. 11.1 Pressure vs. volume plot for a Carnot cycle.
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Table 11.1 Carnot cycle.

Path Process Temperature change Volume change Work done

AtoB isothermal constant 7 expand positive work
BtoC adiabatic cooling expand positive work
CtoD isothermal constant 7 contract negative work
DtoA  adiabatic heating contract negative work

reaches a pressure of Pp. The entropy decreases because heat is removed from the heat
engine. The heat engine is now at point D.

After reaching the point D, the heat engine is removed from the low-temperature
reservoir. It continues to be compressed until it reaches a volume of /4 and a pressure
of P4, with temperature 74 and entropy S4 —which is where it started. The Carnot cycle
is summarized in Table 11.1.

The Carnot cycle is historically of great importance. It continues to be of great
importance to students taking standard national examinations. Its main drawback is
that the analysis of the equations is somewhat tedious, and the physical insight is (in
my opinion) less than that obtained from the differential forms presented earlier in this
chapter.

11.7 Alternative Formulations of the Second Law

There have been nearly as many formulations of the second law as there have been discussions
of it.
P W, Bridgman, American physicist (1882—1961) 1946 Nobel Prize in Physics

Various alternate formulations of the Second Law of Thermodynamics have been
suggested in the history of thermodynamics as scientists have wrestled with the meaning
of entropy. They have provided simple examples of important consequences of thermo-
dynamics in our lives.

1. The Clausius version of the Second Law
The original version of the Second LLaw was phrased by Rudolf Clausius without
reference to the entropy.

Heat can never pass from a colder to a warmer body without some other change,
connected therewith, occurring at the same time.

This can be derived easily by considering a hypothetical heat engine (run in
reverse) that extracts an amount of heatdQy < 0 from the lower temperature body,
and adds an amount of heatdQp > 0 to the higher temperature body (T < Tg).If
dQr +dQm = 0,this is essentially a transfer of heat from a colder to a warmer body,
with dQ; = —dQp < 0. However, the entropy of the heat engine must change by
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dQ0r  d0n _dQr d9r
T Ty Tp Ty

ds = (11.9)

T Ty

This leaves us with an decrease in the entropy of the heat engine which would
violate the Second Law.

2. The Kelvin version of the Second Law
Lord Kelvin (Irish mathematical physicist and engineer, 1824—-1907, 1st Baron
Kelvin) phrased the second Law as follows.

It is impossible, by means of inanimate material agency, to derive mechanical effect from
any portion of matter by cooling it below the temperature of the coldest of the surrounding
objects.

This is clear from the fact that entropy increases from adding heat at a lower
temperature which cannot be compensated for by subtracting heat at a higher
temperature.

3. The Planck version of the Second Law
Max Planck’s version of the second Law was again expressed in terms of a
restriction on the construction of a refrigerator.

It 1s impossible to construct an engine which will work in a complete cycle, and produce
no effect except the raising of a weight and cooling of a heat reservoir.

Cooling a heat reservoir would add energy to the heat engine, thereby increasing
its entropy. The work done by the heat engine would not decrease its entropy, so
the process could not be cyclic.

4. The ter Haar and Wergeland version of the Second Law,
Dirk ter Haar (Anglo-Dutch physicist, 1919-2002) and Harald Wergeland (Nor-
wegian physicist, 1912—-1987) put the Kelvin and Planck versions of the Second
Law together in their textbook on thermodynamics.

It is impossible to devise a cyclically operating device, the sole effect of which is to absorb
energy in the form of heat from a single thermal reservoir and to deliver an equivalent
amount of work.

This is again a process which would add heat to the heat engine, raising its entropy
with no way to reduce it.

11.8 Positive and Negative Temperatures

If Optional Postulate 6 (Monotonicity, Subsection 9.7.2) does not apply to a par-
ticular system, things get considerably more interesting. If the entropy is decreasing
in some range of energies, the expression for the temperature, Eq. (8.26), becomes
negative.
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Negative temperatures have been the subject of considerable debate in recent years.
Some workers claim that the temperature is never negative, while others claim that
negative temperature states exist, but are unstable. I claim that they exist and are
quite interesting.

For many models in statistical mechanics, Optional Postulate 6 (Monotonicity,
Subsection 9.7.2) is not valid. These models have an increasing density of states at
low energies, but a decreasing density of states for high energies (see Chapter 31). Since
the temperature can be expressed as the derivative of the logarithm of the density of
states with respect to energy, the temperature is positive at low energies, but negative at
high energies.

Although it might seem counterintuitive, negative temperatures are not colder than
T = 0, but instead hotter than T = oo. This is easier to see if we consider the inverse
temperature, 8 = 1/kpT, which has units of inverse energy. Then 7" = 0 corresponds to
B = o0. Making the system hotter decreases 8 until T = oo at § = 0. Making the system
even hotter lowers 8 to negative values.

To describe systems that exhibit both positive and negative temperatures, it is
convenient to use a dimensionless entropy, S = S/kp. The differential form of the
fundamental equation, expressed in the S-representation can be obtained from
eq. (10.26),

dS = BdU + (BP)dV — (B)dN. (11.10)

The parentheses are put around (8P) and (8u) as a reminder that these products are
to be regarded a single variable. We will use this representation again in Chapter 12,
Thermodynamic Potentials.

We consider two bodies, one at high temperature (H) and one at low temperature
(). The convention being used is that work done by the heat engine is positive, and heat
coming out of any body is positive.

The entropy balance equation for the heat engine reflects the cyclic requirement and
the quasi-static limit. In terms of 8 and S, this becomes

dS = B dQu + pLdQL =0, (11.11)

or
BrdQy = —PLdQL. (11.12)
This equation implies that if 8y and fr, have the same sign, @0y and dQ; must have

opposite signs. If By and B have opposite signs, Qg and dQ; must have the same sign.
The energy balance equation is

aw =dQp +doy. (11.13)
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In egs. (11.12) and (11.13), there are three variables and two equations. Eliminating
one variable leaves a relationship between the other two, which is what is needed to
calculate various measures of efficiency. There are two cases that we will need.

1. Eliminate dQy.
Using eq. (11.12) to eliminate dQy, from eq. (11.13), we find

aw = (1—’;—H>5QH= <M)JQH. (11.14)

L BL

2. Eliminate dQpy.
Using eq. (11.12) to eliminate dQp from eq. (11.13), we find

dW:(l—%)dg=<M>d’Qb (11.15)

H Bu

Three ranges of temperatures will be treated: (1) both temperatures are positive,
(2) the higher temperature is negative, but the lower temperature is positive, and (3)
both temperatures are negative. A summary of the directions of energy flow is given in
Table 11.2.

11.8.1 Both temperatures positive, 0 < Sy <

11.8.1.1 Heat engines

A heat engine does work, so that ZW > 0. Consequently, @Qy > 0 and eq. (11.12) tells
us that @Qy < 0, which represents the heat exhaust. The signs of these energy flows are
indicated in the second line of Table 11.2.

The work performed, @W, and the heat extracted from the higher-temperature body
are both positive. Their ratio gives a measure of the efficiency of the heat engine:

Table 11.2 Signs of work and heat flow for various inverse temperature
ranges. If AW > 0, work is being performed. If dQp > 0, heat is being
extracted from the higher-temperature body. The forward direction of
operation is take as that which generates positive work.

Range of B’s aw dQy dQr Direction
0 < By < BL + + — forward
— — + reverse
B <0< B + + + forward
— - — reverse
Bu < pr <0 + - + forward

— + — reverse
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aw _, Pu _PL—Pu

< 1. 11.16
dQH B BL ( )

For positive temperatures, as the higher of the two temperatures, T, increases, Sg
decreases, and the efficiency n approaches one.

11.8.1.2 Refrigerators and air conditioners

The essential property of a refrigerator is that heat is removed from the lower-
temperature system,dQy > 0. For positive temperatures, this requires the heat engine to
run backwards, as indicated in the third line of Table 11.2. From eq. (11.15), we find the
ratio of the heat extracted from the lower-temperature system, dQy , to the work done on
the refrigerator, —@W, which is the coefficient of performance for a refrigerator,

_d9L  Bu
eR__dW_IBL_ﬂH>O. (11.17)

Coefficients of performance are not limited to a maximum value of one. In fact, eg can
be very large if B is close in value to fBr.

11.8.1.3 Heat pumps

For positive temperatures, heat pumps are also heat engines running backwards, but with
the purpose of adding heat to the higher-temperature body, @0y < 0. The coefficient
of performance for a heat pump is given by the amount of heat added to the higher-
temperature body, —@Qp, divided by the work performed on the engine, —aW,

ep= 22 _ P (11.18)

—dW ~— BL—PBu

This quantity can also be significantly larger than 1 if Sg is close to 8r, which makes it
preferable to use a heat pump rather than running electricity through a resistive heater.
It remains larger than one for all 8; > By > 0.

11.8.1.4 Summary for 0 < By < Pr(positive temperatures)

Table 11.3 Thermal efficiencies for 0 < By < B (positive temperatures).

Heat engine n= aw n= BL—Bu _Tu—-T1L
dQH ,BL TH
i agor Bu 11
Refrigerator €ER= —— €r= _
—aw IBL - ,BH Ty—1Tr
_ —d0n 8L Ty
Heat pump €qp = ep =

—aw BL— ﬁH Ty —TL
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11.8.2 The lower temperature is positive, but the higher
temperature is negative, fg < 0 < .

If By <0 and B > 0,eq. (11.12) shows that ZQy and dQ; have the same sign. If heat
is extracted from the higher-temperature body, it must also be extracted from the lower-
temperature body. This is indicated in the fourth line in Table 11.2, which also shows
that the work is positive, W > 0.

11.8.2.1 Heat engines, g <0 < L

The nominal efficiency of a heat engine is (1 — 8g/fL), which is greater than one if Sy
and By have different signs. This gives the (false) impression that the efficiency is greater
than one. Actually, energy from the lower-temperature body is also contributing to the
work done,

dWi:dQLz—(%g)JQH>O, (11.19)

since By /B < 0.
If both sources of heat are taken into account, the true efficiency is

__Wwv (11.20)
ntrue—dQH+dQL - .

11.8.2.2 Refrigerators and air conditioners, g <0 < BL

Since the process we just described in Subsection 11.8.2.1 also extracts heat from the
lower-temperature body, identifying a refrigerator as a heat engine running backwards
is incorrect in this case. The process generates work, rather than requiring it @W > 0).
Consequently, the definition of a coefficient of efficiency is not appropriate.

11.8.2.3 Heat pumps, g <0 < B

A heat pump requires @dQp < 0 (heat is added to the higher-temperature body), which
means that the heat engine must run in reverse (@W < 0 and @0y < 0), as indicated in
the fifth line in Table 11.2. The coefficient of performance for a heat engine is then

—dQu BL
- _ , 11.21
HP =W <,3L - Bu ) ( )

which is exactly the same as eq. (11.18) for positive temperatures. However, 0 < egp < 1
because the temperatures have opposite signs.
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11.8.2.4 Summary for fr > 0> By

Table 11.4 Thermal efficiencies for 1, > 0 > Bg. The normal definition of the
efficiency of a heat engine gives a value greater than one, as shown on the first line
of the table. A definition that includes both sources of energy from the bodies is given
on the second line.

. aw ﬂH>
Heat engine If "=—— N=1—-—)>1
£ "= 30 § ( BL
aw
If rue = 3 g~ rue = 1
e = 304 +d0r i

Refrigerator dW > 0anddQ; >0 No work required for refrigeration

Heat pump €Egp = ~40u €EHgp = ( Pr ) < 1.
—aw BL— Bu

11.8.3 Both temperatures negative, g < fr <0

If both temperatures are negative, whether the engine is used as a heat engine, a
refrigerator, or a heat pump, it is always run in the positive direction, that is, it always
generates work, (@W > 0,dQpy < 0, and dQy > 0). This is shown in the second to last
line in Table 11.2. Running a heat engine in the reverse direction for this temperature
range, as shown in the last line of Table 11.2, does not appear to be useful.

11.8.3.1 Heat engines, g < BrL <0

In this temperature range, eq. (11.12) implies that ZQy and dQ; have opposite signs.
Since |By| > |1BLl, eq. (11.14) requires dQpy < 0. If the heat engine performs work
@wW > 0), the higher-temperature body must absorb energy rather than supplying it.
The energy to run the heat engine comes from the lower-temperature body!

A reasonable measure of the efficiency of this process is given by @aW /d@Qy , which can
be obtained from eq. (11.15),

_aW _Pu—BL_, AL
aor Bu Bu

11.8.3.2 Refrigerators, g < Br <0

nL <1. (11.22)

The operation of a refrigerator in this temperature range is strange, as eq. (11.15) shows,

W — (M)gQL - <M>JQL > 0. (11.23)
BH |BH |

This refrigerator extracts heat from the lower-temperature body, and does work. It would
not make sense to try to define a refrigerator coefficient of efficiency.
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11.8.3.3 Heat pumps, g < B <0

If the engine is operated as a heat pump, dQxy < 0, it must still do work,@W > 0. All of
the energy to heat the higher-temperature body comes from the lower-temperature body.
It would not make sense to try to define a heat pump coefficient of efficiency.

11.8.3.4 Summary, By < pL <0

Table 11.5 Thermal efficiency for By < Br < 0. The operation of the engine as a heat
engine, a refrigerator, and a heat pump s exactly the same. The work to drive the heat
engine comes from the low-temperature body, so a reasonable measure of efficiency uses
of heat from the low-temperatures body, ny, which is shown in the table. Neither a
refrigerator nor a heat pump requires work as a source of energy, so it does not make
sense to define a coefficient of efficiency.

Heat engine nL = ﬁ nL = Bri = Pr

aor, Bu
Refrigerator aW >0anddQy >0 No work required for refrigeration
Heat pump adW >0anddQ0y <0 No work required for heat pump

11.9 Problems

PROBLEM 11.1

Efficiency of real heat engines
We showed that the efficiency of an ideal heat engine is given by
Tu—TL )3
Nideal = T—H = T_H

Real heat-engines must be run at non-zero speeds, so they cannot be exactly quasi-
static. Prove that the efficiency of a real heat engine is less than that of an ideal heat engine,

1 < Nideal-

PROBLEM 11.2
Maximum work from temperature differences

Suppose we have two buckets of water with constant heat capacities C4 and Cp, so
that the relationship between the change in temperature of bucket A and the change
in energy is

dUyq = C4dT

with a similar equation for bucket B.
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The buckets are initially at temperatures 74,0 and Tgy.
The buckets are used in conjunction with an ideal heat engine, guaranteed not to

increase the world’s total entropy (FBN Industries, patent applied for).

1.

What is the final temperature of the water in the two buckets?

2. What is the maximum amount of work that you can derive from the heat energy in

the buckets of water?

. If you just mixed the two buckets of water together instead of using the heat engine,

what would be the final temperature of the water?
Is the final temperature in this case higher, lower, or the same as when the heat engine
is used? Explain your answer.

. What is the change in entropy when the water in the two buckets is simply mixed

together?

PROBLEM 11.3
Work from finite heat reservoirs

1.

Suppose we have N objects at various initial temperatures. The objects have constant
but different heat capacities {C]| j=1,...,N } The objects are at initial temperatures
{Tjoli=1,...,N}.

If we again have access to an ideal heat-engine, what is the maximum work we can
extract from the thermal energy in these objects?

What is the final temperature of the objects?

. Suppose that the heat capacities of the objects were not constant, but proportional to

the cube of the absolute temperature
[cmy=41}j=1,....,N}

where the A; are constants.

What is the maximum work we can extract from the thermal energy in these
objects?

What is the final temperature of the objects?
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Thermodynamic Potentials

Nobody knows why, but the only theories which work are the mathematical ones.

Michael Holt, in Mathematics in Art

Although the fundamental relation in either the entropy, S = S(U,V,N), or energy,
U=U(S,V,N) (for monotonic entropy functions), representations contains all ther-
modynamic information about the system of interest, it is not always easy to use that
information for practical calculations.

For example, many experiments are done at constant temperature, with the system in
contact with a thermal reservoir. It would be very convenient to have the fundamental
relation expressed in terms of the intensive parameters 7" and P, instead of the extensive
parameters S and V. It turns out that this can be done, but it requires us to introduce
new functions that are generally known as thermodynamic potentials. The mathematics
required involves Legendre transforms (named after the French mathematician Adrien-
Marie Legendre (1752-1833)), which will be developed in the next section. The rest
of the chapter is devoted to investigating the properties and advantages of various
thermodynamic potentials.

Of particular interest are Massieu functions (Section 12.6), which are Legendre
transforms of the entropy.

12.1 Mathematical Digression: The Legendre Transform

Before we go through the details of the Legendre transform, it might be useful to discuss
why we need it and what problems it solves.

12.1.1 The Problem of Loss of Information

The basic reason for representing the fundamental relation in terms of 7', P, or u, instead
of U, V, or N, is that we want to use the derivative of a function as the independent
variable. For simplicity, consider some function

y=yx) (12.1)

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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and its derivative

d
p= d;” — p(x). (12.2)
X

We could, of course, invert eq. (12.2) to find x = x(p), and then find y = y(x(p)) = y(p).
Unfortunately, this procedure results in a loss of information. The reason is illustrated
in Fig. 12.1, which shows that all functions of the form y(x — x,) give exactly the same
function y(p). If we only have y(p), we have lost all information about the value of x,.

12.1.2 Point Representations and Line Representation

To solve the problem of lost information, we can turn to an alternative representation of
functions.

When we write y = y(x), we are using a ‘point’ representation of the function; for each
value of x, y(x) specifies a value of y, and the two together specify a point in the x,y-plane.
The set of all such points specifies the function.

However, we could also specify a function by drawing tangent lines at points along
the curve, as illustrated in Fig. 12.2. The envelope of the tangent lines also reveals the
function. This is known as a ‘line’ representation of a function.

12.1.3 Direct Legendre Transforms

The idea of a Legendre transform is to calculate the equations of the tangent lines that
carry the full information about the function. The information we need for each tangent
line is clearly the slope, which we want to be our new variable, and the y-intercept.
Consider a function, y = y(x), which is plotted as a curve in Fig. 12.3. We can construct
a straight-line tangent to any point (x,y) along the curve, which is also shown in Fig. 12.3.

Fig. 12.1 [llustration of distinct functions y = y(x) that have the same slope at a given value of y.
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Fig. 12.2 [llustration of how to represent a function by the envelope of tangent lines.

y

x)y

Fig. 12.3 Graphical representation of a general Legendre transform. The straight line is tangent to the
curve y = y(x). The y-intercept of the tangent line is located at (0, q).

If the y-intercept is located at (0, g), we can calculate the slope of the tangent line,

&y y—gq
p_dx_x—O

=p(x). (12.3)

Assuming that p = p(x) is monotonic, we can invert it to obtain x = x(p). We can then
eliminate x in favor of p in eq. (12.3) and solve for g = q(p),

g=y—px=q(p)=y[p]. (12.4)

The square brackets in y[ p] indicate that y[p] =y — px is the Legendre transform of y(x),
with p as the new independent variable.
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12.1.4 Inverse Transformations
The inverse Legendre transformation proceeds in the same way. In this case,
dq
x=——=x(p). 12.5
& (?) (12.5)
Assuming that x = x(p) is monotonic, we can invert it to obtain p = p(x). Eq. (12.4) can

be solved for y,

y=q—(=x)p=q+xp. (12.6)

We can then eliminate p in favor of x in eq. (12.3) and solve for y = y(x). There is no loss
of information in either the direct or inverse Legendre transform.
The Legendre transform and its inverse are summarized in Table 12.1.

12.1.5 Legendre Transform of Infinitesimals

It will be very useful to write the information in eqgs. (12.3) and (12.5) using infinite-
simals,

dy = pdx (12.7)
dg = —xdp. (12.8)

Note that going between the original infinitesimal and the Legendre transform merely
involves switching x and p and changing the sign. This simple observation will make life
much easier when working with the thermodynamic potentials discussed in the rest of
this chapter—assuming that you have memorized eq. (10.27).

Table 12.1 General form of a Legendre
transform.

Direct transform  Inverse transform

y=2y(x) g=q(p)
dy = pdx dgq=—xdp
_dy _dg
P= 0 =5
g=y—px y=q+xp
g=q(p) =y[p] y=y(x)

dg= —xdp dy =pdx
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12.2 Helmholtz Free Energy

Many experiments are carried out at constant temperature, and we have thermometers
to measure the temperature. However, we do not have an easy way of measuring entropy,
so it would be very useful to express the fundamental relation, which contains all
thermodynamic information about a system, in terms of the temperature.

We begin with the fundamental relation in the energy representation, U = U(S, VV,N).
We wish to replace the entropy S with the temperature T as the independent variable

ou
T= (E)V,N' (12.9)

We follow exactly the same procedure as in Section 12.1, except that we use partial
derivatives and hold 7V and N constant. The Legendre transform of the energy with
respect to temperature is called the Helmholtz free energy, and is denoted by the symbol
F in this book, although you will also see it called 4 in some other texts,

F(T,V,N)=U[T] = U - TS. (12.10)

Since you have memorized the differential form of the fundamental relation in the
energy representation, eq. (10.27),

dU = TdS — PdV + judN (12.11)

you can easily find the differential form of the fundamental relation in the Helmholtz free
energy representation by exchanging S and 7 in the first term and reversing the sign:

dF = —8dT — PdV + udN. (12.12)

From eq. (12.12) we can read off the partial derivative of F with respect to the new

independent variable T,
oF
S=—|—= . (12.13)
8 T V, N

The other partial derivatives look much the same as before, but it is important to keep
track of what is being held constant. For example, in the energy representation, the
pressure is found from the partial derivative

aU
p=—(2Z (12.14)
8V S,N
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Table 12.2 Helmholtz free energy.

Direct transform Inverse transform
U=U(S,V,N) F=F(T,V,N)

dU = TdS — PdV + pdN dF = —8dT — PdV + udN
()
F=U-TS U=F+T1S

F=FT,V,N)=UI[T] U=U(,V,N)

dF = —=SdT — PdV 4+ udN  dU = TdS — PdV + pudN

where the entropy is held constant. In the Helmholtz free energy representation, the
pressure is found from a similar partial derivative

aF
P=—(— (12.15)
aV T,N

but now the temperature is held constant.
The Legendre transforms, direct and inverse, for the Helmholtz free energy are
summarized in Table 12.2.

12.3 Enthalpy

The Legendre transform of the energy with respect to pressure is called the enthalpy, and
is denoted by the symbol H = U[p]. It is often convenient because it takes the pressure
as one of the independent variables. It is very widely used in chemistry for that reason,
since most chemical experiments are carried out at atmospheric pressure.

We again begin with the fundamental relation in the energy representation, U =
U(S,V,N). This time we will replace the volume IV with the pressure P as the
independent variable,

aU
P=_ (22 . (12.16)
W) N

To find the enthalpy we follow exactly the same procedure as in the previous section,

H(S,P,N)=U[p] = U +PV. (12.17)



154  Thermodynamic Potentials

The differential form for the enthalpy is found from the differential form of the
fundamental relation in the energy representation, eq. (12.11), but we now exchange
V and P and change the sign of that term,

dH = TdS + VdP + udN. (12.18)

From eq. (12.18) we can read off the partial derivative of H with respect to the new
independent variable P,

OH
v=(—) . (12.19)
0P )N

The Legendre transforms, direct and inverse, for the enthalpy are summarized in
Table 12.3.

In some chemistry texts, the enthalpy is also referred to as the ‘heat content’, even
though d@Q is not an exact differential, and we cannot properly speak of the amount of
‘heat’ in a system. The reason for this usage can be seen by referring to eq. (12.18).
Most chemical experiments are carried out under conditions of constant pressure, with
a fixed number of particles. If we recall the relationship between heat transfer and entropy
change in eq. (10.24), we find that the change in enthalpy is equal to the heat transferred
into the system under these conditions:

dH = TdS + VdP 4 udN
=TdS+0+0
=3do. (12.20)

This equation is a bit peculiar in that it sets an exact differential equal to an inexact
differential. This came about by specifying the path of integration with the conditions

Table 12.3 Enthalpy.

Direct transform Inverse transform
U=U(,V,N) H=H(S,P,N)
dU =TdS — PdV + udN dH = TdS + VdP + udN
oU oH
P=—|— V=[—1
8 V S)N 3P S)N
H=U+PV U=H-PV

H=H(S,V,N)=UJ[p] U=U(S,V,N)

dH = TdS+ VdP+ udN  dU = TdS — PdV + udN
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dP =0 and dN =0, which made the path one-dimensional. Since one-dimensional
differentials are always exact, dH = dQ along the specified path.

12.4 Gibbs Free Energy

The Gibbs free energy is the Legendre transform of the energy with respect to both the
temperature and the pressure. It is denoted with the letter G, which seems remarkably
logical after seeing the standard choices for the Helmholtz free energy (F or A) and the
enthalpy (H). There are three ways to calculate it:

1. Find the Legendre transform of the Helmholtz free energy with respect to pressure.
2. Find the Legendre transform of the enthalpy with respect to temperature.
3. Start with the energy and carry out both Legendre transforms at the same time.

Since the first two possibilities should be self-evident, I will just give the third option in
the form of Table 12.4.

Table 12.4 Gubbs free energy.

Direct transform

Inverse transform

U=U(,V,N) G=G(T,P,N)
dU = TdS — PdV + udN dG = —8dT + VdP + ndN

aU
= (% = (2

S )y N aT ) pN
P=—(2Y _ (¢

V) sN 0P )N

G=U-TS+PV U=G+T1S-PV
G=G(T,P,N)=U[T,P] U=U(S,V,N)

dG = —=8dT + VdP + udN

dU = TdS — PdV + udN

12.5 Other Thermodynamic Potentials

Since there are three thermodynamic variables for even the simplest system (U, V,
and N), and we can construct a Legendre transform from any combination of the
corresponding partial derivatives, there are 2> = 8 different thermodynamic potentials.
Each of these potentials provides a representation of the fundamental relation. They can
all be derived by the same procedures that we used for F, H, and G.
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12.6 Massieu Functions

In addition to those discussed previously, there is another class of thermodynamic
potentials, known as Massieu functions, which are generated from the fundamental
relation in the entropy representation, S = S(U, VV,N). The differential form for the
fundamental relation in the entropy representation was found in eq. (10.26),

(1 P %
s = <:7> dU + <7> dv — (?) dN. (12.21)

As can be seen from eq. (12.21), the natural variables for a L.egendre transform are 1/7,
P/T, and p/T. Although these variables appear rather strange, working with them is
essentially the same as for the more usual thermodynamic potentials.

It is easier to use a different notation. If we use the inverse temperature g = 1/kpT
and a dimensionless entropy S = S/kp, as we did in Section 11.8, the differential form
for the fundamental relation in the dimensionless entropy representation becomes

dS = BdU + (BP)dV — (Bu)dN. (12.22)

In this equation, we have put parentheses around (8P) and (8u) to emphasize that each
of these products is to be regarded as a single variable.

The Legendre transform of the dimensionless entropy with respect to 8 is then S (81,
with the differential form given as

dS[B] = —UdB + (BP)dV — (Bu)dN. (12.23)
Similarly, the Legendre transform with respect to both 8 and (8P) is given by
dS[B,(BP)) = —Udp — Vd(BP) — (Bu)dN. (12.24)

We will find that both of these Massieu functions are quite useful when we discuss
partition functions in Chapters 19, 20, 21, 23, and 24.

12.7 Summary of Legendre Transforms

The usefulness of Legendre transforms and thermodynamic potentials is not limited
to providing alternative representations of the fundamental relation, although that is
very important. We will see in Chapter 14 that they also play a crucial role in deriving
thermodynamic identities; that is, equations relating measurable quantities that are true
for all thermodynamic systems. In Chapter 15 we will see that thermodynamic potentials
can be used to determine equilibrium conditions from extremum principles similar to
the maximization principle for the entropy. Finally, in Chapter 16 we will find that they
are essential to deriving stability criteria that are also valid for all systems.
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12.8 Problems

PROBLEM 12.1
Legendre transform of the energy with respect to temperature for the classical
ideal gas

Starting with the fundamental equation in the entropy representation (that is, the entropy
of the classical ideal gas—which you have memorized):

3 U V
§=SWU,V,N)=FkN (Eln (N) +1In (ﬁ) —i—lnX) .

1. Derive the fundamental relation in the energy representation (U = U(S, V,N)).

2. Derive the temperature as a function of entropy, volume, and number of particles
(one of the three equations of state).

3. Find the entropy as a function of temperature, volume, and number of particles. Is
this an equation of state or a fundamental relation?

4. Derive the Helmholtz free energy of the classical ideal gas, F(T,V,N)=
U-TS.

PROBLEM 12.2
More Legendre transforms

1. Starting with the fundamental equation in the Helmholtz free energy representation
(F = F(T,V,N)) that you derived for the previous assignment, derive the fundamen-
tal relation in the Gibbs free energy representation (G = G(T,P,N)).

2. Find the volume of the ideal gas as a function of temperature, pressure, and number
of particles by taking a derivative of the Gibbs free energy.

PROBLEM 12.3
General thermodynamic function

Suppose we know some terms in a series expansion of the Gibbs free energy as a function
of T and P for some region near the point (7, Pp),

G = AT + BT? + CP + DP? + ETP
where A,B,C,D,and E are constants.

1. Find the volume of the system as a function of 7T and P.
2. The isothermal compressibility is defined as

1 (v
=Y \oP )
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Find «7 for this system.
3. Find the entropy as a function of 7" and P for this system.

PROBLEM 124
Enthalpy

The enthalpy of a material in a certain range of temperature and pressure is well
approximated by the expression:

H=A+ BT +CP+ DT? + EP? + FTP.

1. Is this expression for H an approximation to the fundamental relation, or is it an
equation of state? Explain your answer for credit.

2. Calculate the specific heat at constant pressure, cp, within the approximation for H
given previously.
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The Consequences of Extensivity

Every mathematician knows it is impossible to understand an elementary course in
thermodynamics.

V. 1. Arnold, Soviet and Russian mathematician, 1937-2010

In this chapter we return to the thermodynamic postulates and consider the conse-
quences of extensivity. As defined in Section 9.7.1, the entropy is extensive if

S(WU,AV,AN) = AS (U, V,N) (13.1)

for any positive value of the parameter A. The postulate of extensivity means that S, U,
V,and N are all proportional to the size of the system.

The properties of additivity and extensivity are often confused. However, they are
not the same. As long as the molecular interactions are short-ranged, the entropy of the
macroscopic system will be additive, that is, the total entropy of systems 4 and B is given
by the sum of the individual entropies,

S4,B(Uas Va4, Ng3UB, VB, NB) =S4 (Ug,Va,Ng)+Sp(Up, VB,NB). (13.2)

It is common for books on thermodynamics to assume from the beginning that all
systems are homogeneous. If a system is homogeneous, then additivity automatically
implies extensivity. This is the source of the confusion.

Most real systems are not extensive. A simple example is given by a container of gas
that can adsorb molecules on its walls. As the size of the container is varied, the surface-
to-volume ratio varies, and the fraction of the molecules adsorbed on the walls also varies.
The properties of the system will depend on the surface-to-volume ratio, and eq. (13.1)
will not be satisfied.

Even crystals or liquids with free boundary conditions will have contributions to the
energy and free energies from surfaces and interfaces. It is important to be able to treat
such systems, so that surface properties can be unambiguously defined and studied.

On the other hand, we are often interested in the bulk properties of a material and
would like to be able to investigate its thermodynamic behavior without concerning
ourselves with surfaces or interfaces. In these circumstances it is reasonable to consider

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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a homogeneous and extensive system consisting entirely of the material of interest. Such
a system would satisfy the postulate of extensivity.

13.1 The Euler Equation

If a system is extensive its energy is a homogeneous first-order function, and satisfies
eq. (13.1), AU(S,V,N) = UAS,AV,AN), for any value of A.
If we differentiate eq. (13.1) with respect to A, we find

dUMAS,AV,AN) 9(AS)

UGS, V,N)=
S, V>N) A(AS) ER
dUMAS,AV,AN) 0o(AV)
o(AT) oA
dUAS,AV,AN) 0(AN
( ) & ). (13.3)
d(AN) or
Setting A = 1, this becomes
dU(S,V,N) dU(S,V,N) oU(S,V,N)
US,V,N)= S |4 N. 13.4
(S, ) oS + Y + N (13.4)
If we now substitute for the partial derivatives, we find
U=TS—-PV+uN (13.5)

which is known as the Euler equation.

Note that the Euler equation is trivial to remember if you have memorized
eq. (10.27), which states: dU = T7dS — PdV + udN.

The Euler equation can also be expressed in terms of the entropy,

S=<%>U+<§,)V—<%)N. (13.6)

or, using S from Section 12.6,
S=BU+ (BP)V — (Bw)N. (13.7)

This equation can be found directly from the homogeneous first-order property of the
entropy given in eq. (13.1), or more simply by rewriting eq. (13.5).
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The most important consequence of extensivity is the Euler equation. It can be
extremely useful, but it must be kept in mind that it is valid only for extensive systems.

13.2 The Gibbs-Duhem Relation

If a system is extensive, the three intensive parameters, 7', P, and p are not independent.
The Gibbs—Duhem relation, which can be derived from the Euler equation, makes
explicit the connection between changes in these parameters.
First, we can write the complete differential form of eq. (13.5),
dU = TdS — PdV + ndN + SdT — VdP + Ndu. (13.8)
Comparing eq. (13.8) to the differential form of the First Law, eq. (10.27),
dU = TdS — PdV + udN (13.9)

and subtracting the one from the other, we find the Gibbs—Duhem relation:

0=38dT — VdP + Nd .. (13.10)
Another way of writing this is to exhibit the change in u as a function of the changes in
T and P
S |4
du=—\—=)dT — | dP. 13.11
== (x) (%) 031

This form of the Gibbs—Duhem relation involves the entropy per particle and the
volume per particle, which might not be the most convenient quantities to work with. If
we carry out the same derivation starting with the fundamental relation in the entropy
representation, S = S(U, VV, N), we find an alternative formulation of the Gibbs—Duhem

d(%) - (%) d(%) + <§>d<§> . (13.12)

Using Sand B, this becomes

U 14
d(Bp) = (N) dp + <N>d(ﬁP). (13.13)

For our simple example of a one-component system, we can see that only two
parameters are free. For any changes in the temperature or pressure, the change in
the chemical potential is fixed by eq. (13.11). The number of free parameters needed
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to specify a thermodynamic system is called the number of thermodynamic degrees of
freedom for the system. A simple, homogeneous, one-component system has two degrees
of freedom.

The Euler equation and the Gibbs—Duhem relation can both be generalized to r
components by including a chemical potential term u;dN; for each component j in the
differential form of the fundamental relation

,
dU =TdS—PdV + ) _ p;dN;. (13.14)
j=1

The Gibbs—Duhem relation becomes

,
0=38dT — VaP+ ) Njdy,. (13.15)
j=1

A direct consequence is that if we have an extensive system with » components, it will
have r+ 1 thermodynamic degrees of freedom.

13.3 Reconstructing the Fundamental Relation

We have seen in Section 8 that although an equation of state contains thermodynamic
information, the information is not complete. For a general system we can only recon-
struct the fundamental relation and obtain complete information if we know all three
equations of state for a one-component system, or all » + 2 equations of state for a system
with » components.

An important consequence of the Gibbs—Duhem relation is that for extensive systems
we only need r+ 1 equations of state for an r-component system to recover the
fundamental relation and with it access to all thermodynamic information.

As an example, consider the classical, one-component ideal gas. Suppose we were to
know only two of the three equations of state,

PV = NkgT (13.16)
and

3
U= _NkpT. (13.17)

If we can calculate the third equation of state, we can substitute it into the Euler equation
to find the fundamental relation.
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To carry out this project, it is convenient to introduce the volume per particlev = IV/N
and the energy per particle #u = U/N. The ideal gas law in the form

P
?:kB'v_l (13.18)
gives us
p -2
d| = ) =—kpv “dv (13.19)
T
and the energy equation
1 3
— = —kpu! 13.20
T = ykBu ( )
gives us
1 3
d (:—r> = —EkBu_Zdu. (13.21)

Inserting egs. (13.19) and (13.21) into the Gibbs—Duhem relation, eq. (13.12),

d(%) :ud(%) +v<§), (13.22)

we find

3 3
d (%) = —MEkBu_Zdu — vkgv 2dv = _EkBu_ldu — kpvldv. (13.23)

Integrating eq. (13.23) we obtain the third equation of state,

3
%:—Eklgln(u)—kgln(v)—i-X. (13.24)

An arbitrary constant of integration, X, is included in this equation, which reflects the
arbitrary constant in classical expressions for the entropy. Putting these results together
to find a fundamental relation is left as an exercise.

13.4 Thermodynamic Potentials

The Euler equation (13.5) puts strong restrictions on thermodynamic potentials
introduced in Chapter 12 for extensive systems in the form of alternative expressions. For
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the thermodynamic potentials F, H, and G, we have the following identities for extensive
systems:

F=U-TS=—-PV+uN (13.25)
H=U+PV =TS+ uN (13.26)
G=U—-TS+PV = uN. (13.27)

Note that eq. (13.27) expresses the chemical potential as the Gibbs free energy per
particle for extensive systems

= . 13.28
n= ( )

The thermodynamic potential U[T, P, ] vanishes for extensive systems,
UlT,P,u]=U—-TS+ PV —uN=0. (13.29)

For this reason, U[T, P, 1] is often omitted in books on thermodynamics that restrict
the discussion to extensive systems. However, U[T, P, ] does not vanish for general
thermodynamic systems, and it is sensitive to surface and interface properties.
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Thermodynamic Identities

Thermodynamics 1s a funny subject. The first time you go through it, you don’t
understand it at all. The second time you go through it, you think you understand
1t, except for one or two small points. The third time you go through it, you know you
don’t understand it, but by that time you are so used to it, it doesn’t bother you any
more.

Arnold Sommerfeld

14.1 Small Changes and Partial Derivatives

Many of the questions that arise in thermodynamics concern the effects of small
perturbations on the values of the parameters describing the system. Even when the
interesting questions concern large changes, the best approach to calculations is usually
through adding up a series of small changes. For this reason, much of thermodynamics
is concerned with the response of a system to small perturbations. Naturally, this takes
the mathematical form of calculating partial derivatives.

Ultimately, the values of some partial derivatives must be found either from experi-
ment or from the more fundamental theory of statistical mechanics. However, the power
of thermodynamics is that it is able to relate different partial derivatives through general
identities that are valid for all thermodynamic systems. Then, we might be able to relate
a partial derivative that is difficult to calculate or measure to one that is easy to calculate
or measure. In this chapter we will develop the mathematical tools needed to derive such
thermodynamic identities.

14.2 A Warning about Partial Derivatives

For much of physics, partial derivatives are fairly straightforward: if we want to calculate
the partial derivative with respect to some variable, we treat all other variables as constants
and take the derivative in the usual way.

However, in thermodynamics it is rarely obvious what the ‘other’ variables are.
Consequently, it is extremely important to specify explicitly which variables are being
held constant when taking a partial derivative.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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For example, consider the innocent-looking partial derivative, dU/dV, for a classical
ideal gas. If we hold T constant,

oU 0 (3
— =— | =NkgT | =0, (14.1)
oV/)rn 9V \2
but if we hold P constant,
oU a (3 3
— =— | =PV |==P. (14.2)
aV/)pn 0V \2 2
When S is held constant we can use the equation dU = TdS — PdV to see that
oU
(—> =—P. (14.3)
WV /)sn

We find three different answers—one positive, one negative, and one zero—just from
changing what we are holding constant!

Don’t forget to write explicitly what is being held constant in a partial derivative!

14.3 First and Second Derivatives

Since you memorized eq. (10.27) long ago, you know the first derivatives of the
fundamental relation in the energy representation,

<%> =T (14.4)
V,.N
(g—g) =-r (14.5)
S,N
aU
<3_N>S,V = . (14.6)

Since you also know how to find the Legendre transform of the differential
form of a fundamental relation, you know the first derivatives of the Gibbs free
energy:

G
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3G
<5>T,N: 14 (14.8)

3G
(a—N)T’qu. (14.9)

Essentially, we find various subsets of U,S,T,V,P,u, and N when we take a first
partial derivative of the fundamental relation. Second derivatives provide information
about how these quantities change when other quantities are varied.

There are clearly many different second derivatives that can be constructed from all
the variables we have introduced—especially when we remember that holding different
quantities constant produces different partial derivatives. However, the number of
independent second derivatives is limited. This is the fundamental reason for the existence
of thermodynamic identities.

If we consider the fundamental relation in the energy representation for a simple
system with a single component, first derivatives can be taken with respect to the three
independent variables: S, VV, and N. That means that there are a total of six independent
second derivatives that can be formed. All other second derivatives must be functions of
these six.

In many applications the composition of the system is fixed, so that there are only two
independent variables. This means that even if we are dealing with a multi-component
system, there are only three independent second derivatives. For example, if we consider
U(S,V,N) with N held constant, the independent second derivatives are:

92U
), 14.10
(asz) (14.10)
92U 92U
= , (14.11)
ERY 1 % arasS
and
92U
— . 14.12
(aVZ) (14.12)

This is a key observation, because it implies that only three measurements are needed
to predict the results of any experiment involving small changes. This can be crucial if
the quantity you want to determine is very difficult to measure directly. By relating it to
things that are easy to measure, you can both increase accuracy and save yourself a lot
of work.

On the other hand, knowing that everything is related is not the same as knowing what
that relationship is. The subject of thermodynamic identities is the study of how to reduce
any partial derivative to a function of a convenient set of standard partial derivatives.
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14.4 Standard Set of Second Derivatives

The three standard second derivatives are:

The coefficient of thermal expansion

1
o= L (Y . (14.13)

The isothermal compressibility

1 /0V
k= —— [ — . (14.14)

The minus sign in the definition is there to make «7 positive, since the volume decreases
when pressure increases.

The specific heat per particle at constant pressure

T (3S
cp=—[— ) (14.15)
N\oT)py

The specific heat per particle at constant volume

T ([0S
N\aT )y N

Well, yes, I have listed four of them.

However, because there are only three independent second derivatives, we will be
able to find a universal equation linking them. Usually, the first three are the easiest to
measure, and they are taken as fundamental. Trying to measure ¢y for iron is difficult,
but cp is easy. However, measuring ¢y for a gas might be easier than measuring cp, so it
has been included.

If we are interested in the properties of a particular system we might also use the ‘heat
capacity’, denoted by a capital C; that is, Cp = Ncp and Cy = Ncyp.

It should be noted that I have defined cp and ¢y as specific heats per particle. It is also
quite common to speak of the specific heat per mole, for which division by the number
of moles would appear in the definition instead of division by N. It is also sometimes
useful to define a specific heat per unit mass.

Our goal for the rest of the chapter is to develop methods for reducing all possible
thermodynamic second derivatives to combinations of the standard set.



Maxwell Relations 169

The four second derivatives listed in eqgs. (14.13) through (14.16) should be
memorized. While they are not as important as eq. (10.27), it is useful not to have
to consult them when deriving thermodynamic identities. The brief time spent
memorizing them will be repaid handsomely.

14.5 Maxwell Relations

The first technique we need is a direct application of what you learned about exact
differentials in Section 10.3.1. Since every differential representation of the fundamental
relation is an exact differential, we can apply eq. (10.11) to all of them.

For example, start with the differential form of the fundamental relation in the energy
representation, eq. (10.27), which you have long since memorized,

dU = TdS — PdV + udN. (14.17)
If N is held constant, this becomes
dU =TdS — PdV. (14.18)

Applying the condition for dU being an exact differential produces a new identity,

(£> :-(23) . (14.19)
3V S,N 85 V,N

Eq. (14.19) and all other identities derived in the same way are called Maxwell
relations. They all depend on the condition in eq. (10.11) that the differential of a
thermodynamic potential be an exact differential.

The thing that makes Maxwell relations so easy to use is that the differential forms of
the fundamental relation in different representations are all simply related. For example,
to find dF from dU, simply switch 7" and S in eq. (14.17) and change the sign of that
term,

dF = —SdT — PdV + udN. (14.20)

From this equation, we find another Maxwell relation,

3S aP
(= == . (14.21)
) 0T )y n

It is even easy to find exactly the right Maxwell relation, given a particular partial
derivative that you want to transform, by finding the right differential form of the
fundamental relation.
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For example, suppose you want a Maxwell relation to transform the following partial

derivative:
oT a?
(_> =(_) . (14.22)
P /s, \92/5,

Begin with eq. (14.17) and choose the Legendre transform that

e leaves T in front of dS, so that T is being differentiated;
e changes —PdV to VdP, so that the derivative is with respect to P; and
e changes udN to —Ndu, so that u is held constant.

The result is the differential form of the fundamental equation in the U [P, ] represen-
tation

dU[P, ] = TdS + VdP — Nd. (14.23)

Now apply eq. (10.11) with du = 0,

aT v
(_> = (_> . (14.24)
oP)s, \3S)p,

Note that you do not even have to remember which representation you are trans-
forming into to find Maxwell relations. The thermodynamic potential U[P, ] is not
used sufficiently to have been given a separate name, but you do not need to know its
name to derive the Maxwell relation in eq. (14.24).

You do have to remember that the Legendre transform changes the sign of the
differential term containing the transformed variables. But that is easy.

14.6 Manipulating Partial Derivatives

Unfortunately, Maxwell relations are not sufficient to derive all thermodynamic identities.
We will still need to manipulate partial derivatives to put them into more convenient
forms. A very elegant way of doing this is provided by the use of Jacobians.

We do have to introduce some new mathematics at this point, but the result will be
that thermodynamic identities become quite easy to derive—perhaps even fun.

14.6.1 Definition of Jacobians
Jacobians are defined as the determinant of a matrix of derivatives:

Ju Jdu

d(w,2)  |9x gy|_ Oudv dudv
_ _voe Gwoe 14.25
Iy |92 9217 gxdy 9y dx (14.25)

dx dy
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Since we have only the two variables, x and y, in this definition, I have suppressed the
explicit indication of which variables are being held constant. This is an exception that
should not be imitated.

The definition in eq. (14.25) can be extended to any number of variables, but
there must be the same number of variables in the numerator and denominator; the
determinant must involve a square matrix.

14.6.2 Symmetry of Jacobians

The Jacobian changes sign when any two variables in the numerator or the denom-
inator are exchanged, because the sign of a determinant changes when two rows or
two columns are switched. (Variables cannor be exchanged between numerator and
denominator.)

d (u,v) __B(v,u) . d (v, u) __B(u,v)

— = = ) (14.26)
3 (%) d(x%y)  d(Ox) 9 (v>x)
This also works for larger Jacobians, although we will rarely need them,
0 (Uy v, W, ) :_a(v,u,w,s) _ B(W,u,w,s). (14.27)
0 (x,Y,2,1) 0 (x,¥,3,1) 0 (¥, x,32,1)
14.6.3 Partial Derivatives and Jacobians
Consider the Jacobian
ou Ju
I(w:y) _|ax  ay
= . 14.28
d(xy) | 0 (14:28)
ax dy
Since
b
2 _o (14.29)
0x
and
0
21 (14.30)
dy
we have
d (u, d
y) _ (-”) . (14.31)
d (x,y) 0x y

This is the link between partial derivatives in thermodynamics and Jacobians.
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We will also see it in an extended form with more variables held constant,

0 (1,9, 2) o a_u (14.32)
3(x,y,2)  \ox e )

For example:

(14.33)

I(V,T,N) (dV
dP,T,N)  \oP )y

14.6.4 A Chain Rule for Jacobians

The usual chain rule for derivatives takes on a remarkably simple form for Jacobians:

0 (u,v) _ 0 (u,v) 9(rys)

= . (14.34)
d(xy)  9(rys) 9(x,p)
To prove this, it is convenient to introduce a more compact notation,
ad
R g (14.35)
ox
Now we can write
0,0) 3(rss) _ fur s |1 1y (14.36)
a(rys) 9(x,y) Uy Us||Sx Sy
_ Uply + UsSx  UpTy + UsSy
N Uplx + UsSx  Oply + UsSy
_|Ux Uy
T o vy
_ d (u,v)
9 (%)
which proves eq. (14.34).
14.6.5 Products of Jacobians
The following identities are very useful:
d(u,2) 9(a,0) 9 (u,0) d(a,b)  d(a,b) 9 (u,%) (14.37)

Ay d(ed)  (6d) 3y (%) d(ed)’
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To prove them, we use eq. (14.34) which we showed to be an identity in the previous
subsection,

d(u,v) d(a,b) 3 (u,v) 9(r,5) 9(ab) 9(r,s)
3 (x,y) d(c,d)  3(rys) d(x,y) (rys) (cyd)
0 (u,v) d(rys) d(a,b) 0 (r,s)
T 0(rs) 0(cd) 9(rs) d(x%)

_ 9(u,v) d(ab)

T 0(ed) (%)

(14.38)

For many purposes, eq. (14.37) allows expressions of the form a (x,y) to be manipu-
lated almost as if they were algebraic factors.

14.6.6 Reciprocals of Jacobians

Reciprocals of Jacobians are both simple and useful.
Write the identity in eq. (14.34) with (x,y) set equal to (u,v),

0 (u,v) _ 0 (u,v) 0 (r,s)

= (14.39)
0 (usv)  9(rys) 9 (u,v)
But
0(u,0)  uy uy| |1 O
T = o o _'0 1’_1, (14.40)
so that
le/m- (14.41)
a(rys) d (u,v)

Using eq. (14.41) for reciprocals, we can express the chain rule from the previous
section in a particularly useful alternative form

I (w,y)  0(wy) /9 (x)
3xy) s [ e’

(14.42)

Note that eq. (14.41), combined with eq. (14.31), gives us a useful identity for partial

derivatives
0 0
(_“) —1 (-x) . (14.43)
0x » ou »
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An important application of eq. (14.43) can occur when you are looking for a Maxwell
relation for a derivative like the following:

v
<£>T’N. (14.44)

If you try to find a transform of the fundamental relation, dU = TdS — Pdv + udN, you
run into trouble because § is in the denominator of eq. (14.44) and T is being held
constant. However, we use eq. (14.41) to take the reciprocal of eq. (14.44), for which a
Maxwell relation can be found,

/<8V> <as> <ap>
1 . = (= == ) (14.45)

14.7 Working with Jacobians

As a first example of how to use Jacobians to derive thermodynamic identities, consider
the partial derivative of pressure with respect to temperature, holding IV and N constant,

aP
(ﬁ)v,N' (14.46)

To simplify the notation, we will suppress the explicit subscript N.
The first step is always to take the partial derivative you wish to simplify, and express
it as a Jacobian using eq. (14.31),

<E> _aer (14.47)
aT ), ~ a(T, V)

The next step is usually to insert d(P, T) into the Jacobian, using either eq. (14.34)
or eq. (14.42). The reason is that the second derivatives given in Section 14.4—which
constitute the standard set—are all derivatives with respect to P, holding 7" constant, or
with respect to 7', holding P constant. Inserting d (P, T') is a step in the right direction in
either case,

I(P,V) AP, V) [3(T,V)
AT, V) T/ oa(P,T)’

(14.48)

Next, we have to line up the variables in the Jacobians to produce the correct signs,
remembering to change the sign of the Jacobian every time we exchange variables,

aP, V) aP,V) [oV,T) _ a(V,P) [a(V,T)
NT,V) a@,T)/ a(P,T)  o(T.P)/ a(P,T)

(14.49)
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The minus sign came from switching 7" and V" in the second factor. I also switched both
top and bottom in the first factor to bring it into the same order as the form given above.
This is not really necessary, but it might be helpful as a memory aid.

Next, we can transform back to partial derivatives,

P\ [0V oV 14.50
(ﬁ)f‘(ﬁ)p/(ﬁ)T' (14:50)

Using the standard expressions for the coefficient of thermal expansion

1 /oV
a=—|— (14.51)
VA\OT Jpn
and the isothermal compressibility
1 /oV
=—— | — 14.52
NG ( oP ) N (1452
eq. (14.50) becomes
aP o
— ) =-TVa/(-V =—. 14.53
<3 T) ; a [(=Vkr) o ( )

To see why eq. (14.53) might be useful, consider the properties of lead, which has a
fairly small coefficient of expansion

a(Pb) =8.4x10° KL, (14.54)
Lead also has a small isothermal compressibility
k7 (Pb) = 2.44 x 107% Arm 1. (14.55)

Inserting these values into eq. (14.53), we find the change in pressure with temperature
for a constant volume for lead
oP
— =34.3Amm/K. (14.56)
8 T V,N
As might be expected, it is not easy to maintain lead at a constant volume as the
temperature increases. A direct experiment to measure the change in pressure at constant

volume would be extremely difficult. However, since « and k7 are known, we can obtain
the result in eq. (14.56) quite easily.
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This is a relatively simple case. The most common additional complexity is
that you might have to use a Maxwell relation after you have transformed the
derivatives, but it must be confessed that some identities can be quite challenging to
derive.

14.8 Examples of Identity Derivations

The following two examples illustrate further techniques for proving thermodynamic
identities using Jacobians. They are of interest both for the methods used and for the
identities themselves.

14.8.1 The Joule-Thomson Effect

In a ‘throttling’ procedure, gas is continuously forced through a porous plug with a high-
pressure P4 on one side and a low-pressure Pp on the other. The initial and final states
are in equilibrium. If we consider a volume V4 of gas on the left, it will take up a volume
Vg after it passes to the right. The energy of this amount of gas on the right is determined
by conservation of energy:

Up=Uy+PyVy4—Pplp. (14.57)

Rearranging this equation, we find that the enthalpy is unchanged by the process, even
though the process is clearly irreversible,

Hy=Uyq+PyV4=Ugp+ PgVp=Hp. (14.58)

If the pressure change is small, the temperature change is given by a partial derivative

9T
dT = ( == dP. (14.59)
aP )y N

The partial derivative in eq. (14.59) is called the Joule-Thomson coefficient, py7.'

_ (2T (14.60)
MyT = oP H’N. .

We can express the Joule—Thomson coefficient in terms of the standard set of derivatives
using Jacobians

! James Prescott Joule (1818-1889) was a British physicist who had worked on the free expansion of
gases, and William Thomson (1824-1907) was an Irish physicist who continued along the lines of Joule’s
investigations and discovered the Joule—Thomson effect in 1852. Thomson was later elevated to the peerage
with the title Baron Kelvin, and the Joule-Thomson effect is therefore sometimes called the Joule-Kelvin effect.
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aT _ (T, H)
(5>H,N‘ (P, H)
_A(T,H) [3(P,H)
AP, T/ P, T)

(aH) /(8H>
— (%2 2 (14.61)
0P )rn [ \OT )px

The derivative with respect to P can be evaluated by using the differential form of the
fundamental relation in the enthalpy representation, (The term pwdN is omitted because
the total number of particles is fixed.)

dH = TdS + VdP (14.62)
oH oS or
- =T — +V|—

= i +V
- T ) pn

— TVa+V
= —V(Ta—1). (14.63)

The proof of the Maxwell relation used in this derivation will be left as an exercise.
We can also transform the other partial derivative in eq. (14.61) using eq. (14.62),

oH oS orP
LY —r(22) Lo () . (14.64)

= Ncp.

Putting eqgs. (14.61), (14.63), and (14.64) together, we find our final expression for the
Joule—Thomson coefficient

V
=—(Ta—-1). 14.65
WyT NCP( a—1) ( )

The Joule-Thomson effect is central to most refrigeration and air-conditioning
systems. When the Joule-Thomson coefficient is positive, the drop in pressure across
the porous plug produces a corresponding drop in temperature, for which we are often
grateful in the summer.

14.8.2 cp and cp

The thermodynamic identity linking c¢p and c¢p has already been alluded to in Sec-
tion 14.4. It is central to the reduction to the three standard partial derivatives by
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eliminating cy. This derivation is one of the relatively few times that an expansion of
the Jacobian turns out to be useful in proving thermodynamic identities.
Begin the derivation with ¢y, suppressing the subscript N for simplicity,

AEN
cv=—\|—
=N\aT),

_ TS V)
T NAT,V)
_ TS, V) [T, V)

= . (14.66)
NT,P)/ a(T,P)

The denominator of the last expression can be recognized as the compressibility,

T, V) WV, T) <8V>
- =(Z2) =—Vir. (14.67)
aT,P) 3P, T) P ),

The Jacobian in the numerator of the last expression in eq. (14.66) can be expressed
by expanding the defining determinant

s, 1) S % aS v
Y ) (= — ) . (14.68)
o(T,P) oT Jp\oP ) oP ) \0T Jp
Now we can identify each of the four partial derivatives on the right of eq. (14.68):
oS Ncp
— ) === 14.69
<8T>P T ( )
AN v (14.70)
oP ), T '
aS %
=) =—(—) =-aV (14.71)
oP ) r oT ) p
%
— ] =al. 14.72
(57),~ 1472

In eq. (14.71), a Maxwell relation has been used to relate the partial derivative to «.
Putting the last six equations together, we obtain

2TV

14.73
Ner ( )

cp=cy+

which is the required identity.
Although it should not be necessary to memorize eq. (14.73), you should be able to
derive it.
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14.9 General Strategy

This section summarizes a useful strategy to reduce a given partial derivative to an
algebraic expression containing only the three partial derivatives given in Section 14.4.
These steps might be needed for attacking the most difficult derivations, but not all steps
are necessary in most cases.

1. Express the partial derivative as a Jacobian.

2. If there are any thermodynamic potentials in the partial derivative, bring them
to the numerator by applying eq. (14.42). Unless you have a good reason to do
something else, insert (7, P) in this step.

3. Eliminate thermodynamic potentials if you know the derivative. For example:

oF
— =-S.
<3T)V,N

4. FEliminate thermodynamic potentials by using the differential form of the funda-
mental relation. For example: if you want to evaluate

aF
0P ) rx
dF = —SdT — PdV + ndN

oF oT oV oN
el =-S(= -P|— +ul—) .
BP T,N 3P T,N 3P T,N BP T,N

Note that the first and last terms on the right in this example vanish.

use

to find

5. If the system is extensive, bring p to the numerator and eliminate it using the
Gibbs—Duhem relation, eq. (13.11)

e () (o

(7)o () (7)o () o)

For example:
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Move the entropy to the numerator using Jacobians and eliminate it by either iden-
tifying the partial derivative of the entropy as a specific heat if the derivative is with
respect to T, or using a Maxwell relation if the derivative is with respect to pressure.

Bring IV into the numerator and eliminate the partial derivative in favor of « or k7.

Eliminate ¢y in favor of c¢p, using the identity in eq. (14.73), derived in the
previous section. (This last step is not always needed, since ¢y is sometimes easier
to measure than cp.)

14.10 Problems

PROBLEM 14.1
Maxwell relations

Note: This assignment is useless if you just look up the answers in a textbook. You will
not have a book during examinations, so you should do this assignment with book and
notes closed.

Transform the following partial derivatives using Maxwell relations:
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PROBLEM 14.2
A thermodynamic identity

Express the following thermodynamic derivative in terms of «,«7,cy, and cp using
Jacobians.
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T _
P)sn
PROBLEM 14.3

Prove the following thermodynamic identity

dcy _ T (9°P
WV )rn N\OT?)p N
PROBLEM 14.4
Express the following partial derivative in terms of the usual standard quantities

oF
8S T,N.
PROBLEM 14.5

Yet another thermodynamic identity

Prove the following thermodynamic derivative and determine what should replace the
question marks. Note that you do not have to reduce this to the standard expressions,
but can leave it in terms of partial derivatives

T (9P 9?
cy=——=\ — — .
"TONNOT )y \ 92 s

PROBLEM 14.6
Compressibility identity

In analogy to the isothermal compressibility,

1 (v
KkT=——| —
vV \oP ) x

we can define the adiabatic compressibility,

1 /oV
ks=——|— .

The name is due to the fact that 7dS = dQ for quasi-static processes.
In analogy to the derivation for the difference in the specific heats at constant pressure
and constant temperature, derive the following thermodynamic identity:

TV o2
Ncp

KS =KT —
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PROBLEM 14.7
Callen’s horrible example of a partial derivative

In his classic book on thermodynamics, Herbert Callen used the following derivative as

an example:
oP
oUu G,N'

However, he did not complete the derivation. Your task is to reduce this partial derivative
to contain only the standard partial derivatives «,kT1,cp, and cy, and, of course, any of
the first derivatives, 7, S,P, V,u, or N.

This derivation will require all the techniques that you have learned for transforming
partial derivatives. Have fun!

PROBLEM 14.8
A useful identity

Prove the identity:

a(V,S) _ NVeykr
o(T, Py T

PROBLEM 14.9
The TdS equations

Prove the following three 7dS equations. [N is held constant throughout.]
1. First TdS equation

TdS = NcydT + (Ta/kr)dV .

2. Second 7dS equation
Prove:

TdS = NcpdT — TV adP.

3. Third 7dS equation
Three forms:

oT aT
TdS=Necp( — | dV+Ney (= | dpP
oV -

» oP

or

Ncp oT
TdS= ——dV +Ncy | — | dP
Va orP /
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or

Ncp Ncykr

7dS = —dV + dP.
Va

o

PROBLEM 14.10
Another useful identity

Since we will be using it in statistical mechanics, prove the following identity:

(@) U
B JvN
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Extremum Principles

All correct reasoning s a grand system of tautologies, but only God can make direct
use of that fact.

Herbert Simon, political scientist, economist, and psychologist (1916-2001),
Nobel Prize in Economics, 1978

In Part I we defined the entropy, derived a formal expression for it in classical statistical
mechanics, and established that it is a maximum in equilibrium for an isolated composite
system with constant total energy, volume, and particle number. This last result is
important for many reasons, including providing us with a systematic way of calculating
the equilibrium values of quantities when a constraint is released.

There are several alternative principles, called extremum principles, that also allow
us to calculate equilibrium properties under different thermodynamic conditions. The
derivation of these principles is the main purpose of this chapter.

In this chapter, we derive extremum principles with respect to internal variables in
a composite system. For example, energy could be exchanged through a diathermal
wall, and the extremum condition would tell us how much energy was in each
subsystem in equilibrium.

All extremum principles in this chapter are with respect to extensive variables;
that is, variables that describe how much of something is in a subsystem: for a simple
system, these are just the values of Uy, V/,, or N, for subsystem «.

This chapter does not contain any extremum principles with respect to the
intensive variables, such as 7', P, or u.

In Chapter 16 we will examine thermodynamic stability between subsystems,
which will lead to conditions on second derivatives with respect to the total volume
or number of particles of the subsystems.

To begin with, corresponding to the principle that the entropy is maximized when the
energy is constant, there is an ‘energy minimum’ principle, which states that the energy
is minimized when the entropy is held constant.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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15.1 Energy Minimum Principle

To derive the energy minimum principle, start with the entropy maximum principle.

Consider the entropy, S, of a composite system as a function of its energy, U, and some
other parameter, X, which describes the distribution of the amount of something in the
composite system. For example, X could be the number of particles in a subsystem, N4.
When a hole is made in the wall between subsystems A and B, the value of X = N4 at
equilibrium would maximize the entropy. In other examples we have looked at, X could
be the energy of a subsystem or the volume of a subsystem that might vary with the
position of a piston. It could not be the temperature, pressure, or chemical potential of a
subsystem, because they are not extensive; that is, they do not represent the amount of
something.

In equilibrium, the entropy is at a maximum with respect to variations in X, holding U
constant. This means that the first partial derivative must vanish, and the second partial
derivative must be negative

N
<8_X)U:O (15.1)
9%S

Near equilibrium, a small change in the entropy can be represented to leading order
by changes in U and X

1 2
dS~ = s dx)*+ L) du. (15.3)
2\0x2 ), AU ) &

Let us first consider the case of T > 0. We know that

aS 1
— ) ==>0, 15.4
<8U>X T (15.4)
so0 eq. (15.3) can be written as
as~ L (28 @x?+ (% )au (15.5)
“2\ax?), T)" '

Now comes the subtle part.
For the analysis of the entropy maximum principle, we isolated a composite system
and released an internal constraint. Since the composite system was isolated, its total
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energy remained constant. The composite system went to the most probable macro-
scopic state after release of the internal constraint, and the total entropy went to its
maximum. Because of the increase in entropy, the process was irreversible.

Now we are considering a quasi-static process without heat exchange with the rest of
the universe, so that the entropy of the composite system is constant. However, for the
process to be quasi-static we cannot simply release the constraint, as this would initiate
an irreversible process, and the total entropy would increase. Outside forces are required
to change the constraints slowly to maintain equilibrium conditions. This means that the
energy of the composite system for this process is zot constant.

The distinction between the entropy maximum and energy minimum principles
can be illustrated by considering two experiments with a thermally isolated cylinder
containing a piston that separates two volumes of gas. The two experiments are illustrated
in Fig. 15.1.

Entropy maximum experiment: Here the piston is simply released, as illustrated in
the upper picture in 15.1. The total energy is conserved, so that entropy is maximized
at constant energy.

Energy minimum experiment: Here the piston is connected by a rod to something
outside the cylinder, as illustrated in the lower picture in 15.1. The piston is moved quasi-
statically to a position at which the net force due to the pressure from the gas in the two

~

Va4 Vp

Fig. 15.1 Piston experiments. The two diagrams each represent a cylinder that is sealed at both ends
and is divided into two subvolumes by a moveable piston. Both systems are thermally isolated, and
cannot exchange heat energy with the rest of the universe. When the piston in the upper cylinder is
released it will move freely until it comes to an equilibrium position that maximizes the entropy. In the
lower cylinder, the piston is attached to a rod that can be pushed or pulled from outside the cylinder. The
piston is moved to a position at which there is no net force on the piston from the gas in the two
subvolumes of the cylinder, minimizing the energy.
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subvolumes is zero. The total energy of the cylinder has been reduced. However, since
the process is quasi-static and there has been no heat exchange between the cylinder
and the rest of the universe, the total entropy of the system is unchanged. Energy is
minimized at constant entropy.

To determine the change in energy for the process in which the piston is held and
moved quasi-statically to the equilibrium position, we can turn eq. (15.5) around to find
the leading behavior of dU as a function of dS and dX,

GENY 5
dU~ ——(— ) (dX)*+Tas. (15.6)
U

Eq. (15.6) gives us a new way of expressing the equilibrium conditions:

oUu
(37() -0, (15.7)
S
and
*U T (9%S
S U

Since the first partial derivative vanishes, and the second partial derivative is positive,
the energy is a minimum at equilibrium for constant entropy (still assuming that
the temperature is positive). This is another consequence of the Second Law of
Thermodynamics. Indeed, it is equivalent to the maximization of the entropy in an
isolated system as an expression of the Second Law.

A consequence of eq. (15.8) is that the maximum work that you can extract from a
system in a process with fixed entropy is given by the change in energy of the system. To
see this, note that maximum efficiency is always achieved by quasi-static processes. The
differential form of the fundamental relation is valid for quasi-static processes

dU = TdS — PdV + judN = TdS +dW + udN. (15.9)

We can see that if the entropy and the number of particles are held constant, the change
in the energy of the system is equal to the work done on it,

dU =aw. (15.10)

If the temperature is negative, the equations are unchanged, but the sign of 32U /9.X?
becomes negative. This is a reflection of the upper limit of the energy for systems that
can support negative temperatures.

For the rest of the chapter, we will limit the discussion to positive temperatures.
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15.2 Minimum Principle for the Helmholtz Free Energy

Both the entropy maximum principle and the energy minimum principle apply to a
situation in which the composite system is thermally insulated from the rest of the
universe. Now consider a different situation, in which the composite system (and its
constituent subsystems) are in contact with a thermal reservoir, so that the temperature
of the composite system is held constant. The entropy maximum and energy minimum
principles no longer apply, because we can transfer energy and entropy in and out of
the thermal reservoir. Nevertheless, we can find an extremum principle under these
conditions.

Under constant temperature conditions, it is natural to use the Helmholtz free energy,
which is the Legendre transform of U with respect to 7"

F=U[T]=U—TS. (15.11)

To analyze the new situation at constant temperature, consider the explicit case of
the composite system of interest in contact with a thermal reservoir at temperature 7g,
but thermally isolated from the rest of the universe. At equilibrium with respect to some
thermodynamic variable X (subsystem volume, number of particles, and so on), the total
energy is a minimum. This gives us the equations

0

— (U+Ur)=0 15.12

BX( + Ur) ( )
and

82

—3X2(U+ Ug) > 0 (15.13)

subject to the condition that the entropy is constant (called the ‘isentropic’ condition)
9 (S+Sr) =0 (15.14)
0X = '

The only energy exchange between the reservoir and the system is in the form of
heat. The differential form of the fundamental relation for the reservoir simplifies to
dUg = TrdSR, which gives us an equation for the partial derivatives,

oUR 0SSR
——— =Tpr——. 15.15
ax  Rax ( )

The partial derivative of the Helmholtz free energy of the system can now be
transformed to show that it vanishes in equilibrium
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oF 0
_— - TS 15.1
e 8X(U ) (15.16)
0
= (U-TgS
aX( RS)

U 39S

Toax Rox
oU 0SR

= TRk
ox T1RGx
aU  aUg

= 4+ =
X | 90X
3

=~ w+vy
aX( + UR)

=0.

A similar derivation shows that F is a minimum at equilibrium

92F 92
Wzm(U—TS) (15.17)
82
=x2 (U—-TRrS)
_PU 9%
Toaxz Ryxe
02U N %Sk
Toaxz TR x2
R N 92UR
T AX? T hXx2
2
=3x2 (U + Ugr)
> 0.

The maximum work that can be obtained from a system in contact with a thermal
reservoir is not given by the change in U for the system, because energy can be extracted
from the reservoir. However, the maximum work is given by the change in Helmholtz
free energy.

As in the previous section, we note that maximum efficiency is always obtained with
quasi-static processes. The differential form of the fundamental relation in the Helmholtz
free energy representation is valid for quasi-static processes at constant temperature:

dF = —SdT — PdV + udN = —SdT +dW + udN. (15.18)

We can see that if the temperature and the number of particles are held constant, the
change in the Helmholtz free energy of the system is equal to the work done on it,

dF =aw. (15.19)
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As was the case for the corresponding eq. (15.10), the work referred to in eq. (15.19) is
more general than —PdV” for a composite system.

As was the case for the energy minimum principle, the minimum principle for the
Helmholtz free energy refers to processes in which a constraint on the amount of
something in a subsystem is released quasi-statically. It is therefore not valid to
substitute the temperature or pressure of a subsystem for X in eq. (15.17), even
though it might be tempting. We will discuss second derivatives with respect to
temperature, pressure, and chemical potential in Chapter 16.

15.3 Minimum Principle for the Enthalpy

When the pressure is held constant, minimizing the enthalpy gives us the condition of
equilibrium. The proof is similar to those in the previous sections.

Let the system of interest be in contact with a constant pressure reservoir at pressure
Pgr. At equilibrium with respect to some thermodynamic variable X, the total energy is
again a minimum, subject to the constant total volume condition

0
— (V+TVg) =0. 15.20
8X( + VR) ( )

The only energy exchange between the reservoir and the system is in the form of
work. The differential form of the fundamental relation for the reservoir simplifies to

dUgr = —PrdVpg, which gives us an equation for the partial derivatives:
oUR oVgr
=P . 15.21
90X RoX ( )

The partial derivative of the enthalpy of the system can now be transformed to show
that it vanishes in equilibrium:

OH _ 3 yipw (15.22)
X X '

0
=—(U+PrV
8X(-I-R)
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A similar derivation shows that H is a minimum at equilibrium:

92H 92
2ix = 5 (P (15.23)
2
= W(U_’_PRV)
R P 9V
oaxz T Ryxe
R 9*Vr
“oaxz Rox2
R N 92Ug
X2 9x?
2
= W(U-I- Ur)
> 0.

Changes in the enthalpy can be related to the heat added to a system. For reversible
processes holding both P and N constant, 7dS =dQ, and

dH = TdS + VdP + ndN (15.24)
becomes

dH =doQ. (15.25)

Because of eq. (15.25), the enthalpy is often referred to as the ‘heat content’ of a
system. Although this terminology is common in chemistry, I do not recommend
it. It can be quite confusing, since you can add arbitrarily large amounts of heat
to a system without altering its state, as long as you also remove energy by having
the system do work. Heat is not a state function and @Q is not an exact differential.
Eq. (15.25) equates an exact and an inexact differential only with the restrictions of
dN = 0 and dP = 0, which makes variations in the system one-dimensional.

15.4 Minimum Principle for the Gibbs Free Energy

If a system is in contact with both a thermal reservoir and a pressure reservoir, the Gibbs
free energy is minimized at equilibrium,
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A (15.26)
X '
9*G

The proof of these equations is left as an exercise.

For a composite system in contact with both a thermal reservoir and a pressure
reservoir, the Gibbs free energy also allows us to calculate the maximum work that can
be obtained by a reversible process. If a composite system can do work on the outside
world through a rod, as in the bottom diagram in Fig. 15.1, the differential form of the
fundamental relation will be modified by the addition of a term @ Wy,

dG = —S8dT + VdP+adWx + ndN. (15.28)

For a reversible process with no leaks (dN = 0), constant pressure (dP = 0), and constant
temperature (dT = 0), the change in the Gibbs free energy is equal to the work done on
the system,

dG=aWy. (15.29)

15.5 Exergy

In engineering applications it is common to introduce another thermodynamic potential
called the ‘exergy’, E, which is of considerable practical value.! Exergy is used in the
common engineering situation in which the environment provides a reversible reservoir
at temperature, 7,, and pressure, I,, which are usually taken to be the atmospheric
temperature and pressure.

In engineering textbooks, the exergy is often denoted by the letter E, which could
lead to confusion with the energy. This is especially true for books in which the
energy is denoted by E, making the distinction rely on a difference in font. Reader
beware!

The exergy is defined as the amount of useful work that can be extracted from the
system and its environment. If we use X to denote the internal variable (or variables)
that change when work is done by the system, we can write the exergy as

E(T,, Py, X) = —W(X) (15.30)

! The concept of exergy was first introduced in the nineteenth century by the German chemist Friedrich
Wilhelm Ostwald (1853-1932), who in 1909 was awarded the Nobel Prize in Chemistry. Ostwald divided
energy into ‘Exergie’ (exergy = useful energy) and ‘Anergie’ (anergy = wasted energy).
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where W is the work done on the system. (Note that engineering textbooks often use the
opposite sign convention for W.)

Clearly, exergy is used in essentially the same situation described in the previous
section on the Gibbs free energy, so it is not surprising that the exergy and the Gibbs
free energy are closely related. The main difference is that the exergy is defined so that
it is zero in the ‘dead state’, in which G takes on its minimum value and X takes on the
corresponding value X,. The dead state is characterized by the impossibility of extracting
any more useful work. If we subtract the value taken on by the Gibbs free energy in the
dead state, we can make explicit the connection to the exergy,

E(To5 Pos X) = G(To5 Py X) — G(T, Pos X,). (15.31)

The equation for the exergy in engineering texts is usually written without reference
to the Gibbs free energy,

E(T,, Py, X) = (U—U,) + P, (V = V,) — T, (S — S,) + KE + PE. (15.32)

Note that the kinetic energy, KE, and the potential energy, PE, are included explicitly in
this equation, while they are implicit in eq. (15.31).

It is a common engineering convention that although the kinetic and potential
energy are included in the exergy, they are not included in the internal energy of
the system, as we have done in the rest of this book. Note that the zero of potential
energy is also assumed to be determined by the environment.

Since the exergy is the maximum amount of work that can be obtained from a system
exposed to the atmospheric temperature and pressure, it is an extremely useful concept
in engineering. An engineer is concerned with how much work can be obtained from a
machine in a real environment, and this is exactly what the exergy provides.

15.6 Maximum Principle for Massieu Functions
Just as minimization principles can be found for F, H, and G, which are Legendre
transforms of U, maximization principles can be found for the Massieu functions, which
are Legendre transforms of the entropy.
The maximization principles can be seen most quickly from the relations
S[1/T)=-F/T (15.33)
and

S[1/T,P/T]=—-G/T (15.34)

and a comparison with the minimization principles for F and G.
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15.7 Summary

The extremum principles derived in this chapter are central to the structure of thermo-
dynamics for several reasons.

1. We will use them immediately in Chapter 16 to derive stability conditions for
general thermodynamic systems.

2. When stability conditions are violated, the resulting instability leads to a phase
transition, which is the topic of Chapter 17.

3. Finally, in Parts III and IV, we will often find that the most direct calculations in
statistical mechanics lead to thermodynamic potentials other than the energy or the
entropy. The extremum principles in the current chapter are essential for finding
equilibrium conditions directly from such statistical mechanics results.

15.8 Problems

PROBLEM 15.1
Extremum conditions

1. Helmholtz free energy for the ideal gas
From the expression for the Helmholtz free energy of the ideal gas, calculate AF for
an isothermal expansion from volume V4 to Vp when the system is in equilibrium
with a thermal reservoir at temperature 7gr. Compare this to the work done on the
system during the same expansion.

2. Gibbs free energy minimum principle
Consider a composite system with a property X that can be varied externally. [For
example, X could be the volume of a subsystem, as discussed in class.]

PI‘OVC that at equlhbrlum,
T>P3N

3°G
0X2) o
T,P,N

3. LetdW be the work done on the system by manipulating the property X from outside
the system.
Prove that dG =adW, when the system is in contact with a reservoir that fixes the
temperature at Tg and the pressure at Pg.

and
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No one welcomes chaos, but why crave stability and predictability?

Hugh Mackay, Australian psychologist

So far, we have implicitly assumed that the systems we have studied are stable. For
example, we have been assuming that the density of a gas will remain uniform, rather
than having most of the particles clump together in one part of the container, leaving the
rest of the volume nearly empty. Gases are usually well behaved in this respect, but we
all know from experience that molecules of H,O can clump together, form drops, and
rain on us.

The question of stability therefore leads naturally to a consideration of phase transi-
tions, in which the properties of a material change drastically in response to small changes
in temperature or pressure.

In this chapter we will discuss the stability of thermodynamic systems. We will find
that certain inequalities must be satisfied for a system to be stable. The violation of
these inequalities signals a phase transition and a number of interesting and important
phenomena—including rain.

The methods used in this chapter are based on the extremum principles derived in
Chapter 15. Those extremum principles were valid for composite systems, in which the
energy, volume, or particle number of the subsystems was varied.

In this chapter we look inside a composite system to see what conditions a subsystem
must satisfy as a consequence of the extremum principles in Chapter 15. These are
called the ‘intrinsic’ stability conditions. Since any thermodynamic system could become
a subsystem of some composite system, the stability conditions we derive will be valid
for all thermodynamic systems.

16.1 Intrinsic Stability

Several approaches have been developed during the history of thermodynamics to
derive the intrinsic stability conditions. The one used here has the advantage of being
mathematically simple. Its only drawback is that it might seem to be a special case, but it
really does produce the most general intrinsic stability conditions.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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Although all stability conditions can be obtained from any of the extremum principles
derived in Chapter 15, there are advantages to using different thermodynamic potentials
for different stability conditions to simplify the derivations, as we will see in the following
sections.

16.2 Stability Criteria based on the Energy Minimum
Principle

Consider two arbitrary thermodynamic systems. Denote the properties of the first as S,
U, V, N, and so on, and distinguish the properties of the second with a hat, S, U 5 17, N 5
and so forth. Combine the two systems to form a composite system, which is thermally
isolated from the rest of the universe.

Allow the subsystems to interact with each other through a partition, which can be
fixed or moveable, diathermal or adiabatic, impervious to particles or not, as you choose.
Denote the quantity being exchanged as X. As in Chapter 15, X can denote any variable
that describes how much of something is contained in the system. For example, the wall
might be diathermal and X the energy of a subsystem, or the wall might be moveable
and X the volume of a subsystem. However, X must be an extensive variable; it cannot
be the temperature or pressure.

16.2.1 Stability with Respect to Volume Changes

As we saw in Section 15.1, the total energy is a minimum at equilibrium for constant
total volume. Suppose we have a moveable wall (piston) separating the subsystems, as in
the lower diagram in Fig. 15.1, and we use it to increase IV to V' + AV, while decreasing
VtoV—AV. The energy minimum principle would then demand that the change in
total energy must be non-negative,

AUtatal = U(Ss V+ AV:N) - U(S: V,N)
+ 0S8, V-AV,N)-UGS,7,N)
> 0. (16.1)
The equality will hold only when AT = 0. The volume transferred need not be small;
the inequality is completely general.

Now take the special case that the properties of the two systems are identical.
Eq. (16.1) can then be simplified to give an equation that must be true for a single system,

UGS,V +AV,N)+ UGS,V — AV,N) —2U(S,V,N) > 0. (16.2)

This equation must also hold for arbitrary values of AT} it is not limited to small changes.
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Now divide both sides of eq. (16.2) by (AV)? and take the limit of AV — 0,

lim US,V+AV,N)+ U,V —-AV,N)-2U(S,V,N) | _ 92U -0
AV-0 (AV)? C\av? g
(16.3)
This gives us a stability condition on a second derivative.
Since we know that
oU
— =-P, (16.4)
8 V S,N
eq. (16.3) can also be expressed as a stability condition on a first derivative,
or
- (—) >0. (16.5)
3 V S,N

If we define an isentropic (constant entropy) compressibility in analogy to the isothermal
compressibility in eq. (14.14),

1 /oV
ks =—— [ — (16.6)
we find that kg must also be positive for stability,
or s 4 _ (16.7)
av SN - g - KS - '
BP S’
or,since V' >0
ks > 0. (16.8)

This means that if you increase the pressure on a system, its volume will decrease.
Eq. (16.8) is true for all thermodynamic systems.

The stability conditions in this chapter are expressed as inequalities for second
partial derivatives of the thermodynamic potentials. This makes them look very
much like the extremum principles in Chapter 15. However, these inequalities do
not represent extremum principles, because the corresponding first derivatives are
not necessarily zero, as they must be at an extremum.
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16.2.2 Stability with Respect to Heat Transfer

We can use the same method as in Subsection 16.2.1 to consider the consequences of
transferring some amount of entropy between the subsystems. The energy minimum
principle again demands that the change in total energy be non-negative,

Amel = U(S+ AS: VsN) - U(S; V)N)
+ UGS -AS,V,N)- UGS, 7,N)
> 0. (16.9)

The equality will hold only when AS = 0. The entropy transferred need not be small;
this inequality is also completely general.

Now again take the special case that the properties of the two systems are identical.
Eq. (16.9) can then be simplified to give an equation that must be true for a single system,

US+AS,V,N)+UlS—-AS,V,N)-2U(S,V,N) > 0. (16.10)
This equation must also hold for arbitrary values of AS; it is not limited to small changes

in entropy.
Divide both sides of eq. (16.10) by (AS)? and take the limit of AS — 0,

lim US+AS,V,N)+US—-AS,V,N)-2U(S,V,N) | _ %U -0
AS—0 (AS)2 a 852 V.N -
(16.11)
Since we know that
U
— =T, (16.12)
BS V,N
eq. (16.11) can be expressed as a stability condition on a first derivative,
oT
— > 0. (16.13)
aS V,N

This inequality can be rewritten in terms of the specific heat at constant volume,

oT S T
8S V’N aT V,N NCV

If the temperature is assumed to be positive, a condition for the system to be stable is

cy = 0. (16.15)
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This means that if heat is added to a system, its temperature will increase, which certainly
agrees with experience. Eq. (16.15) is valid for all thermodynamic systems.

16.3 Stability Criteria based on the Helmholtz Free Energy
Minimum Principle

Now we extend the stability criteria to cases in which the temperature of the composite
system is held constant. This makes it natural to use the Helmholtz free energy
minimization principle.

Recall that we do not (yet) have a stability condition involving derivatives with respect
to temperature, so we will only look at the case of moving a piston to vary the volume.

The experiment we consider is the same as that illustrated in the lower picture in
Fig. 15.1, except that instead of being thermally isolated, the entire cylinder is in contact
with a heat bath at temperature 7.

The Helmholtz free energy minimization principle now leads to the condition:

F(T,V+AV,N)+F(T,V—-AV,N)—-2F(T,V,N)>0. (16.16)

This equation must also hold for arbitrary values of AV;itis not limited to small changes
in the volumes of the subsystems.

Dividing eq. (16.16) by (A1V)? and taking the limit of AV — 0, we find a new stability
condition,

i F(T,V+AV,N)+F(T,V—-AV,N)—-2F(T,V,N) 9%F -0
im = .
ATV —0 (AV)Z BVZ T,N -
(16.17)
Since we know that
oF
— =-P, 16.18
<3V>T,N ( )
we can rewrite eq. (16.17) as
0P >0 (16.19)
8V T,N - ) )

Recalling the definition of the isothermal compressibility in eq. (14.14),

—1/3V
k= —  — , (16.20)
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eq. (16.19) becomes

or N N S (16.21)
WV)rn (g/) C Vier T '

This tells us that the isothermal compressibility is also non-negative for all systems,

kT > 0. (16.22)

16.4 Stability Criteria based on the Enthalpy
Minimization Principle

Next we consider a consequence of the enthalpy minimization principle. Here, we are
looking at a situation in which the total pressure on the system and on each of its
subsystems is constant. We will consider an experiment in which heat is transferred
between the identical subsystems. The derivation should look familiar, since it follows
the same pattern used in previous derivations.

The enthalpy minimization principle gives us the condition:

HS+AS,P,N)+ H(S - AS,P,N)—2H(S,P,N) > 0. (16.23)
This equation must also hold for arbitrary values of AS; it is not limited to small changes.

Dividing eq. (16.23) by (AS)? and taking the limit of AS — 0, we find yet another
stability condition,

. |:H(S+AS,P,N)+H(S—AS,P,N)—ZH(S,P,N):| <82H>
lim = > 0.
P,N

AS—0 (AS)2 082
(16.24)
Since we know that
of =T (16.25)
S )pn '
we can rewrite eq. (16.24) as
oT
— > 0. (16.26)
BS PN

Recalling the definition of the specific heat at constant pressure in eq. (14.15),

T
cp=— 9 , (16.27)
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eq. (16.26) becomes

oy ___ 1L _ T ., (16.28)
aS P,N_ § _NCP_ ’ ’

This tells us that the specific heat at constant pressure is non-negative,

cp > 0. (16.29)

16.5 Inequalities for Compressibilities and Specific Heats

In Chapter 14 we derived a relationship between the specific heats at constant pressure
and constant volume. According to eq. (14.73),

2TV
Nkt~

cp=cy+ (16.30)

Since all quantities in the second term on the right are non-negative, we immediately
have another inequality,

cp>cy. (16.31)

The equality would only occur when o = 0, which can actually happen! Liquid water has
a = 0, and its maximum density at a temperature of 3.98° C and atmospheric pressure.
Note that we have no stability condition on the coefficient of thermal expansion, «, even
though we expect most things to expand when heated. This is as it should be, since there
are several examples of materials that contract when heated, including water just above
the freezing point. This does not affect the inequality in eq. (16.31), since only the square
of o occurs in eq. (16.30).

There is an equation and an inequality linking «g and «7 that are similar to those
linking cp and cyr. However, they are more fun to derive yourself, so they will be left as
an exercise.

16.6 Other Stability Criteria

When we derived stability conditions for various second derivatives, we explicitly
excluded derivatives with respect to 7', P, or u. Addressing this omission turns out to
be quite easy, but requires a method that is different from that used in Chapters 15
and 16. One example will reveal the nature of the derivation.
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We will derive a stability condition for the second derivative of the Helmholtz free
energy with respect to temperature. We know that the first derivative gives the negative
of the entropy,

<E> =-8. (16.32)
T )y N

Take the partial derivative of eq. (16.32) with respect to temperature to find an expression
for the quantity in which we are interested,

9%F aS
— =—(— ) (16.33)

The right-hand side of eq. (16.33) is, of course, equal to —Ncy /T, which must be
negative. However, we are more concerned with relating it to the second derivative of the
energy with respect to entropy, because that reveals a general property of thermodynamic

potentials.
The first derivative of the energy with respect to entropy gives the temperature,
oU
(—) =T. (16.34)
aS V.N
Now take the second derivative of U with respect to S,
22U _ (L >0 (16.35)
082 V’N_ Sy N~ ) )

The last inequality in eq. (16.35) is just the stability condition in eq. (16.11) that we
derived earlier in this chapter.
Since we have the identity

08 =1 orT 16.36
(ﬁ)m— (E)V,N’ (16:36)

we find that the second partial derivative of F with respect to T" must be negative:

9*F AN
T2 )y n \0T)pn
T
=—1 —
/<8S>V,N
_ (82U
B 38 )y N

<0. (16.37)
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Eq. (16.37) shows that the second partial derivative of F with respect to 7" must have the
opposite sign from the second partial derivative of U with respect to S. It can be seen
from the derivation that quite generally the second partial derivative of the Legendre
transform (F in this case) with respect to the new variable (7°) has the opposite sign from
the second partial derivative of the original function (U) with respect to the old variable
(S). It is also a general rule that the two second derivatives are negative reciprocals of
each other.

Because of the simple relationship between the second derivatives of Legendre
transforms, we can skip the explicit derivations of the remaining inequalities and simply
summarize them in Table 16.1.

Table 16.1 Summary of inequalities for second partial derrvatives of
thermodynamic potentials that are required for stability.

92U 92U

U, V,N) (—2> >0 (—2) >0
8% )y N V) sN
9%F 9%F

F(T,V,N) — < — >0
1% )y N 3?2 )rN
92H 92H

H(S,P,N) (—2> >0 <72) <0
0 PN P S,N
%G %G

G, EN) (29) <o (29) <o
d PN 0P ) N

I highly recommend memorizing the results shown in Table 16.1. Remembering
them is easy because of the simplicity of their derivation, and they can save you
from avoidable errors. It is astonishing how often these inequalities are violated in
published data. Some prominent scientists have even made a hobby of collecting
examples from the literature. Do not let them find any exhibits for their collections
in your work!

16.7 Problems

PROBLEM 16.1
Thermodynamic stability

1. Starting with the stability conditions on the second derivatives of the Helmholtz free
energy, prove that for the Gibbs free energy we have the general inequality:

32G>
— <0.
P2 )N~

2. Use this inequality to prove that the isothermal compressibility is positive.
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PROBLEM 16.2
A rubber band

The essential issues in the following questions concern whether the sign of some quantity
is positive or negative. Getting the signs right is essential!

Consider an ordinary rubber band. If the length of the rubber band is L, and we apply
a tension 7, a small change in length will change the energy of the rubber band by rdL.
Assuming the number of molecules in the rubber band is fixed, the differential form of
the fundamental relation in the energy representation is

dU =TdS +tdL.

Note that the sign of the 7dL term is positive, in contrast to the more common

—PdV term.

1. Experimental question!

Determine the sign of the quantity (Z—L experimentally.

Obtain a rubber band—preferably a clean rubber band.

Stretch the rubber band quickly and, using your forehead as a thermometer,
determine whether is becomes hotter or colder. If the rubber band is very clean, you
might try using your lips, which are more sensitive.

Since you are only interested in the sign of the derivative, you do not really have to
carry out the experiment under true adiabatic (constant entropy) conditions. It will
be sufficient if you simply do it quickly.

2. Now imagine that one end of the rubber band is attached to a hook in the ceiling,
while the other end is attached to a weight. After the system is allowed to come to
equilibrium with the weight hanging down, the rubber band is heated with a hair
dryer.

Using the result of your experiment with a rubber band and your knowledge of
thermodynamic identities and stability conditions, predict whether the weight will
rise or fall.
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Phase Transitions

Life is pleasant. Death is peaceful. It’s the transition that’s troublesome.

Isaac Asimov (1920-1992), biochemist, and author of both
science fiction and non-fiction books.

One of the most interesting branches of thermal physics is the study of phase transitions.
While most of thermodynamics is concerned with the consequences of analyticity
in relating different measurable quantities, phase transitions occur at points where
analyticity (Section 9.6.4) breaks down.

Examples of phase transitions abound. Water can freeze, going from a liquid to a solid
state when the temperature is lowered. Water can also boil, going from a liquid state to a
gaseous state when the temperature is raised. Iodine can sublimate, going directly from
a solid to a gaseous state. In fact, almost all materials can exist in different states, with
abrupt transitions between them.

Water boiling and freezing and iodine sublimating are examples of first-order transi-
tions; that is, phase transitions in which the extensive variables change discontinuously.

An example of a second-order transition is given by the magnetization of iron, which
goes to zero continuously at a ‘critical’ temperature of 1044 K. The partial derivative of
the magnetization with respect to temperature is not only discontinuous, but it diverges
as the critical temperature is approached from below.

The classification of phase transitions as first-order or second-order is a hold-
over from an early classification scheme due to the Austrian physicist Paul Ehren-
fest (1880-1933). Ehrenfest classified phase transitions at which the #n-th partial
derivative of the free energy was discontinuous as being #n-th order. For first-order
phase transitions this classification is very useful, but for higher-order transitions
it is less so. Phase transitions have turned out to be much more complex and
interesting than Ehrenfest thought. In current usage his definition of first-order
transitions is retained, but ‘second-order’ generally refers to any transition with
some sort of non-analytic behavior, but continuous first partial derivatives of the free
energy.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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17.1 The van der Waals Fluid

To illustrate some of the basic ideas about phase transitions we will use a model for a
fluid of interacting particles that was invented by the Dutch physicist, Johannes Diderik
van der Waals (1837-1923), who was awarded the Nobel Prize in 1910.

17.2 Derivation of the van der Waals Equation

There are several ways of deriving the van der Waals equations, but they all begin
with making approximations for the changes in the behavior of an ideal gas when
the effects of interactions on the properties are included. As discussed in Chapter 7,
a typical interaction between two particles has the form shown in Fig. 7.1. For very
short distances the interactions between molecules are generally repulsive, while they are
attractive at longer distances. In the van der Waals model the effects of the attractive
and repulsive parts of the interactions between particles are considered separately.
Rather than calculating the properties of the van der Waals fluid directly from a specific
interaction potential of the form shown in Fig. 7.1, we will follow the usual procedure of
introducing a parameter a for the overall strength of the attractive part of the interaction,
and another parameter & for the strength of the repulsive part.

We will start from the Helmholtz free energy for the ideal gas. (X is the usual constant.)

AN
F,GZ—NkBT[ln(ﬁ>+51n(kBT)+X]. (17.1)

Since an interaction of the form shown in Fig. 7.1 implies that each particle is attracted
to the particles in its neighborhood, we would expect the average energy of attraction to
be proportional to the density of particles in the neighbor of any given particle, which
we will approximate by the average density, N/V. The total energy of attraction for N
particles can then be written as —aN?/V, where a > 0 is a constant.

Assuming that the most important effect of the repulsive part of the interaction poten-
tial is a reduction in the available volume, we subtract a correction term proportional to
the number of particles, so that V' — IV — bN.

Naturally, the constants a and b will be different for different fluids.

With these two changes in eq. (17.1), we find the Helmholtz free energy for the van
der Waals fluid,

V —bN 3 N2
deW:_NkBT[ln< N )—i—iln(kBT)—l-X}—a(V). (17.2)

From eq. (17.2) we can use the usual partial derivatives of F,gyy with respect to T’
and V to find two equations of state,

_ NkgT  aN?
T V-bN V2

(17.3)
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and
3 N?
= —NkpT — — . 17.4
U > kB a( V) ( )

Note that both van der Waals equations of state, egs. (17.3) and (17.4), are unchanged
(invariant) if U, V, and N are multiplied by an arbitrary constant X, demonstrating that
the van der Waals gas is extensive. This is because surfaces and interfaces are completely
neglected in this model, and the fluid is assumed to be homogeneous.

17.3 Behavior of the van der Waals Fluid

At very high temperatures, the gas expands, the density is small, and V" is large in
comparison with the correction term dN. For low density the correction term for the
pressure is also small, so that the predictions of the van der Waals equation, eq. (17.3),
are very close to those of the equation for an ideal gas.

On the other hand, as the temperature is reduced, the deviations from ideal-gas behav-
ior become pronounced. If the temperature is below a certain critical temperature, 7,
the deviations from the ideal-gas law are not only large, but the behavior is qualitatively
different.

Below T, a plot of P(1) vs. V looks qualitatively like Fig. 17.1, while above T, the
slope is negative everywhere. The value of the critical temperature, 7, can be found from
the condition that P(V") has an inflection point at which both

aP
- =0, (17.5)
W)

Fig. 17.1 Schematic P — V plot of an isotherm (constant temperature) for the van der Waals equation
at a low temperature. The marked points are used to illustrate the calculation of the location of the phase
transition. They are the same points as those marked in Fig. 17.2
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and

2P
- =0. (17.6)
V2 )N

With a little algebra, egs. (17.5) and (17.6) can be solved for the critical values for the
volume, pressure, and temperature,

V, = 36N (17.7)
a
= — 17.8
8a
kpT, = —. 17.9
B¢ 27b ( )

A very interesting feature of the van der Waals equation is that although it contains
only two arbitrary constants, a and b, it predicts the three critical values, V., P,, and T,.
This means that the three values cannot be independent. Indeed, they can be combined
to make a non-trivial prediction for the ratio

PV, 3
c ¢ 2 —-0.375. (17.10)
NkpT. 8

The measured values of this ratio vary for different materials, but not as much
as might be guessed from such a simple theory. For example, the experimental
values of P.V,/NkpT, for helium, water, and mercury are, respectively, 0.327, 0.233,
and 0.909.

If we define the reduced values VV = V/V,, P= P/P,, and T= T/ T,, we can write the
van der Waals equation in dimensionless form as

8T 3

p—_L 2
3V—-1 V2

(17.11)

or

(13+3I7_2) (3[7—1):8T. (17.12)

17.4 Instabilities

The qualitative differences between the PV plot for the low-temperature van der Waals
gas and for an ideal gas are dramatic. The PV plot for an ideal gas is simply an hyperbola
(PV = NkpT). The plot of a low-temperature isotherm for the van der Waals gas, shown
in Fig. 17.1, has the striking feature that the slope is positive in the region between points
F and D,
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P
or > 0. (17.13)
8V T,N

"This is surprising, because we know from Chapter 16 (see eq. (16.19)) that the derivative
in eq. (17.13) must be negative for stability. Therefore, the region of the van der Waals
plot from points F to D in Fig. 17.1 must be unstable.

We noted that the van der Waals equation was derived under the assumption that the
system was homogeneous. The violation of the stability condition in the region between
points FF and D marks is where this assumption breaks down. This part of the curve must
represent unphysical states.

More insight into the unusual features of the van der Waals equation can be seen if
the axes of Fig. 17.1 are flipped, as shown in Fig. 17.2.

From Fig. 17.2 it can be seen that the van der Waals equation actually predicts that
the volume is a triple-valued function of the pressure in the region between points B and
H. The possibility of three solutions can also be seen directly from the form of the van
der Waals equation. If eq. (17.3) is rewritten as

(PV2+aN2)(V—bN) — NkpTV?, (17.14)

Fig. 17.2 Schematic V' — P plot of an isotherm (constant temperature) for the van der Waals equation
at a low temperature. This is a plot of the same function as in Fig. 17.1, but the axes have been flipped.
The marked points are used to illustrate the calculation of the location of the phase transition. They are
the same points as those marked in Fig. 17.1
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and the left side of eq. (17.14) is expanded, the van der Waals equation is seen to be a
cubic equation in V for fixed P. It can therefore have either one or three real solutions,
which is consistent with Fig. 17.2.

To find the stable states predicted by the van der Waals equation we must eliminate the
section of the curve between points D and F on the basis of instability, but we still have
to choose between the two remaining solutions. This will be done in the next section.

17.5 The Liquid-Gas Phase Transition

To resolve the problem of multiple solutions of the van der Waals equation, we need to
go back to Chapter 16 and investigate the stability of the high- and low-density states in
Fig. 17.2. For the stable state, the Gibbs free energy at constant temperature and pressure
should be a minimum. Note that this criterion is not restricted to infinitesimal variations;
it is also valid for the large differences in the volume between the states on the upper and
lower branches in Fig. 17.2.

To use the stability condition on the Gibbs free energy, G, we must be able to calculate
it. Since this is an extensive system, we know two very helpful things.

First, as shown in eq. (13.27) of Chapter 13,

G=U-TS+PV =uN, (17.15)

so that the condition that G be a minimum is the same as the condition that u be a
minimum.
Next, the Gibbs—Duhem equation, given in eq. (13.11),

d,u=—<%>dT+(§)dP, (17.16)

is valid for the van der Waals fluid. Since Fig. 17.2 is an isotherm (constant temperature),
we can set dT = 0 in eq. (17.16) and integrate it to find G or u as a function of P,

G:,ﬂ\f:/VdP. (17.17)

Starting with point 4 in Fig. 17.2 and integrating eq. (17.17) to point D, we find the
increasing part of the curve shown in Fig. 17.3. Note that the curvature of this part of
the plot is negative because the integrand (V) is decreasing. As we continue to integrate
along the curve in Fig. 17.2 from point D to point F, we are moving in the negative
P-direction, so the contributions of the integral are negative, and the value of G = uN
decreases. When we reach point F and continue to point I, we are again integrating in
the positive P-direction and the value of G = uN increases.
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The integration of the van der Waals equation of state in Fig. 17.2, using eq. (17.17),
is peculiar for at least two reasons. First, since the function IV = IV(P) is multivalued,
the integration must proceed in three stages: initially in the positive P-direction, then
in the negative P-direction, and finally in the positive P-direction again. The more
problematic feature is that we have already established that the states corresponding
to the part of the function that lies between points D and F in Figs. 17.1 and 17.2 are
unstable. They could only be regarded as equilibrium states if they somehow were
subject to an added constraint that they remain homogeneous. However, since we
only need the van der Waals equation in the unstable region for the formal integral,
and that part of the curve is an analytic continuation of the van der Waals isotherm,
the procedure is valid—strange, but valid.

The parts of the curve in Fig. 17.3 corresponding to equilibrium states are the two
sections from point 4 to C and from point G to I, which have the minimum Gibbs free
energy. Note that although the points C and G are distinct in Figs. 17.1 and 17.2, they
have the same Gibbs free energy and occupy the same location in Fig. 17.3.

There are two kinds of instability that occur along the unstable parts of the curve.
First, we have already noted that states corresponding to points between D and F are
unstable to small perturbations because dP/d1 > 0 in that region. On the other hand,
dP/dV < 0 in the regions C to D and F to G, so that the corresponding states are stable
to small perturbations. Nevertheless, they are still not equilibrium states, because there
exist states with lower Gibbs free energy. They are unstable in a second sense: they are

P

Fig. 17.3 Schematic G — P plot for the van der Waals fluid at a low temperature. The function
G = G(P) 1s obtained by performing the integral in eq. (17.17) on the van der Waals equation of state
shown in Fig. 17.2
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‘globally’ unstable with respect to a large change. The term for such states is ‘metastable’.
Because they are stable to small perturbations, metastable states can exist for a long time.
However, eventually a large fluctuation will occur and the system will make a transition
to the true equilibrium state, which will lower the Gibbs free energy.

17.6 Maxwell Construction

The integration of the van der Waals equation of state in Fig. 17.2, using eq. (17.17),
includes a positive contribution from point C to D, followed by a smaller negative
contribution from D to E. The sum of these two contributions gives a net positive
contribution to the Gibbs free energy. The magnitude of this net positive contribution is
the shaded area under the curve EDC in Fig. 17.4.

The integral from E to F gives a negative contribution, and it is followed by a smaller
positive contribution from F to G, giving a net negative contribution. The magnitude of
this contribution is the shaded area above the curve EFG in Fig. 17.4.

Since the total integral from the point C to the point G must vanish (C and G have
the same Gibbs free energy), the two shaded regions in Fig. 17.4 must have equal areas.
The procedure of adjusting the position of the line CG until the two areas are equal is
known as the Maxwell construction, first noted by the Scottish physicist James Clerk
Maxwell (1831-1879).

17.7 Coexistent Phases
The points C and G in Figs. 17.1, 17.2, 17.3, or 17.4 indicate distinct phases that are

in equilibrium with each other at the same temperature and pressure. The fact that they
are in equilibrium with each other is demonstrated by their having the same Gibbs free

1)

%4

Fig. 17.4 Schematic P —V plot of an isotherm (constant temperature) for the van der Waals equation
at a low temperature. The labeled points coincide with those in Fig. 17.1. By the Maxwell construction,
the two shaded areas must have equal areas when the horizontal line bounding them is at the correct
pressure to have equilibrium between the liquid and gas phases
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Fig. 17.5 Schematic T — V' plot of the coexistence diagram for the van der Waals flurd. The solid line
indicates the liquid and gas phase volumes at each temperature. The dot at the top of the curve indicates
the critical point. The dashed curves indicate the spinodals, which correspond to the points D and F in
Figs. 17.1 through 17.4. Regions of liquid and gas phases are indicated, as well as regions of unstable
and metastable states

energy in Fig. 17.3. That they are distinct phases is clear because of the difference in
their volumes.

The phase corresponding to point C in the figures corresponds to a small volume
and a high density. We will call it the liquid phase to distinguish it from the gas phase
corresponding to point G, which has a large volume and small density.

For each temperature, we can draw an isotherm and perform the Maxwell construc-
tion to determine the pressure at which the liquid and gas phases are in equilibrium with
each other, as well as the volumes of the liquid and gas phases.

Fig. 17.5 shows a qualitative plot of the relationship between the liquid and gas
volumes at coexistence and the temperature. The area under the solid curve is known as
the coexistence region, because those temperatures and volumes can only be achieved by
having distinct liquid and gas phases coexisting next to each other. The dot at the top of
the coexistence curve indicates the critical point, with the critical temperature 7, and the
critical volume V.. As the temperature increases toward 7, from below, the volumes of
the liquid and gas phases approach each other. Above T, there is no distinction between
liquid and gas—only a single fluid phase.

The dashed lines in Fig. 17.5 correspond to the points D and F in Figs. 17.1
through 17.4. They are known as ‘spinodals’ and represent the boundaries of the
metastable regions. All states under the dashed lines are unstable.

17.8 Phase Diagram

Equilibrium between liquid and gas phases occurs at a specific pressure for any given
temperature, as determined by the Maxwell construction. The locus of the coexistence
points on a P — T diagram is plotted schematically in Fig. 17.6.

The curve in Fig. 17.6 is known as the ‘coexistence curve’ and separates regions of
liquid and gas. At points along the curve, the liquid and gas phases coexist. The curve
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P, 1

liquad

Fig. 17.6 Schematic P — T plot of the phase diagram of the van der Waals fluid. The solid line
separates the liquid and gas phase regions. The dot at the end of the curve indicates the critical point

ends in a critical point with, logically enough, critical values of the temperature, T, and
pressure, P,.

At temperatures or pressures above the critical point, there is no distinction between
liquid and gas; there is only a fluid. This has the curious consequence that, at least in
some sense, liquid and gas phases are different aspects of the same phase.

Consider a process that starts with a gas on the coexistence curve (or infinitesimally
below it) at a temperature 7, and pressure P,. Raise the temperature of the gas at constant
pressure. When the temperature is above T, the pressure is increased until it is above P,.
At this point, the temperature is again lowered until it is at the original value at 7,. Now
lower the pressure until the original value of P, is reached. The system has now returned
to the original temperature and pressure, but on the other side of the coexistence curve. It is
now in the liquid phase.

Since the coexistence curve was not crossed anywhere in the entire process, the
fluid was taken smoothly from the gas to the liquid phase without undergoing a phase
transition. The initial (gas) and final (liquid) phases must, in some sense, represent
the same phase. Considering how obvious it seems that water and steam are different,
it might be regarded as rather surprising to discover that they are not fundamentally
different after all.

17.9 Helmholtz Free Energy

The graph of the Helmholtz free energy F as a function of the volume I for constant
temperature 7 is qualitatively different than the graph of G as a function of P shown in
Fig. 17.3. The essential difference is that in Fig. 17.3 the independent variable, P, was
intensive, so that the phase transition occurred at a point. In Fig. 17.7 the independent
variable is extensive, so that it takes on different values in the two phases at a first-order
transition.
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Fig. 17.7 Schematic F —V plot for the van der Waals fluid at a fixed temperature T < T,. The
straight dashed line indicates the coexistence region in which part of the system is liquid in equilibrium
with the rest of the system in the gas phase. (The true plot has the same features as shown here, but it is
more difficult to see them clearly without magnification due to their relative magnitudes. Generating the
true plot is left to the exercises.)

The first partial derivative of F with respect to V' is the negative of the pressure, so it
is negative:

dF
= —-P<0. (17.18)
WV )N

The second partial derivative of F with respect to V' is related to the isothermal
compressibility, so it is positive:

9%F P 1%
aV2)r N oV/)rN kT

We know from the previous discussion of the P — IV diagram of the van der Waals
gas that the model predicts an unstable region. In Fig. 17.1 this was found between the
points D and F and identified by the positive slope in this region, which would imply a
negative compressibility. This violates a stability condition.

In terms of the Helmholtz free energy, the unstable region is signaled by a negative
curvature, which violates the inequality in eq. (17.19). As a consequence, the schematic
F — V plot exhibits a region of negative curvature between two inflection points, as shown
in Fig. 17.7.

As we saw earlier in this chapter, below T, the homogeneous solution to the van
der Waals equations is not stable between two values of the volume corresponding to
the liquid (V) and the gas (V). In this region, the Helmholtz free energy is lower for
coexisting liquid and gas states. The values of F in this coexistence region are indicated
by the straight dashed line in Fig. 17.7. The line is found as the common tangent to the
van der Waals curve at the values 1 and V.
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It is useful to compare the plot of G vs. P in Fig. 17.3 and the plot of F vs. IV in
Fig. 17.7. The former has an ntensive variable on the horizontal axis, and the phase
transition occurs at a single value of P. The latter has an extensive variable on the
horizontal axis, and the phase transition occurs over a range of values of V. There are
many diagrams of thermodynamic potentials as functions of various quantities, but they
all fall into one of these two categories.

17.10 Latent Heat

We all know that it takes heat to boil water. More generally, to cross the coexistence curve
in Fig. 17.6 requires adding energy to the liquid. If we add a small amount of heat ZQ
to a system, its entropy changes by an amount dS =dQ/T. Therefore, there will be a
difference in the entropy between the liquid state corresponding to point G and the gas
state corresponding to the point C in Fig. 17.1.

To calculate the difference in entropy, AS, between the liquid and gas phases, consider
a process by which we integrate the equation

aS

is=(2=) av (17.20)
V) rn

along the isotherm in Fig. 17.1 from point G to point C. Since the process is isothermal,
the total heat needed to go from the liquid to the gas phase will be TAS.

To find the partial derivative in eq. (17.20) we can use a Maxwell relation associated
with the differential form of the fundamental relation dF = —SdT — PdV + udN,

aS oP
gl == . (17.21)
WV )rN 0T )y N
With this Maxwell relation, the change in entropy is given by the integral
c
oP
AS:/ (—) av. (17.22)
¢ \0T )y N

Since the partial derivative in eq. (17.22) can be calculated from the van der Waals
equation of state in eq. (17.3), evaluating the integral is straightforward.

The energy per particle needed to make a first-order phase transition is called the
latent heat, denoted by ¢,

(=" (17.23)
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Itis also quite common to denote the energy needed to make a first-order phase transition
for a complete system of N particles as the heat capacity, L,

L=Nt=TAS. (17.24)

17.11 The Clausius-Clapeyron Equation

It might be supposed that the coexistence curve in the phase diagram in Fig. 17.6
merely separates the phases and is of no particular significance in itself. However, the
German physicist Rudolf Clausius, whom we have already encountered as a founder of
thermodynamics, and the French physicist Benoit Paul Emile Clapeyron (1799-1864)
found a remarkable equation that links the slope of the coexistence curve with the change
in volume across the transition and the value of the latent heat.

Consider two points along the coexistence curve. Denote the liquid phase at the first
point by X and the gas phase at the same temperature and pressure by X’. Similarly
denote the liquid and gas phases by Y and Y at the other point. At each of these points, let
the sample contain N particles. Assume that the points are very close together, so that the
difference in temperature, d1 = Ty — Tx = Ty’ — Tx’, and the difference in pressure,
dP = Py — Px = Py — Px, are both small.

Since the liquid and gas phases are in equilibrium, we must have

UX = UX's (17.25)
and
HY = Wy, (17.26)
which implies that
Wy — X = [y — JLx'. (17.27)

On the other hand, we know from the Gibbs—Duhem equation from eq. (13.11) in
Section 13.2, that if we have the same number of particles on both sides of the transition,
then,

S vV
— = —| — T — ) dP 17.2
Wy — UXx (N)d +<N>d s (17.28)

and

S |24
r—ux =—\ = )dT — ) dP. 17.29
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Combining these equations, we see that

aP 8-S AS (17.30)
dT V' -V AV’ '
Comparing eq. (17.30) with the definition of the latent heat in eq. (17.23), we find the
Clausius—Clapeyron equation,

dpP {N L
— == (17.31)
dT TAV TAV
Note that the latent heat is positive by definition, and most materials expand when they
melt or boil, AV > 0. The slopes of almost all coexistence curves are positive, as is the
coexistence curve for the van der Waals gas, shown schematically in Fig. 17.6.
However, ice contracts when it melts, so that AV < 0 and dP/dT < 0 along the ice—
water coexistence curve. The negative slope required by the thermodynamics analysis
presented here is confirmed qualitatively and quantitatively by experiment.

17.12 Gibbs’' Phase Rule

Phase diagrams in a general system can be considerably more complicated than
Fig. (17.6). However, there is a limitation on the structure of these diagrams that is
called ‘Gibbs’ phase rule’.

To derive Gibbs’ phase rule, consider a general thermodynamic system with K
components; that is, K different kinds of molecules. Let the number of distinct phases in
equilibrium with each other be denoted by ¢. The variables describing this system are T°
and P, plus the concentrations of each type of particle in each phase. For the j-th phase,
{xg) = Ng)/N(f) |k=1,...,K}, where ng) gives the number of type & particles in the j-th
phase. Since the total number of particles in the j-th phase is N 0 = f:lN,g), the

sum of the concentrations is unity, 1 = ZkKII xg), and there are only K — 1 independent
concentration variables for each of the ¢ phases. The total number of variables is then
2+¢(K—-1).

However, the equilibrium conditions on the chemical potentials limit the number of
independent variables, since the chemical potential of a given component must take on
the same value for every phase. Letting ,ug) denote the chemical potential of the k-th
component in the j-th phase, we have

1 2
M;):M}e)z...zug’), (17.32)

Since there are K components, this gives a total of K(¢ — 1) conditions on the variables
describing the system.



Problems 219

Putting these two results together, the total number F of independent variables for a
general system with K components and ¢ phases is

F=2+¢K—-1)—-K(¢—-1), (17.33)
or
F=2+K-—¢. (17.34)

This is Gibbs’ phase rule.

As an example, consider the case of a simple system containing only a single kind
of molecule, so that K = 1. If we consider the boundary between normal ice and liquid
water (¢ = 2), we see that the number of independent variables is F =2+1—-2=1.
This means that we have one free parameter to describe the boundary between solid and
liquid. In other words, the two phases will be separated by a line in a phase diagram (a
plot of P vs. T, and the one parameter will tell us where the system is on that line. The
same is true for the boundaries between the liquid and vapor phases and the solid and
vapor phases.

As a second example, consider the triple point of water, at which three phases come
together (¢ = 3). In this case, the number of independent variablesis F =2+1—-3 =0,
so that there are no free parameters; coexistence of the three phases can occur only at a
single point.

The phase diagram of ice is actually quite complicated, and there are at least ten
distinct crystal structures at various temperatures and pressures. (Gibbs’ phase rule tells
us that two different forms of ice can be separated in the phase diagram by a line and
three phases can coexist at a point, but we cannot have four phases coexisting at a point.
And, in fact, four phases do not coexist at any point in the experimental phase diagram.

17.13 Problems

PROBLEM 17.1
Properties of the van der Waals gas

1. Just for practice, starting from the expression for the Helmholtz free energy, derive
the pressure, P = P(T,V,N).

2. Again starting from the expression for the Helmholtz free energy for the van der
Waals fluid, derive the energy as a function of temperature, volume, and number of
particles,

U=U(T,V,N).
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3.

Using the conditions for the critical point,

P,
oV )rn

82P> “o
WV2)rn

derive expressions for P, T,, and I/, as functions of a and b.

and

. Derive the value of the ratio

PV,
NkgT.

as a pure number, independent of the values of a and b.

PROBLEM 17.2
Properties of the van der Waals gas by computation

I suggest doing the following calculations as functions of the van der Waals parameters a
and b, However, make the plots in terms of the reduced quantities 7/7,, V/V,,and P/P¢.

1.

2.

SNk Ww

Write a program to compute and plot P as a function of IV at constant T for the van
der Waals gas.

Modify your program to include a comparison curve for the ideal gas law at the same
temperature.

Make plots for values of T that are at, above, and below 7.

For some values of temperature, the plots will have a peculiar feature. What is it?
Make plots of T as a function of V' for values of P above, below, and at P,.

Make a plot of the chemical potential u as a function of P. You might want to include
a plot of IV vs. P for comparison.

What does the plot of w vs. P look like at, above, and below 7?

The data you need to do a numerical integration of the Gibbs-Duhem relation is
the same as you’ve already calculated for the first plot in this assignment. You just
have to multiply the volume times the change in P and add it to the running sum to
calculate pu vs. P.

PROBLEM 17.3
Helmbholtz free energy near a phase transition

Consider a material described by the phase diagram. A quantity of this material is
placed in a cylinder that is in contact with a thermal reservoir at temperature 7,. The
temperature is held constant, and the pressure is increased as shown on the phase
diagram, through the point b (on the coexistence curve) to the point c.
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P, a

1. Make a qualitative sketch of the pressure P as following a function of volume V' during
the process that takes the system from the state a, through the state b, to the state c.
Label the points on the phase diagram corresponding to states a, b, and ¢. Label the
phases. Explain the signs and relative magnitudes of the slopes of the lines you draw.
Explain any discontinuities in the function or its slope.

2. Sketch the Helmholtz free energy F as a function of the volume V' for this process.
Again label the phases and the points corresponding to states a, b, and ¢. Explain the
relative magnitudes of the slopes and curvatures of the lines you draw. Explain any
discontinuities in the function or its slope.

PROBLEM 17.4

Numerical evaluation of «7, o, and cp as functions of P for the van der Waals
gas — PART 1

As we’ll see in this problem and the next one, the numerical evaluation of the properties of
the van der Waals gas is much easier than finding an analytic solution. In this assignment
you will derive the equations needed to write a computer program, which will be your
next assignment.

We will use the volume IV to parameterize the functions P(V, T, etc. This will enable
us to make plots of k7, @, and cp as function of P, without actually solving the equations
for cp(P,T) and k7 (P, T).

For the van der Waals gas:

1. Find an equation for k7 as a function of P, T',and IV by taking the derivative of the van
der Waals equation of state with respect to IV. You may find it convenient to express
your result as 1/«7.

2. Find an equation for « as a function of P, T, and V' by taking the derivative of the
van der Waals equation of state with respect to 7.

Hint: it is much easier to find an equation for « if you use a thermodynamic identity for

oP
3T V,N'
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3. Find ¢y as afunction of P, T, and IV from the van der Waals equation for the energy U.
4. Find equations for cp from a cleverly chosen thermodynamic identity, as a function
of P, T,and V, AND «, AND k7, which you have already calculated.

PROBLEM 17.5
Numerical evaluation of «7, o, and cp as functions of P for the van der Waals
gas — PART 2

Now use the results of the previous assignment to do a numerical evaluation of the
properties of the van der Waals gas.

Use the volume I to parameterize the functions P(V, T), etc. Make plots of k7, a,
and cp as function of P. Note that you do not actually have to solve the equations for
k(P T), (P, T),and cp(P, T).

1. Write a program to plot 7, , and ¢p as functions of P AND their reciprocals as
functions of P.
Use V' to first calculate P, and then use the values of I/, P,and T to find 1/k71, 1/,
and 1/cp from the equations derived in the previous assignment.

Make plots for T > T, and values of P that range from below P, to above P..

2. What happens when you use different values of T above T,?

What happens at T = T,?

4. What happens when T < T,?

had

PROBLEM 17.6
Clausius—Clapeyron relation

The slope of a phase boundary in a P — 7" phase diagram is not arbitrary. The Clausius—
Clapeyron equation connects it directly to the latent heat and the change in volume at
the transition.

The change in volume between the liquid and the gas, Vgus — Vijguia can be approxi-
mated by noting that the liquid is much denser than the gas if you are not too close to
the critical point. We can also approximate the latent heat by a constant under the same
assumption.

Find an analytic approximation for the function P(T) along the liquid—gas phase
boundary. Sketch your answer and compare it to a phase diagram of water that you
can find on the Web.
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The Nernst Postulate: The Third Law
of Thermodynamics

For every complex problem there is an answer that is clear, simple, and wrong.
H. L. Mencken, American journalist (1880—-1956)

In the early part of the twentieth century the German chemist and physicist Walther
Hermann Nernst (1884—-1941) formulated the ‘Nernst Postulate’. It has also become
known as the Third Law of Thermodynamics, due to its importance.

The Nernst Postulate: The entropy of a thermodynamic system goes to a constant as the
temperature goes to zero.

This postulate has far-reaching consequences. Most directly, it puts important con-
straints on the behavior of real systems at low temperatures. Even more importantly,

in its universal applicability, it reveals the pervasive influence of quantum mechanics on
macroscopic phenomena.

18.1 Classical Ideal Gas Violates the Nernst Postulate
Since we have only discussed classical statistical mechanics so far in this book, the Nernst
Postulate might seem rather startling. The results for the classical ideal gas that we derived

in Part I are completely inconsistent with it. To see this, consider eq. (7.2) for the entropy
of the classical ideal gas,

3 (U 1%
S(U, V,N):kN[Eln <ﬁ> +In <ﬁ)+X] (18.1)

If we insert the equation of state for the energy,

3
U= _NkpT, (18.2)

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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we find an equation for the entropy as a function of temperature,

3. (3kgT 14
S(T,V,N)_kN[§1n< > )—i—ln(N)—i—X]. (18.3)

SincelnT — —oc as T — 0, the entropy of the classical ideal gas does not go to a constant
at zero temperature. In fact, it will be shown in Chapter 19 that the entropies of all
classical systems go to —oo at zero temperature.

The reason for the validity of the Nernst Postulate for real systems lies entirely in
quantum statistical mechanics, and will be derived in Chapter 23.

18.2 Planck’s Form of the Nernst Postulate

Extending the Nernst Postulate, Max Planck made the stronger statement that the
entropy should not only go to a constant, but that the constant must be zero. This
is, indeed, the form in which the Nernst Postulate is usually remembered—which is
unfortunate, since it is not entirely true. Although Nernst’s formulation of his postulate
is true for all quantum mechanical models and all real systems, Planck’s version is not
always valid.

We will return to a justification of the Nernst Postulate and a discussion of Planck’s
alternative in Chapter 23 on quantum statistical mechanics.

18.3 Consequences of the Nernst Postulate

Why is the Nernst Postulate important? One of the main reasons is that it places severe
limits on the low-temperature behavior of the specific heat and the coefficient of thermal
expansion.

18.3.1 Specific Heat at Low Temperatures

The first consequence of the Nernst Postulate is that the specific heat of anything must
g0 to zero at zero temperature.

To prove this statement, use the connection between a small amount of heat, Q,
added to a system and the corresponding change in entropy, dS, in eq. (10.23),

_ 490

das
T

(18.4)
We can relate the change of temperature to @Q through the specific heat, which is
defined in Section 14.4 as

T (3S
cx(T) = N <ﬁ> 5 (18.5)
X,N
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where X stands for either IV or P, depending on which is held constant for the experiment
in question. The heat added is therefore

d0 = Nex (T)dT, (18.6)

where we have explicitly indicated the temperature-dependence of the specific heat.
Putting egs. (18.4) and (18.6) together and integrating, we find an expression for the
change in entropy between the temperatures 77 and 75,

230  (Trex(T)
S(To)—S(T) = | ==
(1) (T1) /1 T . T

dT. (18.7)

Now suppose that the specific heat went to a constant in the limit of zero temperature,

lim cx(T) = c,. (18.8)
T—o

Then, for sufficiently low temperatures, we could approximate the specific heat by ¢, to
calculate the change in entropy,

1>

S(Tz)—S(:nw/

4T = cy(n Ty —InT). (18.9)
n T

In the limit that 77 goes to zero, eq. (18.9) implies that S(7%) — S(T7) = oo, which
contradicts the Nernst Postulate. Therefore, the Nernst Postulate requires that the
specific heat of anything go to zero at zero temperature.

We have already seen lim7_, 0 S(T) = —oo for the classical ideal gas, so that it violates
the Nernst Postulate. This can also be seen from the fact that the specific heat at constant
volume does not go to zero at zero temperature, but instead has the constant value
cy = (3/2)kp.

18.4 Coefficient of Thermal Expansion at Low Temperatures

Another consequence of the Nernst Postulate is that the coefficient of thermal expansion,
defined in Section 14.4 as

1 /oV
a(T) = % <ﬁ)P,N’ (18.10)

must also vanish at zero temperature. To see why this is true, note that a Maxwell relation
that can be derived from

dG = —8dT + VdP + judN, (18.11)
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gives us a relationship between a derivative of the entropy and the coefficient of thermal

expansion,
S %
72 == =—Va(T). (18.12)
oP T.N or P,N

If the entropy goes to a constant that is independent of pressure, this gives us

li T) = 0. 18.13
Tlinoa( ) ( )

18.5 The Impossibility of Attaining a Temperature
of Absolute Zero

It is often stated that a temperature of absolute zero is unattainable because of the Third
Law of Thermodynamics. This is incorrect.

Classical statistical mechanics prohibits the attainment of 7 = 0 because it would
require an infinite amount of energy. Quantum statistical mechanics actually makes it
easier to achieve a low temperature, so that it would only require a finite amount of
energy to achieve T = 0.

In both quantum and classical statistical mechanics, any process that would achieve
T = 0 would require an infinite number of steps, so that it could not be completed in a
finite amount of time.

The Nernst Postulate makes it easier to achieve low temperatures by making specific
heats go to zero, as discussed in Section 18.3.1. Because of the equation

aQ

c="2%,
dT

(18.14)

if we wish to lower the temperature by d7', it requires removing from the system of interest
an amount of energy

a0 = CdT. (18.15)

The larger the specific heat, C, the more energy must be removed from the system to
lower the temperature by a given value of d7'. Since the Nernst postulate requires C — 0,
as T — 0, lowering the temperature is easier with the Nernst Postulate (quantum statis-
tical mechanics) than it is without the Nernst Postulate (classical statistical mechanics).
These ideas will be explored further in the problems at the end of this chapter.

18.6 Summary and Signposts

In Part I of this book we developed the foundations of classical statistical mechanics
based on the existence of atoms and some assumptions about model probabilities. We
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followed Boltzmann in defining the entropy in terms of the logarithm of the probability
distribution of macroscopic observables in a composite system, and we derived a general
formula for the entropy of a classical system of interacting particles. For the special case
of non-interacting particles (the classical ideal gas), we explicitly evaluated the entropy
as a function of energy, volume, and number of particles.

In Part II we developed the theory of thermodynamics on the basis of the general
properties of the entropy that we found in Part I. This led us to develop power-
ful methods for generating exact relationships between measurable thermodynamic
quantities.

With this chapter we come to the end of our introduction to thermodynamics, and
with it the end of Part II of the book.

We have seen the power of thermodynamics in relating physical properties that, at
first glance, might seem entirely unrelated to each other. On the other hand, we have
seen that thermodynamics makes almost no predictions about the actual value of any
quantity. Indeed, the main exceptions are the predictions for the vanishing of the specific
heat and the coefficient of thermal expansion at zero temperature.

Up to this point, the emphasis has been on the concepts in thermal physics and their
consequences for relationships between measurable quantities. In the remainder of the
book we will develop more powerful methods for carrying out practical calculations in
statistical mechanics.

Part ITI will discuss classical statistical mechanics, introducing the canonical ensemble,
which is the workhorse of the field. It will also return to the question of irreversibility
and the uniqueness of the model probability assumptions we made in setting up the
foundations of statistical mechanics.

Part IV will discuss quantum statistical mechanics, including black-body radiation,
and Bose-Einstein and Fermi—Dirac statistics. It will also show how quantum mechanics
leads naturally to the Nernst Postulate. The book will end with an introduction to the
theory of phase transitions, using the Ising model as an illustration.

By the end of the book you should have a good foundation in both thermodynamics
and statistical mechanics—but it will still be only a foundation. The entire field of
condensed-matter physics will be open to you, with all its complexity and surprises. May
you enjoy your further explorations in this fascinating area.

18.7 Problems

PROBLEM 18.1
Is a temperature of absolute zero attainable?

The Third Law of Thermodynamics (the Nernst postulate) requires the heat capacity
of any object to go to zero as the temperature goes to absolute zero. It is often stated
in thermodynamics textbooks that the third law of thermodynamics also prohibits the
attainment of a temperature of absolute zero. In this problem we will consider to what
extent that claim is correct. If it is correct, that would mean that a temperature of absolute
zero could be obtained if the Nernst postulate were not valid.
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We will examine the consequences of a heat capacity that does not go to zero as the
temperature goes to zero.

To simplify the argument, we will assume that we have two objects, 4 and B, with
constant, non-zero heat capacities C4 and Cg. We will also assume that we have an ideal
heat engine at our disposal.

1. Assume that the initial temperatures of the two objects are T4; >0 and Tp; > 0.
Calculate the total work required to reduce the temperature of object A to absolute
Z€ro.

2. Now let the object B become infinite, so that it acts as a heat reservoir, and its
temperature does not increase during the process. Again calculate the total work
required to reduce the temperature of object A to absolute zero.

3. For the third part of this problem, consider again two finite objects, A and B.
Assume that C4(T) « T%,and Cg(T) o T, where a > 0 is a positive constant. Since
Cy4(T)— 0 as T — 0, this is consistent with the third law. We will see later in the
course that materials with « = 1 and o = 3 really do exist. Again calculate the total
work required to reduce the temperature of object A to absolute zero.
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Ensembles in Classical Statistical
Mechanics

In theory, there is no difference between theory and practice. In practice, there is.

Yogi Berra

This chapter begins Part II1, in which we go more deeply into classical statistical mechan-
ics. In Chapter 7, eq. (7.45) provided a formal expression for the entropy of a general
classical system of interacting particles as a function of the energy, volume, and number
of particles. In principle, this completes the subject of classical statistical mechanics, since
it is an explicit formula that determines the fundamental thermodynamic relation for any
classical system of interacting particles. In practice, it does not work that way.

Although eq. (7.45) is almost correct (we will have to modify it for first-order phase
transitions in Chapter 21), carrying out a 102°-dimensional integral is non-trivial. It can
be done for the ideal gas—which is why that example was chosen for Part —but if the
particles interact with each other, the whole business becomes much more difficult.

To make further progress we must develop more powerful formulations of the
theory. The new expressions we derive will enable us to calculate some properties of
interacting systems exactly. More importantly, they will enable us to make systematic
approximations when we cannot find an exact solution.

The development of the new methods in classical statistical mechanics runs parallel
to the development of the various representations of the fundamental relation in ther-
modynamics, which was discussed in Chapter 12. For every Legendre transform used in
finding a new thermodynamic potential, there is a corresponding Laplace transform,
named after Pierre-Simon, marquis de Laplace, French mathematician and scientist
(1749-1827), that will take us to a new formulation of classical statistical mechanics. Just
as different Legendre transforms are useful for different problems in thermodynamics,
different Laplace transforms are useful for different problems in statistical mechanics.

With a slightly different interpretation, the canonical formalism will also allow us to
refine the definition of the entropy. The idea is that we can use the canonical distribution
as an improvement over the assumed delta-function distribution of the energy in defining

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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the Boltzmann entropy. This will prove especially useful when we discuss quantum
mechanical models that exhibit negative temperatures.

In Part IV we will see that the correspondence between Legendre transforms in
thermodynamics and ensembles in statistical mechanics carries over into quantum
statistical mechanics.

19.1 Microcanonical Ensemble

In Chapter 7 we defined the classical microcanonical ensemble by a uniform probability
distribution in phase space, subject to the constraints that the particles are all in a
particular volume and that the total energy is constant. The constraint on the positions
was realized mathematically by limiting the integrals over the positions to the volume
containing the particles. The constraint on the energy was expressed by a Dirac delta
function. The Hamiltonian (energy as a function of momentum and position) for a
system of particles with pair-wise interactions is given by

H(p,q)—z|p] +ZZ¢(r,,r] (19.1)
Jj=1 j=1 1>j
The energy constraint is expressed by a delta function,
S(E—H(p,q)). (19.2)
As in eq. (7.45), the entropy of a classical system of interacting particles is given by

S(E,V,N) = kInQ(E, V,N) (19.3)

1
=kln[m /dq /dp8(E—H(P,q))]

The integrals [dg [dp in eq. (19.3) are over the 6N-dimensional phase space, which,
unfortunately, makes them difficult or impossible to carry out explicitly for interacting
systems. In this chapter we will investigate several approaches to the problem that
enable us to make accurate and efficient approximations for many cases of interest.
The first approach, which we will consider in the next section, is the use of computer
simulations.

19.2 Molecular Dynamics: Computer Simulations

Computer simulations are remarkably useful for providing us with a good intuitive
feeling for the properties of ensembles in statistical mechanics, as well as evaluating
measurable quantities. The most natural method of simulating the microcanonical
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ensemble is known as Molecular Dynamics (MD). It consists of discretizing time, and
then iterating discretized versions of Newton’s equations of motion. Since Newton’s
equations conserve energy, MD is designed to explore a surface of constant energy in
phase space, which is exactly what we want to do for the microcanonical ensemble.

For simplicity we will restrict the discussion to a single particle in one dimension.
This avoids unnecessary notational complexity (indices) while demonstrating most of the
important features of the method. The extension to more dimensions and more particles
involves more programming, but no new ideas.

Consider a single particle in one dimension, moving under the influence of a potential
energy I7(x). The equations of motion can be written in terms of the derivatives of the
position and momentum

dx p

—_ == 19.4
a m ( )
dp dV(x)

— = . 19.5
dt dx ( )

The paths in phase space traced out by the solutions to these equations are called
‘trajectories’.

The simplest way to discretize these equations is to define a time step 6z and update
the positions and momentum at every step.

x(t +82) =x(z)+%az (19.6)
p+50) =) — P s, (19.7)
dx

While this is not the most efficient method, it is the easiest to program, and it is more
than sufficient for the simulations in the assignments.

There are a quite a few ways of implementing discretized versions of Newton’s
equations—all of which go under the name of Molecular Dynamics. However,
since our purpose is to understand physics rather than to write the most efficient
computer program, we will only discuss the simplest method, which is given in
egs. (19.6) and (19.7).

There are two caveats:

1. Although solutions of the differential equations of motion (19.4) and (19.5)
conserve energy exactly, the discretized equations (19.6) and (19.7) do not. As
long as the time step §¢ is sufficiently short, the error is not significant. However,
results should always be checked by changing the time step to determine whether
it makes a difference.
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2. Even if energy conservation is not a problem, it is not always true that an MD
simulation will cover the entire surface of constant energy in phase space. If the
trajectories do come arbitrarily close to any point on the constant energy surface,
after a very long time, the system is said to be ergodic. Some examples in the
assigned problems are ergodic, and some are not.

The MD simulations in the assignments will show, among other things, the distribu-
tion of positions in the microcanonical ensemble. The results will become particularly
interesting when we compare them to the position distributions in the canonical ensemble
(constant temperature, rather than constant energy), which we will explore with the
Monte Carlo method in Section 19.11.

19.3 Canonical Ensemble

In this section we will show how to reduce the mathematical difficulties by calculating the
properties of a system at fixed temperature rather than fixed energy. The result is known
as the canonical ensemble, and it is an extremely useful reformulation of the essential
calculations in statistical mechanics.

The canonical ensemble is the probability distribution in phase space for a system in
contact with a thermal reservoir at a known temperature. The derivation of the canonical
probability distribution is essentially the same as that of the Maxwell-Boltzmann proba-
bility distribution for the momentum of a particle, which was done in Subsection 8.3.1.

We will carry out the calculation in two different ways. First, we will calculate the
energy distribution between the reservoir and the system of interest, based on the
results summarized in Chapter 7. Next, we will calculate the probability density for
the microstates (points in phase space) of the system of interest and show that the two
calculations are consistent.

19.3.1 Canonical Distribution of the Energy

Assume that the system of interest is in thermal contact with a reservoir at temperature
T'. The entropy of the reservoir is given by an expression like that given in eq. (19.3),

SRZkBanR(ER). (19.8)

We have suppressed the dependence on Vg and Ny in eq. (19.8) to make the notation
more compact. Assume that the composite system of the thermal reservoir and the system
of interest is isolated from the rest of the universe, so that the total energy of the composite
system is fixed,

Er = E + Eg. (19.9)

As shown in Chapter 7, eq. (7.31), the probability distribution for the energy in the
system of interest is given by



Canonical Ensemble 235

P(E) = QE)QR(ET —E) (19.10)
B Qr(ET) ) ’

Recall that the most important characteristic of a reservoir is that it is much bigger
than the system of interest, so that Er >> E and E7 >> E. We can use these inequalities
to make an extremely good approximation to eq. (19.10).

Since QR is a rapidly varying function of energy, it is convenient to take the logarithm
of both sides of eq. (19.10),

InP(E) =InQ(E)+InQr(ET — E) —InQ7(ET). (19.11)
Expand In Qg in powers of E,

InP(E) = InQ(E) + InQgr(ET) 45(%)

9ET
—InQr(Er)+0O ((E/ET)Z). (19.12)

Since the system and the reservoir are at the same temperature in equilibrium,

T =Tg, (19.13)
and
1
lgsz_T:,BRJ (19.14)
we have
%R;ET)Z R:ﬂszLT. (19.15)

Since InQr(ET) and In Q27 (ET) are constants, we can replace them in eq. (19.12) with a
single constant that we will write as InZ. With this change of notation, insert eq. (19.15)
in eq. (19.12),

InP(E) = InQ(E) — BE —InZ. (19.16)

Exponentiating eq. (19.16), we find a general expression for the canonical probability
distribution of the energy,

P(E) = %Q(E) exp(—BE). (19.17)
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In eq. (19.17), Z is simply a normalization ‘constant’. It is constant in the sense that
it does not depend on the energy E, although it does depend on 7', V', and N, which are
held constant during this calculation. Using the fact that P(E) must be normalized, an
expression for Z is easy to obtain,

Z(T,V,N) = /Q(E, V,N)exp(—BE)dE. (19.18)

The integral is over all possible values of the energy E.

The kind of integral transformation shown in eq. (19.18) is known as a Laplace
transform. It is similar to a Fourier transform, but the factor in the exponent is real,
rather than imaginary.

Z turns out to be extremely important in statistical mechanics. It even has a special
name: the ‘partition function’. The reason for its importance will become evident in the
rest of the book.

The universal use of the letter Z to denote the partition function derives from its
German name, Zustandssumme: the sum over states. (German Zustand = English
state.) Eq. (19.18) shows that Z is actually defined by an integral in classical
mechanics, but in quantum mechanics the partition function can be written as a
sum over eigenstates, as we will see in Chapter 23.

19.3.2 Canonical Distribution in Phase Space

This subsection derives the probability density of points in phase space for the canonical
ensemble. This is more fundamental than the distribution of the energy since P(E) can be
derived from the probability density in phase space by integrating over the delta function
S(E—H(p,9)-

Denote the set of momentum and position variables describing the system of interest
as {p,q} and the corresponding set for the reservoir as {pr,ggr}. The usual assumption
of a uniform probability distribution then applies to the total phase space described by
all momentum and position variables from both systems, subject to conservation of the
total energy, ET.

To find the probability distribution in the phase space of the system of interest, we
simply integrate out the variables {pr,qr} to obtain the marginal distribution P(p,q).
This gives us the canonical probability distribution at the temperature of the reservoir.

As shown in Chapter 7, eq. (7.31), the integral over {pgr,qgr} gives us Qg. However,
since the system of interest has an energy H(p,q), the energy in the reservoir is E7 —
H(p,q). The resultant equation for the probability distribution in the phase space of the
system of interest can be written as

_ Qr(ET—H(p,9)
P(p,q) = 7 (Ep) : (19.19)
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Since the reservoir is much larger than the system of interest, E7 > > H(p,q). Taking
the logarithm of both sides of eq. (19.19) and expanding In Qg in powers of H(p,q)/ET,
we find

d(InQr(E
InP(p,q) = InQr(ET) — H(p,q) (—( naER; T))) —InQr(ET) +---. (19.20)
Recalling that
. 3(nQR(E7)
B=Br= ~3Er (19.21)

and noting that only the second term on the right in eq. (19.20) depends on p or ¢, we
can write

InP(p,q) = —BH(p,q) —InZ(T,V,N) (19.22)

or

P(p,q) = CXP[—,BH(P,Q)] (19.23)

1
Z(T,V,N)

The function Z(T, V,N) is given by the normalization condition

Z(T,V,N) = / dg / dp exp[—BH(@.p)]. (19.24)

The integral in eq. (19.24) is over all of phase space.
The only approximation in eq. (19.23) is the assumption that the reservoir is very large
in comparison with the system of interest, which is usually an excellent approximation.
We still have to relate Z (T, V,N) to the partition function Z(T, IV, N), which we will
do in the next section.

19.4 The Partition Function as an Integral over Phase Space

If we combine the general equation for €2, eq. (7.30),

1

Q(E, V,N) — m

/dQ/dP5(E —H(g;p)); (19.25)

with the definition of the partition function in eq. (19.18),

Z(T,V,N) = /Q(E)exp(—,BE)dE, (19.26)
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and carry out the integral over the delta function, we find a very useful expression for
the partition function in terms of an integral over phase space,

1
Z- / dE / dq / dp5(E — H(g,p)) exp(—BE)

1
= W/dq/dp /dES(E—H(q,p))exp(—ﬁE)
1
= m/dq/dp exp[—BH(g,p)]. (19.27)

The final expression in eq. (19.27) is probably the most important equation for
practical calculations in classical statistical mechanics. You should be able to derive
it, but it is so important that you should also memorize it.

Comparing eq. (19.27) to eq. (19.24), we see that Z(T,V,N) must be given by,
Z(T,V,N)=mNN1Z. (19.28)

The canonical probability density in phase space is then

exp[—BH(p,9)]. (19.29)

1
P(p,q) = BNN1Z

19.5 The Liouville Theorem

Points in phase space move as functions of time to trace out trajectories. This rather
obvious fact raises disturbing questions about the stability of the canonical distribution
as a function of time. If a system is described by eq. (19.29) at a given time, will it still
be described by the same distribution at a later time?

It is certainly not the case that an arbitrary, non-equilibrium probability distribution
in phase space remains unchanged as time passes. We can see macroscopic changes in
non-equilibrium systems, so the probability distribution must change.

Fortunately, for the canonical ensemble, the probability distribution is stable and does
not change with time. This statement is based on the Liouville theorem, named after the
French mathematician Joseph Liouville (1809-1882).

To prove the Liouville theorem, consider the probability density in phase space P(p,q).
Since points in phase space represent microscopic states, they can neither be created nor
destroyed along a trajectory. We can then regard the points as abstract ‘particles’ moving
in a 6 N-dimensional space, with P(p,q) corresponding to the density of such points. As
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for all gases of conserved particles, the points in phase space must obey a continuity

equation,

3P(p,
(” q)+v (P(pg)) =0

The gradient in eq. (19.30) is defined by the vector,

d 0
:{—,—]':1,...,3]\]},
8qj apj

and the 6 N-dimensional ‘velocity’ is defined by

dg; 9
3= ‘Ij Pj j=
ar’ ot

3N} {d6i]i=1,....3N},

where we have used a dot to indicate a partial derivative with respect to time.

The continuity equation then becomes

3N
oP a a .
— (P i) + — =0
8[ +j_1 |:8q]( (PM)%) + 3p]( (p3Q)P])i|
or
3N 3N
oP ag; ap]
—4p s —p; | =0.
T pr |:8q] p; +; b

(19.30)

(19.31)

(19.32)

(19.33)

(19.34)

Recall in classical mechanics that the time development of a point in phase space is
given by Hamilton’s equations, first derived by the Irish physicist and mathematician Sir

William Rowan Hamilton (1805-1865)

. oH
q~ N
[j p;
e oH
’j dg;

(19.35)

(19.36)

H = H(p,q) is, of course, the Hamiltonian. These two equations give us an interesting

identity,

9 _ 9°H _ 9°H _ 9p
aqj 8qj3pj apjaqj apj

(19.37)
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Inserting eq. (19.37) into eq. (19.34), we find that it simplifies to

3N
oP oP oP .
— E —gi+—p; | =0. 19.38
97 +j_1 I:aqj g+ 8Pjp]i| ( )

To complete the proof of Liouville’s theorem, we must only insert eq. (19.38) into the
equation for the total derivative of P(p,q) with respect to time.

3N

ap_op JN[OP 9P (10.39)
a ~ o = lag T o] '

The interpretation of eq. (19.39) is that the probability density in the neighborhood
of a moving point remains constant throughout the trajectory.

The application of Liouville’s theorem to the canonical ensemble rests on the property
that the canonical probability density depends only on the total energy. Since the trajec-
tory of a point in phase space conserves energy, the canonical probability distribution
does not change with time.

19.6 Consequences of the Canonical Distribution

The probability density, P(E), for the energy in the canonical ensemble is extremely
sharply peaked. The reason is that P(E) is the product of two functions that both vary
extremely rapidly with energy: Q (E) increases rapidly with increasing E, while exp(—BE)
goes rapidly to zero.

To see that this is true, first recall that 2 (E) for the ideal gas has an energy dependence
of the form

Q(E) x F, (19.40)

where f =3N/2. For more general systems, f is usually a relatively slowly varying
function of the energy, but remains of the same order of magnitude as the number
of particles N—at least to within a factor of 1000 or so—which is sufficient for our
purposes.

If we approximate f by a constant, we can find the location of the maximum of P(E)
by setting the derivative of its logarithm equal to zero,

dInP(E) 9 _f 4
g =3B~ PE-InZ] =7 - p=0. (19.41)
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The location of the maximum of P(E) gives the equilibrium value of the energy:

Ey = ! — frgT. (19.42)

B

The width of the probability distribution for the energy can be found from the second
derivative if we approximate P(E) by a Gaussian function, as discussed in connection
with applications of Bayes’ theorem in Section 5.5,

?InPE) 3 [f _f 1
dE2 _BE[ }_

= — - =—-—. 19.43
ot Rl it (19.43)
Evaluating the expression for the second derivative in eq. (19.43) at E = E,,, we find the

width of P(E)

o8 =% (19.44)

When £ is of the order N, and N a2 102° or larger, the relative width of the probability
distribution is about 10719 or smaller. This is much smaller than the accuracy of
thermodynamic measurements. Note that the 1 /«/]TI dependence is the same as we
found for the width of the probability distribution for the number of particles in
Chapter 4.

19.7 The Helmholtz Free Energy

The fact that the width of the probability distribution for the energy is roughly pro-
portional to 1/ VN in the canonical ensemble has an extremely important consequence,
which is the basis for the importance of the partition function.

Consider eq. (19.16) for the logarithm of the canonical probability density for the
energy

InP(E) =—-BE+1InQ(E)—InZ. (19.45)
From eq. (7.45), we know that S = kgIn 2, so we can rewrite eq. (19.45) as

InZ = —BE + S/kp — InP(E) (19.46)
= —B(E—TS)—InP(E)
— —BF —InP(E).
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Since the probability distribution P(E) is normalized and its width is roughly propor-
tional to 1/+/N , its height must be roughly proportional to ~/N. If we evaluate eq. (19.46)
at the maximum of P(E), which is located at E = E,, the term InP(E) must be of the
order (1/2)In N. However, the energy E, the entropy S, and the free energy F = E — TS
are all of order N. If N ~ 1029, then

InP(E,) _InN
N

AT ~5x 10717, (19.47)

This means that the last term in eq. (19.46) is completely negligible. We are left with
a simple relationship between the canonical partition function and the Helmholtz free
energy

InZ(T,V,N) = —BF(T,V,N) (19.48)
or
F(T,V,N) = —kgTInZ(T,V,N). (19.49)

To remember this extremely important equation, it might help to recast the familiar
equation,

S =kplnQ, (19.50)
in the form
Q =exp[S/kB]. (19.51)

In carrying out the Laplace transform in eq. (19.18), we multiplied by 2 the factor
exp[—pBE] before integrating over E. The integrand in eq. (19.18) can therefore be
written as

Qexp[-BE] = exp[-BE + S/kp]
= exp[—B(E —TS)]
= exp[—BF]. (19.52)

19.8 Thermodynamic Identities

Since the postulates of thermodynamics are based on the results of statistical mechanics,
it should not be too surprising that we can derive thermodynamic identities directly from
statistical mechanics.

For example, if we take the partial derivative of the logarithm of the partition function
in eq. (19.27) with respect to 8, we find that it is related to the average energy
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0 102
—InZ =

n
B Zp
19

1
“Zi [m [da [ap exot-prram]
= Zh3NN' /dq/de(q,p) exp[—BH(g,p)]
_ Jdg fdpH (g, p) exp[—BH (g;p)]
[dq [dp exp[—BH (g,p)]
= —(E). (19.53)

Since we know that InZ = —fF, eq. (19.53) is equivalent to the thermodynamic identity

U= (E)= @, (19.54)

ap

which was proved as an exercise in Chapter 14.

19.9 Beyond Thermodynamic Identities

Because statistical mechanics is based on the microscopic structure of matter, rather than
the phenomenology that led to thermodynamics, it is capable of deriving relationships
that are inaccessible to thermodynamics. An important example is a general relationship
between the fluctuations of the energy and the specific heat.

Begin with the expression for the average energy from eq. (19.53),

U = (E)

1 1
T / dg f dpH(g,p) expl—BH(g,p)]
_ qu fdPH(%P) exp[—BH(g,p)]

fdq fdp exp[—BH (g,p)]

(19.55)

Note that the dependence on the temperature appears in only two places in eq. (19.55):
once in the numerator and once in the denominator. In both cases, it appears in an expo-
nent as the inverse temperature 8§ = 1/kgT. It is usually easier to work with 8 than with
T in statistical mechanical calculations. To convert derivatives, either use the identity,

g d 1\ -1 (19.56)
dT = dT \kgT )  kpT?’ '

or the identity

dT d ( 1 ) -1
ar _d (1 y_ -1 (19.57)
dp  dp \kpp kpB?
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The specific heat per particle at constant volume can then be written as

1 (U 19 1 -1 9
- () =—ZiEm=—— B 19.58
v N(aT)V’N NP = N2 55 (19.58)

We can now take the partial derivative of (E) in eq. (19.55),

KR [qufdpmq,p) exp[—ﬂH(q,p)]]
op op Jdq [dp exp[—BH (g,p)]
_ Jdq JdpH(g,p)(—H (g, p)) exp[—BH (g, p)]
B Jdq Jdp exp[—BH (g,p)]
_ Jdq [dpH (g, p) exp[—BH(g,p)] [dg [dp (—H (¢,p)) exp[-BH (¢,p)]
[ /dq Jdp exp[—BH (g:p)]]”
= —(E%) +(E)%, (19.59)

and use eq. (19.58) to find the specific heat:

e 2y 2
V=Nt o5 B = Nz (B~ (7)) (19.60)

In relating the fluctuations in the energy to the specific heat, eq. (19.60) goes
beyond thermodynamics. It gives us a direct connection between the microscopic
fluctuations and macroscopic behavior. This relationship turns out to be extremely useful
in computational statistical mechanics, where it has been found to be the most accurate
method for calculating the specific heat from a computer simulation.

It should be clear from the derivation of eq. (19.60) that it can be generalized to
apply to the derivative of any quantity of interest with respect to any parameter in the
Hamiltonian. The generality and flexibility of this technique has found many applications
in computational statistical mechanics.

19.10 Integration over the Momenta

A great advantage of working with the canonical partition function is that the integrals
over the momenta can be carried out exactly for any system in which the forces do not
depend on the momenta. This, unfortunately, eliminates systems with moving particles
in magnetic fields, but still leaves us with an important simplification for most systems of
interest. As an example, we will consider the case of pairwise interactions for simplicity,
although the result is still valid for many-particle interactions.

If H(p,q) only depends on the momenta through the kinetic energy, the partition
function in eq. (19.27) becomes
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IP
Z= th/dpquexp Bt ] +ZZ¢(’“’J
]

7j=1 i>j

1 3N Pi
=m/dpexp [—ﬂ;%} /dqexp ﬁZZ‘P(h:T]

Jj=1 1>y

N N
rmkaTPNP? [dgexp| 630 Y Gy |. (19.61)

j=1 i>j

1
T NN

where we have used 8 = 1/kgT in the last line of eq. (19.61). The momenta have been
integrated out exactly.

19.10.1 The Classical Ideal Gas

For the ideal gas, the interactions between particles vanish [¢ (7;,7;) = 0], and we can
rederive the main results of Part I in a few lines. The integrals remaining in eq. (19.61)
give a factor of V' for each particle, so that,

1 3N/2
Z= NN (2rmmkgT) dg exp(0)

= ﬁ QrmkgT)*N/2 N, (19.62)

The logarithm of eq. (19.62) gives the Helmholtz free energy, F = —kpTInZ, of
the classical ideal gas as a function of temperature, volume, and number of particles,
which is a representation of the fundamental relation and contains all thermodynamic
information. It is left as an exercise to confirm that the explicit expression for F agrees
with that derived from the entropy of the classical ideal gas in Part I.

19.10.2 Computer Simulation in Configuration Space

Eq. (19.61) is used extensively in Monte Carlo computer simulations because it elim-
inates the need to simulate the momenta and therefore reduces the required computa-
tional effort. Monte Carlo computations of the thermal properties of models in statistical
mechanics will be discussed in the next section.

19.11 Monte Carlo Computer Simulations

Just as the Molecular Dynamics method is the most natural way to simulate a micro-
canonical ensemble (constant energy), the Monte Carlo (MC) method is the most
natural way to simulate a canonical ensemble (constant temperature). The MC method
ignores the natural trajectories of the system in favor of a random sampling that
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reproduces the canonical probability distribution. In practice, applications of MC to
classical statistical mechanics usually simulate the equilibrium canonical probability
distribution for the configurations after the momenta have been integrated out,

1
Pe(q) = 0 exp[-BV(9)]. (19.63)

Ineq. (19.63), which follows directly from eq. (19.29) upon integrating out the momenta,
the normalization constant Q plays a role very similar to the partition function. It is
defined by

0= / exp[—BV(@)] dgs (19.64)

where the integral goes over the allowed volume in configuration space.

To implement an MC simulation, we first construct a stochastic process for probability
distributions defined in configuration space. A stochastic process is a random sequence
of states (configurations in our case) in which the probability of the next state depends on
the previous states and the parameters of the model (temperature, interaction energies,
and so on). Our goal is to find a stochastic process for which an arbitrary initial
probability distribution will evolve into the desired equilibrium distribution

1
Jim P(g,1) = Peg(q) = 0 exp[-BV(9)]. (19.65)

Once we have such a process we can use it to generate states with the equilibrium
probability distribution and average over those states to calculate thermal properties.

If the next state in a stochastic process does not depend on states visited before the
previous one, it is called a Markov process. Since we will see that they are particularly
convenient for simulations, we will consider only Markov processes for MC simulations.

For a given Markov process, we can define a conditional probability for a particle to
be in configuration ¢’ at time z + &z if it was in configuration g at time ¢. We will denote this
conditional probability as W (q'|q). (It is also called a transition probability and is often
denoted by W (g — ¢) to indicate the direction of the transition.) Since the transition
from one state to the next in a Monte Carlo simulation is discrete, 8z is called the time
step and is »or an infinitesimal quantity.

The change in the probability density P(g,) for ¢ between times z and ¢+ §¢ is then
given by the ‘Master Equation’,

P(g,1+61) — P(g,1) = /[W(qlq’)l’(q’,t) —~W((19P(g,1)]dd , (19.66)

where the integral in eq. (19.66) goes over all allowed configurations ¢'. The term
W(ql¢)P(¢,t) in the integrand of eq. (19.66) represents the increase in the probability
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of state ¢ due to transitions from other states, while W (q'|q)P(q, t) represents the decrease
in the probability of state ¢ due to transitions out of that state. Obviously, the transition
probabilities must be normalized, so that,

/W(q/lq)dq/ =1, (19.67)

for all q.

A necessary condition for the simulation to go to equilibrium as indicated in
eq. (19.65) is that once the probability distribution reaches P(q), it stays there. In
equilibrium, P(g,?) = Pg(g) is independent of time, and the master equation becomes

Peg(q) — Peg(9) =0 = /[W(QIQ’)Peq(q/) —W(J|9)Peg(9)] dq . (19.68)

Although the Markov process will remain in equilibrium as long as the integral in
eq. (19.68) vanishes, the more stringent condition that the integrand vanishes turns out
to be more useful,

W (qlq)Peg(d) — W(q'|lq)Peg(q) = 0. (19.69)

Eq. (19.69) is called the condition of ‘detailed balance’, because it specifies that the
number of transitions between any two configurations is the same in both directions.

It can be shown that if there is a finite sequence of transitions such that the system can
go from any configuration to any other configuration with non-zero probability and that
detailed balance holds, the probability distribution will go to equilibrium as defined in
eq. (19.65). After the probability distribution has gone to equilibrium, we can continue
the Markov process and use it to sample from P (g).

The condition that there is a finite sequence of transitions such that the system can
go from any configuration to any other configuration with non-zero probability is
called ‘ergodicity’. This terminology is unfortunate, because the word ‘ergodicity’
is also used to refer to the property that dynamical trajectories come arbitrarily
close to any given point on an energy surface, as discussed in connection with MD
simulations. It is much too late in the history of the subject to produce words that
clearly distinguish these two concepts, but we may take some consolation in the fact
that one meaning is used only with MC, and the other only with MD.

The great thing about the condition of detailed balance in eq. (19.69) is that we
are able to decide what the conditional probabilities W (¢'|g) will be. For simulating a
canonical ensemble, we want to use this power to create a Markov process that produces
the canonical distribution,
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. 1
lim P(g,2) = Ppy(q) = = exp[-BV (9)]. (19.70)
t—00 o)

As long as the conditional (transition) probabilities do not vanish, the condition of
detailed balance can be written as,

W(Q/M) _ Peq(q/)

B =exp[=A(V(¢) = V(@)]; 190.71
W(glg) ~ Pey(q) exp[-B(V(¢) —V(9))] (19.71)
or,
W(d'l9)
Wiglg) ~ SPIPALL 19.72
Wiglg) O PLIPAL] (19.72)

where AE = V(¢) — V(g). Note that the ‘partition function’, Q, has canceled out of
eq. (19.72)—which is very convenient, since we usually cannot evaluate it explicitly.
There are many ways of choosing the W(q'|q) to satisfy eq. (19.72). The oldest and
simplest is known as the Metropolis algorithm.

Metropolis algorithm:

A trial configuration g¢;,;,; is chosen at random.

e If AE <0, the new state is ¢ = ¢yial-

e If AE > 0, the new state is ¢ = g, With probability exp(—BAE),
and the same as the old state ¢ = g with probability 1 — exp(—BAE).

It is easy to confirm that the Metropolis algorithm satisfies detailed balance.

There are many things that have been swept under the rug in this introduction
to the Monte Carlo method. Perhaps the most serious is that there is nothing in
eq. (19.70) that says that convergence will occur within your computer budget.
Slow MC processes can also make acquiring data inefficient, which has prompted
a great deal of effort to go into devising more efficient algorithms. There are also
many methods for increasing the amount of information acquired from MC (and
MD) computer simulations. Fortunately, there are a number of excellent books on
computer simulation methods available for further study.

We will again restrict our examples in the assignments to a single particle in one
dimension, as we did in Section 19.2 for Molecular Dynamics simulations. Remember
to compare the results of the two simulation methods to see the different kinds of
information each reveals about the thermal properties of the system.
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19.12 Factorization of the Partition Function: The Best Trick
in Statistical Mechanics

The key feature of the Hamiltonian that allowed us to carry out the integrals over the
momenta in eq. (19.61) and the integrals over the coordinates in eq. (19.62) is that the
integrand exp[—pBH] can be written as a product of independent terms. Writing a 3N-
dimensional integral as a one-dimensional integral raised to the 3N-th power takes a
nearly impossible task and makes it easy.

We can extend this trick to any system in which the particles do not interact with each
other, even when they do interact with a potential imposed from outside the system.
Consider the following Hamiltonian:

SRy
H(p, )=22]—m+2¢j(7j). (19.73)
j=1 j=1

The partition function for the Hamiltonian in eq. (19.73) separates neatly into a product
of three-dimensional integrals:

Z= h3NN' (2nmkpT)>N/? /dqexp ,BZ(ﬁj(r])
Jj=1

N
(2w mkpT)*N/? /dq [Texp [—ﬂéj(@)]

j=1

1
~ B3NN

h3NN| (2mmkpT)*N/ 2]_[ / drj exp /3¢;(r])] (19.74)

Eq. (19.74) has reduced the problem from one involving an integral over a
3N-dimensional space, as in eq. (19.61), to a product of N three-dimensional
integrals.

When the three-dimensional integrals are all the same, eq. (19.74) simplifies further:

1 . . N
Z=m<2nkaT>3N/2(/dn exp[—ﬁqsl(m]) : (19.75)

Since a three-dimensional integral can always be evaluated, even if only numerically, all
problems of this form can be regarded as solved.

This trick is used repeatedly in statistical mechanics. Even when it is not possible to
make an exact factorization of the partition function, it is often possible to make a good
approximation that does allow factorization.
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Factorization of the partition function is the most important trick you need for
success in statistical mechanics. Do not forget it!

19.13 Simple Harmonic Oscillator

The simple harmonic oscillator plays an enormous role in statistical mechanics. The
reason might be that many physical systems behave as simple harmonic oscillators,
or it might be just that it is one of the few problems we can solve exactly. It does
provide a nice example of the use of factorization in the evaluation of the partition
function.

19.13.1 A Single Simple Harmonic Oscillator

First consider a single, one-dimensional, simple harmonic oscillator (SHO). The Hamil-
tonian is given by the following equation, where the subscript 1 indicates that there is
just a single SHO:

1, p?
H = -K2+ 2 (19.76)
2 2m

The partition function is found by simplifying eq. (19.27). The integrals over x and
p are both Gaussian, and can be carried out immediately,

Z I/wd /Ood B L 1 L2
= - x exp| —B| = —
1=7 . _OOP p 5 2mP

1
=2 (rkgT/K)Y? 27mkpT)'/?

~m (%)

1

- 50 (19.77)

where

IK
w=,— (19.78)
m
is the angular frequency of the SHO.

As we have mentioned earlier, the factor of % has no true significance within classical
mechanics. However, we will see in Section 24.10 that the result in eq. (19.77) does
coincide with the classical limit of the quantum simple harmonic oscillator given in
eq. (24.71).
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19.13.2 N Simple Harmonic Oscillators

Now consider a macroscopic system consisting of N one-dimensional simple harmonic
oscillators,

N 1 p2
2
Hy=) (EKjxj n '2]]->' (19.79)
j=1 !

Note that the spring constants K; and the masses m; might all be different.

Since the oscillating particles are localized by the harmonic potential, we do not
need to consider exchanges of the particles with another system. Therefore, we do not
include an extra factor of 1/N! to appear in the partition function. Actually, since N is
never varied in this model, a factor of 1/N! would not have any physical consequences.
However, excluding it produces extensive thermodynamic potentials that are esthetically
pleasing.

After integrating out the momenta, the partition function can be written as,

N

1 12 [ N | —_

7N = h—Nl—!(anjkBT) /_ood X exp —,BIXI:EKJ"CJ'
= =

[e¢]

1 1/2 1
=X l_[ |:(2nmjkBT) /_Oo dx; exp (—,BEKJx]Z>}

1
= 1‘[ (ﬁhwj), (19.80)

where

K;
o= (19.81)

is the angular frequency of the j-th SHO.
If all N SHO’s have the same frequency, the partition function simplifies further,

1 N
Zn = (ﬂhwl) . (19.82)
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19.14 Problems

PROBLEM 19.1

Two one-dimensional relativistic particles

Consider two one-dimensional relativistic ideal-gas particles with masses confined to
a one-dimensional box of length L. Because they are relativistic, their energies are given
by E4 = |palc and E4 = |pBlc.

Assume that the particles are in thermal equilibrium with each other, and that the total
kinetic energy is E = E4 + Eg. Use the usual assumption that the probability density is
uniform in phase space, subject to the constraints.

Calculate the probability distribution P(E4) for the energy of one of the particles.

PROBLEM 19.2
Classical simple harmonic oscillator

Consider a one-dimensional, classical, simple harmonic oscillator with mass m and
potential energy

lez
> .

The SHO is in contact with a thermal reservoir (heat bath) at temperature 7.
Calculate the classical partition function, Helmholtz free energy, and energy.

PROBLEM 19.3
Canonical ensemble for anharmonic oscillators

We have shown that the classical canonical partition function is given by

1
NN

[ @ [ @ exol-pHp01.

Consider N non-interacting (ideal gas) particles in an anharmonic potential,
K

- (IxI" + "+ 121")

where r is a positive constant.
The full Hamiltonian can be written as:

N pz K 3N
Hp=) —+—> lgl"
n=1 j=1

Calculate the energy and the specific heat using the canonical partition function.

Hint: The integrals over the momenta shouldn’t cause any problems, since they are
the same as for the ideal gas. However, the integrals over the positions require a trick that
we used in deriving the value of the gaussian integral.
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Another hint: You might find that there is an integral that you can’t do, but don’t need.

PROBLEM 194
Partition function of ideal gas

1. Calculate the partition function and the Helmholtz free energy of the classical ideal
gas using the canonical ensemble.

2. Starting with the entropy of the classical ideal gas, calculate the Helmholtz free energy
and compare it with the result from the canonical ensemble.

PROBLEM 19.5
Molecular Dynamics (MD) simulation of a simple harmonic oscillator

This assignment uses the Molecular Dynamics method, which simply consists of
discretizing Newton’s equations of motion, and then iterating them many times to
calculate the trajectory.

Write a computer program to perform a Molecular Dynamics (MD) computer
simulation of a one-dimensional simple harmonic oscillator (SHO),

1
H = ~Kx*.
2

[You can take K = 1 in answering the questions.]

Include a plot of the potential energy, including a horizontal line indicating the initial
energy. [You will also do Monte Carlo (MC) simulations of the same models later, so
remember to make your plots easy to compare.]

The program should read in the starting position, the size of the time step, and the
number of iterations. It should then print out a histogram of the positions visited during
the simulation.

Your program should also print out the initial and final energy as a check on the
accuracy of the algorithm. Don’t forget to include the kinetic energy in your calculation!

1. For a starting value of x = 1.0. Try various values of the size of the time step to see
the effect on the results.
What happens when the time step is very small or very large?
2. Choose x=1.0 and run the program for an appropriate value of dr. Print out
histograms of the positions visited. [Later, you will compare them with you results
for MC.]

PROBLEM 19.6
Molecular Dynamics (MD) simulation of an anharmonic oscillator

This assignment again uses the Molecular Dynamics method. Only minor modifications
of your code should be necessary, although I would recommend using functions to
simplify the programming.
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Write a computer program to perform a Molecular Dynamics (MD) computer
simulation of a one-dimensional particle in the following potential:

H = Ax* + Bx®> + Cx*.

[The values of A, B, and C should be read in or set at the beginning of the program.]

Include a plot of the potential energy, including a horizontal line indicating the initial
energy.

The program should read in the starting position, the size of the time step, and the
number of iterations. It should then print out a histogram of the positions visited during
the simulation.

Your program should also print out the initial and final energy as a check on the
accuracy of the algorithm. Don’t forget to include the kinetic energy in your calculation!

1. Carry out simulations with the values A = —1.0, B=0.0,and C = 1.0.

First try various starting value of the position x. Choose the starting positions to
adjust the (constant) total energy to take on ‘interesting’ values. Part of the problem
is to decide what might be interesting on the basis of the plot of the potential energy.

2. Now change the value of B to —1.0, while retaining 4 = —1.0 and C = 1.0. Again
look for interesting regions.

PROBLEM 19.7
Molecular Dynamics (MD) simulation of a chain of simple harmonic oscillators

This assignment again uses the Molecular Dynamics method, but this time we will
simulate a chain of particles connected by harmonic interactions.

Write a computer program to perform a Molecular Dynamics (MD) computer
simulation of the following Hamiltonian:

N 2 | N
Zﬁaz ~%-1)°

Take the particle at xo = 0 to be fixed.

1. For various (small) values of N, try different values of the time step while monitoring
the change in total energy during the simulation. See if a good choice of time step
agrees with what you found for a single particle.

2. For N = 1, make sure that you get the same answer as you did for HW2. [Just confirm
that you did it; you don’t have to hand it in.]

3. For N =2 and 3, and random starting values of position and momentum, what
distributions do you get for x; and xy_1 —xn_2?

4. For N =10, start particle 1 with an initial position of x[1] = 1.0, let the initial
positions of all other particles be 0.0, and let the initial value of all momenta be 0.0.
What distribution do you get for x; — x;_; for whatever value of j you choose?

5. Which results resemble what you might expect if your chain were in equilibrium at
some temperature? Can you estimate what that temperature might be?



Problems 255

PROBLEM 19.8
Molecular Dynamics (MD) simulation of a chain of simple harmonic oscillators
- AGAIN

This assignment again uses the MD program you wrote to simulate a chain of particles
connected by harmonic interactions:

N 2 | N ,
Hzgﬁ_FEK;(xj_xj_l) .

[The particle at xg = 0 is fixed.]

1.

You know that the average energy of a single simple harmonic oscillator at tempera-
ture T is given by

U=(H)=~FkpT,
so that the specific heat is
c=kp.

Demonstrate analytically that the energy per particle and the specific heat per particle
are the same for a harmonic chain and a single SHO without using a Fourier transform
of the Hamiltonian.

. Modify your program to calculate the expected kinetic energy per particle from the

initial (randomly chosen) energy. Then use the average kinetic energy to predict an
effective temperature.

. Modify your program to find the contributions to the specific heat from the fluctua-

tions of the potential energy under the assumption that the kinetic degrees of freedom
act as a thermal reservoir at the predicted effective temperature.
[The contributions to the specific heat from the momenta are kp/2 per particle.]

. Calculate the effective temperature and the specific heat for various lengths of the

harmonic chain. To what extent are the relationships between the energy and the
effective temperature and the fluctuations and the specific heat confirmed by your
data?

PROBLEM 19.9
Not-so-simple harmonic oscillators

Consider a one-dimensional, generalized oscillator with Hamiltonian

H =K |x|*

with the parameter « > 0.

Calculate the energy and specific heat as functions of the temperature for arbitrary

values of «.
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PROBLEM 19.10
Monte Carlo simulations of not-so-simple harmonic oscillators

Consider a one-dimensional, generalized oscillator with Hamiltonian
H=A|x|*.

1. Modify your program for MC simulations to simulate the potential energy given in
this problem. For values of « = 0.5,1.0,, abd 4.0, run MC simulations and compare
the results to your theoretical results for the heat capacity from an earlier assignment.

PROBLEM 19.11
Relativistic particles in a gravitational field

Consider N relativistic ideal-gas particles at temperature 7'. The particles are confined
to a three-dimensional box of area A and 0 < z < 0o. Because they are relativistic, the
Hamiltonian is given by

N N
H(p,q) =Y _ Ipjle+ ) mez;.
j=1 j=1

Find the probability distribution for the height of a single particle, i.e.: P(z7).

. Find the average height of a single particle.

3. In what way did your answer for the average height depend on the relativistic nature
of the particles?

4. Find the probability distribution for the energy of a single particle, E1 = |p1|c + mgz1,

including the normalization constant.

N —

PROBLEM 19.12
A classical model of a rubber band

The rubber band is modeled as a one-dimensional polymer, that is, a chain of N
monomers. Each monomer has a fixed length 8, and the monomers are connected end-
to-end to form the polymer. Each monomer is completely free to rotate in fzvo dimensions
(there are no steric hinderances from the other monomers). A microscopic state of the
rubber band is therefore described by the set of angles

0={0un=1,2,...,N}

describing the orientations of the monomers. [You can decide whether to define the
angles with respect to the orientation of the previous monomer, or according to a fixed
frame of reference. However, you must say which you’ve chosen!]

The rubber band (polymer) is used to suspend a mass M above the floor. One end
of the rubber band is attached to the ceiling, and the other end is attached to the mass,
so that the mass is hanging above the floor by the rubber band. For simplicity, assume
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that the rubber band is weightless. You can ignore the mass of the monomers and their
kinetic energy.
The whole system is in thermal equilibrium at temperature 7.

1. Calculate the energy of the system (polymer plus mass) for an arbitrary microscopic
state 0 of the monomers (ignoring the kinetic energy).

2. Find an expression for the canonical partition function in terms of a single, one-
dimensional integral.

3. Find an expression for the average energy U.

4. For very high temperatures, find the leading term in an expansion of the average
energy U.
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Classical Ensembles: Grand
and Otherwise

Life is nature’s solution to the problem of preserving information despite the second
law of thermodynamics.

Howard L. Resnikoff, The Illusion of Reality

Although the canonical ensemble is the work horse of classical statistical mechanics,
several other ensembles often prove convenient. The most important of these is the
‘grand canonical ensemble’, which will be discussed in this chapter. This discussion will
also serve as an introduction to the very important use of the quantum grand canonical
ensemble, which will play a prominent role in the theories of boson and fermion fluids
in Part IV.

20.1 Grand Canonical Ensemble

The physical situation described by the grand canonical ensemble is that of a system
that can exchange both energy and particles with a reservoir. As usual, we assume that
the reservoir is much larger than the system of interest, so that its properties are not
significantly affected by relatively small changes in its energy or particle number. Note
that the reservoir must have the same type (or types) of particle as the system of interest,
which was not a requirement of the reservoir for the canonical ensemble.

Because the system of interest and the reservoir are in equilibrium with respect to
both energy and particle number, they must have the same temperature 7= Tg and
chemical potential u = ug. In thermodynamics, this situation would correspond to the
thermodynamic potential given by the Legendre transform with respect to temperature
and chemical potential,

UIT,u] = U — TS — uN. (20.1)

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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The function U[T,u] is sometimes referred to as the ‘grand potential’. Since Leg-
endre transforms conserve information, the grand potential is another representation
of the fundamental relation and contains all thermodynamic information about the
system.

For extensive systems, Euler’s equation, eq. (13.5), holds, and U[T, ] has a direct
connection to the pressure

UlT,pu] = U—TS — uN = —PV. (20.2)

While the grand canonical ensemble is useful in classical statistical mechanics, it turns
out to be essential in quantum statistical mechanics, as we will see in Chapters 27, 28, and
29. Since the basic idea is the same in both classical and quantum statistical mechanics, it
is convenient to see how the grand canonical ensemble works in the classical case, without
the added complexity of quantum mechanics.

20.2 Grand Canonical Probability Distribution

To describe a system that can exchange energy and particles with a reservoir, we must
greatly expand our description of a microscopic state. Both the microcanonical and
canonical ensembles for a system with N particles required only a 6 N-dimensional phase
space to describe a microscopic state. When the particle number can vary, we need a
different 6 N-dimensional phase space for each value of N. Since N can vary from zero
to the total number of particles in the reservoir—which we can approximate by infinity—
this is a significant change.

To find the probability of a state in this expanded ensemble of an infinite num-
ber of phase spaces, we return to the basic calculation of the probability distribu-
tion in a composite system. Assume that the reservoir and the system of interest
can exchange both energy and particles with each other, but are completely isolated
from the rest of the universe. The total number of particles is N7 = N + Ng and
the total energy is ET = E + Eg, where the subscripted R indicates properties of the
reservoir.

The probability of the system of interest having N particles and energy E is given by
a generalization of eq. (19.10)

P(E N) _ Q(E) V,N)QR(ET—E, VRsNT_N) (20 3)
T Qr(Er, V1, NT) ' '

Following the same procedure as in Section 19.3, we take the logarithm of eq. (20.3)
and expand InQg(ET — E, VR, N7 — N) in powers of E/ET and N/Nr,
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InP(E,N)=InQ(E,V,N)+1InQr(ET — E,VR,NT — N)
—InQr(Er, V1, NT)
~ an(E) VJN) +11’1S2R(ET, VR>NT)

0
—E—InQr(ET,VR,N
BETn R(ET, VR,NT)

0
—N—InQr(ET, VR,N
BNTn R(ET, VR, NT)

—InQr(ET,V7,NT). (20.4)
In eq. (20.4) we have neglected terms of higher order in E/ET and N/NT, since the

reservoir is assumed to be much bigger than the system of interest.
Recalling that

Sg=kpInQr(ET, VR, NT), (20.5)

we see that we have already found the derivatives of In2 in eq. (8.12). Therefore,
Br = 1/kpTR is given by

0
BrR = -~ InQR(ET, VR, NT). (20.6)
0ET

Similarly, by comparison with eq. (8.34), we see that the chemical potential of the
reservoir is given by the other partial derivative in eq. (20.4),

0
—URBR = ——InQR(ET, VR, NT). (20.7)
ONT

Since B = Br and u = uR, and the quantities E7, N7, Vg do not depend on either

E or N, we can combine InQg(ET, Vr,N7) and InQg(ET, VT, NT) Into a single value
denoted by —In Z,

InP(E,N)~InQ(E,V,N)— BE+ BuN —InZ. (20.8)

Exponentiating this equation gives us the grand canonical probability distribution for E
and N,

P(E,N) = %Q (E,V,N)exp [-BE + fuN]. (20.9)

The normalization condition determines Z, which depends on both 7'=1/kgf and
u (and, of course, V),
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o o)
Z= Z / dEQ(E,V,N)exp [-BE + SuN]. (20.10)
0
N=0

The lower limit in the integral over the energy in eq. (20.10) has been taken to be zero,
which is the most common value. More generally it should be the lowest allowed energy.

The normalization ‘constant’ Z is called the grand canonical partition function. It is
constant in the sense that it does not depend on E or N, although it does depend on 8
and .

The grand canonical partition function can also be expressed as a Laplace transform
of the canonical partition function. Since eq. (19.18) gave the canonical partition
function as,

Z(T,V,N) = /oodEQ(E, V,N)exp(—BE)dE, (20.11)
0

we can rewrite eq. (20.10) as,

Z(T,V,p) = ZZ(T, V,N)exp [BuN]. (20.12)
N=0

20.3 Importance of the Grand Canonical Partition Function

The grand canonical partition function plays much the same role as the canonical
partition function. It is directly related to the grand canonical thermodynamic potential
U[T,u]. To see this, consider the value of InP(E,N) at its maximum. The location
of the maximum, as before, gives the equilibrium values of E = E,; = U and N = N,,.
We can rewrite eq. (20.8) to solve for In Z,

InZ =InQ(Ey, Vs Nog) — BEeq + BitNog — In P(Eggy Noy). (20.13)

We already know that the first three terms on the right of eq. (20.13) are proportional to
the size of the system. However, P(E, N,,;) will be proportional to \/ (Egq) and \/ (Neg)s
so that In P(E,, N,;) will only be of order In E,; and In Ny,;. For N, ~ 1029, In P(E,y, N,y)
is completely negligible, and we can discard it in eq. (20.13),

InZ=InQ(E,V,N)— BE+ BuN. (20.14)
Since we know that the microcanonical entropy is given by

S =kplnQ, (20.15)
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we can rewrite eq. (20.14) as
InZ=S8/kp—BE+ BuN, (20.16)
or,
InZ=—-BE-TS—uN)=—-BUI[T,u]. (20.17)
If the system is extensive, Euler’s equation, eq. (13.5), holds, and,
InZ=-BU[T,u] =BPV. (20.18)

This equation gives us a convenient way to calculate the pressure as a function of 7" and
W, as illustrated next for the classical ideal gas in eq. (20.21).

Eq. (20.18) is directly analogous to eq. (19.48). It provides a way to calculate the
fundamental relation, and we can immediately invoke everything we learned in Part II
about how to use thermodynamic potentials to calculate thermodynamic properties.

20.4 Z(T,V,u) for the Ideal Gas

In Section 19.10.1 we derived the partition function for the classical ideal gas, with the
result given in eq. (19.62),

1 3N/2 yyN

Inserting this equation into eq. (20.12) for the grand canonical partition function, we find

o0
1
Z(T,V,u) = Zm(znmkﬂ)”’/z VN exp [BuN] (20.19)
N=0 ’
N
00 3/2
1 [ @rnmkpT
- Zﬁ(( - W)
N=0"""
= exp ((ankBT)3/2 h3 I/éﬂ“> .

Taking the logarithm of eq. (20.19) gives us the grand canonical thermodynamic
potential for the classical ideal gas,

—BU[T,n) = QrmkgT)>?> 2 1P* = BPV. (20.20)
The last equality is, of course, true only because the ideal gas is extensive. Note that the

pressure depends only on 8 and u, and can be obtained by dividing out the product 81/
in eq. (20.20),
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P =kgT 2rumkpT)>/? = 3ePH. (20.21)

20.5 Summary of the Most Important Ensembles

The three ensembles that we have discussed so far are the most important.

The microcanonical ensemble fixes the energy, volume, and number of particles. The
formula for the entropy of an isolated system is,

S =kglnQ(E, V,N), (20.22)

where
1
QEV.N) = i [ da [ dps(E - Hp. (20.23)

The origin of these equations is Boltzmann’s definition of the entropy of a composite
system in terms of the logarithm of the probability distribution. Eq. (20.22) can also be
written in the form

Q(E,V,N)=cexp(S(E,V,N)/kp). (20.24)
The width of both the energy distribution and the particle-number distribution is

zero in the microcanonical ensemble. This is clearly an approximation.

The canonical ensemble describes a system in equilibrium with a thermal reservoir at
temperature 7'. The canonical partition function is given by

Z:/dEQ(E, V,N)exp(—BE), (20.25)

and is related to the Helmholtz free energy F by

Z = exp(—BF) =exp(S[B]/kp).- (20.26)

The width of the particle-number distribution is zero in the canonical ensemble. The
energy distribution has a relative width of the order of 1/+/N, which is not exactly
correct, but is a much better approximation than zero. We will return to this point in
Chapter 21.

The grand canonical ensemble describes a system that can exchange both energy and
particles with a reservoir, which is assumed to be characterized by temperature 7 and
chemical potential . The grand canonical partition function is given by
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o 0o
Z= Z/ dEQ(E,V,N)exp (—BE + BuN), (20.27)
N=0"°

and its relationship to U[T, u] is

Z =exp(—BU[T;u]) = exp (S[B,(Bwu)]/kp) = exp(BPV), (20.28)

where the last equality is valid only for extensive systems.
Both the energy distribution and the particle-number distribution have non-zero
widths in the grand canonical ensemble.

20.6 Other Classical Ensembles

For every thermodynamic potential there is a corresponding ensemble in statistical
mechanics. Every Legendre transform in thermodynamics corresponds to a Laplace
transform in statistical mechanics. In each case, the logarithm of a partition function
produces a thermodynamic potential. The only feature that is slightly different is found
in the grand canonical partition function, for which the Laplace transform takes the form
of a sum instead of an integral. None of these transforms should present any difficulties,
since they are all derived using the same principles.

20.7 Problems

PROBLEM 20.1
A non-extensive thermodynamic system

Consider a classical gas of N weakly interacting atoms of mass m, enclosed in a container
of volume V' and surface area A.

The interactions between the atoms are so weak that they may be neglected (ideal gas
approximation). However, the interaction of the atoms with the walls of the container
may NO'T be neglected. Some fraction of the atoms are adsorbed onto the walls of the
container in equilibrium. Your job will be to calculate the average number N’ of adsorbed
atoms on the walls.

A simple model for the atoms adsorbed onto the walls is to treat them as a two-
dimensional ideal gas. The energy of an adsorbed atom is taken to be

. pl?
») = % — €

where p is the two-dimensional momentum and ¢, is a known parameter that describes
the energy of adsorption.
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The entire system is in equilibrium and in thermal contact with a heat reservoir at
temperature 7.

1. What is the classical partition function of the adsorbed atoms if N’ of them are
adsorbed onto the walls of the container?
2. What is the chemical potential ug of the atoms adsorbed on the surface?

What is the chemical potential i} of the N — N’ atoms in the volume of the container?
4. When the atoms in the volume and those adsorbed on the walls are in equilibrium,
what is the average number of atoms adsorbed as a function of the temperature?

5. What are the high- and low-temperature limits of the ratio of the number of adsorbed

atoms to the total number of atoms?

W
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Refining the Definition of Entropy

S=FklogW
Inscription on Boltzmann’s tombstone
(first written in this form by Max Planck in 1900)

In this section we will refine the definition of the entropy beyond that given in Part I.
Specifically, we will be concerned with the distribution of the energy, which had been
taken to be a delta function. This is not correct if the system of interest has ever been in
contact with another macroscopic system.’

21.1 The Canonical Entropy

In the canonical distribution, the energy distribution is given by eq. (19.17), which has
a non-zero probability for all energies. Although this distribution is not exact for the
interaction of a system with another finite system, it is a reasonable approximation and
far better than a delta function. More importantly, the entropy calculated from it is a
significant improvement for any macroscopic system that has been in contact with any
other macroscopic system.> We will denote this quantity as the canonical entropy.

21.1.1 The entropy of a system is independent of the size
of the system with which it has exchanged energy

Consider three macroscopic systems labeled A, B, and C. Assume that systems 4 and B
are the same size and composition, so that the entropies of systems A4 and B are equal by
symmetry. All three systems are initially in equilibrium with each other.

Next, remove system C from thermal contact with the other two systems. 4 and B
must still be in equilibrium with each other at the same temperature as before C was
removed. They must also have the same average energy as they did when they were is
contact with C.

! R. H. Swendsen, ‘Continuity of the entropy of macroscopic quantum systems,” Phys. Rev. E, 92: 052110
(2015).
2 R. H. Swendsen, “Thermodynamics, Statistical Mechanics, and Entropy, Entropy, 19: 603 (2017).

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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The entropies must be unchanged. If the total entropy were to decrease, it would be
a violation of the second law of thermodynamics (and the second essential postulate). If
the entropy were to increase upon separation, then bringing system C back into thermal
contact with systems 4 and B would decrease the entropy, which would also be a violation
of the second law. The only possibility consistent with the second law is that the entropy
is unchanged.

Note that the fluctuations of the energies in 4 and B are narrower when they are
separated from the larger system C, but that this small change in the width has no effect
on the entropy. Therefore, the entropy of an isolated system is correctly given by the
canonical entropy.

It is impossible for thermodynamic measurements to determine the size of the system
with which a given system has been in contact.

21.1.2 The calculation of the canonical entropy using
a Massieu function

Massieu functions do not require the inversion of the fundamental relation
S=S(U,V,N) tofind U= U(S, V,N), which will make them particularly useful when
we consider quantum systems with a non-monotonic density of states. We will use a
dimensionless entropy S=S /kp, which was introduced in Section 12.6 along with the
differential form of the fundamental relation in the S -representation,

dS = BdU + (BP)dV — (Bu)dN, (21.1)

where § = 1/kpT, P is the pressure, I is the volume, u is the chemical potential, and N
is the number of particles. From eq. (21.1) we immediately have

aS
<ﬁ> — 8. (21.2)
V,.N

We will need the Massieu function S (81,
S[Bl=S—-BU=—-B(U-TS)=—pF, (21.3)
and the differential form of the fundamental relation in this representation,
dS[B] = —UdB + (BP)dV — (Bj)dN. (21.4)
Since

S[Bl = —BF =InZ(B,V,N), (21.5)
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this enables us to calculate the Massieu function directly from the canonical partition

function.
Given the Massieu function, we can obtain the energy U from

9S1A1 =-U. (21.6)
8'3 V,N

To obtain S from S [B], use
S=S[B]1+8U, (21.7)
and substitute 8 = 8(U).

21.1.3 The canonical entropy of the classical ideal gas

To calculate the canonical and grand canonical forms of the entropy, the density of states
of the classical ideal gas must first be evaluated as

73N/2
(BN/2 —1)! B3NN

QcrG(E,V,N) = VN 2m)3N/2E3N/2-1 (21.8)

This can be done by carrying out the integrals as shown in Chapters 4 and 6.
Finding the explicit expression for the canonical entropy involves a bit of algebra,
which we will leave as a problem at the end of the chapter. The result is

3 U N 3 4 m 3N

Note that Eq. (21.9) uses U = (E). The factorials associated with the energy integral
over the surface of a sphere in momentum space, appear in the Boltzmann entropy,

but not in the canonical entropy. Only the term associated with the volume involves a
factorial (1/N!).

21.2 The Grand Canonical Entropy

The microcanonical and canonical ensembles make the approximation that the value
of N is specified exactly. This approximation is very good, but not quite correct if the
system has ever exchanged particles with another system. The situation is the same
as for the energy dependence, and it results in a small error in the predictions of the
entropy.

For the classical ideal gas, this error leads to an expression for the entropy that
is not exactly extensive. Systems with short-range interactions, such as those shown
schematically in Fig. 7.1, are expected to have small deviations from extensivity that



The Grand Canonical Entropy 269

only go to zero as N goes to infinity. However, the classical ideal gas is a model that
has no interactions between particles. Every particle is expected to contribute separately
to the macroscopic properties of the system. The small deviations from extensivity are
surprising from this point of view.

The resolution is to include the width of the N-distribution in the calculation of the
entropy. This leads us to the grand canonical distribution as providing an approximation
to the true N-distribution. The same kind of argument that we used in Section 21.1.1 to
justify the canonical distribution also applies here.

For the grand canonical ensemble, we will use S8, (8u)] to derive the grand canonical
entropy. As earlier, parentheses around the second variable indicate that the product of
B and p is treated as a single variable.

The Legendre transform of S with respect to both 8 and (Su) uses the equation

aS
—(Bu) = (—8N> (21.10)
U,N

in addition to eq. (21.2). ~
The Legendre transform of S with respect to both 8 and (8u) is then given by the
Massieu function

S8,(B)) =S — BU + (Bu)N, (21.11)
so that

S8, (Bl =InZ(B, V,(Bu)), (21.12)

where Z is the grand canonical partition function.
The differential of the Massieu function S[8, (8u)] is

dS[B,(Biw)] = —UdB + (BP)dV + Nd(B). (21.13)

This immediately gives

(aS[ﬂa, (ﬁu)]) __u 21.14)
p V,(Br)

and

S, (Bw] =N. (21.15)
a(Bu) PR
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To obtain S from S'[,B, (Bu)], use

S=SIB,(Bw] +BU — (BN, (21.16)

and replace the 8 and (Bu) dependence by U and (N).
The calculation involves some algebra, which we have left to a problem at the end of
the chapter. The answer is

3/2
sao=00in| 205 ) a5 ) +m () 3 e

This expression for the grand canonical entropy of a classical ideal gas is exactly
extensive, and no use has been made of Stirling’s approximation.

21.3 Problems

PROBLEM 21.1
The canonical entropy.
A different view of the entropy of the ideal gas.

Consider a classical ideal gas of N particles in three dimensions. The particles are
contained in a box of volume V. Denote the dimensionless entropy by S = S/kp. Do
not use Stirling’s approximation.

1. Write the partition function.

2. Evaluate the partition function in closed form.

3. Denote the Legendre transform of the dimensionless entropy with respect to 8 as
S[B]. Evaluate S[B].

4. Do an inverse Legendre transform of S [B] to find S.

5. Find S.

PROBLEM 21.2
The grand canonical entropy.
A different view of the entropy of the ideal gas.

Consider a classical ideal gas of N particles in three dimensions. The particles are
contained in a box of volume V7. Denote the dimensionless entropy by S = S/kp. Do
not use Stirling’s approximation.

1. Calculate the grand canonical partition function for the classical ideal gas. You can
use the results of the previous assignment in your solution.

2. Denote the Legendre transform of the dimensionless entropy with respect to 8 and
(Bw) as S[B,(Bw)].
Evaluate S[8,(Bu)]. ~ ~

3. Do an inverse Legendre transform of S[8,(8u1)] to find S.

4. Find S.
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Irreversibility

It would be much more impressive if it flowed the other way.

Oscar Wilde, on seeing the Niagara Falls

22.1 What Needs to be Explained?

The first thing we must establish is the meaning of the term ‘irreversibility’. This is not
quite as trivial as it might seem." The irreversible behavior I will try to explain is that
which is observed. Every day we see that time runs in only one direction in the real
world. If I drop my keys, they fall to the floor and stay there; keys lying on the floor do
not suddenly jump into my hand. This asymmetry of time, or ‘arrow of time’, has seemed
to many as being incompatible with the time-reversal invariance of the fundamental
equations of both classical and quantum physics.” This is the issue addressed in this
chapter.

As with the development of statistical mechanics in general, the explanation of
irreversibility given here is based on a large number of particles in a macroscopic system
for which we have very limited information about the microscopic state. As in the rest
of the book, this leads us to describe a macroscopic system on the basis of probability
theory.

We will present an explanation of irreversibility using the example of the free
expansion of a classical ideal gas. The microscopic equations of motion for this problem
are time-reversal invariant, but the macroscopic behavior will nevertheless turn out to be
irreversible. Because of the simplicity of the example we will be able to carry out every
mathematical step exactly, so that the argument can be analyzed completely.’

! This chapter is based on an earlier paper by the author: R. H. Swendsen, ‘Explaining irreversibility’, Am.
F. Phys., 76, 643-48 (2008).

2 The history of the debate on the origins of irreversibility is fascinating (and continuing), but we will not
have space to delve into it. There are many books on this topic that the interested student might consult.

3 The mathematical analysis we use was first derived by Harry Lloyd Frisch, an American chemist, who was
born in Vienna, Austria (1928-2007). H. L. Frisch, ‘An approach to equilibrium,” Phys. Rev., 109, 22-9 (1958).

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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22.2 Trivial Form of Irreversibility

The irreversibility observed in daily life must be distinguished from a trivial form of
irreversibility that appears only in infinite systems.’

Consider a particle moving in empty space. At some initial time it is observed to be
located in some finite region of space. Since the particle is moving, it will eventually leave
this region. If space is infinite, it will not return. This is, technically, irreversible behavior,
but of a trivial kind.

This trivial form of irreversibility is real, and occurs in the radiation of light from a star.
It is quite general in infinite systems, whether classical or quantum. An open system also
displays this trivial form of irreversibility, since it is really just a piece of an infinite system.

However, we would like to separate this trivial irreversibility from the non-trivial
irreversibility that we experience every day. Therefore, we will restrict the discussion
to an isolated, finite system.

22.3 Boltzmann’s H-Theorem

The history of the debate on irreversibility has been closely associated with responses to
Boltzmann’s famous H-theorem, in which he claimed to explain irreversibility. Although
objections were aimed at Boltzmann’s equations rather than the apparent paradox itself,
discussing them can help clarify the problem.

Boltzmann derived an equation for the time-derivative of the distribution of atoms
in a six-dimensional space of positions and momenta by approximating the number of
collisions between atoms (Stosszahlansatz). This approximation had the effect of replac-
ing the true macroscopic dynamics by a process that included random perturbations of
the particle trajectories. Within the limits of his approximation, Boltzmann showed that
a particular quantity that he called ‘H’ could not increase with time.

The fact that Boltzmann used an approximation—and an essential one—in deriving
his result meant that his derivation could not be regarded as a proof. The arguments
about its validity began soon after his publication appeared, and have continued to the
present day.

22.4 Loschmidt's Umkehreinwand

The first objection came from Boltzmann’s friend, Johann Josef Loschmidt (Austrian
physicist, 1821-1895), who noted that if all momenta in an isolated system were reversed,
the system would retrace its trajectory. If Boltzmann’s H-function had been decreasing at
the moment of reversal, its value after time-reversal must increase. LLoschmidt argued on
this basis that Boltzmann’s conclusions could not be correct, and his argument is usually
referred to by the German term Umkehreinwand.

4 R. H. Swendsen, ‘Irreversibility and the thermodynamic limit, ¥ of Stat. Phys., 10: 175=7 (1974).
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Loschmidt’s argument is very close to the central paradox. If every microscopic state
that approaches equilibrium corresponds to a time-reversed state that moves away from
equilibrium, should they not be equally probable?

22.5 Zermelo's Wiederkehreinwand

Ernst Zermelo (German mathematician, 1871-1953) was a prominent mathematician,
who raised a different objection. He cited a recently derived theorem by Jules Henri
Poincaré (French mathematician and physicist, 1854—1912) that proved that any isolated
classical system must exhibit quasi-periodic behavior; that is, the system must return
repeatedly to points in phase space that are arbitrarily close to its starting point. Zermelo
claimed that Poincaré’s theorem is incompatible with Boltzmann’s H-theorem, which
predicts that the system will never leave equilibrium. Zermelo’s argument is referred to
by the German term Wiederkehreinwand.

22.6 Free Expansion of a Classical Ideal Gas

In this section we will present an exact analysis of a simple model that exhibits irreversible
behavior. Since the model is governed by time-reversal-invariant equations of motion,
this will serve as a demonstration of the compatibility of irreversible macroscopic
behavior and time-reversal invariance.

Consider an ideal gas of N particles in a volume V. Isolate the gas from the rest of
the universe and assume that the walls of the box are perfectly reflecting. Initially, the
gas is confined to a smaller volume V/, by an inner wall. At time ¢ = 0, the inner wall is
removed.

For convenience, let the box be rectangular and align the coordinate axes with its
sides. The inner wall that initially confines the gas to a subvolume 1/, is assumed to be
perpendicular to the x-direction and located at x = L,. The length of the box in the x-
direction is L. The dependence of the probability distribution on the y- and z-coordinates
does not change with time, so that we can treat it as a one-dimensional problem.

At time ¢ = 0, the confining wall at L, is removed and the particles are free to move
throughout the box. Following Frisch’s 1958 paper, we will eliminate the difficulties
involved in describing collisions with the walls at x=0 and x =L by mapping the
problem onto a box of length 2L with periodic boundary conditions. When a particle
bounces off a wall in the original system, it corresponds to a particle passing between
the positive and negative sides of the box without change of momentum. The mapping
from the periodic system to the original system is then simply x; — |xj|.

The key assumption is that the initial microscopic state must be described by a
probability distribution. Assume that before the inner wall is removed, the initial positions
of the particles are uniformly distributed in V/,, and the momenta are independent of each
other and have a probability distribution %(p;). This probability distribution is assumed
to be time-reversal invariant, A (—pj) =h (pj), so that there is no time-asymmetry in the
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initial conditions. Since we are assuming that the positions and momenta of different
particles are initially independent, we can write the total probability distribution as

N N
I ({xispili=1...N},e=0) =] [f (%05t =0) = [ [ () 2 (p)) (22.1)
j=1 j=1
where
g(x) = {(1)/ L, |;|Lg zox <Lo. (22.2)

This initial probability distribution for the periodic system is shown schematically in
Fig. 22.1.

Since the particle probabilities are independent, we can restrict our attention to the
distribution function of a single particle. The periodic boundary conditions then allow
us to Fourier transform the initial conditions to obtain

g(x) =g+ _gncos (%nx) (22.3)
n=1

where no sine terms enter because of the symmetry of the initial conditions in the
expanded representation with period 2L.

Using the standard procedure of multiplying by cos (7r n'x/ L) and integrating to obtain
the coefficients in eq.(22.3), we find

L T
/ g(x) cos <Tx) dx
L

L / 00 L /
= [ng cos <%x)dx + ;gn [L cos (%x) cos (%x) dx. (22.4)

X

L L

Fig. 22.1 The initial probability distribution at t = 0.
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For n' = 0, this gives us

| —

o (22.5)

and for ' > 1

2 n'mw
)= in[ —0L, ). 22.6
&=t sm< - ) (22.6)
The time development for a given momentum is now simple:

fGops2) =f(x— (p ) t,p,O)

m
=)ot Smeon (% (== (2)7) @27

Fig. 22.2 shows the probability distribution at a time ¢ > 0. The shaded areas, repre-
senting non-zero probability density, tilt to the right. As time goes on, the shaded areas
become increasingly flatter and closer together.

To find an explicit solution for a special case, assume that the initial probability
distribution for the momentum is given by the Maxwell-Boltzmann distribution,

1/2 2
= () oo 5(2)] -

where T is the temperature, and 8 = 1/kgT. The assumption of a Maxwell-Boltzmann
distribution is not essential, but it provides an explicit example of how the approach to
equilibrium comes about.

-L -L, 0o I, L

Fig. 22.2 The probabiliry distribution for t > 0.
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Inserting eq. (22.8) in eq. (22.7), we can integrate over the momenta to calculate the
local probability density as a function of time,

g0 = f Feendp

=/ooh(p)L_1dp

n ig [~ noreos (%7 (5= (2)1)) b 22.9

The first integral is trivial, since % (p) is normalized,

/Ooh(p)dpzl. (22.10)

The integrals in the sum are rather tedious, but not particularly difficult when you use

the identity cos6 = % (eie + e’ie) to write them in the form

2
oo P2 nw . p
/ exp|—8 +—1 dp, (22.11)

— =t
o0 2m L m

and complete the square in the exponent. The result is
(x,0)=L71 4 2 Z ! sin(mTL )cos(nnx> ex [—Aztz] (22.12)
g X51) = e = L 0 L p n b) .

where

2.2 2.2
5 nem n°mw
=———=——-FkgT. 22.13
" omI2B  2mlZ P (22.13)
Note that since the temperature is related to the one-dimensional root-mean-square
velocity by

1 1 m m
EkBT: %<p2>= 5<‘U2>= E‘v?ms' (2214)
The coefficients A,, can be written as
2_2

A2 =

n erms' (2215)
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Eq. (22.12) can also be expressed in terms of the characteristic time for a particle
traveling with the speed v,,,s to cross the box,

L

T =

(22.16)

Orms

In terms of 7, the time-dependent local probability density becomes

glxyt) =L [1 +L£0§: (%) sin (%L) cos (%x) exp [_ (n"’zn2> (i_z)ﬂ .

) (22.17)

Since

2
<2 (22.18)

‘ (%) sin (%L,,) cos (%x) =

for all x, the sum converges rapidly for ¢ > 0. At ¢ = 7, the n-th term in the sum is less than

2 . . .
(2/nm)exp [— (%) nz], and even the leading non-constant term has a relative size of less

than 0.005 (L/L,). The rapidity of convergence is striking. The inclusion of interactions
in the model would actually slow down the approach to equilibrium.

It is also possible to calculate the energy density as a function of position and time by
including a factor of p?/2m in the integral over the momentum,

00 P2
U(xa 3] 2[ f(xapz 1) (%) dp
[m(Z)s
S 2m
3 [ h (2 )eos (% (+- (2)1)) @219
nzlgn o0 2m L m P '

The integrals are even more tedious than those in eq. (22.9), but again not particularly
difficult:

U 1 i 1?2 — L?>mpB
X, = — — e
2L = L2L,mnn B2
222
t
sin (%LD) cos (%x) exp |:— (7‘(2;12 )i| . (22.20)
T

After the internal wall is removed, the energy distribution is not uniform and not
proportional to the particle density, since the faster particles move more rapidly into
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the region that was originally vacuum. However, the energy density converges rapidly to
the expected constant, 1/2L8 = %kg T/L,ast— 0.

22.7 Zermelo’s Wiederkehreinwand Revisited

We have now established that that the particle density and energy density both go to
equilibrium. This leaves the question of reconciling the approach to equilibrium with
Poincaré recurrences. Fortunately, it is easy to see how quasi-periodic behavior can arise
in the ideal gas model, without contradicting the approach to equilibrium. To do this, it
helps to have an intuitive picture of how Poincaré cycles occur.

First consider two particles with speeds v; and v,. They will each return to their
original states with periods 71 = 2L/v; and tp = 2L/v;, respectively. In general, the ratio
71/72 Will be irrational, but it can be approximated to arbitrary accuracy by a rational
number, 71 /72 & n1 /n2, where n; and n, are sufficiently large integers. Therefore, after
a time 71,2 = 1271 & 1172, both particles will return to positions and velocities arbitrarily
close their initial states .

Now add a third particle with speed v3 and period 3 = 2L/v3. A rational approx-
imation 11,2/73 &~ n1,2/n3, will give us an approximate recurrence after a time 71,23 =
n1,2T3 & n371,2 ~ n3n2 Ty . Since np and n3 will usually be large numbers, 11,2,3 will usually
be a long time.

If we repeat this procedure for 102> particles, we will arrive (with probability one) at a
recurrence time that would be enormous even in comparison to the age of the universe.
It might naturally be said that we are not interested in such extremely long times, but
it is interesting to note that eqgs. (22.17) and (22.20) do not exhibit the quasi-periodic
behavior that Poincaré recurrence might seem to require.

The resolution of the apparent contradiction lies in our lack of knowledge of the
exact initial velocities and the extreme sensitivity of the Poincaré recurrence time to tiny
changes in initial velocities. Even with far more detailed information than we are ever
going to obtain in a real experiment, we would not be able predict a Poincaré recurrence
with an uncertainty of less than many ages of the universe.

Poincaré recurrences are included in the exact solution for the free expansion of an
ideal gas. However, since we cannot predict them, they appear as extremely rare large
fluctuations. Since such large fluctuations are always possible in equilibrium, there is no
contradiction between observed irreversible behavior and Poincaré recurrences.

22.8 Loschmidt's Umkehreinwand Revisited

Loschmidt’s Umkehreinzwand was directed against Boltzmann’s equation, which was not
time-reversal invariant. However, the exact solution to the free expansion of an ideal
gas retains the time-reversal properties of the microscopic equations. If we reverse all
velocities in the model some time after the inner wall is removed, the particles return to
their original positions.
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Under normal conditions, the reversal of molecular velocities is experimentally
difficult, to say the least. However, the reversal of spin precession can be accomplished
and is fundamental to magnetic resonance imaging. It is known as the spin-echo effect.
After an initial magnetic pulse aligns the spins in a sample, interactions between the spins
and inhomogeneities in the sample lead to decoherence and a decay of this magnetization.
If no further action is taken, the signal will not return. However, if a second magnetic
pulse is used to rotate the spins by 180° at a time ¢ after the first pulse, it effectively
reverses the direction of precession of the spins. The spins realign (or ‘refocus’) after a
total time 2z after the initial pulse, and the magnetization appears again.

The reversal of the time-development of an ‘irreversible’ process is therefore not a
flaw in the free-expansion model, but a reflection of the reality that such experiments
can be carried out.

22.9 What is ‘Equilibrium’?

An interesting feature of the exact solution to the free-expansion model can be seen in
Fig. 22.2. Even though the shaded regions, indicating non-zero probabilities, become
progressively thinner and closer together, the local probability density at any point along
the trajectory of the system remains constant. This is consistent with Liouville’s theorem
that the total time derivative of the probability distribution vanishes.’

This property of all isolated Hamiltonian systems has caused difficulties for those
who would like to define equilibrium in terms of a smooth distribution in phase space.
Although we assumed that our model experiment started with a canonical probability
distribution, it will certainly never evolve to one.

I believe that the difficulty is a confusion about the direction of inference. It has been
amply demonstrated that a canonical distribution accurately describes an equilibrium
state. However, that does not imply that a system in equilibrium can only be described
by a canonical distribution. The probability distribution for our model at long times will
give the same macroscopic predictions as the canonical distribution, even though the two
distributions are different.

22.10 Entropy

Liouville’s theorem has also caused difficulties for the traditional textbook definition of
the entropy as the logarithm of a volume in phase space. The theorem requires that this
volume remain constant, so the traditional expression for the entropy cannot increase in
an isolated system.

This seems to violate the Second Law, but it is correct—in a certain sense. The
traditional definition of entropy is related to the total information we have about the

5 See Section 19.5 for a derivation of the Liouville theorem.
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system—not the thermodynamic information about the current and future behavior of
the system. The information that the system was initially confined to a smaller volume
is contained in the layered structure of the probability density shown in Fig. 22.2. Since
that information does not change, the traditional entropy does not change. The apparent
violation of the Second Law arises because the traditional entropy does not correspond
to the thermodynamic entropy.

If we use Boltzmann’s definition of the thermodynamic entropy in terms of the
probability of a macroscopic state, we obtain an expression that increases with time as
expected for the thermodynamic entropy.

The specific form of the entropy depends on what we are measuring in the experiment.
Since we are interested in the time development of the system as it approaches a uniform
state, it would be reasonable to observe its properties as a function of position. Let us
divide the system into M subsystems, each with length AL = L/M, and measure the
energy and density in each subsystem. For convenience, assume that the first m subsys-
tems were inside the inner wall before the free expansion began, so that L, = mL/M.

If M is large, we can assume that the energy and density are uniform across a
subsystem. The number of particles in the j-th subsystem, N;(), is given by AL times
the expression in eq. (22.12), and the energy in the j-th subsystem, E;(t), is given by AL
times the expression in eq. (22.20).

If the subsystems are large enough that 1/,/N;(z) is much smaller than the relative
error in experimental measurements, they can be regarded as macroscopic systems.
Their individual entropies might then be well approximated by the equilibrium entropy
of a one-dimensional, classical ideal gas,

| =N LMY 1 (B
S(Ej(2), L/M,Nj(t)) = Afj(z)kBT[ln(M(t)) +3 1n<Nj(t)> +X} , (22.21)

where X is the usual constant. The total time-dependent entropy of the whole system is
then given by
M
SUE ()}, L, Nj(0), /M) = >_ S (E;(), L/M, Nj(0)).. (22.22)
j=1

This expression has the properties that at ¢ = 0, it takes on the value of the initial
entropy before the inner wall was removed,

SHE;j(0)},L,Nj(0), /M) = S(E, Lo, N), (22.23)
and as r — 00, it goes rapidly to the equilibrium entropy of the full system,

lim SUE; (0}, L, N;(©), /M) = S(E, L, N). (22.24)

These two properties are independent of the number M of subsystems that are observed.
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22.11 Interacting Particles

The explanation of irreversible phenomena given here is, of course, not complete. The
apparent conflict between microscopic and macroscopic laws has been resolved, but
we have ignored the effects of interactions. However, now that it is clear that there
is no real conflict between time-reversal-invariant microscopic laws and macroscopic
irreversibility, it should be sufficient to demonstrate the equilibration of the momentum
distribution by molecular dynamics computer simulations that are generalizations of
those carried out in the assignments in Chapter 19.
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Quantum Ensembles

If you are not completely confused by quantum mechanics, you do not understand it.
John Archibald Wheeler, American theoretical physicist (1911-2008)

In Part IV of this book we will extend the application of statistical ideas to quantum
mechanical systems. Most of the results we will derive have counterparts in classical
statistical mechanics, but some important features will be quite new.

The differences between classical and quantum statistical mechanics are all based
on the differing concepts of a microscopic ‘state’. While the classical microscopic state
(specified by a point in phase space) determines the exact position and momentum of
every particle, the quantum mechanical state determines neither; quantum states can
only provide probability distributions for observable quantities. This feature has the
important consequence that quantum statistical mechanics involves two different kinds
of probability, while classical statistical mechanics involves only one.

Classical and quantum statistical mechanics both require the assignment of proba-
bilities to the possible microscopic states of a system. The calculation of all quantities
involves averages over such probability distributions in both theories.

Quantum statistical mechanics further requires averages over the probability distri-
butions that are obtained from each individual microscopic state.

We will begin this chapter by recalling the basic equations of quantum mechanics,
assuming that the reader is already familiar with the material. If any part of the discussion
seems mysterious, it would be advisable to consult a textbook on quantum mechanics.

After a review of the basic ideas we will discuss the special features that distinguish
quantum statistical mechanics from the classical theory.

Subsequent chapters will develop the theory of quantum statistical mechanics and
apply it to models that demonstrate the significant differences between the predictions
of quantum and classical statistical mechanics. We will show that even simple harmonic
oscillators and ideal gases have dramatically different properties in quantum and classical
theories. Since the real world ultimately obeys quantum mechanics, quantum statistical
mechanics is essential to obtain agreement with experimental results.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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23.1 Basic Quantum Mechanics

The most fundamental characteristic of quantum mechanics is that the microscopic state
of a system is described by a wave function, rather than a point in phase space. For a
simple, one-particle system, the wave function can be represented by a complex function
of space and time, ¥ (#,), which contains all possible information about the particle.

Even if the wave function is known exactly, the result of a measurement of the position
of the particle can only be predicted in terms of probabilities. For example, the absolute
value of the square of the wave function, | (7,7) |, gives the probability density for the
result of a measurement of the position of a particle. (After the measurement, of course,
the wave function of the particle would change.) Only the average position of the particle
and the various moments of its probability distribution can be calculated from the wave
function.

The momentum, p, is represented by a vector operator rather than a real vector,

o = 0 9 0
=—ihV = —ih| —, —, — ). 23.1
£ ! ' <8x ay 82) ( )

As is the case for the position of the particle, the momentum does not have a fixed value.
The expectation value (average value) of the momentum is given by an integral over the
wave function. This can be denoted as

(Vlply) = —ihfllf*(f,t)%w(?,t) &’r. (23.2)

In eq. (23.2), ¥* denotes the complex conjugate of the function v, and we have
introduced the ‘bra’, (| = ¥* (#,1), and ‘ket’, |/) = ¥ (#,¢) notation. The integral is over
the allowed volume.

The kinetic and potential energy are represented by a Hamiltonian,

. _ . —>' - _hz
HGp) =H(7-inV) =22+ vH =" V2 4V (7). (23.3)
2m 2m
In this equation,
N 82 32 82
V2=V .V=—+ (23.4)

o2 T2 T2

The wave function must satisfy the Schrodinger equation, named after the Austrian
physicist Erwin Schrodinger (1887-1961, Nobel Prize 1933),

ih%w o) =H (?, —ih%) Y (Fy1). (23.5)
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23.2 Energy Eigenstates

There are certain special quantum states that can be written as a product of a function
of position times a function of time,

¥ (F0) = (N f (D). (23.6)

For these states, the Schrodinger equation can be written in a form that separates the
functions of time and space:

1 3f( 1 o g2
i L@ _ —H(r, —th) v (). (23.7)
f ot Y@
Since the left side of eq. (23.7) depends only on time and the right side depends only
on space, they must both be equal to a constant, which we will denote as E. For these
special states, the Schrédinger equation separates into two equations:

? _ __;;Ef(z), (23.8)
and
H (;»', —ih%) v () = Ev (7). (23.9)
Since the expectation value of H is just
(H)y=E, (23.10)

we can identify E as the energy of the state.
Eq. (23.8) can be easily solved as a function of time,

f(r) =exp <—i§t). (23.11)

In general, eq. (23.9) only has solutions for particular values of E, which are the only
observable values of the energy. These special values are known as energy eigenvalues,
and the corresponding wave functions are known as eigenfunctions. Eq. (23.9) is called
an eigenvalue equation. The eigenfunctions and eigenvalues can be identified by a
quantum ‘number’ n, which is really a set of d numbers that describe the eigenstate for
a wave function in a d-dimensional system.

Including the quantum number explicitly, the eigenvalue equation can be
written as

Hyry, () = Eyrn (), (23.12)
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or

H|n) = Ey|n), (23.13)
where we have suppressed the explicit dependence on 7 in the second form of the eigen-
value equation. E,, is called the energy eigenvalue. It is possible for distinct eigenstates to

have the same energy eigenvalue, in which case the states are called ‘degenerate’.
The time-dependence of an eigenstate therefore has the form

Un (151) = Y () exp (—%t) . (23.14)

Since the expectation value of any operator is constant in time for eigenstates, they are
also called ‘stationary states’.
It is standard procedure to normalize the eigenfunctions

(n|n) = /w;j (F0) Y (Fr 1) dr = 1. (23.15)

In this equation, we have again used the ‘bra-ket’ notation (v, (v, ) = |n)).

It is easily proved that for E, # E,,, (n|m) = 0. It is also straightforward to choose
eigenfunctions in such a way that for n # m, (n|m) =0, even when E, = E,,. These
properties can be summarized using the Kronecker delta function

(n|m) = Sn,m' (23.16)

23.2.1 Expansion of a General Wave Function

A very important theorem is that any wave function can be expanded in the set of all
eigenfunctions,

Y=Y cathn (. (23.17)

This can also be expressed more compactly using the ket notation

) =) culn). (23.18)

The coefficients ¢, are complex numbers that can be calculated from the wave functions,

(mly) = enlmln) =D cubmn = cm- (23.19)
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23.2.2 Magnitudes of Coefficients

Since wave functions are assumed to be normalized, there is a sum rule for the set of
coefficients {c,},

1= (yly) ZZc cm(Wal¥m) = ZZczcman,m =D leal. (23.20)

The expectation value of the energy can also be expressed in terms of the coefficients
{c,} and the energy eigenvalues

(W H|Y) = ZZC cn(m|H|n) (23.21)
= ZZcmcn<m|En|n>
m n
= ZZEnc:;cnSrn,n
m n
=Y Ejleal*.
n

Since the sum of |c,|? is 1, and the expectation value of the energy is given by the
weighted sum in eq. (23.21), it is natural to interpret |c,|? as the probability that a
measurement of the energy will put the system into the eigenstate |#).

It is important to note that if a system is in a general state, |{/), given by eq. (23.18),
itis nor in an eigenstate unless |c,| = 1 for some value of 7. |c,|? is the probability that
the system would be found in the state |7#) only after a measurement has been made
that put the system into an eigenstate. Without such a measurement, the probability
that a general system is in an eigenstate is zero.

23.2.3 Phases of Coefficients

Since the time-dependence of the eigenfunctions is known, the time-dependence of an
arbitrary wave function can be written in terms of the expansion in eigenfunctions,

- E
V(1) = Xn:CnGXP<—17nt)¢n ), (23.22)
or more compactly,

¥st) =) cnexp <—z%t> |n). (23.23)

n
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Egs. (23.22) or (23.23) show that the time development of an arbitrary quantum state
can be described by the changing phases of the expansion coefficients. They also show
that eigenstates with different energies have phases that change at different rates, the
relative phases between any two states, given by (E, — E,;,)t/%, sweep uniformly through
all angles. This property suggests that a model probability distribution in equilibrium
should be uniform in the phases. Indeed, if a probability distribution is not uniform in
the phases, it will not be time-independent.

23.3 Many-Body Systems

Quantum systems that contain many particles (‘many-body systems’ in common ter-
minology) are also described by a single wave function, but one that is a function of
the coordinates of every particle in the system: i ({17;-[7' =1,...,N }). The Hamiltonian
naturally depends on all the coordinates and all the gradients.

H=H({#-inVli=1,....N|) (23.24)

We can again find eigenstates of the Hamiltonian (at least in principle), but the
quantum ‘number’ z is now a set of 3N numbers that are needed to describe the many-
body wave function.

A general many-body wave function can also be expanded as a linear combination of
eigenstates, as in eq. (23.18), and the time development of the many-body wave function
can still be represented by eq. (23.23), with the appropriate interpretation of # as the set
of many-body quantum numbers.

As in the single-particle case, the square of the absolute value of a coefficient in the
expansion of a many-body wave function, |c,|?, can be interpreted as the probability
that a measurement that put the system in an eigenstate would put it in eigenstate 7.
However, such a measurement is zever carried out on a macroscopic system, which
is never in an energy eigenstate.

23.4 Two Types of Probability

In Part I of this book we introduced the use of probabilities to describe our ignorance of
the exact microscopic state of a many-body system. Switching from classical to quantum
mechanics, we find a corresponding ignorance of the exact microscopic wave function.
Again we need to construct a model probability distribution for the microscopic states
to describe the behavior of a macroscopic system.
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However, as we have seen previously, the properties of a quantum system are still
only given by probability distributions even if we know the wave function. Therefore, in
quantum statistical mechanics we need to deal with two kinds of probability distributions:
one for the microscopic states, and a second for the observable properties.

23.4.1 Model Probabilities for Quantum Systems

We will denote a model probability distribution for the many-body wave functions as
Py . The calculation of the expectation value (average value) of any operator .4 must
include averages over probability distribution of the wave functions and the probability
distribution of each quantum state,

(A) = LPx//(lﬁlAllﬁ)- (23.25)

We have written the average over Py as an integral because there is a continuum of wave
functions.

We can write eq. (23.25) in a more convenient form by expressing the wave function
in terms of an expansion in eigenfunctions, as in eq. (23.18). Since the expansion coeffi-
cients completely specify the wave function, we can express the probability distribution
in terms of the coefficients

Py = Py,). (23.26)

The average of A then becomes

(A= DD PuychealmlAln). (23.27)

{cn) n m

The integral in eq. (23.27) is over all values of all coefficients, subject to the normalization
condition in eq. (23.20).

Since the phases play an important role in specifying the time dependence in quantum
mechanics, it will be useful to modify eq. (23.27) to exhibit them explicitly. If we write
the coefficients as

cn = |cn| exp (i), (23.28)

we can rewrite eq. (23.27) as
(A) = /{ y f{ 303 P lnlen| (i i)l Al (23.29)

Since we have introduced the phases explicitly into eq. (23.29), we have also separated
the integrals over the coefficients into integrals over their magnitudes and their phases.
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23.4.2 Phase Symmetry in Equilibrium

Eq. (23.29) gives a formal expression for the macroscopic average of any property in
any macroscopic system. However, since we are primarily interested in macroscopic
equilibrium states, we can greatly simplify the problem by introducing the model
probability for the phases mentioned in Subsection 23.2.3. Since the macroscopic
equilibrium state is time-independent, it would seem reasonable to assume that the
equilibrium probability distribution of phase angles should be uniform and the phases
independent. With this assumption, P} = P,|;> and we can integrate over the phase
angles when 7 # m

2 21
/ d¢m/ dpy exp(—igy, +i¢,) =0, (23.30)
0 0

or for n = m,

2

21
/ dopexp(—ig, +id,) = / do, =2m. (23.31)
0 0
Inserting egs. (23.30) and (23.31) into eq. (23.29) we find
(A) =27 fu ! ZP{|cn‘}|cn|2(n|A|n), (23.32)
anll

or

(A) =Z[2n/{

n len

Pucn}lcnlz} (n| Aln). (23.33)

Eq. (23.33) is particularly interesting. If we define a set of values {P,}, where

P,,=27rf Pye,nlenl®s (23.34)
{leal)

we can rewrite the equation for (A) in a very useful form,

(A) =" PyinlAln). (23.35)

The only quantum averages that appear in eq. (23.35) are of the form (n|A|n), so
every term in the sum is an average over a single quantum eigenstate. For the purposes
of calculating the macroscopic properties of a macroscopic system in equilibrium, each
eigenstate contributes separately.

The quantities P, have two useful properties. First, since Py is a probability distribu-
tion, Py > 0 for all ¥. From eq. (23.34), it follows that P, > 0 for all n. Next, since
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the average of a constant must be the value of the constant, eq. (23.35) gives us a
normalization condition on the set of quantities {P,},

1:(1):2Pn(n|1|n) :ZPn. (23.36)
n n
This equation also implies that P, < 1.

Since 0 < P, < 1 for all n, and from eq. (23.36) the sum of all P,s is unity, the P,’s
fairly beg to be regarded as probabilities. The question is: what are they probabilities
of? P, can be interpreted as the probability that a measurement of the eigenstate
of a system will result in the system being in eigenstate |n). However, it must
be recognized that such a measurement is never made on a macroscopic system.
Nevertheless, calculations using eq. (23.35) are carried out formally exactly as 7f
the P,s were probabilities of something physically relevant. There is no real harm
in referring to P, as the ‘probability of being in eigenstate |n#)’ (which is often
found in textbooks), as long as you are aware of its true meaning. A more complete
description of why this is a useful—if not entirely correct—way of thinking about
quantum statistical mechanics is presented in Sections 23.5 and 23.6.

23.5 The Density Matrix

A very common representation of averages in a quantum ensemble is provided by the
density operator, which is defined by a sum or integral over the microscopic states in an
ensemble,

p=/¢Pw|1ﬂ)(1ﬂ|- (23.37)

The density matrix p,,, is found by taking the matrix element between the states (m|
and |n),

pm,n=f Py (m|y) (¢ |n). (23.38)
v

The density matrix is useful because it incorporates all the information needed to
calculate ensemble averages. In particular, the ensemble average of an operator A is
given by

(A) =Tr[pA] (23.39)

where 7r indicates the trace of the matrix. To prove eq. (23.39), simply evaluate the trace
on the right-hand side of the equation,



294  Quantum Ensembles
Tr[pA] = Z/Ippw(nllﬁ)(lﬁlv‘lln) (23.40)
=/wZP¢<n|w><x//|A|n>

= 3N Pigjecch(nl6) ml Aln)
V4 m

{cn) n

= | D2 Peacuen(mlAln) = (A).

{cn) n m

The last equality is found by comparison with eq. (23.27).
If we write the coefficients as ¢, = |c,|exp(—i¢,), assume that the system is in
equilibrium, and average over the phases, we find

nmm=/

Cn

}ZP{cn}lcnlzmlAlm, (23.41)

or,

Tr[pA] =) Py(n|Aln) = (A). (23.42)

This agrees with eq. (23.35).

23.6 Uniqueness of the Ensemble

A peculiar feature of the density matrix is that although eq. (23.40) shows that it contains
the information to calculate any ensemble average, it does not uniquely specify the
quantum ensemble. This can be seen from a simple example that compares the following
two different quantum mechanical ensembles for a simple harmonic oscillator.

1. Ensemble 1: The SHO is ecither in the ground state |0) with probability 1/2, or it
is in the first excited state |1) with probability 1/2. In either case, the system is in
an eigenstate of the Hamiltonian. The density matrix operator corresponding to
this ensemble is then

1
p1= 7 (10){0] + [1){1]). (23.43)

2. Ensemble 2: The system is in a state of the form

1 .
_ (1)
#)=—=(10)+¢%11), (23.44)
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with the values of ¢ being uniformly distributed between 0 and 27. No member
of the ensemble is an eigenstate of the Hamiltonian. The density matrix operator
corresponding to this ensemble is then

1 1

2w 1 . .
_ - () —i¢p
'02_27[/0 d¢ﬁ<|0)+e |1>)ﬁ((0|+e (1|)
1 2 ) )
= | de (1001 i+ o)+ o)
7T Jo
1
= (00 +11)(1) = pr. (23.45)

This shows that the same density matrix operator describes both an ensemble that
contains no eigenstates and an ensemble that contains only eigenstates. If we combine
this with the result in eq. (23.40), we see that the expectation value of any operator is
exactly the same for different ensembles as long as the density matrix operators are the
same—even if the two ensembles do not have a single quantum state in common!

It is usual to express the density matrix operator in terms of the eigenstates of a
system, which gives the impression that the ensemble also consists entirely of eigen-
states. Even though we know that this is not the case, the previous demonstration
shows that all predictions based on the (erroneous) assumption that a macroscopic
system is in an eigenstate will be consistent with experiment.

23.7 The Planck Entropy

In the early days of quantum mechanics, Max Planck suggested defining the entropy of
a quantum system as

Sp = kg Zlngg, (23.46)
14

where gy is the number of eigenstates associated with energy level £ and energy Ej,
known as the degeneracy of the energy level. This form is analogous to the classical
microcanonical entropy. Eq. (23.46) has a number of advantages, and is still quite often
presented in textbooks as the correct definition of the entropy of a quantum system. It
also has a number of disadvantages, starting with the discreteness of the set of energies
for which it is defined.

It has been mainly applied to simple Hamiltonians, for which the degeneracies allow
a straightforward approximation of the energy dependence of Sp by a continuum. For
more complicated Hamiltonians, the energy levels can be split, reducing the degeneracy
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of each level. If all the states become non-degenerate, g; = 1 for all £, and Sp = 0, which
is clearly not correct.

In Chapter 24, we will compare the predictions of the Planck entropy with those of
the canonical entropy.

23.8 The Quantum Microcanonical Ensemble

Now that we have reduced the problem of calculating averages in equilibrium quantum
statistical mechanics to averages over individual eigenstates, we need only evaluate the
set of ‘probabilities’, {P,}, where 7 is the quantum number (or numbers) indexing the
eigenstates. In principle this is straightforward, and we might try to follow the same
procedure as in classical statistical mechanics. Consider a composite system, isolated
from the rest of the universe, with fixed total energy ET = E4 + Ep, assume all states are
equally ‘probable’ (subject to the constraints), and calculate the probability distributions
for observable quantities.

Unfortunately, we run into a technical difficulty that prevents us from carrying out
this procedure for anything other than a particularly simple model.

If we assume that each subsystem is in an eigenstate—a nontrivial assumption that we
return to in Chapter 24—the total energy of the composite system must be the sum of an
energy eigenvalue from each subsystem, E = E,, 4 + E,, . To calculate the probabilities
for distributing the total energy among the two subsystems, we have to be able to take
some amount of energy from subsystem A and transfer it to subsystem B. Unfortunately,
the energy levels in a general macroscopic quantum system are not distributed in a regular
fashion; if we change the energy in subsystem A to E,y 4 = E,, 4 + AE, there will generally
not be an eigenstate in subsystem B with an energy E,, g — AE. Even though the energy
eigenvalues in a macroscopic system are very closely spaced, we will not always be able
to transfer energy between the subsystem and maintain a constant total energy.

It is important to recognize that this is a problem that has arisen because we are
assuming that each subsystem is in an eigenstate; all linear combinations of eigenstates,
as in eq. (23.18), have been neglected.

Because macroscopic systems are never in an eigenstate, they do not have precisely
specified energy. The typical spread in energy is far greater than the tiny gap between
energy levels. Beyond that, the interactions between the two subsystems that are neces-
sary to transfer energy between them will result in a single set of eigenvalues for the full
composite system.

We must find a different way to do calculations. The simplest method is to make one of
the subsystems extremely large and treat it as a thermal reservoir. As a quantum system
becomes larger, its energy levels move closer together; in the limit of an infinite system,
the energy spectrum becomes a continuum, and it is always possible to find a state with
any desired energy. For this reason, we will abandon the microcanonical ensemble and
turn to the canonical ensemble for most calculations in quantum statistical mechanics.
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Quantum Canonical Ensemble

1 do not like it, and I am sorry I ever had anything to do with it.

Erwin Schrodinger, Austrian physicist (1887-1961), Nobel Prize 1933,
speaking about quantum mechanics.

The quantum canonical ensemble, like its classical counterpart, which was discussed in
Chapter 19, describes the behavior of a system in contact with a thermal reservoir. As
in the classical case, the detailed nature of the reservoir is not important; it must only be
big. This is partly to allow us to expand the entropy in powers of the ratio of the size of
the system to that of the reservoir, and also to allow us to treat the eigenvalue spectrum
of the reservoir as continuous.

We have already seen in Chapter 21 that the canonical entropy gives an improved
expression for the entropy of a classical system. This is also true of the quantum canonical
entropy, which has the advantage of being defined on a continuum of energy values,
instead of just being defined on the eigenvalues of the Hamiltonian.

An important thing to notice about quantum statistical mechanics as you go through
the following chapters is that the same ideas and equations keep showing up to solve
different problems. In particular, the solution to the quantum simple harmonic
oscillator (QSHO) turns out to be the key to understanding crystal vibrations,
black-body radiation, and Bose—Einstein statistics. The basic calculation for the
QSHO is discussed in Section 24.10; if you understand it completely, the topics
in Chapters 25 through 28 will be much easier. The other kind of calculation that
will appear repeatedly is one in which there are only a small number of quantum
energy levels. Indeed, in the most important case there are only two energy levels.
This might seem like a very limited example, but it provides the essential equations
for Chapters 27, 29, and 31.

24.1 Derivation of the QM Canonical Ensemble

The derivation of the quantum canonical ensemble follows the same pattern as the
derivation of the classical canonical ensemble in Section 19.3.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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Let an cigenstate |n) for the system of interest have energy E, and the reservoir
have energy ER, so that the total energy is ET = E,, + Er. Let QRr(ER) = Qr(ET — E,)
be the degeneracy (number of eigenstates) of the energy level Eg in the reservoir. The
‘probability’ P, of an eigenstate with energy E,, in the system of interest is then given by:

_ Qr(Er —Ey)

, = 24.1
Qr(ET) ( )

As we did in Section 19.3, take the logarithm of both sides and use the fact that E7 > E,,
to expand InQg(ET — E,;) in powers of E,/ET,

InP, =InQr(ET — E,;,) —InQr(ET)

a
~InQr(ET) —EnaTanR(ET) —InQ7(ET). (24.2)
T

The approximation becomes exact in the limit of an infinite reservoir. In practice, the
error due to using finite reservoirs is so small, that we will ignore the higher-order terms
and use an equal sign for simplicity.

In analogy to the classical derivation in Section 19.3, we identify

B= kB%T = %anR(ET), (24.3)
so that we can write eq. (24.2) as
InP,=—-InZ — BE,, (24.4)
or
P, = %exp(—ﬁEn), (24.5)
where
—InZ =InQRr(ET) —InQr(ET). (24.6)

The normalization factor Z is known as the quantum mechanical partition function
(in analogy to the classical partition function) and can be evaluated by summation over
all eigenstates,

Z= Zexp(—ﬂEn). (24.7)

Note that the quantum Boltzmann factor exp(—BE,,) plays the same role as the classical
Boltzmann factor in eq. (19.17). The quantum mechanical partition function plays the
same role as the classical partition function.
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Eq. (24.7) is often used as a starting point in textbooks on quantum statistical
mechanics because of its simplicity. Unfortunately, its validity and significance are
not completely obvious without an explanation. It s a good starting point for many
calculations in quantum statistical mechanics. However, a problem arises if we
consider a quantum theory of distinguishable particles. A common procedure is
to ignore this possibility, but since a quantum theory of colloidal particles (which
are distinguishable) should make sense, we will include this case in a later chapter. It
should not come as a surprise that a factor of 1/N! will play a role in the discussion,
and eq. (24.7) will have to be modified to include the factor of 1/N! explicitly.

It is often convenient to reexpress eq. (24.7) in terms of the energy levels. In that case,
we must include the degeneracy Q2 (¢) for each energy level ¢,

7= ZQ(Z) exp(—BEy). (24.8)
14

It is essential to remember that in eq. (24.7) the index n runs over the quantum
numbers for the eigenstates of the system—not the energy levels—and that you need
to include the degeneracy as in eq. (24.8) if you are summing over energy levels.

24.2 Thermal Averages and the Average Energy

Combining eq. (24.7) with eq. (23.35), we find a very useful expression for the average
of an operator A in the canonical ensemble, that is, at a temperature 7 = 1/kgJ,

(A) =D PyinlAln). (24.9)
n
Inserting the expression for P, from eq. (24.5), this becomes

(A) = %zﬂ:WIAIn) exp(—BEy). (24.10)

A particularly important case is the average energy

1 1
U=(H)=_3 (nlHn)exp(—BEn) = _ 3  Eyexp(—BEy). (24.11)

n

24.3 The Quantum Mechanical Partition Function

Although the partition function Z was introduced simply as a normalization factor in
eq. (24.7), it turns out to be very useful in its own right in the same way that the classical
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partition function was found to be useful in Chapter 19. As in the classical case, the

partition function in eq. (24.7) depends on the temperature as 8 = 1/kp7T. If we take the
derivative of the logarithm of the partition function, we find

0 1( 0 1
(ﬁan)V’N - (@ Zn:exp(—ﬁEn)) = ?—En)exp(—msn) —_u.

V,N
(24.12)
If we compare this equation to the thermodynamic identity
d(BF
(£> =U, (24.13)
3/3 V,.N
we see that we can integrate it to obtain
InZ=—-BF+f(V,N), (24.14)
in which the function (7', N) has not yet been determined.
To determine the function f(V,N), first consider the derivative of
F=—kT[InZ-fV,N)], (24.15)
with respect to temperature,
oF ag o
— =—kp[InZ —f(V,N)] — kT ——1InZ 24.16
<8T>V,N InZ —f(V,N)] — ks oT 9p ( )
-1
= —kp[—BF] —kyT -U
B[—BF] — ks <kBT2>( )
1 1
=—F-U)==U-TS-U)=-S.
T ( ) T ( )
Clearly, the function (77, N) has no effect on either the energy or the entropy.
Next consider the derivative of F with respect to volume,
oF il a
— =—kpT | —InZ— —f(V,N 24.17
(av)TN 5 [avn Tk )} (24.17)

1 dE, 3
= —kpT- Zn: (—/3 e ) exp(—BE,) — kBT—f

oV
1 JdE, a
=22 ( > ) exp(—Ey) — kpT-L

d v’
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Now we need the relationship between the pressure the system would have in an
eigenstate, and the partial derivative of the energy of that eigenstate with respect to the
volume. To avoid confusion with P, defined earlier in this section, we will denote the
pressure of the system in an eigenstate by P(|n)),

dE,
P(|n))=—<av> . (24.18)
T,N

Combining egs. (24.17) and (24.18), we find

oF __1 _ary_war o
(W/>T,N_ Z;Pan»exp( PEn) —kpT -0 = =P (24.19)

where P is the average pressure. Since P must be given by the weighted average of the
pressures in the eigenstates,

P= %;Pum)exp(—ﬂEn), (24.20)

the partial derivative of f(1/,N) with respect to IV must vanish; f can only be a
function of N,

F(V,N) =f(N). (24.21)

At this point, we would need to examine the N-dependence of the energy eigenvalues,
but this is best done later in the context of the discussion of the quantum ideal gas and
the exchange of particles with a reservoir. For the time being we will tentatively assign
the value zero to the function f(IN). This will turn out to be a valid choice for fermions
or bosons, but not for distinguishable particles.

The (tentative) choice of f(N) = 0 has the great advantage of simplifying eq. (24.14)
and giving it the same form as in classical statistical mechanics:

InZ = —BF, (24.22)
or

Z = exp(—BF). (24.23)

As noted in the first box in Section 24.1, the case of distinguishable particles has to
be handled rather differently. We will see in Section 27.9 that the proper choice for
a system of distinguishable particles is f(IN) = —In(N!).
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24.4 The Quantum Mechanical Entropy

The expression for the entropy can also be written in another form, which is both useful
and revealing.

As in eq. (24.16), take the derivative of the free energy with respect to temperature to
find the (negative) entropy, but now set f(VV,N) =0,

oF -1 \o0
il =—kpglnZ-kT(— |—InZ
BT V.N kBT2 3/3

1
= —kglnZ+ ' Xn: (—E,) exp(—BE,). (24.24)

In the second line of this equation we have used eq. (24.7) to express the derivative of
the partition function in terms of a sum. Now recall from eq. (24.5) that

1
P, = 7 exp(—BEy), (24.25)
or
InP,=—InZ — BE,, (24.26)
and, of course,
1
XH:P” = Xn:exp(—ﬁEn) =1. (24.27)

Eq. (24.24) can now be written as

oF _ B B )
<ﬁ) . =—kp |:an2"an -7 Xn:( E,;) exp( ﬁEn)i|
= —kp)_[PanZ+BE,P]

=kpy P,InP,=-S, (24.28)
n

which gives us an alternative expression for the entropy

S= —kBZPnlnPn. (24.29)
n
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Eq. (24.29) is often taken as a fundamental starting point in books on statistical
mechanics. Its simplicity is certainly an advantage of this choice. Nevertheless, the
validity of this equation is not really obvious without a derivation such as the one
given above.

24.5 The Origin of the Third Law of Thermodynamics

An important consequence of eq. (24.29) is that since 1 > P, >0 and InP, <0, the
entropy is always positive. This implies that the limit of the entropy as the temperature
goes to zero is non-negative. Since the entropy at 7 = 0 must be a constant, and not
minus infinity as it is in classical statistical mechanics, this establishes the Nernst
Postulate, or Third Law of Thermodynamics, as a general consequence of quantum
mechanics.

To investigate the value of the entropy at 7' = 0, we note that

Po= L exp(—pE,) = <PCPED

_ . 24.30
Z 2_neXp(—BEy) (2430

If we express the partition function in terms of energy levels indexed by £, we can write

Z=> Q) exp(—BEy), (24.31)
L

where 2 (€) is the degeneracy of the £th level.
Let £ = 0 be the lowest energy level, so that £2(0) is the degeneracy of the ground state.
Eq. (24.31) can then be written as

Qo)

Z = Q(0) exp(—BEo) [1+ (
bzo 2(0)

) exp(=B(Ee — Eo))] . (24.32)

Since ¢ =0 is the lowest energy level, E, — Ey > 0, for all £ > 0. That implies that as
T — 0, the ground state probability, Py, is given by

lim Py = lim p(=PLo)
1077 120\ @(0)exp(—BEo) [ 1+ X0 (518} ) exp(—B(Ee — Eo)) ]

1 Q(0)
= 50 im, [1 +) ( 5 (O)) exp(—p(E; —Eo)):|

£>0
1

:m,

-1

(24.33)
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and the probability of any higher level with E; > Ej is

lim P, = lim P Chty
1200 120\ () exp(—~BED) [1+ Lo-o (55 ) exp(~B(E — o))

-1
_exp(=B(E; — Ep)) .. Q) B 3
= Q0) YI‘ILHO {1 + é{o < 20) ) exp(—B(E; Eo))}

—0. (24.34)

Now return to eq. (24.29) for the entropy in terms of the set of ‘probabilities’ {P,}.
Since it is well known that lim,_, o (xInx) = 0, we can see that

. 1 1
71"151)10S(T) = —kBQ(O)mlnm = kplnQ2(0). (24.35)

If the ground state is non-degenerate, 2(0) = 1, and S(T = 0) = 0. Otherwise, it is a
positive number.

We are often interested in the entropy per particle, rather than the total entropy. At
zero temperature, S(7 = 0) /N, is given by

S(T'=0) kplnQ(0)
N N

(24.36)

If ©2(0) does not depend on the size of the system, the entropy per particle vanishes
as the system size diverges. For a finite but macroscopic system, the entropy per site at
zero temperature is non-zero, but immeasurably small. This is the origin of the Planck
formulation of the Nernst Postulate (or Third Law of Thermodynamics), which requires
the entropy to be zero at T = 0.

However, there is another possibility. Suppose that the degeneracy of the ground state
depends on the size of the system as,

Q) =d, (24.37)

where a > 1 is some positive constant. Then the zero-temperature entropy per particle
is given by

S(T=0) kplnaV
N =~ N

=kglna > 0. (24.38)

This would violate the Planck formulation of the Nernst Postulate, but Nernst’s original
formulation would still be valid.
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The possibility suggested by eq. (24.38) actually occurs, both in model calculations
and real experiments. The essential feature of a system that exhibits S(7" = 0)/N > 0
is a disordered ground state. This is true of normal window glass, and has been
confirmed by experiment. It is also true of an interesting class of materials called
‘spin glasses’, which are formed when a small fraction of a magnetic atom (such as
iron) is dissolved in a non-magnetic material (such as copper). For reasons that go
beyond the scope of this book, the ground state of this system is highly disordered,
leading to a large number of very low-lying energy levels. Although the ground-state
degeneracy for these materials does not strictly follow eq. (24.37), the predicted
zero-temperature limit S(7° = 0)/N > 0 is found experimentally. There are simple
models of spin glasses for which the inequality in eq. (24.38) can be shown to be
exactly correct.

24.6 Derivatives of Thermal Averages

Since the partition function depends on the temperature in a simple way, we can express
derivatives of thermal averages with respect to 7 or 8 in terms of fluctuations. This
extremely useful mathematical technique has already been discussed for the classical
case in Section 19.8.

For simplicity, begin with derivatives with respect to 8. Eq. (24.10) gives the formal
expression for the thermal average (A),

(A) = %ann) exp(—BEy). (24.39)

n
The partial derivative of (A4) with respect to B gives the equation

0 107 1
£<A> = ‘Z@W + ;<n|A|n><—En) exp(—BE,)

= (A)(H) — (AH). (24.40)

This result is completely general.
Applying eq. (24.40) to the thermal average of the energy, we find

a oU
S (H) = == [(H) — ()]
op op
The derivative of the energy with respect to 8 is given by the negative of the variance of

the energy.
If we apply this equation to the calculation of the specific heat, we find

10U 1 080U 1 ) )
=0 2P H?) — (H)?]. 24.41
VENOIT NOT 08 NkgI? [< )= >] (24.41)
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The proportionality between the specific heat and the variance of the energy is exactly
the same in quantum and classical mechanics. (We derived the classical version in
Section 19.9.)

The relationship between thermal fluctuations and thermodynamic derivatives is both
deep and powerful. Using it can make seemingly difficult calculations become very easy.
It is particularly useful in computer simulations.

24.7 Factorization of the Partition Function

The best trick in quantum statistical mechanics corresponds directly to the best trick
in classical statistical mechanics, which was discussed in Section 19.12. In both cases,
the form of the Hamiltonian allows us to factor the partition function, transforming a
many-dimensional problem into many low-dimensional problems.

It is quite common to encounter problems in which the Hamiltonian can—at least
approximately—be written as a sum of N terms

N
H= Z H;, (24.42)
j=1

where the terms H; all commute with one another. If this is true, the eigenvalue equation
for Hj is

Hiln) = Ey, ) (24.43)
and the eigenvector of the full system can be written as,

N

) = [ Ima)s (24.44)
k=1
where we have used the index 7 to denote the full set of quantum numbers,

n={njj=1,...,N}. (24.45)

Since the term H; only acts on |n;),
Hj|n) = E,, ]_[ k) = Ey|n). (24.46)

The full eigenvalue equation becomes,

N N N N

N
Hin)=) H;[]lim)=) E, H ) =) Enyln) = Enln), (24.47)
j=1 k=1 j=1 J=1
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where
E, = ZE] (24.48)

We can use eq. (24.48) to cast the partition function in a very convenient form:

N
Z = Zexp —B ZE"/
j=1

{nj

~ S [ew(-sE,)

{n;} j=1

_Zexp —BEuy)- Zexp —BEy,) ZeXp( BEn,)

=]_[ > “exp(—BEy) |- (24.49)

J=L\ %

Because this equation turns out to be extremely useful, we will repeat it without the
intermediate steps,

7= Znexp( ﬂEn])_l_[ Zexp(—,BEnj) ) (24.50)

{n;} j=1 J=1\ %

This form of the partition function allows us to factor it into a product of terms,
each of which is much easier to evaluate than the original expression. Just as for the
corresponding equation in classical mechanics (see Section 19.12), difficult problems
can become very easy by using eq. (24.50).

Because of the importance of eq. (24.50) and the frequency with which it is used,
we should call attention to a mental hazard associated with it that can catch the
unwary. In eq. (24.50) we are exchanging a sum and a product,

N N
Y111
{nj} j=1 =1 1

However, the sums on the right and left sides of the equation are not over the same
quantum numbers. The sum on the right, an, is only over the quantum numbers

associated with the term H; in the Hamiltonian. The sum on the left, Z{n]_}, is
over the set of all quantum numbers for the entire system. In the heat of battle

continued
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(while taking a test), it is not unusual to forget to write the indices of sums and
products explicitly. Omitting the indices is always a bad way to save time, but it can
be especially dangerous when using eq. (24.50).

We are now in a position to see why eq. (24.50) is so valuable. From eq. (24.22), the
free energy is given by the logarithm of the partition function. When the Hamiltonian
has the form given in eq. (24.42), the free energy becomes particularly simple,

N
F=—kpTInZ=—kpTiny [ [exp(—BEy)
(n) j=1

N
=—kpTIn] [| D exp(—BE,)

=1\ %
N

=—kBTZln Zexp(—ﬂEnj) ) (24.51)
j=1 nj

Since the sums in the last line of this equation are only over a single quantum number,
rather than all combinations of N quantum numbers, they are much easier to carry out.

If the spectrum of eigenvalues is the same for every term H;, eq. (24.50) simplifies
further,

F= —kBTNanexp(—ﬁEnl). (24.52)

ni

The calculation of Helmholtz free energy of the N-body system is reduced to the
calculation of the free energy of a one-body system, which is much easier.

24.8 Special Systems

In the following sections we will discuss the simplest examples of component systems
that we might find after factorization. These examples are important because they
occur repeatedly in quantum statistical mechanics. We will see applications of the
same mathematical forms in the analysis of magnets, vibrations in crystals, black-body
radiation, fermions, and bosons. Consequently, these examples are to be studied very
carefully; if you know them well, most of the mathematics in the rest of the book will
be easy.

There are a number of many-body systems for which the partition function can be
easily found because they have a small number of energy levels. For such systems, it is
an easy matter to sum up a small number of terms to obtain the partition function.
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There are two classes of systems that are so important in the development of statistical
mechanics that we will devote the remaining sections in this chapter to their analysis.
These systems are simple harmonic oscillators and any system with only two energy
eigenstates.

24.9 Two-Level Systems

The simplest imaginable quantum system would have only one state—but it would not
be very interesting.

The next simplest system has two quantum eigenstates for each element making up
the system. There are two forms in which we will encounter a two-level system. The
mathematics is essentially the same in both cases, but since the usual ways of expressing
the results differ, they are both worth studying.

Because two-level systems can support negative temperatures, it is appropriate to use
Massieu functions in their analysis.

24.9.1 Energies 0 and ¢

The first form for a two-level system assigns the energies 0 and € to the levels. Letting
the quantum number # take on the values of 0 and 1, the Hamiltonian is simply

H=e¢n. (24.53)
The partition function contains just two terms,
1
Z = exp(—Ben) =1+ exp(—pe). (24.54)
n=0
The Massieu function, S [B], and the energy are easily found,

S[B] =1nZ = In(1 + exp(—Be¢)) (24.55)

_3S[Bl _ eexp(=Be) e

U= "9 “Ttexp(—po _ expBo+1

(24.56)

Note that the average value of the quantum number # (average number of excitations in
the system) is given by

_ O+exp(—pe) 1

= = , (24.57)
I +exp(—Be) exp(Be)+1

1
1
(n) = E nzexp(—ﬁen)
n=0
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which is consistent with the average value of the energy

1 1
U= (H)= ZH% exp(—pBen) = Zen%exp(—ﬁen) = €(n). (24.58)
n=0 n=0

It will be very important to remember the expression for (z) given in eq. (24.57),
and especially the positive sign of the exponent in the denominator. Because the usual
Boltzmann factor exp(—BH) contains a negative sign, confusing the sign is a well-
known mental hazard.

To express the Planck entropy for the full N-body system, first note that the energy
of the £-th level is €£. The Planck entropy of the two-level of the N two-level objects is
then

N!
Sp,2-level = kpln <m> (24.59)

This expression is not exactly extensive, even though it should be since the system is
composed of N independent objects. It is also defined only for energies that are integer
multiples of €. In the limit of infinite N, it agrees with the canonical entropy, which is
given next.

The canonical entropy for the full N-body is

8¢,2-1evel = —NERp [yIny + (1 —y) In(1 —y)], (24.60)
where,
U2—level
= 24.61
Y= T Ne (24.61)

It is obviously exactly extensive and a continuous function of energy. The derivation of
this expression is the subject of Problem 24.4.

24.9.2 Spin-One-Half

The second form in which we encounter two-level systems is related to magnetism. If the
operator o takes on the values +1 and —1 (ignoring factors of Planck’s constant), the
Hamiltonian,

H = —bo, (24.62)

corresponds to a spin-one-half magnetic moment in a magnetic field 4. In this equation
b has units of energy, which makes life easier.
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The partition function again contains just two terms:

Z= Z exp(—B(—bo)) = exp(Bb) + exp(—pb). (24.63)
o==+1

The free energy and the energy are again easily found,

S[B] =InZ = In [exp(Bb) + exp(—Bb)] (24.64)

_aSBy _ <eXp(ﬂb) —exp(—pb)
op exp(Bb) + exp(—Bb)

> — —btanh(Bb). (24.65)

Note that the average value of o (average magnetization) is given by

_ 1 _exp(Bb) —exp(—Bb)
(o) = Uélaz exp(Bbo) = exp(Bb) T exp(—pb) — tanh(pb), (24.66)

which is consistent with the average value of the energy.

Itis traditional to use the hyperbolic tangent in magnetic problems and the exponential
sums for other two-level systems. The two forms are, of course, equivalent. The
mathematical expressions

X 2x

e —e”
& tex  1+4e2x’

_ 1—e

tanhx = (24.67)

are good choices for memorization.
The Planck entropy can be easily obtained from eq. (24.59), and the canonical entropy
from eq. (24.60).

24.10 Simple Harmonic Oscillator
The Hamiltonian of a simple harmonic oscillator (SHO) in one dimension is given by

1 21 R d?
H=-ké+2 "2 2
2 2m 2 2m dx?

(24.68)
where m is the mass of the particle and K is the spring constant.

The energy spectrum for a simple harmonic oscillator (SHO) has an infinite number
of states, labeled by a quantum number that takes on non-negative integer values,
n=0,1,...,00,

1
E, = hw (n+§>. (24.69)
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The angular frequency, w, in eq. (24.69) is identical to the classical value,

K

w=,—. (24.70)
m

Even though there is an infinite number of states, the uniform spacing makes the
evaluation of the partition function only slightly more difficult than for a two-level system,

7= Zexp (—Bhow(n+1/2))

n=0
_ exp(—pho/2)

= en )’ (24.71)

Sums of the form

for |x| < 1, occur frequently in quantum statistical mechanics. The savvy student
should expect it to appear on tests—and not only know it, but know how to derive it.
[Hint: y=) 2 o x", xy =y — 1]

For high temperatures (small 8), we expect the partition function to go to the classical
value, Z s = 1/(hBw), as found in Section 19.13,

_exp(—Bhw/2)
1 —exp(—Bho)

-1
— (1—,3hw/2—|—~-)|:1—(l—ﬂhw—l—%(ﬂha))z—i-m)}
1 (l—ﬂha)/2+---)
—_—
Bhw \ 1 —Bhw/2+---
1

- —.
Bhw

(24.72)

This agreement between the classical and quantum results for an SHO is the basic
justification for the inclusion of the factors involving 1/4 (where % is Planck’s constant) in

the classical definitions of the entropy in egs. (7.3) and (7.30), and the partition function
in eq. (19.27).
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Returning to the full quantum partition function given in eq. (24.71), we can easily
obtain the free energy and the energy,

F=—kgTInZ
= —kpTInexp(—Bhw/2) + kT In(1 — exp(—pPhw))
= %ha)+k3T1n(1 — exp(—Bhw)) (24.73)
y = 285
op

1 hwexp(—pBhw)
2 1 — exp(—Bhw)
hw

1
- ot —2 24.74
2" By —1 (24.74)

The form of the energy in eq. (24.74) can be compared with the formal expression
for the average of the energy

(E,) = %hw-l—ha)(n). (24.75)

Either from this comparison or from a direct calculation, we can see that the average
number of excitations of the SHO is given by the expression

1

n) = exp(Bhw) — 1~

(24.76)

As it was for the average number of excitations in a two-level system in eq. (24.57),
it will be very important to remember the expression for (z) in eq. (24.76) for a
quantum SHO. Here again, the positive sign of the exponent in the denominator
can be easily forgotten.

The canonical entropy of a collection of N simple harmonic oscillators can be found
from the equations for F and U.

24.11 Einstein Model of a Crystal

Our first application of the quantum simple harmonic oscillator is Einstein’s model of the
vibrations of a crystal. Einstein made the approximation that all atoms except one were
fixed at their average locations. He then approximated the potential seen by the chosen
atom as being parabolic, so that he could treat the motion of the remaining atom as a
three-dimensional SHO.
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Assuming for simplicity that the quadratic terms are isotropic, the Hamiltonian for
the one moving particle is
1112

| S
H; = K|+ =—, (24.77)
2 2m

where the subscript 1 indicates that this Hamiltonian only applies to the one special
particle.

The partition function for this system factorizes into three identical terms, each given
by the partition function of the one-dimensional SHO from eq. (24.72),

—Bhw/2) \°
Z1 = M . (24.78)
1 — exp(—pBhw)
The energy is just three times the energy of a single one-dimensional SHO,
3 3h
U = 2 ho @ (24.79)

.
2 exp(Bhw) — 1
For N atoms in the crystal, the total energy is just N times the energy of a single atom,

3Nhw

3
Un = ~Nhw+ ——22
N = Nt o (Bhw) — 1

(24.80)

The specific heat at constant volume is given by the usual derivative with respect to
temperature,

w +

a8 0 (éNh 3Nhw )
2 exp(Bhw) — 1

3hw 0 1
T kpT? B (exp(ﬂha)) - 1)
_ 3hw —hwexp(fhw)
kT2 (exp(Bhw) — 1)2

B ho \2 exp(Bhw)
=3kp < ) (exp (i) — 1) (24.81)

The final expression for ¢y (7)) in eq. (24.81) has interesting properties at high and
low temperatures.
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At high temperatures (small 8), the factor of exp(B/w) in the numerator goes to one,
while the expression in the denominator can be expanded,

(exp(Bhw) — 1)? = (1 + Bho + - — 1)? = (Bhw)?. (24.82)

Using this to find the high-temperature limit of ¢y (7") gives

ho \? 1

This constant value of the specific heat at high temperatures is just the well-known law
of Dulong and Petit (Pierre Louis Dulong, French physicist and chemist, 1785-1837,
and Alexis Théréese Petit, French physicist, 1791-1820) It is identical to the specific heat
of the corresponding classical model.

At low temperatures (large 8), the factor of exp(B4w) becomes extremely large, and
the ‘—1’ in the denominator can be neglected,

ey (T) — 3kp (Bhw)? exp(—Bhw). (24.84)

Even though the factor of 82 diverges at low temperature, the factor of exp(—B%4w) goes
to zero much faster. The result is that the specific heat in the Einstein model goes to
zero rapidly as the temperature goes to zero, as it must according to the Third Law of
Thermodynamics.

The Einstein model was a great success in explaining the qualitative features of
the specific heat of crystals at low temperatures and the quantitative behavior at high
temperatures. Nevertheless, the specific heat of real crystals does not go to zero as rapidly
as predicted by eq. (24.84). Instead, a T behavior is seen in insulators, while the specific
heat of metals is linear in T at low temperatures. The explanations of these observations
will be given in Chapters 26 and 29.

The next chapter discusses black-body radiation, which might seem to be a bit of a
detour. However, it turns out that the mathematical form of the equations we will find
is very similar to, but simpler than, the equations needed to explain the low-temperature
behavior of the specific heat of crystals, which will follow in Chapter 26.

24.12 Problems

PROBLEM 24.1
Quantum statistical mechanics: A spin in a magnetic field

Consider a magnetic moment with spin-one-half in a magnetic field. Being a lazy theorist,
I prefer not to write %/2 repeatedly, so I will use units in which the spin o = +1. I will
also choose the units of the magnetic field such that the energy of the system is just

E=—bo.
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The system is in contact with a heat reservoir at temperature 7.

1. Calculate the probability of the spin having the value +1.

2. Calculate the average magnetization m = (o). Express your answer in terms of
hyperbolic functions.

3. Calculate the two leading terms in a high-temperature expansion of the magnetization
in powers of 8 =1/kpT.

4. Calculate the leading (non-constant) term in a low-temperature power series expan-

sion of the magnetization in some variable at low temperatures. (Hint: it will be in the

form of an exponential.)

Calculate the average energy. Plot it as a function of temperature.

W

6. Calculate the specific heat. Plot it as a function of temperature
7. Calculate the magnetic susceptibility,
_ dm
=

PROBLEM 24.2
A computer simulation of a two-level system Quantum statistical mechanics: A
spin in a magnetic field

Consider the same magnetic moment with spin-one-half in a magnetic field that we
looked at in an earlier problem. The units of the magnetic field are again chosen such
that the energy of the system is just

E=-bo.

The system is in contact with a heat reservoir at temperature 7.

For this problem, instead of doing an analytic calculation, we will carry out a
computer simulation using the Monte Carlo method. Although this might seem to be the
hard way to do it, we will see later that the method can be generalized to solve problems
that do not have analytic solutions.

1. Write a computer program to simulate this two-level system. The program should
calculate the thermal probability of being in each state, as well as the average
magnetization and the magnetic susceptibility. Have the program print out of the
theoretical values for comparison.

2. Use your program to calculate the magnetization and magnetic susceptibility for a set
of ‘interesting’ values of the magnetic field and temperature.

PROBLEM 24.3
Quantum statistical mechanics: Another two-level system

Although a two-level system might seem very simple, it is very important and occurs
frequently in various guises. Here is another form that we will see often.
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A system only has two states, which are both non-degenerate. The energies of these
two states are E=0and E=¢ > 0.
The system is in contact with a heat reservoir at temperature 7.

Calculate the probability of being in the excited state.

Calculate the average energy. Sketch it as a function of temperature.

Calculate the average specific heat. Sketch it as a function of temperature.

Calculate the two leading terms in a high-temperature expansion of the energy in
powers of 8 = 1/kpT.

5. Calculate the leading (non-constant) term in a low-temperature power series expan-
sion of the energy in some variable at low temperatures. (Hint: the variable will be in
the form of an exponential.)

YN =

PROBLEM 24.4
Derivation of S¢ for N two-level systems

Consider a collection of N two-level quantum objects. The Hamiltonian is

N
Hylevl =€ Y mpy
k=1

nr = 0 or 1, and € is the energy difference between the two levels in each object.
The entropy is denoted as S=S(U,V,N), and the dimensionless entropy is
=S/kp.

e

Find the partition function for this Hamiltonian in closed form.
Find the Massieu function S [8]

Find the energy U = U(B) from S.jeve1 [B].

Simplify the notation by defining a dimensionless energy

O =

_ Uz tevel
Ne
Find B as a function of y.
5. Plot B as a function of y = U/Ne.

Find SZ-level as a function of y = U/Ne.
7. Plot S>_jevel as a function of y = U/Ne.

*

PROBLEM 24.5
Quantum statistical mechanics: Return of the simple harmonic oscillator

The energy levels of a quantum SHO are given by

1
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where n=0,1,2,...,

h
h=—
2
and
K
w = —_—.
m

1. Calculate the QM partition function.

2. Calculate the probability that a measurement of the energy will find the QM SHO in
the n-th eigenstate.

3. Calculate the average energy.

4. Calculate the specific heat.

5. Calculate the high-temperature limit of the specific heat.

6. Calculate the leading term in a low-temperature expansion of the specific heat. (You

should be able to figure out what a good quantity to expand in would be.)

PROBLEM 24.6
A Monte Carlo computer simulation of a quantum SHO

As we’ve seen before, the energy levels of a quantum SHO are given by

1
Enzha)<n+§>

where n =0,1,2,...,

h
h=—
21
and
K
w=,—.
m

This time we shall carry out a Monte Carlo simulation of this system. There are,
of course, an infinite number of possible states. However, the probability of high-energy
states is very small, making the simulation feasible.

1. Write a program to do a Monte Carlo simulation of a single quantum SHO. Label the
state of the system with the quantum number #, as in the equations above. Let one
MUC step consist of an attempted move to increase or decrease # by 1. Remember
to reject any attempted move that would make # negative.

2. Compute the energy and specific heat (the latter from fluctuations) for a range of
interesting temperature. For convenience, you may take 7w = 1.0. Have the program
print out the exact values for comparison.

PROBLEM 24.7
Quantum statistical mechanics: A many-spin system

Consider a macroscopic crystal with a spin-one quantum mechanical magnetic moment
located on each of N atoms. Assume that we can represent the energy eigenvalues of the
system with a Hamiltonian of the form
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N
H=D) o}
n=1

where each o, takes on the values —1, 0, or +1, and D is a constant representing a ‘crystal
field’. The entire system is in contact with a thermal reservoir at temperature 7.

1. Calculate the partition function for this system.
2. Calculate the free energy of this system.

3. Calculate the quantity
N
1 2
o3 (3)
n=

4. Calculate the entropy per spin of this system.
5. Determine whether this system satisfies the Nernst Postulate for all values of the
parameter D.

PROBLEM 24.8
Quantum statistical mechanics: A many-spin system (This is a slightly more
difficult version of the previous problem).

Consider a macroscopic crystal with a spin-one quantum mechanical magnetic moment
located on each of N atoms. Assume that we can represent the energy eigenvalues of the
system with a Hamiltonian of the form

N N
H=B) 0,+D) o;
n=1 n=1

where each o, takes on the values —1, 0, or +1,and B and D are constants representing an
external magnetic field and a ‘crystal field’, respectively. The entire system is in contact
with a thermal reservoir at temperature 7.

1. Calculate the partition function for this system.
2. Calculate the free energy of this system.
3. Calculate the magnetization per spin

4. Calculate the entropy per spin of this system.
5. Determine whether this system satisfies the Nernst Postulate for all values of the
parameters.

PROBLEM 24.9
A diatomic ideal gas Quantum statistical mechanics—but only when needed

Consider a dilute gas with N diatomic molecules that you can treat as ideal in the sense
of neglecting interactions between the molecules. We shall assume that the molecules
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consist of two-point masses with a fixed distance between them. They can rotate freely,
but they cannot vibrate.
The center of mass motion (translational degrees of freedom) can be treated classi-
cally. However, the rotational degrees of freedom must be treated quantum mechanically.
The quantum mechanical energy levels take the form €(j) =j(G+ 1)€,, where
7=0,1,2,... and the degeneracy of the j-th level is given by g(y) =27+ 1. (You can
peek at a QM text to find the value of ¢,, but you do not need it for this assignment.)
Although you do not need it for this assignment, the parameter ¢, is given by

h2
T 21

where I is the moment of inertia of a molecule.
The whole system is in equilibrium with a thermal reservoir at temperature 7.

€0

1. Write down the canonical partition function, treating the translational degrees of
freedom classically and the rotational degrees of freedom quantum mechanically.

2. Evaluate the energy and the specific heat for both high and low temperatures.

3. Sketch the energy and the specific heat as functions of temperature, indicating both
the high- and low-temperature behavior.

PROBLEM 24.10
Another diatomic ideal gas—entirely classical this time, but in two dimensions

Consider a classical, dilute, diatomic gas with N molecules in two dimensions. The
gas is again ideal in the sense of neglecting interactions between the molecules. Each
molecule consist of two-point masses. Although there are no interactions between
different molecules, there is an interaction between the atoms in the same molecule of

the form
V(r) = { Zén(r) r>a

r<a.

The gas is contained in a two-dimensional ‘box’ of area 4 = L?. The whole system is in
equilibrium with a thermal reservoir at temperature 7.

1. What is the classical Hamiltonian for this system?

2. Write the canonical partition function as an integral over phase space.

3. Calculate the partition function in closed form, under the assumption that the
molecule is much smaller than the box it is in. That is, let the limits on the integral
over the separation between the atoms in a molecule extend to co.

4. This model is only valid for low temperatures. At what temperature do you expect it
to break down?

5. Now calculate the average square separation (r?) between the atoms in a molecule.

PROBLEM 24.11
Two-level quantum systems

1. Consider a simple set of N two-level subsystems. The subsystems are all independent,
and each has two allowed states with energies O (ground state) and € (excited state)
so that the full Hamiltonian can be written as
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N
H= ZE(n)
n=1

where E(n) = 0 or E(n) = € The entire system is in thermal equilibrium at tempera-
ture 7.

1
1. At what temperature is the average total energy equal to EN €?

2
2. At what temperature is the average total energy equal to §N €?

2. Suppose the subsystems in the part 1 of the problem had the same ground state with
energy 0, but different values of the energy in the excited states. Assume that the
energy of the excited state of the n-th subsystem is ne.

1. What is the average energy of the total system?

2. Suppose we are in the low-temperature regime, for which kg7 < E,,,x. Calculate
the average energy. You may leave your answer in terms of a dimensionless integral,
but you should obtain the temperature dependence.

3. What is the heat capacity of the total system?
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Black-Body Radiation

The spectral density of black body radiation ... represents something absolute, and
since the search for the absolutes has always appeared to me to be the highest form of
research, I applied myself vigorously to its solution.

Max Planck, German physicist (1858-1947), Nobel Prize 1918

25.1 Black Bodies

In physics, the expression ‘black body’ refers to an object that absorbs all radiation
incident on it and reflects nothing. It is, of course, an idealization, but one that can be
approximated very well in the laboratory.

A black body is not really black. Although it does not reflect light, it can and does
radiate light arising from its thermal energy. This is, of course, necessary if the black
body is ever to be in thermal equilibrium with another object.

The purpose of the current chapter is to calculate the spectrum of radiation emanating
from a black body. The calculation was originally carried out by Max Planck in 1900 and
published the following year. This was before quantum mechanics had been invented—
or perhaps it could be regarded the first step in its invention. In any case, Planck
investigated the consequences of the assumption that light could only appear in discrete
amounts given by the quantity

A€, = hv = hw, (25.1)

where v is the frequency, w = 2w v is the angular frequency, /4 is Planck’s constant, and
h = h/2x. This assumption is well accepted today, but it was pretty daring in 1900 when
Max Planck introduced it.

25.2 Universal Frequency Spectrum

If two black bodies at the same temperature are in equilibrium with each other, the
frequency spectrum must be the same for each object. To see why, suppose that two black
bodies, 4 and B, are in equilibrium with each other, but that 4 emits more power than Bin
a particular frequency range. Place a baffle between the objects that transmits radiation

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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well in that frequency range, but is opaque to other frequencies. This would have the
effect of heating B and cooling A4, in defiance of the Second Law of Thermodynamics.
Since that cannot happen, the frequency spectrum must be the same for all black bodies.

Since the radiation spectrum does not depend on the object, we might as well take
advantage of the fact and carry out our calculations for the simplest object we can
think of.

25.3 A Simple Model

We will consider a cubic cavity with dimensions L x L x L. The sides are made of metal
and it contains electromagnetic radiation, but no matter. Radiation can only come in
and out of the cavity through a very small hole in one side. Since the radiation must be
reflected off the walls many times before returning to the hole, we can assume that it has
been absorbed along the way, making this object—or at least the hole—a black body.

The only thing inside the cavity is electromagnetic radiation at temperature 7. We
wish to find the frequency spectrum of the energy stored in that radiation, which will
also give us the frequency spectrum of light emitted from the hole.

25.4 Two Types of Quantization

In analyzing the simple model described in the previous section, we must be aware of
the two kinds of quantization that enter the problem.

As a result of the boundary conditions due to the metal walls of the container, the
frequencies of allowed standing waves are quantized. This is an entirely classical effect,
similar to the quantization of frequency in the vibrations of a guitar string.

The second form of quantization is due to quantum mechanics, which specifies
that the energy stored in an electromagnetic wave with angular frequency w comes in
multiples of Zw (usually called photons). _

The theory of electrodynamics gives us the wave equation for the electric field E(¥)
in a vacuum,

1 32E(#,0)

V2E(F ) = — ——>—. 25.2
(r51) 2 2 (25.2)
In eq. (25.2),
> d 09 0
V=|—,—,— (25.3)
dx” dy 0z

and

(25.4)
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The solutions to eq. (25.2) must satisfy the boundary conditions that the component
of the electric field parallel to a wall must vanish at that wall.

Using the symmetry of the model, we find that there are solutions of the
following form:

E,(7,1) = E ,sin(wt) cos (kyx) sin (kyy) sin (k;2) (25.5)
E,(7,1) = E, , sin(wt) sin (kyx) cos (kyy) sin (k;2) (25.6)
E,(7,1) = E, ,sin(wt) sin (kxx) sin (kyy) cos (ky2) . (25.7)

The values of Ey,, Ey,,, and E;, are the amplitudes of the corresponding components
of the electric field in the cavity.

Eq. (25.5) through (25.7) were written to impose the boundary condition that the
parallel components of the electric field vanish at the walls of the cube where x, y, or z is
equal to zero. To impose the same boundary condition at the remaining walls, where x,
3y, or zis equal to L, we have the conditions

kL = ny (25.8)
kyL = nym (25.9)
kL =n,m (25.10)

where ny, n,, n; are integers. Only positive integers are counted, because negative integers
give exactly the same solutions.

Substituting egs. (25.5), (25.6), and (25.7) into eq. (25.2), we find a relationship
between the frequency and the wave numbers,

2,12, 12 w?
kx+ky+kzzc—2. (25.11)
This equation can also be written in terms of the integers ny, n, 715,
2
nxrr)Z (nyy'[)2 (nzrr)Z 0]
—_ = —. 25.12
( L + L + L c2 ( )

Clearly the value of w must depend on the vector 7 = (7, ny,nz), We will indicate the
n-dependence by a subscript and solve eq. (25.12) for w;

2
w2 = (n,% + 2 +n§) (”{) . (25.13)

Taking the square root to find w;;, we obtain

TC nic
wﬁZf\/m:T:w" (25.14)

where n = |7].
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Because the wavelengths that contribute significantly to black-body radiation are
very small in comparison with the size of the cavity, energy differences between
neighboring points in 7-space are very small. This makes the frequency spectrum
quasi-continuous and allows us to change sums over the discrete wavelengths into
integrals. Furthermore, the dependence of the frequency on # shown in eq. (25.14)
is rotationally symmetric, which simplifies the integrals further, as shown in the next
section.

25.5 Black-Body Energy Spectrum

The first step in calculating the black-body energy spectrum is to find the density
of states. From the solutions to the wave equation in Section 25.4, we expressed the
individual modes in terms of the vectors 7. Note that the density of points in #-space is
one, since the components of 7 are all integers,

P;(i) = 1. (25.15)

To find the density of states as a function of frequency P, (w), integrate eq. (25.15)
over 7i-space,

1 [® L\’
Pw(a))=2—/ 4nn’dnd(w—ne /L) =n <—> . (25.16)
8 Jo e

The factor of 2 is for the two polarizations of electromagnetic radiation, and the factor
of 1/8 corrects for counting both positive and negative values of the components
of 7.

Since each photon with frequency w has energy %w, the average energy can be found
by summing over all numbers of photons weighted by the Boltzmann factor exp(—Saw).
Since this sum is formally identical to that for the simple harmonic oscillator, we can just
write down the answer,

hw

(€w) = exp(Bhw) — 1"

(25.17)

Note that eq. (25.17) does not include the ground-state energy that might be
expected for a simple harmonic oscillator. The reason is a bit embarrassing. Since
there is an infinite number of modes, the sum of the ground-state energies is infinite.
The simplest way to deal with the problem is to ignore it on the grounds that a
constant ground-state energy cannot affect the results for the radiation spectrum.
That is what other textbooks do, and that is what I will do for the rest of the book.
I suggest you do the same.
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The energy density spectrum for black-body radiation as a function of the angular
frequency w is found by multiplying the density of states in eq. (25.16) by the average
energy per state in eq. (25.17) and dividing by the volume V = L3,

(1 LY , o _h 5 .
“‘“‘(T/)”(E) O B =1~ s EPBhe) -~ (25.18)

Knowing the energy per unit volume contained in the black-body cavity from
eq. (25.30), and the fact that light travels with the speed of light (if you will pardon
the tautology), the energy per unit area radiated from the hole in the cavity, ¥, is
clearly proportional to ¢U/V. The actual equation includes a geometric factor of 1/4,
the calculation of which will be left to the reader.

Multiplying u,, by the factor of ¢/4 to derive the radiated power gives us the Planck
law for black-body radiation,

o1 h > (25.19)
= —CU,, = . .
Jo = 3o =\ 4722 ) exp(Bhw) — 1

Fig. 25.1 shows a plot of eq. (25.19) in dimensionless units; that is, x> /(exp(x) — 1),
where x = BAw. The function has a maximum at x4 ~ 2.82144.

It is very important to understand how the spectrum of black-body radiation scales
as a function of 7', which will be discussed in the following subsections.

25.5.1 Frequency of Maximum Intensity

Since w = x(kpT' /1), the location of the maximum is
kT
Omax = Xmax ke T/~ 2.82144 (%) (25.20)
which is proportional to the temperature, 7.

1.4
1.2

1
0.8
0.6
0.4
0.2

1 2 3 4 5 6 7

Fig. 25.1 Plot of black-body radiation spectrum, x>/ (exp(x) — 1), in dimensionless units. For
comparison with the black-body spectrum in eq. (25.19), note that x = Bhw. The integral under this
dimensionless function was given as t%/15 in eq. (25.29).
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The value of j,, at its maximum is then

j _< h )(xmakaT/h)3 _( xzmx ) (kpT)’

477202 eXp(xmax) -1 - 4]T262h2 eXp(xmax) -1 ’

(25.21)

which is proportional to T°. Clearly, the integral over the black-body spectrum is pro-
portional to T2 x T = T*, as expected from the Stefan-Boltzmann Law in eq. (25.31).
25.5.2 Low-Frequency Spectrum

The low-frequency energy spectrum is found for x = BAw << x;ax & 2.82. For small
values of w, we find

1
Jo = Zcuw (25.22)
. h w3
~ \4n2e2 ) exp(Bhw) — 1
N /] w’
472c2 ) 14 Bho — 1
. h w3
~ \4n2e2 ) Bhow
1 2
= <4n262>w kpT.

This expression can be understood because the small w region corresponds to Saw < 1,
or kgT > hw, which is the condition that the classical theory is valid. In this limit,

(€n) — kBT, (25.23)

independent of the value of w. The factor of ®? in eq. (25.22) comes from the factor
of ? in eq. (25.16), which, in turn, came from the #n? dependence of the surface of a
sphere in 7-space.

25.5.3 High-Frequency Spectrum

At high frequencies, BAw > Xyax > 1, so that we can make the approximation that
exp(Bhw) > 1 in the expression for the spectrum of black-body radiation in eq. (25.22),

o= (g2 @ () oPewpph (25.24)
Jo =\ an2e2 exp(ﬂhw)_1~ an22 ) exp(—phw). .
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To understand the high-frequency behavior of the energy spectrum, first note that
two factors of @ come from the #? dependence of the surface of a sphere in 7-space,
as noted in the previous subsection. The third factor of w comes from #Aw, which is the
energy of a single photon, while the factor exp(—B#Aw) gives the relatively low probability
of a high-frequency photon being excited.

Note that although the factor w> diverges as w increases, the factor of exp(—B%w) goes
to zero much more rapidly, giving the shape of the curve shown in Fig. 25.1.

25.6 Total Energy

The total quantum mechanical energy in the cavity radiation at temperature 7 is given by
summing up the average energy in each mode. Frequency spectrum of a one-dimensional
harmonic solid, as given in eq. (26.33).

U=2) (ei) =2 hw;(exp(Bhwz) —1)7". (25.25)

The sum in eq. (25.25) is restricted to the positive octant in zn-space in order to avoid
double counting, and factor of two accounts for the two polarizations of light associated
with every spatial mode. (Note that we have again omitted the ground-state energy for
the electromagnetic modes for the same dubious reason given in Section 25.5.)

We again use the fact that the frequency spectrum is a quasi-continuum to write the
sum in eq. (25.25) as an integral, which we can evaluate explicitly using the density of
states, PP, (w), found in eq. (25.16),

U= / Oo(ew)Pw(w)da) (25.26)
0

3 ro0
=7 (£> / (€)% dw
CcTT 0

L\’ [® 7
(B [t i
cT o exp(Bhiw)—1

At this point we can simplify the equation for U by introducing a dimensionless
integration variable,

x = phw. (25.27)

The expression for U becomes

) L 3 poo x3
U=np" d . 25.28
P <ﬂh7rc> /0 xex -1 ( )
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By a stroke of good fortune, the dimensionless integral in this equation is known exactly

o] 3 4
/ dxexx o= % (25.29)
A —

Noting that the volume of the cavity is IV = L?, the average energy per volume in the
cavity can be given exactly

U 72
Z—u= (- ) krD)% 25.30
=4 (15h3c3>( sT) ( )

Since the energy of a black body is proportional to T?, the specific heat per unit
volume must be proportional to 7. This might not seem terribly significant now,
but keep it in mind for later in Chapter 26, when we discuss the specific heat of an
insulator, which is also proportional to 7° at low temperatures.

25.7 Total Black-Body Radiation

Multiplying the total energy by a factor of ¢/4, as explained in Section 25.5, we find the
total black-body radiation density

cU c 72
7‘]:W=Z<15h3c3>(kBT)4=aBT4 @31
where
nzk%
og = PYERE (25.32)

The constant op is known as the Stefan—Boltzmann constant. It is named after the
Austrian physicist Joseph Stefan (1835-1893), who first suggested that the energy
radiated by a hot object was proportional to T#, and his student Boltzmann, who found
a theoretical argument for the fourth power of the temperature. The value of the Stefan—
Boltzmann constant had been known experimentally long before Planck calculated it
theoretically in 1900. Planck got the value right!

25.8 Significance of Black-Body Radiation

Perhaps the most famous occurrence of black-body radiation is in the background
radiation of the universe, which was discovered in 1964 by Arno Allan Penzias (German
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physicist who became an American citizen, 1933—, Nobel Prize 1978) and Robert
Woodrow Wilson (American astronomer, 1936—, Nobel Prize 1978).

Shortly after the Big Bang, the universe contained electromagnetic radiation at a very
high temperature. With the expansion of the universe, the gas of photons cooled—
much as a gas of particles would cool as the size of the container increased. Current
measurements show that the background radiation of the universe is described extremely
well by eq. (25.19) at a temperature of 2.725 K.

25.9 Problems

PROBLEM 25.1
Generalized energy spectra

For black-body radiation the frequency of the low-lying modes was proportional to the
magnitude of the wave vector k. Now consider a system in d dimensions for which the
relationship between the frequencies of the modes and the wave vector is given by

w = Ak’ where A4 and s are constants.

What is the temperature dependence of the specific heat at low temperatures?

PROBLEM 25.2
Radiation from the sun

1. The sun’s radiation can be approximated by a black body. The surface temperature
of the sun is about 5800 K and its radius is 0.7 x 10° m. The distance from the earth
to the sunis 1.5 x 101! . The radius of the earth is 6.4 x 10° . Estimate the average
temperature of the earth from this information. Be careful to state your assumptions
and approximations explicitly.

2. From the nature of your assumptions in the previous question (rather than your
knowledge of the actual temperature), would you expect a more accurate calculation
with this data to give a higher or lower answer? Explain your reasons clearly to obtain
one bonus point per reason.

PROBLEM 25.3
Black-body radiation

On the same graph, sketch the energy density of black-body radiation u(w) vs. the
frequency w for the two temperatures 7 and 27. (Do not change the axes so that the
two curves become identical.)

The graph should be large—filling the page, so that details can be seen. Small graphs
are not acceptable.
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The Harmonic Solid

It is not knowledge, but the act of learning, not possession but the act of getting there,
which grants the greatest enjoyment.

Johann Carl Friedrich Gauss, German mathematician (1777-1855)

In this chapter we return to calculating the contributions to the specific heat of a crystal
from the vibrations of the atoms. We have previously discussed a cruder approximation,
the Einstein model, in Section 24.11 of Chapter 24. The harmonic solid is a model of
lattice vibrations that goes beyond the Einstein model in that it allows all the atoms in the
crystal to move simultaneously.

To simplify the mathematics, we will consider only a one-dimensional model in this
book. The general extension to three dimensions does bring in some new phenomena, but
it complicates the notation unnecessarily at this point. We will go into three dimensions
only for particularly simple cases, in which the extension of the theory does not present
any difficulties.

After going through the discussion in this chapter, it should be easy to follow the
mathematics of the general three-dimensional case in any good textbook on solid-state
physics.

26.1 Model of a Harmonic Solid

A one-dimensional model of a crystal lattice is described by uniformly spaced points
along a line,

R =ja. (26.1)

The spacing a is called the lattice constant and the index j is an integer. Atoms are located
at points

1 =R +x; =ja+x;, (26.2)

where x; is the deviation of the position of an atom relative to its associated lattice point.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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To write an expression for the kinetic energy we will need the time derivative of x;
which we will indicate by a dot over the variable,

ij_arj_‘

;= = =7;. 26.3
= T e (26.3)

The energy of a microscopic state is given by the following expression:
1 2 1 2
E:Eerj +51<Z(a+rj—rj+1) (26.4)
J j
1 2, 1 2
= Emij + EKZ(xf —Xj+1)°.
J J

The potential energy is a minimum for nearest-neighbor separations equal to the lattice
constant, a, and is quadratic in the deviations from this optimum separation. As we will
see, it is the assumption of a quadratic potential energy that makes this model tractable.

The general strategy to solve for the properties of the harmonic crystal is to transform
the problem from N interacting particles to N independent simple harmonic oscillators,
which enables us to factorize the partition function as discussed in Section 24.7. Once
we have made this transformation, we need only copy the results for quantum SHOs
from Section 24.10, and we have solved for the properties of the harmonic solid.

26.2 Normal Modes

The key to reducing the problem to independent oscillators is to Fourier transform' the
position variables to find the normal modes. The Fourier transform of the positions of
the particles is given by

fr=N"'23"xjexp(—ikR)), (26.5)
i

where & is the (one-dimensional) wave vector or wave number. We can anticipate that
the wave number is related to the wavelength A by

k=" (26.6)

An obvious property of the Fourier transformed variables X, is that
X_p =X, (26.7)

where the superscript * indicates the complex conjugate.

! Jean Baptiste Joseph Fourier, French mathematician and physicist (1768-1830).
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26.2.1 Inverse Fourier Transformation

The inverse of the Fourier transformation in eq. (26.5) is

x=N"1/2 chk exp(ikR;), (26.8)
k

which we can confirm by direct substitution,

X :N*I/szjexp(—ikRj) (26.9)
j
=N"'23 N2> "%y exp(ik'R;) exp(—ikR;)
j ¥
=Y & N') exp(i(k — k)R))
14 ]

J
=) Fwden = En.
k/

The identity

> exp(i(K — B)R;) = Nép (26.10)
j

which was used in deriving eq. (26.9), will often prove useful in statistical mechanics.
The validity of eq. (26.10) can be easily shown,

Zexp (i(K —R)Rj) = Zexp (i(n’ —n) 2%]&) (26.11)
J J
= Zexp <2m'(n’ - n)%) .
j

If ' = n, so that £’ = k, then the sum is clearly equal to N. If n' — n = 1, the sum is simply
adding up the N complex roots of —1. Since they are uniformly distributed around the
unit circle in the complex plane, they sum to zero. If ' — n is any other integer (excepting
a multiple of N), the angle between each root is multiplied by the same amount, they are
still distributed uniformly, and they still sum to zero.

To complete the Fourier transform, we must specify the boundary conditions. There
are two kinds of boundary condition in general use. Since they each have their own
advantages, we will discuss them both in detail.

26.2.2 Pinned Boundary Conditions

Pinned boundary conditions for the harmonic solid are similar to the boundary con-
ditions we used for black-body radiation. In that problem, the transverse electric field
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vanished at the boundaries of the metal box. For pinned boundary conditions, the
vibrations vanish at the boundaries of the system.

To implement pinned boundary conditions, first extend the number of atoms in the
model from N to N + 2 by adding atoms with indices 0 and N + 1. These two atoms
enforce the boundary conditions by being fixed (‘pinned’) at the positions Ry = 0 and
Rni1 =N+ Da.

The two solutions exp(7kR;) and exp(—kR;) can be combined to give X;, o sin(kR;) to
satisfy the boundary condition that xo = 0 at Ry = 0. From the other boundary condition
that xny4+1 =0 at Ry+1 = (N + 1)a = L, we need

kL = k(N + 1)a =nm, (26.12)
or,

k= k(n) = % (26.13)

for some integer #.
Since we have N atoms in the system, we expect to find N independent solutions. If
we define

K=", (26.14)

we can see that k and &2+ K correspond to the same solution:
sin((k+ K)R;) = sin(kR; + jaK) (26.15)
2
=sin (kRj —I—]'a—ﬂ)
a
=sin (kRj +2r j)

= sin(kR;).

Adding any integer multiple of K to k also produces the same solution.
For calculations, the standard choice for pinned boundary conditions is to use only
those solutions corresponding to values of # from 1 to N.

26.2.3 Periodic Boundary Conditions

The other possible boundary conditions are periodic. In one dimension, this might be
thought of as bending the line of atoms into a circle and tying the ends together, so that

Rin=R;. (26.16)
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Note that the length of a system with periodic boundary conditions is
L = Na, (26.17)

in contrast to the length of (N + 1)a for pinned boundary conditions.

In two dimensions, a rectangular lattice with periodic boundary conditions can be
viewed as a torus. It is rather difficult to visualize periodic boundary conditions in three
dimensions (it is called a Klein bottle), but the mathematics is no more difficult.

The great advantage of periodic boundary conditions is that the system becomes
invariant under translations of any multiple of the lattice constant a. The system has
no ends in one dimension (and no borders or surfaces in two or three dimensions).

For periodic boundary conditions, we will take solutions of the form exp(ikR;). The
condition that the system is periodic means that

exp (ik(Rj + L)) = exp(tkR;), (26.18)
which implies that
kL = 2nm, (26.19)
or
k=k(n) = ZnTn, (26.20)

for some integer value of n. Note that the values of & given in eq. (26.20) for periodic
boundary conditions are spaced twice as far apart as the values of & for pinned boundary
conditions given in eq. (26.13).

As was the case for pinned boundary conditions, the solution corresponding to % is
identical to the solution corresponding to 2+ K, where K is given by eq. (26.14). We
can confirm that 2 and k& + K correspond to the same solution,

exp (i(k + K)Rj) =exp (ikRj + izgja) (26.21)
= exp (kR; + i27j)
=exp (ikR)).

In eq. (26.21), do not forget that j is an integer index, while 7 = /—1.

Note that 7 =0 is a solution for periodic boundary conditions, while it is not for
pinned boundary conditions because sin(0) = 0. The solution for #n = 0 corresponds to
moving all atoms together in the same direction.
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It is customary to take both positive and negative values of k(n), so that the central
values of # we will use are

n=0,%+1,+2,...,£(N —1)/2 for N odd, (26.22)
and
n=0,£1,£2,...,£(N/2—-1),N/2 for N even. (26.23)

For even values of N, the state corresponding to —N/2 is identical to the state
corresponding to N/2.

For periodic boundary conditions, the values of & lie at symmetric points in k-space,
and the only independent states lie between k= —K/2 and k= K/2. This region is
called the Brillouin Zone in honor of L.éon Nicolas Brillouin (French physicist, 1889—
1969, American citizen after 1949). All information in the Brillouin Zone is repeated
throughout k-space with a periodicity of K = 27/a.

When you take a course in solid state physics, you will find that three-dimensional
Brillouin Zones can be rather complicated—and much more interesting. They
are essential in understanding important properties of real materials, but they go
beyond the scope of this book.

26.3 Transformation of the Energy

If we apply the Fourier transform in eq. (26.8) to the energy of the harmonic crystal
given in eq. (26.4), we find that each Fourier mode is independent. This is the great
simplification that justifies the bother of introducing Fourier transforms, because it
enables us to factorize the partition function.

We will treat the kinetic and potential energy terms separately, beginning with the
kinetic terms. The kinetic terms are, of course, already diagonal before the Fourier
transform, but we have to demonstrate that they are also diagonal after the Fourier
transform.

26.3.1 Kinetic Energy

Using the time derivative of eq. (26.8),

% =N"1/2 Z’L% exp(ikR;), (26.24)
k
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we can carry out a Fourier transform of the kinetic energy term in eq. (26.4),

1 o 1 ..
KE.= Emij = Emijxj
J J

1 . .
- Emz <N1/2 Z’?k exp(z’kRj)> (Nl/2 Z;k, exp(ik’Rj)>
J

k k'

kK J

.o 1 .
- Em;&k&,k - EmszkR. (26.25)

For the last equality, we have used eq. (26.7).

26.3.2 Potential Energy

For the potential energy term in eq. (26.4), separate the factors of (x; — x;4.1) in the sum
and use eq. (26.24) to introduce Xz,

1 , 1
PE.= 2K (5= x+1)" = KD 05 =241 (5 = %:41)
J J

1 - . .
= EKZ (N_l/2 Zxk (exp(szj) — exp(lkRjH)))
J

k

x <N1/2 Y & (exp(E'R) — exp(ik’Rf+1>)>

k/

= %K; (N_l/2 Xk:fck exp(tkja) (1 — exp(ika)))

x <N1/2 chk, exp(ik’ja) (1 — exp(ik’a))> (26.26)

k/
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Next, collect terms and simplify using the identity eq. (26.10):

1
PE.= KN zkj ;xk&k, (1 —exp(ika)) (1 — exp(ik'a))

X Z exp(i(k — k)ja)

J

= %I(Xk:kkk_k (1 — exp(ika)) (1 — exp(—ika))
1
=3 ZK(k)|a€k|2. (26.27)
k

The function
K (k) = K (1 —exp(tka)) (1 — exp(—ika)) (26.28)

gives the effective spring constant for the mode with wave number k.
Adding egs. (26.25) and (26.27) together, we find the energy of the harmonic crystal
from eq. (26.4) in terms of the Fourier transformed variables

1 Lo, 1 - 1 ., 1 o
E:Em%]xu +§Xk:K(k)|xk| =Xk:<5m|xk| +§K(k)|xk| ) (26.29)

The problem has been transformed from one with N variables (the positions of the
atoms) to N problems, each with a single variable (the amplitude of the mode X, with
wave number k). Each mode represents a simple harmonic oscillator with mass m (the
same as the original atomic mass) and spring constant K (k). For each mode, the square
of the frequency is given by the usual ratio of the spring constant to the mass,

w?(k) = @. (26.30)
m

26.4 The Frequency Spectrum

To analyze the spectrum of frequencies, w(k), we can rewrite eq. (26.28) for K(k) in a
more convenient form:

K (k) = K (1 —exp(tka)) (1 — exp(—ika)) (26.31)
= K (1 —exp(tka) — exp(—ika) + 1)
= 2K (1 —cos(ka))
= 4K sin?(ka/2).
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The angular frequency is then given by

4K sin?(ka/2)

w?(k) = (26.32)

or,

w(k) =20 , (26.33)

"(3)
sin{ —
2

where @ = /K /m. This spectrum is plotted in Fig. 26.1.

For small wave number (k < 7/a), the frequency of a mode in eq. (26.33) becomes
linear in the wave number £,

w (k) = 2w|sin(ka/2)| =~ dka. (26.34)

The speed of a sound wave v(k) is given by the product of the frequency v(k) times
the wavelength for long wavelengths (small k). From eq. (26.34), we see that the speed
of a sound waves is a constant,

w(k)  2mv(k) o \/K
i e (26.35)

The linearity of the function w (k) can also be seen near the origin in Fig. 26.1.

The generalization of these calculations to a three-dimensional harmonic crystal is
not particularly difficult, although the mathematics becomes rather more messy because
of the necessary introduction of vector notation. The three-dimensional form of the
Brillouin Zone is also somewhat more complicated. However, the generalization of the
frequency spectrum to three dimensions has a particularly simple form,

w(k)

Fig. 26.1 Frequency spectrum of a one-dimensional harmonic solid, as given in eq. (26.33).
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(k) =2K ) sin? ﬁ (26.36)
g > | .

The sum in this equation goes over the vectors H connecting a site to its nearest neighbors.
Eq. (26.36) is valid for all lattices with nearest-neighbor harmonic interactions.
Interactions with more distant neighbors requires only a small change in eq. (26.36),

(k) = ZKZZsin2 (k '2‘3"‘). (26.37)
o 50(

The index o goes over more distant types of neighbors.

26.5 Alternate Derivation: Equations of Motion
An alternative derivation of the frequency spectrum of the harmonic solid is given by the
equations of motion. This approach is somewhat more flexible in dealing with problems
involving multiple sublattices or nonuniform interactions, such as Problems 26.2 and
26.3 at the end of this chapter.
Consider the equation of motion for the coordinate x;,
mx; = —K (xj —Xj_1+x;— xj+1) . (26.38)
Look for solutions of the form
x; = X exp (tk2qj) exp(—iwt). (26.39)
Substituting this into the equation of motion, we find
—mw*X = —K (X — Xexp(—ika) + X — X exp(+ika)), (26.40)
or,
mw? = K (2 —2cos(ka)). (26.41)

This can be simplified further to

e 4K sin?(ka/2)
m bl

(26.42)

which agrees with eq. (26.32).
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26.6 The Energy in the Classical Model

Since the SHOs in eq. (26.29) are not particles that can move from one system to another,
the classical partition function given here does not contain a factor of 1/N!

1
Zclass = 7N / dp / dg exp (—BH). (26.43)

The limits for the integrals in eq. (26.43) have been omitted (which is not usually a good
idea) because they all go from —oo to co.

Because of the diagonal form of the Fourier transformed energy, the partition function
factors. Since all the integrals are gaussian, we can evaluate them immediately,

Zotoss = 1’[% [(2nkaT)1/2 2rkp T/K(k))l/Z] . (26.44)
k

Simplifying this expression, we find

Zuwe =TT kgt (- L B (k)™ 26.45
class-l?[ 7 B <Km> —l;[(ﬁ w( )) ) ( . )
where

w(k) = K%k), (26.46)

is the frequency of the k-th mode.
As usual, the average energy is found by taking a derivative with respect to S,

y_ JBE)
B
. 0 (anclass)
B

= _% |:—N1n,3 - Zln (hw(k))}
k

(26.47)

1
=N- = NkgT.
B

As expected, the specific heat has the constant value of kg, which is the Law of Dulong
and Petit.
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For a classical harmonic crystal, the spectrum of frequencies as a function of the wave
number £ is unimportant for equilibrium properties. In the next section we will see that
this is not the case for a quantum mechanical harmonic crystal.

26.7 The Quantum Harmonic Crystal

Formal expressions for the quantum mechanical properties of a harmonic lattice are
obtained just as easily as the classical properties—though their evaluation is rather more
challenging. Because the system factorizes into N SHOs, the partition function is found
by inserting the results from Section 24.10,

Zowi =[] [exp(—ﬁha)(k)/Z)(l _ exp(—ﬂhw(k))*l] . (26.48)
k

The energy of the system is just the sum of the energies of the individual modes,
which can be confirmed by taking the negative logarithmic derivative of eq. (26.48) with
respect to 8, as in eq. (24.12),

(26.49)

ho (k) ]
exp(Bhw (k) — 1|

1
Uom=)_ [Eha)(k) +
k

Because the wave numbers are closely spaced, eq. (26.49) can be turned into an integral
without introducing a significant error,

L [7/e 1
Uom=— dk I:Ehw(k) +

T J_n/a

heo (k) } . (26.50)

exp(Bhw(k)) — 1

For high temperatures (kg7 > hwy, for all modes), the average energy of every mode
goes to kgT, and we recover the classical answer and the Law of Dulong and Petit.

For low temperatures the situation is more complicated, because different modes have
different frequencies. The contribution of each mode to the specific heat depends on the
ratio iwy, /kpT; when the ratio is small, the contribution to the specific heat is kg, but when
the ratio is large, the contribution becomes very small. As the temperature is lowered, the
contributions to the specific heat from a larger fraction of the modes becomes negligible,
and the total specific heat goes to zero.

To calculate how the specific heat of the harmonic crystal goes to zero, we need the
frequency spectrum found in Section 26.4. The formal solution for the specific heat is
found by substituting eq. (26.33) into eq. (26.49) and differentiating with respect to
temperature. This procedure is easily carried out numerically on a modern computer.

On the other hand, it turns out to be both useful and enlightening to develop an
approximation that allows us to investigate the low-temperature behavior analytically,
as we will do in the following section on the Debye approximation.
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26.8 Debye Approximation

We mentioned previously that the Brillouin Zone is very simple in one dimension; it is just
the region from 2 = —m/a to w/a. In three dimensions it takes on more complicated forms
that reflect the symmetry of the particular lattice: face-centered cubic, body-centered
cubic, hexagonal, and so on. This makes it necessary to perform a three-dimensional
integral over the Brillouin Zone.

When the theory of the quantum mechanical harmonic lattice was first developed in
the early part of the twentieth century, computers were non-existent; all calculations had
to be accomplished by hand. This made it very important to simplify calculations as
much as possible, and led to the approximation that we will discuss in this section.

However, even today, when we can easily and rapidly evaluate eq. (26.50) and its
generalization to three dimensions on a computer, there is still considerable value in
simplifying the calculation as an aid to understanding its significance. Such simplifying
approximations will also show the relationship of the harmonic crystal to black-body
radiation, which might otherwise be much less obvious.

The Debye approximation—named after its inventor, the Dutch physicist Peter Joseph
William Debye (born Petrus Josephus Wilhelmus Debije, 1884—1966)—can be viewed
as a kind of interpolation between the known high- and low-temperature regions.

For low temperatures, only low-energy modes will be excited significantly because
the high-energy modes will be cut off by the exponential term exp(Siw(k)) in the
denominator of the integrand in eq. (26.50). Therefore, we only need to look at the low-
frequency region of the energy spectrum. As shown in Section 26.4, the low-frequency
spectrum is given by a simple linear relation

(k) = heo (i) %hv‘fé‘. (26.51)

In this equation, v is the speed of sound, and we have generalized the result to an arbitrary
number of dimensions.

Eq. (26.51) is a very nice result because it is spherically symmetric. If the Brillouin
Zone were also spherically symmetric, we could use that symmetry to reduce the three-
dimensional integral for the energy to a one-dimensional integral. For this reason,
Debye introduced an approximation that does exactly that. He approximated the energy
spectrum by € (k) = Av|k| and the true shape of the Brillouin Zone by a sphere!

It’s easy to see how Debye got away with this approximation at low temperatures.
Only the low-energy modes made a significant contribution to the average energy, and
eq. (26.51) was an excellent approximation for those modes. The high-energy modes
that would be affected by true functional form of w (%) and the shape of the Brillouin
Zone did not contribute anyway, so that distortion did not matter.

However, at high temperatures neither of these two arguments is valid. The high-
energy modes are important, and they do not have the form given in eq. (26.51).
Fortunately, a different argument comes into play to save the approximation.
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Recall that for high temperatures, when kg7 > hw (E), the energy of each mode is
just given by the classical value of kg7T. Since each mode contributes kg7, the energy
spectrum is irrelevant; the only thing that matters is kow many modes there are. For this
reason, Debye fixed the size of his (approximate) spherical Brillouin Zone so that it had
exactly 3N modes—the same as the true Brillouin Zone.

The radius of the approximate Brillouin Zone is most easily found by going back into
n-space, in which the points are distributed uniformly with a density equal to one. Each
point in the positive octant (ny, ny, 15 are all positive) represents three modes (two for
the transverse modes, and one for the longitudinal mode). The total number of modes
must equal 3N,

3 ["D 34 1
3N = —/ drnldn= = —mn3) = —mny. (26.52)
8 Jo 83 2
The Debye radius in 7-space is
6N\'/?
np = <—) . (26.53)
7

This also gives us results for the corresponding values of the Debye wave number and
the Debye energy,

6N\ /3

kp = % (—) (26.54)
T
6N\ /3

ep = % (—) ho. (26.55)
T

Note that v in eq. (26.55) is the speed of sound, as in eq. (26.51).

Since the ground-state energy plays no role in the thermodynamics of the harmonic
solid, we will ignore it and write the energy in the Debye approximation for a three-
dimensional harmonic crystal as a one-dimensional integral,

37 (7D A
Ubepye = — / 2dn— o™ (26.56)
2 Jo exp(Bhw(n)) — 1

At this point we will follow the same procedure for simplifying the integral that we
used in Section 25.6 for black-body radiation. We define a dimensionless integration
variable to transform the integral in eq. (26.56) to a more convenient form,

x = Bhao(n) = <L7Z’T> n (26.57)
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The upper limit of the integral in eq. (26.56) will become

©p
= —, 26.58
Xd T ( )

where the Debye temperature, ®p, is given by

ho (672N

Using these substitutions, eq. (26.56) takes on the following form:

UDebye = 7

_ 3L7(kgT)*
 2m2K303

3n (LkgT\> ©p/T
”( B ) kBT/ dxs3 (exp(x) — 1)1 (26.60)
whv 0

®p/T
/ dxx (exp(x) — 1)~ L.
0

The great advantage of eq. (26.60) when Debye first derived it was that it could be
evaluated numerically with pencil and paper (and a bit of effort). However, even today
Debye’s equation remains very useful for gaining insights into the behavior of a crystal
at both high and low temperatures, as we will show in the following subsections.

26.8.1 Debye Approximation for 7> Op

At high temperatures we expect the energy to go to U =~ 3NkpgT, because that was how
we selected the size of the spherical Brillouin Zone. But it is always good to check to
make sure that we did not make an error in the calculation.

For high temperatures, ®p/T < 1, so that the upper limit of the integral in eq. (26.60)
is small. For small values of x in the integrand, we can make the approximation

X expx)— D a1 +x—1)"1 =42, (26.61)

which is easy to integrate. Inserting this approximation into eq. (26.60), we find

3L3(kpT)* [O0/T
~ L (kBT / dx x> (26.62)
0

UDebye ~ 27‘[27’23 7)3
_3L%(kgD)*1 (Op)’
oom2h33 3\ T
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3
 3L3(kpT)* 1 (hv <6n2N>1/3 1)

2721393 3\ kg \ L3 T

_ L*(kgD)* #’v® (67°N
C2n2n’ed kY \LPT?

=3NkpT.

Since the Debye temperature was chosen to include 3N modes in the spherical approxi-
mate Brillouin Zone, the high-temperature expression for the energy is as expected, and
the specific heat is 3kp, consistent with the LLaw of Dulong and Petit.

26.8.2 Debye Approximation for 7 < Op

For low temperatures, ®p/7T > 1, and the upper limit of eq. (26.60) is large. Since
the integrand goes to zero as x> exp(—x), taking the upper limit to be infinite is a good
approximation,

3L3(kgT)* [, 4 .
UDebye ~ m/(; dxx (eXp(x) — 1) . (2663)
The integral in eq. (26.63) should be familiar. It is exactly the same as the integral
we found in eq. (25.29) during the analysis of black-body radiation. This is not a
coincidence, as discussed next,

00 x3 7T4
/0 di——— = (26.64)

Inserting the value of the integral into eq. (26.63), we find the low-temperature behavior
of the energy of the harmonic lattice in closed form,

U __3L%(kgT)* n*
Debye 27T2h3713 15

3 n? 4
=L o kD

2

104323

(26.65)

=V (kpT)™.

The energy per unit volume is then given by

U 2
—=u=(—— ) (kgT)%. 26.66
= (10h3v3>(3 ) ( )
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The energy of the harmonic crystal at low temperatures, for which the Debye
approximation is accurate, is very similar to the energy of black-body radiation. Recall
eq. (25.30) from Chapter 25 for the energy per unit volume of black-body radiation

UBB < ”2 ) 4
15433 (k1) ( )

The form of egs. (26.66) and (26.67) is the same, because for both black-body
radiation and the low-temperature harmonic crystal, the energy spectrum is linear in
the wave number: w = vk for the harmonic solid, and w = ck for black-body radiation
(light waves).

There are only two differences between eq. (26.66) for the low-temperature behavior
of the harmonic solid and eq. (25.30) or (26.67) for black-body radiation. The expres-
sion for the harmonic crystal contains the speed of sound v, instead of the speed of light ¢,
and the factor in the denominator is 10 instead of 15 because there are three polarizations
for sound, but only two for light.

From eq. (26.66) we see that the energy of a harmonic crystal is proportional to T4,
which is analogous to the T* factor in the Stefan-Boltzmann Law, eq. (25.31). Taking
a derivative of the energy with respect to temperature, we see that the specific heat is
proportional to T2, which is observed to be the correct behavior of insulating crystals at
low temperatures.

The specific heats of metallic crystals, on the other hand, are linear in the tem-
perature. The origin of this difference between conductors and insulators will be
discussed in Chapter 29.

26.8.3 Summary of the Debye Approximation

There are three steps in deriving the Debye approximation.

1. Replace the true energy spectrum with an approximate spectrum that is linear in
the wave number, %, and spherically symmetric: € (k) = Av|k|.

2. Replace the true Brillouin Zone by a spherically symmetric Brillouin Zone.

3. Choose the size of the spherically symmetric Brillouin Zone so that it contains
exactly N k-values and 3N modes.

The Debye approximation is excellent at both high and low temperatures. Do not
be fooled, however: in between, it is only mediocre. The qualitative behavior of the
contributions to the specific heat from lattice vibrations in real crystals is monotonically
increasing with temperature, starting from 7T>-behavior at low temperatures and going
to the constant value 3kp (Law of Dulong and Petit) at high temperatures. The detailed
form of the function depends on details of the true energy spectrum and the shape of the
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true Brillouin Zone. Fortunately, the full, three-dimensional integrals are easy to do on a
computer, so that we need not rely on the Debye approximation as much as researchers
did in the middle of the last century.

26.9 Problems

PROBLEM 26.1
Fourier transform of the particle positions

In Section 26.2 an argument was given for the validity of eq. (26.10),

> exp(i(K — B)R;) = Néj .
-

This argument can be made into a proof by carrying out the sum exactly.

1. Extend the derivation of the infinite sum ) .- , x" to calculate the finite sum Zﬁfzo x™.
2. Carry out the proof for periodic boundary conditions with odd N.

PROBLEM 26.2
The harmonic crystal

1. Show that for a harmonic crystal the integral

/0 [Cy(00) — Cyp (T dT

is exactly equal to the zero-point energy of the solid.
2. Interpret the result graphically. It might help to relate this result to an earlier
assignment on the properties of quantum SHOs.

PROBLEM 26.3
The harmonic crystal with alternating spring constants

Most crystals contain more than one kind of atom. This leads to both quantitative and
qualitative differences in the vibration spectrum from the results derived in class. These
differences occur whenever the periodicity is altered, whether by changing the masses of
the atoms or changing the spring constants.

As an example of the kinds of differences that can arise when the periodicity changes,
consider the problem of a one-dimensional lattice with alternating spring constants K
and K. For simplicity, you can assume that all the masses are equal to 7.

1. Ifthe distance between atoms is a, the periodicity is 2a. What is the size of the Brillouin
Zone?
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2. Calculate the vibration spectrum of the lattice. You might find it more convenient to

write down equations of motion for the two sublattices.

Sketch the vibration spectrum in the Brillouin Zone based on your calculations.

4. Sometimes the vibration spectrum of a crystal with more than one kind of atom is
approximated by a combination of an Einstein model and a Debye model. Explain
why this might make sense and, give appropriate parameters for such a description in
the present case. In answering this question, consider the high- and low-temperature
behavior of the specific heat of this model.

»

PROBLEM 26.4
The harmonic crystal with alternating masses

Most crystals contain more than one kind of atom. This leads to both quantitative and
qualitative differences in the vibration spectrum from the results derived in class. These
differences occur whenever the periodicity is altered, whether by changing the masses of
the atoms or changing the spring constants.

As an example of the kinds of differences that can arise when the periodicity changes,
consider the problem of a one-dimensional lattice with alternating masses #72; and ;.

1. Ifthe distance between atoms is a, the periodicity is 2a. What is the size of the Brillouin
Zone?

2. Calculate the vibration spectrum of the lattice. You might find it more convenient to
write down equations of motion for the two sublattices.

3. Sketch the vibration spectrum in the Brillouin Zone based on your calculations.
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Ideal Quantum Gases

Out of perfection nothing can be made. Every process involves breaking something up.

Joseph Campbell

This chapter discusses the theory of ideal quantum gases. It develops general equations
that will be valid for gases that consist of either bosons or fermions. Since the conse-
quences of these equations are both non-trivial and very different for the two cases of
bosons and fermions, the details of each of these cases will be dealt with in subsequent
chapters.

This chapter will also discuss the interesting case of a quantum gas of distinguishable
particles. Although all atoms are either bosons or fermions, and therefore indistinguish-
able, there are nevertheless real systems that are composed of distinguishable particles.
In particular, colloidal particles can each be composed of about 10° molecules. The
number of molecules in each particle will vary, as will the arrangement and number of
each type of molecule. In short, while the particles in a colloid might be similar in size and
composition, they do not have identical properties and they are not indistinguishable.
While the properties of colloids can usually be obtained accurately using classical
statistical mechanics, it is also of interest to see how quantum mechanics might affect
the results.

We begin in the next section by discussing many-particle quantum states, which are
needed to describe a macroscopic quantum system.

27.1 Single-Particle Quantum States

As is the case for most of statistical mechanics, we would like to put the theory of ideal
quantum gases into a form that allows us to factorize the partition function. For ideal
gases, that points to building up the macroscopic state in terms of single-particle states,
which will then lead to such a factorization.

Consider a quantum ideal gas in a box of volume V. For simplicity, we will assume
that the box is cubic, with length L, so that V' = L3. The sides of the box will be assumed
to be impenetrable, also for simplicity.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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For quantum ideal gases, we can write the Hamiltonian of a single particle of mass
m as

212 h2
= ﬂ =__ V2 s 27.1)
2m  2m
where
V= i,i,i ) (27.2)
dx” dy 0z

The eigenfunctions of eq. (27.1) can be written in a form that is very similar to that
of the electric field for the black-body problem in eq. (25.5), but is even simpler because
the wave function v is a scalar, while the electric field is a vector

UAGEN % sin (kyx) sin (kyy) sin (kz2) . (27.3)

(‘The derivation of the normalization constant is left to the reader.)
The wave numbers in eq. (27.3) are determined by the condition that the wave
function vanishes at the boundaries

M\TT

by = 2 (27.4)
nyw

by = —— 27.5

y = (27.5)
N1

by = ZL ) (27.6)

If the values of ny, ny, and n, are integers, the boundary conditions are fulfilled. Since
the overall sign of the wave function is unimportant, negative values of these integers do
not represent distinct states; only non-zero, positive integers represent physically distinct
states. The wave equation can also be written in terms of the values of # = {ny, Ty Nz},

Vi (r) = @sim(%x) sin <nery) sin (%z) . (27.7)

The energy eigenvalues for a single-particle state are easily found,

2
Hyz() = __vzwk M= 2_ (R+B+8)pd =) 27.8)

w?
G =5 (k2+k2+k2 - Lz(n§+n§+n§)=eﬁ. (27.9)
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(The symbol € will be reserved for the energies of single-particle states, or single-particle
energy levels, while E will be used for the energy of an N-particle state.)
If we define
2 2,12, 12
k™ =ki+kj+ k2, (27.10)

and

2

n =n§+n§+n§, (27.11)

we can express eq. (27.9) more compactly,

n? hPr?
k2 = 2 —¢;. 27.12
2m 2mL2n €n ( )

Eq. (27.9) gives the single-particle energy eigenvalues for a particle in a three-
dimensional, cubic box with sides of length L. This is the case on which we will
concentrate. However, since we can preserve generality with little cost, I will replace
the quantum number vector # with a general quantum number « for most of the rest of
this chapter. This means that the equations in this chapter will be valid for any system of
non-interacting particles, even if those particles are moving in an external potential.

The energy eigenstates in eq. (27.9) are often called ‘orbitals’ for historical reasons;
the early work on fermions concentrated on electrons orbiting around a nucleus,
which led to the use of the term. It might seem strange to see the term ‘orbitals’
when nothing is orbiting, but tradition is tradition. I will refer to them as single-
particle states, which is less compact, but also (I believe) less confusing.

27.2 Density of Single-Particle States

Just as we needed the photon density of states to calculate the properties of black bodies,
we will need the single-particle density of states to calculate the properties of a system of
particles.

The density of states in 7-space is easy to find. Since there is one state at every point
with integer components, the density of states is 1. To calculate the density of states as
a function of energy, we make a transformation using a Dirac delta function, following
the methods developed in Chapter 5:

D(e) = /oodnx/wdny/wanS(e —€;7) (27.13)
0 0 0
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oo hZ 2

/ drn’dnd (e — —ﬂn2

0 27/’1L2

3/2
2 L2 00

r ( 7211 ) / x12dxs (€ — x)
4 \ h*n2 0

3/2
vo(2m\”? ),
4]_[2 hz € .

In the third line of eq. (27.13) we introduced a new variable of integration:

2_2
%= (h il )nZ. (27.14)

0| =—

2mlL2

In the fourth line of eq. (27.13) we replaced L? by the volume of the system, V = L>.
Eq. (27.13) is valid for non-interacting fermions, bosons, or distinguishable particles
(without spin). It will play a central role in Chapters 28, 29, and 30.

27.3 Many-Particle Quantum States

An N-particle wave function can be constructed from eq. (27.3) by multiplying single-
particle wave functions,

N
¥n = [ [ (). (27.15)

j=1

In this equation, «; represents the quantum number(s) that describe the wave function
for the j-th particle.

Eq. (27.15) is a correct wave function for distinguishable particles, and we will return
to it in Section 27.9. However, for indistinguishable particles, the wave function must be
symmetrized for Bose—Einstein statistics' (bosons) or anti-symmetrized for Fermi—Dirac
statistics® (fermions).

The wave function for bosons can be written as a sum over all permutations, P, of the
assignments of particles to wave functions in the expression in eq. (27.15),

! Satyendranath Bose (1894-1974), Indian physicist, and Albert Einstein (1879-1956), German, Swiss,
Austrian, and American physicist, Nobel Prize 1921.

2 Enrico Fermi (1901-1954), Italian physicist, Nobel Prize 1938, and Paul Adrien Maurice Dirac (1902—
1984), British physicist, Nobel Prize 1933.
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N
v =Xpe Y P|[[ve | (27.16)
P j=1

The normalization constant, Xpg, can be calculated, but does not play a significant role
and will be left to the interested reader.

The wave function for fermions can be represented by a similar expression if we
include a factor of (—1)%, in which the exponent denotes the number of two-particle
exchanges needed to construct the permutation P,

N
VAP =X Y _(—DFP | []ve () |- (27.17)
P

j=1

XFrp is the normalization constant for Fermi—Dirac statistics, which will also be left to
the reader.

Note that the many-particle wave function for fermions vanishes if two or more
particles are in the same single-particle state (o; = a; for ¢ # j). Each single-particle state
can either be empty or contain one particle. There is no such restriction for bosons, and
any number of bosons can occupy a single-particle state.

The Hamiltonian of an N-particle system of independent particles is just

N
Hy = ZHF (27.18)
j=1

where H; is the single-particle Hamiltonian for the j-th particle.
The N-particle eigenvalue equation is then

N
Hyyn=Eyn =) e ¥N (27.19)
j=1

for bosons, fermions, or distinguishable particles.

To construct the Boltzmann factor we need to apply the operator exp(—BHy) to the
wave function. Fortunately, this is easy. Simply expand the exponential in a series in
powers of Hy, apply the eigenvalue equation, eq. (27.19), and sum the power series
in E,

N
exp(—BHN)YN = exp(—BE)YN =exp | —B Zeaj ¥N. (27.20)
j=1
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27.4 Quantum Canonical Ensemble

In principle, we could go to the canonical ensemble and sum the Boltzmann factor in
eq. (27.20) over all N-particle states, just as we did for black bodies in Chapter 25 and
harmonic solids in Chapter 26. Unfortunately, if we try to do this the canonical partition
function does not factor. The difficulty has to do with enumerating the states. If the total
number of particles is fixed, we can only put a particle in one state if we simultaneously
take it out of some other state. We did not run into this problem for either black bodies
or harmonic solids because neither photons nor phonons are conserved.

To be able to sum freely over the number of particles in each single-particle state—
and thereby factorize the partition function—we need to introduce a reservoir that can
exchange particles with the system of interest. This brings us to the grand canonical
ensemble, which is the subject of the next section.

27.5 Grand Canonical Ensemble

The grand canonical partition function was introduced for classical statistical mechanics
in Sections 20.1 and 20.2. The equations describing the quantum grand canonical
ensemble are the same as those for the classical case, as long as we now interpret
Q(E,V,N) to mean the degeneracy of an N-particle quantum state with energy E.

Eq. (20.9) gives the quantum mechanical grand canonical probability distribution for
E and N,

P(E,N) = %mE, V,N)exp [~ BE + BuN], (27.21)

and eq. (20.10) gives us the quantum grand canonical partition function,

Z=Y "> Q(EV,N)exp[-BE+ BuN]. (27.22)
=0 E

The sum over E in eq. (27.22) denotes the sum over all energy levels of the N-particle
system, with Q(E, V,N) representing the degeneracy. It replaces the integral over the
continuum of energies in the classical case that was used in eq. (20.10).

For a quantum system of non-interacting particles, the N-particle energies are
given by

N
E= Zea]., (27.23)
j=1
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so that

N N
exp[~pE+uN] = exp[-f ) _(ea; — )] = [ [exp[-pea; — w)]- (27.24)
j=1 j=1

We can also rewrite eq. (27.22) in terms of sums over the eigenstates, thereby
eliminating the degeneracy factor Q(E, VV,N)

00 N
2= [Texpl-Beo, —m)- (27.25)

N=0 {o;} j=1

27.6 A New Notation for Energy Levels

To simplify the expression for the grand canonical partition function, it is useful to
change the notation. So far, we have been describing an N-particle state by listing the set
of single-particle quantum numbers that specify that state. If more than one particle were
in a particular single-particle state, the corresponding quantum number would occur
more than once in the list.

An alternative representation would be to specify for each state the number of times
it appears in the list, which we will call the occupation number.

Perhaps an example would help illustrate the two representations. In the following
table I have indicated each state by a line and indicated the each time it occurs by an “x’.

To represent the data in Table 27.1, we could have a list of quantum numbers,

{Ol]} = {(11,(12,(12,0[4,0[4,(14306}, (2726)

Table 27.1 Representations of energy levels.

quantum number Energy levels Occupation
o number, 72,
6 - 0
5 X 1
4 X X X 3
3 - 0
2 X X 2

1 X 1




Exchanging Sums and Products 357
or, equivalently, a list of occupation numbers for the energy levels,
{n} =1{1,2,0,3,1,0}. (27.27)

Both representations contain exactly the same information. However, the representation
in terms of occupation numbers turns out to be more useful for the evaluation of the
grand canonical partition function.

With this change in notation, the expression for the grand canonical partition function
becomes

00 ZnD,:N

2=3 > [lewpl-Blea—mmnal, (27.28)

N=0 {na} €

where the sum over #n, is understood to included only allowed values of #,.

Now note that the sum over {n} is limited to those cases in which Y _#, = N, but the
result is then summed over all values of N. We can simplify this double sum by removing
the sum over N and removing the limit on the sum over {7},

z2=) []expl-Blea — wmal. (27.29)
} o

{na

The limitation to allowed values of #n, is, of course, still in effect.

Eq. (27.29) can be greatly simplified by exchanging sums and products in much the
same way as we exchanged integrals and products for classical statistical mechanics
in Section 19.12. Exchanging the sum and product is the key step that leads to the
factorization of the grand canonical partition function. This trick is just as important
in quantum statistical mechanics as it is in classical statistical mechanics, and so deserves
its own section.

27.7 Exchanging Sums and Products

In eq. (27.29) we found a sum of products of the form Z{na} [1, exp[—B(ea — W)n4],
which can be transformed into a product of sums. This is another application of what
we have called the best trick in statistical mechanics,

Z Hexp [_,3(601 - M)na]: = Z Z ce e_ﬂ(al —,u)nal e—ﬂ(ag—u)na2 e
o

(e} May My
— Ze*ﬂ(alfu)nal Zg*ﬂ(“zﬂt)”ag
=[]D_exp[-Blea — w)nal. (27.30)

o Ny
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As in Section 19.12, where we discussed the classical version of this trick, care must
be taken with the indices of the sums on each side of the equality. The sum on the left
side of eq. (27.30) is over the entire set {n,} for the N-particle system, while the sum in
the last line on the right is only over the values taken on by the single-particle quantum
number 7.

27.8 Grand Canonical Partition Function
for Independent Particles

Inserting the equality in eq. (27.30) into eq. (27.29), we find the following expression
for the grand canonical partition function

Z=[]>_expl-Hlea~ wmal. (27.31)

The evaluation of the grand canonical partition function has been reduced to the
product of sums over the number of particles occupying each of the states. Each of these
sums will turn out to be quite easy to evaluate for ideal gases, making the transition to
the grand canonical ensemble definitely worth the effort.

The logarithm of the grand canonical partition function gives us the Legendre
transform of the energy with respect to temperature and chemical potential, just as it
did in the case of classical statistical mechanics

InZ = —BU[T, u] = S[B, (Bw)] (27.32)

UIT,u] = U — TS — uN. (27.33)

Once the grand canonical potential has been calculated, all thermodynamic information
can be obtained by the methods discussed in Part 2.

In particular, if the system is extensive, which is the case in most problems of interest,
Euler’s equation tells us that

InZ =—BU[T,u] = S[B,(Br)] = BPV. (27.34)

This provides a good method of calculating the pressure in a quantum gas.

Before we continue with the derivation of the basic equations for bosons and fermions,
we will make a slight detour in the next two sections to discuss the properties of
distinguishable quantum particles. We will return to identical particles in Section 27.11.
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27.9 Distinguishable Quantum Particles

The most common systems of distinguishable particles are colloids, in which the particles
are usually composed of many atoms. Because of the large mass of colloidal particles, it is
rarely necessary to treat them quantum mechanically. On the other hand, it is instructive
to see how the quantum grand canonical partition function for distinguishable particles
differs from that of fermions or bosons.

The distinguishing feature of a many-particle wave function for distinguishable
particles is that it is not generally symmetric or antisymmetric. This means that any
wave function of the form given in eq. (27.15) is valid. This equation is repeated here
for convenience, with the notation modified to denote the product over single-particle
states as a product over values of o,

N
yn = [ [, (). (27.35)

j=1

Since the particles are distinguishable and can move between the system and the
reservoir, we must include a factor giving the number of ways we can have N particles
in the system and the remaining Ng particles in the reservoir. Letting the total number
of particles be N7 = N + NRp, the factor is

N7!
NINg!’

(27.36)

This is exactly the same factor that we introduced in Chapter 4 for a classical ideal gas
of distinguishable particles; the combinatorics are identical in the two cases.

We must also avoid double counting when two or more particles are in the same single-
particle state. This leads to a factor of

N!
[Ty 7!
If we include both of these factors, and note that the factor of N7! and Ng! are

not included in the entropy—or the grand canonical partition function—we find an
expression for Z of the following form:

(27.37)

1
Z=[] 2 —expl-plea—mmal = [ [exp(expl-plea — 1)), (27.38)

o 1,=0
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If we take the logarithm of the partition function, this expression simplifies,

InZ = exp[-Blex — )] = BPV. (27.39)

The last equality is, of course, valid only in the case that the system is extensive.

27.10 Sneaky Derivation of PV=NkgT

The form of eq. (27.39) has a curious consequence. If we calculate the predicted value
of N from the grand canonical partition function (see eq. (27.42)), we find

9
(N) = kgT—1InZ
ou

9
= /eBTa Xa:exp[—ﬂ(ea -]

= Zexp[—ﬂ(ea —wW]=InZ=BPV. (27.40)

where the last equality comes from eq. (27.39), and is valid for extensive systems.
Eq. (27.40) is, of course, equivalent to

PV = NkgT, (27.41)

if the fluctuations of N are neglected.

This derivation of the ideal gas law depends only on distinguishability, extensivity, and
the total wave function’s being a product of the single-particle eigenstates. Extensivity is
necessary to eliminate, for example, a system in a gravitational field.

The most interesting feature about this derivation is that it is fully quantum mechan-
ical. The ideal gas law does not depend on taking the classical limit!

27.11 Equations for U= (E) and (N)

In this section we return to calculations of the properties of bosons and fermions.
Eq. (27.31) for the grand canonical partition function is, in principle, sufficient to
perform such calculations. However, it turns out not to be the most efficient method
for obtaining the properties of fermions and bosons. In this section we will derive the
equations for the energy and number of particles, which will be the basis for the methods
discussed in the rest of the chapter, as well as Chapters 28 and 29.
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Beginning with the formal expression for the grand canonical partition function in
eq. (27.31),

Z=[]D_expl-Blea — wnal; (27.42)

we can easily find an expression for the average number of particles by taking a
logarithmic derivative with respect to u,

0

3
" InZ = Xa: ﬁlnnzexp[—ﬁ(ea — Wng] (27.43)

_ Zna Brg exp[—p(€x — p)na]
T Y, exp[—Blea — w)na]

The quantity (n,) clearly represents the average number of particles in the state «,

(1) = Z"a Ny exp[—pB(€a — WIna]
Y, exp[—Bew — )na)

(27.44)

The equation for the average number of particles as a derivative of the grand canonical
partition function is, of course, related to the corresponding thermodynamic identity in
terms of the Legendre transform of the energy with respect to 7" and wu,

19 19 3PV
N)=>—1InZ=——(—BU[T,u]) = . 27.45
(N) ﬁaun ﬂau( BUI[T,u]) on ( )

The average number of particles is then

(N) = ZW)- (27.46)

o

We will leave the proof of the corresponding equation for the energy to the reader.

U=(E)=) ey(na). (27.47)

Egs. (27.46) and (27.47) turn out to be key to a relatively easy calculation of the
properties of fermions and bosons. Since we are going to use them frequently in the next
two chapters, we will need to evaluate (n,) for both fermions and bosons, which will be
done in the next two sections.
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27.12 (n,) for Bosons

For bosons, there are an infinite number of possibilities for the occupation of a single-
particle state. This makes the evaluation of eq. (27.44) only slightly more difficult than
the corresponding sum for fermions, since we can carry out the sum over all positive
integers,

> exp[—Bleq — na] = (1 —exp[—Blea — W)~ (27.48)

1y =0

The numerator of eq. (27.44) for bosons can be obtained by differentiating eq. (27.48)
with respect to 8 and cancelling a factor of (¢, — ) on both sides,

Y naexpl—p(eq — wna] = exp[—Blex — )] (1 —exp[—plea — ) > (27.49)

7 =0

The average occupation number is then given by the ratio of these quantities,
according to eq. (27.44),

o) = SPLBEa =01 (1 — expl=Blea — WD (27.50)

(1—exp[—B(eq — )]~
= (exp[Blea — W] - D",

Note the strong similarity between the expression for the occupation number for
bosons and the average number of excited particles in a simple harmonic oscillator,
which we derived in eq. (24.76) in Section 24.10. They are both manifestations of the
same mathematical structure, which we first encountered in the solution to the quantum
simple harmonic oscillator in Section 24.10.

There is also an important property of eq. (27.50), which will play en essential role in
determining the properties of a Bose gas in Chapter 28. The average number of particles,
(ny), must be a positive number, but the last line of eq. (27.50) is negative unless €, — . >
0 for all energy levels ¢, . Therefore, the chemical potential of a Bose gas must have a value
below the lowest energy level.

27.13 (n,) for Fermions

Since there are only two possibilities for the occupation of a single-particle state by
fermions, the evaluation of eq. (27.44) is quite easy. The denominator and the numerator
are calculated first,
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1
> expl—Blea — Wnal = 1+ exp[—Blea — 1] (27.51)
16 =0
1
Y naexp[—Bex — Wna] = 0+exp[—Bey — )] (27.52)
71e=0

The average occupation number is then given by the ratio of these quantities, according
to eq. (27.44),

__expl—Ble — )]
I+ exp[—B(eq — )]

) = (exp[Blea — )]+ 1)L, (27.53)

Note the strong similarity between the expression for the occupation number for
fermions and the average number of excited particles in a two-level system, which we
derived in eq. (24.57) in Section 24.9.

27.14 Summary of Equations for Fermions and Bosons

We can summarize the equations for (n,) by writing

(na) = (exp[Bleq — )] £ 7', (27.54)

where the upper (plus) sign refers to fermions and the lower (minus) sign refers to
bosons.
Egs. (27.46) and (27.47) can then be written compactly:

(N) =) (exp[Bleg — )] 1)~ (27.55)

o

U=) calexplflea — ] =17 (27.56)

For the rest of the discussion in this chapter, as well as the following chapters on
fermions and bosons, we will write N for (IN). While this is not really correct, and we
should keep the distinction between N and (IN) in mind, it is tiresome to constantly
write the brackets.

We can express the grand canonical partition function for bosons by inserting
eq. (27.48) in eq. (27.42),

Z=]]a -expl~Blea —wD7". (27.57)
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We can express the grand canonical partition function for fermions by inserting
eq. (27.51) in eq. (27.42),

Z=T]A+exp[-Blea—mw]- (27.58)

Finally, we can express the logarithm of the grand canonical partition function in a
compact form for both cases,

1nZ=:i:Zln(1j:exp[—ﬂ(ea—y,)])zﬂPV. (27.59)

The upper signs refer to fermions, and the lower signs to bosons. The last equality is
valid only when the system is extensive, but that will be true of most of the cases we will
consider.

If we use the density of states that we calculated in Section 27.2, we can write the
logarithm of the grand canonical partition function in terms of an integral.

InZ = :i:/ooD(e)ln(l + exp[—B(e — pw)])de = BPV. (27.60)
0

27.15 Integral Form of Equations for N and U

In Section 27.2 we calculated the density of single-particle states, D(e€), for non-
interacting particles in a box, with the result given in eq. (27.13),

N = /OOD(e)(exp[ﬁ(e—u)]il)*lde (27.61)
0

U= /OOD(G) (exp[ﬁ(e—u)]:l:l)flede. (27.62)
0

For more general systems, which we will discuss later in this chapter, the density of
states, D(¢), will have a different structure, which might be considerably more complex.
However, we will still be able to express egs. (27.55) and (27.56) in integral form.

The integral form of the equations can even be used if the energy spectrum is partially
discrete, if we represent the discrete part of the spectrum with a delta function of the
form X&(e —€1), where the constant X represents the degeneracy of the energy level
at €7.

One of the most interesting aspects of egs. (27.61) and (27.62) is that they completely
separate the quantum statistics (which enter as the factor (exp[B(e — n)] £ 1)~!) and the
effects of the Hamiltonian (which are reflected in the density of states, D(¢)). We will
spend considerable effort in understanding the properties of systems of non-interacting
particles, which might seem to be very special cases. Nevertheless, the methods we
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develop will apply directly to much more general cases, as long as we are able to calculate
the density of states, D(¢). We will even be able to obtain very general results in the
following chapters for the consequences of the various kinds of structure in D(e¢) that
can arise.

27.16 Basic Strategy for Fermions and Bosons

The basic strategy for dealing with problems of fermions and bosons differs from that
usually employed for other problems in quantum statistical mechanics, where the first
task is almost always to evaluate the canonical partition function. Although it is possible
to solve problems with fermions and bosons by evaluating the grand canonical partition
function, it is almost always better to use eqgs. (27.55) and (27.56) (or egs. (27.61) and
(27.62)) for the average number of particles and the average energy.

The first step in solving problems involving fermions and bosons is to use eq. (27.55)
(or eq. (27.61) to obtain N as a function of 7" and u, thatis N = N(T, u).

Next, note that we rarely know the value of the chemical potential, while we almost
always do know the number of particles in the system. Furthermore, the number of
particles is generally fixed during experiments, while the chemical potential is not.
This suggests inverting the function N = N (7, ) that we found from eq. (27.55) or
eq. (27.61) to give us u = u(7T,N).

Finally, we use eq. (27.56) or eq. (27.62) to find the energy as a function of T
and N (the latter through the function u = w(7,N)). This gives us two equations of
state that will probably answer any questions in which we are interested. If we need a
complete fundamental relation, we can—at least in principle—find it by integrating the
equations of state, as discussed in Chapter 13. A fundamental relation can be found from
eq. (27.59), which also provides a quick way of calculating the pressure for extensive
systems.

The details of how these calculations can be carried out in practice will be discussed
in Chapters 28 and 29.

27.17 P=2U/3V

The equation in the title of this section is easy to derive for a three-dimensional,
monatomic, classical, ideal gas or a quantum gas of distinguishable particles. We need
only combine the ideal gas law,

PV = NkgT, (27.63)

with the equation for the energy,

3
U=_NkgT, (27.64)
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to get

2U
p==

=-—. 27.65
37 ( )

The surprising thing about eq. (27.65) is that it is also true for ideal Fermi and Bose
gases, even though eqs. (27.63) and (27.64) are not.

The proof begins with the integral form of the equations for the grand canonical
partition function from eq. (27.60),

o
1nZ=:|:/ D(e)In(1 £exp[—B(e — w)])de = PV, (27.66)
0
and the average energy from eq. (27.62)

U:/OOD(G)(exp[ﬂ(e—u)]:l:l)_lede. (27.67)
0

In both of these equations, the density of states is given by eq. (27.13),

v o[(2m\>/? 1
_ /2 _ 1/2
D(e) = ) (_h2 > e’ =Xe'", (27.68)

where we have introduced a constant X to simplify the algebra.
To derive eq. (27.65) we integrate the expression for In Z by parts, so that

an::i:X/ooel/Zln(l:l:exp[—ﬂ(e—u)])de, (27.69)
0

becomes

nZ=+X [%é/z In(1 £+ exp[—B(e — u)])] (27.70)
0

2
X /0 22 (1 expl-ple — ) (FBexpl-ple — ) de.

The first term on the right in eq. (27.70) vanishes exactly. Comparing eq. (27.70) with
eq. (27.67) leaves us with

1nZ=?/mez’ﬂ(exp[ﬂ(e—u)]:I:l)_ldez?U. (27.71)
0

Since In Z = BPV for an extensive system, this gives us eq. (27.65).
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It is rather remarkable that eq. (27.65) holds for any form of statistics in either
classical or quantum mechanics. The factor 2/3 does depend on the system being three-
dimensional, but that proof will be left to the reader.

27.18 Problems

PROBLEM 27.1
Identities in the grand canonical ensemble

We have seen that derivatives of partition functions can be used to express various
quantities of interest. Derive identities for the following in terms of derivatives of the
quantum-mechanical, grand canonical partition function.

1. The average number of particles in the system, (N), in terms of a derivative with
respect to [.

2. The average number of particles in the system, (IN), in terms of a derivative with
respect to the fugacity, A = exp(Su).

3. The average energy as a function of 8 and u in terms of derivatives.

PROBLEM 27.2
More on the grand canonical ensemble

We have previously derived a general expression for the grand canonical partition
function for a system of independent identical particles

Z =[] exp[-ple — wn]

where the product over € is actually the product over the single-particle eigenstates.
Each eigenstate must be counted separately, even when several eigenstates have the same
energy (also denoted by €).

The sum over 7, is only over allowed values of 7.

For bosons, an arbitrary number of particles can be in the same state, so 7. can take
on any non-negative integer value, n. = {0,1,2,...}.

For fermions, no more than one particle can be in a given state, so 7. can only take
on the values 0 and 1, n. = {0,1}.

Do each of the following for both fermions and bosons:

1. Carry out the sum in the grand canonical partition function explicitly.

2. Using the result from the previous question, calculate the average number of particles
(N) in terms of 8 and w.

3. Calculate the average number of particles in an eigenstate with energy €, denoted
by (ne).



368 Ideal Quantum Gases

4. Express the average number of particles (N) in terms of a sum over (7).
5. Calculate the average energy in terms of a sum over (7).

PROBLEM 27.3
Fermion and boson fluctuations

Prove that the fluctuations about the average number of particles in an eigenstate, (n), is
given by
8%(n) = (n) (1 £ (n)

where one of the signs is for fermions and the other is for bosons.



28

Bose-Einstein Statistics

The world is full of magical things patiently waiting for our wits to grow
sharper.

Bertrand Russell (1872-1970), philosopher and mathematician

Perhaps the most startling property of systems governed by Bose—Einstein statistics
is that they can exhibit a phase transition in the absence of interactions between the
particles. In this chapter we will explore the behavior of an ideal gas of bosons and show
how this unusual phase transition arises.

28.1 Basic Equations for Bosons

We begin with the Bose—FEinstein equations for N and U, taken from eqgs. (27.55) and
(27.56),

N=) (na) =) (exp[plea—w] -1 (28.1)

U=Y ealna) =) eq(explBlea—m] -1 . (28.2)

We are interested in understanding experiments in which the chemical potential u
is unknown and the number of particles N is fixed. On the other hand, as discussed in
Chapter 27, egs. (28.1) and (28.2) were derived under the assumption that u is known.
This leads us to begin calculations by finding N = N(7',u) from eq. (28.1), and then
inverting the equation to obtain the chemical potential, u = u (T, N). After we have found
U, We can use eq. (28.2) to calculate the energy and the specific heat for a fixed number
of particles.

28.2 (n,) for Bosons

The occupation number for bosons was derived in Chapter 27 and given in eq. (27.50),

fBE(€q) = (1) = (exp[Bleg — )] — )7L, (28.3)

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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Although the expressions for the occupation numbers for bosons and fermions only
differ by a plus or minus sign in the denominator, the consequences of this small
difference are enormous. The first consequence of the minus sign in the denominator
of eq. (28.3) for bosons is a limitation on the allowed values of the chemical potential.
Since fpg(ey) gives the average number of particles in a single-particle state with energy
€q, It cannot be negative,

(exp[Blea — )] — D! > 0. (28.4)
This immediately requires that
€q > Uy (28.5)

for all values of €. In particular, if €, = 0 is the lowest energy of a single-particle state,
then

©<O0. (28.6)

The chemical potential of a gas of bosons must be negative.

Eq. (28.6) is almost a general result. It assumes that the lowest energy level is zero,
which might not always be true. Because this can be a trap for the unwary, it is
very important to know why u is algebraically less than the energy of the lowest
single-particle state, instead of just remembering that it is less than zero.

28.3 The Ideal Bose Gas

For systems with a continuous energy spectrum, we expect to be able to change the sums
in egs. (28.1) and (28.2) into integrals and use eqgs. (27.61) and (27.62) to calculate the
properties of the system. For bosons, these equations take the following form:

N= /0 Dig(e) (exp[Be — w] — 1)~ de (28.7)
U= /0 Drg(e)e (explBle — )] — 1)~ de. (28.8)

A particularly important case, which we will discuss in detail, is an ideal gas of bosons.
We have already derived the single-particle density of states for particles in a box in
eq. (27.13),
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v [(2m\>?
DBE(e):m<?> el/2, (28.9)

Eq. (28.9) completes the equations we need to investigate the properties of free
bosons. We will begin to calculate those properties by looking at the low-temperature
behavior of the chemical potential in the next section.

28.4 Low-Temperature Behavior of

We can simplify the problem of finding the chemical potential from eq. (28.7) by making
the integral dimensionless. To do this, we introduce a dimensionless variable x = Se,

00 3/2
N:/O EVZ(;—’Z) €72 (explBle — )] — 1) de (28.10)

Vo 2m\3/? 00 )
=m(h—2) (kT2 fo x!/2 (exp(—pp) exp(x) — 1)~ dx.

It is convenient at this point to introduce the fugacity

A =exp(Bu). (28.11)

Note that because u < 0, the fugacity must be less than 1, and its reciprocal, which enters
into eq. (28.10), must be greater than 1,

Al>1 (28.12)

In terms of the fugacity, the equation for N becomes

vV o(2m\>? 3 o -1
—— (== /2 1/2 (4 -1 _
=1 ( o ) (kBT) /0 x ()» exp(x) 1) dx. (28.13)

The form of eq. (28.13) is extremely important in understanding the properties of
bosons. As the temperature is decreased, the factor of T3/2 in front of the integral
also decreases. Since the total number of particles is fixed, the dimensionless integral
in eq. (28.13) must increase. The only parameter in the integral is the inverse fugacity,
so it must vary in such a way as to increase the value of the integral. Since the inverse
fugacity is in the denominator of the integrand, the only way to increase the value of the
integral is to decrease the value of the inverse fugacity. However, because of eq. (28.12)
we cannot decrease the value of the inverse fugacity below A~ = 1. If the value of the
dimensionless integral in eq. (28.13) diverged as A~! — 1, there would be no problem.
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However, although the integrand diverges at x = 0 when A = 1, the value of the integral
is finite:

/Ooxl/"‘ (exp(x) — 1) ldx = gg (%) =1.306/7 = 2.315. (28.14)
0

It is traditional to express the value of the integral in eq. (28.14) in terms of a
¢-function instead of simply 2.315. This is largely because the theory of bosons
was developed before computers were available. At that time, instead of simply
evaluating integrals numerically, great efforts were made to express them in terms
of ‘known’ functions; that is, functions whose values had already been tabulated.
Although retaining the ¢-function is a bit of an anachronism, I have included it and
the factor of /7 in eq. (28.14) in the following equations for the sake of tradition
(and comparison with other textbooks).

The consequence of the dimensionless integral in eq. (28.14) having an upper bound
is that the equation cannot be correct below a temperature Tg that is determined by
setting the integral equal to its maximum value,

174 2 3/2
=3 <h—’;“) (kpTE)>/?1.306/7. (28.15)
TT

This equation can also be written as

174 2 3/2
N=2315_ (;721) (kpTE)?2. (28.16)

The temperature T is known as the Einstein temperature,

27 h? N \??
kpTs = . 28.17
BIE m (2.612V> (28.17)

For fixed N and temperatures less than Tg, eq. (28.13) has no solution, even though
you can certainly continue to cool a gas of bosons below Tg. This apparent contradiction
has an unusual origin. Even though the energy levels are very closely spaced, so that
changing from a sum in eq. (28.1) to the integral in eq. (28.7) would not normally be
expected to cause difficulties, eq. (28.7) is not valid for T < TF.

In the next section we will show how to remove the contradiction by modifying
eq. (28.7) to treat the lowest energy state explicitly.
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28.5 Bose-Einstein Condensation

We can trace the strange behavior of bosons at low temperatures to the form of the boson
occupation number in eq. (28.3),

fE(€) = (ne) = (exp[Ble — )] — 1) L. (28.18)

The difficulty arises from the fact that the occupation of the lowest energy level, € = 0,
has an occupation number

f8E(0) = (no) = No = (exp[—Bu] — 1) '. (28.19)

If we were to set u = 0, the occupation number would be infinite. This means that for
very small but non-zero values of u, the occupation number of the € = 0 state can be
arbitrarily large. In fact, it can even contain all the bosons in the system!

As will be justified in Section 28.8, the only modification we need to make in eq. (28.7)
is to include the number of particles in the € = 0 state, which we denote as Ny,

N=No+ f Drg(e) (explBle — )] — 1)~ de. (28.20)
0

For free bosons this becomes

Vo (2m)\*? o -1
N=N0+4n—2<h—2) (kBT)3/2/0 xl/Z(,\—lexp(x)—1) dx. (28.21)

Above the temperature Tg, the occupation Ny of the € = 0 state is much smaller than
the total number N of particles in the system, and may be neglected. Below Tg, the value
of Ny is comparable to N. That is, a significant fraction of the particles in the system are
in the single-particle state with the lowest energy. The transition at T is called the Bose—
Einstein condensation, because a significant fraction of the particles ‘condense’ into the
€ = 0 state at temperatures below Tg.

28.6 Below the Einstein Temperature

The behavior of the Bose gas below Tg turns out to be remarkably simple and easy to
calculate. If we compare eq. (28.21) with eq. (28.15), which determines the Einstein
temperature, we see that we can rewrite eq. (28.21) as
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T\ 3/2
N=N, +N<T—) . (28.22)
E

We can then solve this equation for the occupation of the € = 0 state below T,

T \3/2
NO=N|:1 - <T—) } (28.23)
E

Eq. (28.23) shows that No — N as T — 0; for zero temperature all particles are in the
lowest single-particle energy state.
Eq. (28.23) also shows that as T — Tg, No — 0. This result is, of course, only an
approximation. What it means is that above Tg, No < N, so that it can be safely ignored.
Note that as T — Tg from eq. (28.24), Ny goes linearly to zero:

No 3(Tg-T
—_— == 28.24
i 2( - )+ (28.24)

If we combine eq. (28.23) with eq. (28.19), we can find the temperature dependence
of the chemical potential (taking the lowest single-particle energy state to be zero)

T \3/2
No = [exp(—Bu) — 1]} =N|:1 - (—> } (28.25)
TE

Since we know that Bu is very small below Tg, we can expand exp(—fSu) in eq. (28.25)
to find a very good approximation for u,

-1
kgT T\*?
;w—% [1—<T—E> ] . (28.26)

Because of the factor of 1/N in eq. (28.26), the chemical potential u is extremely
small below the Einstein temperature Tg; if N is of the order of Avogadro’s number, |u|
is smaller than 10~23kgT.

The approximation in eq. (28.26) also shows that as 7'— TFg, the value of u falls
sharply. If T is close enough to the Einstein temperature, the approximation breaks down.
However, this only happens when T is extremely close to Tg. For all practical purposes,
eq. (28.26) can be used for all temperatures below Tg.

Now that we have found the chemical potential for an ideal gas of bosons, we are
in a position to calculate the energy and the specific heat, which we will do in the next
section.
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28.7 Energy of an Ideal Gas of Bosons

Given the chemical potential, we can calculate the energy of a gas of bosons from
eq. (28.8),

o0
U=U, +/ Dpgp(€)e (exp[B(e — w)] — 1) Lede. (28.27)
0
In this equation,
Uy=0 (28.28)

is the energy of a particle in the lowest energy level is € = 0.
Introducing the dimensionless variable x = B¢, as we did in eq. (28.13), we can write
an equation for U in terms of a dimensionless integral

vV o(2m\/? 5 o0 -1
—_ L (" /2 3/2 (41 _
U=17 ( 2 > (kBT) /0 x (k exp(x) 1) dx. (28.29)

Below Tg, eq. (28.29) simplifies because A~! = 1. The dimensionless integral can be
evaluated numerically,

f /% (exp(x) — 1) ldx=¢ <§> r <§) =1.341 <3> xl/?2=1.7826. (28.30)
0 2 2 4

In this equation, I'(-) indicates the gamma function and ¢(-) again indicates the zeta
function.
Using eq. (28.30), eq. (28.29) becomes

Vo(2m\>?
U=1.7826 (h—’;’> (kpT)%/2. (28.31)
Since we know from eq. (28.15) that
Vo(2m\3/?
N=2315_ (h—’;“> (kpTE)*2, (28.32)

we find that the energy per particle has a simple form,

U 1.7826\ [/ T \*/? T \>3?
— — ) kT =.7700 =—) RpT. (28.33)
N 2.315 Tg Tg
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The specific heat at constant volume is found by differentiating with respect to
temperature,

T\ 3/2
cy =1.925kg | — . (28.34)
< Tg )

Notice that for T = Tg, the specific heat takes on the value of 1.925 kg, which is greater
than the classical value of 1.5 kp that it takes on in the limit of high temperatures.

For temperatures above Tg, the specific heat of an ideal boson gas decreases mono-
tonically to its asymptotic value of 1.5 kg. The derivation involves expanding the integral
in eq. (28.8) as a function of Bu. Since the expansion involves interesting mathematics,
but little physics, I will refer the readers to the many textbooks that give the details. The
fastest and easiest way to obtain the function today is to carry out the integral in eq. (28.8)
numerically, which will be done in Section 28.11.

28.8 What About the Second-Lowest Energy State?

Since we have seen that the occupation of the lowest energy level has such a dramatic
effect on the properties of a gas of bosons, it might be expected that the second-lowest
energy state would also play a significant role. Oddly enough, it does not, even though
the second-lowest energy state lies only slightly higher than the lowest energy state.

The energy levels are given by eq. (27.7). Since the wave function in eq. (27.3)
vanishes if ny, ny, or n; is zero, the lowest energy level, €,, corresponds to n=(1,1,1).
This gives us

2_2 2_2
e
12412 12) =3 .
2mL2( o 2mlL?

€0 = €(1,1,1) = (28.35)

The next lowest energy level, €1, corresponds to 7 = (1,1,2), or (1,2,1), or (2,1,1)
These three states each have the energy

Wr? ., nr?
“=cuin =5 (1 +1242 ) =65 . (28.36)
The difference in energy between the two states is
W2
Ae =¢€1 — €y = 32mL2' (28.37)

The energy difference found in eq. (28.37) is extremely small. Suppose we consider
a system consisting of He in a cubic container with L = 1 cm. The energy difference is
only about 2.5 x 10720 erg. Expressing this as a temperature, we have
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A
2€ ~1.8x 107 14K, (28.38)
kp

Despite the fact that this energy difference is so small, it has a large effect on the
occupation number of the state because it is substantially larger than the difference
between the chemical potential and the lowest single-particle energy level.
Define i = u — €o as the difference between the chemical potential and the lowest
single-particle energy level. This will allow us to use eq. (28.26) with only the substitution
From eq. (28.26) we see that Bji &~ —1/N ~ —10723, so that the occupation number,
(n1), of the second-lowest energy levels is

(1) = (exp(B(Ae — 1)) — 1) (28.39)
~ (exp(BAe) —1)!
1
~ Bae
T

T18x10°14K’
~(5.5x 103K HT,

where the last two lines come from eq. (28.38). The occupation of the second lowest
states is of the order of 1012 or more, but this is still very small in comparison to the
total number of particles, N &~ 1023, or the number of particles in the lowest energy state
below TEg. Because the numbers of particles in each of the states above the lowest-energy
state are so much smaller than the number in the lowest-energy state, it is completely
sufficient to use the integral in eq. (28.20) to calculate their total contribution.

28.9 The Pressure below T < T

Eq. (27.65) has an interesting consequence for the pressure of a boson gas
below the Bose-Finstein condensation. If we insert eq. (27.65) into eq. (28.31),
we obtain

2 1 m 3/2 5/2
P= 37" 0,2971? (h_2> (kgT)>/?. (28.40)

This means that the pressure along any isotherm for a gas of bosons below T is constant.
It depends on the mass of the particles and the temperature, but nothing else. Another
way of expressing this is to say that the isothermal compressibility of an ideal Bose gas is
infinite below the Bose—Einstein transition.
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28.10 Transition Line in P-V Plot

We can combine eq. (28.17) with eq. (28.40) to find the Bose—Einstein transition line in
a P-V plot,

5/3
P =0.9606"*mnx1/? <%) ) (28.41)

As eq. (28.41) shows, the pressure is proportional to the (5/3)-power of the number
density along the transition line.

28.11 A Numerical Approach to Bose-Einstein Statistics

This concludes the derivation of the integral equations describing the Bose—Einstein
transition. The treatment is correct, but not entirely satisfying. The derivation jumps
from the original equations involving discrete sums, egs. (28.1) and (28.2), to new
equations with the sums replaced by integrals, egs. (28.7) and (28.8), then back to the
sums to extract to lowest energy state, then back to the integrals for all higher energy
states.

As an alternative, a completely numerical approach will be presented in the first five
problems at the end of the chapter. The approach only involves the sums in egs. (28.1)
and (28.2). It was developed by a student, Tyson Price, and has appeared in the
literature." The alternative approach does not treat the lowest energy state differently
than the rest. The large number of particles in the lowest energy state is simply a result
of the numerical solution. Temperatures above and below the Einstein temperature are
handled in the same way.

The inversion of the equation for the number of particles, N = N (u, T), must also be
performed numerically, because a solution for u = u (N, T) is not available. This is the
subject of Problem 28.2. A plot of u as a function of temperature is shown in Fig. 28.1.

Problem 28.4 guides you through the calculation of the specific heat as a function
of temperature. Fig. 28.2 shows a plot of the result for N = 10000, compared to a
plot in the same figure of the analytic result of the low-temperature specific heat from
eq. (28.34). The specific heat above Tg is considerably more difficult to obtain with
an analytic approximation, but numerically it is easy. The plot for N = 10000 shows a
smooth maximum, typical of a finite system. The height of the maximum is greater than

! T. Price, R. H. Swendsen, ‘Numerical computation for teaching quantum statistics, Am. J. Phys., 81: 866—
72 (2013). Earlier work by other authors treated bosons confined by harmonic traps: S. Grossmann and M.
Holthaus, ‘On Bose-Einstein condensation in harmonic traps,” Phys. Lett. A 208, 188-92 (1995). M. Ligare,
‘Numerical analysis of Bose—Einstein condensation in a three-dimensional harmonic oscillator potential, Am.
F. Phys., 66: 185-90 (1998). M. Ligare, ‘Comment on “Numerical analysis of Bose—Einstein condensation in
a three-dimensional harmonic oscillator potential’—An extension to anisotropic traps and lower dimensions,’
Am.F. Phys., 70: 76-8 (2002).
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Fig. 28.1 The chemical potential, v, in units of W22 /2mL? = €y/ 3 is plotted as a function of T/ Tg
for N = 1000 from the numerical calculation described in the text.
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Fig. 28.2 The specific heat in units of kp as a function of T/ Tk for N = 10000 from the numerical
calculation described in the text. The analytic low-temperature result is shown as a dashed line for
comparison.



380  Bose—FEinstein Statistics

1000 T T T

— Ny
-- N,
— LowT |

800

600 E

N[)> Nl

400 + ]

200 b

0.0 0.5 1.0 1.5 2.0

Fig. 28.3 The occupation numbers, Ny and Ny, are plotted as a function of T/ T for N = 1000 from
the numerical calculation described in the text. The analytic low-temperature result, Eq. (28.19) for Ny
1s shown for comparison.

the specific heat at T = Tg, which is a finite-size effect. The height of the maximum is
greatest for about N = 1000, and decreases for larger systems.

Problem 29.5 has you calculate the occupation of the two lowest single-particle states,
and compare them to the asymptotic curves. A plot is shown in Fig. 28.3.

28.12 Problems

PROBLEM 28.1
Boson Gas Problem: Numerical computation of N = N (i, T)

Write a program to compute the average number of particles as a function of the chemical
potential u and the temperature 7 by direct summation without using the integral
approximation.

Consider an ideal quantum gas of N particles, each with mass #, in a cubic box with
sides of length L. The N-particle Hamiltonian is

N, 1512

H=) =L
Zl: 2m
]:
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The single-particle energy is

€ (1) = An?,

where 7 = (1, 1y,n;) and n? = n2 + ng + n2. The value of the constant 4 is

h? 2
= om I

but we will use dimensionless variables, with A = 1 and kg = 1. [Your program should
still contain the constants A and kp in case we want to use values with dimensions in the
future.]

The occupation number of a single-particle state with energy €

(ne) = (exp(Ble — ) +0) 71,

where for

Bose — —Einstein o=-1
Fermi — —Dirac o=+1
Maxwell — —Boltzmann o =0.

Your program should contain o as a parameter, so that you can treat any kind of

statistics.

The basic equation for the average number of particles (IN) (which can be written as

N for simplicity) as a function of i and T is

N, T)=) (ng;) =Y (exp(Ble(@i) — ) +0) .

n

You will not need the equation for U for this assignment.

1.

Since the sum in the equation for N(u,7T) is over an infinite number of terms, it
must be truncated to a finite number of terms for the program. Find a criterion for
truncating the sum such that the neglected terms are each smaller than some §. In
practice, you will find that you can choose § = 1078, or even smaller, without making
the run time program too long.

. Write a function using Python (or another programming language of your choice) to

carry out the truncated sum in the equation for N(u, T).

Write a loop using the function you programed in answer to the previous question
to compute N(u, T) for uniformly spaced values of i between arbitrary values 11
and uo.

Include a plot of N vs. u in your program for the values you’ve computed. For this
assignment, plot individual points.

. For the special case of bosons (0 = —1) and T = 1, run your program for 37 values

of u between —1.0 and 7.0 (in units of 4 = 1).
Are there any strange features of the results? If there are, can you explain them?

. Why did I specify 37 values of u instead of 36 in the previous problem?
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PROBLEM 28.2
Boson Gas Problem: Numerical computation of u = u (7, N)

In the previous problem, you wrote a function to compute the average number of bosons,
N = (N), given the temperature 7T and the chemical potential x. In this assignment, you
will invert the function N = N(u, T) to compute u = w(7,N).

We will only be considering bosons for this assignment, but write your program using
the more general occupation number of a single-particle state with energy ¢

(ne) = (exp(Ble — ) +0)~ L.

To invert the equation N = N(u, T) to find u = w(N, T), we need the fact that N is a
monotonically increasing function of u, as found in the previous assignment.

The basic algorithm begins with a choice of interval [u_, 4] large enough to contain
the desired value of u (7, N). Fortunately, the choice is not very delicate. We then follow
an iterative procedure until we find a value of u that gives the correct number of particles.
The suggested criterion is that |, — mu_| < 8, where §pu ~ 1074,

1. Calculate pyjg = (- + 1) /2.
2. Calculate Nyjor = N(Upiars T).
3 If Nyu>N set M = Werial
"I Nyjgg <N set p— = yial
4. Check to see if uy — pu— < du. If not, return to step 1.

QUESTIONS:

1. Write a VPython function to compute u = u(7,N).

2. Write a loop using the function you programed in answer to the previous question to

compute w(7T,N) for uniformly spaced values of T between arbitrary values of 7_

and T.

Calculate the Einstein temperature as a function of the parameter A.

4. For N =5, 50, and 500, use your program to compute wu(7) for uniformly spaced
values of T between T'= 0 and T = 2T, where T is estimated from the expression
you found in answer to the previous question.

»

PROBLEM 28.3
Quantum Gas Problem: A thermodynamic identity

A quantity that we wish to compute and plot is the heat capacity at constant N and I/

oS U
Cyn=T|— = —= .
? 8T V,N aT V,N

Keeping IV constant is not a problem, we will ignore the volume dependence to simplify
the notation, writing Cy when we really mean Cy N.
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The difficulty is that the natural quantity to calculate is
(57)
or /),

QUESTIONS:

1. Prove the following thermodynamic identity.

cen(30),-(29), (), /2,

2. Find explicit expressions for all quantities on the right side of Eq. (1) in terms of sums
over 7.

PROBLEM 28.4
Boson Gas Problem: The heat capacity of an ideal gas of bosons

Using the thermodynamic identity you derived in the previous problem, write a program
to compute the specific heat at constant particle number as a function of temperature,

oU
C =|— .
PN (3T>V,N

Include the integral approximation to Cn(7T') in your plot for T < Tg. You can find
the appropriate formula in the textbook.

As previously, you will find it helpful to write the computation of Cp as a function in
Python. In fact, much of the code for the function can be copied from earlier programs.

Plot your results for 7" between zero and 4Tg, for N =5, N =50, and N = 500.

PROBLEM 28.5
Boson Gas Problem: Comparisons with the large-N results

We have derived closed form equations for some properties of the Bose—Einstein ideal
gas in the large-N limit. In particular, we found that below 7T, the occupation of the

ground state is
T \3/2
we(i-(2)")
Tg

T 3/2
CV,N = 1.925k3 (—) .
Tg

and the specific heat is

1. Modify a copy of your program to compute u(7,N) to make a plot of the ground
state occupation Ny as a function of 7. In this new plot, include a plot of eq. (28.12)
for comparison.
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Make plots for at least two different numbers of particles to see how eq. (28.12)
is approached as N is increased.
2. Modify a copy of your program to compute ¢y (7") to include a plot of eq. (28.12)
for comparison.
Make plots for at least two different numbers of particles to see how eq. (28.12)
is approached as N is increased.

The temperature range in the new plots should again be from 7'=0to T = 2TF, but
the functions in eq. (28.12) and (28.12) should each only extend from T=0to T = Tg.

PROBLEM 28.6
Bosons in two dimensions

Consider an ideal boson gas in two dimensions. The N particles in the gas each have
mass 7 and are confined to a box of dimensions L x L.

1. Calculate the density of states for the two-dimensional, ideal Bose gas.
2. Calculate the Einstein temperature in two dimensions in terms of the given parame-
ters and a dimensionless integral. You do have to evaluate the dimensionless integral.

PROBLEM 28.7
Bosons in two dimensions with a bound state

Consider a simple model of bosons in a system with a single bound state. To simplify the
math, we will consider the problem in two-dimensions.

If the boson is not in the bound state, it is a free particle in a two-dimensional box of
length L. The density of states is a constant, Z(¢) = D, for € > 0.

[You do not have to evaluate D.]

The boson binding potential is represented by a single, non-degeneratebound state
with energy —e, < 0, below the band.

Assume that the number of bosons is N >> 1.

. Write down the equation or equations that determine the chemical potential.
. What is the limit on possible values of the chemical potential? Explain your answer.
To simplify the algebra, assume that N = ¢,D for the following questions.
. Calculate the Einstein transition temperature, Tg.
4. For temperatures below the Einstein temperature, calculate the occupation of the
ground state as a function of temperature.
5. For T < Tg, calculate the chemical potential as a function of temperature.

N =

W

PROBLEM 28.8
Bosons in four dimensions

Consider an ideal boson gas in four dimensions. The N particles in the gas each have
mass 7 and are confined to a box of dimensions L x L x L x L.

1. Calculate the density of states for the four-dimensional, ideal Bose gas.
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2. Calculate the Einstein temperature in four dimensions in terms of the given param-
eters and a dimensionless integral. You do not have to evaluate the dimensionless
integral.

3. Below the Einstein temperature, calculate the occupation number of the lowest-
energy, single-particle state as a function of temperture, in terms of the Einstein
temperature and the total number of particles.

4. Calculate the chemical potential below the Einstein temperature.

PROBLEM 28.9
Energy of an ideal Bose gas in four dimensions

Again consider an ideal boson gas in four dimensions. The N particles in the gas each
have mass m and are confined to a box of dimensions L x L x L x L. Calculate the energy
and the specific heat as functions of temperature below the Einstein temperature.
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Fermi-Dirac Statistics

There are two possible outcomes: If the result confirms the hypothesis, then you’ve
made a measurement. If the result is contrary to the hypothesis, then you’ve made a
discovery.

Enrico Fermi

In the previous chapter we investigated the properties of bosons, based on the general
equations for quantum gases derived in Chapter 27. The same equations—with a
positive sign in the denominator—govern fermions. Nevertheless, the properties of
fermions are dramatically different from those of bosons. In particular, fermions
do not exhibit any phase transition that might correspond to the Bose-Einstein
condensation.

The most important fermions are electrons, and understanding the properties of
electrons is central to understanding the properties of all materials. In this chapter we
will study the ideal Fermi gas, which turns out to explain many of the properties of
electrons in metals. In Chapter 30, we will see how Fermi—Dirac statistics also explains
the basic features of insulators and semiconductors.

We will begin in the next section with the fundamental equations for fermions.

29.1 Basic Equations for Fermions

The Fermi—Dirac equations for N and U, taken from egs. (27.55) and (27.56), are given
below,

N=) (ng) =) (explflea—m]+ 17! (29.1)

U= eulne) =) e(explflea —w]+ 17 . (29.2)

To find solutions to these equations, we follow the same basic procedure as we did
for bosons in the previous chapter by finding N = N(7T, 1) from eq. (29.1), and then
inverting the equation to obtain the chemical potential, © = (7, N). However, both the

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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mathematical methods and the physical results for fermions are quite different than what
they are for bosons.

29.2 The Fermi Function and the Fermi Energy

The average occupation number, (%), for fermions in an eigenstate with energy € was
calculated in eq. (27.53). It is called the Fermi function, and it is written as

frp(€) = (ne) = (exp[Ble — )]+ 1)L, (29.3)

To solve for the properties of a Fermi gas, it is extremely helpful to have a clear idea
of the form of the Fermi function, which is shown for a moderately low temperature in
Fig. 29.1.

For lower temperatures (higher 8 = 1/kpT ), the Fermi function becomes steeper at
€ = . The derivative of the Fermi function is given by

9
f?e(e) = frp(€) = —Bexp[Ble — 1] (exp[Ble — W] + 12, (29.4)

Evaluating the derivative at € = u gives the maximum value of the slope,

: = p = ! 29.5
fFD(M)——Z——4kBT- (29.5)

It is clear from the form of the function that the width of the non-constant part of the
function near € = u is of the order of 2kgT. As the temperature is lowered, the Fermi

1
Jrple)
0.8
0.6
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0.2
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Fig. 29.1 The form of the Fermi function. The units of energy have been chosen such that u = 1, and
B = 10 in this figure.
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function approaches a step function. At 7 = 0, the Fermi function is equal to 1 for € < u,
0 for € > u,and 1/2 for e = u.

For most problems of interest, kg7 < u, so that treating the Fermi function as a step
function is a very good first approximation. Indeed, the Fermi function for most materials
of common interest at room temperature is much closer to a step function than the curve
shown in Fig. 29.1.

As mentioned above, the total number of particles, N, is fixed in any system we will
discuss, so that the chemical potential is a function of N and the temperature 7. However,
as we will see later, the chemical potential is a rather weak function of temperature, so
that its zero-temperature limit usually provides a very good approximation to its value at
non-zero temperatures. This limit is so important that it has a name, the Fermi energy,
and is denoted by €F,

= 1i T,N). 29.6
€F Tlglou( ) ( )

Because the Fermi function becomes a step function at 7= 0, the Fermi energy
must always lie between the energy of the highest occupied state and that of the lowest
unoccupied state. In fact, as the problems in this section will show, it always lies exactly
half way between the energies of the highest occupied state and the lowest unoccupied
state. This gives a simple rule for finding the Fermi energy that greatly simplifies fermion
calculations.

The definition in eq. (29.6) agrees with that of Landau (LLev Davidovich Landau,
Russian physicist, 1908—-1968) and Lifshitz (Evgeny Mikhailovich Lifshitz, Russian
physicist, 1915-1985) in their classic book on statistical mechanics. Unfortunately,
many textbooks give a different definition (the location of the highest occupied
state at 7' = 0), which only agrees with the LLandau-Lifshitz definition when energy
levels are quasi-continuous. The alternative definition loses the connection between
the Fermi energy and the chemical potential for systems with a discrete energy
spectrum, or for insulators and semiconductors. This is a serious handicap in solving
problems. Using the definition of €r given in eq. (29.6) makes it much easier to
understand the behavior of such systems. The rule of thumb that the Fermi energy
lies exactly half way between energies of the highest occupied state and the lowest
unoccupied state is easy to remember and use in calculations. Finding €r should
always be the first step in solving a fermion problem.

29.3 A Useful Identity

The following identity is very useful in calculations with fermions:

(exp[Ble — W]+ 1)1 =1—(exp[-Ble —w)]+ 1D L. (29.7)
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The left side of eq. (29.7) is, of course, the Fermi function, frp. On the right side, the
second term gives the deviation of the Fermi function from 1.

It is easy to prove the identity in eq. (29.7), and I strongly recommend that you
do so yourself. It might be easier to prove it again during an examination than to
remember it. [Hint: First prove (x+ 1)"!+(1/x+1)"1 =1.]

For energies more than a couple of factors of kT above the chemical potential u, the
Fermi function is very small, and can be approximated well by neglecting the ‘+1’ in the
denominator,

frp = (exp[B(e — )] + 1)~ ~ exp[—B(e — w)]. (29.8)

For energies more than a couple of factors of kg7 below the chemical potential u, the
Fermi function is close to 1, and the second term on the right side of eq. (29.7) can be
approximated well by neglecting the ‘+1° in its denominator,

frip=1—(exp[—Be — )]+ 1)"' ~ 1 —exp[B(e — w]. (29.9)

These simple approximations are the key to solving fermion problems with a discrete
spectrum or a gap in a continuous spectrum.

Up to this point we have been discussing the effects of Fermi statistics on the
occupation number as a function of the energy of a given state. Now we will investigate
how Fermi statistics affect the properties of systems with different distributions of energy
levels.

29.4 Systems with a Discrete Energy Spectrum

We will first consider systems with a discrete spectrum, like that of the hydrogen atom.
Much of the early work on the properties of fermions dealt with electronic behavior
in atoms, and built on the exact quantum solution for the hydrogen atom to construct
approximations in which electrons were taken to be subject to the field of the nucleus,
but otherwise non-interacting. Since the electrons were orbiting the nucleus, the single-
particle eigenstates were called orbitals—a name that has stuck, even for systems in which
the electrons are not orbiting anything.

The problems at the end of the chapter contain several examples of fermion systems
with discrete energy levels. One very simple example includes just two energy levels and a
single particle. The lower level (energy 0) is non-degenerate and the upper level (energy
€) is two-fold degenerate. Find the chemical potential as a function of temperature.
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The only equation needed is eq. (29.1), which for this problem becomes
N=1=} (exp[Blea—w]+D7" (29.10)
o

= (exp[B(0 — )]+ D' +2(exp[Ble — )]+ D 7L.

We expect the Fermi energy, €F, to be €/2, which we must check in the final solution.
Assuming that e = €/2, at low temperatures we should have u ~ €r, —8u << —1, and
B(e — ) >> 1. This implies that

1 =(1—exp[B(—w)]) +2exp[—B(e — w)]. (29.11)
This can be easily solved to find

1 kT
= —€— ——1In2. 29.12
p=e———In ( )

As T — 0, u — e = €/2, as expected.

It is so much more valuable to work out the properties of systems with discrete
spectra yourself than to see somebody else’s solutions, that I am not going to present
any more examples at all—just problems at the end of the chapter.

29.5 Systems with Continuous Energy Spectra

For systems with a continuous energy spectrum, we can use the integral forms in
egs. (27.61) and (27.62) to calculate the properties of the system. For fermions, these
equations take the following form:

N=/ Drp(e) (explBle — )] + 1)~ de (20.13)
0

U=/ Drp(e)e (exp[Ble — w)] + 1)~ de. (20.14)
0

The Fermi energy is given by the zero-temperature limit of the chemical potential, as
shown in eq. (29.6). In that limit, the Fermi function becomes a step function, and N is
determined by the equation

N = /GFDFD(E)de. (29.15)
0
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If we know the density of states, D(¢), we can solve eq. (29.15) for the Fermi energy €.
In the following sections we will carry this out explicitly for an ideal Fermi gas.

29.6 Ideal Fermi Gas

The case of an ideal gas of fermions in three dimensions is extremely important. This
might seem surprising, since electrons certainly interact through the Coulomb force, and
that interaction might be expected to dominate the behavior in a macroscopic object.
Fortunately, for reasons that go well beyond the scope of this book, electrons in a solid
behave as if they were very nearly independent. You will understand why this is true
when you take a course in many-body quantum mechanics. In the meantime, just regard
it as a stroke of good luck that simplifies your life.

We have already derived the single-particle density of states for particles in a box in
eq. (27.13). To apply it to electrons we need only multiply it by 2 to take into account
the spin of the electron, which takes on two eigenvalues,

Vo2m\>/?
DFD(e):W<?> el/?, (29.16)

29.7 Fermi Energy
Since the Fermi energy will prove to be a good first approximation to the chemical
potential, we will begin by calculating it from the density of states.

In the limit of zero temperature, the Fermi function becomes a step function, and we
use eq. (29.15) for the number of particles to find an equation for €,

€r Y 2m\? vV o(2m\?2 ,
N = D de = — | — 2de = — (== - /2. 29.17
/(; FD(G) € -/0 27_[2 <h2 ) € € 27_[2 hz 36F ( )

This equation can then be inverted to find €F as a function of N,

(29.18)

w2 372N\
€F < > .

“om\ Vv

Note that the Fermi energy depends on the two-thirds power of the number density
N/V, and inversely on the particle mass.

Because of the frequency with which the product Ber appears in calculations, the
Fermi energy is often expressed in terms of the Fermi temperature, T,

er =kpTF (29.19)

TF
per= 7. (29.20)
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Fermi temperatures turn out to be remarkably high. Tr for most metals ranges from
about 2 x 104K to 15 x 10*K. For comparison, the temperature of the surface of the sun
is only about 6 x 102K. For experiments at room temperature (300K), this means that
T/Tg =~ 0.01, justifying the statement made in Section 29.2 that the Fermi function is
very close to a step function for real systems of interest. Again for comparison, Fig. 29.1
was drawn for the case of T/TF ~ 0.1.

Once we have the Fermi energy, the total energy of the system at 7 = 0 can be obtained
from eq. (29.14), using the step function that is the zero-temperature limit of the Fermi
function,

€r Vo 2m\>/? [eF v o2m\>?2
U=| D de=— (22 320 =~ (Z2)  Z&/2. (20.21
/0 rp(€)e de 57 (h2> /(; elde=75 5 (72 5€F ( )

Combining eq. (29.17) with eq. (29.21), we find that the energy per particle takes on
a particularly simple form

= = Zep. (29.22)

The proportionality of U/N to €F is quite general, but the factor of 3/5 depends on the
dimension of the system.

29.8 Compressibility of Metals

Metals are hard to compress. They also contain electrons that are fairly well described by
the ideal gas of fermions we have been discussing. Perhaps surprisingly, these two facts
are closely related.

If we approximate the energy of an ideal gas of fermions by the Fermi energy in
eq. (29.22) and insert the expression for the Fermi energy from eq. (29.18), we find
an expression for the energy as a function of the volume 1/,

U 3 #r (3;121\7)2/3

—=—-— 29.23
N 52m |4 ( )
Recalling the definition of the pressure as a derivative of the energy,
oU
P=——, (29.24)
%

3 W2 2/3 9 3 W2 2/3 (-2
P=-N2—1 (3n2N) Ly N2 (n2N> 2 5B, (29.25)
5 oV 5 2m 3
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or

2 i N\
P:E%n‘”z’ (?> ) (29.26)

Recalling the definition of the compressibility from eq. (14.14),

KT:_l<ﬂ) =_1/[V<ﬁ> } (29.27)
v \oP ) 0V ) 1

3m 45 (VY
=g = ) 29.28
KT hzﬂ (N) ( )

we find that

This can also be written in terms of the bulk modulus,

2 5/3
B=L_ _p(22) _ M as(NYT (29.29)

Comparing eq. (29.29) with the expression for the Fermi energy in eq. (29.18)

2 <3n2N>2/3

=— 29.30
F=5 |\ ( )
we find a surprisingly simple result,
1 5 2N
B=—_—_—=—p=Z2""¢,. 29.31
kr 3 3v°F (29.31)

The numerical predictions of eq. (29.31) turn out to be within roughly a factor of 2 of
the experimental results for metals, even though the model ignores the lattice structure
entirely. This is remarkably good agreement for a very simple model of a metal. It shows
that the quantum effects of Fermi—Dirac statistics are responsible for a major part of the
bulk modulus of metals.

29.9 Sommerfeld Expansion

While we have obtained important information about Fermi gases from the zero-
temperature limit of the Fermi function in the previous section, the behavior at
non-zero temperatures is even more interesting. The difficulty in doing calculations for
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T # 0 is that the temperature dependence of the integrals in egs. (29.13) and (29.14) is
not trivial to extract.

The problem was solved by the German physicist Arnold Sommerfeld (1868-1951).
His solution is known today as the Sommerfeld expansion, and it is the topic of the
current section. The results obtained from the Sommerfeld expansion are essential for
understanding the properties of metals.

First note that both eq. (29.13) and eq. (29.14) can be written in the form,

I /O ¢ (€)fr(e)de = fo $(€) (explBle — )] + 1)~ de (20.32)

where ¢ (¢) = Dgp(¢€) to calculate N, and ¢ (¢) = e Drp(¢€) to calculate U.
Break the integral in eq. (29.32) into two parts, and use the identity in eq. (29.7) to
rewrite the integrand for € < u,

“w
szo ¢(e) (exp[Ble —w)] + 1) de
+/ ¢ () (exp[Be — )] + 1) de
“w
s 1
=/0 #(€) |1~ @exp[-ple — ]+ 1) | de
+/ ¢ (€) (exp[Ble — )]+ 1)~}
"w
w " X
=/0 ¢(e)de—/0 6 (€) (exp[—Ble — ] + 1)~ de
+/ ¢(e) (exp[Ble — )]+ 171 (29.33)
"

In the last line of this equation, the first integral represents the contributions of a step
function, while the second and third integrals represent the deviations of the Fermi
function from the step function.

The next step is to substitute the dimensionless integration variable 2 = — (e — u) in
the second integral, and z = 8(e — ) in the third integral,

H ) Bu . 4
I=f ¢(6)d6—ﬂ_/ p(u—p ') (f+1) dz
0 0
+ﬂ‘1/ ¢(u+ﬂ‘lz)(ez+1)‘1dz. (29.34)
0

At low temperatures, Su ~ Begp = Tr/T > 1. Since the upper limit in the second
integral in eq. (29.34) is large and the integrand goes to zero exponentially rapidly as
2z — 00, replacing the upper limit by infinity should be a good approximation,



Sommerfeld Expansion 395

I%/qu(e)de (29.35)
0

+ﬂ‘1f0 [ou+p' 2 —du— 72| (E+1) " dz.

Note that while the replacement of the upper limit of Bu in eq. (29.34) by infinity
is almost always an excellent approximation, it is not exact.

For the next step we will assume that the integrand in eq. (29.35) is analytic in some
region around z=0 (or € = u), so that we can expand the function ¢(u+ B~ 12) in
powers of z,

P(u+p 2 = Z 0TS (29.36)

j= O

The assumption of analyticity is essential to the Sommerfeld expansion. While the
density of states Drp(€) is generally analytic in some region around the Fermi
energy, it is not analytic everywhere. This means that there are always small
corrections to the Sommerfeld expansion, in addition to the one that comes from
the extension of the upper limit of the integral in eq. (29.34) to infinity. These
corrections are so small that they are often not even mentioned in textbooks.
However, if the density of states is zero at € = u, all terms in the Sommerfeld
expansion vanish, and only the non-analytic corrections are left.

Inserting eq. (29.36) in eq. (29.35), we find

"
= / ¢ (e)de

15 IZ ¢’<u)ﬂ—f/ I (o] (1) e

/ ¢ (e)de

1 - -1
(2n+1) 2n—2 20+l (7
+2 Z(z T1? (wp /0 (€+1) da. (29.37)

The integrals on the first line of eq. (29.37) vanish for even values of j, which led
us to define n=(j—1)/2 for odd values of j and rewrite the sum as shown in the
second line.
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The dimensionless integrals in eq. (29.37) can be evaluated exactly (with a little effort)
to obtain the first few terms of the Sommerfeld expansion,

" 72 7t
= / p(e)de + — ¢V () (kpT)? + ——¢ (W) (kpT)* +--- . (29.38)
0 6 360

In eq. (29.38), ¢V (1) denotes the first derivative of ¢ (€), evaluated at u, and ¢ (1)
denotes the corresponding third derivative.

As we will see in the next section, the Sommerfeld expansion converges rapidly for
low temperatures.

29.10 General Fermi Gas at Low Temperatures

As discussed in Section 27.16 of the previous chapter, the first step in calculating the
properties of a Fermi gas is to use eq. (29.13) to find N as a function of 7 and u,
and then invert the equation to obtain u = (7, N). Using the Sommerfeld expansion,

eq. (29.38), derived in the previous section, we can expand eq. (29.13) to find N as a
power series in T,

N= / Drp(e€) (exp[B(e — )] + 1)L de (29.39)
f Drp(e)de + — - D%(u)(kBT)2+%D“)(uxkﬂ)‘*

Recall from eq. (29.15) that the Fermi energy is defined as the zero-temperature limit
of the chemical potential,

N:/ FDFD(e)de. (29.40)
0

Since u — eF is small at low temperatures, we can approximate the integral in eq. (29.39)
as

" er
fo Drp(e)de ~ fo Drp(€)de + (1 — ) Drp(er). (20.41)

Putting this approximation into eq. (29.39), we find an equation for the leading term in
M —€F,

2
b
u—ep = =~ (ksT)*Dip (1) DEp(er) + -+ (29.42)
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We see that the deviation of the chemical potential from the Fermi energy goes to zero as
T? for low temperatures, justifying our earlier assertion that €F is a good approximation
for u at low temperatures.

The next step is to use eq. (29.42) to find a low-temperature expansion for the energy.
Defining the zero-temperature energy of the system to be

€F
U0=/ Drp(€)ede, (29.43)
0

the Sommerfeld expansion of eq. (29.14) can be written as

U= U+ (1 —€r)erDrp(€F) (29.44)
2
T
+ 5 [DFD(GF) + eFD%(eF)] (kgT)* +---.

Inserting eq. (29.42) for u — €F, this becomes

2
4
U=U,— ?(kBT)zeFD}%(eF) (29.45)

2

/4
+ 7= [ Drn(er) + erDiiper) | (kn T 4+

2
T
=Uo+ ?DFD(GF)(kBT)Z +eee

The heat capacity at constant volume is found by differentiating of eq. (29.45) with
respect to temperature,

2
Cy = (E) = Drp(ep) kAT +---. (29.46)
oT Jny 3

Eq. (29.46) has very interesting properties. First, it shows that as long as Drp(eF)
does not vanish, the low-temperature heat capacity is proportional to the temperature 7.
Since the low-temperature contributions of the phonons to the heat capacity have a T°
temperature-dependence, we can clearly separate the contributions of the phonons and
electrons experimentally.

Next, we have answered the question of why the heat capacity of materials does not
have a contribution of 3kg/2 from every particle, whether electrons or nuclei, which
would be expected from classical theory. We will see this again below in eq. (29.54).

Finally, eq. (29.46) shows that the only thing we need to know to calculate the low-
temperature heat capacity is the density of states at the Fermi energy. Or, turning the
equation around, by measuring the low-temperature heat capacity we can determine the
density of states at the Fermi energy from experiment.



398  Fermi—Dirac Statistics

29.11 Ideal Fermi Gas at Low Temperatures

While the equations for the specific heat derived so far in this chapter apply to a system
of fermions with any density of states, it is particularly instructive to look at the special

case of an ideal Fermi gas.

Recall that the density of states for an ideal gas of electrons was given in eq. (29.16),

Vo [(2m)\3/?
DFD(E)ZW(?> el/?2 = 4172,

In eq. (29.47) we defined a constant

to simplify further calculations.
Eq. (29.39) for N becomes

Tt 3
N= /Ael/2d6+ —A- M—W(k T2+ —A=pu 2 (kgT)* + -

360 8

2 72 Tt
= gA;P/Z + EA;fl”(kBT)Z + —AM*S/Z (kpT)* +

2 kT kpT
— A3/21
3 [+8<M)+64O(M)+}

Since

2 3
N =24¢”,

Eq. (29.49) gives an equation for €g in terms of u,

2 2
3/2 32 7 (kT kpT\*
€r NM/|:1+§(—M ) +640(,LL .

Rewriting this for i in terms of €, we find

-2/3

|7 (kT Txt (kT /
~e - == Al Indcciell
Her s \ u 640 \ 1t

(29.47)

(29.48)

(29.49)

(29.50)

(29.51)

(29.52)
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7% (kpT\? 7% ([ T\?
Hep|l—— | — =er|l—— | — .
12 \ €F 12\ TFr
Since a typical value of TF is of the order of 6 x 104K, the T?-term in eq. (29.52) is
of the order of 10~# at room temperature, confirming that the chemical potential is very
close to the Fermi energy at low temperatures. This also justifies the omission of the next

term in the expansion, which is of order (T/Tr)* ~ 1078,
The heat capacity can be obtained by inserting eq. (29.47) into eq. (29.46),

72 T
Cy=—N*kg|— ). 29.53
v=—Nkp <TF> ( )

This equation can be rewritten in a form that shows the effect of Fermi statistics on the
heat capacity,

3 2T
Cy = 2 Nkg (”--) . (29.54)

The factor in parentheses is the quantum correction, which shows explicitly that the
Fermi heat capacity at low temperatures is much smaller than that of a classical ideal gas,
as claimed in the previous section.

We have seen in Chapter 26 that the specific heat due to lattice vibrations has a T°-
behavior at low temperatures. Eq. (29.54) shows that when the density of states at the
Fermi energy, D(¢F), is non-zero, there is an additional 7-dependence, which dominates
at very low temperatures. This is indeed observed experimentally for metals. However, it
is not observed for insulators or semiconductors, for reasons we will discuss in the next
chapter.

29.12 Problems

PROBLEM 29.1
Numerical Fermi—Dirac Quantum Gas Problem: i and 7y and 7n; for a small
number of particles

Using the programs that you’ve written for quantum gases, carry out the following
calculations for Fermi—Dirac statistics.

1. For the extreme cases of N = 1,2,3, and 4, compute the chemical potential u and
the occupations of the two lowest energy states as functions of the temperature.
Don’t include temperatures below 7 =0.1 in your computations. There are
numerical difficulties at very low temperatures that are not worth worrying about
for this assignment.
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Go up to about T=3.0 for N=1, T=5.0 for N=2 and 3, and T = 7.0 for
N =4.
2. Are the Fermi energies you found in your computations consistent with what you had
expected? Explain.
3. Explain the occupation number you found in your computations at low temperatures
for a state with energy € = 64 for N =2 and N = 3.

PROBLEM 29.2
Fermi-Dirac Quantum Gas Problem 2: Specific heat

Using the programs that you’ve written for quantum gases, carry out the following
calculations for Fermi—Dirac statistics.
The Fermi temperature is given by the equation

3N\ 2/3
kpTr=A <—) .
b4

It is discussed in the book and will be discussed in class. For this assignment, all you need
to know is that it is a characteristic temperature for an ideal gas of fermions.

For N =1000 particles, make three plots of the specific heat as a function of
temperature. Let the lowest temperature be 7 = 0.01 for all three plots. Let the highest
temperatures be 7= Tr/100, T = Tr/10 and T = 27TF.

1. For T < 0.1, the specific heat is seen to be very small. Why is this true?

2. In a temperature range of about 7"=3.0 to T =0.1TF, how does the specific heat
behave. Explain why this is to be expected.

3. For T much larger than TF, the specific heat seems to be going to a constant value.
Derive the value of this constant. Is the value you derived consistent with your plots?

PROBLEM 29.3
Fermions in a two-level system (with degeneracy)

Consider a system of N-independent fermions.

Assume that the single-particle Hamiltonians have only two energy levels, with
energies 0 and €. However, the two levels have degeneracies ny and »;, which are, of
course, both integers.

1. First take the simple case of nyp = n; = 1, with N = 1. Find the chemical potential, u,
as a function of temperature. What is the Fermi energy, eg = u (7T = 0)?

2. Now make it more interesting by taking arbitrary values of ny and 7y, but specifying
that N = ng. Again find the chemical potential, i, as a function of temperature for low
temperatures. That is, assume that Be >> 1. What is the Fermi energy?

3. Keep arbitrary values of ng and 7, but consider the case of N < ng. Again find
the chemical potential, i, as a function of temperature for low temperatures. That is,
assume that Be > 1. What is the Fermi energy?
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4. Keep arbitrary values of 7y and n;, but consider the case of N > ny. Again find
the chemical potential, i, as a function of temperature for low temperatures. That is,
assume that B¢ > 1. What is the Fermi energy?

PROBLEM 29.4
Fermions in a three-level system (with degeneracy)

Consider a system of N-independent fermions.

Assume that the single-particle Hamiltonians have three energy levels, with energies
€1, €2, and €3, where €] < €5 < €3. The three energy levels have degeneracies #;, 72, and
n3, which are, of course, integers. The values of the #;s are to be left arbitrary.

1. First take the case of N = ny. Find the chemical potential, u, for low temperatures.
What is the Fermi energy, er = (7T = 0)?

2. Now take the case of N = n; + n,. Find the chemical potential, i, for low tempera-
tures. What is the Fermi energy, eg = u(T = 0)?

3. Next, consider the situation with 7, > 2 and N = n; + 1. Find the chemical potential,
u, for low temperatures. What is the Fermi energy, e = u(7 = 0)?

PROBLEM 29.5
Ideal Fermi gas in two dimensions

Consider an ideal Fermi gas in two dimensions. It is contained in an area of dimensions
L x L. The particle mass is .

1. Calculate the density of states.

2. Using your result for the density of states, calculate the number of particles as a
function of the chemical potential at zero temperature. (u(7T = 0) = €f, the Fermi
energy.)

3. Calculate the Fermi energy as a function of the number of particles.

4. Again using your result for the density of states, calculate the total energy of the system
at zero temperature as a function of the Fermi energy, €f .

5. Calculate the energy per particle as a function of the Fermi energy €.

PROBLEM 29.6
More fun with the ideal Fermi gas in two dimensions

Consider the same two-dimensional, ideal Fermi gas that you dealt with in the previous
assignment. You will need the result of that assignment to do this one.

1. Calculate the average number of particles as a function of u exactly. (This is one of
the few problems for which this can be done.)

2. Calculate p as a function of N and 7. Then find the high- and low-temperature
behavior of u.
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PROBLEM 29.7
The specific heat of the Maxwell-Boltzmann quantum gas

Using the programs that you’ve written for quantum gases, carry out the following
calculations for Maxwell-Boltzmann statistics.

1.

had

For both N =1 and N = 10 particles, plot ¢ as a function of temperature for 7°
between 7= 0.1 and T = 8.0.

What differences do you see between the two plots? Explain.
For a number of particles of your choice, plot ¢y vs. T between T'= 2.0 and T = 50.0.
What was the basis for your choice of N in the previous problem?
For large values of T, the specific heat seems to be going to a constant. Find the
value of the constant, and compare it to the corresponding constant for Fermi—Dirac
statistics.

PROBLEM 29.8
An artificial model of a density of states with a gap in the energy spectrum

Consider a system with the following density of states

0 0>c¢
_JA(e1—¢) €1>€>0
7(€) = 0 €3> € > €]
A(e —€2) € > €

where A is a constant, and €3 > €1 > 0.

1.

Find the Fermi energy e¢r = w(7 = 0) for the following three values of the total
number of particles, N.

(a) N =Ae% /4

(b) N=4Ae?/2

() N=3A4e2/4

. For each of the three cases, find the specific heat at low temperatures from the

Sommerfeld expansion.

For one of the cases studied above, the Sommerfeld expansion for the specific heat
can be summed exactly to all orders. And the answer is wrong! Explain which case is
being referred to, and why the Sommerfeld expansion has failed.

PROBLEM 29.9
An artificial model of a density of states with a gap in the energy spectrum—
continued

Again consider a system with the following density of states:
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0 0>c¢
_ JA(e1—¢) €1>€>0
7(€) = 0 €2 >€ > €]
A(e —€2) € > €

where A4 is a constant, and €2 > €; > 0. The number of particles is given by N = Aef /2,
so the Fermi energy is ep = (€1 +€2)/2.

In the last assignment we found that the Sommerfeld expansion gives incorrect
results for this model. In this assignment we will calculate the low-temperature behavior
correctly.

1. Show that if €3> kpT, that u=¢€fr is a very good approxmation, even if
kT ~ ey — €.

2. Calculate the energy of this model as a function of temperature for low temperatures.
Assume that €] > €2 —e€1 > kpT.

3. Calculate the heat capacity of this model as a function of temperature for low
temperatures from your answer to the previous question. Assume that €] >> €3 — €1 >
kpT.
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Insulators and Semiconductors

Mankind is a catalyzing enzyme for the transition from a carbon-based intelligence
to a silicon-based intelligence.

Gérard Bricogne, French crystallographer

Although the ideal gas of fermions is a useful model for the behavior of metals, real
systems deviate from this model in a very important way: real energy spectra contain
gaps in which no energy levels occur. When the Fermi energy lies in one of those gaps,
the behavior of the electrons is qualitatively different from that described in the previous
chapter.! Such materials do not have the high electrical conductivity of metals. They are
insulators or semiconductors, and their properties are the subject of the current chapter.

The origin of the strange band gaps that arise in the electron density of states in
real materials is that the regular arrangement of the nuclei in a crystal lattice creates a
periodic potential. This affects the energy levels of the electrons and gives rise to gaps in
the energy spectrum. The mechanism by which the gaps arise can be understood from
two perspectives. The first initially assumes that the atoms are very far apart, so that
the electrons cannot easily jump from one atom to the next. Since an electron is tightly
bound to a nucleus, this is known as the ‘tight binding approximation’. The second way
of looking at it starts from the opposite extreme, where the electrons act almost like an
ideal gas, but are presumed to be subject to a very weak periodic potential. This is known
as the ‘nearly free electron approximation’. In both cases, gaps in the energy spectrum
occur due to the periodicity of the lattice.

In the following sections we will explore both ways of seeing how gaps arise in the
energy spectrum in a crystal. After that we will investigate the consequences of energy
gaps, which will lead us to the properties of insulators and semiconductors.

30.1 Tight-Binding Approximation

Begin by considering a single, isolated atom. Since we know that electrons in isolated
atoms have discrete energy levels, the energy spectrum of a single atom will look
qualitatively like the diagram on the far left of Fig. 30.1.

! Be cautious in comparing our use of the Fermi energy with that of other books. We have defined the Fermi
energy to be the 7' — 0 limit of the chemical potential, as in eq. (29.6). This is often referred to in other books
as the ‘Fermi level’.

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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Fig. 30.1 Schematic plot of the energy levels in a crystal. The diagram on the far left shows the energy
spectrum of an isolated atom. The second diagram shows the effect of bringing two atoms close together,
and the third diagram corresponds to three neighboring atoms. The diagram on the far right shows the
band structure that arises when the lattice constant is of the order of nanometers, as in a real crystal. The
1029 or more energy levels make each energy band a quasi-continuum.

If we bring a second atom to within a few tenths of a nanometer of the first, the
wave functions will overlap, and the energy levels will be split according to quantum
perturbation theory, as shown in the second diagram in Fig. 30.1.

If there are three atoms close together, each energy level will split into three levels, as
shown in the third diagram in Fig. 30.1.

Now assume that we have a crystal; that is, a regular array of atoms in which the
neighboring atoms are separated by a few tenths of a nanometer. If the crystal contains
10%° atoms, the energy levels will be split into 1020 closely spaced energy levels, which
will form a quasi-continuum. Such a quasi-continuum of energy levels is called a ‘band’.
This is shown schematically in the diagram on the far right of Fig. 30.1.

In the schematic diagram in Fig. 30.1, the spreading of the energy levels has been large
enough to merge the top two single-atom energy levels into a single band. However, the
gap between the bottom two two single-atom energy levels remains, despite the spreading
of the energy levels into bands. These gaps, or ‘band gaps’, represent forbidden energies,
since there are no single-particle wave functions with energies in the gaps.

This qualitative description of how gaps arise in the single-particle excitation spec-
trum can be made quantitative by applying perturbation theory to the weak overlap
of the wave functions of nearly isolated atoms. Since the electrons are tightly bound
to individual atoms when the overlap is very weak, this is known as the ‘tight-binding
approximation’. We will not go into the details of the theory here, since our purpose is
only to understand qualitatively how gaps in the excitation spectrum arise.

Before going on to discuss the opposite extreme, in which electrons experience only
a weak periodic potential due to the crystal lattice, we need some mathematics. The
following section introduces Bloch’s theorem for a particle in a periodic potential (Felix
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Bloch (1905-1983), Swiss physicist, Nobel Prize 1952). Once armed with this theorem,
we will discuss the effects of the crystal lattice on the single-electron energy spectrum.

30.2 Bloch’s Theorem

For simplicity, we will again only treat the one-dimensional case. The three-dimensional
case is not really more difficult, but the necessary vector notation makes it look more
complicated than it is.

Consider a single particle in a periodic potential, I/ (x), so that the Hamiltonian is
given by

P2
H="+47V(x). (30.1)
2m
Denoting the period by a, we have
Vix+a) =TV (x). (30.2)

Define translation operators, T, for any integer 7. such that
T,H(p,x) = H(p,x+na) = H(p,x). (30.3)

Translation operators have the property that they can be combined. For an arbitrary
function f(x),

Ty Tof(x) = Tyf (x +ma) =f(x+ma+ na) = Typnf (%), (30.4)
or
TwTwm = Tsn- (30.5)
The translation operators also commute with each other
[T, T, =T1,T,,— T»T,=0, (30.6)
and every T, commutes with the Hamiltonian.
[T,,H]=T,H—-HT,=0 (30.7)

Therefore, we can define wave functions that are simultaneously eigenfunctions of all
the translation operators and the Hamiltonian.
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Denote a single-particle eigenfunction by ¢ (x), and the eigenvalue of T}, by C,,.
Tw¢(x) = ¢ (x+na) = Cup (x) (30.8)
From eq. (30.5), we can see that
T Ting (%) = CuCnp (x) = Tintn (X) = Crpmp (%) (30.9)
or
CnCp = Cpim- (30.10)
We can solve eq. (30.10) for C, in terms of a constant k&,
C, = exp(itkna), (30.11)
where & is a real number. It is easy to confirm that this is a solution by inserting eq. (30.11)
into eq. (30.10). The reason that £ must be real is that ¢ (x) — and therefore C,, — must

be bounded for very large (positive or negative) values of x.
The next step is to note that the eigenfunction can be written as

®r(x) = exp(thx)up(x), (30.12)
where uy(x) is periodic.
up(x+ a) = up(x) (30.13)

The eigenfunctions ¢ (x) also have an important periodicity with respect to the wave
number k. If we define a vector

K= 2—71, (30.14)
a
and consider the wave function
B 1 (%) = expliCk + K)x] g i (%), (30.15)
then
Pr(x) = exp(iRx)up(x) (30.16)
= exp[i(k + K)x] exp(—iKx] up(x)
— explilk+ K)x] g (%)

= Pr+K (X).
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It is easy to confirm that up g (x) = exp(—iKx)up(x) is a periodic function of x with
period a.

By extending this argument to ¢,k (x), Where g is any integer, we see that €, must
be a periodic function of & with period K = 27/a.

€L = €r4+K (30.17)

The following section uses Bloch’s theorem to calculate the single-particle excitation
spectrum for nearly free electrons. The periodicity of €; will be crucial to the discussion.

30.3 Nearly-Free Electrons

In this section we will look at the consequences of a weak periodic potential for a gas of
non-interacting electrons. We will begin by assuming that the potential is exactly zero,
and then investigate the effects of turning on a periodic potential, such as that due to a
regular crystal lattice.

The discussion will consist of three stages:

1. Reminder of the energy spectrum of a non-interacting particle in a box.

2. The effects of Bloch’s theorem on the representation of the energy spectrum of
non-interacting particles in the limit that the amplitude of the periodic potential
vanishes.

3. The effects of turning on a periodic potential with a small amplitude.

30.3.1 Free Electrons

We begin with the energy levels for free electrons, which are given in eq. (27.12) of
Chapter 27.

hZ
ep=—FK (30.18)
2m
Here
nw
k= —, 30.19
i3 ( )

and 7 is a positive integer.
Fig. 30.2 shows a plot of €, as a function of the wave number k.

30.3.2 The ‘Empty’ Lattice

The next step is to look at the consequences of the periodicity of the lattice on the energy
spectrum, while keeping the amplitude of the periodic potential equal to zero. This might
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€k

Fig. 30.2 Free electron energy spectrum.

seem rather strange, since a potential of amplitude zero cannot change the energy of a
state. Nevertheless, the representation of the energy can change.

The representation of the energy spectrum in a periodic potential differs from that
shown in Fig. 30.2 because of the periodicity in k-space imposed by eq. (30.17). This
representation is known as the ‘empty lattice’, because even though we are assuming
periodicity, there is nothing there to give rise to a non-zero potential.

The wave functions in the empty lattice representation can be written in the form given
in eq. (30.12). The empty-lattice energy, €z, is periodic in &, as indicated in eq. (30.17).
The empty-lattice energy spectrum is plotted in Fig. 30.3.

The degeneracies seen in Fig. 30.3 all come from the symmetry that € = €3, x. The
value of the empty-lattice representation is that it highlights those points at which
the splitting due to a periodic lattice removes the degeneracies.

Fig. 30.3 shows how the periodicity indicated by eq. (30.17) affects the energy spec-
trum. The parabolic spectrum shown in Fig. 30.2 is repeated at intervals of K =27 /a

€k

Fig. 30.3 Empty lattice energy spectrum.
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along the entire k-axis. This repetition has the consequence that all information about
the energy spectrum is contained in any region of length K = 27 /a along the axis. It is
conventional to choose the region from —7/a to 7r/a. This region is called the Brillouin
Zone, after L.éon Brillouin. In Fig. 30.3, the limits of the one-dimensional Brillouin Zone
are indicated by two vertical dotted lines.

In more than one dimension, a more general definition is used for the Brillouin
Zone. The periodicity in k- -space is deﬁned by a set of three vectors, {K 1,K2,K 3}.
The set of all vectors of the form an 1+ n2K2 + n3K 3, where the #;s are integers,
forms a ‘reciprocal lattice’. The Brillouin Zone is then defined as including those
points closer to the origin in k-space than to any other point in the reciprocal lattice.
For the one-dimensional case, the reciprocal lattice consists of the points, 2nr/a,
where 7 is an integer. The points between —/a and 7 /a then satisfy this definition
of the Brillouin Zone.

30.3.3 Non-Zero Periodic Potential

Now we are going to discuss the effects of making the amplitude of the periodic potential
non-zero.

If we consider Fig. 30.3, we see that there are crossings of the energy levels at
k =mnm/a, where n is an integer. These crossings represent degeneracies, where two
states have the same energy (in the original representation, they are traveling waves
going in opposite directions). A non-zero periodic potential splits the degeneracy at
these crossings, according to the usual result of quantum perturbation theory. After the
splitting, the energy spectrum looks like Fig. 30.4.

After the splitting of the crossing degeneracies, gaps in the energy spectrum open up.
There are now ranges of energies for which there are no solutions to the wave-function
equation.

30.4 Energy Bands and Energy Gaps

The consequences of both the tight-binding and the nearly-free electron analyses are
qualitatively the same. In certain ranges of energies, there exist single-particle energy
states. These energy ranges are called ‘bands’. In other energy ranges, no such states are
found. These energy ranges are called ‘gaps’.

Both the tight-binding and the nearly-free electron analysis can be used as starting
points for quantitative calculations of the energy spectrum and the density of states.
However, that would take us beyond the scope of this book.

The existence of energy gaps is clearly an important feature of the density of states.
As we will see in the next section, when the Fermi energy falls within a band gap, the
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Fig. 30.4 Band structure with energy gaps occurring at k = %, 0, and —%.

behavior of the system differs dramatically from what we found for the free-electron
model.

30.5 Where is the Fermi Energy?

When the energy spectrum has band gaps, the behavior of the material will depend
strongly on where the Fermi energy is — specifically, on whether the Fermi energy lies
within a band or within a gap between bands. This, in turn, depends on whether the bands
near the Fermi energy are empty, completely filled, or partially filled at zero temperature.
If there is a partially filled band at 7 = 0, the Fermi energy will lie at the boundary
between the filled and empty states. If there are only completely filled and completely
empty bands at T = 0, the Fermi energy will lie halfway between the highest filled band
and the lowest empty band.

To understand why the behavior of a material depends strongly on where the Fermi
energy is, first recall that when a single-particle state is filled, no other electron can enter
that state. If all single-particle states at a given energy are filled, nothing can happen at
that energy. Neither can anything happen at an energy for which all states are empty. It
is only when electrons can change states without changing their energy significantly that
they can move from one area to another within the system.

The explicit dependence of the electrical properties of systems on their band struc-
tures gives rise to the differences between metals, insulators, and semiconductors, which
will be discussed in the following sections.
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30.6 Fermi Energy in a Band (Metals)

If the Fermi energy falls within a band, it requires only a tiny amount of thermal energy
to raise an electron into an empty energy level with a slightly higher energy. The electron
is then able to move to other states with the same energy in different parts of the system.
Since electrons are charged, their motion is electric current. Systems with Fermi energies
that fall within a band are metals.

In Chapter 29 we found from the Sommerfeld expansion that the specific heat at low
temperatures was given by eq. (29.46),

2
Cy = %DF(eF)kgT. (30.20)

For free electrons, this gave the particular result given in eq. (29.53).

If the Fermi energy lies in one of the energy bands, eq. (30.20) still holds. The only
change from the free electron result is quantitative, due to the change in the density
of single-electron states at the Fermi energy. For some important conductors, such as
copper, silver, and gold, the free-electron specific heat is within 40% of the measured
value of the specific heat at low temperatures. For other metals, the magnitude of the
change can be quite large—up to an order of magnitude larger than the free-electron
specific heat. The details of band structure that give rise to these differences can be quite
interesting, but go beyond the scope of this book.

If the Fermi energy falls in an energy gap, the behavior of the system is qualitatively
different from that of a metal, and we find insulators and semiconductors. Their
properties are dramatically different from those of metals—and from each other! We will
consider each case separately in the following sections, but first we will discuss the generic
equations that govern both insulators and intrinsic semiconductors (defined below).

30.7 Fermi Energy in a Gap

When there is an energy gap between the highest filled single-particle state and the lowest
empty one, the Fermi energy must be exactly in the middle of the gap. This is a very
general principle, which was already implicit in the calculations for the cases of discrete
sets of energy levels that were treated in Chapter 29. To see that this is so, introduce a
specific model for which the density of states is given by

A(e —€0)? € >¢c
D(e)=1 0 €c > € > €y (30.21)
B(ey — e)b €y > €,

where A, B, a, and b are positive constants. The usual values of the exponents are a =
b =1/2—the demonstration of which is left as an exercise for the reader—but for now
we will keep the notation general.
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The subscripts C and V" in (30.21) refer to the ‘conduction’ (upper) and ‘valence’
(lower) bands. Conduction will occur only in so far as electrons are thermally excited
from the valence band into the conduction band.

Since we are interested in very low temperatures when calculating the Fermi energy,
states with energies much greater than €c are nearly empty, while those with energies
much less than € are nearly full. Therefore, the form of the density of states away from
the gap is often unimportant.

It might seem extremely improbable that the filled single-particle state with the
highest energy (at 7= 0) is exactly at the top of a band, while the lowest empty
state is at the bottom of the next higher band. Actually, it is quite common. The
reason is most easily seen from the tight-binding picture. A band is formed from
the splitting of atomic energy levels. If these energy levels are filled, then the bands
states will also be filled. If the energies in a band do not overlap the energies of any
other band, it will be completely filled, while the higher bands will be empty.

As usual, we will use eq. (27.61), which gives the number of particles N as a function
of u, to find the chemical potential

N:/mD(e)(exp[ﬂ(e—,u)] + 1) 1de. (30.22)
0

Splitting the integral into two parts—one for each band—gives

N=/ VD(e)(eXp[ﬁ(e—M)]+1)’1d6+/ D(©) (explBle — )] + 1)~ de.
0 €C

(30.23)
By our assumptions, the lower band is exactly filled at zero temperature,

N= / v D(e)de. (30.24)
0

Subtracting eq.(30.24) from eq.(30.23), we can eliminate N from the equation for the
chemical potential

o0 €y
0=/ D(e)(eXp[ﬁ(e—u)]+1)‘1d6+/0 D(e) [(eXp[ﬂ(e—u)Hl)‘l—l]de.
¢ (30.25)

Using the identity from Section 29.3, we can rewrite the resulting equation in a form that
shows the equality between the number of particles taken out of the lower band and the
number of particles added to the upper band
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[e¢) €y
/ D(e) (exp[Ble — )] + 1) 1 de = / D(e) (exp[—B(e — W]+ 1)~ 'de. (30.26)
€c 0

Anticipating that 4 & €r = (¢¢c + €7) /2 at low temperatures, we see that the exponen-
tials in the denominators of both integrands are large. This allows us to approximate
eq. (30.26) as

[ee] (574
A / (¢ — o) exp[—Ble — w)lde ~ B / (e — O explBle—wlde,  (30.27)
€C —00

where we have inserted the approximate form for the density of states in eq. (30.21). We
have also changed the lower limit of the integral on the right to minus infinity, since the
exponential in the integrand makes the lower limit unimportant at low temperatures.

We do not need to evaluate the integrals in eq. (30.27) explicitly at this point, but
we do need to extract the S-dependence. We do this by defining new variables for the
integral on the left of eq. (30.27),

x=B(e —€c), (30.28)
and for the integral on the right,

y=—B—¢€p). (30.29)

Eq. (30.27) then becomes

o0

Aexp (B(n — Ec))ﬂ_l_“/ x?exp[—x]dx =
0
s [T b

Bexp (Bley — ) B~ /o yexp[—y]dy. (30.30)

Now bring the exponentials with u to the left side of the equation,

* b
B /0 y exp[—yldy

exp (B(2u —ec —€p)) = = (kT)"°. (30.31)
A/ x*exp[—x]dx
0
Denoting the dimensionless constant X by
* b
B[ expl-slay
X=—2 , (30.32)

x
A/ x% exp[—x]dx
0
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we find
1 ksT kpT
pn=lecter)+ %(b —a)In(kgT) + BTlnX. (30.33)

Clearly, the Fermi energy is given by

1
= 1 = — . 4
€F }inou > (ec +e€v), (30.34)

for any values of the constants A, B, a, and b.
As mentioned at the beginning of this section, the most usual values of the exponents
are a = b =1/2. For this case, eq. (30.33) simplifies.

Lot + 8L, (8 (30.35)
= — ——In( — .
1% 5 €C TEVY 5 y

The calculation in this section also gives us an explicit estimate for the number of
electrons in partially filled energy levels that can contribute to an electric current. The
number of electrons that are thermally excited to the upper band is given by the first
term on the right of eq. (30.23),

o0

N.,= | D(e)(exp[Be — )]+ 1) 1de (30.36)
€C
~ f D(e)expl—p(e — (e + ev)/2)de
€C
~ exp(—B(ec —€r)/2) D(e)exp[—B(e —ec)]de
€C

~ exp(—Blec — €1)/2)4 / (e — o) expl—Ble — ec)]de
ec
— exp(—Blec —ep) /DA fo (x/ )/ exp[—x]p~\dx

=exp(—B(ec — eV)/2)A(kBT)3/2 /wxl/z exp[—x]dx
0

= ATﬁaeBTWZ exp(—B(ec —€r)/2).
The factor exp(—B(ec — €17)/2) in the last line of eq. (30.36) shows that the number of
electrons in the upper band will be exponentially small when the band gap €g,p = €c — €1
is much greater than kgT.

For an insulator, the band gap, €z, between the highest filled (‘valence’) and lowest
empty (‘conduction’) band is large; that is, greater than roughly 3el. The reason for
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the choice of this (somewhat arbitrary) number is that a band gap of 3¢l” implies that
at room temperature (T = 300K), Begyp/2 ~ 58, so that exp(—Begyp/2) ~ 6.5 x 10726,
This factor in eq. (30.36) is so small that essentially no electrons are found in the
conduction band of an insulator with a band gap of 3 el” or greater. Without conduction
electrons, no current can flow, and the material is an insulator.

30.8 Intrinsic Semiconductors

A rough definition of a pure (or intrinsic) semiconductor is a material with a band
structure like an insulator, but with a smaller band gap. Examples are given in Table 30.1.

For an intrinsic semiconductor like germanium (Ge), the factor of exp(—pBegp/2)
in eq. (30.36) is about exp(—pPegap/2) ~ exp(—13) ~ 2 x 1079 at room temperature
(300 K). While this value is small, there are still a substantial number of electrons that
are thermally excited. The conductivity of pure germanium is much smaller than that of
the good insulator, but it is not negligible.

30.9 Extrinsic Semiconductors

The main reason why semiconductors are so interesting—and extraordinarily useful in
modern electronics—is that their electrical properties are very strongly influenced by the
presence of relatively small concentrations of impurities. Indeed, that property provides
a better definition of a semiconductor than having a small band gap.

Since the word ‘impurities’ tends to have negative connotations that would not be
appropriate in this context, impurities in semiconductors are generally called ‘dopants’,
and impure semiconductors are called ‘extrinsic’ semiconductors. There are two basic
classes of dopant: donors and acceptors. The distinction is based on whether the
particular dopant has more (donor) or fewer (acceptor) electrons than the intrinsic
semiconductor. In the following two subsections, the two kinds of dopant are discussed.

Table 30.1 Band gaps of semiconductors. The third column expresses the band gap in units of kg T at
room temperature.

Material €gap (V) €gap/kRBT
Ge 0.67 26
Si 1.14 43
GaAs 1.43 55
GaSb 0.7 27
InAs 0.36 24

InN 0.7 27
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To have a concrete example, we will use silicon (Sz) in both cases as the intrinsic
semiconductor that is being doped.

The presence of dopants is important because they introduce new energy levels into
the band gap. These energy levels have the effect of moving the Fermi energy from the
middle of the gap, where it would be for an intrinsic semiconductor, to either just under
the conduction band (donor) or just above the valence band (acceptor).

30.9.1 Donor Impurities

Phosphorus (P) is an example of a donor impurity for silicon (S7). The phosphorus
ion, PT, goes into the lattice in place of a Si atom, keeping its net positive charge. The
remaining electron from the P atom goes into the conduction band. A semiconductor
that contains donor dopants is called an ‘n-type’ semiconductor because the dopants
provide extra carriers with negative charge.

Since there is a Coulomb attraction between the net positive charge on the P* ion in
the lattice and the donated electron in the conduction band, the combination looks very
much like a hydrogen atom. The main differences are that the effective mass of electrons
in the conduction band differs from that of a free electron, and there is a screening effect
due to the dielectric constant of Si. The combination of these two effects results in a
bound state with an energy of about —0.044 ¢V, relative to the bottom of the conduction
band. This donor state is close to the bottom of the conduction band, because the binding
energy is much smaller than the band gap of 1.14el. The extra electron is in the new
donor-state energy level, which lies in the band gap, about 0.044¢l” below the bottom
of the conduction band.

The new energy level is the highest occupied level in the system. The lowest
unoccupied level at the bottom of the conduction band, which is only about 0.044 ¢l
higher. As a result, the Fermi energy is moved from the center of the gap to about
0.022 ¢V below the conduction band. Since the binding energy is only about half of kg T
at room temperature for the example of P impurities in Sz, even without calculations we
can see that many more electrons will be excited into the conduction band with dopants
than without.

30.9.2 Acceptor Impurities

Boron (B) is an example of an acceptor impurity for Sz. The B atom goes into the lattice
in place of a 87 atom and binds an electron from the valence band, creating a B~ ion.
Since an electron was removed from the valence band, the band is no longer full. The
state with the missing electron is known as a ‘hole’. For reasons that go beyond the scope
of this book, the missing electron acts just like a positive mobile charge. A semiconductor
that contains acceptor dopants is called a ‘p’-type semiconductor, because the dopants
provide extra carriers with positive charge.

In analogy to the situation for donors, the mobile positive hole in the valence band is
attracted to the negative B~ ion fixed in the lattice. Again, this creates a new localized
state with an energy in the band gap. However, for ‘p’-type semiconductors the state is
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located just above the top of the valence band (about 0.010el” above for B in S7). The
equations for calculation of the energy are essentially the same as those for the bound
state in ‘7’-type semiconductors. The resultant Fermi energy is located about 0.005¢l
above the top of the valence band.

30.10 Semiconductor Statistics

Although electrons are fermions, so that we might expect the equations for Fermi
statistics to apply to the impurity states, the true situation is rather more interesting.
The occupation of the donor and acceptor states is determined by what we might call
‘semiconductor statistics’, which we have not seen before in this book.

The reason for the difference between semiconductor statistics and Fermi statistics
arises from two features of the impurity energy levels:

1. The impurity levels in doped semiconductors are two-fold degenerate because
there are both spin-up and spin-down states.

2. The two states in a given level cannot both be occupied, because of a strong
Coulomb repulsion.

These features mean that the probabilities for occupying the two degenerate states that
make up the impurity energy level cannot be regarded as independent: the possibility of
the energy level containing two electrons is excluded. Because of the lack of independence
of the two impurity states, the derivation of semiconductor statistics given in the next
subsection calculates the occupation of the entire energy level.

30.10.1 Derivation of Semiconductor Statistics

To derive semiconductor statistics—that is, the occupation number for an impurity
energy level—we return to eq. (27.31) in Chapter 27,

Z=]]D_expl-Blew — wnal. (30.37)

For an donor energy level with energy €4, the sum over #, must only contain terms
corresponding to (1) both states empty, (2) only the spin-up state occupied, and (3) only
the spin-down state occupied. Double occupancy of the donor energy level is excluded
due to the Coulomb repulsion energy,

> exp[—B(eq — wine;] = exp[0] + exp[—Bes — )] +exp[—Blea—w)]  (30.38)

ned

=1+ 2exp[—B(eq — w)]-
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Inserting eq. (30.38) in eq. (27.44) for the average occupation number, we find

Znu ny exp[—peq — w)ng]
Zna exp[—B(ex — w)na]

__ 2 exp[—B(eq — )]
14 2exp[—B(eq — )]

(ng) = (30.39)

1 -1
[5 exp[B(ea — W] + 1} .

The extra factor of 1/2 in the denominator of the last line in eq. (30.39) distinguishes
semiconductor statistics from fermion statistics. Naturally, the single-particle states in
semiconductor electron bands still obey Fermi—Dirac statistics.

30.10.2 Simplified Illustration of Semiconductor Statistics

As an example of the consequences of semiconductor statistics, we will first consider a
simplified model in which there are Ny donor impurities with a corresponding energy
level €4, which lies slightly below the bottom of the conduction band (e¢). We will assume
that the valence band is filled, so that we can ignore it. To simplify the mathematics and
the interpretation of the results, the conduction band will be approximated by assigning
all N¢ states the same energy, ec—not because it is realistic (it is not), but to show the
effects of semiconductor statistics. A more realistic model will be presented in the next
subsection.

As was the case for problems with either Fermi—Dirac or Bose—Einstein statistics, the
first task is to find the chemical potential. The equation governing the chemical potential
is, as usual, the equation for the total number of particles. Since each donor impurity
contributes a single election, the total number of electrons is equal to Ny, the number of
donor levels,

1 —1
N=N;=N,; [Eexp[med — ]+ 1] + N [exp[Bec —w]1+11"1.  (30.40)

Note that the electrons in the conduction band still obey Fermi—Dirac statistics.

We might have imagined that the Fermi energy coincides with the energy of the
impurity level, €4, because of the two-fold degeneracy and single occupancy at T = 0.
However, due to the exclusion of double occupancy of the impurity level, the Fermi
energy turns out to be half way between the impurity-state energy and the bottom of
the conduction band, er = (e¢ + €4) /2. We will assume that this is true in the following
derivation of the Fermi energy, and confirm it by the results of the calculation.

To solve eq. (30.40), we can use a variation on the identity in eq. (29.7).

Ny[2exp[—Bleq— ]+ 1171 = Ne[exp[Bec — )] + 117 . (30.41)



420  Insulators and Semiconductors

At low temperatures, since we expect u ~ (€4 + €c)/2, we have both S(u —e€4) > 1
and B(ec — 1) > 1. This means that the exponentials dominate in both denominators in
eq. (30.41), and the neglect of the ‘4+1’° in both denominators is a good approximation,

N,
7d exp[B(eq — )] ~ Ngexp[—Blec — ). (30.42)

We can solve this equation for the chemical potential.

._€cteq
2

+ Yt (Na (30.43)
— n{ —— .
2B 2NG

Since the Fermi energy is the zero temperature limit of the chemical potential, we can
immediately see from eq. (30.43) that

__€cteq

5 (30.44)

€F

On the other hand, because the difference in energy between € and €4 can be of the
order of kg T, the second term in eq. (30.43) is not always negligible. There are usually
far fewer impurities than conduction states, and we can easily have Ny ~ 107> N¢. The
second term in eq. (30.43) would be roughly —12 kg T. To see how significant this effect
is, we need to calculate the occupancy of the donor levels:

1 -1
(na) = Ng [5 exp [B(ea — )] + 1} (30.45)

Inserting eq. (30.43) for the chemical potential, we find

1 1 N, -1
(ng) ~ Ny [5 exp [ﬂ <6d - Gc;red> - Eln(ﬁ)] + 1} (30.46)
or
1 /2N /2 _ -
(ng) = Ny |:5 (Tdc) exp |:_,3 (%)] + 1j| . (30.47)

There are two competing factors in the first term in the denominator of eq. (30.47).
While the factor of exp [—B(ec — €4)/2] can be small for very low temperatures, for As in
Ge at room temperature it has a value of about 0.6. On the other hand, if N; ~ 10> N,
the factor of \/2N¢ /Ny ~ 450, so that it would dominate, making the occupation of the
donor state quite small. Under such circumstances, almost all of the donor levels would
be empty, and the electrons would be in the conduction band.
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Note that the emptying of the donor levels is an entropic effect. There are so many
more states in the conduction band that the probability of an electron being in a donor
level is very small, even though it is energetically favorable. This feature is not an artifact
of the simple model we are using for illustration in this section; it is a real feature of
semiconductor physics.

In the next section we will consider a (slightly) more realistic model that removes the
unphysical assumption of an infinitely thin conduction band.

30.10.3 A More Realistic Model of a Semiconductor

Although our neglect of the valence band in the model used in the previous subsection is
often justifiable, giving all states in the conduction band the same energy is certainly not.
In this subsection, we will introduce a model that is realistic enough to bear comparison
with experiment — although we will leave such a comparison to a more specialized book.

We will assume the donor levels all have energy €4, as in Subsection 30.10.2. However,
we will model the conduction band by a density of states as in eq. (30.21). The total
density of states can then be written as

A€ —ec)V/? e>ec

N;d(e —¢€g) € <eg. (30.48)

D(e) = {

Since only single-particle states near the bottom of the conduction band will be occupied,
the upper edge of the band is taken to be infinity.

The equation for the total number of donor electrons, which gives us the chemical
potential, is then

1 -1
Nig=Ny [5 exp[B(ea — )] + 1i| (30.49)

+/ Ale —ec)1/? [(exp[ﬁ(e —wl+D - 1] de.
€c

As in the previous section, we will again use a variation on the identity in eq. (29.7)
to simplify the equation. We will also introduce the same dimensionless variable defined
in eq. (30.28),

Ny[2exp[—Blea— ]+ 1171 =Aexp (B —ec)) B~ / x'/?exp[—x]dx. (30.50)
0

Since we can evaluate the integral, this becomes

AVw

Ny[2exp[—Blea—w]+1]171 = T(kBT>3/2 exp (B(1 — €c)) - (30.51)
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The Fermi energy again turns out to be half way between the energy level of the donor
state and the bottom of the conduction band,
__€dtec

= —. 30.52
€r 5 ( )

The remaining behavior of this more realistic model is qualitatively the same as that of
the simplified illustration in the previous subsection. The details will be left to the reader.

30.11 Semiconductor Physics

This brings us to the end of our introduction to insulators and semiconductors. The field
of semiconductors, in particular, is extremely rich. We have covered the bare basics, but
we have not even mentioned how semiconductors can be used to create lasers or the
transistors that are the basis of all modern electronics. However, this introduction should
be sufficient preparation to read a book on semiconductors without too much difficulty.
The field is both fascinating and extraordinarily important in today’s world.
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Phase Transitions and the Ising Model

Magnet, n. Something acted upon by magnetism.

Magnetism, n. Something acting upon a magnet.

The two definitions immediately foregoing are condensed from the works of one
thousand eminent scientists, who have illuminated the subject with a great white light,
to the inexpressible advancement of human knowledge.

Ambrose Bierce, in The Devil’s Dictionary

The Ising model is deceptively simple. It can be defined in a few words, but it displays
astonishingly rich behavior. It originated as a model of ferromagnetism in which the
magnetic moments were localized on lattice sites and had only two allowed values. This
corresponds, of course, to a spin-one-half model, but since it is tiresome to continually
write factors of %/2, it is traditional to take the values of a ‘spin’ o, located on lattice site
jto be

oj=+1lor —1. (31.1)

The energy of interaction with a magnetic field also requires a factor of the magnetic

moment of the spin, but to make the notation more compact, everything will be combined
into a single ‘magnetic field’ variable %, which has units of energy,

Hy, = —hoj. (31.2)

Eq. (31.2) implies that the low-energy state is for o; = +1 when 2 > 0.

There should not be any confusion of the ‘%’ in eq. (31.2) with Planck’s constant,
because the latter does not appear in this chapter.

The energy of interaction between spins on neighboring lattice sites, j and k, is given
by the product of the spins,

An Introduction to Statistical Mechanics and Thermodynamics. Robert H. Swendsen, Oxford University Press (2020).
© Robert H. Swendsen. DOI: 10.1093/0s0/9780198853237.001.0001
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er = —j(TjO’k. (31.3)

The constant ¥ is taken to have units of energy. The low-energy states of eq. (31.3)
are oj = o = +1 and 0; = o, = —1 for ¥ > 0. This form of interaction is also called an
‘exchange’ interaction, due to the role of exchanging electrons in its derivation from
the quantum properties of neighboring atoms. That derivation is, of course, beyond the
scope of this book.

If we put the two kinds of interactions together on a lattice, we can write the
Hamiltonian as

N
H:—jZajok—hZoj (31.4)
(k) j=1

where the notation (j, k) denotes that the sum is over nearest-neighbor pairs of sites. In
the rest of this chapter we will discuss the remarkable properties of the model described
by eq. (31.4).

31.1 The Ising Chain

The first calculations on the Ising model were carried out by Ernst Ising (German
physicist, 1900-1998), who was given the problem by his adviser, Wilhelm Lenz
(German physicist, 1888—-1957). In 1924 Ising solved a one-dimensional model with
N spins, in which each spin interacted with its nearest neighbors and a magnetic field,

N
H:-jzajaj+1—hzoj. (31.5)
j =1

This model is also referred to as an ‘Ising chain’. The limits on the first sum have not been
specified explicitly in eq. (31.5) to allow it to describe two kinds of boundary conditions.

1. Open boundary conditions
The first sum goes from j =1 toj = N — 1. This corresponds to a linear chain
for which the first spin only interacts with the second spin, and the spin at j = N
spin only interacts with the spin atj = N — 1.
2. Periodic boundary conditions
A spin on41 = o7 is defined, and the first sum goes from j =1 to j = N. This
corresponds to a chain of interactions around a closed loop.

In both cases, the second sum runs from j =1 to 7 = N to include all spins.

We will investigate various aspects of this model in the following sections before going
on to discuss the (qualitatively different) behavior in more than one dimension. We begin
by ignoring the interactions and setting ¥ = 0 in the next section.
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31.2 The Ising Chain in a Magnetic Field (J = 0)

Begin by setting ¥ = 0 in eq. (31.5),

N
H=-h) o (31.6)
=1

The canonical partition function is then given by

Z=) exp[-p(- hZo]n, (B1.7)
(o}

where we have used the notation that {0} = {o;|j = 1,--- , N} is the set of all spins.
Eq. (31.7) can be simplified by using the best trick in statistical mechanics (factoriza-
tion of the partition function: Sections 19.12 and 24.7),

Z= Zl—[exp [Bha;] HZexp[ﬂhoj]—l—[Z], (31.8)

{o} j=1 =1 0j

where
Zj=" exp[Bho]. (31.9)
g

This reduces the N-spin problem to N-identical single-spin problems, each of which
involves only a sum over two states.
Since each o; = £1, the sums can be carried out explicitly:

Z; = exp(Bh) + exp(—Bh) = 2cosh(Bh). (31.10)
It is easy to show that the average magnetization is given by

oy _ SXP(Bh) —exp(=ph)
m=m; = (o) = o (Bl T oxp (B — tanh(Bh). (31.11)

Since it will be important later to be familiar with the graphical form of eq. (31.11),
it is shown in Fig. 31.1. The shape of the curve makes sense in that it shows that m =0
when %~ = 0, while m — £1 when 2 — $o00.

The average energy of a single spin is then easily found,

U; = (—hoj) = —hmj = —hm = —htanh(Bh). (31.12)
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Fig. 31.1 Plot of the magnetization of an isolated spin against the magnetic field,

m = tanh(8h).

The energy of the entire Ising chain is given by simply multiplying by N,
N
U= (H)=—h) (o) = —hNm = —hNtanh(8h). (31.13)
J=1

The specific heat is found by differentiating with respect to the temperature,

10U -1 93U

=—— = ——— — = FkppZh®sech®(Bh). 31.14
“SNOT  NeprZop  BPseh (P CLIY

The specific heat goes to zero at both 7 =0 and T = c0.

31.3 The Ising Chain with h=0, butJ#0

Next, we will put the interactions between spins back into the Ising chain, but remove
the magnetic field. To simplify the problem we will use open boundary conditions

N-1
H'=-3) ojoj1. (31.15)
=1

At first sight, finding the properties in this case looks considerably more difficult than
what we did in the previous section. Each spin is linked to its neighbor, so the Hamiltonian
cannot be split up in the same way to factorize the partition function. However, we can
factorize the partition function if we introduce new variables.

Let 11 =01, and 17 =0;_10; for 2 <j < N. Clearly, each t; takes on the values +1.
Given the set of N values {7j[j = 1,...,N}, we can uniquely find the original values of
the oj’s.
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The Hamiltonian in eq. (31.15) can now be rewritten as
Hz_yzf,-. (31.16)

This makes the Hamiltonian look just like eq. (31.6), which we derived in the previous
section for the case of independent spins in a magnetic field. Although the N —1
T-variables all appear in the Hamiltonian, o7 does not. Summing over o1 = %1 in the
partition function is responsible for an overall factor of two in the equations below.

Because eq. (31.16) is a sum of independent terms, the partition function can again
be calculated by factorization.

Z=ZﬁeXp[ﬂ3’fj]=2ﬁZeXp[ﬂ3’fjl=2ﬁZ} (31.17)
{r} j=1 =25 j=2
where
Zj= Y exp[BFr] = exp[B¥] +exp[—BF] = 2cosh(BY) (31.18)
1==%1
and
Z =2(Z)N"! =2 2cosh(BH)N!. (31.19)

The Massieu function, S [B], for the Ising chain with 2 = 0 is given by the logarithm
of the partition function in eq. (31.19)

S'[,B] =InZ=mn24+ (N -1)InZ;=In2+4 (N —1)In(2cosh(BY)). (31.20)
Relating the partition function to a Massieu function is preferable here because this

model exhibits negative temperatures.
The energy of the system is easily found to be

U= —(N —1)Jtanh(8%), (31.21)

and the specific heat per spin is
¢ = kpB?Fsech?(BF) (1 — 1/N) ~ kpB>F*sech?®(BY). (31.22)
Note that the form of eq. (31.22) is essentially the same as that of eq. (31.14), which

we found in the previous section. The specific heat in this case also goes to zero at both
T=0and T = o0.
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31.4 The Ising Chain with bothJ#0and h#0

The full Hamiltonian in eq. (31.5) with both exchange interactions and a magnetic field
is more challenging. We cannot factorize the partition function in the same way that we
have done with other problems, so we will have to use a different approach, known as
the Transfer Matrix method. The basis of the method is that the partition function can
be expressed as a product of relatively small matrices—in this case, just 2 x 2 matrices—
which can then be diagonalized and their determinants evaluated.

31.4.1 Transfer Matrix

We will consider the case of periodic boundary conditions, so that ony+] =07, as
discussed earlier. To make the matrices more symmetric, we will write the Hamiltonian,
eq. (31.5), in the form

N A N
H==33 0jojs1 =5 ) (0+0}41). (31.23)
7=1 7=1

The upper limits on the both summations is N, so that the last terms in the sums are
—Fono1 and (k/2)(on + 01), due to the periodic boundary conditions.

Using eq. (31.23), we can transform the partition function into a product of 2 x 2
matrices,

1
Z=> exp|—B|-FD ojoj —EhZ(Gj—i-Gj_H) (31.24)
(0} j i

1
=2 [ex (ﬂfﬂjajﬂ +5Bh(oj+ Gj+1)>

o} Jj

=Y []7@041).
{o} J

In this equation,
1
T(0j,0711) = exp | BFojoj+1 + Eﬂh (Uj +Uj+1) 5 (31.25)

is defined as the transfer matrix. Note that we have not exchanged the sums and products,
because we have not eliminated the coupling between variables. The sums remain and
can be interpreted as matrix multiplication. As the name implies, we can also write the
transfer matrix explicitly as a matrix,



The Ising Chain with both ¥ #0 and h#0 429

(31.26)

T(0n0001) = exp(BF + Bh)  exp(—BF)
P T \exp(=BY)  exp(BF—ph))

Eq. (31.24) is equivalent to representing the partition function as a product of
matrices. To see this more clearly, consider the factors involving only three spins,
somewhere in the middle of the chain, at locations j — 1,7, and j + 1,

Y T(0j-1,0)T(0),0541) = T*(0j-1,041) (31.27)
oj==+1

The expression on the left of eq. (31.27) can also be written in terms of the explicit
matrices from eq. (31.26),

exp(BF+ Bh) exp(—pJ) exp(BF+ Bh)  exp(—BJ) (31.28)
exp(—BF) exp(BF — Bh) | \exp(—BF) exp(Bf —Bh) ) '
Carrying out the matrix multiplication explicitly, we find
5 exp(2BF +2Bh) + exp(—28F) exp(Bh) + exp(—pBh)
T(0j-1,0j+1) = .
exp(Bh) + exp(—pBh) exp(2BJ —2Bh) + exp(—287)
(31.29)

If we carry out the sums over o3 through oy, we find the matrix TN (01,0N+1)- Since
ON+1 = 01, the final sum over o7 yields the partition function

7= Z TN (61,01). (31.30)

o1==%1

Fortunately, we do not have to carry out all the matrix multiplications explicitly. That
is the power of the Transfer Matrix method—as we will show in the next section.

31.4.2 Diagonalizing T (0j,0j41)

The next step is the one that makes this calculation relatively easy. The trace is invariant
under a similarity transformation of the form

T =RTR™ L. (31.31)

In this equation, R and its inverse R~! are both 2 x 2 matrices. If we write out the product
of T’s we can see how it reduces to the original product of 7’s. The series of products
brings the R and R~! matrices together, so that their product gives unity. Using the
compact notation, 7'(0j,0711) — Tj 41, we see that
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T1,2 T2,3 T3’4 = RTl,zRilRT2,3R71RT3,4R71 = RT1,2 T2’3 T3,4R71 . (31.32)
This procedure can be extended to arbitrarily many 7" matrices. Since we have

periodic boundary conditions, after applying the transformation eq. (31.31) N times
and using R~1R = 1 between the T-matrices, eq. (31.30) becomes

Z=TrRTNR ' = T+TV. (31.33)

For the last equality, we have used the fact that the trace of a product of matrices is
invariant under a cyclic permutation.

Finding the trace is much easier if we capitalize on the freedom of making a similarity

transformation to diagonalize the 7 matrix. The diagonal elements of 77 will then be
given by the eigenvalues A and A_,

T(0,0141) = (g+ 2_) . (31.34)

The product of N diagonal matrices is trivial

AN (AN 0
(7") —<0+ AN>> (31.35)

and the partition function becomes
Z =N 4N (31.36)

The only remaining task is to find the eigenvalues of the 7" matrix in eq. (31.25). This
involves solving the eigenvalue equation

Tx =xx (31.37)
or
exp(BF + Bh)  exp(—BF) X1\ . (x
(eXp(—ﬂi’) exp(BT ﬁh)> (m) = <X2> : (3138)

This matrix equation is equivalent to two simultaneous equations for A, and can be solved
by setting the determinant equal to zero,

exp(BJ + Bh) — 1  exp(—BF)

=0. (31.39)
exp(—J) exp(BF — ph) — A
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Solving the resulting quadratic equation—and leaving the algebra to the reader—we
find the required eigenvalues,

Ay =P cosh(Bh) + \/ €287 cosh?(Bh) — 2sinh(285). (31.40)

The partition function of a system of N spins is given by inserting eq. (31.40) into
eq. (31.36).

It is interesting to see how this form of the partition function behaves in the limit that

N — oo (the thermodynamic limit). Since A+ > A_,theratio A_ /A4 < 1. We can use this
fact to rewrite eq. (31.36) in a convenient form

N
Z=N (1+(A—‘) ) (31.41)
At

The Massieu function then takes on a simple form

S[Bl=InZ

A N
=Nlnii+In{1+ (—_)
At

L A\N
%Nln)»++<—_) : (31.42)
At

The Massieu function per spin in the thermodynamic limit is just

S[A] 1A \N
xhna+— (= Iniy,
N n++N(A+) — lnAy

or, inserting A4 from eq. (31.40),

lim % =1In (eﬂf cosh(Bh) + \/ 27 cosh? (Bh) — 2sinh(28 jf)) ) (31.43)

N—o0

Perhaps the most important thing to notice about eq. (31.43) is that the Massieu
function is an analytic function of the temperature everywhere except at 8 = +00. Since
a phase transition can be defined as a point at which the free energy is not analytic in the
limit of an infinite system (thermodynamic limit), this means that the one-dimensional
Ising model does not exhibit a phase transition at any non-zero temperature.

This lack of a phase transition was one of the main results that Ising found (by a
method different from that which we have used). Based on this result, he speculated
that the model would not show a phase transition in higher dimensions, either. In this
speculation, he was wrong. However, it took from 1924, when Ising did his thesis work,
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until 1944, when Lars Onsager (Norwegian chemist and physicist, 1903-1976, who
became an American citizen in 1945) derived an exact solution for the two-dimensional
Ising model (without a magnetic field) that showed a phase transition.

Although Onsager’s exact solution of the Ising model is beyond the scope of this
book, we will discuss some approximate methods for calculating the behavior of the Ising
model at its phase transition, beginning with the Mean-Field Approximation in the next
section.

31.5 Mean-Field Approximation

The history of the Mean-Field Approximation (MFA) is interesting in that it precedes the
Ising model by seventeen years. In 1907, Pierre-Ernest Weiss (French physicist, 1865—
1940) formulated the idea of describing ferromagnetism with a model of small magnetic
moments arranged on a crystal lattice. He assumed that each magnetic moment should
be aligned by an average ‘molecular field’ due to the other magnetic moments, so that
the idea was originally known as the ‘Molecular Field Theory’. The justification of the
model was rather vague, but comparison with experiment showed it to be remarkably
good.

In the following subsections we will derive the Mean-Field Approximation for the
Ising model in an arbitrary number of dimensions,

N
H=-3) ojor—h)Y o (31.44)
ok j=1

Recall that the notation (7, k) indicates that the summation in the first term is taken over
the set of all nearest-neighbor pairs of sites in the lattice.

31.5.1 MFA Hamiltonian

The basic idea of MFA is to approximate the effects of interactions on a spin by its
neighbors as an average (or ‘mean’) magnetic field. Specifically, we would like to calculate
an approximation to the average magnetization of a spin at site 7,

m; = (0j). (31.45)
For simplicity, we will assume periodic boundary conditions, so that the properties of

the model are translationally invariant. Since all spins see the same average environment,
they should all have the same average magnetization, 1,

1
mzﬁgmkzmj. (31.46)
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For any given spin, oj, we can express the sum over the nearest-neighbor sites as a
sum over the neighbors §, and extract all terms in eq. (31.44) that contain o;,

Hi=-3) ojojps—hoj=—|FY ojs+h|oj. (31.47)
s j+8

Although eq. (31.47) can be regarded as a reduced Hamiltonian for spin oj, we
cannot interpret its average value as representing the average energy per spin, since
H # Z]H] because of double counting the exchange interactions. This is a mental
hazard that has caught many students and even a few textbook authors.

Note that eq. (31.47) has the same form as the Hamiltonian for a single spin in a
magnetic field, —ko, from eq. (31.2), except that the external magnetic field is replaced
by an effective magnetic field,

hieii=3 ) _0jps+h. (31.48)
)

The difficulty with the effective field found in eq. (31.48) is that it depends on the
instantaneous values of the neighboring spins, which are subject to fluctuations. MFA
consists of replacing the fluctuating spins in eq. (31.48) by their average (or mean) values,
which must all be equal to the magnetization m, due to translational invariance,

hé\/IFAZJZ((Tj+8)+h:.73m+h' (31.49)
8

In the second equality in eq. (31.49) we have introduced the parameter z to denote the
number of nearest-neighbor sites in the lattice of interest (z = 4 for a two-dimensional
square lattice). The MFA Hamiltonian,

HMFA — _pMFA; (31.50)

has exactly the same form as eq. (31.2). An equation for the magnetization can be written
down immediately in analogy to eq. (31.11),

m = tanh(BHMF) = tanh(BFam + Bh). (31.51)
Unfortunately, there is no closed-form solution for eq. (31.51). However, there is a

nice graphical solution that makes it relatively easy to understand the essential behavior
of the solution, as well as guiding us to good approximations.
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31.5.2 Graphical Solution of eq. (31.51) for =0

First consider the case of a vanishing magnetic field, 2 =0, for which eq. (31.51)
simplifies,

m = tanh(BJzm). (31.52)

It might seem strange, but we can further simplify the analysis of eq. (31.52) by
expressing it as two equations,

m = tanh(x) (31.53)
x = BFzm. (31.54)

The second equation can then be rewritten as

_ (BT
m—< =7 )x. (31.55)

Since egs. (31.53) and (31.55) are both equations for m as a function of x, it is natural
to plot them on the same graph, as shown in Fig. 31.2. Intersections of the two functions
then represent solutions of eq. (31.52).

When the slope of the line described by eq. (31.55) equals 1, it provides a dividing
line between two qualitatively different kinds of behavior. The temperature at which this
happens is known as the critical temperature, 7, or the Curie temperature, in honor of
Pierre Curie (French physicist, 1859-1906, awarded the 1903 Nobel Prize, together with
his wife, Maria Sklodowska-Curie, 1867-1934)

kT, = z¥. (31.56)

m

L

Fig.31.2 Plot of m =tanhx and m = (T /T,)x for T > T,.
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This expression for the mean-field value of T, means that eq. (31.55) can be rewritten

as
m= <1> X. (31.57)

If T > T, the slope of the straight line described by eq. (31.57) is greater than 1,
and the two curves in Fig. 31.2 will only intersect at m = 0 and x = 0. This gives the
reasonable result that the magnetization above T is zero.

For temperatures below T, there are three intersections of the two curves, as shown
in Fig. 31.3. The intersection at m = 0 is not stable, which will be left to the reader to
show. The other two intersections provide symmetric solutions m = +m(7T), which are
both stable.

The two solutions found in Fig. 31.3 are expected by the symmetry of the Ising
Hamiltonian under the transformation o; — —oj for all spins.

31.5.3 Graphical Solution of eq. (31.51) for 2 # 0

The situation is qualitatively different when the magnetic field, %, is non-zero. The Ising
Hamiltonian, eq. (31.4), is no longer invariant under the transformation o; — —o; for
all spins, because the second term changes sign. Eq. (31.51) can again be simplified by
writing it in terms of two equations,

m = tanh(x) (31.58)
x = BFzm—+ Bh. (31.59)

The second equation can then be rewritten as

kT h
= — - 31.60
" (zj’ )’“ =7 (31.60)
m
L — ——

1L

Fig. 31.3 Plot of m =tanhx and m = (T;/ T)x for T < T,.
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m
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L

Fig.31.4 Plotofm=xand m= (T,/T)x—h/kpT for T < T,.

Fig. 31.4 shows a plot of egs. (31.58) and (31.59) on the same graph. In analogy to the
previous section, the intersections of the two functions represent solutions to eq. (31.11).

InFig.31.4,T < T, and & > 0. Of the three points of intersection that mark solutions
to eq. (31.11), only the one at the far right, with m > 0, is stable. The intersection to the
far left is metastable, and the intersection nearest the origin is unstable. (Proofs will be
left to the reader.)

It can be seen by experimenting with various parameters that there is always a stable
solution with m > 0 when % > 0. Similarly, when % < 0 there is always a stable solution
with m < 0.

As long as & # 0, the MFA prediction for the magnetization is an analytic function of
the temperature, and there is no phase transition. This property is also true for the exact
solution; a phase transition appears only in the absence of an applied magnetic field.

31.6 Critical Exponents

A curious aspect of phase transitions is that many properties turn out to have some sort
of power-law behavior. For example, the magnetization near the critical temperature can
be approximated by the expression

m~A|T—T,P, (31.61)

where A is a constant.

There is a serious source of potential confusion in eq. (31.61). The use of the
symbol B as a dimensionless critical exponent is in direct conflict with the use of
the same symbol as 8 = 1/kgT. Unfortunately, both uses of 8 are so firmly rooted
in tradition that an alternative notation is impossible. I can only council patience
and a heightened degree of alertness when you encounter the symbol S anywhere
in statistical mechanics or thermodynamics.
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There is a full Greek alphabet soup of critical exponents defined in a similar manner.
For example, for the specific heat,

coc|T— T, (31.62)

and for the magnetic susceptibility yx,

9
XZ(a_:Z) < |T =T, (31.63)
h=0
om
Y = (%) o A8 (31.64)
T=T,

Correlations between spins can be described by a correlation function, which gives rise
to additional critical exponents. The correlation function has the following asymptotic
form for large separation r = |r; — 7| between spins,

f() = (ojor) — (0j)(on) ocr™ 4> exp[—r/£]. (31.65)
An exponent 7 describes the power-law fall-off of the correlation function. The correla-
tion length &, in the exponent in eq. (31.65), is the characteristic size of fluctuations near
T,. & diverges with an exponent v,

Eox |T—T:™". (31.66)

All of these critical exponents can be evaluated in MFA, as illustrated in the following
subsection.

31.7 Mean-Field Exponents

We can derive the value of 8 within the mean-field approximation by making use of the
expansion of the hyperbolic tangent in eq. (31.67)

1
tanhx:x—§x3+-~~. (31.67)

Near the critical point, the magnetization s is small, so that the argument of the
hyperbolic tangent in eq. (31.52) is also small. We can therefore use eq. (31.67) to
approximate eq. (31.52)

m = tanh(B¥zm) ~ BFzm — %(ﬁjzmﬁ 4o (31.68)
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One solution of eq. (31.68) is obviously 7 = 0, which is the only solution above T,. Below
T, the non-zero solutions for the magnetization are stable, and to find them we can divide
eq. (31.68) by m # 0. Solving the resulting equation for the magnetization, we find

2-3 T’ 1 T 31.69
=3z ) (1-7)+ G169

Close to T¢, the magnetization behaves as

T T\!?
mzﬁ(ﬁ)<l_7c> e, (31.70)

so that we find

1
BMFA = > (31.71)

The calculation of each of the critical exponents can be carried out within the mean-
field approximation. However, it is only fair to let the reader have some of the fun, so we
will leave the evaluation of the other critical exponents as exercises.

31.8 Analogy with the van der Waals Approximation

In Chapter 17 we discussed the van der Waals fluid and showed that it predicted a
transition between liquid and gas phases. Although we did not emphasize it there, the
van der Waals fluid is also an example of a mean-field theory. The interactions between
particles are approximated by an average (mean) attraction strength (represented by the
parameter @) and an average repulsion length (represented by the parameter b).

In the van der Waals model, the difference in density between the liquid and gas phases
was found to be given by the expression

Piig — Pgas ¢ | T — Te|Praw (31.72)

close to the critical point.

Eq. (31.72) for the discontinuity in density in the vdW fluid is directly analogous to
eq. (31.61) for the discontinuity in magnetization in the Ising model from +|m| to —|m|
as the applied magnetic field changes sign. Indeed, the analogy between these two models
can be extended to all critical properties. Just as the density discontinuity is analogous to
the magnetization, the compressibility is analogous to the magnetic susceptibility.

The analogy between the vdW fluid and the MFA Ising model even extends to both
models having the same value of the critical exponent with a value of Byqw =1/2 =
Bura. Indeed, all critical exponents are the same in both models, which will be discussed
in the next section.
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31.9 Landau Theory

The great Russian physicist, L.ev Davidovich Landau (1908-1968) made a remarkable
generalization of the mean-field approximation. His theory included not only the van
der Waals and Ising models that we have discussed, but any extension of them with more
distant or more complicated interactions.

Landau first introduced the concept of an ‘order parameter’; that is, an observable
quantity that describes a particular phase transition. For the Ising model, the order
parameter is the magnetization, which measures the degree of ordering of the spins. For
a fluid, the order parameter is given by the discontinuity of the density. In both cases, the
order parameter vanishes above the critical temperature, 7.

To indicate the generality of the theory, we will denote the order parameter by .
Landau postulated that the free energy F should be an analytic function of i, as indeed
it is for both the vdW fluid and the MFA model of ferromagnetism. Since we are
interested in the behavior near the critical temperature, we expect ¥ to be small, so
Landau expanded the free energy in powers of

F=hlﬂ+1’1/f2+u1ﬁ4+"'- (31.73)

In eq. (31.73), the first term indicates the interaction with an external magnetic field,
which is why # multiplies the lowest odd power of . There will, of course, also be higher-
order odd terms, but we will ignore them in this introduction to the theory. For a magnetic
model, all odd terms vanish when % = 0 because of the symmetry of the Hamiltonian.

The thermodynamic equilibrium state will be given by the value of the order
parameter that corresponds to the minimum of the free energy. This leads us to assume
that u > 0, because otherwise the minimum free energy would be found at ¥ = +o0.
With this assumption we can find the minimum by the usual procedure of setting the
first derivative equal to zero. Ignoring higher-order terms, we find

aF 5
w:h—i—Zﬂ/f—i—Bud/ =0. (31.74)

First look at the solutions of eq. (31.74) for 2= 0. There are two solutions. The
simplest is ¢ = 0, which is what we expect for T > T,. The other solution is

—2r
w:i‘lg, (31.75)

Clearly, there is only a real solution to eq. (31.74) for r < 0. This led Landau to assume
that r was related to the temperature, and to lowest order,

r=r,(T—T,). (31.76)
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2r, (T, —T)
V=4 ——". (31.77)
3u

Since the definition of the critical exponent 8 in Landau theory is that for very
small ¥/,

Eq. (31.75) now becomes

Yo (T.—T)P, (31.78)

we see that quite generally, 8 = 1/2.

All other critical exponents can also be calculated within Landau theory, and their
values are identical to those obtain from MFA or the vdW fluid. The derivations will be
left to the reader.

The calculation of the critical exponents is remarkable for two reasons. The first is
that the same set of values are obtained from Landau theory for all models. This result
is known as ‘universality’. It is a very powerful statement. It says that the particular
interactions in any model of interest are completely unimportant in determining the
power laws governing critical behavior. The range, strength, or functional form of the
interactions make no difference at all.

With some important limitations, universality is even true!

The second reason for the importance of LLandau theory is that the particular values
he found for the critical exponents are wrong! They disagree with both experiment and
some exact solutions of special models.

The discovery that the Landau theory is wrong was a disaster. A great strength of
Landau theory is its generality; tweaking parameters has no effect on the values of the
critical exponents. Unfortunately, that means that if those values are wrong, there is no
easy way to modify the theory to obtain the right answer.

31.10 Beyond Landau Theory

The resolution of the crisis created by the disagreement of L.andau theory with experi-
ment was not achieved until 1971, when Kenneth G. Wilson (American physicist, 1936—
2013) applied renormalization-group theory to the problem. The key to the solution
turned out to be that at a critical point, fluctuations at all wavelengths interact with
each other; approximating the behavior of the system without including all interactions
between different length scales always leads to the (incorrect) LLandau values of the
critical exponents.

The story of how physicists came to understand phase transitions is fascinating, but
unfortunately would take us beyond the scope of this book. On the other hand, the
intention of this book is only to be a starting point; it is by no means a complete survey.

We come to the end of our introduction to thermal physics, which provides the
foundations for the broad field of condensed matter physics. It is my hope that you are
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now well prepared for further study of this field, which is both intellectually challenging
and essential to modern technology.

31.11

Problems

PROBLEM 31.1
An Ising chain

We have solved the one-dimensional Ising chain with free boundary conditions for either
F=0 or h=0. We also solved the one-dimensional Ising chain with periodic boundary
conditions with both ¥ # 0 and 2 # 0.

For this assignment we will return to the one-dimensional Ising chain with ¥ # 0, but

h=0.
1. Use
find

the same matrix methods we used to solve the general one-dimensional chain to
the free energy with ¥ #~ 0, but 2 = 0. (Do not simply copy the solution and set

h equal to zero! Repeat the derivation.)
2. Find the free energy per site Fn /N in the limit of an infinite system for both free
boundary conditions and periodic boundary conditions. Compare the results.
3. The following problem is rather challenging, but it is worth the effort.
A curious problem related to these calculations caused some controversy in the
late 1990s. Consider the following facts.

(a)

(®)

Free boundary conditions.

The lowest energy level above the ground state corresponds to having all spins
equal to 41 to the left of some point and all spins equal to —1 to the right. Or
vice versa. The energy of these states is clearly 2, so that the thermal probability
of the lowest state should be proportional to exp(—28Y), and the lowest-order
term in an expansion of the free energy should be proportional to this factor.
Periodic boundary conditions.

The ground state still has all spins equal to 1 ( por —1), but the deviation from
perfect ordering must now occur in two places. One of them will look like

and the other will look like

The energy of these states is clearly 4%, so the thermal probability of
the lowest state will be exp(—48%) for all N. In this case, the lowest-
order term in an expansion of the free energy should be proportional to

exp(—487).
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In the limit of an infinite system, this difference is not seen in the free energies per
site. Can you find the source of this apparent contradiction?

PROBLEM 31.2
Mean-Field Approximation (MFA) for the Ising model

We derived the basic MFA equation for the magnetization in class,
m = (0;) = tanh(BzFm + Bh)

z is the number of nearest neighbors. For a two-dimensional square lattice, z = 4.
We found the critical temperature to be given by

kT, = z¥.

1. Consider the case of zero magnetic field (2 = 0). For temperatures below the critical
temperature, the magnetization is non-zero. As T — T,, the magnetization goes to
zero as a power law

mo (T, — T)F.

Find the value of g.
2. For temperatures above the critical temperature, find an exact solution for the
magnetic susceptibility

<8
3

=
Il

<8

Ny

at zero field.
The magnetic susceptibility diverges at the critical temperature with an exponent
called y.

x o (T—=T)™"
What is the mean-field value of y?

Suggestions for writing programs:

The next few problems deal with Monte Carlo simulations of the two-dimensional
Ising model. In writing the programs, use a sequential selection of spins for the MC
steps. Even though it is not exactly correct, the differences are very small and a sequential
selection is much faster. You can implement the algorithm any way you like, but I
recommend using a loop of the form:

while n < NMC:
nxm = L — 2
nx =L -1
nxp = 0
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while nxp < L:

nym = L — 2
ny =L -1
nyp = 0

while nyp < L:
STATEMENTS INSERTED HERE FOR MC UPDATE
nym = ny
ny = nyp
nyp += 1
nxm = nx
nxX = nxp
nxp += 1
STATEMENTS TO RECORD MC DATA INSERTED HERE
n +=1

PROBLEM 31.3
Monte Carlo simulation of a d = 2 Ising model

Write a computer program to perform a Monte Carlo computer simulation of the two-
dimensional Ising model in zero magnetic field,

H=-% Z 0;0;
()

where the sum is over nearest-neighbor pairs of sites on a square lattice.

1.

Werite a program to perform a Monte Carlo simulation of the two-dimensional Ising
model. You should be able to simulate any size L x L lattice, with L determined at
the beginning of the program. You should be able to set the temperature 7 at the
beginning of the program. You can also write the program for zero magnetic field.
(We will use non-zero fields in later problems.)

. Beginning with a random configuration on a fairly large lattice (L = 32), perform a

single run of 20 MC sweeps at 7' = 5.0. and look at the printout of the configuration.

. Beginning with a random configuration on a fairly large lattice (L = 32), perform a

single run of 20 MC sweeps at T' = 3.0. and look at the print-out of the configuration.
Beginning with a random configuration on a fairly large lattice (L = 32), perform a
single run of 20 MC sweeps at 7= 2.0, and look at the print-out of the configuration.

. Compare the pictures of the configurations that you have generated at T =

5.0,2.0,2.0. What do you see?

. Beginning with a random configuration on a fairly large lattice (L =16 or L = 32),

perform several runs with about 50 or 100 MC sweeps at 7' = 0.5. Keep the length
of the runs short enough so that you can do it several times without wasting your
time. Look at the print-outs of several configurations. If you see something that seems
unusual, print it out. Explain why you think it is unusual.
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PROBLEM 314
Monte Carlo simulation of a d = 2 Ising model (revisited)

For this problem we will modify the MC program to make a series of runs with
temperatures separated by a value AT.

1. Use the Python function definition feature to create a function that does the entire
MUC simulation. Then put the function call inside a loop that first equilibrates the
spins for some number of sweeps and then generates the data you want from a longer
number of sweeps. The loop should change the temperature by an amount AT for
every iteration of equilibration and data taking.

2. Calculate the average energy, specific heat, magnetization, and magnetic suscept-
abililty for temperatures of T"=2.0,4.0, and 6.0 for an 8 x 8 lattice. Use a large
enough numbers of MC updates to obtain reasonable results, but not so many that
you waste your time sitting in front of a blank computer screen.

3. What do you notice about the data from your MC simulation?

This is a fairly open-ended question. The main purpose is to think about the results
of the simulation.

PROBLEM 31.5
More Monte Carlo simulations of a two-dimensional Ising model

The Hamiltonian of a two-dimensional Ising model is: use periodic boundary conditions,

H=—F Z aioj—hZaj.

<iy> 7

Recall that the notation < 7,j > denotes the nearest-neighbor pair 7 and j. For this entire
assignment, take 2 = 0.

Use or modify the program you wrote for an earlier problem to do the following
simulations.

1. Simulate a 16 x 16 lattice with ¥ = 1.0. Begin with giving each spin a random value
of +1 or —1. Scan the temperature from 5.0 to 0.5 at intervals of AT = —0.5. Use
about 100 or 1000 MC sweeps for each temperature, depending on the speed of your

computer.

Make a table of the results and plots of m vs. T, E vs. T, ¢ vs. T, and
xvs. T.

Does it look as if the critical temperature is at the mean-field value of
kpT, =4%?

2. Repeat the sweeps, but this time choose the temperature range to concentrate on the
peaks in the specific heat and the magnetic susceptibility. Estimate the location and
height of the peak in specific heat and magnetic susceptibility. These will be estimates
of the critical temperature.

3. And now for something completely different.



Problems 445

Do a simulation of a 32 x 32 lattice with negative temperature, and print out the
spins at the end of the run. Begin with the spins in a random state (7 = c0), and
simulate for 100 sweeps at 7 = —1.0.

What do you see?

PROBLEM 31.6
A one-dimensional, spin-one model of magnetism

Consider a one-dimensional macroscopic model with spin-one quantum mechanical
magnetic moments located on each of N sites. The Hamiltonian is

N-1 N N
- _ i — i 2
H==3) ojoj1=h)_ oi=D) o
=1 j=1 j=1

where each o; takes on the values —1, 0, or +1, ¥ is an exchange interaction parameter, /
is a magnetic field, and D is a parameter representing a ‘crystal field’. The entire system
is in contact with a thermal reservoir at temperature 7.

1. Write down a formal expression for the partition function of this system. You do not
have to evaluate any sums or integrals that appear in your expression for this part of
the problem.

2. For general values of the parameters, derive a formal expression for the quantity

N
Q=( on
n=1

in terms of a derivative of the partition function with respect to an appropriate
parameter.

3. For ¥ =0, but arbitrary values of 2 and D, calculate the partition function for this
system.

4. For ¥ = 0, but arbitrary values of z# and D, calculate the free energy of this system.

5. For ¥ =0 and 4 = 0, calculate the entropy of this system.






Appendix
Computer Calculations and Python

There are a number of problems in this book that require computer calculations. These problems
are not supplementary material; they are an essential part of the book. They are designed to provide
a deeper insight into the physics of many-particle systems than would be possible through analytic
calculations alone. This Appendix provides sample programs to support your own programming.

There are definite advantages to writing computer programs yourself. Writing a program
requires focussing on details of the mathematical structure of a problem and, I hope, understand
the physics more deeply.

The choice of programming language is up to you. Over the life of this book, programming
languages will certainly change. However, the basic ideas of computer programming will continue
to be useful and applicable to new improvements and developments.

If you are new to computation, I have changed my recommendation for the choice of programing
language from that given in the first edition. I have found that MatPlotLib provides easier and more
flexible commands for making plots, and the plots are clearer than with VPython. The Python
programming itself is virtually unchanged. All VPython programs should run as regular Python
programs, if you remove the VPython import commands at the top of the program, and replace
the VPython plotting commands.

A.1 MatPlotLib

MatPlotLib is easily available on the Web. The tutorial is excellent. It was used to make the plots
in figures 11.1 and 11.2.

The plotting commands are simpler than those for VPython, which are described later in this
Appendix. The simplest way to describe them is just to give you an example program.

import random

import sys

import numpy as np

import math

import matplotlib.pyplot as plt
import scipy

from types import =x

from time import clock, time

t0 = clock ()
plt.close("all™)

WIDE = 1
WIDE MARK = 5.0 # 5.0
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x_ 0 = 2.0
dx = 0.4
x_1 = 3.0
y_0 = 0.5
N = 10

bar_width = 0.5 % dx

x_plot = []
x_plot_bar = []
y_plot = []
n=20

while n < N:

X = x 0 + n % dx

y=(x—x_1)%%x2 + y_0

x_plot += [ x ]

x_plot_bar += [ x — 0.5 % bar_width ]

y_plot += [y ]
n +=1

plt.figure( 1 )

plt.plot( x_plot, y_plot, "-", label = "curve", markersize = WIDE MARK,
linewidth = WIDE )

plt.plot( x_plot, y_plot, "ko", label = "dots", markersize = WIDE MARK,
linewidth = WIDE )

plt.xlabel( "x" , fontsize = "xx—large" )

plt.ylabel( "y" , fontsize = "xx—large" )

plt.title ( ’First_example’ )

plt.legend (loc = "lower.right", fontsize = "large" )

plt.figure( 2 )
plt.bar( x_plot_bar, y_plot, bar_width, color="r’, label = "bar" )

plt.plot( x_plot, y_plot, "ko", label = "dots", markersize = WIDE MARK,
linewidth = WIDE )

plt.xlabel ( "$x8" , fontsize = "xx—large" )

plt.ylabel ( "$y8" , fontsize = "xx—large" )

plt.title ( ’Second.example’ )

plt.legend (loc = "upper_left", fontsize = "large" )
plt.show ()

print "\n_Plotting time._=." , *%.10.4f % (clock() — t0)

Try running this program (it should only take about .25 seconds), and then change various
commands to see what happpens.
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A.2 Python

The examples presented here use the Python programming language, which I strongly recommend
to newcomers to computation. It runs on any computer using any operating system. It is easy to
learn, even if you’ve never programmed before. And the price is right: you can download it for free!

I’'ve provided some information about Python programs to help you get started. The first
program I’ve given you is almost—but not quite—sufficient to carry out the first assignment.
However, if you know what every command means and what you want the program to do, the
necessary modifications should be fairly straightforward. If there is anything about programming
you do not understand, do not be shy about asking the instructor.

A.3 Histograms

Since an important part of the first program is a print-out of a histogram, it is important to
understand how histograms work.

A histogram simply records a count of the number of times some event occurs. In our first pro-
gram, ‘OneDie.py’ (given in the next section), an event is the occurrence of a randomly generated
integer between ‘0’ and ‘5°. In the program, the number of times the integer » occurs is recorded in
the memory location ‘histogram|[n]’. For example, if the number ‘4’ occurs a total of 12 times during
the course of the simulation, then the value stored in histogram[4] should be 12. The command

print( histogram [4] )

should contain the number ‘12’
Histograms can be represented in various ways in a Python program. I have chosen to represent
them by an array. The command

histogram = zeros (sides ,int)

creates an array named ‘histogram’ with ‘sides=6’ memory locations, and sets the value stored in
every memory location equal to zero.
The command

histogram [r] = histogram [r] + 1
increments the number stored in the r-th location. It could also be written as
histogram [r] +=1

to produce the same effect. Commands of the form +=, —=, *=, and /= probably seem strange the
first time you see them, but they are very useful.

It is quite common to confuse a histogram with a list of numbers generated by the
program. They are completely different concepts. The length of the histogram is
given by the number of possibilities—six in the case of a single die. The length of
the list of random numbers is stored in the memory location ‘trials’; it can easily
be of the order of a million. Printing out a histogram should not take very long.
Printing out a list of random numbers can exceed both your paper supply and your
patience, without producing anything useful. When writing a program, be careful
that you do not make this error.
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A.4 The First Python Program

The following is a sample Python program to simulate rolling a single die. Note that either single
quotes or double quotes will work in Python, but they must match. Double single quotes or back
quotes will give error messages.

import random

import sys

from types import x

from time import clock, time

trials = 100

print( "_Number_.of_trials._=.", trials)
sides = 6
histogram = zeros(sides ,int)

print( histogram )

sum = 0.0
j=0
r=0

while j < trials:
r = int(random.random() = sides )
histogram [r] = histogram[r] + 1
j=j+1

j=0
while j < sides:
print(histogram[j], histogram[j] — trials/sides)
j=j+1
The first four lines in the program given previously are called the ‘header’ and should simply be
copied at the beginning of any program you write. Blank lines are ignored, so for clarity they can
be put in anywhere you like. Indentations are meaningful: in the while command, every indented
command will be carried out the required number of times before going on the next unindented
command.
The function

random . random ()

produces a (pseudo-)random number between 0.0 and 1.0. Multiplying it by 6 produces a random
number between 0.0 and 6.0. The command

r = int(random.random () % sides )

then truncates the random number to the next lowest integer and stores the result in r, so that r is
an integer between 0 and 5.

The program given previously should run exactly as written. Copy the program to your
computer and try it! If it does not work, check very carefully for typographical errors.
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Warning: Computers have no imagination. They do exactly what the program tells
them to do—which is not necessarily what you want them to do. Sometimes a
computer can recognize an error and tell you about it; but life being what it is, the
computer will probably not recognize the particular error that is preventing your
program from running properly. This might be another consequence of the Second
Law of Thermodynamics, as discussed in Chapter 11.

Make a permanent copy of the program given previously, and then make your modifications in
a new file. This is a good policy in general; base new programs on old ones, but do not modify a
working program unless you have a back-up copy.

Experiment with making modifications. You cannot break the computer, so do not worry about
it. If the program just keeps running after a few seconds, you can always stop it by closing the
Python shell window.

If there is anything about the program that you do not understand, ask someone. If you
understand everything in this program, the computational work for all of the rest of the problems
will be much easier.

A.5 Python Functions

The Python language allows you to define functions in a very natural way. They are really quite
easy to write, and can simplify your program enormously.

The following code is an example for defining a function to calculate the energy of a simple
harmonic oscillator:

def ENERGY( x, K ):
energy = 0.5 * K % x % x
return energy

The energy E can then be calculated for any value of position x and spring constant K by the
command:

E = ENERGY( x, K )

One peculiarity of Python is that you must define a function before you use it in the program.

There is another interesting feature of Python that can affect how you use functions. If you
are using ‘global’ variables—that is, variables defined in the main program—and not changing their
values in the program, you do not have to include them in the list of arguments. For example, the
code could be written as:

def ENERGY( ):
energy = 0.5 « K % x % x
return energy

This would give the same answer as before, as long as both ‘K’ and ‘x’ had been defined before
‘ENERGY ()’ was called.
However, be careful if you want to change a global variable in a program. As soon as you write

3 5 ¢

x=..., ‘X’ becomes a local variable, and Python forgets the global value. This can be a source of
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much annoyance. If you want to change a global variable inside a function, include a statement
such as ‘global x’ in the function for each global variable.

Curiously enough, if you are using a global array, you can change its values in a function without
declaring it to be global. I am sure that there is a very good reason for this discrepancy, but I do
not have any idea of what it might be.

A.6 Graphs

The following section is from the first edition. As I mentioned earlier, I now recommend
MatPlotLib instead

VPython has very nice programs to produce graphs. However, they can be rather daunting the
first time you use them. The following VPython program provides examples for plotting multiple
functions in a single graph. Three different ways to plot functions are demonstrated. A second
window is also opened at a different location on the screen with yet another function.

from visual import =x

from visual.graph import x
import random

import sys

from types import x

from time import clock, time

# Program to demonstrate various plotting options
MAX = 30
# The next command opens a plotting window

graphl = gdisplay (x=0, y=0, width=400, height=400,
title="Trig_functions ’,
xtitle =’x.",
ytitle ="y.’,
#xmax = 1.0 * MAX ,
#xmin = 0.0,
#ymax = 100.0,
#ymin=0.0,
foreground=color.black, background=color.white)

k=1

Apoints = []

while k < MAX:
Apoints += [(k * pi /| MAX, cos( k x pi / MAX ) )]
k=k+1

datal = gvbars(delta=2./MAX, color=color.red)
datal.plot( pos=Apoints)

k=1
Bpoints = []
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while k < MAX:
Bpoints += [(k * pi /| MAX, —sin( k % pi / MAX ) )]
k=k+1

data2 = gdots(color=color.green)
data2.plot(pos = Bpoints)

k=1

Cpoints = []

while k < MAX:
Cpoints += [(k *x pi / MAX, sin( k x pi / MAX ))]
k=k+1

data3 = gcurve(color=color.blue)
data3 .plot(pos = Cpoints)

# The next command opens a second plotting window

graph2 = gdisplay (x=401, y=0, width=400, height=400,
title="Second_plot’,
xtitle="X.",
ytitle="Y.’,
xmax = 2.0 ,
#xmin = 0.0,
#ymax = 1.10,
#ymin=0.0,
foreground=color.black, background=color.white)

k=0

Dpoints = []

while k < MAX:
Dpoints += [(2.0 % k /| MAX, exp( — 2.0 x k / MAX ) )]
k=k+1

data4 = gcurve(color=color.blue)
data4 .plot( pos=Dpoints )

A.7 Reporting Python Results

453

Results of computational problems, including numbers, graphs, program listing, and comments,

should be printed out neatly. Here are some hints for doing it more easily in IZTEX.

A.7.1 Listing a Program

I&TEX has a special environment that was used to produce the program listings in this Appendix.

To use it, you need to include the following statement in the header:
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\usepackage{listings}
\lstloadlanguages{Python}
\lstset{language=Python,commentstyle=\scriptsize}

The command for the listing environment is:

\begin{lstlisting}
Program goes here
\end{lstlisting}

A.7.2 Printing—Pretty and Otherwise

The printed output of a Python program is always found in the Python shell window. The simplest
procedure is just to copy it into your favorite word processor. However, you might want to clean
up the output of your Python program first by specifying the width of a column and the number
of significant digits printed. Python and Python have formatting commands that are inserted into
a ‘print’ statement. I think the commands are most easily explained by giving an example.

Example: Setting Column Width
As an illustration of the default output, consider the following statements:
print( "spin", "hist", "hist—average", "freq", "freq—1/sides")
and, indented inside a loop,

print( j, h, hDiff, hOverTrials, hOSdiff)
produce the following output:

spin hist hist—average freq freq—1/sides
2 0.333333333333 0.2 0.0333333333333

The more highly formatted statement (on multiple lines in this example, with commas indicating
the continuations)

print( ’%.6s’ % "spin", ’%.7s’ % "hist",
%.-10s’ %"deviation", %.8s’ %"freq",
%1257 %" deviation")

print( '%.6d’ % j, %-6.2f" % h, %.10.4f° % hDiff,
%.8.41f° %h OverTrials, %.12.4f° % hOSd)

produce the following output:

spin hist deviation freq deviation
0 165.00 —1.3333 0.1650 —0.0017

In the expression ‘6s’, the ‘6’ refers to the column width, and ‘s’ means that a string (letters) is to
be printed. In the expression ‘6d’, the ‘6’ again refers to the column width, and ‘d’ means that an
integer is to be printed. In the expression ‘10.4f”, the ‘10’ refers to the column width, the ‘.4’ refers
to the number of digits after the decimal point, and ‘f” means that a floating point number is to be
printed.
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A.7.3 Printing Graphs in LaTeX

Under any operating system, there are efficient utility programs to capture an image of the screen,
a window, or a selected area. Use them to make a file containing the output of the graphics window
and copy it into your word processor. If you are using I&IEX, as I am, you can make a pdf file and
then put it into your I&TEX file as follows:

\begin{figure} [htb]
\begin{center}
\includegraphics[width=4in] {name_of_pdf_file}
\caption{Caption goes here}
\label{your choice of label here}
\end{center}
\end{figure}

You will also need to include
\usepackage{graphicx}

in your header.

A.8 Timing Your Program

If your program includes the header command

from time import clock, time

timing your program, or parts of your program, is easy. Placing the command
t0 = clock ()

at the beginning of your program and something like

ProgramTime = clock () — t0
print( "_Program.time.=." , ProgramTime )

at the end of the program, produces a printout of how long the program took to run. This
information can be very useful in checking the efficiency of you program and planning how many
iterations you should use in doing the assignments.

There is also a function ‘time()’ that can be used in the same way as ‘clock()’. The difference
is that ‘clock()’ will calculate how much CPU time was used by your program, while ‘time()’ will
calculate how much real time has passed. Both are useful, but ‘clock()’ gives a better measure of
the efficiency of the program.

A.9 Molecular Dynamics

The key loop in a molecular dynamics (MD) program is illustrated next. The function ‘FORCE’
is assumed to have been defined earlier, along with the parameter K.
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# the velocity is assumed to have been initialized
# before the beginning of the while—-loop
n=0
while n < NMD:
n +=1
X += dt % velocity
velocity += dt % FORCE( x, K)

The algorithm given previously is suggested to simplify the programming. A better iteration
method is the ‘leap-frog’ algorithm, in which the positions are updated at even multiples of §z/2,
while velocities are updated at odd multiples. If you are feeling ambitious, try it out. You can check
on the improvement by looking at the deviation from energy conservation.

A.10 Courage

The most important thing you need to run computer programs is courage. For example, when
you are asked to run the first program for different numbers of trials, do not be afraid of using a
large number of trials. Do not just use five trials vs. eight trials. Start with a small number such as
10, but then try 100, 1000, or higher. As long as the computer produces the answer quickly, keep
trying longer simulations. However, if the computer takes more than about one second to finish,

do not use longer simulations—your time is also valuable.
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