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Foreword and outlook

The goal of statistical physics is to learn about the behavior of systems with very many particles,
such as atoms, electrons. etc. For such systems the behavior of an individual particle is on the one
hand too complicated to follow, on the other hand the interest is more on the effective behavior of
the entire system. For example we need not measure the trajectories of all atoms in a hot plate
to find out that it is hot. Statistical mechanics tries to describe the average behavior of the parts
of a large system instead of following each particle individually. Furthermore it derives this average
behavior of a large system from the underlying microscopic equations. Thus, statistical mechanics
links the microscopic and the macroscopic world, and forms the foundation of thermodynamics.

The topic of statistical physics are systems with a large number degrees of freedom and systems
of which our knowledge is incomplete. Since our knowledge of almost any real system is incomplete,
statistical mechanics is a vital ingredient in almost any discipline of physics, and beyond.

Typical questions are:

e How does a combustion engine work?

e What will the weather be tomorrow?

e What is the maximum efficiency of a power plant?

e How does a refrigerator work?

e By how much does a gas expand when it is heated?

e How are molecules arranged in a liquid?

e Why does the magnetization disappear at high temperature?
e What is the reason for the microstructure in a metal?

e What happens when crystals grow?

e What is turbulence?

e What is the dopant concentration profile in a transistor?

e Why does iron corrode and why does Aluminum not corrode?
e What is the rate of a chemical reaction?

e How does a catalytic reaction occur at a surface?

e How does a Tiger get his stripes?

Not all of these topics will be discussed in this book. However, the idea is to provide the underlying
concepts that will allow the student to tackle some of these problems and to enter the advanced
subjects efficiently as well as to follow the actual developments in the field.

The book corresponds to a course taught in the Bachelor program in a 56-academic hour course
spread over 14 weeks, augmented by 28 hour exercise classes with homework.

Here some comments on books



e Kerson Huang,Introduction to Statistical Physics, (Taylor and Francis, London 2001) Based
on a one-semester undergraduate course at M.I.T. A rather recent book from 2001.

e Dilip Kondepudi and llya Prigogine,Modern Thermodynamics: From Heat Engines to Dissi-
pative Structures (Wiley, 1998) llya Prigogine received the Nobel price in chemistry for his
contributions to non-equilibrium physics and especially thermodynamics far from equilibrium.

e Franz Schwabl, Statistische Mechanik (Springer, 2000)
e Jiirgen Schnakenberg Thermodynamik und Statistische Physik (Wiley-VCH, 2002)

e H.B. Callen, Thermodynamics. This book deals with thermodynamics on a macroscopic scale.
It concentrates first on the formal structure and then shows a wide range of applications.
Finally irreversible thermodynamics is discussed. | enjoyed this book a lot.

e P. Atkins Physical Chemistry. This book covers the chemical point of view very well. It starts
very simple but later also goes into the statistical foundations. Many practical applications to
chemistry.

e B.K. Agarwal and M. Eisner, Statistical mechanics, Second edition (New age international
Publishers, New Dehli, 1988, 1998) ISBN 81-224-1157-6. | bought this book once in Bangalore,
India and | am not sure if one can obtain this book also in the first world. While one needs
to get accustomed to the notation, it is very thorough and in particular discusses a number
of very interesting examples. The selected problems are also widely useful in practice of the
non-academic world.

e Roger Balian From Microphysics to macrophysics Vol 1 and 2, (Springer Verlag, 1992)

In this course | will try to explicitly derive all the fundamental concepts and all equations used.
This should provide the student with a thorough understanding of the meaning of the equations
and provide insight into the way theories are built. The capability of extending or building theories
is of fundamental importance of a physicist, whose real value plays out when new situations are
encountered and need to be analyzed.

An attempt is made to link all equations. | noticed that the beginner does not yet memorize
all the equation, respectively does not immediately recognize which of the earlier equations enter a
derivation. Thus a lot of time is spent searching back and forth. Since this searching is not always
efficient to also repeat the material, as it should, | have decided to make these connections explicit.
The danger for the student is that he may not see the need to memorize the main equations. A wise
student will use the time, he saves, in a concentrated study of the material.
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Chapter 1

Entropy and information

1.1 History of probability theory

The roots of the theory of probability lie in the theory of games of
chance.[? ] In the French Society of the 1650's gambling was a pop-
ular and fashionable habit. A passionate gambler, chevalier De Méré,
consulted the mathematician Blaise Pascal® in Paris. In the correspon-
dence between him and his colleagues such as Pierre Fermat, the origin
of probability theory has been laid. At this time the games were of
the kind like rolling dice® with a finite number of equally probable out-
comes. The questions were related to finding the chances of winning
for complex combinations of such simple events.

At about 1700 the Swiss James Bernoulli introduced the first result
of general importance in probability theory, namely the Bernoulli The-
orem, which was published in his work “Ars Conjectandi’. In the early
18'th century, De Moivre, a French Huguenot, who had to leave France
because of his religion, developed in England the so-called multiplication
rule for conditional probabilities in his work “The Doctrine of Chances”,
and provided first indications for the normal distribution. At that time,
the theory was applied to problems of estimating risks of insurances.
The first systematic account of the mathematical theory of games of chance has been given in 1812
by Laplace in his treatise “Théorie analytique des probabilités”. Later, Gauss and Laplace discussed
the error estimates in physical and astronomical measurements. Quetelet applied the theory to social
science. Maxwell, Boltzmann and Gibbs laid the foundation of statistical mechanics.

Fig. 1.1: Claude Shannon,
1916-2001

1.2 Probability

PROBABILITY

Probability is a measure of the likelihood of an event.

The probability is a cognitive concept.® A person uses the probabilities in his/her mind to form

1Blaise Pascal. French Scientist 1623-1662.

2Singular: die; plural: dice; German: Wiirfel.

3There are different schools of interpreting probabilities. We follow here the subjective interpretation. In the
objective interpretation the probability is not a property of the observer, but of the system and is directly measurable.
The distinction is a philosophical one and the mathematical formalisms of the two schools are identical.
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expectations about possible events. The person has to know the possible events and its properties.
The person will form probabilities about the events based on previous experience. The person is then
asked to predict the value of a property of an event that will occur in future. The person will infer
the most likely value of that property from his/her probabilities.

In the following, we will formulate a mathematical concept that reflects this understanding of
probability. We start out with an experiment, which can lead to one out of a number of possible
events. The possible events are numbered and characterized by an index /. If we throw a die, there
are six possible events

1. Event 1: “face with one point points up”
2. Event 2: "face with two points points up”
3. etc..

We will call each event a state of the respective system. The die itself is the system. It is important
to include all possible events. For example, if it is possible that the die rolls off the table and gets
lost somehow, we would need to include this as one of the possible events.

We define now the probability P;. PX is the probability that the system X is in its i-th state.

!
The definition of this concept rests on four axioms:

PROBABILITIES

1. The probability for each event is scalar. It must be scalar because the purpose of the probability
is to compare the expected likelihood of events.

2. The probability can take values between 0 and 1, that is
0<Ph <. (1.1)

The expectation “Event / is not likely at all” is attributed a probability £ = 0. The expectation
“Event i will occur with certainty” is attributed a probability P, =1

3. The probability that one out of a subset of events takes place is the sum of the probabilities
of the events in the subset.?

M
P[/e{/l,...,im}]z_ZR-, (1.2)

A consequence of this and the previous axiom, Eqgs. 1.1,1.2 is the normalization condition

Y R=1. (1.3)

4. The probability for a joint event (/,/) in two statistically uncorrelated systems® X and Y is
equal to the product of the probabilities that event i occurs in system X and that event j takes
place in system Y. That is

P,ij = pX PJ-Y for statistically uncorrelated systems. (1.4)

(See figure 1.2 for a demonstration.)

aThe same axiom can also be written as follows. For two independent subsets of events, named A and B, with a
vanishing intersection, i.e. ANB = &, the probability P(AU B) for the union of A and B is the sum of the probabilities
for A and B separately, ie. ANB =2 = P(AUB) = P(A) + P(B). @ is the empty set.

bThis requirement can also been seen as a definition of statistical uncorrelated systems.
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Fig. 1.2: Demonstration that probabilities for uncorrelated events are multiplicative. An example:
The probability that the red die shows a 3 is Px(3) = %. Similarly, the probability that the yellow die
shows a 5 is R (5) = %. The probability for the joint event, namely that the red die shows a 3 and

that the yellow die shows a 5, is Pxy(3,5) = Px(3)R/(5) = %, because there are 36 events with
equal probabilities.

How can we obtain probabilities?

e Certainty: If we are certain that the outcome is that the system is in state fjy, we will assign
probabilities

1 for I=1
P=0,= !
R {O for I # Iy

that is we attribute probability one for the state iy and probability zero for all others.

e Uncertainty: If we do not know anything about the system other than its NV possible states,
the first guess would be to attribute equal probabilities to each state,
1
P=-
There is no reason to assume that one event will occur more likely than the other. Hence we
assign the same probability to each state. The normalization condition determines its value.

e Frequencies: If we have reason to believe that a die is asymmetric, we would try to reproduce
the experiment as closely as possible in a “laboratory experiment” and measure the relative
frequencies of the events. Let us say that we performed M times an experiment with N
possible outcomes. We list the number of times M, a certain event / occurred. (Note that
Z,’-V:l M; = M). The relative frequencies * are defined as

/\/].
= = (1.5)
Zi:l M;
Note that frequencies have all the mathematical properties of probabilities as required by the

axioms.

4The german word for “frequency” is “Haufigkeit”. It is not to be mixed up with “Frequenz’. The word “frequency”
is derived from “frequent”.
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A more frequent event is also more likely to occur. Thus a rational decision would be to use
the frequencies from this experiment as values for our set of probabilities.

P=

Now we can apply these probabilities to estimate the outcome of the (non-laboratory) experi-
ment. If we found that the die is not symmetric, we may bet on the outcome with the largest
probability. Note the subtle distinction between frequencies and probabilities: Frequencies
are an outcome of a series of experiments. They can be considered as a property of the system,
on which a repeatable experiment can be performed. The probability composed from these fre-
quencies is a property of the observer, and not of the system. It describes the expectations of
the observer.

e Let us assume that we have the probabilities PX and PJ-Y for two independent systems, X and
Y individually. For example we could throw a red and a green die simultaneously and ask for
the probability that red die shows the number / and the green die shows the number j. The
probability for this event (i, ) is the product of the probabilities of the constituent events.

PYY = PXBY

e |f the a-priori probabilities of elementary events are defined, we can calculate the probabilities
of more complex events using the postulates for probabilities. The values of the a-priori prob-
abilities are a postulate of a theory. By saying that the six faces of a die occur equally likely,
we specify the a-priori probabilities. With these values, | can calculate, for example, that the
probability of showing a face with value greater or equal to 4, is 50 %.

1.2.1 Example:

In order to demonstrate the power of probability theory and how it may be related to real physics,
let us investigate a simple toy model, that resembles closely the nature of real world problems in
statistical physics. We can use this model later to demonstrate a number of principles of statistical
physics.

Let us consider a toy model for surface adsorption. We would like to know the coverage of the
surface with molecules. To simplify the problem, we consider a two-dimensional world with discrete
states in the gas and on the surface. A molecule can be in each of the boxes shown in Fig. 1.3

Fig. 1.3: Toy model for adsorption of molecules, indicated as red balls, on a surface. The available
adsorption sites are indicated by the green boxes. The white boxes represent the available states in
the gas.

Each of the three molecules, shown as red spheres in Fig. 1.3, may be in one of two configurations:
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e it may be adsorbed on the surface, that is within one of the 7 green boxes, or
e it may be in the gas, that is within one of the 21 white boxes.

We would like to determine the mean coverage 6 of surface sites. The coverage 9 is defined as
the ratio of adsorbed atoms N4 and the total number adsorption sites My, that is

0=~ (1.6)

In our toy model the coverage can have one of four possible values, namely 6 € {0, % % %}, because
MA =7 and NA c {O, 1,2,3}.

In order to estimate the probability P(8) that the system has a certain coverage, we need to
estimate the number of possible states g(6) for each coverage. The probability is then obtained as
the number of possible arrangements for a given coverage divided by the total number of possible
arrangements.

q(6;)

2.ia(6i)

As will be explained in the following, g(6) can be expressed using some basic combinatorics by
factorials® or the binomial coefficients® as follows:

o M Egs. 1.9,1.10 MA! ) Mg! . MA ) MG (1 8)
T\~ T (Ma— N2)INAl (Mg — No)INg! — \Na)  \ Ng |
—— =

da a6 qa a6

P(6:) = (1.7)

The first term, ga, is the number of ways in which N, adsorbed molecules can be placed onto the
M, adsorption sites. The second term, qgg, is the number of ways in which Ng = N — N4 molecules
in the gas can be placed onto the Mg sites in the gas. N is the total number of molecules.

Let us first work out the expression for ga:

1. We start with the first of the Ny molecules on the surface and place it onto one of the My
sites. Obviously this can be done in M, different ways.

2. No we place the second molecule on one of the M — 1 remaining adsorption sites. Thus we
have Ma(Ma — 1) different ways to place two molecules onto the surface.

If we assume that the molecules are indistinguishable, however, we have double-counted each
configuration. Let us assume that two sites, A and B, are occupied. We obtained this config-
uration once by placing the first molecule on A and the second one on B, or vice versa. Thus
we have to divide the number of possibilities by two.

2 _MA(MAfl)
qA(e_MA)_Q

3. If we distribute Ny molecules onto the My sites, we proceed analogusly.

(a) We distribute N4 in all possible ways onto the M, adsorption sites. For the first molecule
there are My sites. For the second molecule there are M — 1 adsorption sites left. For
the third one there are M4 — 2 sites left, and so on. Thus there are Ma(Ma—1)--- (Ma—
Na+1) = ﬁ arrangements of the molecules.

5The factorial N! of the non-negative integer N is defined as N! e 0N The factorial of zero is defined as

o'=1.
5The binomial coefficient (z) is defined as (Z) = ﬁlb)!'
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(b) With this construction, however, we have created all possible permutations of the order
of the molecules for each choice of N4 adsorption sites. There are Ny! permutations of
the N4 molecules, which is seen as follows: For N4 adsorbed molecules, let us distribute
the numbers from 1 to N onto the Ny molecules. There are Ny possibilities to place the
"1" onto the Ny molecules. For each choice for the position of the " 1", there are Ny — 1
remaining molecules to place the number "2". For each choice of the first two numbers,
there are Na — 3 choices for the number "3". In total we obtain Na(Na—1)---2-1 =
Na! ways to distribute the numbers onto the molecules. This is exactly the number of
permutations that we have been looking for.

(c) By dividing the number Ma!/(Ma — Na)! of arrangements by the number Na! of per-
mutations, we obtain the number Ma!/[(Ma — Na)!Na!] of choices irrespective of their
order.

Thus, we obtain

0 <9: /\/\//2\> _ Ma(Ma— 1) (Ma — Na+ 1) M,! B (/\A/Il:> 19)

Na(Na—1)---1 " (Ma— Na)INal

Now we evaluate, analogously to Eq. 1.9, the number gs of ways in which Ng molecules can be
arranged in the Mg states of the gas.

Mg! Mg
96 = Mo — No)ING! (N) (1.10)

By multiplying the number of ways the N, adsorbed molecules from Eq. 1.9 can be arranged
on the surface and with the number of ways the Ng gas molecules can be placed in the gas from
Eq. 1.10, we obtain the above equation Eq. 1.8.

Next we express our result Eq. 1.8 for g by the fundamental variables, the coverage 6 defined
in Eq. 1.6, the number N of molecules, the number M4 of adsorption sites and the number Ng of
states in the gas. This implies Na = Ma8, Ng = N — Nag = N — M40.

We obtain
Eq.1.8 My! Mg!
q(6) "= (Ma(1 = 0)I(Ma8)! (Mg — N + 68Ma) (N — Ma8)! (1.11)
da gc

This is a nasty expression, but it can be evaluated. For our example with N = 3, My = 7 and
Mg = 21, we obtain

1 2 3
q(6 =0)=1330 q(0 = ?) = 1470 q(0 = ?) =441 q(6 = ?) =35

With this result we obtain the probability for each coverage using Eq. 1.7, namely

q(0
P6) = )
E,‘:o Q(ei)
and hence
1330
PO =0)= 3976 0.406
1 1470
P(6 = ?) = 3576 ™~ 0.4487
2 441
P(6 = ?) = 3576 0.1346
3 35
P(6 = ?) = 3376 ™ 0.0107
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Finally we can determine the average coverage as
3
(0) =2 P(6)8;
i=0

which in our case yields a mean coverage of (8) = 0.1071. This was what we were looking for.

While this example is highly simplified, it demonstrates how we can approach a physical question,
such as estimating the coverage of a surface with molecules, with a simple counting argument.
Problems like these are typical for statistical physics and the approach towards a solution is rooted
in the same basic principles.

1.3 Information and entropy

The concept of the amount of information developed in this chapter will allow us to determine the
information content of a message.

Why do we need a measure for the amount of information? If we are able to quantify the amount
of information, we can choose the probabilities in a more intelligent way. With a better choice of
probabilities, we can make better predictions. The concept of information helps us to make good
guesses.

At the basis of the concept of information is that the amount of information is additive. What
does it mean that information is additive? Let us consider a safe-cracker, who typically opens a
safe in one hour. It will take him about three hours to open three safes. We conclude that it takes
about three times as much information to open all three safes than only one. How is the information
related to the number of possibilities? To open a safe he has to turn a knob to the right setting.
Let us say that he has to choose from one-hundred possibilities. To determine the setting of the
three safes, he needs to identify one out of 100 x 100 x 100, that is one-million, possibilities. If the
amount of missing information S(N) is related to the number N of possibilities, we would conclude
that S(105) = 35(100), or more generally S(N™) = MS(N).

Hence the functional dependence of S(N) on the number of possibilities N is S(N) = kIn[N],
an expression written on the grave of Ludwig Boltzmann, who found it”. kg is called Boltzmann
constant. For the time being we consider it as an arbitrary proportionality constant.

We can use the argument to estimate the information content of the page you are reading: There
are 26 characters and 10 numbers. A line contains about 80 characters. A page contains 40 lines.
Thus a particular text is one out of (26 4 10)(8%*40) = 104980 possibilities, which corresponds to an
information of 11467 kg. Not bad!

"Ludwig Boltzmann. Austrian Physicist, Feb. 20, 1844 (Vienna, Austria) -Oct. 5, 1906 (Trieste, that time Austria).
Invented statistical physics by explaining thermodynamic equations from a statistical treatment of the microscopic
equations of motion for the atoms. He explained how irreversible macroscopic equations can result from reversible
microscopic equations. He obtained the Maxwell-Boltzmann equation in 1871. He moved around a lot and held
chairs for theoretical physics(Graz), mathematics (Vienna), experimental physics (Graz), theoretical physics (Vienna).
Suffering from mood swings and possibly out of disappointment about lack of acceptance of his theories, he committed
suicide during a vacation in Trieste, shortly before his theories were confirmed experimentally.
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ENTROPY

The entropy? S is a measure of the uncertainty over the outcome. The entropy is proportional
to the average number of yes-no questions needed to specify a specific outcome. Entropy and
(undiscovered) information are synonyms.

aThe term entropy has been introduced by Clausius in 1865 in the context of thermodynamics: It is derived from the
Greek word Tpomn for transformation. R. Clausius, Uber verschiedene fiir die Anwendung bequeme Formen der Haupt-
gleichungen der mechanischen Warmetheorie (1865)[? ] http://opacplus.bsb-muenchen.de/title/BV035144360/
ft/bsb101381157page=48 On p. 46 he writes “Sucht man fiir S einen bezeichnenden Namen, so kénnte man &dhnlich
wie von der Grole U gesagt ist, sie sei der Warme- und Werkinhalt des Korpers, von der Grésse S sagen, sie sei der
Verwandlungsinhalt des Kérpers. Da ich es aber fiir besser halte, die Namen fiir die Wissenschaft wichtiger Grélken
aus den alten Sprachen zu entnehmen, damit sie unverandert in allen neuen Sprachen angewandt werden kénnen, so
schlage ich vor, die GréBe S nach dem griechischen Worte m Tpomn, die Verwandlung, die Entropie eines Kérpers zu
nennen. Das Wort Entropie habe ich absichtlich dem Worte Energie moglichst dhnlich gewéhlt,...”

We define the entropy via the following axioms:

PROPERTIES OF THE ENTROPY

1. The entropy S is a function of the probability distribution {F;}, as the latter describes our
expectation or our state of knowledge. If an experiment has N possible outcomes, the entropy
is a function S({P;}) = S(P1, ..., Py) of the N probabilities. If there is a continuous range of
possible outcomes x the entropy is a functional S[p(x)] of the probability density p(x).

2. The entropy is scalar. It must be scalar so that we can compare the amount of information.
3. For equal probabilities P = % the entropy is a monotonically increasing function of N.

4. The entropy for a system of statistically uncorrelated subsystems? is the sum of the entropies
for the subsystems.

SUPYY =SUP*P"}) = SUP' Y +SH{P"}) (1.12)

In order to acquire complete knowledge about a combined system, that is to determine the
state (7, ) completely, one requires as much information as is needed to determine the states
of the two subsystems individually.

aTwo systems are statistically uncorrelated if the outcome of one system has no influence on the outcome of the
other. For example, if we throw two dice, the outcome of one die is independent of the other. An example of a
correlated system are the questions: (1) “Does it rain?” and (2) “Is it cloudy?”: if it rains it is almost certainly cloudy.
If it is cloudy the chances of rainfall are higher than if it is not.

1.4 Functional form of the entropy: Shannon’s derivation

ENTROPY

The entropy has the functional form

SUPHE — kY P[] (1.13)

where k is an arbitrary constant. This expression is one of the most fundamental expressions in
physics. In physics the constant k is chosen to be the Boltzmann constant.

We can easily verify that the expression Eq. 1.13 fulfills the requirements for the entropy functional



http://opacplus.bsb-muenchen.de/title/BV035144360/ft/bsb10138115?page=48
http://opacplus.bsb-muenchen.de/title/BV035144360/ft/bsb10138115?page=48
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e it is a function(al) of the probabilities.
e it is a scalar
e For equal probabilities ﬁ it is monotonically increasing function of N.

N
11 1 1
— =, ... ==k —In|=| =+kIn[N
S(N,N, ) ;Nn[/\/} +kIn[N]
Because the logarithm is monotonically increasing, this prooves the imposed requirement.

e For uncorrelated systems the entropy is additive.
SURTRY) = =k 3 B*R In(PR)
iJ
—kD>_ PR (In(RX) +In(R)

iJ

(kZRxlnm*)) > F +(ZP,*> kDRI
i J i J
—_———
S{P*D =1 =1 SHUPYY)

=S{P N +SURAD)

1.4.1 Shannon’s proof

Let us follow the steps of Shannon[? | and derive the functional form for the entropy Eq. 1.13 .

Step 1

The requirement Eq. 1.12, saying that the entropy is additive, leads to another important statement:
Let us consider a system with N possible events. We group the events into m subsets A;, where the
J-th subset holds n; events. The events shall have probabilities of F;;, where j identifies to the subset
Aj and the index / identifies the i-th event in the subset j. Ultimately we will quantify the information
with the number of yes-no questions that specify a certain event. From this principle we derive
the information for more complex questions. Therefore we divide the identification process into two
questions: The first question is that to which of the subsets the correct event belongs. The probability
that the event is in subset A; is W; = 27;1 P;i. Thus the information gained in the first question is

SWh, ..., W,,). Once we know this answer, we pose the second question to specify the correct event
L . . . . Pin o .
in this subset, which requires the information 5(%‘/l ..... ‘j"/jf ). The normalization is required to ensure

that the probabilities in that subgroup add to one. The two questions are statistically uncorrelated.
Because of the additivity of the entropy for statistically uncorrelated subsystems, Eq. 1.12, we add
the two entropies

On average, we obtain the information

m " =3 P,
S(Pit o Prm Poa o Pony) = D> P [5(\/\/1 ..... W) + S ( L - )}
j=1 i=1 k=1 'vak k=1 'Djvk
_ . PJ 1 PJ nj
= ZWJ [5(\/\/1 ..... W)+ S <WJ ..... W
Jj=1
_ & val )D-j'nj
=SWi,... W)+ > WS <WJ_ ..... W (1.14)
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Example: Consider a die as sketched in Fig. 1.4. It has six faces with values 1 — 6. Each face
occurs with equal probability P = 1/6. If we want to obtain the correct face of the die in one
question we ask “Which is the correct face of the die?”. The information of the answer is the entropy
S(Py, P>, Ps, Py, Ps, Ps). Now we ask in a different manner: First we divide the faces into three
subsets: Gj, G, and G3. Gj contains the faces {1,3,4}, Go contains {2,6} and the last set, G3,

G1 ° .o. ::
G, |« g;
G, =

Fig. 1.4: Grouping of the six events of rolling a die into sets of 3,2 and 1 events. The probability

that an event in G; takes place is 3 x % = % For G, the probability is 2 x % = % and that for Gz is

1

6"

has only one element, namely {5}. Now we obtain the correct face from two questions: The first
question is “Which set contains the correct face?”. The second question is “Which of the faces in this
particular set is the correct one?”. The first question yields the information S(W1, W», W3), where
Wi=Pi+Ps+P,=1/2 Wo =P+ PF;=1/3 and W3 = P; = 1/6 are the probabilities that the
correct face is in one of the three subsets. If the answer has been Gj, the remaining uncertainty is
S(P/Wh, Ps/Wh, Py /W1) = S(3,3,%). If it is in set G, the remaining uncertainty is S(3, 3), and
if the answer is Gz then the remaining uncertainty is S(1). Depending on the answer of the first
question the information we receive from the answer to the second question differs. Thus, we can

only average the entropy over all possible events

face | probability | Information
U [SGEDSEED
2 Lo st b s
s | 4 |sGidestiy
s | |stibesaid
5 3 S(3.3.5)+S(1)
6 s 5(3.3.5) +5G.3)
We obtain
111111 111 3 111 2 11 1
777777 = _——_— - —_ _—— - —_ _—— —_ ]_
5(6'6'6'6’6’6) S<2’3’6)+\6/5(3'3'3)+\6/5(2’2>+\6/S()
W4 Wa Ws
P P Py P Fs Ps
=S(Wi, Wo, W3) + WS —, —, — | + WLS(—, — | + W3S —
(W, Wa, Ws) + W (W1 W, W1> 2 (W2 W2) 3 <W3>

which is identical to Eq. 1.14
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Step 2

First we consider systems with equal probabilities. In order to simplify the discussion we introduce a
new symbol f for the entropy with equal probabilities

f(n)défs(% ..... %) (1.15)
£ n

n times

nm events in total

G,—
1 [72]
o
G2—c> Q
. o
(@]
° €
Gm—c>
— _/

n members in each group

Now we specialize Eq. 1.14 to equal probabilities. Consider the case P;; = % That is, there are m
groups with n events in each group. The first index j of P;; is the group index and the second index

i labels the individual event in the specified group. We obtain

1 1 1 1 71 1 1
S ( ..... ) Fallt g ( ..... ) +y =5 ( ..... )
nm nm m m - m n n
N—— N———

Jj=1
f(nm) f(m) f(n)

f(nm) = f(m)+f(n) (1.16)

This statement simply reproduces the additivity of the entropy for the special case of equal probabil-
ities.

Eq.1.15
U=

Step 3
From Eq. 1.16 we immediately obtain by successive application

F(P) = F(nP~1n) = F(n) + F(nP72) U= 26 (n) + F(nP72) = .. = pf(n)
= f(nP) = pf(n) (1.17)

This already shows that f = k In[n] satisfies this requirement. In the following, we will show that this
is the only possible solution.

Step 4

We start with n = 2 and obtain 8 for p € Ng

(29 2 pr(2) = 12 F2) = o @)
— o
Thus, with the definition
def F(2)
o)

8N0 denotes the set of natural numbers including zero.
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we obtain the desired relation for powers of 2

= f(n) = kin(n) for n=2° (1.18)

Step 5

Now we need to show that we obtain the same result, Eq. 1.18, also, if n cannot be represented by
a power of 2:

Let us pick an arbitrary n € N. For each integer m, we determine the next power g, € N of 2
which lies just below n™, so that

2m < pm L 29mtl (1.19)
i gmIn(2) < min(n) < (gm+ 1) In(2)
= gm < mpd < (Gn+1)
In(n) In(n)
1< < 1.2
= M) s W =M (1.20)

Now we use the requirement that the entropy for equal probabilities is monotonically increasing

Eq. 1.19 = F(29m) < f(n™) < F(291)
Egs. 1.17,1.18
= kamIn(2) < mf(n) < k(gm +1)In(2)

kin(2 kIn(2
0™ < () < (g + )2 (121)
Now we expand the limits by using Eq. 1.20, which can be converted as follows:
e the left inequality in Eq. 1.21 can be expanded to
Ba. 121  kIn(2) Ea. 120 In(n) kin(2) kIn(2)
> AR S/ N - = B Sl .
f(n) > dqm o > (mln(2) 1 o kIn(n) o (1.22)
e the right inequality in Eq. 1.21 can be expanded to
Eq.1.21 kIn(2) Ea.1.20 In(n) kIn(2) kIn(2)
< < < .
fo < (am+1)— < ( In(2)+1 =5 < kin(n) + — (1.23)
Thus, we obtain
1 Eq.1.22 Eq.1.23 1
kin(n) — =kIn(2) < f(n) < kin(n)+ —=kIn(2)
m m
For m — oo the distance of the brackets vanishes, so that we can deduce uniquely
f(n) = kin(n) for neN (1.24)

Step 6

We now use the above result to derive the entropy for unequal probabilities.

We start with a system with N possible events, which we divide into subsets with n; events each.
We divide the task of identifying the correct event into (1) identifying the correct subset and (2) the
effort to identify the correct event in that subset. We define

def Tl

= (1.25)



1 ENTROPY AND INFORMATION 13

We use condition Eq. 1.14 for equal probabilities.

s(L. Lyreangm ’Lm)+zm:ﬂ5 o1
S ) T2 T W) TS s
—_— - —
KkIn[N] kin[n;]
m
Eq_ 124 [ A R YU
4 S(N ..... /\/) = kIn[N] k;Nm[nj]
m
ML S(PL . Pm) = kI[N = kYA I[PN]
=1 7|H/—’
=In[R]+In[N]

m
= k) B[R]
j=1
This is Eq. 1.13 on p. 8, which we wanted to derive. g.e.d.

1.4.2 Discussion of the functional form of the entropy

In statistical mechanics, the constant k is chosen to be the Boltzmann constant kg = 1.380658 x
10723 J/K. Thus, the product of entropy and temperature has the unit energy. The choice for k,
adopted in information theory, is 1/In(2). These choices are in principle arbitrary and have historical
reasons. We will return to this point later.

The function — P In[P] shown in Fig. 1.5 is asymmetric, because a probability close to one forces
all other probabilities to remain close to zero, whereas a probability close to zero has no implications
on the remaining probabilities. Note that the slope of —PIn[P] is infinite for P = 0. Thus, trying a
Taylor expansion about the origin is a bad idea.

1 x x x x N x x x x N
o 0.8 - — —

X -
™~ P _ B _
A 06 . & .
\ yd = -
- 04t /7 - Q _
Q / ! _
n 02 / — N
O | | | | | | | | N
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

P P

Fig. 1.5: Left: Entropy of a yes-no question S(P, 1 — P) as function of P. The maximum is located
at P = 1 and has the value kIn(2). Right: —P In(P) as function of P. The entropy is always positive
(if k is positive), because —kPIn(P) >0if0< P < 1. —kPIn(P)=0for P=0and P=1. The
maximum of —kPIn(P) is k/e and is located at P = 1/e. The slope is infinite at P = 0 and and
—k at P=1.

To become familiar with the entropy, let us consider the entropy related to a yes-no question, a
question with only two possible answers. Each answer, will be given with a certain probability. Owing
to the normalization constraint, this entropy can be expressed as a function of only one variable. The
result S(P1, P,) = —kgPyIn(P1) — kg P> In(P,) is shown in Fig. 1.5.

The entropy with kIn[2] is largest if both possible answers have the same probability. This shows
for example that the most efficient strategy to reach certainty with yes-no questions is to divide the
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possible events into subsets of approximately equal initial probabilities. Thus, we reduce the entropy
of the problem with each question by the maximum amount. Note, however, that the entropy is
a property of the question, not the answer. By directly asking if a particular event is the correct
one, we can, by chance, reach certainty within one step. On average, however, we will require more
questions so that this is a bad strategy.

Fig. 1.5 also shows that the answer to a question, for which we already expect a certain answer
with large probability, adds a smaller amount of information than that to a question for which we
have no expectations: If we expect a 50 % chance for each of the two outcomes of a yes-no question,
the entropy has its maximum value of kIn(2). Obtaining the answer reduces the entropy to zero,
so that we gained the maximum amount of information for a yes-no question. If we already have a
good guess of the answer, such as a 90 % expectation of the answer “yes” and a 10 % chance for
the answer “no”, the entropy is much smaller, and the amount of information gained by obtaining the
answer is much smaller.

Interestingly, the amount of information gained in the second case is independent of whether the
answer is the one, "yes", we expected or the one, “no”, that was unexpected. The entropy of the
probabilities prior to obtaining the answer describes how “blurred” our view on the possible answer
is. Even if we had wrong prejudice, we may have had a “sharp”, even though wrong, view of things.
Such a sharp view is related to a small amount of entropy related to the prior probabilities. Hence
the response does not improve the sharpness of our expectations, which is described with a small
amount of information gain.

Let us now consider two special cases:

e Certainty: The information is complete, if the state in which the system is realized, namely
state ip, is known. The probability distribution is then P, = §;, and the entropy vanishes
according to Eq. 1.13.°

S=8({P, =6i4,})=—k>_ &in[di;] =0

This is obviously the smallest entropy a system can possess. Since the system is completely
known there is no further information that can be gained about it. Note that we have introduced
a new symbol S as opposed to S§. S is used for the functional depending on the probabilities,
whereas S is used for a particular value of the entropy.

e Uncertainty: Nothing is known about a finite system with N states. The probabilities are
chosen!® as

1
P=
N
The entropy is

5:5({/%:,1/}) :-kzN:/{lm [H — KIn[N]

This is the maximum entropy a system with /N states can have.

9Note that xIn[x] = 0 for x =0
10The probability can be obtained more rigorously by maximizing the entropy functional. The condition that the
probabilities add up to one is enforced using the method of Lagrange multipliers.

wszm[g]fkfxzo = In[P,-]=flf5
dP, k
P, = exp <—1 - %) = % (1.26)

In the last step we used that value of A\, which enforces the normalization condition for the probabilities.
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1.4.3 Physical motivation for the entropy:

Here we show that the entropy Eq. 1.13 is directly related to the number of configurations. To be
more specific we will demonstrate this relation for a simple example, namely a large set of N identical
harmonic oscillators as sketched in fig. 1.6.

E

=1 @ O N2
=0 — A~ — —  Np=1

Fig. 1.6: Definition of the variables used in the model for oxcillators for N = 4 oscillators. Golden
balls indicate the state of the oscillator.

Given a vector (N, N1, No, ...) of occupation numbers N;, where N; is the number of harmonic
oscillators in their j-th excited states, we will work out the number Q(Np, N1, ...) of configurations
with this set of occupation numbers.'* Each individual configurations of the Nior = _; N; harmonic
oscillators is characterized by a N-dimensional vector of excitations (i1, i, ..., in).

We will find, that the number of configurations can be expressed as

Eq. 131 N No Ny
Q(N1, Ny...) = exp[kS<N,N,...)]

where S is the Shannon entropy from Eq. 1.13. This gives the entropy another meaning besides the
missing information.

Let us begin: We count the number Q(Np, N1, Ny, .. .) of ways one can prepare, out of N = >, N;
oscillators, Ny oscillators in the ground state, N oscillators in the first excited state, N, oscillators
in the second excited state and so on.

1. Given that Ny out of N oscillators are in the ground state we need to find out the number of
configurations. We begin by choosing one out of N oscillators which we determine to be in
the ground state. Clearly there are N possibilities. Then we select the second oscillator, which
shall be in the ground state. We have N — 1 possibilities, since one is already selected. Thus
we have N(N — 1) possibilities to fix the first two states. However, we have counted each
configuration twice, because one of the two selected oscillators could have been the first or the
second to be selected. Both choices correspond to the same configuration. Thus we have to
divide the result by two.

Let us demonstrate the same idea on an example of three oscillators with two oscillators in the
ground state. Fig. 1.7 illustrates the argument.

1 The occupation numbers imply that Ny of these oscillators are in the ground state, N; harmonic oscillators are in
the first excited state and so on. There are infinitely many excitation levels and the occupation numbers add up to the
total number N of oscillators.
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s m

Fig. 1.7: Explanation of the double-counting correction. Let us consider that there are three os-
cillators, of which two are in the ground state. Each oscillator is represented by a square and the
three squares side-by-side represent all three oscillators. By placing a sphere in a box, we specify this
harmonic oscillator to be in the ground state. First we select the first oscillator to be in the ground
state, which we indicate by placing a yellow sphere in one of the boxes. There are three possibilities,
shown on the left. On the right we select the second harmonic oscillator to be in the ground state.
For each of the three possibilities there are two possibilities left, resulting in six possibilities over all.
However, we have double counted each configuration, because interchanging the two colors does not
correspond to a different choice: It is still the same two harmonic oscillators that are in the ground
state. Thus we need to divide our result for the number of configurations by two to avoid double
counting.

Avoiding double counting we obtain N% possibilities to select the first two oscillators as being
in the ground state. For the third one we have N — 2 possibilities. Now we need to divide by
three to avoid double counting.

Once we selected all oscillators which are in the ground state we count

NN —1)(N—=2)---(N—=No+1) N(N—1)---(N—No+1)
1-2-3---Np B Np!

(1.27)

2. Now we select all oscillators which are in the first excited state. For each selection of oscillators
in the ground state, we have now
(N —=No)(N—Ng—1)---(N—Nog— Ny +1)
Nyl

(1.28)
arrangements. If we multiply the result Eq. 1.28 with the number of choices for oscillators ion

the ground state from Eq. 1.27, we obtain

N(N —1)-- (N — No — Ny +1)
Nol! N !

3. Now we proceed analogously for the second, third, etc excited state and obtain

=N
o0
N(N —1)---(N — N;+1)
Q(No, Ny, N, ...) = ;O I
0, N1, IN2y o) — N0|N1IN2I 71_[?20/\/"

Since it is difficult to work with the factorials, let us simplify the expression using Stirling’s formula
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STIRLING'S FORMULA

In(n!) =~ (n—&—;) In(n)—n+%|n(27r) ~nin(n) —n (1.29)

The functional form of xIn(x) — x is shown in Fig. 1.8. A derivation of Stirling's formula can be
found in appendix F.1. Note that the first, more accurate, approximation diverges for N = 0.

Fig. 1.8: Comparison of different approximations for In(n!) in Stirling's formula Eq. 1.29. The exact
result, In(n!), is shown as black line behind Stirlings approximation (n+ 3)In(n) — n + 3 In(2m)
shown as orange dashed line. In blue, the simpler form of x In(x) — x of Stirlings formula shown. On
the right-hand side a larger region is shown to demonstrate that also the simpler approximation is
satisfactory for large numbers: The lines are hardly distinguishable.

We obtain In(Q) as

B NI In(ab)=In(a)+In(b) _ = _
IN[Q(Ng, N1,...)] = In [H/Ojo /\/,-!} = In[NV!] IZ;m[/\/,!]
R NInIN] = N =S (N In[N] — )
i=0

= N In[N]=N-— ¥N,~In[N,'] + ZO N;
1= 1=

2o N e
N
= =Y N:(In[N;] = In[N])
i=0

_ Ni: <’X/’|n[’/\\’/’]>

If we identify the relative occupation by the probability of finding an oscillator in a particular state,
that is

N.
="

we obtain

1 - 1
7 QNP NPy, .. )] = ; P.n[p] FI=1 TSP PL ) (1.30)
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which leads us to one definition of the entropy S(Fy, P1,...). Conversely we can express the number
of arrangements by the entropy as

Q(NPy, NPy, ...) 920 i S(RPL) (1.31)

Thus we obtain a second interpretation of the entropy. Given N identical systems?, the number @
of possible arrangements with a given set of relative frequencies P is given by the entropy as eV®.
The entropy is given exactly by Shannon's formula, Eq. 1.13.

aWhile we used the model of harmonic oscillators, we never used any specific property of harmonic oscillators. The
result is therefore more general.

An important result is that the relative number of two different sets (Ng, Ny, .. ., ) of occupations
grows very rapidly with increasing N.

NP, NP ) gq1 N(L
gENPZ N'Di ; H= eXp[k(S(POrP1----)_S(PO-P1.---)>} (1.32)

If the ratio is of order one for a microscopic system with about 10 oscillators, the configuration
with smaller entropy becomes entirely neglegible for a macroscopic system with N in the range of
1023, This is the origin for the power of thermodynamics.

As N becomes very large, there is a single distribution {P;}, the one that maximizes the entropy
S, that describes so many more different configurations than any other, that only this probability
distribution is of any relevance. This allows us to select one probability distribution {Fy, Py, ...}
from all the others. This conclusion is at the heart of the maximum-entropy principle, that we will
introduce in the following.

1.5 Maximum-entropy principle

The maximum-entropy principle[? ? ] is at the heart of statistical
mechanics and thermodynamics. It allows one to select one probability
distribution that is optimally unbiased, while considering the knowledge
that is available for the system.

In order to make a prediction, we need to estimate the probabil-
ity that a physical system is in a given state. This is done using the
maximum-entropy principle. The probabilities allow us to make predic-
tions about the outcome of an experiment. (The predictions will not be
very good if the probabilities are chosen poorly.)

For example we can estimate the mean value (A) of a quantity A
measured repeatedly by an experiment as

(A) =) AP (1.33)

Fig. 1.9: Edwin Thompson
Jaynes, 1922-1989. Amer-
ican Physicist.  Invented
the maximum-entropy prin-
o= \/<(A —(A))?) = \/<A2> — (A)2 (1.34) ciple and showed its rela-
tion to thermodynamics.

where A; is the value of A when the system is in its /-th state. We can
not only predict the mean value of a property, but also estimate the
certainty of the prediction, by estimating the standard deviation

The maximum-entropy principle[? ? | says that the best probabil-
ities are those, which (1) are compatible with the state of knowledge and (2) maximize the entropy
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S = —k)_; PiIn[P] under the restrictions of (1). Since the entropy is a measure of the lacking
information about a system, any set of probabilities that does not maximize the entropy contains
additional unknown assumptions. Thus, it does not correspond to an unbiased choice.

From the maximum-entropy principle follows immediately that the probabilities are equal for a
system with N possible events and no additional knowledge.

The maximum-entropy principle can, however, be applied to much more complex problems. For
example, the state of knowledge about an experiment may be determined by the mean values of some
quantities A, B, .... Then we can estimate the probabilities for the outcome of the experiment for
variables that have not been explored before. This is the typical type of problems we encounter in
statistical physics, which we will discuss in this section.

1.5.1 Derivation of the maximum-entropy principle

Let us imagine a situation where nothing but an average property A = > PA; is known about the
state of a system. This case is most important for large systems, where only average properties are
measurable. It is also relevant for dynamical systems with transitions between states that are too
rapid to be observed, while an average property can still be measured. (Of course, the values A; for
each state must be known as well.)

We will now determine the probability and the entropy of the system by maximizing the entropy
under the constraints of the known fact, namely

A=Y "PA. (1.35)

Following the method of Lagrange multiplierst?, we extend the entropy functional by the con-
straints

YA AP} a ) ESUPY -A( P -1) ~a(3PA - A)
S IGLGE A(ZP/ -1)
—a(z P.A; —A‘) (1.36)

where X is the Lagrange multiplier for the condition that the probabilities must sum to 1, and a is
the Lagrange multiplier for the constraint Eq. 1.35 saying that the probabilities must produce the
selected mean value A. If the constraints are fulfilled, the extended entropy ) is identical to the
entropy S = —k Z, P, In[P]], because, in that case, the additional terms, describing the constraints,
vanish.

According to the method of Lagrange multipliers, the maximum of the entropy under the con-
straints is obtained by solving the equilibrium condition®®

oy
0= 87/3, Z—k5|ﬂ(P,')—kB—>\—aA,' (137)
and the constraint conditions
oy
0_5_(2 /3,-)—1 (1.38)
_oy _ A A
0=5 = (E, P,A,) _A (1.39)

12For a description of the method of Lagrange multipliers see ®SX: Klassische Mechanik
13The term equilibrium condition is not standard terminology.
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In the following we will determine probabilities that fulfill these equations.

Let us start with the equilibrium condition Eq. 1.37, from which we obtain a parameterized form
for the probabilities

P, \) = e 1k e EA (1.40)

The Lagrange multiplier X for the normalization can be determined from the normalization con-
straint Eq. 1.38, that the probabilities add up to one. * Thus, we obtain the probabilities that only
depend on a.

Pf(a) = A (1.41)

L e
Z(a)
where

Z(@)EY e A (1.42)

i

is called the partition function. The partition function plays a central role in statistical mechanics
far beyond that of a simple normalization factor, but we will come to that later. We call probability
distributions of the form Eq. 1.41 equilibrium distributions.

Lo

The exponential factor e x4 in Eq. 1.41 is related to the Boltzmann factor ekaLTE’, that is
ubiquitous®® in statistical processes. The expression given above is actually the conceptual origin for
the Boltzmann factor.

Since the correct probability distribution is of the form Eq. 1.41, we restrict our search from here
on to these distributions, which we call equilibrium distributions.®

Let us evaluate the function Y which is obtained from Y by inserting the equilibrium probabilities:

YA VA {PIU)} a (@)
In[RF(a)]
Fas 130141 Z P () (— In[Z ()] — %A,-) _a(z,-: PEI(a)A; — %T)
S{P(a)})
= kin[Z(a)] + aA (1.43)

The dependence on A drops out, because the corresponding constraint is already fulfilled. Finally, we
have to fulfill the second constraint equation, which leads us to!’

oYy _ oIn[Z(a
= — = A= 7/(M

oo Oa
14\We start from the constraint condition for A to evaluate the prefactor.

0Y Eq. 1.38 Eq. 1.40 2 a 2 a
— =T 0=21=) RTI=T Y etk e kA =Tk Y e kA
1 1

0 (1.44)

oA

-2 1 1
Y kA Z(a)

The prefactor can be resolved for A. Since we need X in the exponential we do not need to resolve for it.
15german(“ubiquitous”)="allgegenwirtig"

16The equilibrium distributions satisfy the equilibrium conditions, but not yet the constraint conditions.
17

1

= Aa) = kIn[Z(a)] — k

- — = 0
o) oPsa da + da + o)) a da
<~

oY _ ) oy or? oy 8y A QY eq13
(e - ; -
=0 Eq. 137 =0 Eq. 138
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This equation can be resolved for a(A), which provides us with the desired probability distribution
_ 1 a(A)
P(A) = ————<e * &
: Z(a(A))
Thus we have obtained our final result, namely the most unbiased probabilities consistent with our
current state of knowledge. The latter has been incorporated via constraints, that fix certain mean
values.

(1.45)

Given the probabilities from Eq. 1.45 we can make predictions about other physical quantities B,
via

ﬂ&&=23®&

Such a prediction is not a law of nature, but it rather plays the role of an “educated guess”. Later,
we will see that the concept just demonstrated allows to make surprisingly accurate predictions for
many physical systems.

Note, that once all constraint equations are fulfilled, the entropy is equal to the function Y =Y.
Thus, the entropy has the form

S(A) = kIn[Z(c(A))] + a(A)A (1.46)

The entropy will be important to extend the principle of maximum entropy to composite!® systems.
In that case we do not need to refer to the individual probabilities in each subsystem, but one can
work directly with mean values. This abstraction from the individual states of each subsystem is
what represents later the step from statistical physics to thermodynamics.

COOKING RECIPE

Let us summarize the main steps that actually need to be done:

1. evaluate the partition function
Z(o) =) e i,
-

2. determine the relation between the expectation value and the Lagrange multiplier

- 0In[Z(a)] -
A=—k Do — a(A).
3. determine the probability distribution using
_ 1 a(A)
P(A) = =—=—e « A
W= Zam

which is the desired result

4. determine the thermodynamic expectation values of any observable B as

(B) =Y _P(A)B;

1

for comparison with experiment or the entropy

S(A) = —kY_PA)In(PY(A)) = kin (Z(a(A))) + a(A)A.

18german(composite)=zusammengesetzt
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1.5.2 Physical meaning of Lagrange multipliers

Let us consider two systems X and Y. We do know the initial values Ax and Ay of the quantity
A in the two systems. When the two systems are brought into contact, the values of A in the two
subsystems may change individually. However, we require that the total amount A:o: def Ax + Ay
remains constant. Aot iS a conserved quantity. Hence, the quantity A can “flow” from one system
to the other, but, overall, it is conserved.

Many quantities, we encounter in physics, are conserved quantities such as energy, momentum,
charge, particle number, volume, etc.'® For example, energy can flow from one subsystem into the
other, but the total energy of both systems is conserved.

We make use of the fact that the entropy of the two systems is additive, and that the total
entropy is maximized in thermal equilibrium.

1 X 1 1 X 1
Sxy (Ator, D) = SX(EAtot + EA) + SY(§Atot - EA)

def = = . . . . . . .
where A = Ax — Ay. A is a free parameter, which will adjust via transitions between states in order
to maximize the entropy.

d 1 dSx 1dSy|
an >xyAwee 8) =5 2% i 2 dA [\y_o
dSx _ dSy
dA  dA

Hence the conserved quantity A will move back and forth between the two subsystems until the
system reaches a point, where the increase of the entropy of one system is identical to the loss of
entropy of the other.

We will show now that the derivative of the entropy can be identified directly with the Lagrange
multiplier. We use Eq. 1.46 and Eq. 1.44

dS eq.146 , dIn[Z(a)] da  da - - din[Z(a)] = -\ da(A)

— = k= — 4+ —A A = |k A _

A da dA taatteA da %) gk T°
=0 dueto Eq. 1.44

ds

EQUILIBRIUM AND LAGRANGE MULTIPLIERS

Thus, if two systems X and Y are in contact, so that they can exchange one globally conserved
quantity A, the Lagrange multipliers ax and ay related to the quantity A in the two systems are
identical, if the two systems are in equilibrium.

ax = ay

Hence, two systems that are in contact, such that a globally conserved quantity A can be exchanged,

19A philosophical note: We encounter so many conserved quantities, more because physicists like them, rather
than because the real world contains so many conserved quantities. Most theoretical studies become feasible only
when symmetries are imposed as model assumptions, and symmetries result in conserved quantities. Most experiments
become understandable only under simplified conditions. This, however, is not a limitation of the physical theory,
because violations of conservation laws are described as open systems, where explicit drains and sources are added to
describe these deviations.
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will adjust the amount of the quantity A in the two subsystems so that their Lagrange multipliers
are identical. This implies for example, that two systems in thermal contact exchange heat (energy)
until their temperatures are identical.

While the Lagrange multipliers appear at first as a purely mathematical byproduct, Lagrange
multipliers are actually much more accessible to experiment than the original variable A:

The Lagrange multiplier can be measured by bringing a system into contact with a — very small
— test probe, for which the Lagrange multipliers can be determined, e.g. a thermometer. Bringing
the test probe into contact with the physical system, the Lagrange parameters will equilibrate and
one can read the Lagrange multiplier from the test probe. A measurement of A, on the other hand,
requires transferring the quantity A completely out of the system, and measuring the total amount
of A removed.

Imagine a system coupled to a another — very large — system such that the conserved quantity
A can be exchanged. Such a system is large reservoir. The reservoir is sufficiently large so that an
exchange of A with the small system does not change the properties, namely a of the large system
in any appreciable way. The reservoir is uniquely characterized by the Lagrange multiplier a..?°

The typical example for a reservoir is a heat bath, which exchanges energy with a system such
as to maintain a constant temperature. A whine cellar implements a heat bath, by maintaining
a constant temperature of the whine. The heat bath is the surrounding soil, which maintains an
approximately constant temperature. The temperature of the cellar does not rise significantly, if a
warmer bottle is introduced into the cellar. Rather the bottle will adjust to the temperature of the
cellar, as it is in thermal contact with the cellar.

1.6 From games to physical systems

So far we have considered games. The fundamental problem was that of determining the probabilities
in a random experiment, and to include prior knowledge about the experiment into these predictions.

Now, we are changing our focus towards another “game”, namely the one to predict properties of
a physical system. The states of the physical system are the quantum mechanical states. We assume
that we know the energy eigenstates |77) of the system. The states are labeled by a set of quantum
numbers 77, which we combined into a vector. Furthermore we need to know the expectation values
of the energy, namely £; = (/]H|f), and the expectation values?! X; 7 = (/| X;|A) of some other
observables X;.

With this knowledge, the goal of statistical physics is to predict the average values of the observ-
ables, or the change of the mean-values under certain physical conditions.

One may ask, how a purely cognitive concept, the entropy, can lead to reliable and almost certain
predictions about a physical system. Why should a physical system care about our mind set? This
question is related to an interesting discussion that still goes on. One direction of the argument leads
to the H-theorem of Boltzmann described later.??

When a system is coupled to an environment, transitions between the quantum mechanical states
of the system lead to an effective randomization. This is an effect similar to the decay of a quantum
mechanical wave packet. While an element of randomization is introduced, the transitions obey cer-
tain conservation laws, which avoid complete disorder. This introduces a new, no more subjective but
objective, meaning of the probabilities. The probability describes the quantum mechanical probability
averaged over time. In this objective interpretation, the probabilities are accessible to experiments.

We assume that the a-priori probabilities for the quantum-mechanical many-particle states are

20Thjs is of course an oversimplification. In practice, a reservoir is characterized by its energy spectrum and coupling
matrix elements. Those influence the time scales of the processes, but not the final thermodynamic states.

21\We assume that the states are orthonormal and that they are eigenstates of the corresponding operators, that is:
A|Ry = |AYEx and X;|/) = | X; 5. We will see later that this requirement is not necessary. It is used here to simplify
the discussion in the beginning.

220ther keywords relevant to the problem are “second-law of thermodynamics”, “arrow of time” and “ergodic princi-
ple”.
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identical. Note that this assumption is one of the few basic assumptions in physics, which must be
confirmed by experiment. (It is.?3)

BASIC ASSUMPTION OF EQUILIBRIUM STATISTICAL MECHANICS

The a-priori probabilities of quantum mechanical many-particle states are identical.

That is, if we do not constrain the system every quantum mechanical state occurs with equal
probability. We are free to make this choice in the subjective interpretation of the probabilities.
However, the assumption can, and must be, tested for the objective interpretation, because, in
principle, it can be falsified by comparison with frequencies. Surprisingly, the assumption of equal
probabilities turns out to be correct.

1.6.1 Energy representation

Up to now, the entropy has been the fundamental variable. While the entropy is the fundamental
variable of information theory, it is not a measurable quantity. For a physical description, the fun-
damental quantity is usually the energy, because we can make use of energy conservation. Energy
conservation is one of the most fundamental elements of physical theory, as its roots lie in the fact
that laws of nature do not change with time, a requirement for any predictive theory.

Therefore, we introduce here the energy representation, where energy-related variables play the
dominant role. The entropy, on the other hand, is treated as a variable. In addition, the Lagrange
multipliers are described by a combination of other variables, so that the variables of the theory
match those, which developed historically. Note that the concepts of temperature and pressure were
in use long before the formal theory of thermodynamics presented here was in place. Historically the
formulation based on entropy, which was invented by Massieu in 1868 actually predated that of the
energy representation introduced by Gibbs in 1875.

The change to the energy representation requires a redefinition of variables, while the information
content of the theory is identical to what we learned so far. Let us assume a system, for which we
know the mean value of the energy E = Ap and that of other observables X; = A;. The Lagrange
multiplier for the energy is related to the temperature T by ag = % The remaining Lagrange

multipliers are written as a; = %

{Ao,Al,Az, N } - {E,Xl,Xg, N }

{ovanan Yo (222 )

Note that the index in this expression does not refer to individual states of the system, but to different
observables, such as energy, momentum etc.

The sign convention for the f; is chosen such that X; behaves like a coordinate and f; behaves like
a corresponding force®*. We will later see that an unconstrained system will spontaneously adjust
its parameters X, in the direction of the corresponding force f;. Because the spontaneous change is
caused by the “attempt” of the system to maximize its entropy, the force points in the direction of
increasing entropy.

In the following, we will need the definition of intensive and extensive variables

e Extensive variable: For a system combined out of N identical subsystems the value of an
extensive quantity is N times the value of one of the subsystems. Extensive variables are the
observables such as E or the Xj, respectively their expectation values E and X;.

23\We mean that we need input from outside the present theory of probabilities. In this case it is one derived from
the dynamics of quantum mechanical systems. Thus, it actually is again a theoretical input.

24This definition of the force may differ from what is called the thermodynamic force. As we will see later, the force
used here is a direct generalization of that of a mechanical force, so that f; = —g—)i.(Compare Eq. 1.75 with U = E)
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e Intensive variable: For a system combined out of N identical subsystems the value of an
intensive quantity is identical to the value of one of the subsystems. Intensive variables are the
Lagrange multipliers such as the temperatur or pressure.

The X; can be any observable quantity. In principle we can use any quantum mechanical observable
for X;. In thermodynamics, only those observables are relevant that can be linked to a conservation
law. 2> The most common pairs of extensive and intensive variables are summarized in table 1.1.

extensive X f intensive
volume Vv p pressure
strain €j | —0ji stress
particle number N —u | chemical potential
magnetization M -H magnetic field
charge density | p(7) | ®(F) | electric potential
polarization P -E electric field

Table 1.1: Most common pairs of extensive and intensive variables.

If we translate Eq. 1.35 we obtain the expectation values: The internal energy U is the mean
value of the energy

INTERNAL ENERGY

U=E=Y Pit; (1.48)

and the mean values2®of the other variables are

Xi=> PiXi7 (1.49)
7

Because the temperature often occurs as 1/(kgT) one defines a special symbol for it, namely

def 1

O T

(1.50)

We will try to avoid this notation, but we will come back to it, when it is necessary to simplify the
notation. The Boltzmann constant kg converts the temperature into an energy, so that agAg = ,(BLT
appearing in the exponent of the probability distribution is a dimension-less quantity. Its numerical
value actually defines the temperature unit, the Kelvin, by relating it to an energy unit.

In order to get used to the above notation, let us again follow through the maximum-entropy
principle.

25Observables that cannot be traced to a conservation law, are of less use, because the corresponding information
would get lost over time due to transitions between the quantum mechanical states.

26\\/e use the same symbol X; for the quantity and its mean value. The mean value could be distinguished by writing
(X;), but we find that this would clutter the notation. The difference should become clear from the context. It is
important to pay some attention to this point to keep track of the difference.
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Maximum-entropy principle

Let us go through the maximum-entropy principle again with the new notation. This will also give
us an opportunity to generalize the results to several constraints instead of only one.

Y({Ps} U, T AX} ARY) = —ka Y Prin(Py) — X (Z P — 1)

_% <Z PiEs — u) -y % (Z PiXii— >‘<k> (1.51)
n k A

The equilibrium condition is

oy 1 fi
0= apﬁ:—kBm(Pﬁ)—kB—A—?Eﬁ—Ek:7xm (1.52)
= P =e (1) e a7 (Ert T fiXin) (1.53)
and the constraint conditions are
A%
o:azZ:Pﬁ—l (1.54)
n
oy _ 1
0=—== S PER—U |+ fi [ Y PaXes— X += (1.55)
i k 7l
oy 1 _
0= — = —— ZPﬁXk'ﬁ_Xk (156)
of, T |5

Note that we obtain the same set of equations, whether we set the derivatives with respect to the
original Lagrange multipliers ag = % and oy = f% to zero or the derivatives with respect to T and
fi.. While the equations, one-by-one, differ, the entire set contains the same information.?’

Firstly, we enforce only the normalization condition Eq. 1.54 in addition to the equilibrium condi-
tion Eq. 1.52, which yields, analogously to Eq. 1.41, the equilibrium probabilities

EQUILIBRIUM PROBABILTIES

PETARY = gy & o) (157)

where the normalization constant, the so-called partition function, is defined as

PARTITION FUNCTION

Z(T{f}) = 3 e mr (ErtEu i) (1.58)

Note that the probabilities are now uniquely determined by the intensive variables T, f,. We call
probability distributions of Eq. 1.57 equilibrium distributions. They are entirely characterized by
the intensive variables.

27 A simple explanation is that if the function has a zero gradient, the variation of the function by small changes of
the variables vanishes to first order irrespective of the direction of the change in the variable space. In a more formal
way we make the same argument with the chain rule.
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At this point it may also become clear, why the Lagrange multiplier for the energy, namely %
occurs in all other Lagrange multipliers —f/T as well. Instead of treating energy and other variables
separately, we could similarly define a new energy EL({fi}) = Ez+ >_, f Xx,#, which simply depends
on the intensive variables. Thus, Xy 7 = 0EL/0f. In this case the partition sum has the simple form

_ 1 Fr . . Lo
Z =7y ze %7 Er Carrying over the temperature into the Lagrange multipliers helps to treat both
choices consistently.

The remaining constraint conditions Eqgs. 1.55,1.56 relate the intensive variables T, f, to the
extensive variables U, Xj.

)?k(T, ) Eq. 1.56 ZXk,ﬁPﬁeq(Tr () Ea. 157 Z(Tl{fk}) ZXk,ﬁ e—kB#T(EﬁJer fiXi7)

. 1.55,1. 1. 1 — 2 (E; p
U(T. {6 ) Eqs. 1.55,1.56 Z EenPSI(T, () Eq_157 TS ZEﬁe roT (Eat2 feXii)
7 ' i

n

These are the microscopic versions of the equations of state.

MICROSCOPIC EQUATIONS OF STATE

U(T, {fc}) = WZEH eiks%(EﬁLZk fiXk) (1.59)
Xe(T, {£}) = ﬁ 5 X (P 5 (1.60)

Maximum-entropy principle for equilibrium states

Eq. 1.57 and is the link between statistical mechanics and thermodynamics. Whereas statistical
physics is concerned with the individual states of the quantum mechanical system, thermodynamics
is only concerned with the macroscopic properties of maximum-entropy states, which are embodied
in the equations of state, that is the relation between intensive and extensive variables.

There are also non-equilibrium distributions, where the maximum-entropy principle will not be
sufficient: There are probability distributions that cannot be mapped into the form of Eq. 1.57.
We cannot attribute intensive variables such as T and fx to those. The intensive variables of non-
equilibrium distributions are, strictly speaking, undefined. Nevertheless, we will learn later how these
concepts can be carried over to non-equilibrium distributions, if they are only sufficiently close to
equilibrium.

Since we know that probability distributions that maximize the entropy will be of the form Eq. 1.57,
we can restrict our search for the maximum to such equilibrium distributions. If we restrict ourselves
to equilibrium distributions, we can rewrite the entropy as a function of the intensive variables, which
leads us to the equilibrium entropy defined as

Y(T, {fi}, U X)) E D(PEUT {£}). T, {fi}, U {Xi}) (1.61)



28 1 ENTROPY AND INFORMATION

We can work out the expression for the equilibrium entropy as follows:

Y(T. {6} U{X}) = —kBZP (T, {6 In(PE(T. {£i}))
—= (ZP (T, {fi})Exr — U) Ek:i (Z P;q(T,{fk})Xkﬁ—)_(k>

EqA:1A57 —kB Z P;q(T, {fk})
i

—In[Z(T, {f})] - kBiT (Eﬁ -3 kak,ﬁ>
k

_% (Z Pﬁeq(T, {fk})Eﬁ_ U) — Z% <Z :D;q(T, {fk})Xk'ﬁ— )—<k>

k

_1 (1.62)

—keTIN[Z(T{AN] - U= fiXx
k

Note that the probabilities drop out of the equation, if we only resolve In(P,(T, fx)). Exploiting this
fact is a mathematical trick that greatly simplifies the derivation.

Free energy

Note that all the information specific to the system is contained solely in the partition function.
Therefore we define a new quantity, namely the free energy

FREE ENERGY

F(T{6NE — ke T In[Z(T, {})] (1.63)

so that the partition function can be written as

Z(T, {f,}) Eq. 163 e——F(T{f})

and the probabilities can directly be written as

Pﬁ(T, {fl}) _ e*kB%(EﬁJrZ:jzl f:XLﬁ*F(Tv{f/}))

We express the entropy by the free energy

YT, (b U (R B 10

= |F(TARY) — U~ Z fi X (1.64)
Note that Y is equal to the entropy S, when the the constraints are fulfilled. This can be seen from
the definition of ) in Eq. 1.51 and the definition of Y in Eq. 1.61.

Equations of state

Still we need to fulfill the constraint equations Eqs. 1.55,1.56 , which have lead us to the equations
of state. Here we derive them without referring to the microscopic states, but only assume that the
free energy is known.

Since the equilibrium probabilities have been obtained from the extremum condition Q =
we can identify the constraint condition directly with the derivative of the equilibrium entropy Wlth
respect to the intensive variables.

oy oy 0Y dPy(T {fx}) 0¥
oT —or 2«3 4T aT

\,./
=0
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Thus, the constraint conditions can be cast in the form

_ov(T . {f}. U, {Xi})

0 oT
0= oY (T, {fi}, U {Xk})
of;

Now we can evaluate the equations of state

o= OV(T (A} U (R canos 1

_ | 1aF 1 oF
a7 72 F(Tv{fk})]—U—zk:kak _T(W:_T{ +6T]
= TY=-TS
= ST =57 (1.65)
_ oY (T, {fi}. U, {)_(k}) Eq.164 1 OF (T, {f}) va
O* df - T [af - Xl
= (TR =5 (1.66)

Thus, we obtain three equations that together with the functional form of the free energy contain
the complete thermodynamical information on a system.

EQUATIONS OF STATE

If the free energy is known as function of the intensive variables, we obtain entropy and other
observables from the equations of state

Eq.165 OF (T, {f})

%7 () o200 HTAED (1.68)
UT {RD) T2 T D) + TS(T (R = Y AXd(T. (i) (1.69)

The last equation is equivalent with the maximum condition. The equations Eq. 1.67 and 1.68
are the equations of state. The equations of state impose a relation between the intensive and the
extensive variables.

To be more specific we will use in the next chapter the volume V' and the particle number N
as extensive variable. The volume plays a special role as it cannot be attributed to a quantum
mechanical observable. Nevertheless, we will find that it can be treated just like one of the X.
The corresponding intensive variables are the negative pressure f, = p and the chemical potential

fk = —U.

Total differentials

Thermodynamic processes involve changes of the state variables, such as U, V, N. We can then
define a thermodynamic process via the time dependent thermodynamic variables (U(t), V(t), N(t)).
The corresponding intensive variables are then determined by the equations of state. We may be
interested in how the entropy, which may be given as function of the extensive variables S(U, V, N),
changes during this process.

ds _ ds
dt  dU

dn
uy dt

du ds

—+
oy dt v

v ds
un dt  dN
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The expression such as

dS|  4f8S(U,V, N)
dN|,, ~ N

describes nothing but a partial derivative. It describes the infinitesimal change of S in a process
where N is changed by a small amount while U and N are fixed. Therefore the mathematical symbols
provide an immediate connection to some thermodynamic process.

What we did so-far is equilibrium thermodynamics, which should better be called “thermostatics”.
We can only make predictions about the system, once it reached thermal equilibrium. We cannot say
anything about the dynamics of a system. Therefore it does not make sense to drag along the time
coordinate, and we better write the above equation in the form

as= 2 s B v 2

dN
du|,, dv |y w dN

uv

We call this expression also the total differential of the entropy, implying that it describes all changes
of the entropy during an infinitesimal process. Each of the three terms is a differential, but it is only
a partial differential. This difference is analogous to the total and partial derivatives.

We might consider a differential, which has the form

df = a(RX)dx; (1.70)
describing the changes of a quantity f as the variables x; are changed. We can convert this into a line
integral fg = fa + fﬂB a;dx;. If this integral is independent of the path from X4 to Xz, we can define
a function f(X) such that fa = f(Xa) and fg = f(Xg). If this is the case, we call the differential
Eq. 1.70 a total differential. The condition for a differential to be a total differential is

0a _ 93
aXJ n aX,‘

It can be shown via Stokes' theorem, that the path integral for any closed path vanishes, if the above
condition is fulfilled. As a consequence, the integral is independent of the specific path taken between
the end points. In three dimensions the condition requires the rotation to vanish.

For a total differential, the coefficients are then related to the gradient a;(X) = 2L of the function
f. Thus, the function f(X) contains all necessary information to describe the respectlve processes.
For thermodynamics these functions are the thermodynamical potentials, such as the entropy, the
free energy or the internal energy.

As an example we will see that neither heat or work are total differentials.

1.6.2 Work and Heat

If we consider a process which changes T and f;. We start out with the expression for U(T, f;) from
Eq. 1.69 and determine the change of the internal energy

dU(T, {fi}) = dT+Z (1.71)

Let us work out the two derivatives using the equations of state Eqs. 1.67, 1.68, and Eq. 1.69.

gsf_ Eq._169 g_/; S+T— Z fkan Eq._167 T— B Z fk@Xk (1.72)
ia—’

e T Yy 0%, o100y gt (173)
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Insertion of the derivatives into Eq. 1.71 yields

ou ou
au - = G—TdT—i—Z@—ﬁdf
s. 1.72,1. X X
Eqs. 1.72,1.73 Tiiszﬁ K dT+Z 7_77 8 K £
Xy OX;<
= —TdT—kz[:af ka dT+Z
ds dXk

= TdS — Z fied X (1.74)

This is the so-called fundamental relation of thermodynamics

FUNDAMENTAL RELATION OF THERMODYNAMICS

Eq. 1. =
dU =" Tds~ Y fidXi = dQ + dW (1.75)

Work
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HEAT AND WORK

The heat AQa g transferred to a system as the system progresses from one state A to another one
B is the increase of the internal energy caused by a change in entropy.

B
AQA,B:/ TdS (1.76)
A

The work AW, g transferred to a system as the system progresses from one state A to another one
B is the increase of the internal energy due to a change of the extensive variables, but not caused
by a change in entropy.

B
AWa g = —Z/ fied X (1.77)
P A

The sign convention is as follows:

e dQ@ > 0 the system is heated up by the environment, i.e. energy flows from the environment
into the system.

e dQ < 0 the system is releases heat into the environment, i.e. energy flows from the system
into the environment.

e dW > 0 work is done on the system, i.e. energy flows from the system into the environment.

e dW < 0 the system is does work into the environment, i.e. energy flows from the system into
the environment.

Note that both integrals depend on the path taken. Only the sum of heat and work is a total
differential.

The term heat and work are related to energy transported from one system to another. Deviating
from the common definitions | generalize these terms to allow for a conversion from work into heat.
This is discussed below.

Here, | will discuss a matter that leads to a lot of confusion. It is based on an unfortunate definition
of the term "heat”. Commonly heat is defined as energy transported during heat conduction. The
energy stored in a body while heating it up to a higher temperature, is called thermal energy. One
common mistake is to mix the terms “heat” and “thermal energy".

The notions of heat and work developed historically to describe energy conservation, namely that
difference of energy that flows in and out of the system is identical to the changes in the internal
energy. Thus heat and work are commonly defined to describe forms of energy transfer.

In constrast to the common definition, we allow here also the notion of heat generation, which
corresponds to a conversion of mechanical energy into thermal energy. Heat generation is always
accompanied by energy dissipation. Heat generation and energy dissipation are two sides of the
same medal: Because the energy is conserved, the amount of dissipated energy is equal to the
heat generated. Energy is dissipated as a consequence of mechanical friction, electrical resistance,
etc. During this process the energy is not lost, but it is transformed from a “useful” form into a
“useless” form, namely thermal energy. The entropy of a body can change either due to heat transfer
between the body and the environment or by heat generation, resulting from a spontaneous increase
of entropy. Both terms are represented by TdS. In my notation the equation dQ = TdS is used
also for processes where heat is generated. If the term Q is reserved for heat exchange only, we must
instead write dQ < TdS, which is often found in text books 28.

The fundamental relation also leads us to an alternative set of equations of state, namely

28See, for example, Eq.1.36 in the book of Chowdhury and Stauffer[? ], Eq. 2.39 in the book by Schnakenberg|? |.
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EQUATIONS OF STATE:

If the internal energy is known as function of the extensive variables we obtain the corresponding
intensive variables as functions of the extensive variables as:

_AU(S {Xe])

i = A%, (1.78)
~OU(S {Xk})

Note that fix plays the role of a force. For a classical system the force is given by F; = —Z—Z,
where V/(X) is the potential energy?®. In analogy, we may call X, a coordinate and f;, = —aa—}(/k the

corresponding force.

1.6.3 Intensive and extensive variables

In thermodynamics we distinguish between intensive and extensive quantities.

An extensive quantity is one which scales with the size of the system. If we consider a combined
system of subsystems, the value of an extensive quantity is the sum of the values of the subsystems.
An extensive variable is directly related to an observable. U, F, S, X, are extensive quantities,

The Lagrange multipliers used in the maximum-entropy principle are the intensive quantities.
They do not scale with the size of the system system. If we combine two subsystems with different
intensive variables, we can not assign an intensive variable to the global system. However, if we bring
two subsystems into contact, the intensive parameters of the two subsystems become identical, so
that we attribute this value to the combined system. Thus, T and {f;} are intensive quantities.

That there must be clear distinction between extensive and intensive variables can be seen from
Eqg. 1.69. If we consider two independent systems, the extensive variables scale up by a factor of
two. Since Eq. 1.69 still holds for the combined system the temperature T and {f;} must remain
constant.

1.7 Summary

In this section we have learned about the concepts of probability and entropy. Entropy corresponds to
the information that can still be gained about a system. By maximizing the entropy, while incorporat-
ing all known information we can obtain a good choice for the probabilities. We have learned about
Lagrange multipliers, thermodynamic potential, which depends only on the Lagrange multipliers, and,
the partition function. Lagrange multipliers become equal, when systems are brought into contact
so that they can exchange a globally conserved quantity.

This chapter has been formulated without specifying any system, in order to show the generality
of the arguments.

A good reading are the lucid articles of Jaynes[? ? ], which describe the connection between ther-
modynamics and information theory. The basis for information theory has been laid by Shannon3[?

].

29More generally we could have defined the force by the Hamilton function as F; = p; = —%
'l

30Claude Elwood Shannon. American Electrical engineer and Mathematician 1916-2001. Undergraduate studies at
University of Michigan, Graduate studies and PhD at MIT. Worked at AT&T Bell Laboratories. Later professor at
MIT. Founded the field of information theory. He was the first to use the word “bit". Built the first chess game
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1.7.1 Important formulas

In(N1) = NIn(N) — N
S[Ps] = —ks > _ Paln[Ps]

i
U=>_ PsiEs
ﬁ
X = PiXs
a
Z(T {fi}) = Y e or (B 5 iXen) — g FT0)

n

F(T.f) = —keT In[Z(T. )]

__OF(T.f)
T
o _ OF(T.1)
Xi= of

U=F+TS=> X

1

dU =TdS — Z fdX;

]

du
7=
ds

f = _dav

dXx

1.8 Exercises
Dice

Imagine a game of dice, where the person wins, that chooses the right value for the sum of figures
shown on the dice. If nobody wins, the casino wins. Is there a safe winning strategy? For a set of
two dice with states (i,j), work out the probabilities to obtain a given value for (i +j)/2. Repeat the
same for three dice.

Solution: P((i +4)/2) = min[i 4+, — 1;13 — i — j]/36 There are 6 x 6 = 36 states.

Lotto

Lotto is a game of luck, in which a participant selects six different numbers out of 48 numbers. Once
all participants have made their selection, six numbers are randomly drawn. Depending on how many
of the selected numbers coincide with the drawn numbers, an amount is paid back to the participant.

One selection (of a sextuple) costs 3.75 Euro. The following list determines the amount paid
back as depending on the number of coinciding numbers

| 6 | 274,684.80 Euro || 5 | 2,688.90 Euro || 4 | 33.80 Euro || 3 | 8.70 Euro

e Determine the real value of one ballot.
e Determine the probability that all six numbers coincide

e Assume that you invest 100 Euro per month for a period of 10 years to play lotto. What is the
probability that you gain money
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e Assume that you invest 100 Euro per month for a period of 10 years to play lotto. What is the
probability that you draw once six correct numbers

Value of information

On average there are 60 rainy days in Los Angeles per year. The owner of a restaurant with an
open garden may lower her losses by 1000 $, if she reduces her personell on a rainy day, where the
garden cannot be used. Determine the value the information of the weather forecast for the owner
of restaurant.

1. Determine the probability for rain in Los Angeles on the next day.

2. How much money can the restaurant owner make if he obtains the daily forecast as compared
to reducing the personell at random.

3. Determine the possible states, and the probability distribution of the restaurant owner before
and after the broadcast message.

4. Determine the entropy of the weather forecast.

5. Determine the value of the broadcast message for the restaurant.

Entropy of vacancies

Consider a crystal with M lattice sites on a periodic lattice. Not all of the lattice sites are occupied
with atoms. Some atoms near the surface of the crystal may diffuse out of the interior of the crystal
onto the surface. This creates a vacant lattice site, a so-called vacancy. An atom next to the vacancy
can jump into the vacancy, leaving its former position vacant. Thus, the vacancy has moved. This
is how vacancies migrate. Even though it costs energy for the atom to move to the surface, this is
a possible process that does occur with a certain probability.

Vacancies often have dangling bonds, which appear in the forbidden band gap of an insulator
or semiconductor and thus influence the optical, electrical and electrochemical properties. Since
many dopants diffuse by a vacancy mechanism, vacancies determine the diffusion of dopant atoms
in semiconductors. Vacancies can also hinder the migration of dislocations in metals by their strain
field and thus affect the plastic behavior of materials. Thus, we want to know the concentration of
vacancies at a given temperature.

In order to estimate the concentration we need to know the entropy of a state with a certain
vacancy concentration. The goal is to estimate the entropy of a vacancy in the lattice. Assume that
the crystal has M lattice sites, of which N sites are vacant.

1. determine the number of different arrangements of N vacancies in a crystal with M lattice sites.
Tip: Start with an explicit calculation for M = 1, 2, 3 to become familiar with the problem, and
then generalize the result to arbitrary M.

2. Determine the entropy S(N, M) of this configuration.

3. Determine the entropy per vacancy in the limit M — oo for a constant vacancy concentration
_ N
C=wm
4. Draw the functional dependence of of the entropy as function of the vacancy concentration
and discuss the result.

5. Let the formation energy of a vacancy be Ef. The formation energy is the energy to move one
atom to the surface of the crystal and thus to create a vacancy. Note that the surface only
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shifts as atoms are deposited on it, so that more bulk atoms are created. The surface energy

drops out of the equation. The probability for having a certain number of vacancies is given by
efks%(E(N,M)fs(N,M))

Sy eka%(E(NVM)fS(N.M))

P(N) =

Determine the mean concentration of vacancies in the crystal.

Use N1 .2... N and Stirling's formula In[N!] ~ NIn[N] — N for N — oo.

This exercise shall train the basic rules of combinatorics.



Chapter 2

The ideal Boltzmann gas

The ideal Boltzmann gas or simply the ideal gas is the prototypical sys-
tem for thermodynamics. It describes a dilute system of non-interacting
gas particles. This is the case for our atmosphere, and can also be used
to describe the processes in heat engines, such as a Otto or Diesel mo-
tor, or refrigerators. We will see that the Boltzmann gas even gives a
good description of the conduction electrons in a semiconductor, if the
latter are sufficiently dilute.

In this section we will derive the thermodynamic functions such as
free energy, internal energy and entropy, which we can use to illustrate
the concepts of thermodynamic processes on a real system.

The first step in a thermodynamical treatment is an accurate de-
scription of the system and its possible states. Once we know the
possible states of the system, we can consider the probabilities for the
system being in a particular state.

We consider a rectangular container with side-lengths L, L, L,
which is filled by N gas molecules. The results will not strongly depend
on the shape of the box, which is why we have chosen a particularly
simple form.

Fig. 2.1: Ludwig Boltz-
mann, 1844-1906

e The gas in the container is called ideal, if the particles do not interact with each other. In a real
gas this is, of course, not true, because the gas molecules repel each other, when they collide,
and they also attract each other, so that they become liquid or solid at low temperatures.
However, as long as the system is sufficiently dilute, these interactions do not have a large

influence on the energetics.

e A second approximation of the ideal Boltzmann gas is that we consider the gas molecules
as point particles. Thus, we ignore the internal degrees of freedom such as rotations of the
molecule, intramolecular vibrations or electronic excitations. We will see that these contribu-

tions can be treated separately.

It is at first surprising, how well real gases are approximated by the ideal Boltzmann gas.

We treat the gas here quantum mechanically. In the previous chapter, we introduced the principle
of entropy based on discrete states of the system. In classical mechanics the states are continuous,
so that it is not straight forward to assign a-priori probabilities in classical mechanics. In quantum
mechanics the energy eigenstates are discrete, at least if the system is bound and thus confined to
a finite volume. This makes the quantum mechanical description of statistical physics conceptually
easier than the classical one. We will later see, how the rules can be transferred to classical systems

by taking the classical limit i — 0.

37
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2.1 States

2.1.1 Particle in a box

As the system consists of non-interacting particles, we first consider a single particle in the box. This
will allow us later to work on the many-particle systems. For one particle we have to work on the
“particle-in-a-box”, a well known problem of quantum mechanics,

Each particle can be in one of the eigenstates of the Schrodinger equation
-
5 T VA 000 = (e
where V/(7) = 0 inside the box and infinite elsewhere. The box is defined by 0 < x < Ly, 0 <y < L,

and 0 < z < L.
The normalized wave functions are, inside the box,

3
22 ) . .
$(F) = ———— sin(kex) sin(k,y) sin(k.2) (2.1)
[, L,
where the components of the wave vector /_<‘,-J-,k = (lei, Llyj, lek) with /,j, k=1,2,3,... are derived

from the condition that the wave function vanishes at the boundaries of the box. The energy
eigenstates of the one-particle Hamiltonian are

n - (hk)2
_ 3k RS2 - >
€= /d r ¢*(r) [ 2mV +V(r)} o(7) o (2.2)
Thus,
hE,-- 2 A2 2 A2 2 A2
Ei,j,k _ ( ,_/,k) o ™ /2 + ™ 2 ™ k2 (23)

om  2ml2 T 2miz) T 2mi2

To simplify the discussion in the following, we label the eigenstates with a single index n. We
could consider an ordering scheme of the following type

© 0O N o O~ W N =[S
R N~ WONRFE P N P -
R PR, N RN W~ =N =X

W NN FE P, P NP = 2=

—
o

where we first consider all states with i/ + j 4+ k = 3 then the ones with / +j 4+ k = 4 and so forth.

2.1.2 From one-particle states to many-particle states
Product wave functions

Let us now consider a state of N independent particles in a box. Independent particles are those
that do not interact with each other. The Hamiltonian for independent particles is the sum of the
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one-particle Hamiltonians. Thus, the N-particle Schrodinger equation has the form
Lr-mg
> [zmv% +V(F,-)] V(R ... ) =V(A, ....,Fv)E
i=1

where 7 is the position of the i-th particle and V, acts on the coordinate of the i-t particle.

For independent particles, the eigenstates of the many-particle Hamilton operator can be repre-
sented as a product of one-particle states

N
Wiy (F o ) = b ()b, () -+ By () = [ [ &, (F)

i=1

where the one-particle states are, in our case, given in Eq. 2.1. The corresponding many-particle
energy £ can be computed for this state simply as the sum of the corresponding one-particle energies

where the one-particle energies are, for the particle in the box, given in Eq. 2.3.

It is important to note that the one-particle states have a large degeneracy. A many-particle
wave function obtained by interchanging two one-particle states is again an eigenstate to the same
energy. If all the particles would be distinguishable, this would indeed lead to a large degeneracy of
the many-particle energies. However, if all the particles are identical, as required for the ideal gas,
the degeneracy is largely reduced. This is important for evaluating the partition sum. We will discuss
the role of identical particles in the following.

Indistinguishable particles

We required the particles to be identical, meaning indistinguishable. Thus, the Hamilton operator
commutes with the exchange operator, which interchanges the arguments of two particles in the
wave function (see ®SX:Quantum Mechanics). The exchange operator )?,"J‘ interchanges two particle
coordinates as this is defined by

The eigenvalues of the exchange operator are +1 and —1?!

The eigenstates of the Hamilton operator can be chosen as symmetrized (for bosons) or the anti-
symmetrized (for fermions) wave functions. The two possibilities correspond to the two eigenvalues of
the exchange operator. A wave function is symmetrized with respect to exchange, if the interchange
of the coordinates of two particles yields the same wave function. It is antisymmetric, if an interchange
changes the sign of the wave function. For non-interacting particles we can construct the many-
particle wave function from a product of one-particle wave functions ¢, (7). For the Boltzmann gas
we obtain them from Eq. 2.1. The many-particle states have the form

\Unl 44444 nN(Flv cee FN) = FA}:‘: [d)nl(rl)d)nz(rQ) - --¢nN(rN)]

1If we exchange the same two particle twice, we obtain the original wave function. Thus, if x is some eigenvalue of
X and |Wy) is the corresponding eigenstate

)A(i.j|w><> = [W)x
we obtain

N X =1
X2 W) = (W)X TE T Wy - x> =1
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where :5+ is the symmetrization operator and P_ is the anti-symmetrization operator. Py (anti)-
symmetrizes the wave function and then normalizes the result. Let us illustrate the workings of
the symmetrization operator for a two-particle system build up from orthonormal one-particle wave
functions:

Pe [6:(R) ()] = % ($:(7)d5(7) = 6 (7)bi (7))

The factor is required so that the resulting wave function remains normalized. The norm is the double
integral [ d®n [ d*nV* (A, B)V(FA, ).

The two eigenvalues of the exchange operator results in two fundamentally different classes
of particles, namely Bosons and Fermions. Examples for Bosons are photons, phonons, Mesons.
Electrons, protons, neutrons, quarks are fermions. Typically we attribute Fermions to real particles,
while we attribute bosons to some interaction. (The photon is the particle responsible for the
electromagnetic interaction between charged particles.) Fermions have all a half integer spin namely

of S, = g, 3—2”, ..., while bosons have an integer spin such as S, =0, h,2h, .. ..
A consequence of the antisymmetry of Fermionic wave functions is the Pauli principle. Using the
above example for the anti-symmetrized two-particle wave function shows that W(7, r) = —W (7, r) =

0.

Thus, the probability that two identical Fermions are in the same place vanishes. This is the first
form of the Pauli principle, which also holds for interacting particles. It seems as if Fermions repel
each other. Another consequence is that two identical fermions can not occupy the same one-particle
state?: The wave function vanishes, if two one-particle quantum numbers are identical. Interchange
of two one-particle quantum numbers in the product wave function is the same as the interchange of
two particle coordinates and thus changes the sign of a wave function. Therefore the corresponding
Fermionic wave function vanishes if two one-particle quantum numbers are identical. This is the
reason why only two electrons, one for each spin, can be occupy a molecular orbital.

Avoid double counting in the partition sum

For evaluating the partition sum, it will be important that permuting the elements of the vector
i, which holds the quantum numbers3, does not change the state for identical particles. The state

W(...,n;,....nj...)is, uptoanirrelevant phase factor, namely the sign, identical to W(..., nj, ..., ni...).

Because the particles are identical, a permutation of the particle coordinates does not produce a new
state. Thus, when we sum over all states, it will be necessary in the following to write the sum as

1
szzz (2.4)

n

The factor ﬁ has been introduced* to avoid double counting of the same state. Because the quantum
numbers nq, ..., ny can be permuted N! times® each state would be counted N! times, if the factor
1/N! were not present.

The double-counting correction of Eq. 2.4 is not exact, because we have overcorrected those
states with two or more equal quantum numbers. We ignore this problem for the moment. A
few remarks may however be appropriate at this point. States with identical quantum numbers
contribute appreciably to the partition sum only at sufficiently low temperatures, where all particles
want to condense in the lowest one-particle state. At higher temperatures, states with identical
quantum numbers have a negligible weight in the partition sum. States with identical quantum

2Note that this is statement is phrased in a colloquial way, since we cannot attribute an electron to one one-particle
state.

3Remember that we have chosen 7, so that each component n; uniquely identifies a one-particle state.

4The factorial is defined as Nl =1-2--- N

5|t is a general statement that N elements of an ordered sequence can be permuted exactly N! times, each state is
counted N! times. Because this result plays a central role in statistical physics, the reader is encouraged to convince
himself of its validity. Editor: This may be included in the appendix.
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numbers must also be treated differently for bosons and fermions: For Fermions those states must
be excluded from the sum. For Bosons their contribution in the partition sum should be larger than
in Eq. 2.4 , because identical indices only occur once in the multiple sum®. As a consequence, the
low-temperature behavior of fermions and bosons differ radically. We will later develop a technique
that will allow us to also treat also the low-temperature limit, the degenerate quantum gas, correctly.
This will lead us the Bose’ and the Fermi-statistics®. Note here, that the range of temperatures
for which this high-temperature limit is applicable depends on the system. For electrons, this may

require temperatures similar to those in the sun.

The factor ﬁ in the partition sum has important implications. If we consider a gas of several
components, such as No, O, CO,, ... in our atmosphere, the treatment here only applies to a
single component. The results for each component can then be combined in the the result of the
more-component gas. Treating all components as identical would result in erroneous results!

2.2 Partition function of the ideal Boltzmann gas

2.2.1 Partition function for a fixed number N of particles

Now we can apply the formalism of the previous section. We always start with evaluating the partition
function. All thermodynamic properties of the system can be evaluated from the partition function.

Before we evaluate the partition function we need to specify the ensemble

ENSEMBLE

An ensemble is a set of states with corresponding probabilities.
There are three types of named ensembles:

e the micro-canonic ensemble describes a closed system that can neither exchange energy nor
particles with the environment. It is characterized by a fixed value for the energy E and the
particle number N.

e The canonical ensemble describes a system that exchanges heat with the environment, but
has a fixed particle number. It is characterized by a Temperature T and a fixed value for the
particle number N.

e The grand-canonical ensemble describes a system that exchanges heat and particles with the
environment. It is characterized by a temperature T and a chemical potential w.

We specify the ensemble by deciding on the constraints that reflect the state of our knowledge.
We start from a system which should have a defined average energy U = >_ . P;Eg, a fixed number®
of particles N and a defined volume V = L,L,L,. (We will see later that the results will not depend
on the shape of the box, as long as it is sufficiently large in each direction.) The average energy U
is the internal energy.

6Consider for example a state where all quantum numbers are identical. It is only considered once in the multiple
sum and needs not be corrected by the factor 1/N!. Thus in order to correct Eq. 2.4 we would need to multiply its
weight again with N!

“Satyendranath Bose. Indian Physicist 1894-1974. Invented Bose Einstein Statistics. Dirac introduced the name
Boson in his honor. Professor of Physics at University of Dacca and later at Calcutta University.

8Enrico Fermi. Italian Physicist 1901-54. Nobel price in Physics 1938. Professor of Theoretical Physics at University
of Rome 1927-1938. Emigrated to the USA in 1938 immediately after receiving the Nobel price to escape Mussolini's
Dictatorship. Professor at Columbia University, USA 1939-1942. One of the leaders of the Manhattan project to
develop nuclear energy and the atomic bomb. Professor at University of Chicago 1946-1954.

9Fixing the number of particles is different from fixing its average number. If we fix the average, there is a finite
probability that the system has a particle number that differs form the average. That is, the particle number may
fluctuate, which is excluded if we fix the number.
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For independent particles, i.e. Ez =), €,, the partition function, Eq. 1.58, can be simplified®

Z(T,V.N) = Zew?fﬂ _ %Zz...zenﬁziem
n

n n2 nn
1 1
_ L Se T | (e T
|
N! o -
N
1 _1 .
= — e kgT =" 2
il (2.5)
n

Now we need to evaluate the sum

nr2 o nr2 o mx2 o

L o0 2 K o0
-~ _ T, — i’ - -
Ze TpTEn Eq4:2‘3 Z e 2mkpT — § e 2mkgTL? @ 2mk5TL§J e 2mkgTL2

n i k=1 ij k=1

Unfortunately this sum cannot be evaluated analytically. Therefore we resort to an approximation: If
the pre factor zmi% is sufficiently small, we can convert the sum into an integral. This condition
is met if the box is either sufficiently large and/or the temperature is sufficiently high. In this case,

the individual terms in the sequence change only by small amounts'!

. T Lo T 2mkgTL2 1 [ mkgT L2
oigT2 g2 _ Bl L 1 -y? _ Bl &
z/:e e 0 dre e = h2m2 2/_00 e’ = 27 h2 (2.6)
—————
=7/2

By combining the sum for the x,y, and z-directions, we obtain

3
_ﬁe"z mkgT \ 2 5
En:e 5 (27”72) Vv (2.7)

where V.= L, L, is the volume of the box.

By inserting this result into the expression Eq. 2.5 for the partition function, we obtain the
partition function of the ideal Boltzmann gas

3N
1 (mksgT\ 2
zoervn) = g (G ) V" (28)

10\We write the partition function of volume instead of using the proper shape of the box, namely Ly, L, and L.
The reason is that the side-lengths of the box only enter in the form of the product, that is the volume.

11 An error estimate can be obtained by approximating the integrand by step like functions that is either always larger
than the integrand or always smaller than the integrand. The integral of the step functions can be exactly converted
into a sum.

R 2 > 2 > 2
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If o tends to zero, the relative error vanishes.
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Definition 2.1 THERMAL DE BROGLIE WAVE-LENGTH
The thermal de-Broglie wavelength? is defined as

def 2Th?
A EL 2,
"=\ mkseT (2.9)

The de-Broglie wavelength is a length® and it is temperature dependent.

aPrince Louis-Victor De Broglie, 1892-1987 French theoretical physicist. Nobel price in Physics, 1929 for his
discovery of the wave nature of electrons. De Broglie is the originator of the wave-particle dualism,
b# has the units of an angular momentum, and kgT is an energy. Thus the units of A are

2
(kg’”?)z2 o
kg - (kgs)

0.1 I B e 10 T T T
0.08 |- - s - _
T 006 4 FE 6f N -
= \ =
<004 N - Loat \
0.02 - \ o L i
0 | | | | | 0 | | | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK] TIK]

Fig. 2.2: Thermal de-Broglie wavelength as function of temperature. Left for nitrogen molecules,
the main component of our atmosphere. Right for electrons. For nitrogen, the thermal de-Broglie
wavelength becomes appreciable, that is proportional to intermolecular distances, only at very low
temperatures. For electrons the thermal de-Broglie wavelength is substantially larger than atomic
distances (~ 0.3 nm), while it is still smaller than the average distance of conduction electrons in a
typically doped semiconductor. (Note that, in a semiconductor the electron mass must be replaced
by its effective mass.)

The de-Broglie wavelength allows us to cast the requirements, that allowed us to convert the sum
into an integral in more elegant form: The box dimensions must be much larger than the de-Broglie
wavelength, that is

Ly >> M1 Ly >> A1 L, >> A1

This assumption defines the ideal Boltzmann gas. At sufficiently low temperatures or at high density,
even the ideal gas will exhibit phenomena, such as the Bose-Einstein condensation, which cannot be
described in the present model.

2.2.2 Partition function at constant chemical potential

In the previous derivation we have used volume and particle number as parameters. Imagine now that
we do not know the number N of particles exactly, but we still know the mean value of the number
N of particles. Here, we will to derive the thermodynamic functions for this case.

We obtain a partition function that does not depend on the particle number, but on its Lagrange
parameter, namely the chemical potential p. We consider all quantum states, not only for a fixed



44 2 THE IDEAL BOLTZMANN GAS

number of particle numbers, but for all possible particle numbers. The quantum mechanical states,
which cover also all particle numbers span the so-called Fock space.

We start constructing the partition function for two expectation values, namely the one for energy
and the one for the particle number.

1 T
PaT Vo) = Zeyme

The intensive variable conjugate to the particle number is called chemical potential w.

We evaluate the partition function, which, now, does not depend on the particle number but on
the chemical potential. In the last step we will use the Taylor-expansion of the exponential function

X o© 1.n
€ _anomx'

Z(T,V, ) = Ze_@%(Eﬁ_“Nﬁ):Z e T | e
7l N=0 i
Ny
E.25 = -BG LouN Eq. 2.8 >~ 1 (mkeT 7 N_2ruN
20 S ey 203 () v
N=0 N=0
0o 3 N
= Y (B venr
N! 2T h?
N=0
3
=y, Lxn mkgT \ 2 1y

2.3 Grand-canonical potential

The corresponding free energy for a variable particle number is called the grand-canonical potential.
It is defined analogously to Eq. 1.63 as

Definition 2.2 GRAND-CANONICAL POTENTIAL

O(T,V,n) = —kgT In[Z(T, V, )] (2.11)

The partition function can be expressed by the grand-canonical potential as

Z(T, vV ,u,) Eq.:2.11 e—kBLch(T,V,u)
and the probabilities can be written as
PA(T.V, 1) = o T (En—uNa=®(T.V.n))
For the Boltzmann gas, we obtain

Eq. 2.11

EC(T, V, ) —kgT In[Z5C(T, V, )]

3
mkgT \ 2 "
< 2mh? ) ver

From this, we obtain the final form of the grand-canonical potential of the ideal Boltzmann gas as

Fa.2.10 —kgT In {exp

(2.12)
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W Veks (213)

SBC(T,V, ) = —kgT <

2.4 Equations of state

2.4.1 From the grand canonical potential to the entropy

Now we can work out the equations of state for the Boltzmann gas. The equations of state relate
the intensive variables to the extensive variables.

In this special case it is easier to express the quantities N, S and U by the grand canonical
potential ®5°(T,V, 1) and to eliminate the grand-canonical potential in a second step.

The derivation of the following equations Eqgs. 2.14, 2.15 and 2.16 can be simplified by a math-
ematical trick: If we need to form the derivative of products with many terms, it is often efficient to
rewrite the product rule in the following way

0. (700900 = (2752 + 2289 (0900 ) = (@ctnlr (01 + 8:n(ao) ) (09 )

For long products, it avoids a lot of typing. It is useful to memorize the derivatives of the logarithm
of a few elementary functions:

O In(x") = g

OxIn (ef(x)) = Oxf(x)

We start from Eq. 1.68, X; = g—’;, with fi = u for X; = N or with f; = T for X; = S, as specified

in table 1.1.
NES(T, vy S0 (990 eazis 0\ g (mksT et
Vo N du ou B 2mh?2
1
= - =0 2.14
kT (2.14)
BG Eq.167  dPPC Eq213 O | mkgT\2 1,
STV = ar ot | e\ o ) V"
> H BG
= — = - b 2.1
[QT kBTQ} (2.15)
UBS(T, V) F92% oBC 4L TS4uN
Egs. 2.15,2.14 5 L 7 BG 3 &BG
[ 2" kT kBT] 2 (2.16)
We resolve the last equation for 8% and obtain
2
PBC FIZ10 2y (2.17)

3
Now we insert this result into the expression Eq. 2.14 for the particle number and obtain

Egs. 2.14,2.17 2U
N 3kgT

N (2.18)
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from which we obtain the caloric equation of state:

CALORIC EQUATION OF STATE FOR THE IDEAL GAS

y FI218 gNKBT (2.19)

As we will see later, this result reflects that the average kinetic energy for a classical particle is %kBT.
For the ideal Boltzman gas, the kinetic energy is the only contribution to the internal energy U.

Now we take the expression Eq. 2.13 for $BC and resolve it for u
®BG [ onm2 \
 ksTV (kaT)
N [ 2nh? \ 2
V \ mkgT
Finally, we insert this expression Eq. 2.20 into the entropy Eq. 2.15
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From this we obtain the so-called Sackur-Tetrode equation
SACKUR-TETRODE EQUATION

2\ 5 N2
:>SBG(U,\/,/\/): Nkg <g_|n [(371'77 > N 3

) . (2.21)

The Sackur-Tetrode equation contains all information we will need to describe all the thermody-
namic properties of the Boltzmann gas.

2.4.2 Internal energy and pressure

The Sackur-Tetrode equation also yields the internal energy as function of entropy, volume and
number of particles.

12The Sackur-Tetrode equation is named for Hugo Martin Tetrode (1895-1931) and Otto Sackur (1880-1914) who
independently derived the equation in 1912.

13The Sackur-Tetrode equation can also be derived directly from Z(T,V, N) without introducing the the particle
number N as known mean value. However, in that case one needs to employ Stirling’s approximation. This tells
two lessons: (1) using a fixed value of some quantity or its mean value makes a difference, and (2) for large N,
where Stirling’s formula becomes exact, the two results become identical. The limit of large N is also called the
thermodynamic limit.
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INTERNAL ENERGY OF THE IDEAL GAS

2
UBS(S,V, N) Eq_221 %Ngvge%*% (2.22)

Like the Sackur-Tetrode equation also the internal energy expressed as function of S, V, N contains
the entire thermodynamic information of the ideal gas.

Now we can evaluate the pressure. Earlier, in table 1.1, we have used the term “pressure” as
the Lagrange multiplier related to the volume. It is not yet clear whether this pressure is identical
to the quantity “pressure” used in mechanics. The pressure as defined in classical mechanics is force
divided by area. Here we will show that the two are identical and that the definition used here is a
generalization of the pressure from purely mechanic systems to thermodynamic systems.

1

T

Let us consider a thermally insulated container with one side-wall replaced by a movable piston.
The container shall be filled with a gas. The piston allows us to change the volume of the container.
When we compress the gas we have to perform work which is defined as dW = Fds. F is the force
with which we push against the piston and ds is the distance by which the piston is moved. We
want to move the piston only very slowly, which implies that the force we apply to the system is
balanced by the force exerted by the gas on the piston. If the area of the piston is A, the work can
be expressed by the volume

F
dW = Fds= — -Ads=—pdV
A =~
~~ —dV
P
because the volume changes by dV = —Ads. Because of overall energy conservation, the work done

on the system is stored as internal energy of the system, that is dU = dW. Hence, if there are no
other processes that add or remove energy from the system, we obtain the energy change as

dU = —pdV

We just required that there no other mechanisms that add or remove energy from the system.
Thus we need to thermaly insulate the system so that no energy is lost from the system in the form
of heat. Since the heat transfer to the environment dQ = T dS vanishes, the entropy is conserved
during this process. Thus, the pressure is defined more precisely as the derivative of the internal
energy at constant entropy.

Note that this relates the pressure known from mechanics to a derivative of a thermodynamic
potential, namely the internal energy. This derivative, on the other hand, is nothing but the definition
of the thermodynamic pressure obtained from Eqg. 1.78 on 33 with f; = —p. Thus we have shown
the te Lagrange multiplier named pressure is identical to the mechanical pressure.

Hence the pressure is defined as follows:

Definition 2.3 PRESSURE

def  OU(S,V, N)
p= v (2.23)
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The definition of the pressure is an equation of state. Among the equations of state, it plays a
special role, because we cannot express the volume as an expectation value of an observable. (At
least, | can not.)

If we evaluate the pressure of the Boltzmann gas,

pEG Egs. 223222 2 Eq. 219 NkgT

2.24
3V %4 ( )
we obtain the third equation of state, namely the ideal gas law.

IDEAL GAS LAW

pV B2 Nk T (2.25)

2.4.3 Discussion of the equations of state
Ideal gas law

The ideal gas law Eq. 2.25 is often written as pV = nRT. In this case the number of gas particles
is counted in moles, so that N = Nan. One mole (mol) of particles contains Ng = 6.0221367 X
1022 mol~! particles, where the proportionality factor N4 is the Avogadro’s constant. The mol
is the SI unit for amount of substance.’* The gas constant R = 8.31451 J/(kmol) is defined as
R = Nakg.

The Sl unit for the pressure is the Pascal (Pa); 1 Pa=1 N/m?=1 kg/(ms?). Other units are in
common use:

e The Torr (torr) is frequently used in meteorology and to measure the quality of a vacuum.
The Torr is about the pressure which a Imm high column of Mercury (Hg) exerts on the base
under the influence of the gravitational field. A pressure below 1078 Torr is called ultra-high
vacuum (UHV).

e The unit atmosphere (atm) is defined by the relation 1 atm=760 Torr. One atmosphere is
approximately ambient pressure.

e 1 bar (bar) is exactly 1 bar=10% Pa. A pressure of 1 bar corresponds to approximately ambient
pressure.

| 1bar=10° Pa | 1 Torr~133.322 Pa | 1 atm=760Torr~101325 Pa

The Sl unit[? ] for the temperature is the Kelvin (K). The zero of the Kelvin temperature scale
is defined as that temperature where the probabilities for all states but the ground state vanishes.
The scale is defined such that 273.16 K is the temperature of the triple point of water. At the triple
point of water, the solid phase, the liquid phase and the gas phase of water coexist. This requirement
defines a unique point in the p-T phase diagram. The Boltzmann unit converts the temperature scale
into an energy scale. Other units in common use are:

e Celsius (°C)[? ] is another temperature scale. The conversion is defined by

T T .

TR 273.15(defined)
The number is a definition and is not rounded. 0 C is approximately the freezing point of water
at ambient pressure and 100 C is approximately the boiling point of water at ambient pressure.

14The reader may find such unit superfluous. This may also be true. However, without this constants the chemists
would always deal with numbers in the 1023 range, which is very inconvenient.
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e The temperature unit Fahrenheit (F)[? ] is still in use in the United States. The conversion
to the Celsius temperature scale is

——+32

T 9T
F~ 5°C

The equations of state are best represented graphically by keeping all but two of the independent
variables fixed. This leads us to the following graphs:

e Isotherm: An isotherm is a line of constant temperature. It is represented in a diagram of
pressure versus volume as shown in Fig. 2.3.

plbar]

0 L
0 5 10 15 20 25 30 35 40 45 50

V/[liter])
Fig. 2.3: Isotherm of a gas with 1 mol of particles at room temperature (293 K). 1 mol of N5 weighs

about 55 g.

e Isobar!®: An isobar is a line of constant pressure. It is represented in a diagram of volume
versus temperature as shown in Fig. 2.4
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Fig. 2.4: Isobar for a gas with 1 mol particles at 1 bar of pressure. 1 mol corresponds to about 55 g
of N2.

e Isochor!®: An isochor is a line of constant volume. an isochore for the ideal gas is given in
Fig. 2.5.

15|sochor derives from the greek words “isos” meaning “equal” and “baros’ meaning “weight”
16|sochor derives from the greek words “isos’ meaning “equal’ and “chora” meaning “space”
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Fig. 2.5: Isochore for a gas with 1 mol particles in a volume of 1 liter. 1 mol corresponds to about
55 g of Ns.

Caloric equation of state

The caloric equation of state Eq. 2.19 of the Boltzmann gas has a very simple interpretation: On
average, each molecule has a energy of %kBT. Since the energy of free particles is only kinetic, we
can use the internal energy to estimate the velocity of the particles. We use the classical expression
for the kinetic energy Exj, = %mv2

3 1 5 -~ [3ksT
EKBT_§m<V> = (v2) =/ e

For a nitrogen molecule at room temperature, we obtain a velocity of 1800 km/h, which is about
twice the speed of sound in air. The gas particles have ultrasonic speeds! The same velocity is 5 A/ps,
which amounts to a tenths of an atomic distance within a vibrational period of a bond vibration, which
seems to be very slow. It is a general phenomenon that a very high speed in macroscopic dimensions
corresponds to a very slow speed on microscopic dimensions.

Chemical potential

The last equation of state Eq. 2.20 does, to my knowledge, not have a name.

N (2
vV \mkaT

3
o2mh?\ 2 _s
< ) p(ksT) 2
m

wB¢ = kgTIn

E

922 4aT In (2.26)

Editor: The formula above has been incorrect. Following errors have not been removed
yet. Affects probably Fig 2.4 and 2.5 and the discussion. Using the fundamental equa-

tion we can express the chemical potential as the derivative of the internal energy at constant entropy

and volume.

Thus,
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CHEMICAL POTENTIAL

The chemical potential can be identified with the energy required to remove one particle.?

Eq. 2.2 ) )
agu = ! g—%dN. We choose dN = —1. 1 is a small number compared to N. Since the energy of the system
changes by —u, we have to supply the energy u to remove the particle, so that energy conservation is not violated.

The requirement that the entropy remains constant tells that no heat T dS is added or removed during
this process. Thus the temperature may adjust in this process.

Note that the chemical potential is not the mean energy of a particle. The latter is defined by
U/N and not by dU/dN.
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Fig. 2.6: Top: Chemical potential of the ideal gas (N2) at room temperature as function of pressure.
The chemical potential depends on the logarithm of the pressure. Hence the figure shows a straight
line. Bottom left: Chemical potential of the ideal gas at 1 bar as function of temperature. Bottom
right: Chemical potential as function of temperature at constant particle density N/V. The density
has been chosen to that at 293K and 1 bar.

2.5 Response functions

We will discuss the response functions later in more detail. Here we list the definitions and show that
they can be calculated from the equations of state.
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2.5.1 Coefficient of thermal expansion

Definition 2.4 COEFFICIENT OF THERMAL EXPANSION

The coefficient of thermal expansion describes the relative expansion dV/V at constant pressure,
when the temperature is increased!’.

av
v - adT at constant p

To obtain the coefficient for thermal expansion for the Boltzmann gas, we use the ideal gas law

NkgT

pV = NkgT = V(p, N, T) =

g6 _ Nks Eq. 225 1

=a v -

2.5.2 Isothermal compressibility

Definition 2.5 ISOTHERMAL COMPRESSIBILITY
The isothermal compressibility is defined as

def 1 dVv

kTS — = = (2.29)

The isothermal compressibility describes the relative contraction of the volume upon changing the
pressure at constant temperature.

To obtain the isothermal compressibility for the Boltzmann gas, we use again the ideal gas law

NkgT
pV = NkgT = V(p, N, T) = —2

NkB/ Eq. 225 1
BG q
= KT~ = 27\/ = -

2.5.3 Adiabatic compressibility

Definition 2.6 ADIABATIC COMPRESSIBILITY
The adiabatic compressibility is defined as

o 1 dV
ks - = 22 (2.30)

The adiabatic compressibility describes the relative contraction of the volume upon changing the
pressure at constant entropy.

"Multiply the equation for the coefficient of thermal expansion with dT.
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2.5.4 Heat capacity

Definition 2.7 HEAT CAPACITY
The heat capacity at constant volume is defined as[? 7 ? ]|

der dU
= — 2. 1
Cv aT |, (2.31)

The heat capacity is the amount of energy required to raise the temperature of a system by one unit,
while the volume is kept constant.

The specific heat at constant volume ¢, (lowercase c) at constant volume is the heat capacity per
unit mass[? |. The usage of the term is not uniform and has been discouraged[? |. Recommended
is instead the term heat capacity per volume, mass, mole, etc.

To obtain the heat capacity at constant volume , we use the caloric equation of state

3 3Nk

U=SNkeT = CJ°= TB (2.32)
2.5.5 Heat capacity heat at constant pressure
Definition 2.8 HEAT CAPACITY AT CONSTANT PRESSURE
The heat capacity at constant pressure is defined as
def du
Co= — (2.33)
PdT pN

To obtain the heat capacity at constant pressure , we use the caloric equation of state

3

3 3Nkg
2

U= 2

NkgT = CF°=

Since the internal energy does not depend on pressure and volume, we obtain the same result as for
the heat capacity at constant volume.

2.6 Summary

Important formulas

3
UBe = > NkgT
pB°V = NkgT
R = Nakg
_ _BU(S,V.N)
P = av
2mh?
)\ =
T mkg T

3 5
3mh2\ 2 N2
SBS(U,V, N) 922 kg (g'” K e > :
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2.7 Exercises

Turbocharger

Determine the amount of gasoline that can be burned per cycle of a car-engine.

e The car shall have a Hubraum of 1.2 liter. One liter equals 1073 m

3

e a turbocharger creates a pressure of 2 bar. One bar is 1 bar=10° Pa and the Pascal Pa is the

Sl unit for pressure, that is 1 Pazl% = 1%. The pressure is the sum of the partial pressures
of the individual gases.

e the reaction is

2C8H18+2502 — 16COQ+18HQO

It is assumed that all gasoline is burned.

e the engine is filled only every two turnovers.

Classical properties of the ideal gas

In the following we are interested to get some feeling for the ideal gas on a microscopical level.
Therefore we perform simple estimates assuming that the gas molecules were classical point particles
and would all have the same velocity (in value, not indirection!), which is equal to the mean velocity.

Similar quick and dirty estimates are often useful to get a first qualitative understanding of a

system. Some caution and scepticism is always needed. With a some experience, however, one easily
sees where the simplifying assumptions fail.

Determine the mean distance between gas molecules at ambient pressures (1 bar) and temper-
atures T = 293 K = 20°C. Attribute an equal fraction of the volume to each gas molecule
and determine the radius of a sphere with that volume. The mean distance is defined as twice
the radius.

Determine the thermal energy of one liter of an ideal gas at ambient pressure and temperature.
The thermal energy is the energy, which is gained when the system is called to zero temperature.

Consider that two gas molecules scatter when they come closer than 3 A. Determine the
mean free path, defined as the average distance between two scattering events. Determine the
average time between two scattering events.

Determine the pressure of an ideal gas as function of temperature and pressure from classical
physics. Use the caloric equation of state to determine the classical kinetic energy of the
particles. Determine then the total momentum change, when particles hit the wall of the
container. The resulting force can be converted into a pressure.

Van der Waals gas

The van der Waals gas is an empirical generalization of the ideal gas in order to describe the interaction
of the gas molecules. The van der Waals gas exhibits a phase transition where the gas becomes a
liquid. The Helmholtz free energy of the van der Waals gas is

N2

A(T,V,N) = NkgT |=1+1n v

o \: N L
kaT V — Nb
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where a and b are parameters, that do not depend on T,V, N. When we choose the parameters
a = b =0, we obtain the Boltzmann gas.

The Helmholtz free energy is defined as the free energy F for constant volume and number of
particles.

A(T,V,N) = —kgT In

1
E e_wEﬁ]
n

For this system we do not know the states |/). This equation only serves to make the definition of
the Helmholtz potential explicit.

e Determine the equations of state for the entropy S(T,V, N) and determine the internal energy
U(T,V,N)

e Determine the entropy as function of energy, volume and number of particles.
e Determine the internal energy as function of entropy, volume and number of particles.

e Determine the pressure as function of T,V, N and compare the result to the ideal gas law.
(Tip: Do not use U(S,V, N) but show how the pressure is related to the Helmholtz potential
and continue from there.)

e Draw the isotherms, isobars and isochores for this system.

Extra killer exercise: Try to rationalize the parameters of the Van der Waals gas from a microscopic model of classical
gas molecules.
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Chapter 3
Equilibrium

Now we can start playing. The idea is to induce changes of the thermodynamic state in order to
heat a system, cool it or let it perform work. Shortly, we want to build some sort of engine.

Every engine is about transforming one form of energy into another. A car engine transforms
chemical energy stored in the gasoline first into heat and then, at least partly, into mechanical energy.
An electrical motor transforms electrical energy into mechanical energy. An oven transforms electrical
energy into heat. A refrigerator uses electrical energy to transport heat into the environment. A
plant transforms light into its growth, that is it uses the energy obtained from the sunlight to drive
its chemical life processes. An animal uses the chemical energy stored in the food it consumes and
the air it breathes into chemical and mechanical energy.

A common feature of all these processes is that they generate heat. Heat generation is a sign
of entropy increase. All these processes are driven towards thermodynamic equilibrium. Said more
simply, a system approaches the most likely thermodynamic state, the state with maximum-entropy.

This is in contrast to the common belief, that a system gets into equilibrium because it is driven
towards lower energy. In reality the system simply approaches the most probable state. “God does
play dice. And she does so excessively!” In order to increase entropy, other forms of energy must be
converted into heat. As a consequence, the “useful” energy is minimized. We will show this aspect
in more detail within this section.

The way of thinking in thermodynamics is as follows: In order to change the thermodynamic
state of a system, we bring it into contact with another one, so that the two systems can exchange
a certain variable, such as energy, volume etc. Once contact is established, the combined system
can access more quantum mechanical states than before, simply because the two systems are now
allowed to exchange the quantity, which was forbidden before contact. As a result, certain processes
will start spontaneously. If we bring the systems together in a controlled sequence, we can build an
engine. This is why we will first consider certain ways to bring systems into contact.

In the following we will discuss in some detail what happens as different systems are brought into
contact, and how they approach thermodynamic equilibrium. Later we will learn how this process can
be guided to make the most effective use of the energy consumed.

3.1 Equilibrium

In this section, we will learn the thermodynamic machinery, which can be used with small variations
to describe nearly all the thermodynamic processes. Because the methodology appears abstract to
the beginner, let us demonstrate it on a well-known mechanical example. The steps used here may
appear unnecessarily complicated, but this is mainly due to the simple example chosen.

We consider a series of weights, that are connected to each other, and two fixed endpoints by
springs. The energy of a spring has the form U;(x;) = %c,-x,?, where Xx; is the length of the spring and
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Fig. 3.1: Demonstration of the underlying principle of all thermodynamic machines: approach to
disorder. Imagine a library with a small and a large room. Initially there is a meeting in the small
room so that everybody is located there. After the meeting the students randomly distribute over
all available places. It is immediately clear that, after the while, the students will be distributed
as shown in the right figure. If we would videotape the distribution, we could immediately tell if
the movie is running forward or backward. Why is that? There is nothing driving the students out
of the small room. All processes are time reversible: Students select their places randomly. The
particlular distribution of students on the right is just as likely as the one on the left. The answer is
the following: We immediately identify characteristics of a distribution, such as the number of people
in each room, namely (Np, N2). We simply do not distinguish very well between two distributions
having the same number of students in each room. Because there is only one distribution of students
with (Ny, No) = (6,0) and about 1.5 million with (Ny, No) = (1,5), we naturally expect that the
system approaches the more likely situation. We say a configuration on the right is more typical,
because it has the same characteristics as 1.5 million other configurations. This little model shows
how an “arrow of time" develops spontaneously, even though all processes are time reversible. This
arrow of time can be exploited to do useful work. Every thermodynamic machine is based on the
same principle: approach to disorder or, in other words, approach to equilibrium.

¢; is the force constant. When we ask for the equilibrium state, we would like to know the position
of the weights (or the lengths of the springs), and of the total energy stored in the system.

A

I =

If we let the weights loose from some initial positions, they will start moving corresponding to the
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net forces acting on them. The chain will start to oscillate. Because of energy conservation it will
never come to rest, unless there is some friction, which dissipates some of the energy and generates
heat. As the mechanical energy is reduced, the oscillations will die out and the weights will come to
rest at their equilibrium positions. The equilibrium positions are characterized by the configuration
with lowest energy.

Let us now determine the minimum-energy configuration: The constraint is taken care of by the
method of Lagrange multipliers.

Uror(X1, X2, ..., Xtot, ) Z Ui(X) + f(ZX Xtot) (3.1)
If the constraint is fulfilled, the function U, is nothing else than the total energy of the system.
We will have to fulfill

e the equilibrium conditions

auto t

=0 3.2
X, (3.2)
e and the constraint condition
aZ/{t'ol“ _
aF 0 (3.3)

The order in which we will fulfill the conditions is irrelevant.
Before we continue, we regroup the terms in the total energy

Usor(X1, Xo, ..., Xtot, ) = Z[U (X)) + FXi] = FXtor (3.4)

In order to fulfill the equilibrium condition, we minimize the total energy Uor with respect to the
variables X;.

Uror(Xtot, ) Z min[U(X0) + FXi] = FXoor = D Ki(F) = FXtor (3.5)
i

where we have introduced the Legendre-transformed potential
Ki(F) < min [U,-(X) + fX} (3.6)

The Legendre transform is a common mathematical operation that we will discuss later in more
detail.

In our example of mechanical springs, the function K(f) has the form

K(f) = mXin[ eX? 4 £X| FE ; (—%f)2 N ,c(_%f) _ _%fz (37)

It is a little disturbing that the variables X;, that we are ultimately interested in, disappeared from
the picture altogether. We will come back to them later.

Now we perform the final step and fulfill the constraint equation, which determines the value of
the Lagrange multiplier.

U < dK,

0=7%F = — df

— Xtot (3.8)

This is a complex equation for f, and usually it is a non-trivial task to extract the Lagrange
multiplier from it. At least numerically it is simple, and it amounts to the standard task of finding
the zero of a function.
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Now that we know the correct value for the Lagrange multiplier, we need to extract X;. It can
be shown that

oKi(F)
=X (3.9)
This identity is shown as follows:
S = 57 m)?x{U(X)+fX} == [U(X () + FX (f)} (3.10)

where X(©)(f) is the coordinate at the corresponding minimum.

dK _ 9U(X) + fX]

oXO(f)  BlU(X) + FX]
or X +

xoqy  OF of

=0 =X

=XxO (3.11)
XO)(f)

Thus the coordinates are easily obtained as derivative of K;(f) once the Lagrange multiplier has been
determined.

EQUILIBRIUM EVALUATED VIA LEGENDRE TRANSFORM

We summarize the procedure as follows:

1. determine

Ki(F) < max [U,(X) + fX] (3.12)

as a function of f for each subsystem
2. extract the Lagrange multiplier f from the constraint condition

OKi(f)

=X 1
i af tot (3 3)
3. determine the coordinates
oK,
aF Xi (3.14)

From a bird’s eye view, we have replaced the minimum-energy principle by the principle of equal-
izing Lagrange multipliers, which are in our case, forces.

3.1.1 Reservoirs and the meaning of the Legendre-transformed potential

So far we have introduced the Legendre-transformed potential K(f) as an abstract quantity used for
a mathematical trick. Here we want to develop a physical understanding of this quantity.

Imagine that we bring our systems in contact with one system that is so large that it dominates
the behavior of the other systems and that it is not affected in any appreciable way by the state of
the other systems. We call such as system a reservoir.
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RESERVOIR
A reservoir of an extensive quantity X is a system that has a linear energy dependence on X, i.e.
Uxr(Xxr) = —fxrXxr (3.15)

The parameter fxr is the single relevent parameter defining the reservoir. The reservoir imposes its
value for the corresponding intrinsic parameter onto all systems that exchange the quantity X with
it.

Note that, when we add a reservoir to the total energy, it enters with the opposite sign, that is as
Uxr = +fxrX = —fxrXxr. This is because we consider our system together with the reservoir as
closed. Hence the total amount X;o+ = Xxgr + X of the quantity X remains constant. As long as
we compare situations where it is constant, the total amount X;o; is of no relevance. Therefore this
constant can formally be set to zero.

No equilibrium is possible, if two reservoirs for the same quanity X but with different intrinsic param-
eters fxr are in contact, directly or indirectly.

In our purely mechanical example the reservoir would be an ultra-long spring, that always exerts
the same force on the other systems irrespective of its length. We would call such a spring “length-
reservoir’, because it can exchange length with the other system without changing its properties.

volume heat bath | | particle

reservoir - reservoir

N

There can be a reservoir for every conserved quantity that can be exchanged. For us, the most
important ones are the

e the heat bath E(S) = TxgS exchanges energy and is characterized by its temperature.
e the volume reservoir E(V) = —pyrV exchanges volume and is characterized by its pressure.

e the particle reservoir E(N) = uprN exchanges particles and is characterized by its chamical
potential.

The cautious reader will notice that the heat bath does not properly fit, because it exchanges entropy,
which is not a conserved quantity. This is an artefact of the energy representation. Originally we have
a maximum-entropy principle and the energy is one of the conserved quantities, that are exchanged
between the systems. In this framework the exchanged quantity is energy. After changing to the
energy representation these roles got somewhat intermixed.
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System in contact with a reservoir

In order to arrive at the physical meaning of the Legendre-transformed potential let us consider a
system in contact with a reservoir and determine its equilibrium state:

Let us consider a laboratory system in contact with a reservoir. The total energy is
Urot (X, X') = U(X) + Uxr(X") = F(X + X" = Xtot)
We directly satisfy the constraint condition by X’ = X;or — X.
Utor(X) = U(X) + Uxr(Xtor — X) = U(X) = fxr(Xtor — X) = U(X) + fxr X — fxrXtot
Now we minimize the internal energy and obtain Xy

ou

— fxp=0 X
GXXO+XR ~ 0

If we insert this result we obtain
Utor (Xo(fxr)) = U(Xo) + fxrXo — fxrXtot = K(fxr) — fxrXtot

Because of the complete amount Xyt is not relevant in this context, we may choose it equal to zero.
With this convention we can express the Legendre transformed potential as the minimum value of
the internal energy of the Laboratory system and its environment, the reservoir.

Thus, up to a constant, the Legendre transform K(f) = minx [U(X) + fX] of the internal
energy U(X) of a laboratory system is the internal energy of the laboratory system combined with
its environment, with which it can exchange the variable X. The environment is characterized by the
variable f and it is described by a reservoir with internal energy Uxgr(X') = —fX".

Processes in contact with a reservoir

In order to arrive at a deeper understanding of the Legendre transformed potential, let us introduce
another parameter y, so that the internal energy U(X, y) depends on two variables. The parameter
y is like a handle, that can be adjusted at will, and that allows me to drive the system through a
thermodynamic process.

As we change the parameter y, the system exchanges an amount of the quantity X with the
resevoir in order to reestablish equilibrium. The equilibrium values of X define a path X(O)(y) as
function of y.

Let us now follow the energy changes as the variable y is changed from one value, y;, to another
one, y».

The energy change of our system is

AU = U(XO(y), y2) = UXO (1), 1)

Because the total amount of X remains fixed, the amount of X in the reservoir changes by
MXxg = DX = = XO (1) = XO ()
The energy change of the reservoir is
AUxg = —fAXxr = FAX = FXO(y,) — FXO(y1)

Hence the change of the total energy is

AUror = AU + DUxg = |U(XO(12), yo) + fX(O)(J/z)} - {U(X(O)(M),h) + X ()
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With

K(f.y) =min|U(X.y) +X] = UXO(y), y) + FXO(y)

we obtain the total change in energy AY;o: as the parameter changes from y; to y» as

AUtor = K(f:)/2) - K(ﬁ)’l)

Thus we can relate the change of the Legendre-tranformed potential with the total-energy changes,
when the system is in contact with a reservoir.

MEANING OF THE LEGENDRE-TRANSFORMED POTENTIAL

A change of the Legendre-transformed potential is the sum of the energy changes of the system
and the reservoir.

e The change of the Legendre-transformed potential describes the energy change of the system
and the work done on the reservoir, respectively the heat transferred to the heat bath.

e The heat TdS generated by a spontaneous process that proceeds in contact with a reservoir,
is opposite to a change of the Legendre transformed potential.

e A process in contact with a reservoir will approach the minimum value of the Legendre-
transformed potential. (re-formulation of the minimum-energy principle)

3.2 Legendre transforms

An important step in the derivations given above was a Legendre transform from U(X) to K(f).
Legendre transforms are crucial to the mathematical formalism of thermodynamics and the important
quantities in thermodynamics can only be understood in these terms.[? ? ]

Therefore let us summarize the main aspects:
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LEGENDRE TRANSFORM

The Legendre transform? from U(X) to K(f) and its back-transform can be defined as®
K(F) = inf [U(X) + fx]

U(X) = Sup{K(f) - fX]
f

The back-transform leads back to the original function U(X) if U(X) is purely convexc. If U(X) is
not convex, the back-transform is the lower straight-line envelope of U(X). This envelope is concave.
The definition is adapted to the applications in thermodynamics. The most general definition, there
the minimum condition can be also a maximum condition. One may define the signs of U, f, K in an
arbitrary manner, and instead of the Legendre transform is bijective, i.e. one-to-one, if the functions
are either purely convex or purely concave.

aTo be precise, we describe here the Legendre-Fenchel transform, which is more flexible than the original Legendre
transform

bHere we use the mathematically more correct expressions infimum and supremum instead of minimum and maxi-
mum. The distinction is only relevant in pathological cases.

€A function f(x) is convex if the secant through two points (x1, f(x1)) and (x2, f(x2)) lies on or above the function
within the interval [x1, x2], that is

g+ (1= XN)x2) < Af(x) + (1= N)f(x) for 0<A<1

. To memorize it: A convex lens is shaped like an “X". If one lies the lens flat down, the upper surface of is convex.

The Legendre transform is performed in two steps:

e starting from U(X) one determines the value of the minimum X (f) of U(X)+fX as function
of f. Thus we need to resolve f = —%XX) for X.

e the Legendre-transformed potential is obtained by insertion, i.e. K(f) = U(X©O(f)+fX©O(f)

3.2.1 Geometric interpretation

The Legendre transform K(f) is constructed from a function U(X) as the value of the tangent to
the function U(X) with slope —f at X = 0.

The tangent T¢(X) to U(X) at point Xg is

TH(X) = U0X0) + T

=f

(X = Xo)
Xo

The value of the tangent with slope —f at X = 0 defines the Legendre transform

du
K(AETH0) = U(Xo) — | X
dX |y, "’

—f

Thus the Legendre transformed function K(f) is the value at crossing between the vertical
axis with the tangential line to the function U(X) with slope —f .

The definition can be written in two equations, which define the forward Legendre transform
76U(X)
oX

K(f)=U(X)+fX where f=

The original function U(X) can be reconstructed from K(f) as the curve, that is enveloped
by the set of tangential lines. A point on this function can be constructed as the crossing of two
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Fig. 3.2: Graphical representation of the Legendre transform. One starts out from the original
function U(V). The ordinate of a tangent tr(X) = K(f) — fX with a given slope —f is the value
of the corresponding Legendre-transformed potential K(f). The enthalpy is at the same time the
minimum of the sum U(X) 4 fX of the internal energy and the energy Exg = fX of the reservoir
with a given force, as illustrated in yellow. Once the Legendre transformed function K(f) is known,
the original function, the internal energy U(X) can be reconstructed from the crossing points of the
tangents t,(X) = K(f) — fX with infinitesimally different slope.

tangents with infinitesimally different slopes. This provides us with a rule for the back transform:
Consider two tangential lines

Tr(X) = K(f) — £X
Trar(X) = K(f + AF) = (F + AF)X

Now we determine the crossing Xg of two tangents with nearly identical slope from
T¢(Xo) = Tr+a,(Xo)

dK
= K(f) = fXo = K(f + AF) — (F + AF)Xo T2 K(F) + ZFAf O(AF)? — FXo — AFXo
dK

=0= (W — Xo)Af + O(Af)?
afso ,  dK(f)
= Xo= g

The value of the tangential line at Xj yields the original function

dK(f
U(X®) = T¢(X°) = K(F) + dl(c ) ¢
Xo
Thus we can write the back transform in two equations
dK(f
UX)=K(f)—fX where X:7d7(‘ )
The Legendre transform is unique if the original function is either concave % > 0 or convex

% < 0. The Legendre transformed function is defined on the interval between minimum and

maximum slope. Interestingly the function does not need to be continuous nor differentiable.
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3.2.2 Examples:
One minimum

The most simple example for a Legendre transform is to start from a parabolic internal energy.
1
U(X) = U + Ec(>< — Xo)?

The minimum Up of the internal energy U(X) is at Xjp.

The Legendre transformed thermodynamic potential K(f) is obtained (1) by adding the internal
energy X of an X-reservoir, and then (2) by determining the minimum value of this total energy
with respect to X:

1 1
K(F) = mjn [UO +5(X = Xo)? + FX| = Up + (X = Xo)? 4 FX© (3.16)
The position of the minimum X is
1
c(X® —Xp)+f=0 = XO(f) = Xq — —=f (3.17)

Thus we obtain

Eq. 3.16

1
K(f) Uo + EC(X(O) — Xo)? + FX©

1 1 1
P21+ 5¢(Xo = =F = Xo)? + F(Xo — =)

1 1
= U+ =+ fXo—=F°
2c c
1
= Up+Xg— —12
2c

1 1
= U+ §c><§ — 5= cXo)?

1

= U(0) >c

(f — CX0)2

The Legendre transform K(f) has negative curvature, with a maximum at f = cXo.

Phase transition of first order:

One requirement for a bijective! Legendre transform is that the function is either concave or convex.
This requirement is violated if the internal energy has several minima, as it is the case near phase
transitions. One can learn a lot about Legendre transforms by investigating these cases. Because
the qualitative features of the internal energy near a phase transition are very similar, it is helpful to
make oneself familiar with the resulting patterns.

Let us start with an internal energy U(X) that has a double well feature.
UX)=(X?-1)2+X

The thermodynamic potentials and equations of state for this model are shown in Fig. 3.3 for o = 1.

The system has one global minimum and one metastable minimum. If the thermodynamic force
changes, the system will find one or the other minimum more favorable. The thermodynamic force
f is defined by the reservoir, the X-reservoir, coupled to our system. Including the energy fX of the
reservoir, the total energy U(X)+ X, the global and the metastable minimum interchange their role

1A mapping between two sets is bijective if it establishes a one-to-one correspondence between the elements of the
two sets. The Legendre transform is bijective, if the Legendre backtransform leads back to the original function.
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with the sign of f + 1. As a result the physically relevant state drops into the new global minimum,
which results in an abrupt change of the actually realized state variable X. Such an abrupt change
of a state variable is characteristic for a first-order phase transition.

Before we continue, let us evaluate the “force” f(X) and the Legendre transformed potential
K(f). Because the relation X — f cannot be inverted, the Legendre transform K(f) cannot be
given in a closed form as function of f.

f(X) = —% = 4X(X?>-1)-1

K(F(X))=UX)+ X =—(X?2-1)(3X%2+1)

The Legendre forward transform from U(X) to K(f) is unique and leads to the two black segments
of K(f) in Fig. 3.3. K(f) is defined as the lowest value of a multivalued function. Characteristic is
that the Legendre transformed function is not differentiable, but that it has a kink at the intersection
of line segments (1) and (5). At this point, tangents with a number of different slopes can be placed
at K(f). Each slope corresponds to one possible value for X = ‘z,—ff. These values correspond to the
dashed line in the figure for X(f).

The back transform leads to U(X), but the non-concave segments (2), (3) and (4) are replaced
by a dashed straight line segment. For this new function the Legendre transform is bijective.

If the function U(X) is concave, the slope increases with increasing X. Hence the force f decreases
with increasing X. Thus as we follow U(X) from left to right, the function K(f) goes from right
to left, as in the black and red line segments. If the function U(X) is convex, as in the blue line
segment, the Legendre transform K(f) goes from left to right, while we follow the corresponding
points of U(X) in the same directionfrom left to right.

f(X)=—2Y
@

) ®
5%

X

®

Fig. 3.3: Legendre transform for an internal energy with several minima
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3.2.3 Legendre transform in classical mechanics

We have encountered Legendre transformations before, namely, when we transformed from the La-
grange function L(x, v, t) to the Hamilton function H(p, x, t)

H(pi, xi, t) = ZP/‘V/ — L(x, v, t)

o

Pf*a*v’_

where the momentum p; is the conjugate quantity to the velocity v;. The back transformation is
L(xj,vi, t) = ZP/V/ — H(pi, xi, t)
i

_OH

vi=20
" Op

Both yield the same equations of motion: Starting with the Hamilton function we use Hamilton's
equations

. oH A . OH
X = — P = ——
: api Pi aX/'
whereas we use the Euler-Lagrange equations, if the Lagrange function is known.

Y. — /. A i 87'6 —%
Xi= dt \dv, ) 9x

3.3 From the maximum-entropy principle to the minimum-energy
principle

We have motivated the minimum energy principle as result of the maximum-entropy principle, by
saying entropy growth is related to heat creation. Heat creation in the context of a mechanical or
other non-thermal system is accompanied by dissipation of energy. Thus the energy is minimized.

Here we want to do things in more detail without assuming the minimum energy principle directly.
Rather, we modify the approach described for the exchange of mechanical energy, and adapt it to
our problem.

Imagine a set of systems in thermal contact, that is, they are able to exchange heat.

7

J}’
E, | W E: E,

The total entropy of the system is maximized, while the total energy is conserved.

1
Stot(Un Uz, Uror T) = D SilUi) — = <Z U — um> (3.18)

~H(C W - TS - Ueor) (3.19)
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Now we maximize the expression with respect to the energies U;, and obtain
Stot(Utot, T) = max S(Uy, Us, ..., Utot, T)
Ul,Uz,...
1 .
= = (> minlU; = TSI(U)] - Usor)
,. I

= (X AT - i) (320)

where we introduced the free energy
F(T) = min [u - TS,(U)} (3.21)

From Eq. 3.19, we can read that the entropy is maximized, when the free energy F defined by

FUs, Us, . Uror, T) E Uror — TS0t (Ur, Us, ..., Usor, T) (3.22)

is minimized with respect to the U;.
From the extremal condition in the definition of F; we obtain

oF;
oT

= -S(U(T)) = —S«(T) (3.23)

From the constraint condition, we obtain the temperature.

0% g = ~(ZAM ) - +(E G i)
I ! —_——

oT
~—~—
Si _T2
Si(U®)
oF,
= — <Z F,(T) + T 6_/_’ *Utot) ~ T (324)
| e e’
: J©

Finally we can perform a back transform of the free energy to obtain

U(S) = min [F,(T) n TS] (3.25)

3.4 Thermodynamic potentials

In the following, we will investigate various common arrangements of contacts, which consist of
attaching one or more reservoirs to a system. The U(S, V, N) and its Legendre-transformed potentials
are called thermodynamic potentials. The thermodynamic potentials contain all the information
on thermodynamic equilibrium states. The same physical quantity expressed by the “wrong” set of
variables is not a thermodynamic potential, but an equation of state. An example would be the
internal energy expressed by the temperature instead of the entropy.

Most of the thermodynamic potential for the variable set (T, S), (p, V) and (u, N) have names.
This is because their importance for gases and chemical reactions.
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NAMED THERMODYNAMIC POTENTIALS

(S, V. N) | Internal energy U(S, V., N)

(T, V,N) | Helmholtz potential A(T,V,N) =mins U(S,V,N)—-TS

(S, p,N) | Enthalpy H(S, p, N) = miny U(S,V, N) + pV

(T, p,N) | Gibbs potential G(T,p,N) =minsy U(S,V,N) =TS + pV
(T, V,u) | Grand canonical potential | &(T,V,u) = minsy U(S,V,N) =TS — uN

The naming is, however, not uniform:

e The thermodynamic potentials that contain the temperature are called free energies.

e The Helmholtz potential, in particular, is the prototypical free energy. It is also named simply
free energy and it is given the symbol F instead of A.

e The Gibbs potential® is also named Gibbs enthalpy, free enthalpy, Gibbs free energy, or Gibbs
energy or Gibbs function. According to IUPAC the official name is Gibbs energy or Gibbs
function.

e The grand-canonical potential is also named Landau function.

3.4.1 The fundamental relation

The fundamental relation is the key to the equations of state, because it shows the relation of a
thermodynamic potential to the dependent variables.

We start from the fundamental relation for the internal energy
dU=TdS — pdV + udN

The content of this equation are the three equations of state

au au au
TGVIN) =52+ pSVIN)==55 & uSVIN) =5

The fundamental relation can be expressed equally in terms of the other thermodynamic potentials

dA LT TdS - pdV + udN —SdT — TdS = —SdT — pdV + udN
du —d(TS)

dH TEPY TdS - pdV 4+ pudN +pdV + Vdp = TdS + Vdp + pdN
du d(pV)

dG VLY TS — pdV 4 wdN —SdT — TdS +pdV + Vdp = —SdT + Vdp + udN
du —d(TS) d(pV)

do PV LN TUS — pdV 4 wdN —SdT — TdS —udN — Ndu = —SdT — pdV — Ndu
du —d(TS) —d(uN)

2 Josiah Willard Gibbs: Feb. 11, 1839-Apr. 28, 1903. Spent nearly his entire career at Yale university in Connecticut,
USA. Visited Paris, Berlin and Heidelberg in the years from 1866-1869. Was Influenced in Heidelberg by Kirchhoff and
Helmholtz.
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3.4.2 Conversion of thermodynamic potentials

A typical problem in thermodynamics is that one has an experiment where one set of extensive of
intensive variables is controlled while the thermodynamic information is available in another set of
variables.

e |f we have some process where we suppress exchange of an extensive variable with the envi-
ronment or with another system, it is convenient to formulate all expressions by the extensive
variable.

e |f the thermodynamic system is in contact with a reservoir for this quantity, the reservoir will
determine the value of the intensive variable, so that we would formulate all expressions in
terms of the intensive variable.

One way is to perform a variable transform of the equations of state. However this may be cumber-
some. Therefore one prefers to transform the thermodynamic potential, and derive the equations of
state from the transformed thermodynamic potential. Thus we obtain the information directly in the
desired variable set.

FUNDAMENTAL RELATIONS FOR NAMED THERMODYNAMIC POTENTIALS

Internal energy U(S V. N) dU=TdS — pdV + udN
Helmholtz potential AT,V,N)=U-TS dA = —-SdT — pdV + udN
Enthalpy H(S,p, N)=U+ pV dH=TdS+Vdp+ udN
Gibbs potential G(T,p,N)=U-TS+pV | dG=-SdT +Vdp+ udN
Grand-canonical Potential | ®(T,V,u) =U—-TS —uN | db =—-5dT — pdV — Ndu
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COOKING RECIPE FOR THE CONVERSION OF THERMODYNAMIC POTENTIALS

The goal will be to obtain the thermodynamic potential with one variable set, say the Gibbs potential
G(T, p, N), from a another, known thermodynamic potential for another variable set, say U(S, V, N).

1. Have one thermodynamic potential such as U(S,V, N) and its fundamental relation dU =
TdS —pdV + udN ready. The thermodynamic potential encodes the complete thermodynamic
information of the system. The fundamental relation defines the corresponding conjugate
variables (T, —p, N) and thus contains the equations of state. @

2. Identify the variables to be replaced by their conjugate variables: In this case we need to replace
S by T and V by p.

3. For each variable add the variation of the product of old and new variable, i.e. d(TS) and
—d(pV), with a sign opposite to the corresponding terms, i.e. TdS and —pdV/, in the original
fundamental relation. The signs must be opposite to remove the dependence of the final
expression on the variables, i.e. S and V/, that should be replaced by their conjugate variables
T and —p.

dU—d(TS)—d(pV)=TdS — pdV + udN —-TdS — SdT +pdV + Vdp
dG du —d(TS) d(pV)
= —-SdT +Vdp — udN

Thus we have defined the Legendre transformation required to obtain the new thermodynamic
potential, namely

G(T.p.N) = min[U(S, V. N) = TS + pV]

4. Now we form the derivative of the term in the parenthesis with respect to the two variables
S,V that shall be replaced. These are the variables which are varied to find the minimum. This
provides us with two equations of state, namely

OU(S,V,N) oU(S,V,N)
35 =T and —Qay -

This system of equations is solved for S and V to obtain these quantities as function of the
new variable set. We obtain a result of the form S = So(T, p, N) and V = W (T, p, N).

5. Now we obtain the new thermodynamic potential as

6(T. p, N) = U(So(T, b N)Vo(T, . 1), N) _TSo(T, b N) + P (T, p, N)

aThe fundamental relation can be expressed in any thermodynamic potential, but it is economic to memorize the
one for the internal energy and the definition of the other thermodynamic potentials. The other fundamental relations
can then easily be constructed.

3.5 Thermodynamic potentials of the Boltzmann gas

We start out from the internal energy that we determined earlier from the Sackur-Tetrode equation

2
UBG (s, v, ) B9222 3Ty 2 i3 (3.26)
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and determine the thermodynamic potentials of the Boltzmann gas for the other sets of variables.

3.5.1 Thermal contact: Helmholtz potential

The Helmholtz potential is the thermodynamic potential for a system in thermal contact, that is it
can exchange heat with other systems or a heat bath.

In order to determine the Helmholtz potential for the Boltzmann gas, we start from the definition
A(T, V. N) = min [U(s, V.N) =TS (3.27)

which specified the Helmholtz potential as the appropriate Legendre transform of the internal energy.
The internal energy of the Boltzmann gas is known from Eq. 3.26.

In order to eliminate the entropy, we need to determine the minimum of the above expression
with respect to the entropy.

Ea.327 O B ou
02 Zlusvim-Ts] = o =T
OUBC gq 326 0 (3mh? s 2 25 _s
= T_as_&s(m’vwae's)
2 37”’72 5 2 25 _ 5
= 3\/"5a3Nkg 3
[3/\/@}( m NV et ) (3.28)
UBG

As a small side remark, we have just obtained the caloric equation of state for the Boltzmann gas
Eq. 2.19,

3

Eq.:3,28 UBG — ENkBT (329)

When we resolve Eq. 3.28 for the entropy, we obtain the entropy that minimizes the expression
in Eq. 3.27 as function of temperature.

s e (5 +1In [T- ke _m /v—ivib

2 \3 2 372
) (3.30)

3

5 mkgT \ 2

= Nkg | = +1 N7t
B<2+” <27rh2) v

Insertion of the optimum entropy Eq. 3.30 into Eq. 3.27 leads to to the final expression for the

Helmholtz potential.

Eq.3.28
=

A(T,V,N) = U(T,V,N)—=TS(T,V,N)

3 5
Eqs. 3.29,3.30 > NksT — NkgT (2 +1In

2
U(T.V.N)

TS(T.V.N)

— NksT (—1 —In [(kaT) TN

3
kgT \ 2
(2)
2mh?2
) 1)

2mh?
2 \ 2 N
kaT %

This is our final result for the Helmholtz potential A(T,V, N) of the Boltzmann gas.

= NkgT <+In
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HELMHOLTZ POTENTIAL OF THE BOLTZMANN GAS

2 \ 2 N
kaT Vv

ABS(T V. N) = NkgT (In

- 1) (3.31)

3.5.2 Thermal contact and volume exchange: Gibbs potential

G(T. p. N) = min|U(S. V. N) = TS + p\/} — min [A(T, V, N) + p\/}

aABG
av P
0 omh? \2 N 1
V- NkgT
p
G(T,p, N) = ABS(T, VO N) + pv©®
3
2nh? \2 p

= NkgT In

onhR \ 2 p
kaT kBT

GIBBS POTENTIAL OF THE BOLTZMANN GAS

onhR \ 2 p
kaT kBT

(3.32)

G(T,P,N) = NkgT In

3.5.3 Enthalpy

Let us now determine the enthalpy for the Boltzmann gas from the expression for the internal energy
given in Eq. 2.22 on p. 47.
The enthalpy is defined as

H(S. p. N) = min [U(S, V. N) + pv}

OU Eq.326 2U

POVIN) =—37 = 3y

We use it first to replace U = 3pV/, so that H= U+ pV = 2pV.
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Then we come back to our original goal, namely to express the volume by (S, p, N)

B 2U Eq.326 2 3T s 25 s
p(S,\/,/V)—W = W m N3V~ 3e3Nks

27Tﬁ2 5 5 25 _ 5
Ng\/—gestB 3
m

Next we resolve this expression for the volume
3

5

2T h?
m

=  V(S.pN)= ngleﬁa_g}

olw

= Np_

3
QTFhQ 5 25 q
e 5Nkg
m

Now we insert this expression for the volume into the epression for the enthalpy.

H(S, p, N) = U(S, VO )+ pv/(© — ng(O)

i [mf s

= Ep Np~s e5Nkg
2 m
1%
5 3
5
= §l\lp§ 2mh e%il
2 m

3
y2
[27:” e (3.33)

3.5.4 Thermal contact and particle exchange: grand canonical potential

®(T, V, ) = min|U(S,V.N) =TS — uN

The grand-canonical potential of the Boltzmann gas has already been derived earlier in Eq. 2.13

on p. 45.

GRAND-CANONICAL POTENTIAL OF THE BOLTZMANN GAS

3
keT\?  u
(T V. ) 927 T (’gw’;z) VersT (3.34)

3.6 Thermal contact

The first thermodynamic process, we will investigate is to control the temperature of a system. We
can change the internal energy of a system by heating it up, that is by bringing it into contact with
another, hotter system. We will now investigate this process in some detail.
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heat bath

1

Swp = fEWB

The thermodynamic potential to be used with thermal contact is the Helmholtz potential

A(T,V,N) = msin UGS V,N)-TS

The Helmholtz potential is the energy of the system and that of the environment. If we apply work
on a system, it may warm up. However, because it is in contact with a heat bath, some of the energy
is transferred into the heat bath. This imples that we have to do more work on the system than if it
were isolated. The change of the Helmholtz potential describes the amount of work | have to do to
change the state, considering that some of the energy is lost to the environment.

P

E, =

3.6.1 Thermal contact microscopically

Up to now we have used the formalism of thermodynamics, which is a macroscopic description. We
may have lost sight of the underlying microscopic picture.

Microscopic system

Let me illustrate the principle on a very simple example, namely two harmonic oscillators which can
exchange energy in a random manner. In each transition the total energy is conserved. We describe
the initial state of the two harmonic oscillators by the two quantum numbers (n1, n2). The quantum
numbers can assume any non-negative integer value, so that the ground state is characterized by
n = 0. The energy of the "hot" harmonic oscillator is E; = fiw(n + %) and that of the “cold”
harmonic oscillator £, = fiw(na + 3).

The two systems can now exchange energy. The possible transitions lead to the states

Transition AE(nq, no)
(n1, no) — (0, ny + no) ny hw
(n,m)— (L,nm+nm-—1) (m —1)hw
(m.m) = (2,m +n —2) (m —2)hw

(n,m)—=(m+m-11) | —(n—-1)hw
(ny, n2) — (1 + n2,0) —mhw
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h

= Ei
Transitions AE
- —  (3,1)—>4,00 -ho
— (3,1)—>(3,1) 0
I’\ﬁ\“’,\ (3,1)->(2,2) +ho
- KI (3,1)—>(1,3) +2hw
(3,1)->(0,4) +3hw

"hot" system "cold" system

Fig. 3.4: Schematic diagram of two harmonic oscillators in thermal contact. It is shown that on
average a random energy exchange will transfer energy from the hot to the cold system. Initially the
first (hot) harmonic oscillator is in the 3rd excited state and the second (cold) harmonic oscillator
is in the first excited state. The initial state of the combined system is identified by the quantum
numbers (3, 1). Transitions must conserve the energy and hence the sum of excitations in the final
state must be again equal to 3+ 1 = 4. Averaging over all possible transitions we find that, on
average, the energy of 1fiw is transferred from the “hot” to the “cold” system.

We see immediately that the mean energy transfer (AE),, »,, for all possible transitions starting from
the same initial state (ny, no), is 3

ng—n;

<AE>'71J72 = 2

hw | (3.35)

where n; characterizes the hot system and n, with n, < n; characterizes the cold system. The
mean energy transfer is always from the higher excited system to the less energetic system. Thus
the energy transfer has a well defined direction. The energy is transferred from the hot to the cold
system. The only assumption was that all transitions are equally likely!

The terms “hot” and “cold” should not be applied to individual states, so-called microstates, but
only to ensembles for which we can define a temperature. In order to obtain the ensemble average
we need to average the mean energy transfer Eq. 3.35 with probabilities for the initial states, that
are derived for two separate systems of which one is coupled to a heat bath at a higher temperature
T and the other is coupled to a heat bath at a lower temperature T..

After contact with a heat bath at temperature T}, the probabilties of the “hot” subsystem is

1 1
P(Ty) = Z(Tn)© oy M(m+3)

and those for the cold system, which has been in contact with a heat bath at temperature T, the

3For a given initial state characterized by the two excitation numbers ny, no, the final states are (0,n1+n2), (1, nm+
np—1),...(m +n,0) or {(Jym +n—j) for j=0,..., ni + np}. For a given final state, i.e. for a given
value of j, the energy transfer from the left to the right system is equal to the energy loss of the left system. i.e

—(ﬁw(j + %) — hw(n + %)) = hw(ny — j). Thus the mean energy transfer is

1 ny+ny 1
AE = hw(ny —Jj) = = | hwny — hwn
( Yny.ny mtma+1 J:ZO (m —J) 2( 1 2>

In the last step, which brought us to the final result Eq. 3.35, | simply exploited that the summands are equispaced
which allows me to take the mean value of the first and the last summand.
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probabilities for the cold system are

1 1 1
PRNTS) = 3ye e e+ 3)
C

Because the two systems are initially fully separated, they are uncorrelated so that the probabilities
for the entire system can be written as a product of the probabilities of the two subsystems.
1 S 1y __1_ 1
1,2 _ p(1 2 _ w(m+3) - hw(nz+3)
Prim (Tn Te) = PDTP(Te) = gy rye B2 il (3.36)
The mean energy transfer in one transition is just obtained by weighting the mean energy transfer
for one configuration (n1, n2) over all initial states. The result can be expressed as one-half of the
difference of the internal energy.

(AE)T, T = > P (Th, T)(DE) n, n,
n1,n>=0
o0
Egs. 3.i6 ,3.35 Z P,gll)(Th)P,Sf)(Tc) n . n» hw
I71,f72:O
o) @) 1 1 1
= D PRTWPRT) - 5 ( twlm + 5) — hw(ne + 3)
1, =0
ni,n2 E’%} E,%)
o0 o0 o0 o0
_ (z Pn<3><mf,sz>) (z Ps?m) . (z Pssm) (z P,s?mEg?)
n1:0 n2:0 n1:0 n2:0
Ur =1 =1 U>
B Uy — Uy
a 2

Because the internal energy of a harmonic oscillator increases with temperature, the energy is trans-
ferred from the hot to the cold system and the energy transfer grows with the temperature difference
of the two systems.

The lesson to be learned is that there is no mysterious intrinsic driving force which moves the
energy from the hot to the cold system. In constrast, the heat transfer is a result of pure chance.

Macroscopic system

Editor: This may be better together with H-Theorem and irreversibility, section 6.8.

Therefore, let us dig even a little deeper and investigate the processes on a quantum mechanical
level. For this discussion we limit ourselves to a container with only two compartments, denoted by
A and B. Let us consider that the gas in each compartment is in an well defined energy eigenstate
characterized by their quantum numbers /74 and fAig. Once we bring the containers into contact, the
wave functions of the different containers have a small overlap, because each wave function extends
a small distance into into the wall.* Hence the gas is not in an eigenstate of the combined system.
The wave function can still be expressed by a superposition of the energy eigenstates of the isolated
systems as

(WAB (1)) = Z |7Ta) |TTg) Gty s ()

Ma,fig

4A more realistic description would be to involve the states of the wall as a separate system. Then the gas
molecules of each container interact with the states of the wall, which results in an effective coupling of the gas in the
two containers.
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Here |fa) are the eigenstates of the first compartment |iig) are those of the second compartment.
In real space, the wave function of the combined system would depend on the coordinates of all
particles in A and in B. The basis functions are product wave functions of the individual systems.

Al s ) =P, s (- T - Tg) = O (R T )W (- T,

Before the systems come into contact, these states are energy-eigenstates of the combined system
with eigenvalues

E i = Ef, + EE

Once the systems come into contact, however, the states are no more energy-eigenstates and their
weights will change over time. Still, the product states still serve as basis functions.

The coefficients ¢z, 7, are time dependent and their dynamics is determined by the time-dependent
Schrodinger equation. The changes of the coefficients can be described by the transitions between
the eigenstates of the isolated compartments. We can evaluate the probability to find the gas of the
first container® in a particular state s of subsystem A. We project onto all states for which system
A'is in state a4, which implies that we “trace out” the system B, i.e. we form the trace over all states
in the sub-Hilberspace of subsystem B. Here we use the notation |fia, Ag) = |7a)|f5).

Paa(t) = (WAB(1) (Z Fia, Ao Fia ﬁB|> WAB(1)) = 37 ¢t (D) (1)

g

= [na [ @t [ s WA (0, o 0 (P05, (T AV T )

So far we considered the evolution of a single energy state. In order to obtain the desired result,
we need to average over the initial conditions cz, 7, (t = 0) with the corresponding probabilities.
Note that the probabilities do not determine the phases of the wave functions. Thus one needs to
average over all relative phases of the wave functions in the two containers.

As the containers are brought into contact, the gas in one container undergoes transitions from
one eigenstate to another, therefore changing the energy in this container. Because the energy of
both containers must be conserved, each transition must be accompanied by a transition in the same
or in the other container, which balances the energy. If one container is in a state of high energy,
implying that it is hot, it will more likely undergo a transition to a state of lower energy, that is it will
cool down, while raising a state in the other container towards higher energy, thus heating the other
container.

The dynamics of the coefficients may be very complicated and without an accurate description
of the coupling, we cannot work it out. The best assumption® is that the system ends up with equal
probability in all states that are compatible with the conservation laws. This brings us back to the
maximum-entropy principle with the constraint that the energy of the system is known.

This is an important concept! The argument that “ we do not know any better how the system
behaves” does not mean that the real dynamics shows this behavior. Thus, the connection of the
subjective argument, the maximum-entropy principle, and the objective basis, which can be tested
experimentally, is still open. The connection is the ergodic hypothesis of Boltzmann (see p.89 in
Boltzmann's book[? | for a definition of ergoden).

Let us now consider the change of the entropy in the first container: What changes as the
two systems come into contact? The energy levels of the two subsystems remain the same. Only
the probabilities for the individual states change. If the probabilities change, also the entropy S =

5Note that the in the following expression one needs to simply integrate out all the degrees of freedom of the
second system.

6This argument implies that we are guessing and that our guesses have nothing to do with reality and the precision
of the prediction of statistical physics. There is an argument lying behind, which only becomes only evident, if one
considers really large numbers of states. In that case nearly all conceivable initial states would result in probability
distributions which are very similar to a completely random distribution. Here we do not want to go into that detail.
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> PrIn[P5] changes. We assume that each system remains in thermal equilibrium as the contact is
established. This in turn implies that the transitions between eigenstates of one container are more
frequent when they exchange energy with transitions in the same container than if they exchange
energy with the other container. As a result of this assumption the probabilities are consistent with

1 —
the instantaneous energy of the system, that is Py(t) = e fpr (Ea—AT(E))

The differential change of the entropy Sa of the system is

S(t)y = kaZPa ) In[Ps(t)] (3.37)
dS = —ks ) (dPﬁm[Pﬁ] + Pﬁd;ﬁ) =—ks Y _ (In[Ps] +1) dP;

Eq 157 _ Z (ln[e—@%(Eﬁ—A(T))] 4 1) dp;

il

= %Z (Ex— A(T) — keT) dP;

1 A(T) + ks T 1
= ? (Z EﬁdPﬁ) —% (Z dPﬁ) = ?dU

———
=dU =0

du ds

= T(t)E (3.38)

éi
dt

Eq. 3.38, which is identical to Eq. 1.75 in the absence of work, describes how the energy of the
system changes as it is heated up. The change of the energy can be written as

dU=TdS

The change of energy dU that flows from one system to the other due to a change in temperature
is called Heat’. It is often denoted by the symbol @ and the differential change is dQ = TdS. When
a system heats up, its entropy grows. If the temperature is low, only the low-energy states occur
with large probability. If the entropy increases, the probability of the low-energy states decreases and
that of the high energy states increases. Thus the internal energy of the system increases when it is
heated up.

Example: We can now evaluate the heat transfer out of the system into the heat bath for the
Boltzmann gas using its Helmholtz potential from Eq. 3.31. We consider here the heat transfer AQ
into one compartment, which raises the temperature from its initial value T; to its final value Tr.

St dSsBG :7%\ Te  42ABG

d?APC gq 331 07 AN
e e 2 fwor (o41] 1)

(o P ) e (-3)

_ 3Nke
N 2T
T 3Nkg 3 3 Eq.2.19
AQ = T -2 BT = ZNkgTr — > NkgT; :
Q /T/ T SNkeTe — 5 Nks Ur = U

It is just the difference of the internal energy as anticipated.

"Heat is called Warme in German
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Minimum principle for the Helmholtz free energy

We have found that systems in thermal equilibrium approach a state of minimum free energy. We
have, however required that the subsystems themselves are internally in equilibrium. Here we show
that the minimum-free-energy principle is actually equivalent with the maximum-entropy principle in
its most general form.

We consider one system in contact with a heat bath characterized by Th,. The entropy is defined
for arbitrary probabilities as

1
S(’Dﬁv 7_hb) = _kB § 'Dﬁln['Dﬁ] + mth
'7 ——

Shb
- (Z Pr — 1> - % (Z PaEq+ Unp — Utot)

where we introduced the constraints for normalization and energy conservation. Note that T is only
a Lagrange multiplier. We can satisfy the energy conservation constraint already by resolving the
constraint for Upp, namely Unp = Usor — Y7 PsEr, and by inserting the corresponding expression.

1 1
S(Pr. Thp) = —ks Y _ PrIn[Ps] — o > PaEr+ 7—Utot =2 (Z P — 1)
i 1 1

n

1
=7 > PaEq+ keTho Y PrIn[Psl —Utot + AThs (Z Pr — 1)
7 i 7

A(P,T)
Thus we define a Helmholtz free energy as function of the probabilities

APr T)E S PiEr+ ke Ty PalnlPal = > Pr(Es+ kT In[PA])

——
U -TS

Since Tpp and Usor are constants, the distribution that maximizes the entropy is the same that
minimizes the free energy under the constraint that the probabilities are normalized.

Thus we obtain the minimum entropy principle, which says that the probabilities of a system
in contact with a heat bath, which is characterized by a temperature T;,, minimizes the
Helmholtz free energy A(FPs, Trp) under the constraint that the probabilities add up to one.
The reader can convince himself that the probabilities are

1 1
= ———¢e kBTw
Z(Thp)

Eq

P

3.7 Mechanical contact

We have seen in the last section that we can change the energy of a system by heating it up. If we
want to build an engine, we need to understand how to put this energy into use: We need to extract
mechanical energy.

Let us consider here a gas-container with a side-wall replaced by a movable piston. The gas
container shall be thermally isolated, so that no heat can flow in and out of the system. Thus
dQ =TdS = 0. This implies that the entropy of the container is constant. So far, the driving force
that brings a system into thermal equilibrium has been the entropy increase. Exactly that driving force
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shall vanish. Indeed this implies that we cannot apply the maximum-entropy principle. Therefore we
discuss here a quasi-static process, where the state of the system is dictated externally by moving
the piston.

volume reservoir
UVR(V’) = —pV’

If the gas exerts® a force onto the piston, we can let it do work. Work is the mechanical energy
that is transferred from the gas to a mechanical system, that is

AE pech = —dU = +pdV
The mechanical system can be a spring, for example, but it may as well a system of gears, that

directs the work to the wheels of a vehicle.

Mechanical contact microscopically

Let us consider the change of internal energy in thermal equilibrium.

U= PsEs(V)

A change of the state may change the probabilities and the energy levels.

dU =" dP:Es(V)+ > PadEz
i Il

—_———
TdS aw

The first term TdS is the heat transported into the system and the second term is the work done
on the system. If we require that no heat is transferred, the first term vanishes. Note, that heat is
a form of energy, that obeys a conservation law. Unlike the entropy, energy cannot be created or
destroyed. Excluding the probabilities does not necessarily mean that the probabilities do not change.

8The German word for “exert” is “ausiiben”.
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>
\Y

If we consider a process where the the volume of the container changes, also the energy levels
shift ddEt’? = i’ﬁ%. Let us consider that the gas is in a well-defined eigenstate of the Hamiltonian,
with quantum numbers 4. As the volume changes, also the energy level shift. The reader may
confirm that the one-particle levels explicitly depend on the size and shape of the box by comparing
with Eq. 2.3. The total energy of the gas is E7(Lx). Thus the force, which the gas exerts on the

container, is F, = f‘;ff. Now we average the result using the probabilities and obtain

dEﬁ dEﬁ
sz—zﬁ:PﬁE:_Ayzzﬁ:PﬁW

F dEs
=p=g. =Ly
7l

Az

where A, is the area of the piston. For the new position of the piston, the probabilities do not fulfill
the maximum-entropy principle any more. Transitions among the eigenstates of the system result
in new probabilities. Hence the probabilities change with volume. We can divide the infinitesimal
process in two separated ones.

1. The first step preserves the probabilities, but changes the energy levels in response to the
change in the volume. As the probabilities remain unaffected, this step does not contribute to
the entropy.

2. The second step, the energy-levels remain fixed, but the probabilities change from
P+T,V) = e—kB%(Eﬁ(\/)—A(T,V))
(T, V) =
where A(T, V) is the Helmholtz potential, to
PA(T +dT,V + dV) = efm(Eﬁ(V+dV)7A(T+dT,V+dV))
3 i =

so that

_OPAT,V)

4Py = o 4+ 2PATY)

oT ov av

The changes of the probabilities correspond to transitions between the states. Since the system
is thermally isolated, the energy during these transition must be conserved. As a result, TdS =
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TdS = Z ExdP; =0
a

Thus the temperature changes in an adiabatic process.

Application to the ideal gas

Now we can apply our findings to the Boltzmann gas. Since we consider an isentropic process, we can
use the expression of the internal energy Eq. 2.22 as function of S, V, N. This expression is repeated

here:
2 2
uBe(s, v, N 22 NV <3m > e 3 (3.39)
Vs m
Thus we obtain the pressure as function of the volume for an adiabatic process as
duBe 2
BG BG
SSVN)=— —— =—-——U""(S,V,N 3.40
PP VI = = S| =gy Uts V) (3.40)
5
2 (N\3 /3mh?\ s _s
—_Z = 3Nk, 3
3<V) ( " ) : (3.41)
As the volume changes the temperature behaves as
duBe 2
TBC(S,V.N) = = UBe(s,v, N
( )=+ dS |,y 3Nks ( )
2
2 [(N\53 [/37h? 25 s
— = | = 3Nkg 3 42
s (v) ()= 42

We see that as we compress a gas, it warms up, while it cools, when we expand the gas. This
principle us to build thermal engines or build a refrigerator. It can be easily verified using a bycicle
pump by compressing it, while closing the outlet. The pump will become warm.

The behavior
TBG (V) ~ V3

5

pPe(V) ~ V73

w

obtained here, can be tested experimentally.

<+ <t

Vo Vs
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3.7.1 Particle exchange microscopically

Let us consider two systems that can exchange particles. The eigenstates can be composed out
of the eigenstates of the individual compartments, but now an N particle state of the combined
system can be set up by states that have M particles in one compartment and N — M particles in
the other compartment. The coupling allows transitions between states with different M. Such a
transition describes the motion of one particle through the permeable wall. If we describe only one
compartment, we need to allow states with all possible number of particles.

3.8 Chemical equilibrium

Let us consider a chemical reaction at constant temperature and pressure. We make use of the
minimum principle for the Gibbs free energy G(T, p, N1, .. ., Nm).

%ﬁHgﬁ%ﬁHﬁH
HN 7 N/ ./ \_H
'Cs ¢C~ 'C~ 'C‘
HHHHHHHH

o /A 0=0
o-0-¢ @ ©0

IC=0I

Fig. 3.5: Reactants and products of the gasoline burning reaction. Octane CgHig, oxygen (O,),
carbon dioxide (CO5), water (H,O) and carbon monoxide (CO).

We consider a chemical reaction such as the gasoline burning reaction (see Fig. 3.5)

2C8H18 + 2502 <~ 16(:02 + 18H20 (343)
2CO 4+ Oy < 2CO;, (3.44)

The pre factors are called stoichiometric coefficients . One can check the consistency of a reaction
equation by ensuring that the same number of atoms for each element occur on both sides of the
reaction.

The state of the system is characterized by the number N; of molecules that are present in the
reaction. Let us combine the particle numbers into a vector N of length m. In the above example,
the vector has the form

N = (Neghis» No,, Nco, Niw,o, Neo) (3.45)

The dimension of the particle-number space is m = 5.

Each reaction equation in this example determines a direction Uk in the m-dimensional particle-
number space. These vectors describe how the particle numbers change if the reaction proceeds
once towards the right-hand side of the reaction equation. If there are t reaction equations, one will
obtain t such vectors.

In our example the vectors v are

7y = (—2,-25,16,18,0)
U =(0,—1,2,0,—2)
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These directions 7 are composed of the stoichiometric coefficients vj of the respective reaction,
which are inserted in the correct position of the particle-number vector. The particle-numbers on the
left-hand side of the reaction equations 3.43 and 3.44 are multiplied by —1, because those molecules
are consumed as the reaction goes to the right.

Np A

Fig. 3.6: lllustration of the stoichiometric coefficients for a two-component reaction H, <> 2H. The
stoichiometric coefficients are (vp,, vn) = (—1,2).

As the reaction proceeds, the particle-number vector N can always be written as

t
IV(al, - ,O(t) = No +Zl7kak
k=1

The coefficients o describe how far the reaction proceeds. We will call them reaction parameters.

3.8.1 Partial pressure

We consider a reaction at constant pressure and constant temperature. For an ensemble at constant
pressure and temperature the appropriate thermodynamic potential should be the Gibbs energy.

However, it is more convenient to start out with the Helmholtz potential and convert to the Gibbs
energy later on. The reason is the following: The Gibbs energy has been chosen for a situation where
several subsystems exchange volume, and where the total volume is the sum of the volumes occupied
by the subsystems. That is, each component is enclosed in its own compartment. This does not
apply to the problem at hand. Rather, each component occupies the complete volume and there is
no volume exchange. Thus, the proper thermodynamic potential is the Helmholtz potential. Only
the total volume is related to the overall pressure of the volume reservoir. This will be taken into
account by a Legendre transform of the final (total) Helmholtz potential.

Since the components of the gas do not interact with each other, except that they can be
converted into each other during a chemical reaction, the total Helmholtz potential is the sum of the
Helmholtz potentials of the individual components.

Ator(T.V. Ny, No, ) =D A(T, V. N)) (3.46)
J
We can now determine the total pressure using the equation of state

dA;
S, T
J J

T.N

A
Ptot = av

TN

Pj
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Thus the total pressure pso¢ is the sum of the partial pressures p; of the individual components of
the gas mixture.

Prot = Y _ Py (3.47)
J
where the partial pressures are defined as
dA;
= 4
pJ d\/ Tv/\/J (3 8)

It may be instructive to see how the Gibbs energy is composed of the Gibbs energies G; of its
components.

G(T, ptot. N) = mvi” [A(T, % /\7) + ptot\/}

Eq._3.47 min Z {AJ'(T, V. N) + ij}
j

= Y min [A(T.V.N) + V]

> G(T.p ) (3.49)

The fact that each component has to be treated at its own partial pressure is why it is inconvenient
to work with Gibbs energies in this case.

3.8.2 Chemical equilibrium
Chemical equilibrium at constant volume

The main goal of this section is to determine the particle numbers of a chemical reaction in equilibrium.
They are obtained by minimizing the total Helmholtz potential with respect to the reaction parameters
ay. If we consider a reaction at fixed volume and constant temperature, we select the Helmholtz
potential A(T,V, /V) as the appropriate thermodynamic potential.

d ~ dA;|  dN;
| ATVN@) =0 M2 3T od) S =0
kv y il v 9%
wi(TV.N;) Yik
= > (T, V. Ny =0 (3.50)

J

Thus,for each reaction equation, we obtain one equation for the particle numbers N;. This allows us
to determine all reaction parameters, as there is again one for each reaction.
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Chemical equilibrium at constant pressure

If we consider a situation at constant pressure, we should minimize the Gibbs energy G(T, p, N).

d _,
—_— G(T, N @) =0
doux .y (T, pror. N(&))
Eq. 3.49 dG; dN, dG; Op;i(T., prot, IV) dN,
= + — =0
Ej: dNJ T.p dOLk zj: dpj T,szp: @Np dOlk
wi(T.pj,N;) Yk v dptot
day
Oprot
éZV’J(T P Nj)Wjk +V daz =0
=0

Because we require that the total pressure is constant during the reaction in this experiment, we
obtain

> (T, py Nj)wjx =0 (3.51)
]

Nevertheless we need to determine the individual partial pressures. For ideal, that is non-
interacting, systems there is a unique relation between the concentration of a species and its partial
pressure.

General chemical equilibrium

We can generalize the result Eq. 3.51 above analogously to the more general case

CHEMICAL EQUILIBRIUM

In chemical equilibrium the following equations are fulfilled
m
> wyix=0  for k=1t (3.52)

where m is the number of components (reactands, products,etc.) and t is the number of reaction

equations. The constants vj are the stoichiometric coefficients. The chemical potentials u; are

derived from the appropriate chemical potential, i.e. w(T,p, N) = M ,w(T,V,N) = w

w(S, p,N) = M , (S, V,N) = W. The volume is always taken to be the total volume,

while the pressure |s the appropriate partial pressure of that component.

3.8.3 Internal molecular degrees of freedom of a gas

Before we bring the above equilibrium equations into the form of the law of mass action, let us
investigate the form of the Helmholtz potential for real gases.

The law of mass action applies to all non-interacting gases. If gases are dilute, their interaction
can be ignored. Without showing this here it can even be generalized to dilute solutions.

Let us consider here the free energy of a gas: The free energy of real molecules can be divided
into individual energy contributions, just like the Hamiltonian. °

e Ground state energy Eq without zero-point vibrations.

9This decomposition is valid only for sufficient low temperatures. For example, an-harmonic terms in the vibrations
lead to a coupling between vibrational states which are relevant at high temperatures.




3 EQUILIBRIUM 89

e Translational energy, E:,ans which is simply the kinetic energy related to the center of gravity
of the molecule. The contribution to the Hamiltonian is %, where P is the total momentum
of a molecule and M is the total mass. Note that this term is exactly the one treated in the
Boltzmann gas.

e Rotational energy:'° The energy of the rotations of an almost spherical molecule can be
written as E ot (4, m) = w, where £ is the main angular-momentum quantum number and
! is the moment of inertia’l. In the sum over states, it is important to consider the 24 + 1
degeneracy of the rotational levels. Note that the energy spectrum for a non-isotropic moment
of inertia is quite complex. For molecules without even an axial symmetry the eigenstates can
no more be labeled by £, m. Atoms do not have a rotational energy. For linear molecules there
is only the main quantum number £.

e Vibrational energy. The vibrations can be decomposed into independent vibrational modes,
where each mode is represented by a harmonic oscillator. E,p(nj) = Zfﬁf fw;(nj+%). With
g we denote the number of atoms in the molecule. w; are the frequencies of the vibrational
modes. We subtracted 6 degrees of freedom from the sum, which correspond to the three
translational and the three rotational degrees of freedom. For atoms we must only substract
the 3 translational degrees of freedom instead of 6 and for linear molecules we need to subtract

three translational and two rotational degree of freedom.

e Electronic excitations E£.. In most cases electronic excitations play a minor role: If the
excitation energy is larger than kT, excitations are so rare that they can be ignored. The
situation is of course different if the highest occupied and the lowest unoccupied states are
degenerate or nearly degenerate.

The total energy is the sum of these terms. We call all terms except the translational term the
internal degrees of freedom. In the partition sum for the gas we obtain

A(T V /\/) = —kgTIn § :e_kBLT ZJN:1[EO,J+Etrans,/,ﬁ+Erotj,ﬁ""EV/b,j,ﬁJl'Es,Jﬁ]

n

where the set of quantum numbers 77 includes the translational quantum numbers of the particle in
the box, the rotational quantum numbers of all molecules, vibrational and electronic excitations of
all molecules. Each energy contributions depends on the set of quantum numbers

We can divide the exponential into individual factors.

E,

N . - - o -

_i _ Etrans‘j,n _ Erot,j,n _ Ewb,],n __—eJ.n

A(T,V,N) = —kgT In g | Ie keTe kT e kT e k8T e ksl
7oj=1

n

Since the quantum numbers can be divided into sets, where each belongs to a particular atom, we
can perform the sum for each atom independently from the other. Since furthermore each individual
contribution of one atom has its own set of quantum numbers, we can perform the sums even for
each term independently from the other. Important is however, to include the factorial of N to avoid
double counting of permutations of identical molecules. Since the individual sums are now identical
for all atoms, | drop the atom index j

Eg

N Etrans,n Erot‘ .m
A(T,V, N) = kaTIn[% [[e o e &Y e %
Jj=1 n,... 4m

Evlb‘nl,...‘n3q_6 Ee 7

Z o a7 Ze* ka}
ﬁe

n2e(e +1)
2preqd?

10For a dimeric molecule te rotational energy is Eror =

german: Tragheitstensor
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The factorial is now considered together with the translational term, because we obtain then simply
the term for the Boltzmann gas.

1 _ Etrans,n _ Erot, .m
A(T,V,N) = NEg —kgT In mZe w | —NkgTIn | e T ]
n,... 4,m
ABG
_ E\//b,nl. -M3g—6 - Ee,ﬁe
—NkgT In Z e = | — NkgTln Ze kg7
ni,..., N3g—6 e

Note that all terms except the translational terms are proportional to the particle number and only
the translational term contains the volume. The translational term is, however, simply the ideal gas
contribution AB® We define the Helmholtz-potential of the internal degrees of freedom Aj,: as the
Helmholtz-potential of a single molecule whose center of gravity is fixed in space. Thus we can write
the free energy as

A(T, V. N) = NA;,.(T) + ABS (T, V. N) (3.53)
Legendre transform with respect to volume provides the Gibbs potential'?
G(T.p.N) = NAn(T)+ G5 (T, p,N)
Fa332 (A,-,,t(T) + ksTIn [PTPD (3.54)
ke T
0

Translations

[Rotations |

uleV]

0 200 400 600 800 1000
T[K]

Fig. 3.7: Chemical potential of a gas of oxygen molecules at a partial pressure of 1 bar as function
of temperature relative to its value at zero temperature. The dominant contribution is due the
translational degrees of freedom, which are described by the ideal gas. Degeneracy describes the
entropy due to the three-fold degenerate electronic ground state, which is a (spin-)triplet state.
That is: The oxygen molecule has two unpaired electrons. Therefore the total spin can assume
the values S, = —1,S5, = 0,5, = 1. The three states are energetically degenerate and contribute
S = NkgIn3 to the entropy. Excitations are, as it is usual the case at this low temperatures,
negligible. Note, that the chemical potential can be changed by 2 eV by changing the temperature.

2Note that Aip:(T) = Gjne(T)
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3.8.4 Law of mass action

Now we can use the equilibrium conditions and the definition of the chemical potential u(T, p, N) =
8G(T.p.N)
N

Eq.3.52
0 ZUU T.pj. Nj)Vik

Jj=1
m
>\3 .
Ea 354 > (A,-,,t,,(T) + kgTIn {kT”JDuj,k
‘ B
J=1
m
>\3 .
- Z(A,,,t,j(THkBTln{ ;p;”] +kBTIn[ Z Duj,k
= B Ptot
(T .ptot.N)
= Z/J'JTptOt V1k+kB Z [ :|ij
= ; Ptot

m
> (T prot)vjk + ks T In
=1

H( P >UM1 (3.55)

; Ptot
J

Note, that the chemical potential w; of the individual species, expressed by temperature and pressure,
does no more depend on the particle number if there is no interaction between the gas molecules.
This is why we dropped the argument ;. The assumption of non-interacting molecules is underlying
the ideal gas model

Thus, we obtain our first version of the law of mass action.

. Uik (Tptot.N)) \ Vik
H < pj > I Eq.3.55 e_ks% 35 i (T prot)Vjik __ H (e_WT:BTNJ) ' (3.56)
-

Ptot ;
J

The partial pressures can be related to the relative particle numbers!® using the ideal gas law
pjV = N;kgT, which holds similarly for the total pressure p;V = N;kgT, because pior = Zj pj and
Nior = ZJ N;. Thus we obtain

P N;
— 3.57
Ptot Ntot ( )

Combining this result with the above form of the mass action law, we obtain its final form
LAW OF MASS ACTION OF THE IDEAL GAS

14 14
N; \7" Egs. 3.56,3.57 _ #(Ttor) \ K
11 = I (e
; Ntot
J

J

K

The constant on the right hand side is called equilibrium constant

7M/(T‘Dmt) Vjk
K df (e 2 Por)

J

2German: Massenwirkungsgesetz

13|n order to make sure that the ideal gas law is applicable to this case, one can go back to the definition of the
partial pressure and insert the Helmholtz potential of an ideal gas.
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Note that the law of mass action has been derived here only for ideal gases. Nevertheless it is
applicable for a wide range of other ideal systems. Currently, | do not understand the underlying
reason for its wider applicability and therefore | cannot precisely state its full range of applicability.
However, | caution the reader regarding its limitations.

The left hand side of the law of mass action is expressed by the relative concentrations of the
molecules. The important point about the law of mass action is that the equilibrium constant does
not depend on the amount of molecules. Note that the right-hand side is independent of the number
of particles since the Gibbs free energy of a gas of non-interacting molecules is linear in N as seen
from Eq. 3.31 and Eq. 3.54.Irrespective of the amounts available before the reaction starts, the mass
action law works with the same equilibrium constant.

To evaluate the concentrations it is best to take the logarithm of the mass action law, solve
the resulting linear system of equations for the logarithm of the relative concentrations and then
determine the concentration from the result.

The interpretation of the law of mass action is as follows: Consider a reaction A+ B <« C. If there
is a constant supply of A, and if the back-reaction is suppressed by removing the product, the amount
of C produced will be proportional to B. Similarly if there is a constant supply of B the amount of
products will be proportional to A. Hence the amount of products is proportional to the product of
NaNg. Let us write 0;N¢c = c1NaNg. The back reaction is simply proportional to the amount of C.
Hence if we suppress the forward reaction we obtain 9;N. = —cNc. Equilibrium is reached if the
amount of C produced is equal to the amount of C that reacts, that is if c;NaNg = & N¢, which
leads us to NaNg/Nc = c/cr.

This simple example actually shows the the mass action law is not at all restricted to non-
interacting gases. For the ideal gas, however, we can directly work out the equilibrium constant.

3.9 Stability

Sofar we have only exploited that the entropy is stationary. For a stable state the entropy must be
a maximum.

Let us now consider a homogeneous system, that can be divided into many identical subsystems.
Each subsystem is in thermal and mechanical contact with the other subsystems. Hence the other
subsystems act as a heat bath and volume reservoir to the selected subsystem. Hence the Gibbs
potential of the subsystem must have a minimum with respect to energy and volume exchange with
the corresponding reservoirs.

Let us illustrate this on an example, where we consider a system in contact with a heat bath.
Hence the Gibbs potential

G (Thon Purs U, V. N) = U = TipS(U,V, N) + .,V

must be a minimum.
The minimum condition says that all eigenvalues of the matrix

26 8%6G
302  dUdY
826 9°G

avouU ov?

must be positive.

For a symmetric 2x2 matrix this implies that the diagonal elements and the determinant is
positive.

auz = aV2 826 8%G

2~ 2~ 826 8%G
96 .0 2%, det(au? 8U5V>zo
aveu av?
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e The first condition says that the heat capacity at constant volume must be positive

092G ) aS o1 1\ a7

— = = |1=-Tp = = Thpe—e=—Th [~ | =—

aU? au " U, "ouT ”b< Tﬁb) aU |, v
: ,

=1/T
CVZ% VN 1
ThpCv
Z0c, >0

This shows that a state with negative heat capacity is not stable. A state with negative heat
capacity would be at a maximum of the free energy. Thus it would spontaneously develop away
from the stationary state, until it finds a minimum, where the heat capacity is positive.

e Editor: this is not finished

926G 5] oS o p
e L L I v (7)
-p/T
=Th {1 @ _ Por al }
Thp OV UN Tﬁb ov UN
op pvr OT
OV lyw  TwoV UN

e The third equation



94 3 EQUILIBRIUM

3.10 Summary

3.10.1 Important formulas

1
ds = =du+ Lav - Ean

T T T
dU = TdS — pdV + udN
__du
P=7 vy
__au
H dN |5,
r-_d
ds |y

AT, V,N) = U — TS(U,V, N)
dA = —SdT — pdV + udN
H(S,V,N) = U + pV
dH=TdS+Vdp+ udN
G(T.p.N)=U—TS+pV =A+pV
dG = —SdT +Vdp + pudN
Uns(S) = ThpS
Uur(V) = =purV
Upr(N) = piprN

3.10.2 Exercises
Adsorption

When a gas comes in contact with a surface some of the gas molecules The adsorption of gas
molecules on a surface is important for many different fields such as film growth for transistors, het-
erogeneous catalysis and corrosion. In this exercise we will investigate the concentration of adsorbed
molecules depending on partial pressure of the gas and temperature.

Let us first consider a simple discrete model which will provide us an insight into the underlying
principles. The model consists of a square array of n,m + 1 boxes. The bottom layer of boxes
represents the surface, above which there are m layer of states in the gas. A gas molecule in the
surface layer has an energy which is lower by the adsorption energy E,, compared to the boxes in
the boxes representing the gas. The energy of a molecule is entirely determined by the box. It is Eq
in a gas-box and Eq — E,4 in a surface box. There can be at most one particle in a box. The gas
molecules shall be identical particles.

e determine the entropy of N particles in the total system when M particles are adsorbed.
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e determine the concentration of gas molecules M/n as function of temperature.

e discuss the limes T — 0 and T — oo.

Now we leave the discrete model: We consider the gas as ideal gas, while the surface still has a
discrete number of adsorption sites with an adsorption energy E,q.

e use the expression for the chemical potential to determine the concentration of adsorbed
molecules as function of pressure and temperature.

(The following note is not required for the present exercise. For practical applications, however, note
the following: Rotational and vibrational levels do not contribute much to the energy but can have
an enormous impact on the concentration. It is important to introduce as many vibrational levels on
the surface as there are rotational and vibrational degrees of freedom in the molecule.)

Negative temperature

Consider a system of spins that can align parallel or antiparallel to the field. The spins are related
to a magnetic moment, which can have z-components values +u and —u. The total energy of the
system is

E() = —m;B;
i
1. Determine the entropy as function of the internal energy.

2. Determine the temperature as function of internal energy. Draw a graph. Discuss the solutions
with negative temperature.

3. Place the spins in contact with a heat bath and investigate the stability of the resulting points
of stationary free energy.

Chemical reaction

Nitrogen is the second most frequent element in the dry mass of biological matter. It is also abundant
in our atmosphere. Nevertheless plant growth is severely limited by the availability of nitrogen. This
is the reason why we add fertilizer in agriculture to increase crop productivity. The reason that there
is a shortage for nitrogen is that nitrogen molecules are extremely inert, as they are bound by the
probably strongest bond in nature. before plants can access nitrogen it must first be converted into
ammonia NHs;.

In this exercise we will calculate the concentration of ammonia in the atmosphere. Consider the
reactions

2H,0 < Oy + 2H,
Ny + 3H> <> 2N H3
205 + No < 2NO>
The total pressure shall be 1 bar.
The molar Gibbs free energies in kJ/mol of the participating molecules are

O» 0.00
NO, 51.31
NH; | -26.50
H>O | -228.57
H> 0.00

Determine the concentration of NHz and NO- relative to that of Nb.
Needs to more equations.
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Chapter 4

Thermodynamic processes

4.1 Classification of processes

Editor: Iinclude graphs for the isotherms,isobars etc of the
ideal gas

We can distinguish different idealized thermodynamic processes.

isobar p=const
isochor V=const
isotherm T=const

adiabatic | thermally insulated
isentropic S=const

We can represent this process using diagrams containing the vari-
ables T,S,p,V. The T, S diagram allows us to obtain the heat added
or removed from the system, because the heat is dQ = TdS. The p,V
diagram shows the work because dW = pdV.

If we consider iso-choric heating or cooling, we can use S(U,V,N) Fig. 4.1: Sadi Carnot,

and evaluate 1796-1832
P (B )
du VN ds VN
2
TBG qu.zz% {37rh Niv—iesﬁfs‘?]

1272 (N\3 25 s
= — — e3Nkg 3

kB m 4

Editor: Include graph for T(S), T(V). Discuss relation of T(S) with heat capacity.

Similarly we can construct the pressure as function of the volume

o
av SN
2
BG Eq._2.22 _a% {37:: Ngvgews_g]
omh? (N\3 25 _s
= — e3Nkg 3
m (V)
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Editor: Include graph for p(V).

In a cyclic process we can evaluate the heat that has been added to the system by the enclosed
area in the T-S diagram, while the work done corresponds to the area in the p-V diagram.

A thermodynamic process can be constructed from the following four idealized steps.

isobar: An isobaric process runs at constant pressure.

3
N
TBG(S) — (27Th >5 pgeﬁ71
m
pBC(V) = const

Editor: Include graph for T(S). Discuss it.

e iso-choric: An iso-choric process runs at constant volume

2
1 2wh% (N\3 25 _»
To5(s) = & 7;7 (V> S

V(pB®) = const

e adiabatic: In an adiabatic process no heat dQ@ is added or removed from the system

S(TB®) = const

5
2mh? (N3 25 _s
poo(v) = 20 (V> etz 3

e isentropic: A special case of an adiabatic process, in which the entropy is conserved. Because
the heat is dQ = T dS an isentropic process is always adiabatic.

e isotherm: An isothermic process runs at constant temperature.
TB6(S) = const

1
pPe(V) = NksT

4.2 Reversible and irreversible processes

We have seen that systems approach a state that maximizes the overall entropy. What drives the
approach to equilibrium is the increase in entropy. What appears like a driving force is actually a
completely random process. Since a state with larger entropy is more probable than those with lower
entropy, the system is more likely to end up in a state with larger entropy. In a macroscopic system
it is so much more likely, that the chance to find the system in a state with low entropy is negligible.

Since the entropy can only grow, a process that leads to an entropy production is called ir-
reversible. An irreversible process can not be brought back to its initial state, because that would
require an entropy reduction. Nevertheless the entropy of a subsystem can decrease at the expense of
an entropy increase of the environment, which at least offsets the entropy reduction of the subsystem.

On the other hand, we can imagine idealized processes, that do not lead to an entropy production.
Such a process is called reversible. However, because the driving force for such a process, namely
the entropy production, vanishes, such a process is also arbitrarily slow. Reversible processes are
quasi-static.

A process, which proceeds so slowly, that the system is at all times in equilibrium is called qua-
sistatic. What means slow? Typical systems relax into thermal equilibrium on a nanosecond time
scale. Thus quasi-static process can indeed be quite fast. While all reversible processes are quasi-
static, there are also quasi-static processes that are irreversible.
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4.2.1 The experiment of Gay-Lussac

In order to demonstrate the difference between irreversible and reversible processes, let us discuss
the experiment of Gay-Lussac. The original goal of the experiment of Gay-Lussac was to relate the
heat capacities at constant volume and at constant pressure. This will, however, not be our focus.

The experiment of Gay-Lussac uses a container with two compartments with Volumes V4 and
V5. The container shall be thermally insulated towards the outside, so that no energy is exchanged
with the environment. Initially, one of the containers is filled with N gas molecules, while the other
is empty.

1. Now the wall separating the compartments is removed, leading to a spontaneous, that is
irreversible, expansion of the gas into the second compartment

2. In the second experiment the wall is moved slowly, and the force that the gas exerts against
the wall is used to generate work. The energy, which is removed from the system in the form
of work, is later added by heating it up.

Both processes lead to the same thermodynamical state. Pressure, temperature, energy etc. are
identical. The difference is that in the first process entropy increases spontaneously, while in the
seccond process, the extensive quantities are changed reversibly, and the entropy is supplied in a
second step, by heat transfer.

In order to gain some experience with working out thermodynamic processes we will investigate
the processes of the Gay-Lussac experiment in some detail. The goal is to understand the difference
of reversible and irreversible processes. It is also demonstrated that we can replace every irreversible
process by an reversible process and one where the system is heated up.

Adiabatic expansion

The wall separating the two compartments in the Gay-Lussac experiment is removed, so that no
work is performed. Since the container is thermally insulated, the process is adiabatic and no heat
is transported out of the system. Because dU = TdS — pdV and both terms vanish, the energy
is conserved, that is AU = 0. However the process is not isentropic. The entropy increases. The
expansion of the gas into the second compartment is irreversible and hence spontaneous.

Let us evaluate the entropy production for the Boltzmann gas. From the Sackur-Tetrode equation
Eqg. 2.21, we can calculate the entropy difference.

3
5 3T\ 2 Nz
y“aAMN)zAmB{—m[( ) .

2

V. Vi + V.
ASas = Nkgin (22} = Nkgin [ 252 > ¢ (4.1)
Va V

For the ideal gas the energy the temperature remains constant: Since the internal energy is
directly connected to the temperature via the caloric equation of state, the energy conservation leads
to a constant temperature.

This is opposite to common experience. |f there is an attractive interaction between the molecules,
this “binding energy” is partially lost during the expansion. The energy to break this cohesion is
supplied by lowering the kinetic energy of the gas molecules. Hence the temperature is reduced. An
example can be exploited on desert trips: One way to keep drinks cool is to cover them with a moist
cloth. (Even though much less stylish, it also works well with your head. This technique is even more
useful, because with a cool head you may not waste your remaining water to cool your drinks.) Since
there is no such cohesion in an ideal gas, the temperature remains constant in our example.
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AU=0

""Ai"

W\ AW=0

~

Fig. 4.2: Schematic illustration of the experiment of Gay Lussac.

Isentropic expansion

Now we move the wall slowly into the right compartment. During this process we let the system
perform work. The energy of the system decreases by the amount of work that is performed, that
is dU = —dW = —pdV;. The entropy on the other hand remains the same because this process is
quasi-static and no heat is lost to the environment.

Let us calculate the work in two different ways:

e We can use the two relevant equations of state, which are the ideal gas law and the caloric
equation of state.

U=2NksT 2U
pV = NkgT = p= 3V
2U 1 2
dU——pdV——3—VdV = UdU——3—VdV
~—
din(U)
dIn(U) 2 2 _2
v~ 3y = In(U)—C—gln(V)—C—i—In(V 3)

win

-
Uc = Uy (VZ>

We immediately see one major disadvantage of this technique, namely that it requires to solve
differential equations. This can easily become very cumbersome for more complicated systems.

Now we can calculate temperature and pressure for the final state

win

" 3Nks
NkgT Ve
V = NkgT = = = —
P B Pc V; Pa <VA)
We see that the gas cools as energy is removed from the system. This effect can easily be

observed with a bicycle pump. If we close the opening with a finger and compress the gas, the
pump heats up. This is the reverse effect to the one seen here, the isentropic compression.

, B
Uz 2NkeT = 1.2V 4 (%
2 Va

wio
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e Now we determine the same results using the thermodynamic potentials:

We start with the internal energy as function of entropy and volume.

G Eq.2 222 3mh? 3mh 25 s

UB 3\/ 3e3NkB

Since entropy and particle number remain constant, we can immediately read of the change of
the internal energy when the volume is changed
Ve 2
3
()
Va

Uc = Ua (%)3 (4.2)

In this case the result has been obtained analytically without differential equations. Of course
a lot of work had to be done to obtain the thermodynamic potential in the first hand.

LU
Ue — Uy = 28

_2 254 _ 5
3 Nk _
(\/C ~V, )e3 57 =Uc

Now, we obtain the temperature and pressure as derivatives of the thermodynamic potentials,
even though we could as well use the equations of state at this point.

Lo dU 22U <VC)‘§
dS|y, x  3Nks  3Nks \Va
du 2 2Un (Ve
= " we e ()

Isochoric heating

Now we put back the energy, we obtained in the form of work, by heating the gas up. While the
expansion was reversible this process is irreversible.

We use again the expression for the entropy

gBG  _ NkB{ZIn [(37::2)3\2; }

AScp = §/\/k5| <Z§) 3Nk In (ZZ‘)
Eq42§/vk5| (‘\2)3 = Nkgn m]
= Nkgln {\/1\2\/2]

Thus the entropy increased by exactly the amount as during the adiabatic expansion, given in
Eq. 4.1.

Discussion

We can draw the following lesson from the above experiment. To each irreversible process we can
attribute a sequence of an isentropic process and an irreversible heating step. Both processes
can be quasi-static.

There is a small puzzle that we wish to resolve. Imagine the process, where the wall is moved
slowly, but we do not use the work to collect the energy. The process seems similar to the isentropic
expansion, but it is still adiabatic, that is no energy is removed from the system. The answer to this
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problem is that this process cannot be isentropic. In order to move the wall slowly there must be
some force hindering its motion. This force can only come from an external system that can collect
work, and thus change its internal energy, or from friction. The friction dissipates the energy as the
wall moves. Since the system is adiabatic, the dissipated energy is returned to the system in the form
of heat. Thus the corresponding process is quasi-static but irreversible.

For every irreversible process we can find a corresponding quasi-static process that leads to the
same final state. In the quasi-static process we can assume the system always in internal equilibrium.
Thus the intensive variables are defined at each time during the process, which is not possible in an
abrupt process.

4.3 Thermal engines

4.3.1 The principles

A thermal engine is one that uses thermal energy into useful work. It should be cyclic so that the
conversion does not come to halt. The prototypical thermal engine is a car engine. Another type of
engines are those that use work to cool a system. Such an engine is obtained if we run the former
backwards. The typical example would be a refrigerator.

dQ,,ds, |

dW, 1l 1k
—dW,

y —dQ,—dS, . gj idsz

Fig. 4.3: The principle of a thermal engine is a cycle which converts heat into work. In the first step
(left), a small amount of work is applied to the engine, for example to compress a gas. Then (top)
the engine is heated, which brings the gas into a state of higher energy. This energy is (right) put to
use, by extracting a large amount of work from the heat engine. The energy of the gas is now much
smaller. A small mount of heat must be still released (bottom) before the container is compressed
again. Overall a small amount of work and a large amount of heat is converted into a large amount
of work and a small amount of heat. The energy conservation requires that the sum of heat and work
added to the engine is the same as the one extracted from it. The net entropy however increases,
and this entropy increase is what drives the engine.

The prototypical system consists of four steps.

1. heating: The gas is in the compressed state, and its temperature is raised. The energy of the
of the engine increases by dQ; > 0.

2. expansion: The gas is allowed to expand and work |[AW,| = —AW; is performed by the system.
The energy of the engine changes by AW, < 0.

3. cooling: As the system is expanded we cool the system. Thermal energy |AQ>| = —dQ> is lost
from the engine in the form of heat. The energy of the engine changes by dQ, < 0
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4. compression: We need to perform work to bring the system back into its initial state. The
energy of the engine increases by AW; > 0.

4.3.2 Graphical representation of a cyclic process
Heat equation

The heat added to a system or removed from it can directly be read from a diagram which shows
the temperature versus entropy. Since the heat is AQ = [5512 TdS, the heat added to the system is
directly related to the area below T(S) in the interval from S; to S,. If the direction of the process
points to the right, that is towards increasing entropies, heat is added to the system. If the process
goes to the left heat is removed from the system.

AT o

S
-

Work equation

The work done on the system performed by it can be read from a diagram which shows the pressure
versus volume. Since the work done by the system is AW = — j\ZZ pdV, the work performed by the
system is directly related to the area below p(V) in the interval from Vi to V,. If the direction of
the process points to the right, that is towards increasing volume, work is done by the system. If the
process goes to the left work is done on the system.

AP

Vv
-

Cyclic processes

If we consider a cyclic process the lines in the T — S diagram and the p —V diagram are closed. The
area enclosed by the line in the T — S diagram is the heat converted into work, if the process runs
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clockwise. If it runs counterclockwise heat is generated by the engine. The work done by the system
can be read from the p — V diagram.

The areas of the curve in the T —S and the p—V diagram are identical due to energy conservation.
The efficiency can be read from the Ts diagram. The lost heat is the area below the lower curve.

Fig. 4.4: The overall heat that is converted into work per turnover can be seen from both the p-V or
the T-S diagram as the area inside the cyclic path of the engine. |AQ3| is the thermal energy that
is not converted into work. An engine is efficient, if the area related to |AQ5| is small compared to

AQ.

4.3.3 Reversible heat source

In order to build an efficient engine it is important to identify the sources for heat production. Let
us consider consider the process where one system is heated by bringing it into contact with another
one, so that energy can be exchanged.

During thermal contact the energy of the two subsystems change by
dU; = T1dS; dU; = T»dSs

During the thermal coupling the total energy of both systems must be conserved. Hence
T
0=dU; +dU; =T1dS1 + T2dS, = dS; = —%dSl
2

Thus the total entropy production is
To—T
T>

-T <1 1>

- TdS; = (= — =) d
T, i @1
dQ:

-
dSior = dS1 4+ dSy = (1 — %)cls1 = ds;
2

Thus we see that the heat transfer is reversible, if the two systems are at the same temperature.

Like with all reversible processes, there is no driving force for the heat transfer, and the heat
transfer would be infinitely slow. Thus an engine, that runs fast, necessarily also produces entropy.
It is the entropy production that actually makes the engine to turn.

4.3.4 Reversible work source

Mechanical systems generate heat only due to friction. For electrical systems driving a current
through a wire with a finite resistance also creates heat. This problem can also be described by a
kind of friction acting on the electrons.
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Thus in order to avoid entropy production during work transfer we need to avoid friction.

4.3.5 Efficiency of a thermal engine

We can estimate the efficiency of the engine. The efficiency is defined as the fraction of total work
performed by the heat provided.

=AW, — AW
K AQ,

where —AW, is the work done by the engine and AW; is the work consumed by the engine, as defined
in Eq. 1.77 on p. 32. Thus —AW, — AW is the net work performed by the engine in each cycle. AQ4
is the amount of heat introduced into the engine, while AQ-» is the waste heat. Thus the efficiency
is the fraction of heat energy converted into useful work.

(4.3)

We use the energy conservation
AQI + AWQ + AQQ + AWl == O

which says that the total amount of energy entering the engine must be equal to the amount of
energy leaving the engine in each cycle.

The efficiency is now calculated as

o CAWa MWL AQ)+4Q, | AQ,
AQ; AQ; AQ1
T
f(l) TdS
<o

The index (1) denotes that the integration is done along the upper, high-temperature contour in the
heat equation, while the index (2) denotes the integration along the lower, low-temperature contour
of the heat equation. Because the entropy changes in opposite directions in the high-temperature
and the low-temperature contour, the efficiency is always less than one.

If the heat transfer is isothermal, at an upper temperature 7> and a lower temperature T7, the
efficiency?! is simply

OPTIMUM EFFICIENCY

because both integrations extend over the same entropy interval.

Thus the optimum efficiency of a thermal engine isn = 1 — % Unfortunately heat cannot

be converted into work completely, because we can neither achieve infinite temperatures nor zero
temperatures. However, if the lower temperature is the ambient temperature, we can increase the
efficiency by raising the temperature. This is a considerable challenge for engineers and material
scientists. For example the turbines of airplane engines are often run above the melting temperatures
of its turbine blades, which can only be achieved by a clever coating and cooling of the turbine blades.

The optimum efficiency will only be reached by reversible engines. Since reversible engines lack
a driving force, the entropy production, they are also very slow. Thus in order to make the engine
not only efficient, but also fast we need to allow for irreversible processes. lIrreversible processes,
however, reduce the efficiency of the engine.

Igerman(efficiency)=Wirkungsgrad
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4.4 Engines

Combustion engines use a gas container, the cylinder undergoes a cyclic process, where thermal
energy resulting from burning fuel is converted into work.

4.4.1 Carnot cycle

® ®
® @ |\ \ @

@ 0

S Y,

Fig. 4.5: Sketch of the heat equation and the work equation of the Carnot cycle.

The Carnot cycle? is the most efficient engine and is defined as a process that does not produce
entropy, but merely translates the heat into work. What are the requirements for an engine that does
not produce entropy?

e The transfer of heat between a heat source and the engine is most efficient if the temperature
difference between the systems vanishes. If the heat source is a reservoir, the transfer heat
must proceed at constant temperature.

e |n order to cycle between the two temperatures of the two heat baths, entropy must not rise,
so that the other processes must be isentropic.

Therefore the Carnot cycle consists of two isothermal and two isentropic processes.

A Carnot cycle can be implemented in any system, but here we illustrate the process on the
example of a gas that produces work by repeatedly expansion and compression.

1: isothermal compression at low T: The piston moves inward, while the cylinder is connected to
a cold heat bath.

2: isentropic compression The heat bath is decoupled while the compression continues. The tem-
perature rises. The process is adiabatic.

3: isothermal expansion at high T: The piston moves outward while the temperature is controlled
by a hot heat bath. While the gas expands, heat is transferred to the system to maintain the
same temperature. If the heat source is at the same temperature as the gas, the entropy is
transferred reversibly.

4: isentropic expansion The heat bath is decoupled while the expansion continues. The tempera-
ture falls.

2Sadi Nicolas Léonard Carnot. French Scientist, 1796-1832. His works were aimed at improving steam engines.
With the process named under him he showed that the efficiency depends only on the temperature difference and not
on the type of gas used. He also introduced the concept of reversibility.
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The Carnot cycle reaches the theoretical possible efficiency, but it has the disadvantage that it is
also infinitely slow, because there are no irreversible processes that drives that process. Thus it is an
idealization of a true engine.

To avoid a confusion, the Carnot process can also be driven irreversibly, which leads to a lower
than ideal efficiency. This is the case, if the temperature of the gas remains constant, but the heat
source is at a higher temperature, so that the heat transfer is reversible.

4.4.2 Combustion engine: Otto engine

Here we want to investigate a real engine, the Otto motor. (see also http: \www.blueneptune.com/
~xmwang/myGUI/OttoG.html) (see also http:\www.blueneptune.com/ xmwang/myGUI/DieselG.
html)

Let us describe here the process in an Otto engine. We assume that a cylinder can cycle between
two volumes V; and V5, where Vj < V5.

1: Isobaric intake: The piston moves outward and a gas-fuel mixture is injected at constant pressure.
No work is performed. (Step 6-1 in Fig. 4.6). The amount of gas is estimated from the ideal
gas law N = %v where V5 is the volume of the expanded cylinder, and p and T are ambient
pressure and temperature. A turbocharger allows to raise the pressure during this step.

2: Adiabatic compression The piston moves inward and the gas is compressed. During compression
it heats up. This means that the temperature rises, but no heat is lost to the environment in
the process. The compression of the gas consumes work. (Step 1-2 in Fig. 4.6).

Eq. 219.2.25 3 NkgT

dU = —pdV 5 NksdT = —=2=dv
3 1 3
= ordT =—vdV = d(2 In[T]) = —d (In[V])

2 2
Vi o3 VL 3
T(V) =T (V>> =T,=T; <V<>

£q. 225 NkgT(V)
o Vv

2| 3
AW = NkgT;Ve2 {—2 (v<

2
dW = pdV dv = Nk5T1V>3V_§dV

_\/>_3):|
3 V¢
— SNkgTy <1 - (\/<> )

3: Iso-choric heating: The compressed gas is ignited and therefore reaches a high temperature.
The combustion energy AU, which can be estimated from the amount of gasoline injected, is
directly converted into heat. The prototypical reaction would be

CH3(CH2)p—2CH3 + 22205 — nCO, + (n 4 1)H,0
The new temperature can be estimated from the caloric equation of state

[NIN)

To=To+ =T =
3= l2 v 3Nkg

2AU VN3 2AU
3Nkg
(Step 2-3 in Fig. 4.6) (A Diesel engine replaces this step by an isobaric heating step)

4: Adiabatic expansion: The pressure that builds up due to the high temperature is converted into
work as the piston moves outward. This is the step that drives the engine. We can estimate
the work performed in this step analogous to the adiabatic compression.

2
3 AN
AW;_4 = S NkgTs (1 — (\/<> )
>


http:\www.blueneptune.com/~xmwang/myGUI/OttoG.html
http:\www.blueneptune.com/~xmwang/myGUI/OttoG.html
http:\www.blueneptune.com/~xmwang/myGUI/DieselG.html
http:\www.blueneptune.com/~xmwang/myGUI/DieselG.html
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Fig. 4.6: Schematic drawing of a cylinder of a car engine. Below: p-V and T — S diagram of
the otto process. 1) Isobaric intake: Gasoline is injected into the cylinder, while the piston moves
outward. (2) Adiabatic compression. The gasoline-air vapor is compressed at constant entropy. (3)
Isochoric heating: The compressed gas is ignited. 4) Adiabatic compression: The piston moves
outward and performs work. 5) isochoric cooling. 6) isobaric exhaustion: the combustion gases
are exhausted. Below schematic drawings of the the states 1-6 of the cylinder from left to right.
(Translation to German: Cam shaft=Nockenwelle, crank shaft=Kurbelwelle, piston=Kolben, valve
spring= Ventilfeder, combustion chamber=Brennkammer, inlet valve=Einlassventil, exhaust valve=
Auslassventil, spark plug=Ziindkerze)



4 THERMODYNAMIC PROCESSES 109

(Step 3-4 in Fig. 4.6)
5: Iso-choric cooling The gas cools down, giving heat to the cooling system. (Step 4-5 in Fig. 4.6)

6: Isobaric exhaustion: The piston moves inward pushing the exhaust gases out.(Step 5-6 in Fig. 4.6)

We can now evaluate the efficiency of the engine by comparing the energy used by combustion with
the work done Thus we can calculate the total work per amount of energy AU supplied by gasoline.

AW1_g = AW o + AW3_4
3 VAA ! VA%
Vo 3 VoN: o 20U VAR
Tl1-(= T (= L (- (=
1( (V> )*( 1(v<> +3/\/k5>< (V> )]

2
3. 2AU A%
= Nk SN (1 (v>> )

3
= Nk
> B

An optimum process would convert all energy supplied AU into work AW, so that AW;_¢/AU = 1.
The most important factor for the efficiency is the compression ratio V4 /V., which should be as
large as possible. There are a number of limitations to improve the compression ratio:

e We need to inject the proper amount of oxygen to burn the gasoline. This places a lower bound
to A—’\(’J, where N is the amount of gas in the filled cylinder. Thus in order to increase the power
of the engine, we either need to increase the frequency of the cycle, increase the pressure of
injection using a turbocharger, or increase the volume of the cylinder. An optimum process will
use a defined ratio C = TI\{J-

e the highest temperature T3 is limited by the thermal stability of the materials in the cylinder.
Let us call the highest allowed temperature 7@, Then the requirement is Tz < Tpax. T3 IS
determined on the one hand by the compression ratio, and on the other hand the amount of
fuel burned per amount of gas, namely C.

Vo (Twmsx  2C 1\
v. \Th  3ken

AW, 5 (1 1 )
- T T 2C
AU T.  3kgl:

Thus we see that the critical factor for the efficiency of the engine is the maximum operating
temperature T,,.x. Efficient cooling of the engine, that is lowering T7 is important too.
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Chapter 5

Language of thermodynamics

Thermodynamics deals with equilibrium states. Equilibrium states are
those, for which both conjugate pairs of intensive and extensive vari-
ables are defined. This implies that the probabilities are given by the
maximum-entropy principle for a given set of constraints.
1 _ 1 (E. B
PA(T. ) = &7 (Er S ki)

Z(T. f)

The expectation values of the observables are obtained via

U(T. i) = > Pal(T. f))Ex

n

X(T, fi) = Pa(T. )X

and the entropy is . tottar. LK,
S(T. ) = —ke 3 Pa(T. ) In(Pa(T. ) Fig. 5.1: Josiah Gibbs
" 1839-1903

Thus, in thermodynamics, we deal with a subset of possible statistical

distributions. The idea behind this restriction is that any system will

become more random with time and thus approach thermal equilibrium. The equilibrium state is
the most random state compatible with the restrictions posed by conservation laws.

This implies that every non-equilibrium state will undergo transitions that change the probabilities
in the direction of the equilibrium state. Thus a non-equilibrium state is not stationary, if left alonel.
Equilibrium states, on the other hand, are stationary. Thermodynamics is therefore a theory of static
states.

5.1 Laws of thermodynamics

In these notes, we derived thermodynamics from a fundamental concept, the maximum-entropy
principle. Historically, thermodynamics developed as an empirical theory. The underlying concepts
have not been known at that time it was developed.

Thermodynamics is a consistent framework that can be derived from a number of postulates:

1Stationary non-equilibrium states can be constructed by creating a flux through the system. Life is an example.
Our equilibrium state, which we approach after death, is dust. In order to maintain our highly ordered state, and to
avoid an increase in entropy, we have to constantly consume food and air and excrement less energetic and less ordered
material.

111
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e First Law: energy conservation
e Second Law: maximum-entropy principle 2

e Third Law (Nernst’s Theorem): The entropy vanishes at zero temperature, or, more exactly
lim7—o 25 = 0.

The energy conservation follows from the Noether's theorem under time-translation symmetry,
which is equivalent to saying that the laws of nature do not change with time. Thermodynamics
introduces a new form of energy, namely heat. This energy is due to microscopic degrees of freedom
such as the energy due thermal motion of atoms in a solid or gas.

The maximum-entropy principle is based on the assumption that a system will completely ran-
domize after a while and will undergo all transition compatible with conservation laws.

Nernst's theorem? is based that at zero temperature only the ground state is occupied. If the
ground-state is non-degenerate, the entropy vanishes. If it is degenerate, with degeneracy g, the
entropy is S(T = 0) = kglIn[g]. Mathematical physics says that all interacting systems have non-
degenerate ground states.

5.2 Fundamental relation and equations of state
All thermodynamic properties are contained in a thermodynamic potential and its fundamental relation

Eq. 1.75.
The fundamental relation contains the information on the equations of state

t
dU=TdS =) fidX

k=1
du du
T=— k= ——o
ds {f} dX S {fixk}

For the internal energy as function of S, V, N we obtain the equations of state from its fundamental
relation

dU=TdS — pdV + udN

du
T=13s

U

P pry K au
VN dVv

SN ~dN

SV

Note that knowing the function U(T, V, N) is not sufficient since there is no fundamental relation for
it.

The equations of state allow to evaluate the corresponding thermodynamic potentials up to a
constant by integration along a line integral in the space of extensive variables.

SAXk}

U(S, Xk) = Ug +/
So.{ Xk}

(T(S,{fk})dS—kaka> (5.1)
k
The integral is analogous to

_ F— df
f(f):f(r”o)—k/ df(v‘?f:f(%)+/~zﬁ

)

dl’,‘
F‘/

2The second law of thermodynamics was first formulated by Rudolf Clausius® in 1865.
4Editor: Include a biographical note on Nernst
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Eq. 5.1 is used to determine thermodynamic potentials experimentally. During the process one
determines the intensive and extensive parameters f, and Xy respectively, and the temperature. The
only difficulty is that the entropy S cannot be measured. For homogeneous systems, the entropy
can be reconstructed from the Gibbs-Duhem equation derived in section 5.4. For other systems, we
need to use other measures such as measuring the heat flow dQ = TdS and performing the process
quasistatically to avoid spontaneous entropy production via irreversible processes.

5.3 Euler equation

The Euler Equation® is valid (only!) for homogeneous systems and rests on the fact that the entropy
is an extensive variable.

HOMOGENEOUS SYSTEM

A system is homogeneous, if it is composed out of many identical and statistically uncorrelated
subsystems. A homogeneous system is uniform and has a single phase.

Homogeneous systems are, for example for a gas, a liquid or a homogeneous solid. The requirement
of statistically uncorrelated systems breaks down on a length scale comparable to the de-Broglie
wavelength.

The property that the entropy is extensive, implies that a system which is twice as large as the
original system has twice the entropy of the original system. This is a direct consequence of the
additivity of the entropy Eq. 1.12. This additivity is, however, only valid for statistically uncorrelated
systems. This implies that the presence of the second subsystem does not affect the the first
subsystem.

In order to perform the proof of Euler's equation, we need to identify all extensive quantities in
the expression of the entropy. These are the observables X, for which we fix the mean values, and
other parameters, Y such as the volume. Note that, as an example, the number of particles can be
treated either as observable, for which we fix the mean value, or as a parameter, if its value is fixed
exactly.

The additivity of the entropy is expressed by®
SAUAXX AN }) = AS(UAX,} {Yi))
where X is an arbitrary scale factor. Similarly we can write
UAS, {AXk} MY = AU(S, {Xk ) {Yi})

If we now form the derivative with respect to A at the value A = 1 we obtain the Euler equation.

EULER EQUATION

ou ou ou ou
U= 35 S+ 2 g5, Xkt 2 gyt =TS = 26X+ 3 50Y, (5:2)
~— kK N . J k J
T —fi

The variables Yj are external extensive parameters. They act in the same fashion as the extensive
variables whose mean values are fixed.
Note the assumption of the Euler equation, namely that the system is homogenous.

5Leonhard Euler: 1707-1783 Swiss mathematitian and physicist. He invented much of the terminology of modern
analysis and termed the notation of a mathematical function. He contributed to mechanics, fluid dynamics, optics and
astronomy.

6The reader may verify this property for the entropy of the Boltzmann gas given by the Sackur-Trtrode equation
Eq. 2.21 on p.46.
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For systems described by the extensive variables S, V, N, we obtain.

U:T5+MN+%V:TS+uprV
A=U-TS=uN—-pV

H=U+pV =TS+ uN
G=U-TS+pV =uN
S=U-TS—uN=—-pV

The reader is encouraged to verify these relations for the Boltzmann gas.

5.4 Gibbs-Duhem relation

We use the Euler equation Eq. 5.2 to evaluate the differential change of the internal energy. The
latter can also be expressed by the fundamental equation Eq. 1.75. If we subtract the two from
each other we are lead to the Gibbs-Duhem relation. For reasons of simplicity, we drop the external
variables Y.

dU "= TdS + ST =Y Xedfi — > fid X
k k
du =" Tds = 3" fdXi
k
t
=0 = SdT-) Xudfi
k=1

which leads to the so-called Gibbs-Duhem relation’
GIBBS-DUHEM RELATION

t
0=SdT = Xdfi (5.3)
k=1

Note that the Gibbs Duhem relation underlies the same assumptions as the Euler equation, namely
that the system is homogeneous in the sense that it is composed of many identical subsystems, whose
interaction is negligible.

The Gibbs-Duhem relation is important for determining the equations of state from experiments.
We can measure Xk, fr and the temperature. The entropy, however, is not accessible. Thus we can
only obtain one equation of state less than required to determine the thermodynamic potential. The
Gibbs Duhem relation provides the entropy via

dfy
=2 Xegr
k

and thus provides the extra required equation of state.

5.5 Maxwell relations

If the variables only change in a small window of values, it is often helpful to approximate the
thermodynamic variables by a second order polynomial.

"Pierre Maurice Marie Duhem. French scientist 1861-1916. His first PhD thesis was rejected due to the influence
of Marcellin Berthelot, as it contradicted, even though correctly, to his theories. Berthelot became French Education
Minister, which did not make Duhem'’s life simpler. He became Professor for Theoretical Physics in Bordeaux.
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The second order coefficients are the response functions. Some of them we have already encoun-
tered in section 2.5. Tabulated values of many response function can be found in the literature.

The idea of Maxwell relations[? | is that the mixed partial derivatives of a thermodynamic potential
can be interchanged. The first derivatives are related to the corresponding conjugate variables. This
shall be shown for one example.

_or
oy OV

as8v ~ avas - 8S

o°U U p=-30iT=% op

SN

If one starts with a potential U(S, V, N) which depends on three variables, there are 9 second deriva-
tives, of which 6 are pairwise identical. Thus we obtain three Maxwell relations. For t variables of a
thermodynamic potential we obtain t(t — 1)/2 Maxwell relations.

Thus one obtains three Maxwell relations, namely

82U U . op|  oT
858V ~ 8vas 85|,y OV |sy
82U 82U . ow| _or
8SON ~ BNBS 85|,y ON|s,
02U 82U L ou| __op
8VAN ~ BNBV oV|sy  ON|sy

Similarly we can use any other thermodynamic potential to create three other Maxwell’s relations.
Note that there are only t(t + 1)/2 independent second derivatives. Thus all response function can
be traced back to a small number of basic response functions using Maxwell’s relation.

Fundamental response functions

All response functions for a U,V system at constant N can be traced back to three basic response
functions, namely the thermal expansion coefficient a, the heat capacity at constant volume Cy/,and

the isothermal compressibility K+

o E0228 1 ﬂ
T T vdr
Eq. 231 dU

C -
v dT |y n

. Ea.220 1 dV
T 7 Vidp

p,.N

T.N

For this purpose we expand the Helmholtz free energy A(T,V, N) to second order in T and V
about some reference state defined by Tq and V4. For this quadratic thermodynamic potential we
can work out all response functions, by Legendre transform to a suitable thermodynamic potential,
forming the equations of state, and then forming the desired derivative. The second derivatives in
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this Taylor expansion can then be identified with the above response functions as shown below.

A(T.V,N) = Ao = So(T = To) = po(V — W)

C\/ a
—277-0(7— To)* — ;(T —To)(V —W) — T(V Vo)?
+O(T — T,V — %)*)
Cy 1,
[Ao+50To+PoVo T —T¢ To\/o 2\/0KTV0]
Cy
{ 50+T0+V0} T+ {—P0+To+ Vo] %
To KT VokT
CV 2 1 2
SET K—TTV sV

+O(T = To,V — W)?)

In the following we will show that the second derivatives of the Helmholtz potential can be represented
by a, kT and Cy as
PA_ G . PA__a PA_ 1
oT2 T ' oTeV Kkt ' ov2 Vkr
We begin with relating heat capacity at constant volume, Cy/, to the second derivatives of A:
OA(T,V,N
UT V) = AT -7 ATV
oT
—S(T.V,N)
Eq.2.31 dU 0A 0A 0?A A Cy
C = =—=-—=-T—= = — = A4
v dT |,y 0T oT  9T2 oT? T (54
Then we relate the isothermal compressibility K+ to the second derivatives of A
-1
Ly, Bz AV (dpl T d (dAN | (AT
T dpley \aviy) | av\ av —\av?
: !
P
8%A 1
W o VK,T (55)
cont'd
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cont'd
Since we need to understand the system at constant pressure and number of particles, we express
the coefficient of thermal expansion ar by the Gibbs free energy G(T, p, N) = A(T,V, N) + pV

G(T,p,N) = min [A(T, V,N) + pV] = A(T,V° N) + pV° (5.6)

v TP —— V=0 (5.7)

=0

G  [0A VO
op

where VO(T, p, N) is the volume, which maximizes A(T,V, N) + pV for a given T, p, N.

Eq.2.28 dV Eq.57 0°G 892G
L2

Va — = —
dT |, n O0Top OpoT
d d
= —— (A(T,VY(T,p.N), N oT.p, N
dpdT( ( ’V( 'p’ )’ )+pv( ’p’ ))
css d [OA(T.VON) (OA(T.VO,N) '\ dV(T.p,N)
= dp aT v P a7
_ GA VO [ PAOVE L Ove  (OA N VO
=~ Bver ap | av2 ap ar " \av "P) aTap
—_ |~ -~ L
7VK,T +ﬁ 7\//{7’ —Va =0
—_———
=0
2A
= VT aver
N 82A B o
ovoT o KT

With this we obtained all the second derivatives of the Helmholtz potential. g.e.d.

5.6 Summary

Important equations

U=TS=Y fiXs
k
0=SdT = Xudf

k

5.7 Exercise

Legendre transforms

Use the quadratic form for the Helmholtz free energy to calculate the corresponding internal energy,
and express the second derivatives of the internal energy by o, kT and Cy .

This exercise shall train to perform the Legendre transforms.
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Maxwell relations

Use the quadratic form for the Helmholtz free energy to calculate the

e adiabatic bulk modulus defined as

dp
= —\/ —_—
Bs Vs
e and the heat capacity at constant pressure
ds
Co=-V —
P dT |, n

and express it by o, kT and Cy,.
This exercise shall train selecting the correct thermodynamic potential, to perform Legendre
transform to exploit maxwell's relation to obtain arbitrary response functions.

Determine the entropy of the Boltzmann gas from experiment

The molecules in most gases interact only weakly with each other. Therefore, their thermodynamic
properties can be described well by a model of a gas of completely non-interacting molecules.

The ideal monatomic gas is characterized by two equations of state, which connect the equilibrium
values of intrinsic and extrinsic variables.

PV = NRT
3
= ZNRT
U=3

where R = kg/mole is the ideal gas constant. We assume that the two equations of state have
been determined experimentally. Apparently we have three sets of variables, namely (U, T), (V, P)
and (N, ). Therefore the entropy depends on three extrinsic variables (U, V, N) However, only two
equations of state are known. How do we obtain the entropy?

Let us bring the equations of state in a standard form

P N
— = R—
T Vv
1 3 N
73270

We are missing the third equation of state for £. Here we can use the Gibbs Duhem equation,
which determines one intensive variable from all the others.

1 P "

0= Ud=+Vd=— Nd%-
1 VP N VN
gb Vgl (Y P 3pU N gV N

T N'T NT 2 N U NV
3 N N

U
TR PO T
T = 2F\’In[N] RIn[N]+C

Thus we obtained the third equation of state up to an unknown constant C.
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By inserting the three equations of state into the Euler equation, we obtain

P
S(U,\/,N):%—i—?V—%N
3 N N 3 U v
— [ERU}U—F [RG]V + [-5Rnlx] - Rinl=] +C| W
5 3 U v
—RN[E—EIn[N]—In[N]—s—C}

5 U\—35 VN1
= R[5 +c-ni(g) " (y)
5
- RN[— +C+ |n[U%VN*§]}
2
We express C by the entropy of some reference state
5 3 _s5
So = RNo|> + C + In[Us o 71|

and obtain

S(UV.N) = Nﬂoso + NRm[(L(jJO); (%) (/\/X))]

Note that the entropy violates the third law of thermodynamics. This is because the equations

of state, we used as starting point, are not correct at low temperature.
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Chapter 6

Language of statistical physics

What we described in the previous section relied on the existence of
discrete states with equal a-priori probabilities. Because quantum me-
chanical systems are quantized, these preconditions are valid and we
can apply the power of information theory developed sofar. The statis-
tical description of classical mechanics can be derived rigorously out of
a quantum mechanical description, which is shown in a later section.

Editor: A good introduction on quantum information theo
is given by Edward Witten[? ]

6.1 The state operator

The fundamental quantity in statistical physics is the state operator[?
], introduced by John von Neumann.? As we describe a classical system
by the coordinates and momenta of all the particles, or a quantum Fig. 6.1:

) i o : John von Neu-
mechanical state by a wave function, a statistical quantum mechanical mann, 1903-1957.

state is described by the state operator p. Once the state operator is
known, we can in principle derive all observable quantities from it.

Consider a quantum mechanical system described by a single, well defined (many-particle) state
|[W). Such a system is called a pure state or microstate. We can describe a quantum mechanical
state completely by the density operator

p=[V)(V|

The expectation value of some observable A is then obtained as the trace® of the product of the
density operator and the observable.3

(A) = (VIA|W) = Tr[|W)(W|A] = Tr[pA]

1John von Neumann, 1903-1957 hungarian-born american mathematician. He made major contributions to math-
ematics, physics, computer science and economics. He gave quantum mechanics a sound basis by introducing the
operator theory.

2The German word for “Trace” is "Spur”. If A is a matrix, Tr[A] = >°; Aii. The trace of an operator is defined by
the sum of its diagonal matrix elements in any orthonormal basis, i.e. Tr[A] = 3, (xk|Alxk). (It can be shown that
a change of the representation , i.e. a unitary transformation of the states leaves the value of the trace unchanged.)

3The trace of an operator |1){(¢| can be written as Tr[|9){¢|] = (@|1). To show this we introduce a complete
orthogonal basis |up).

Triw)y el = > (unl)(@lun) = > (4| (Z un><un|> lv) = ()

n n n

=1

In the example we can set |¢) = A|y).

121
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If we do not have complete knowledge of the system, we may describe the system by the proba-
bilities P; for the system to be in a particular quantum mechanical states |W;). Such a probabilistic
description of the system is called a statistical mixture or a macrostate.

In order to describe a statistical mixture of quantum mechanical states we can sum the density
operators of the microstates, weighted with their probabilities p;, to obtain the density operator.

VON-NEUMANN DENSITY MATRIX

The von-Neumann density matrix, also called the state operator !definition statistical density
operator, or statistical operator is

ﬁ:ZPq|\|/q><\Uq\ :Z|\Uq>Pq<wq| (6.1)

The probabilities £, are positive P; > 0 and sum up to one > P; = 1. The states [W,) are
normalized, but are otherwise arbitrary. Each state is a quantum state of the entire system. Usually,
the states are many-particle states and not one-particle states.

Im Deutschen sind die Begriffe Dichtematrix oder Dichteoperator gebrauchlich.

The statistical expectation value of an observable A is obtained from the statistical density oper-
ator just as it is obtained from the density operator of a microstate:

(A) = Z Pq(‘”q‘qu) = Tr[|wq>'Dq<\Uq‘A] = Tr[pA] (6.2)

The operator expression is useful, because it is independent of the representation. If convenient, we
can introduce a suitable orthonormal basis to select a specific representation.

e For example, if we choose eigenstates* |a;) of the observable A with eigenvalues a;, we only
need to evaluate the diagonal elements of the state operator in this representation.

(A) = TrlpA] = %}<ai|ﬁ\aj> <aj-:\|a,-> = Z<a,-|ﬁ|a,->a,- (6.3)

Thus we obtain the expectation value as a weighted sum of eigenvalues of A. In this case the
matrix element (a;|f]a;) is the probability of the eigenvalue a;.

e We may also use eigenstates |®;) of the density operator with eigenvalues®® p; and obtain

(A) = TripAl = > (®i]p]d)) (®;|A| ;) = Zm‘b;\AICDO (6.5)

ij

We can interprete the eigenvalues p; as the probability for the system to be in one of the
eigenstates |®;) of the density operator.

#We use that 3, |a;)(a;| = 1 is the unit operator.
5The eigenstates are defined by

pl®i) = [P))p; (6.4)

Note that the eigenstates are many-particle states are many particle states and may not even have sharp values for
the particle number.

6If the states in Eq. 6.1 are already orthogonal, these states are automatically eigenstates of the density operator.
Their eigenvalue is P;. The states orthogonal to those explicitely included in the sum Eq. 6.1 have a zero eigenvalue.
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PROPERTIES OF THE STATISTICAL DENSITY OPERATOR

The statistical density operator must have three properties

1. The density operator is hermitian

>
Il
>

2. Its trace is one
Trlpl =1
which is the normalization condition.

3. The probability for the system to be in one state is non-negative, that is the density operator
iS non-negative

Vi (xlBlx) >0

4. If the statistical operator describes a single quantum state, it is idempotent, that is

pP=0

and if the density operator is idempotent, it can be described by a microstate. If the density
operator is not idempotent it describes a statistical mixture of several quantum states.

In the following we will prove these statements based on Eq. 6.1:

1. The statement p = p' follows from the fact that it is the sum of hermitian operators’ |W;) (V|
with real coefficients.

Bl = (@D VORI = S (BVIRWIb) = 3 (Vi) A (w16

1
P=P;

=F; [<X| Z ‘\U/>PI<\U,|¢>} = {<X|ﬁ|¢>} )

=p = p

The property that the operator is hermitian has the important consequence that the density
operator can be diagonalized such that the eigenvalues p; are real and the eigenstates |®;) are
orthonormal (respectively, they can be orthonormalized).

pl®:) = [®i)pi < p="|®)pi(®i]
i

The eigenvalues p; can be identified with the probability that the system is in the eigenstate
|®;). Note that the eigenstates |®;) may be different from the states |W; from which the
density operator has been constructed.

2. The statement Tr[p] = 1 follows from the requirement that the weights P; of the contributing
wave functions sum up to one.

Tripl = TF[ZI_: (i) PVl = z’: Fi Tf[\"i&("’fl] = z’: Fi=1

"The hermitean conjugate At of an operator A is defined by the identity (¢|AT|x) = [(x|A|¢)]* for an arbitray pair
of states. An operator is hermitean, when it is identical to its hermitean conjugate.
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3. The statement (P|p|®) > 0 follows from the positiveness of the weights P; of the states that
contributed to the density operator.

(®[p[0) = S (O WI@) = 3 [(@V)PR > 0

1 1

4. We can differentiate a pure state from a statistical mixture by testing the idem-potency
condition

pP=p

If the idem-potency is fulfilled, the system is in a pure state and can always be described by a
single quantum state. Otherwise it is in a statistical mixture.

Let us diagonalize the density operator and thus obtain its eigenvalues p; and eigenstates |®;).
Then we can write the density operator as

p= Z |Pi)pi( i
i
and from that calculate its square

B2 =D 1Ppi(®i|0))py{ ] = D |0} o (@

From the idem-potency condition p° = p and the linear independence of the eigenstates we
thus obtain

p? =D

The equation x? = x has only two possible solutions, namely x = 0 and x = 1. Hence p; of
an idempotent density operator can be either zero or one. Since the probabilities sum up to
one and are non-negative, only the probability for a single state may be one, while all others
vanish. Thus the system can be described by a single quantum state, namely the eigenstate
with eigenvalue p; = 1.

6.2 Reduced one-particle density matrix

A common source of confusion is the similarity of the density operator and the reduced one-particle
density operator. In solid state physics one often uses the reduced one-particle density operator for
many-electron systems. It is typically called density matrix without further specification.

Let us introduce here a notation that allows us to treat spatial and spin coordinates on the same
footing and thus simplify the expressions: We introduce a new variable

which consists of the three dimensional continuous variable r and the discrete spin variable . For
electrons, o can assume the values 1 and |, which correspond to the two possible eigenvalues of the
S, spin operator in z-direction. An integral over all states will simply be written as

/d4xd§f2/d3r
(o2

The reduced one-particle density matrix 51) for a system of indistinguishable particles can be
constructed from the full density operator g as follows:
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ONE-PARTICLE REDUCED DENSITY MATRIX

The one-particle reduced density operator (1) is defined as

50 d:ef/d4x/d4x’ %) pM(x, X7) (x| (6.6)
ERlERY dzefZN/d‘*xQ---/d‘*xN (%%, KBNS (6.7)
N=0

where p(X, x") is the one-particle reduced density matrix. The terms “density matrix’ and “density
operator” are often used synonymous. p is the complete density operator.

The expression contains bra's and ket's with different number of arguments. This is because we need
to use states that span the entire Fock-space, which includes states with various particle numbers.
States with different particle numbers are orthonormal.?

In Eq. 6.7 we exploited that the contribution to the one-particle density matrix from each particle is
identical to that of each other. Therefore we have singles out the first particle, and then we multiplied
the result by the particle number N.

The orthonormality of states with different particle numbers follows from the fact that the states are eigenstates
of a hermitean particle number operator. In ®SX: Quantum Physics, we have shown that eigenstates for an hermitean
operator with different eigenvalues are orthogonal.

The one-particle reduced density operator is an operator in the one-particle Hilbert space. The
one-particle reduced density operator is hermitean. Therefore, its eigenstates |¢;) can be chosen
orthonormal and its eigenvalues f; are real.

i) = i) f:

The eigenvalues are the occupations of the orbitals and the eigenstates of the one-particle reduced
density operator are the so-called natural orbitals. With the eigenvalues and eigenstates, we can
respresent p(1) as

P =" |enfi(ail

This expression looks fairly similar to the expression for the full density operator. However, the
states |¢;) are one-particle states that can be represented by wave functions with a single three-
dimensional spatial coordinate and a double-valued spin index. In the expression for the full density
operator, the states |W;) are many-particle states from the Fock space. The occupations add up to
the expectation of the particle number (N) = 3" f;, while the probabilities in the expression for the
full density operator add up to one, i.e. >, P = 1.

The expectation values of one-particle operators can be obtained from the one-particle reduced
density matrix as

(A) = Tr[p A

The result is the expectation value of A for all particles. This expression, however, does not work
with many-particle operators such as the Coulomb interaction between electrons.

6.3 Entropy functional

Now we can define the entropy functional analogous to the principles derived in chapter 1.
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ENTROPY FUNCTIONAL

The entropy is defined[? ] as

S8 = kg Tr[pIn[2] (6.8)

This quantum mechanical expression has been named “von-Neumann entropy".

The equivalence of this definition of the entropy with the one we learned sofar, S = —k >, P In(P)
is shown as follows:

Let me first remind of a fundamental operator identity: The function f(A) = 3, |a;)f(a;){a;| of an
operator A = 3. ]a;)a;(a;| is defined in a representation of the eigenstates |a;), i.e. Ala;) = |a;)a;,
as the operator formed when each eigenvalue is replaced by the function of its eigenvalue.

With this in mind, we transform into a representation of eigenstates |®;) of the density operator with
eigenvalues p;.

—keTr[pIn(p)] = —kgTr [Z ;) pi (D] In [Z |q>j>p,<q>jH

—kgTr [Z |Di)pi (D] (Z |P;) In[p,-](d)ﬂ)}
—ks Ek: Z (Pr|Pi) pi (Di|P;) In[p;] (Pj|Pr)

o Ok.i 8i Sk

—kg Z pi In[pi]

6.3.1 Maximum-entropy principle

We can now formulate the maximum-entropy principle for quantum systems: In thermal equilibrium,
the density matrix minimizes the entropy under the constraints imposed. According to the method
of Lagrange multipliers, we need to find the extremum of the entropy augmented by the constraint
terms.

S(0, {xk}) = max

stat {kBTr[ﬁln Y (Tr[ﬁ] - 1)
AT A} | ————

entropy S[g] norm constraint
1 o~ — fx S -
— (Tr[pH] - U) - zk: = (Tr[pXk] - Xk) } (6.9)
| —
energy constraint constraint of (Xx)
with respect to p, X\, T, f1, f>,.... The symbol “stat” describes a stationary point, which may be an

extremum or a saddle point. Eq. 6.9 is the quantum-mechanical generalization of the maximum-
entropy principle for discrete systems presented in section 1.5 on p. 18.

Setting the variation with respect to the density matrix to zero yields the equilibrium condition.
Note that we have generalized the concept of a functional to that of a function of an operator! The
derivative with respect to an operator is an object, which uses an additional level of abstraction.
Hence we need to be extra careful about the operations that we are allowed to perform.

This is why we extract the derivative from the variation of the entropy with respect to a change
of p. Before we continue, let us investigate a fundamental operation that will be needed later. Let
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us consider the variation of a trace of a function of an operator.

dTr|F(A)] = Tr[dz(:)

» dA] (6.10)

This identity only holds for the trace and not for the operators themselfes.
In order to prove this identity Eq. 6.10, let us begin with a simple power of an operator, i.e.

f(x)=x".

dTr[A"] = Tr[dAA"™Y + AdAA" + . 4+ A" 2dAA+ A"LdA]
Tr[dAA™ Y] + Tr[AdAA™ Y] + ...+ Tr[A"2dAA] + Tr[A" 1dA
TrA™YdA] + Tr[A"YdA] + ... + Tr[A"TdA] 4 Tr[A"1dA|

n—times

cycl. perm

= Tr[nArldA] = Tr{ CZ;;

) dA]

It is a simple matter to extend this result to a power-series expansion, and thus to an arbitrary
function, which leads to Eq. 6.10.

Now we return to our original problem, namely to determine the variation of the entropy Eq. 6.9
with respect to the density operator. We use Eq. 6.10 for the function f(x) = xIn[x] and obtain

(—kB(In[ﬁ] + i) Al %H -3 gﬁxk> dﬁ]
k

The requirement that the variation of the entropy vanishes for any variation of the density operator
implies that the prefactor in the trace vanishes itself. Hence,

0=dS=Tr

_ [p]+1+k11+kT(H+kaxk)

= p= e e T (H+Ek kak)

The normalization factor e 1=*/k& can be identified, via the constraint condition Tr[g] = 1, with the

inverse Z~1(T, {fx}) of the partition function.
Thus we can summarize our results as follows:

QUANTUM EXPRESSIONS FOR PARTITION FUNCTION, STATE OPERATOR AND FREE
ENERGY

The partition function has the form?
Z(T.{fi}) = Tr e~ (FHEAX0)| (6.11)
The state operator in thermal equilibrium has the form

1 N . R N
P2UT, {f}) = G {fk})e*ﬁ("HZk fiXk) — e*%("“rzk fiXk—F (T .{fc})) (6.12)

The free energy has the form

F(T. {f}) = —kBTIn[Z(T, {fk})} — —kgTn [Tr [emmzmmH (6.13)

2Compare with Eq. 1.58.
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Once the free energy is known, we can proceed as before and calculate the equations of state,
which yields the mean values

UT R = (Edrs = THAF(T. (5]
2T ET RN + TS(TARY) = 3 6X(T, {A)
Eq._168 OF(T, )

ofi

STURY = —kaTr B (T, () n (o(T, ) /2 2L

as function of the intensive variables.

X(TARY) = (X)7n = To[X 6T {f})]

6.3.2 Mean values

Above we obtained the relation of the free energy to the mean values in analogy to Eqgs. 1.69, 1.67,
and 1.68. Here | will show this connection in a more explicit form.

Expectation values of an observable X are obtained from the density operator as
(X) 7 T[pX] (6.14)

The expectation value of X in thermal equilibrium can alternatively be derived from the free energy
obtained from an extended Hamiltonian. The resulting expression
- OF(T,f)
X)r=—5—" (6.15)
of feo
is completely analogous to the equation of state Eq. 1.68 on p. 29. Here, Eq. 6.15 will be derived
from the density operator formalism in its full generality.
The identity above is often used as foJIows: if one is interested in a particular expectation value
(X), we simply add an additional term X to the Hamiltonian. The resulting extended Hamiltonian
has the form

H(f) = Ho + X
The extended Hamiltonian is not necessarily physical. Rather the additional term can be regarded as

a mathematical trick.

Then one works out the free energy F(T, f) as function of f for the extended Hamiltonian. Finally
we form the derivative with respect to this f and evaluate it for f = 0.

_ OF

=7 | _

At first sight, using Eq. 6.15 to obtain an expectation value seems more complicated than using
Eq. 6.2 directly. However, it is often easier to determine the free energy with an additional variable
than to work out the trace in Eq. 6.2.

The free energy F(T) depends on the temperature and the Hamiltonian. The Hamiltonian de-
scribes the system completely, but it is independent from the statistics. Let us modify the Hamilton
operator by coupling the system via some operator X to an external variable f so that 8

AR} = Ho+ > £X (6.18)

8There is a subtle point that needs attention:
e We can consider the terms 3", fi X either as part of the Hamiltonian H({fi}). In this formulation, the internal
energy is the expectation value of H({f,}) and it is obtained from the free energy as

Ur(T Afi}) = F(T.{AD + TS(T. {f}) (6.16)
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Note here that the internal energy is the expectation value of Ho, while the expectation value of

H({f}) is
<":I({fk})>T,{ﬂ<} =U(T {f}) + Z X (T, {1k })
K

We can represent the Hamiltonian H({f,}) by its eigenstates |1z({fc})) with eigenvalues Ex({f})
as

AR Z\wn (6D Es(LED (wa1AiD)|
This allows us to write the free energy in the conventional form
F(T.{fi}) = —kaT In [Trle™7er 70850

= —keTIn [Trle = ")) — T Iy

xR
e
Let us now evaluate the derivative of the free energy with respect to one of the external parameters.

oF 1 OEs({fi}) e
Gifk = kBTZ_' E”({fk}) Z ( kBTiafk kg

kgT i

OEH({fc}) 1 _ Eql{fid)
=2 nafk Emn e (6.19)

P
The dependence of the eigenvalues Ez({fx}) on fx is obtained by first order perturbation theory.®
dE; d
dfc F< >
= (YD 3w + (Wt 50| LD ) + (w2200
= (A wa(t5)) + (wattan | Y ) ) + (watta) X wat i)

= a7 (Wa{ADIVa({fi})=0
= (VD] X wah)) (6.20)

If we insert this result into the above equation Eq. 6.19 for the derivative of the free energy, we

e Or we can consider the terms — Y, fi Xi as one part of the constraint terms —7[(E0 7= Uo) =3k ie(Xui— X))

in the entropy for the maximum-entropy principle. The internal energy is the expectation value of Ho which is
obtained from the free energy

Uo(T {fi}) = F(T.{A}) + TS(T {fi}) = D fiXu(T. {fi}) (6.17)
K

Thus there is a difference in the definition of the internal energy, namely Ur (T, {fx}) = Uo(T, {fk}) — >, iX;(T. {fc}).
Both formulations have the same density operator, and both are internally consistent. However, it is important not to
mix the expressions from one formulation with those of the other.

9 Attention is required for degenerate states. In this case the states in the multiplet need to be chosen such, that
they refer to different eigenstates of A.
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obtain

Ez({fic})

OF Eq.6.19 —

of, Z<‘Uﬁ({fk})‘Xk‘wﬁ({fk}»mg

n

S (WD R gegye ™ [valtad)

i

p({fi})
= Tr [Xeb({f})] = (Xk) g.ed.

This is the correct quantum mechanical version of the equations of state.
Let us illustrate this finding on a few examples:

e consider a charged system for which the free energy as function of temperature and external
potential is known. The coupling term is AH = — [ d®r ®(7)p(F), where ®(F) is the electro-
static potential and p(F) is the charge density. Hence the mean value of the density at point 7
is

(o = 2D

e similarly we obtain the magnetization as the derivative of the free energy with respect to a
magnetic field. The coupling term is AH = — [ d®r m(F)B(F). Hence

§F(T,[B(P))

The derivation of S = 72—5 is analogous to that of Eq. 1.67, when we use a representation of
Eigenstates of the full Hamiltonian.

6.4 Fluctuations and correlations

We would like to know the uncertainty of the observable as well. The mean square deviation is'®
(A= (A)?) = (A%) — (A)?
We have to consider two distinct sources for the uncertainty of an observable.

e in a statistical mixture, each state has a different expectation value of a variable A. The spread
is then given by the probabilities to find a state with a given value.

e even in a pure state, there may be a quantum mechanical uncertainty, if the state is not an
eigenstate of the operator A.

Consider two different observables A and B. We would like to know if the two quantities are
correlated. Such a correlation would allow us to measure A and draw conclusions on the property B.
The correlation is defined as

Cas = 2 ((A— (B~ (BY) + (B~ (BN(A— (A = (“2EP4) _(a)(p)

The above expression simplifies to the classical expression (AB) — (A)(B), if A and B commute.

10

(A= (A)) = (B = 2AA) + (A)?)) = (A%) = 2(AN(A) + (A)? = (A%) — (A)?
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Here the more complex quantum mechanical form has to be used if A and B are not compatible,
that is if they do not commute with each other.

Let us first work out the fluctuations for operators that commute with the Hamiltonian. (Remem-
ber this important restriction!!) If the operators commute with the Hamiltonian, we can introduce a
basis of common eigenstates of the operators and the Hamiltonian.

o(X;) 0 — L (Es({A 1)~ F(T.F))
Tor 5

of,
1 OF || o= ar EataD)-F(T.F)
— Xin | ——— PR kgT \&=1 '
257 |7 | Koo | €
" 95
of;
__ 1 {Z X; X g T E D= | OF X, pe” R EHUED—FT0)
keT L& of =
(%) it %)
1
= T XX = ) )]
1
= o (= ) = )

This leads us to the linear response theorem.
LINEAR RESPONSE THEOREM

The linear response theorem relates the response of an extensive variable to the fluctuations.

aé)g[> = /<;T<<X’ - (X/>) (Xj - <Xj>>> (6.21)

Thus, if the equilibrium fluctuations of a quantity are large, its response to an external force will be
strong as well. If fluctuations of two quantities are strongly correlated, the response of one quantity

to a force acting on the other will be strong.

Note that, in this derivation, X; can also be the energy. so that

5 (@) (5= )

The physical background of the linear response theorem is the following: On the one hand, fluctu-
ations are large, if they do not require large energies. On the other hand, if a variation does not
require a lot of energy, the expectation value of that variable can also be easily shifted by an external
“force” such as f.

Note, that the second derivatives of the free energy are related to the response functions via

A A (GOICRD)

ofof — df, kel
and
dau ~ (X)) — 0’F
af. ~ " L afeT
I Thus we can calculate the fluctuations directly from the thermodynamic potentials.
11 The equations of state specify (X;(T, fx)) = 6Fg§'fk), so that <§é> = a%@ Similarly (E) = U(T, f) = F(T, fi) —

BF (T .f,) du _ 8F _ -+ 8%F _ _ T 8%F
T==%7%, so that ar = or Tiaf,aT = (Xj) Taf,aT'
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Let us now form the second derivative involving the temperature

(F{A)) = Z EA({f})e Tor (EXUAN-F(T.0)

Us =
dUr d<H({fk})> 1 1 OF\ — o (Ea(h—F(Tf
a1 ZE ({f}) W(Eﬁ({fk})— )+ﬁﬁ e o (EHUEN=F(T.1)

_ > 2 (Es({RD)—F(T.F)
- r @Eﬁ({fme ar Bl
(E2({A}))
oF — i (Es({ N ~F(T.F)
_ . kaT i ,
(F T8T> zﬁ:Ene z ]
:F+T5:Uf:<E({fk})> (E({fk}»
1 2

— o e - @) = Z={(e-18)) (622)

Since Cy def dU/dT]|y is the heat capacity, we obtain

ENERGY FLUCTUATIONS AND HEAT CAPACITY

((esn - )’y - ke, (6.23)

Here we used the heat capacity at constant volume, which is one of the possible special cases. Note,
that if we are interested in the fluctuation Eg from this expression, we would need to include the
fluctuations of all the other variables as well.

We see that the fluctuations grow with temperature, and that they are larger with a larger heat
capacity. By making a dimensional argument'? we can convince ourselves that the relative mean

square deviation decreases with system size.
VA(E —(E))?) eq622 kgT [1 dU 1
B ke dT /N

Let us consider a Boltzmann gas. The energy is U = 3NkBT so that we obtain

VIE—(E)?)  keT |1 dUBS
(E) ~UBG\ kg dT V

For N = 10?3 particles we find that the energy fluctuates by less than a factor 107°. This is an
indication that the difference between the canonical and the micro-canonical ensemble disappear for
large systems. For a single molecule, however, the relative fluctuation is almost one!

Let us now consider the variation in the number of particles. We set X = N and f = u and

obtain
dN

(N = (N))? >—/<BTCTM

A similar dimensional argument as the one given for the energy leads to

((N=(V)?) 1
(N)

E

REN U~N,T~1
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6.4.1 Examples for the linear response theorem

6.5 Thermodynamic limit

Macroscopic systems are considered identical copies of many smaller systems. These copies are in
contact with each other and can exchange any conserved quantity. Thus, the corresponding Lagrange
multipliers are identical for all the subsystems. Hence, the composed system is characterized in
thermal equilibrium by a set of extensive variables and intensive variables.

e The extensive variables are the values of the conserved quantities E;o; = ZJ- Ej and Xg tor =
Zj X,j summed over all subsystems, where j is the sum over the subsystems and the index /
specifies the type of the conserved quantity. The conserved quantity may be energy, volume
etc. The value of an extensive variable scales with the size of the system.

e The intensive variables are the Lagrange multipliers T, fi Since the subsystems are in contact,
the values of the Lagrange multipliers of all the subsystems are identical in thermal equilibrium,
i.e. T =Tjand fxtor = fxj. This is also the value we attribute to the combined system.

Sofar we have identified U, X, with a statistical mean value of E and X respectively. Thus in
any particular measurement we may measure a value of E, X that differs from the mean value. In
the thermodynamic limit, however, the mean square deviation from the average value vanishes as
we have seen in the previous section on fluctuations. Thus we obtain with certainty the same value
in each measurement. This is the thermodynamic limit. In the thermodynamic limit, we need not
distinguish between average and instantaneous values.

The underlying reason is the central limit theorem, which is proven below. It says that the mean
value & Z,’-V:l A; of the result obtained from N measurements, where N — oo, in a random experiment
has a Gaussian distribution with variance o2/N, where 02 = ((A— (A))?) is the variance of A a given
experiment. We identify each individual measurement yielding A; with a subsystem of a large system

in thermal contact. The central limit theorem says that the relative standard deviation & vanishes

proportional to ﬁ Multiplication of mean value and standard deviation with N leaves this ratio

untouched, so that we find that while the spread of values grows with the size of the system, the
relative error vanishes.

6.5.1 Central limit theorem

The central limit theorem is one of the hallmarks of statistical theory, and it explains, why we obtain
Gaussian distributed results in many experiments. It also explains, why we can reduce the uncertainty
of an experiment by performing many experiments and averaging the result.

The central limit theorem says that if we perform N times an identical experiment with a probability
p(x), then the probability for the average value of x is normal distributed with the mean value equal
to that of the individual experiment and and a standard deviation that vanishes as 1/v/N. The
requirement is that each experiment is independent of each other and that N is sufficiently large.

The variance is defined as 02 = (x2) — (x)2 The variable ¢ = /02 is called the standard
deviation.

Let us prove the central limit theorem. Let us say we perform N independent experiments, and
obtain for the i-th experiment the result x;. The probability distributions p;(x) are identical, that
is pi(x) = pj(x) so that we use only a single distribution p(x) = p;j(x). Furthermore, they are
statistical uncorrelated. Hence the probability P(x1, X2, ...) to obtain x; in the first experiment, x>
in the second, etc., is given by the products of the distributions of the individual experiment, that is

P(x1,x,...) =p(x1)p(x) . .. (6.24)
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We define the mean value X of the values x; of the subsystems

1 N
X:N;Xi

Now we are ready to start: Let P(X) be the probability that X has a certain value. We first
construct the Fourier transform

P(k) = /dX e " P(X)

We can write the Fourier transform P(k) as the expectation value of e~/%X.

N
'D(k) = <e_ikx> = <e_’%Z,N:1 X,> — <He—jkNX'>
i=1
Eq.:6.24 / axy ... / dxn P(X1) . .p(XN)e*"kxl/N N .efikx,\,//\/
. N .
= [/ dx p(X)e—lkx/N} = exp[NM[/ dx p(X)e—lkx/N]}

Fa. 626 exp{Nln[Zjll(_Wik)j/dX p(x)xj]] - exp[N|n[Z%(_T”‘)f<xf>]} (6.25)
j=07"

j=07"

=A
We will come back to the expression indicated by A below. We have used the power series expansion

[ee]

1 .
e = Z%j—!xj (6.26)
J:

of the exponential function. The expectation values of powers of a variable are called the moments
of the probability distribution. For example, the mean value (x) is called the first moment, (x?) is
called the second moment, etc.

Now we use the power series expansion of the logarithm

In[14x] =x — %X2 +0(x®)

to obtain the highest orders in &, which dominate for N — cc.®

A see E& 6.25 In |:ZJ].I(—I\I//(>J<XJ>:|
=0
ik{x)  k?(x?) 1
N owe TOGE)]

- (AR o

= In[1—

= 2S00 - 02) + Ol
sl 30) ok

where 02 = (x?) — ((x))? is the variance of x; in each subsystem. Inserting the result for A into
Eq. 6.25 yields

P(k) F122 eNA emikbo-3kS | O(%)

13This statement is not mathematically precise. Some further assumptions on the probability distribution are required.
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P(X) is obtained by the Fourier back-transform

dk ; dk ; a2
PX) = [ Grep() = [ SEe oot

o
. i 22
dy =" — [ e %
. b

which is the Fourier transform of a Gauss function. We replace y = k, a= X —(x) and b = 02/(2N)
in the above equation, which yields

Now we use the relation

1 T _(X=0)? 1
P - 402 /(2N) O(—
21 02/(2N)e + (NQ)

— 1 - +0( L )
N 27r02/Ne N2

Thus we obtain for large N a normal distributed probability, irrespective of the probability p(x) of the
subsystems. g.e.d.

P(X) =

CENTRAL LIMIT THEOREM

1 X —(x))? 1
P(X) = 270N exp (—(202‘;/\?)) + O(W) (6.27)

Normal distributed means that the probability distribution has the shape of a Gaussian. The
mean value of the distribution of X is the mean value of the individual distribution, and the standard
deviation of the distribution is given by ox = ax/m. In other words the percentage deviation
vanishes like 1/v/N. ox is the standard deviation of the variable X and o, is the standard deviation
of the variables x;.

6.6 The classical limit

Many systems can be described adequately without referring to quantum mechanics. Often a problem,
that is intractable on a quantum-mechanical level, is still accessible with classical physics. Therefore
we investigate here the classical limit A — 0.

In order to make the connection to thermodynamics, we need to determine an expression, Eq. 6.50,
of the partition sum in terms of classical variables, the coordinates and momenta. Therefore we define
position and momentum eigenstates |x) and |p). In order to simplify the discussion we start out with
only one dimension. The result can easily be generalized to arbitrary many dimensions. The states
are defined via their matrix elements. The amplitude of the momentum eigenstate |p) at position x
is a plane wave is defined as the matrix element (x|p)

6.6.1 Basics

When we introduced quantum mechanics, we started from classical mechanics, and deduced a quan-
tum theory by introducing the wave nature of “particles” and by treating them as wave packets.
Later we arrived at the more abstract bracket notation, in which wave functions appeared only in one
special representation. Here we will go all the way back. For this reason | start here from the bracket
notation and | will introduce position and momenta. besides greatly simplifying the proof that will
follow later, it shall also remind the reader of the fundamentals of quantum mechanics.
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Before we start with the derivation of the classical limit let us define the basisset for position and
momentum. We do this consistently within the bracket notation, because that will also train the
latter.

In the following we need the position and momentum eigenstates defined by

X|x) = |x)x (6.28)
(x|x"y = 6(x — x) (6.29)
1= /dx 1x) (]| (6.30)
and
plp) = p)p (6.31)
(plp") =2mhd(p —p') (6.32)
i= [ oE o (6.33)

The relation between position and momentum representation is given by
(x|p) = en™ (6.34)

The position and momentum operators can the be written as

R = /dx [x)x (x| (6.35)
p= [axboToux (6.36)
~y def A o h

H=H(pX) = /dx |X>H(76X,X)<X| (6.37)

If any of these formulas are not known, please review Appendix C on p. 237 or the corresponding
chapters in ®SX: Quantum Theory.

Derivative of e 8"

Later we need the derivative of e # with respect to 8 = k,%T

dpe PP = —Fe P (6.38)

The detailed derivation is as follows: We use the power series expansion of the exponential
function

J=0
and obtain
~ [e%e] 1 [e%¢] 1 ) R
Ope P =85 ﬁ(—BH)JZ J-T(Jﬁﬁl) (=AY
j=0"" =17
-1 -1 N =
=-A -BA)Y T =-AY = (-BA
Eo—w(ﬁ) Jz:;ﬂ(ﬁ)
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Some more preparation

The second relation needed is**
h )
(P\XW(T@x,X) = H(p — ihdx, x){p|x) (6.39)

We first derive a simpler case, of the equation above before we generalize it to obtain Eq. 6.39.

983 (b — ihay)e PX/

= pe PN _ip (Gxe*"px/h) —ePX/N ko,
—_— ——

:pe—/px/ﬁ

(p — im0, ){plx)

: A
—e P/Minp, = <p|x>78x
Thus, we obtain
h .
{plx)=8x = (p — iMdx){plx) (6.40)

This result can be generalized to arbitrary functions of ?iﬂx and x. A function of a differential
operator is defined, as any function of an operator, by its power series expansion. If a function H(p, x)
has a power series expansion, then the function of an operator is defined by replacing the argument
with the corresponding differential operator.

Hipx) € S a0 & H(?Ox,x)zz:aj(x) (7@)1

(PRACx) = a0 (o) H2° Y a((p - im0 (o) (1Y =

Eq.6.40 Z a;(x)(p — im0, Y (p|x) = H(p — ihdx, x)(p|x)

Thus, we have obtained Eq. 6.39

6.6.2 Derivation of the partition sum in the classical limit
Now we are in the position to work out the partition function
Eq.6.11 —pAyEa 633 [ dp  _pF  Eq. 630 [ dp _Bfl
2(r) o2t Tife o) S92 [ B (ple o) €020 [ I8 [ ax (o) e o) (6.41)
1(p.x.B)

The dependence of the partition function on the other intrinsic variablesAfk in Eq. 6.11 has beAen
absorbed, for the sake of simplicity, into the definition of the Hamiltonian H({fx}) = Ho + >, i X«k.

Let us take a closer look at the integrand

1(p. x, B)E (p|x) (x|e | p) (6.42)

14To make the distinction between Hamilton function and Hamilton operator specific, note the following: H(p, x)

is the Hamilton function. If the arguments of the Hamilton function are operators, H def H(p, X) is the Hamilton
operator.
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and form the derivative with (3:

g Eq. 638

5 (plx) (x| o)

h N
Fa. 637 _ / dx’ (plx) (xIx') H( 20, X)X e8P}
N—— 1
6(x—x")

= (e B0 e )

F92%% _ H(p — By, x)(plx)(x]e P |p)
= —H(p—ihd, x)I(x,p,B)
aylor aH ! h
T () ipx8) — T2 R (o x,0) +0(7) (6.43)
=

Thus, we obtained a partial differential equation for /(x, p,3) in x and G.

0l(p. x,B) , hOH(p.x) 0l(p.x.B) _

% P op Bix —H(p, x)I(p, x,B) + O(h*) (6.44)

Now, we perform the classical limit by retaining only the leading order in h. For each value for
x and p, we arrive at a differential equation in 3,

91 =0

op
Note that this equation does no more contain the differential operator in x. Thus, for each value of
the classical variables x and p, we can solve the differential equation and arrive at

—H(p, x)I(p. x, ) (6.45)

I(p,x,B) = C(p, x)e PHEX) (6.46)

The integration constant C(p, x) is obtained from the high-temperature limit, which we transform
using the the eigenstates |n) of the Hamiltonian with energies E,,.

Clox) = ImipxB) "= lim S (plx) (xle ™) (nlp)
= m > el (xme P rlp)

Iim5—>o‘3:43En:0 Z(p‘x> (x|n){n|p)

= (Pl (xlp) “IE e netiox/n = (6.47)
Thus we obtain
/(P, X,ﬁ) Egs. 6.:46,6.47 eiﬁH(p’X) (648)

Note that / is a function of real numbers, and not an operator function.
Thus we obtain our final result, the partition function in the classical limit,

d
7(6) & 6.:41,6.48/dx/ﬁphefﬁH(p,x) (6.49)

The prefactor ensures that the partition function dimension-less. Like i the product dxdp has the
units of an angular momentum.
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PARTITION FUNCTION IN THE CLASSICAL LIMIT

The partition function of N classical particles, whose dynamics is governed by the Hamilton function
H(py, ..., Py e ), is

d? d® T
Z(ﬁ) = /d3r1 . d3rN/ 275;' . 42:;7\/ e_ﬁH(Pl ----- PN ) (650)

For identical particles we need to divide by the number of permutations, so that

1 d*p1  dPpu 5 R
7 B B ST / . e BH(PL...BN. i Tiv) 51
B) =i / " ™| oxn T omh (6.51)

Note that, even in the classical limit the partition function depends on A. This factor does not
affect the physics, because in the free energy F = —kgT In[Z] it contributes a constant and only the
derivatives of the free energy have physical meaning.

6.6.3 Expectation values

Now we would like to obtain mean values an observable A &' A(p, R).
We use the extended Hamiltonian

def

H\) = Ao+ M = Ho(p, 2) + MNA(B, X) (6.52)

The derivative of the free energy with respect to A yields the expectation value of the corre-
sponding observable A via Eq. 6.15. This statement is analogous to an equation of state Eq. 1.68
on p. 29.

Now we apply this principle to the expressions in the classical limit Eq. 6.50. We do not dif-
ferentiate between identical and non-identical particles, because the factor 1/N! contributes only a
constant to the free energy, which does not appear in the derivative.

Eq.6.15 OF (T, )
B X

(=ksT In[Z(B. M)])

(AT

o

A=0
Eq.6.50 O

dp
6 kaT | e~ B(Ho(p.x)+2A(p.X))
6)\ )\Q B ﬂ[/ dX/ ]
*ﬁHo(PvX)
/ dx / TR Z(T 0)°

/dx/dp Alp, x)P(p,x,T) (6.53)

The probability density P(xg, pp) can be obtained as the expectation value of an observable
A(p, x) =6(p — po)d(x — xq). Thus we can define a probability density in phase space

e—BHo(p.x)

1
P , ) T e — —ﬁHO(P,X) — 654
(P T) = rnz(T )¢ T dx [ dp & BHote) (6.54)
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PROBABILITY DENSITY IN PHASE SPACE
We can generalize this result Eq. 6.54 to N-particle systems
(A) = /d3Np/d3Nr PPy, ... PN FLL - - -, ) APy, .. PN AL - ) (6.55)

with
) o ) efﬁH(ﬁlv---ﬁNvFl ..... )
P(p1,...PN. 1L, -, n) = Jd3Np [ d3Nr e BH(PL..Pu P Tiv)

(6.56)

The ergodic hypothesis[? | says that the ensemble average of an observable is identical to the
time average, that is

[ ox [0 o x0Po.x )= tim L [ gt Ao x(0)

where x(t), p(t) is any trajectory of the system solving Hamilton's equation. This allows to determine
average values from a molecular dynamics simulations.

6.6.4 Separating position and momentum variables

If the Hamilton function has the special form

2
p
H(p,x) = —+V(x), 6.57
(p.X) = 2 +V(x) (6.57)
the probability density can be split into a density PPOt(x, T) in position space and a momentum
distribution P*"(p, T)
o B8 +v(0) e 8L eBV(x)

def dp e—ﬁ(%+V(x)) B fdp e*ﬁ% de e=PFV()
S peet(xT)

P(p,x,T) = (6.58)

Pkin(p,T)

Interestingly, the momentum distribution is identical in each point in space and it is independent of
the potential.

The momentum distribution can be translated into a velocity distribution using p = mv.

dp
P(p)dp = P(v)dv = P(v) = P(p) = mP(p) (6.59)
p2 mv2 mv2 mv2
P(V) _ me =P _ me” 2%gT e 2kgT e 2kgT

2 mv2 = mv2 =
[dpe P m[dve T  [dve s \/@fdye—yz

IY7V2
- o =

In higher dimension the kinetic energy can be factorized into one-dimensional terms. If we consider
the velocity distribution for one particle in three dimensions we obtain the Maxwell-Boltzmann
distribution of molecular velocities

m % _ mi2
P(vV) = 2kgT
(V) (27[/(57—) € ° (661)

Note that the Maxwell-Boltzmann distribution of velocities is not only valid in an ideal gas, but for
all non-interacting particles. It requires, however, that kinetic and potential energy can be separated.
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By integrating over all directions, we obtain the Maxwell
distribution of speeds.!®

m : 5 M7
P(IV]) = <27rkBT> Amrve 28T (6.65)

V=%(u23—u3>

dV=4nu2du The probability in position space only depends on the potential
without considering the velocity distribution

efﬁv(x)

P(X) = 7], dx e—ﬁV(X)

(6.66)

Of particular interest is to express the partition function directly by the potential and to integrate
out the momentum variables

Z(B) = [/ dx e_BV(X)} { %e—ﬁg}

_ / dX e_ﬁv(x) vV 27kaBT
2mh

ksT
=4/ IZW“;Q /dx e AV (6.67)
——
A7

With the help of the de-Broglie Wavelength from Eq. 2.9, defined previously in the derivation
of the Boltzmann gas, we can write the partition function as

Z(B) Z/% e V() (6.68)

We can generalize the result to many-particle systems and obtain

15Consider a probability distribution P‘7(\7) of the three dimensional velocity space. We wish to construct the

probability density P(“)(u) for the absolute value ud:efl\7| of the velocity. Let us calculate the probability of finding

the velocity between wu; and wup, which we evaluate in Polar coordinates. We denote the angular integration by

d% dpdesin(6).

up . uz =
/ du P (1) ;/ d3v PY(¥) :/ du/dQ u?PY (6.62)
uy u <|V|<uz uy

Now we exploit that the probability density PV only depends on the absolute value, so that we can perform the angular
integration.

up u2 =
/ du P(“)(u):/ du 4P PY(7) (6.63)
up

uy
Thus we can translate the probability densities by

def

P(IV)EPW (u) = 4mu? PY(V) =: 4mv?P(7) (6.64)
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Fig. 6.2: Maxwell distribution of speeds.

PARTITION SUM IN THE CLASSICAL LIMIT EXPRESSED IN TERMS OF THE POTENTIAL

N

Z(ﬁ) — <H )\]3'> /d3Nr e—ﬁV(rl ..... ) (669)

i=1 T

For identical particles we need to divide by the number of permutations

Z(ﬁ) — i ﬁ d3NI’ e7/3V(r1 ..... ) (6.70)
NEALINE

PROBABILITY DENSITY IN CONFIGURATION SPACE

The probability density of a system with a conventional kinetic energy can be written as particles as
e—BV(Fi.....P)

jd3r1 [ dPry e PV(Fiiv)

(6.71)

Note that this result is valid both for identical and non-identical particles, because the factor N! is
canceled by the normalization.

With the help of the probability density Eq. 6.71, one can determine expectation values of ob-
servables that do not depend on the velocities. Expectation values for some operator can now be
obtained as

(A) = Tr[Ap] (6.72)
/ Ny / N P(F . B B DAL P B By) (6.73)

However, for many particles one has to solve integrals in very high dimensions. Direct evaluation
of these integrals is often not possible due to the dimension bottle neck.®

16The effort to integrate a function in 3N dimensions grows exponentially with N. Thus the limitations for any



6 LANGUAGE OF STATISTICAL PHYSICS 143

The expression for the probability density lends itself for a number of approximative techniques.
One efficient way to evaluate highly dimensional integrals is the Monte-Carlo method, which
amounts to averaging the values of the observable for randomly selecting configurations in such
a way that their frequency is proportional to the Boltzmann factor. While the basic idea seems
simple, the mathematical background and the methodology is fairly sophisticated.

Another common approximation is to exploit that the Boltzmann factor effectively vanishes when
the potential is high. The so-called saddle-point approximation approximates the potential by
harmonic oscillators centered at the local minima. This turns the integrals into Gauss integrals that
can be solved analytically. This method is at its best at low temperatures.

6.6.5 Speed of molecules

It may be of interest to investigate the average velocity of molecules in air.

(v = /OO dv P(v)v

OO m\/2
( )/ dv v3e 2sT
0
2 (2kgT\2 [
B 3,.—x2
<2kaT> ( m )/O dx x“e
—_—

kg T
2mTm

Njw

x= mv2/(2kBT)

The value of the Boltzmann constat is kg ~ 1.38 x 10~ Air consists predominantly of
nitrogen molecules N»>. The atomic weight of a nitrogen atom is 14amu. lamu is the atomic mass
unit'” or universal mass unit which has the value lamu ~ 1.66 x 10~2"kg.

23 J
K-

Thus we obtain as the average speed of a nitrogen molecule

(I =4 1.38 x 10-232300K
V fry
2 % 3.14 x 2 x 14amu x 1.66 x 1027 <9

amu

_4\/ 1.38 x 3 [10-23102 | 2K
N 2%x3.14x2x14 x 1.66 10-27 amu=9%

amu

sm km
=0.48 x 10°— = 1700—
s h

Thus the average velocity of a gas particle is about 1.4 times the speed of sound or mach 1.5!

This result is at first surprising. However, it is intuitively clear that the gas molecules must be
faster than the speed of sound, because a sound wave propagates via gas molecules.

6.7 Ensembles

We can now select statistical mixtures that maximize the entropy for a given set of constraints.
Such mixtures are called ensembles. The French word "Ensemble" is translated in German as
"Gesamtheit" and in English as "the whole". One can think of an ensemble as a particular macrostate,
that is all possible states of the system with their probabilities. It is often used in connection with
certain couplings of a system with its surrounding.

computer are reached already for fairly small systems.
"The term atomic mass unit is very misleading because it is easily confused with the mass unit of the Hartree
atomic unit system. The latter is the mass of an electron, which is about 1900 times smaller than 1amu.
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e Consider a system that does not have any interaction with its surrounding. If it is in thermal
equilibrium, we call its macrostate a micro-canonical ensemble. Such a system is, in general,
characterized by its energy and the number of particles.

e Consider a system that can exchange heat with its surrounding. If it is in thermal equilibrium,
we call its macrostate a canonical ensemble. Such a system can be characterized by its
temperature and its number of particles.

e Consider a system that can exchange heat and particles with its surrounding. If it is in thermal
equilibrium, we call its macrostate a macro canonical ensemble. Such a system can be
characterized by its temperature and the chemical potentials of its particles.

Since these three ensembles are frequently we discuss them in detail.

6.7.1 Micro-canonical ensemble

The micro-canonical ensemble describes a completely isolated system. There is no thermal coupling
towards the outside nor can particles escape through the walls containing the system.

In the micro-canonical ensemble the energy of the system has a well defined value. It is used
for a closed system not in thermal contact with the outside world. The density operator of the
micro-canonical ensemble is a mixture of all eigenstates |W;) of the Hamiltonian with a given energy
E

. 1
=N Z Wi (Wl
IE;=E

where Ng is the number of states with energy E, i.e. the degeneracy of that energy eigenvalue.
Because the coupling with the surrounding is completely absent, the energy and particle numbers
are conserved. Note that the energy E is identical to the internal energy U. Since the energy has a
sharp value, its mean value U is equal to the actual value E. Nevertheless it is customary to use the
symbol E in the context of a micro-canonical ensemble.

The micro-canonical ensemble plays an important role for simulations. For example, a molecular
dynamics simulation produces a micro-canonical ensemble. In a molecular dynamics simulation we
solve Newton's equations of motion, for which the energy is conserved in the absence of friction
terms. While the choice of the ensemble becomes irrelevant for very large systems, it makes a
difference for small systems that are accessible to simulations. There are techniques to extend such
molecular dynamics simulations to other ensembles. For example, the Nose thermostat[? ? ] allows
to construct a canonical ensemble, which will be discussed next.

Thermal ensembles versus microcanonical ensemble: A common misconception is to identify
the micro-canonical ensemble with a thermal NVE-ensemble.

e In the micro-canonical ensemble, all micro states have the same values of particle number,
volume and energy: There are no fluctuations of these values.

e A thermal ensemble is one that results from the maximum-entropy principle by constraining
the mean values of the extensive variables, such as particle number, volume or energy. The
thermal ensemble exhibits finite fluctuations of the extensive variables, that is, the microstate
can deviate from these mean values.

When identifying thermodynamic states with ensembles, the extensive variables are usually iden-
tified with ensembles having sharp values of the extensive variables. This violates one of the basic
assumptions behind the thermodynamic formalism, namely that thermodynamic states can be trans-
formed into each other by Legendre transforms of extensive and intensive variables. This inconsistency
has been the reason to restrict thermodynamics to large systems, the so-called thermodynamic limit.
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In the thermodynamic limit, the fluctuations of thermal ensembles vanish so that the distinction
between thermal ensemble and those with sharp extensive variables disapper.

| consider this point of view as a poor choice. Rather than restricting thermodynamics to large
systems, | restrict thermodynamics to thermal ensembles. As a consequence, the thermodyanamic
relations hold exactly for systems of arbitrary size. The thermodynamic limit becomes important
only, when we export the conclusions obtained for thermal ensembles to other ensembles having
sharp extensive variables. such as the micro-canonical ensemble.

6.7.2 Canonical ensemble

A canonical ensemble corresponds to a system in thermal contact with its surrounding. The system
can exchange energy, but the mean value of the energy is defined, and therefore also its temperature.
The temperature of the system is identical to that of the surrounding, which acts as a heat bath.
The mean value of the energy is denoted by U and is called the internal energy.

The state operator in thermal equilibrium is obtained from the maximum-entropy principle. The
maximum-entropy principle requires that the density matrix maximizes the entropy Eq. 6.8 under the
constraint that the mean value of the energy is equal to U, and the constraint that the trace of p is
equal to one.

S1oelp, U T, N = 816] — 7 (TrlpA) — U) — A(Trlg] — 1)

This equation is only valid of GSmt/@% =0 and 8St,t/0X = 0.

Let us define here the Helmholtz Free energy 8. The free energy functional F is related to the
entropy via

F(T.18]) = TrlpH) ~TS[o] = Tr [ — ks TpIn(p)]
U

In order to obtain the density matrix in thermal equilibrium we need to minimize the free energy
with respect to the desnity matrix for the given energy and normalization constraints.

F(T,18]) = TrlpH) + ks TTrlpIn[]) + AT (Tr[e] - 1)

The minimum free energy principle determines the density matrix as

R _1p4
8‘7; =0 = ﬁeq = ei(lJr)\/kB)e_kB%H = 46 kBTl —
op Trle %7 ")

where we inserted X in order to enforce the normalization condition.

If we insert the state operator that fulfills the minimum free energy principle we obtain the free
energy F(T) as

F(T) = mﬁaX]"(Ty p) = F(T, Peq)
= Tr[(H+ ke T In[Beq] ) Bed)
= T(A+keT Infe” 7] — ks T In[Z] ) e
= —ksT In[Tr[e =m""]]

Note the difference between F(T) and the free energy functional F(T, [p]). F(T) is the maximum
value of the functional F(T, [p]) for all density matrices that fulfill the constraints.

8Helmholtz Editor: Here some biographical stuff
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FREE ENERGY
The free energy can be written as
F(T)=—kgT In[Z(T)]
where the partition function is defined as

Z(T) = Tr[e %]

In a representation of eigenstates |W;) of the Hamiltonian A, the partition function can be ex-

pressed by the eigenvalues of the Hamiltonian.

Z(T) kBT e kBT

In this representation, the density operator in thermal equilibrium has the form

pea(T) = Z(T)Zw e (|

6.7.3 Grand-canonical ensemble

The grand canonical ensemble corresponds to a system in thermal contact with its surrounding in
such a way that it can exchange energy and particles with it. The surrounding represents a heat bath
and a particle reservoir. There may be one particle reservoir for every type of particle that can be
exchanged with the environment. The temperature of the system and the chemical potentials for
the particle reservoirs have well defined values.

E,—uN,

Pea(T 1) =Y IV)) ———— (Vi
i Z e k.'5’7

Here the states are many-particle states including states for all number of particles. This implies
that the eigenfunctions span the Fock space and not only the Hilbert space for a given number of
particles. The Fock space is defined as the space spanned by the wave functions for all possible
number of particles. Thus it contains one-particle states, two-particle states etc. The Fock space is
the superset of the Hilbert spaces for different number of particles.

For the grand canonical ensemble we introduce the grand-canonical potential (T, u) = —kgT In[Z(T, u)]
with the partition function

Z(T, N') — Tr[e*kBLT(I:’*MN] — Ze*kﬁ%(E/*MNf)

6.8 H-theorem

Our motivation for the second law of thermodynamics, namely the maximum-entropy principle, was
based on a purely cognitive concept, namely the assumption that the uncertainty about the state of
the system increases. However, there must be a deeper reason for this concept of increasing entropy,
because the dynamics of a physical system seems to drive a system objectively towards a state of
maximum entropy. Hence, the original reason for the growth of the entropy must be contained in
the equations of motion.
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When we look at the equations of motion such as the Schrodinger equation or Newton's equations
of motion, we immediately notice a paradox: The equations of motion are time reversible which con-
tradicts the notion of a quantity that grows only in one direction of the time arrow. The explanation
of irreversible behavior from the microscopic equations is non-trivial.

At the core of the origin of irreversible behavior is the H-theorem (pronounced “Eta’-theorem
19) of Boltzmann. What is shown here is the quantum-mechanical version of the H-theorem of
Boltzmann.

6.8.1 The entropy of a closed system remains constant

First, we show that the entropy remains constant, if the dynamics is governed by a single Hamilto-
nian. The Hamiltonian may itself change with time. The dynamical equation for the density matrix
P =24 |Pq)Py(®g| is the von-Neumann equation i19;p = [A, §], which follows directly from the
Schrodinger equation.

95 Faes I kaTrlpin(p)]) = —kaTr [(;’tp) (In(2) + 1>}
inp=[F.] CkeTr [(_;[p/' m) |n(ﬁ)} - ks%w
_ ”(?BTr [HpIn(p) — pH In(p)]
12 BB 1 [351n(6) — Ain(2)7)
= Yenlapme)] =o (o7
T

We have shown with Eq. 6.74 that the entropy of a closed system remains constant. This reflects that
the dynamics of quantum mechanics, i.e. the Schrodinger equation or the von-Neumann equation,
is deterministic. Because this is valid even for a time-dependent Hamiltonian, even a fluctuating
external potential will not increase the entropy.

6.8.2 The origin of the second law of thermodynamics

The second law of thermodynamics is one of the major puzzles of the time. The microscopic equations
of motion are time reversible, which seems to conflict with the observation of irreversible processes
in everyday life: We all grow older and do not become younger.

This arrow of time is connected with the second law of thermodynamics: It says that the
entropy of a system increases until it reaches a maximum. A quantum treatment of a closed system
in the previous section 6.8.1 shows immediately, that the entropy does not change at all but that
it is a conserved quantity. This is because the Schrodinger equation is deterministic, so that the
knowledge of the initial state determines the wave function uniquely in the future.

The key to the puzzle is to consider open systems, rather than closed ones. Imagine that there
are two systems in contact. When we determine the entropy, we calculate the entropy of the first
system and add it to that of the second system. However, the entropies of the subsystems add up
to that of the the combined system only if they are statistically uncorrelated, Eq. 1.4. As soon as
the systems interact, the two systems affect each other and correlations build up. If we monitor only
the two subsystems individually, we miss the information on the correlations, which become stronger,
the longer the systems interact. As we continuously loose information on the system, the entropy
expressed as sum of the entropies of the subsystems grows.

19The H-theorem is pronounced “Eta-theorem”. The greek letter Eta is written “H". There seems to be some
confusion about the origin of the letter H and the name Eta-theorem[? ].
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In contrast, if we monitor the wave function (or an ensemble of wave functions) of the entire
system, we keep the information on the correlations between the subsystems and there is no loss of
information. This is what we find if we consider the two subsystems as one closed quantum system.

The resolution of the puzzle is therefore in
Sa+5Sg > Sas (6.75)

so that Sp + Sg grows with time, while S4g remains constant.

Editor: Provide the definition of the ‘“‘entropy of a subsystem’” in terms of tracing
out the environment.
One way of dividing a system into two subsystems is to divide the basisset of many-particle
wave functions into two parts, which are named A and B. When the matrix elements
of the von-Neumann density matrix connecting states from A and B are discarded, the
entropy is the sum of entropy of subsystem A and subsystem B.
This does not correspond to a dividion in space. We may set up a complete basisset
of one-particle wave functions, which can be attributed to regions A and B. (There
may be a small overlap though.) Then we form many-particle basisset from these, which
may be Slater determinants in the case of Fermions, permanents in the case of bosons.
This basisset contain one-particle orbitals from both regions: There are states with
all N particles in A and none in B. Then there are states with N—1 particles in
A and one in B and so on.

6.8.3 No derivation yet

At this point, | do not have a good derivation of what | described above. My first unfinished attempts
of a proof are provided in the appendix B on p. 211. But this is under construction.

Editor: Section 3.6.1 on p. 78 contains information that may be included here.

6.9 Summary

In this section we have learned that a system can be described by a density operator p. The density
operator for a particular system can be determined from the maximum-entropy principle, if the
Hamiltonian of the system is known. If the state is describes by the resulting density operator peg,
the system is in thermal equilibrium. Depending on the ensemble that is chosen, the maximum-
entropy principle can be converted into a minimum principle of a thermodynamic potential such as
the free energy principle. The advantage of the free energy principle over the maximum-entropy
principle is that it is, as most other physical theories, centered around an energy.

Once the density operator is known one can evaluate the expectation value of any observable from
it as (A) = Tr[pA]. We can also avoid any reference to individual microstates, if the free energy for
an extended Hamiltonian H(y) = Hy + aA is known. Then we can evaluate the mean values directly
from the minimum free energy F(T, a) using Eq. ?7.

Because all macroscopic properties can be obtained from the free energy F = —kgT In[Z], we will
spend some time in the next section to evaluate partition functions and the resulting thermodynamic
potentials. Once they are known, we can describe the state of the system by only a few parameters,
namely the extensive and intensive variables chosen in the maximum-entropy principle.

There are different ensembles, which depend on whether we use a fixed value of an operator or
the mean value as constraint in the maximum-entropy principle. In the thermodynamic limit, that is
for very large systems, the difference between the ensembles becomes irrelevant, because the variance
of the expectation value vanishes.

While the theory has been based on a quantum mechanical description, we have finally shown
how the classical partition function can be derived as limiting case i — 0.
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Editor: Compare the concept of a state, an equation of motion and an observable
between classical mechanics, quantum mechanics and statistical mechanics

6.9.1 Important formulas

p= Z W) P (Wi
i
p=p'
Tr[o] = 1
Yjuy (V[ V) > 0
pP=p idempotency for pure states

S[p] = —ksTr[pIn(p)]
e~ 7 (A=X4 fiXe)

oT.0) = 50

= (0= 0 - o))

((E~(E)?) = keT?Cy

2(1) = [ ax [ 2o

Z(T) /}\T —BV(x)
yr = [ dx [ dp A x)P(o.x.T)
e—BH(p.x)
P(p.x,T) =

fdxf% e—ﬁH(va)



150 6 LANGUAGE OF STATISTICAL PHYSICS




Chapter 7

Non-interacting model systems

In this chapter we will work out the free energy and other thermodynamic quantities for a few
non-interacting systems. The interaction between subsystems adds substantial complexity and also
adds a number of new physical effects such as phase transitions. Without interactions we can
often find analytical solutions. Therefore the non-interacting systems are the starting point for
the investigation of interacting systems. There are a number of systems where interactions are of
secondary importance. We will see later that one can describe interacting systems approximately by
treating them as non-interacting with thermodynamic forces, that encapsulate the interaction in an
effective way.

| will select a small number of model systems, that allow us to understand a wealth of physical
phenomena. The model systems are (1) the two-state system, (2) the harmonic oscillator, and (3)
the free particle. Most problems in physics can be regarded as generalizations or modifications of
these model systems.

Non-distinguishable particles add some complexity, because their behavior is not uncorrelated,
even if they do not have an interaction. An example is the Pauli principle!?, which does not allow two
Fermions to be at the same position. The reason is that the particle nature of Fermions and Bosons
is just one aspect of the corresponding particle field, as it is described in quantum field theory. The
model systems mentioned above will allow us, however, to describe their behavior in a natural way.

7.1 Two-state system

The two-state system can be applied to very different problems such as isolated spins in a magnetic
field or to estimate the concentration of dilute defects in a solid or the adsorption of atoms on a
surface.

Therefore we will first study the two-state model in the abstract form and later show its application
to physical problems.

7.1.1 Thermodynamic potentials of the two-state system

The system has, per site, two possible states with different energies. The ground state is denoted
by €9 and the second state is denoted by €y + A, so that A is the energy spacing. A state is
characterized on each site by a parameter o, which can have values 0 and 1. o specifies if the system
is in the ground state or the excited state. A state with Ns sites is therefore characterized by an Ns
dimensional vector &.

IWolfgang Pauli. Austrian Physicist 1900-??. Nobel price in Physics 1945. Professor for Theoretical Physics at the
Federal Institute of Technology (ETH) Zurich. Professor at Princeton, USA 1935-1945. Returned to Zurich in 1945.

2The Pauli principle says that due to the antisymmetry of the wave function of Fermions, no two Fermions can
occupy the same one-particle state.

151
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The total energies are thus E A
Ns
Es=) e+0od  with o;€{0,1} (7.1)
= A
In addition we want to track the number of excited states 80
NS
Ng = ZUI' (7.2)
i=1

In the following we also allow to fix the number of excitations, which introduced

the chemical potential as the Lagrange parameter for the number constraint. Fixing this number does
not carry any physical meaning for excitations. If the number of excitations is not fixed we set u=0,
which effectively removes the constraint.

The rationale for introducing this flexibility is that in second quantization, certain excitations are
identified with particles, which may be conserved. In order to prepare for this parallelism, we take
this possibility into account.

Partition function and free energy

Now we can construct the partition function

Ns
Z(T' u’) = Z e_B(Eﬁ_uNi) = Z H e_ﬁ(EO"I‘O’/A_ILO'/)
4 G =1

Ns 1
— H Z e—Bleotoib—pa;)

i=10;=0

_ [e—ﬁeo (1 . e—ﬁ(A—u))}Ns

For the interchange of sum and product see below.3
From the partition function we immediately obtain the free energy of the two-state system as

FREE ENERGY OF THE TWO-STATE SYSTEM

F(T.u) = —ksT In[Z(T, A, u)] = Ns {eo — ksTIn [1 + e’B(A’“)}} (7.3)

3The terms have the following structure

SIIfen=>"--> flor)--f(on)
g i=1 o1 on

U - <Uzl f(al)> <UZ f(an)> = ];[1 (UZ f(cr,-))



7 NON-INTERACTING MODEL SYSTEMS 153

Number of excitations

Let us now determine the equations of state for the particle number N, which is the number of
excitations

oF 1 1
- = —B(A—p)
N(T. ) = =50 = Neke T 5 (kBT) e

1
NS 1+ e+5(A*IJ')

The fractional occupation f = N/N; of the two-state system is nothing but the Fermi distribution
function, which will play an important role in the statistics of Fermions

N(T, ) 1

f= (7.4)

N 1+ eBG-H)

Fig. 7.1: Fermi distribution Eq. 7.4.

The Fermi-distribution function has a step-function like character. In the low-temperature limit,
that is kg T << |A — |, the Fermi distribution function deviates from the step function only by the
Boltzmann factor. In the high temperature limit kg7 >> |A— ] its value approaches % corresponding
to a completely random occupation of ground and excited state. The width of the cross-over of Fermi
distribution function is proportional to kgT.*

_ i B-p>2keT —p(a—p)
T 1 4 etB(B-p) - €
o 1 —(A—p)<<—kgT (A—p)
T 14 etBam - 1-¢

o 1 |A—p|<<ksT l _ A—p
1+ etPA-n) 2 kT

Editor: This footnote is saved for later °.

4As calculated from the tangent at A = pu.
5

eX —e™X eXte X —eX4e X 2e™X 1
1 —tanh(x) =1— =& * = =2
eX 4+ e X exX 4 e—X eX +e—X 14+ e2x
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Entropy

Let us now determine the equations of state

oF
S(Thp) = a7
Eq.7.3 —B(A—u)} L Bl pam
=" NqkgIn {1 +e + /\/skBT1 + e Bb—p) kgT2 €
A—pu 1
. —B(A—w)
= /\/Sk‘g{m {14‘6 } + ks T l+e+ﬁ(A—lJ«)}

It is sometimes useful to express the entropy directly by the fractional occupation.

1*1Jrex =
- =

Thus the entropy obtains the form

A—pu 1
_ —B(A—w)
S(f) = NskB{ln [1+e |+ . 1+e+@<A—u>}

= Nekg {—In(1 = f) +[In(1 = £) — In(F)] £}
- —NSkB{fIn(f) F (1= f)In(1— f)}

Thus we can express the entropy as function of the number of excited states N = Ngf
ENTROPY OF THE TWO-STATE SYSTEM

(7.5)

S(f) = —Noke [fm(f) +(1—f)In(1—f)

Internal energy

The internal energy can be expressed simply by by counting the number of excited states

U:(Ns—N)60+N(€Q+A):N5(Eo+fA)
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However, let us also consider the standard method

U(T, 1) = F+ TS+ uN
_ (Nseo — NekgT In {1 n e—mA—“)D

F
A—u 1
—B(A—w)
+NskBT{|n [1+e ]+ T +e+ﬁ(Au)}
TS
N 1
NS 1 4 etB(A-w)
ulN
1
= NSEO + NSA m (76)
|

f

which is identical to what we derived above as expectation value of the energy.

Number of excitations from the minimum free energy principle

It is instructive and often useful to consider the free energy as a functional of the fractional number
of excitations, and to obtain the value of the latter by minimizing the free energy.

The free energy is given as
F(T.u f)=U—TS — uN = Nq {eo +Af— kBT[ﬂn(f) F(1-f)n1 - f)} - uf}

_ N, {60 4 (A - p)f — kBT[fln(f) (- f)n(1 - f)]}

In the low-temperature limit, the entropy contribution vanishes and the free energy is a straight
line with respect to f. The minimum of the free energy is then either f =0 for A > p or f = 0 for
0 < . When A —u = 0, any value of f would be compatible with the minimum free energy principle.
The result therefor depends on how we approach this state.

If we increase the temperature, the entropy will become important. The entropy favors an occu-
pation of f = %

7.1.2 Application: spin in a magnetic field

Imagine a defect level in the band gap of a semiconductor or insulator, which is occupied by an
unpaired electron. The electron has a magnetic moment which changes its energy by AE = —u.B,
where ue is the magnetic moment of the electron.

The magnetic moment of an isolated electron

_ gus =

He= 752
is the product of the Lande g-factor g, the Bohr magneton ug = 2% ~ 9 x 1072*J/T and the
electron spin S, which can have values /2 along a given axis. The g-factor for a free electron is
g = 2.0023.% Due to the negative charge, the magnetic moment of the electron is antiparallel to its
angular momentum.

The magnetic moment of the electron interacts with an applied magnetic field, which favors a
parallel alignment of the magnetic moment with the magnetic field. The energy of a spin in the

6Experimentalists usually use g = 2 for the free electron in their analysis!
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magnetic field is

E=—fg.B=+gus-SB

St o=

Thus the system has two eigenstates, namely ¢ = —ZugB and €; = +ZugB. The splitting
A = gugB between the the two levels is called the Zeeman splitting. It can be determined from the
absorption bands of microwaves as function of an applied magnetic field B.

If the experiment is done not on a free electron but an electron in a defect level of a solid, the
Zeeman splitting differs slightly from the result expected for a free electron. This deviation is mapped
onto the g-factor, which now depends on the particular defect. The g-factor depends furthermore
on the orientation of the defect relative to the magnetic field. Thus the g-factor is a tensor. The g
factor is used to characterize defects. The symmetry of the g-factor reflects the symmetry of the
defect and provides additional insight into the atomic structure of the defect.

What we discussed here is the principle of the Electron Spin Resonance (ESR) or Electron Param-
agnetic Resonance (EPR) technique. The thermodynamic properties of these spins are also used the
the Electrically Detected Magnetic Resonance (EDMR) technique. Here, a current of magnetized
electrons is driven through a defect level. Due to the Pauli principle, an electron can tunnel into the
defect only, if its spin is antiparallel to that already residing in the defect. Thus the defect mediated
tunneling mechanism is basically blocked at low temperatures, because the tunneling electrons and
those in the defect are aligned parallel due to the magnetic field. If, however, a microwave irradiation
is in resonance with the Zeeman splitting, it flips the spin in the defect, resulting in a random ori-
entation of the spins in the defect. Thus the current due to defect mediated tunneling is enhanced.
This technique is particularly useful, if the probes are so small that absorption measurements can not
be done. This is the case, for example, when one studies the defect in gate oxides of transistors. In
order to make the technique quantitative, one needs to understand the alignment of the spins in the
defects as function of temperature and magnetic fields.

Now we need to translate this problem into our two-state model. We obtain

0 1,
€0 = E<Sz = —5) = QMBE (_E) B = —ueB;
SV z
0 T 1 0
A= E(SZ +§) - E(sz —5) =20us= B 5 =2u.B
B, N~
S
where
_1
pe = 591e

without vector arrow is the absolute value of the magnetic moment of the electron. It should not
be confused with the magnetic moment of the free electron, which is a fundamental constant. In
the ground state with energy €g, the magnetic moment is oriented parallel to the magnetic field, but
the spin is antiparallel. In the excited state, the moment points parallel to the magnetic field. The
magnetic moment in the direction of the magnetic field of the sample is

Ns
Mg = e <Ns - 2ZUI> = ,U'eNs - 2/~LeNE (78)
i=1

The chemical potential u has been set to zero, because there is no conservation law for the
number of excited states or the magnetic moment. It will be useful for other problems.

We got rid of the vector notation: If we choose a basisset where the spin of the basis function is
either parallel or antiparallel to the magnetic field, all vector quantities are aligned.
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The total energy can now be expressed by

Eq. 7.7 Eq. 7.8
Es ="' ueB(20; —1) "= —msB (7.9)

]

where o, is either 0 or 1.

This total energy describes the Langevin paramagnetism, which is also found in a gas of atoms
with unpaired electrons, or in certain salts with lanthanide of actinide ions, which have partially
occupied shells of f-electrons. These f-electrons are localized closely to the nucleus, so that they
cannot form metallic bands. Because electrons in the localized f-shell have a strong electrostatic
interaction among each other, only a fixed number of electrons can fit into the shell. The two-state
model can easily be generalized to higher angular momenta to describe magnetic atoms with a larger
moment.

7.1.3 Thermodynamic functions
Let us translate the free energy of the two-state model into our model

FT.B) = No{eo—koTn [1+ e}

BT Ny {—peB — kg T In [1+ e 28]}

= N {—ueB — kgT In [e—ﬁueB (e+ﬁueB + e—ﬁueB)]}

_ B
ORI NS B — ke T (222 ) —kgTIn |etBHeB 4 e BueB
2 cosh(BueB)
=0
B
—  _NekgTln [2 cosh (ZBTH (7.10)

Note that the free energy now also depends on the magnetic field.

Fig. 7.2: Free energy of a two-state system as function of magnetic field and temperature

7.1.4 Susceptibility of a paramagnet

Now we are able to derive some physically relevant quantities. Let us determine the magnetic
susceptibility of a paramagnet. A system of dilute spins is a paramagnet.
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Let us first review some of the relations from electrodynamics: The magnetic susceptibility is
defined as

dM
Xm = — 7 (7.11)
m dH |-
where the magnetization M is the magnetic moment per volume, that is
m
M=— 7.12
. (7.12)
The magnetic field H is related to B via
1
H=—B-M (7.13)
Ko
dm 5
B=u(H+M)=puo | H+ M,em+ — H+ O(H?)
dH |h—o
= poMrem + Lo (1 =+ Xm) H + O(H2) = toMrem + toprH + O(H2) (7-14)
——

Kr

o is the permeability of vacuum and w, is the relative permeability. Our system does not have a
remanent magnetization so that M,.,, = M(H = 0) = 0. Thus we obtain
cazn AMdB zae o M
Xm = dB dH Ko Xm dB
P«o%

= - _MdB
xm 1—ped

We consider a system of dilute spins. Therefore we can assume that the magnetization and therefore
also dM/dB is small. Thus we use in the following

dM o dm

Xm ™ o' gE = B

Thus, we need a relation between the magnetization and the magnetic field. From the free energy

Z e—kBlT(—mgB)‘|

g

F(T, B) L% _kgTIn

we obtain the magnetic moment via
dF
5= —Z Ps(T, BYmy = —m(T, B)
g

Thus the total magnetic moment can be obtained from the free energy as

oF

m=-38

Note that this equation is an an equation of state. Thus magnetization and magnetic field are
conjugate quantities.

From the formula given before we can also see that the magnetization goes into saturation for
for strong fields and dM/dB — 0 for B >> kg T /iie.

For the two-state model we obtain the magnetic moment

_ OF Eq. 710 WeB
m(T,B) = 38 - Nspie tanh (kgT) (7.15)
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Fig. 7.3: Magnetic moment as function of magnetic field at finite temperature.

and from this we can directly evaluate the susceptibility. (For the derivative of the tanh see’.)

o — Ko dm _ poNspe 1 — tanh? weB e
™V dB % keT keT

7“0/\/5“% B 5 [ eB
= kaTV [1 tanh™ | T

_ o Ns 2 1
kg TV 2 (B
B cosh <‘I<LBT)

Thus we obtain the magnetic susceptibility at zero field as

_ HoNsp?
" kg TV

We can see the strong temperature dependence of a paramagnet. The susceptibility disappears with
increasing temperature.

eX — =X eX 4+ e X (ex _ efx)2 5
Ox tanh(x) = &, = — =1—tanh“(x
X ( ) x eX 4 e—X eX 4+ e—X (ex + efx)Z ( )
(e +e)? (eX—e ) 4 _ 1

(X te )2 (eX+e )2 (eX+e )2 cosh?(x)
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Suszeptibility

N
N\
SN
_—_m
&:&s“\“\\:“‘g

Magnetic moment

3.
Temperature 45

Fig. 7.4: Magnetic susceptibility as function of temperature and magnetic field.

7.1.5 Heat capacity
Now we can determine the internal energy.

U(T, B) F="° Naeo + NLA

1
1+ eB(a-u)

Eq. 77 1
=" Ns {_/J'eB + 2Me51+625%5}

1— eQﬁP«eB
NsueB {1 TN }

eﬁNeB _ e_ﬁNeB
7NSU’EB—,
eBNeB + e BueB

B
= —N;ueBtanh (Z;T)

By comparison with the above equation Eq. 7.15 we find the expected result U = —mB.
The heat capacity at constant magnetic field is defined as

ou

CB:aiT

It is differential amount of energy taken up when the temperature is increased by a small amount,
that is the linear response of the internal energy to a change of temperature.

o WeB
U(T, B) = —NsuB tanh (kBT)
du

_av B 5 [ HeB _ UeB
cg = Fi Nspe B [1 tanh (kBTﬂ < kBT2>
2
N peB _ 5> [ HeB
s (B2) oo (22)]

(8)
kT
= Nskp———F7—<

The heat capacity approaches zero as the temperature vanishes, in accordance with the third law of
thermodynamics.
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Fig. 7.5: Heat capacity as function of temperature for two values of the magnetic field. The dotted
line is for a 3 times larger magnetic field.

7.1.6 Adiabatic demagnetization

The entropy is obtained as

OF NuB
S= a7 = Nkg In[2 cosh(BuB)] — T+ tanh(BuB)
In the high temperature limit, the entropy is S = —NkgIn[2], which corresponds to 2" accessible

states.

The two-state system can be used to cool systems to very low temperatures. The technique is
called adiabatic demagnetization. The idea is to cool a paramagnet with to low temperatures using
conventional techniques, such as immersing it into liquid helium. Then one applies a magnetic field
at constant temperature, and finally one pumps out the helium to thermally insulate the system and
one switches the magnetic field off. The last step is adiabatic that is without removing heat from
the system. Adiabatic means that the entropy remains constant. Thus in the constant temperature
step, we move from the upper curve in Fig. 7.6 vertically down, and in the adiabatic step horizontally
to the left to the original line. From the coordinates we read that the last process has changed
the temperature of the paramagnet to a much lower value. ldeally this technique would allow to
move all the way to zero temperature. In real systems however, there are residual fields in the
material itself, which limit the temperatures that can be reached. The best material would be one
with a high density of large magnetic moments that however do not couple. A popular material is
for example CeaMgs(NOs3)12(H20)24[? ]. For even lower temperatures < 1073 K one can use the
nuclear magnetic moments in a metal. The nuclear moments are even better decoupled from each
other than the magnetic ions in the salt mentioned before. A metal is used for better heat transport
through the electron system. This technique allows temperatures of 10~ K to be reached [? ].

7.1.7 Concentration of point defects

Editor: There are errors in this section. Rework!

Crystals have a certain number of native defects, such as vacant lattice sites, so-called vacancies,
or atoms that squeeze in between occupied lattice sites, so-called interstitials. There may also be a
certain number of foreign atoms solved in the lattice. It is important to understand the concentration
of these defects. In doped semiconductors the concentration of dopant atoms determines the number
of charge carriers. Other atoms may influence the diffusivity of dopant atoms. In a structural material
defects may hinder the motion of dislocations and therefore affect the plastic behavior of materials.
The plastic behavior affects the crack propagation and is thus responsible for the stability of structural
materials such as steel.
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Fig. 7.6: Entropy as function of temperature for two values of the magnetic field. The field for
the line denoted “large B" is twice that of the line denoted “small B". Shown is also the principle of
adiabatic demagnetization. A system is cooled, for example by liquid Helium, to the temperature
Thath- (1) At this temperature the magnetic field is switched on, which reduces the entropy while
the spins align. Then the helium is removed, in order to thermally insulate the system. (2) Now,
the magnetic field is switched off. Because the system is adiabatic (thermally insulated), the entropy
does not change during this process. The entropy drops to a very low value. ldeally the magnetic
field should go to zero. In practice a small value due to intrinsic fields in the apparatus remains.
(3) The system is brought into contact with the probe that is to be cooled. The probe may be at
a temperature above Ty, . Heat is transferred from the probe to the system. (4) If the probe and
the coolant reach the same temperature, say at T, the coolant is decoupled from the probe, and
brought into contact with helium.
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Fig. 7.7: Schematic diagram of an alloy, where one A atom is replaced by a B-type atom.

Let us consider a crystal made of atoms A. A small number of atoms B shall be dissolved in A.
We can consider the insertion of defect atoms as a chemical reaction

A/\/5 + B+ AN5,18+A

where N is the number of lattice sites. The left hand side describes a material with Ng lattice sites
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and an atom B in the gas phase or another particle reservoir. The right-hand side describes the
crystal with one substitutional® defect atom B.

The energy balance is
AE = E[An,—1B] + pa — E[AN] — 1B

Do not confuse ug with the Bohr magneton, which has the same symbol. Let us denote the energy
per atom of the pure crystal with

def 1
EJAIE = E[An,
(A 5 El)]

("X" stands for “X-tal" used for “Crystal”.) The chemical potential of atom A is the lattice energy
itself. Thus, in our model we obtain

= JEA Moo ppn 1 EAL] = (N + D)ELA] — NoELA] = E[A
dNa

The formation energy of a defect B is defined as EpdgE[ANs_lB] — E[An.] + Ex[A], which can be
obtained for example from the energy difference of two first-principles calculations.® Thus we obtain

AE = EF —up
The chemical potential of atom ug depends on the environment: The chemical potential differs, if

the atoms come from the gas or from another solid or liquid material in contact with our probe.

Now we map this problem onto our two-state model. We consider each lattice site as a two-state
system. It is in the ground state, if the lattice site is occupied by an atom A and in the excited state
it is occupied with an atom B. Thus, the total energy is

Ns
Ea = ZO','EF
i=1

If we compare this expression to the Eq. 7.1 on p. 152, we map the parameters fo this model onto
those of the general two-state model.

6020
A= Er+ E4[A]
W= Uup

The two-state model will be reliable as long as the atoms B in the crystal A do not interact with
each other. Thus the the concentration needs to be sufficiently low, so that the atoms B distributed
over the lattice do not form pairs or larger aggregates. Secondly the energy of pairs or aggregates
must be higher than that of an isolated B site, so that they do not form pairs spontaneously.

The number of particles can directly be obtained from N(T, ) as

1 1
N(T, ug) = Ns i Ns Ertig
1+ ek 14e far
N 1
c(MN=y~=""&m=
s 1+e k&

which is the desired result.

Why does 1.5 enter with a positive sign?? there is an error in the derivation!
_Eptn
The requirement that the concentration is low, corresponds to the condition e *7 << 1. If we

expand in the small parameter, we obtain the Boltzmann factor

_ Eptupg
c(T)~=e *T
8A substitutional defect is one where a defect atom occupies a lattice site and thus displaced a host atom
90ne calculates the energy of a lattice with Ns sites. Division by Ns yields Ex[A] = E[Ap,]/Ns. Then one calculates
the energy E[Ap,_1B] by replacing one atom A by an atom of type B.
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7.2 Rotations
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7.3 Harmonic oscillator

The harmonic oscillator is a model system for the vibrations of an atom in a molecule or a solid. The
vibrational entropy is determines for example the concentration of defects, or the absolute value of
a reaction rate.

Let us consider the harmonic oscillator, which has equidistant energy eigenvalues E; = hw(i + %)
for states 1 =0,1,2,.... %hw is the zero-point vibrational energy and the spacing between the levels
is hw.

7.3.1 Thermodynamic potentials of the harmonic oscillator

The ground state energy %hw is denoted by €p and the excitation energy Hw
is denoted by A. E A I
Now we consider a system of Ny identical harmonic oscillators. The state of
this system is uniquely defined by the Ns-dimensional vector &, which describes
the excitation level of each harmonic oscillator. Thus, each element of & can
assume any non-negative integer value.
Thus the total energy of the system is

Ns
Es=)» (0+0id)  with 0,€{0,1,2..} (7.16)

i=1

1B B B

The number of excitation is defined as

Ns
Nz = Za, (7.17)
=1

Partition function and free energy

We construct the partition function

Z(Tv [.L) = Z e_ﬁ(Eﬁ‘“Nﬁ) = Z ll\_lS[ e—5(50+0',A—p,0',)
g

g i=1
Ns oo 00 Ns
_ H Z efﬁ(eo+o,‘(A7u)) _ leﬁéo Z (eﬁ(AlL))U‘|
i=10;=0 o=0
Ns
— |ePeo L
1 — e B(A-p)

For the interchange of sum and product see the corresponding derivation for the two-state system.
We used here the expression of a geometric series'® Note that the result for Z(T, w) is undefined,
that is Z(T,u) = +oo for u > A, because the geometric series is not defined. Thus the resulting
expression is only valid if u < A, despite the fact that we can evaluate the final expression also if the
condition is violated.

10

n n ool n ) 1- qn+1
1-a)> d=)4d->Y d=1-¢"" = > d= T q
=0 i=0 i=1 =0

For an infinite geometric series n — oo, the term ¢"~1 vanishes, if |g| < 1. Otherwise the series diverges, and the
result remains undefined.
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The high temperature limit 8 — 0 of the partition function for one site, Z(T — oo, ) = %

we observe that it increases linearly with temperature. This is expected if the partition function is
interpreted as the number of thermally accessible energy levels.

From the partition function we immediately obtain the free energy of the harmonic oscillator as
F(T, 1) = —ksT In[Z(T, A, )] = Ns {eo +keTln |1 - e—m—“)” (7.18)
Compare this expression to that for the two-state system Eq. 7.3 on p. 152 and explore the similarities
and differences.
Number of excitations

Let us now determine the equations of state for the particle number N, which is the number of
excitations

oF 1 1
- _ _ —B(A—p)
N(T, w) op = NeksT T —pam ( kBT> e

1
= Ns etB(A—p) — 1

The average excitation level b = N/Ns of the harmonic oscillator is the Bose distribution func-
tion, which will play an important role in the statistics of Bosons
N(T, ) 1

b(A T, ) = Y e (7.19)

X

Fig. 7.8: Bose distribution function as function of x = (¢ — u)/kgT. There is a singularity at x = 0.
The distribution is negative for x < 0. For large arguments, i.e. x >> 1 the Bose distribution
becomes identical to the Boltzmann factor.

The Bose distribution function as function of A has a singularity at the chemical potential.l!

1 KB—_Z for |A — | << kgT
b(A, T, ) = ——— — { e PO-1) for A—p>>kgT

eB(A—p) — 1
-1 for A—pu<<—kgT

1 the case |A — u| >> kgT, aeBB-#) is a small quantity.

1
e :71:‘ — a(l+a+0(a?) = a+0(a?
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Interestingly we obtain the Boltzmann factor for A — u >> kg T, which is the same result as for
the two-state system. This observation can be rationalized as follows: In this limit the number of
excitations is small. If we identify the number of excitations with a number of particles we would have
a dilute system. The number of double and higher excitations can be neglected compared to the first
excitation. As a consequence the second and higher terms, i.e. o > 2, in the partition sum can be
neglected relative to the first two terms. The first two terms correspond exactly to the two-state
system. This shows that nearly all systems'? behave like the two-state system, if the number of
excitations is small. This is the case for A > u in the low-temperature limit.

Values with A < p are not meaningful for bosons, as the number of excitations is negative.
The singularity at A = w will have important consequences as it will lead to the Bose-Einstein
condensation.

Entropy

Let us now determine the entropy from the equations of state

oF
S(Thw) = —3=
oT
Eq.7.18 _B(A—p) 1 A—p\ sa-w
L1 Nokgln [1- e | = NekeT——5 oz ) ©

A—u 1
- _ _ e B _
_ Agks{nw[1 e | kBT'e+6m—u>-1}

It is sometimes useful to express the entropy directly by the number of excitations N(T, u)/Ns,
which is the Bose distribution function.

1 1, . 1. 1+4b
b(x)fex_1 = Efe—l = e—b+1f 5
loex—1__P 1
¢ T T 1xb 146
x =1In(e") =1In <14b_b> =In(1+ b) —In(b)
1
eX—l_b

Thus the entropy obtains the form

A—u 1
_ _ o B-u)| _
S(b) = Agks{hn[1 e } kBT'e+BM—u>—-1}

= Neokg {—In(1 + b) — [In(1 + b) — In(b)] b}
:—ngﬁmwyw1+mma+bﬁ

Thus we can express the entropy as function of the excited states N = Nsb.
ENTROPY OF A HARMONIC OSCILLATOR

swyzqw@pmwy41+wmu+b) (7.20)

Compare this expression to the analogous expression for the two-state system Eq. 7.5 on p. 154.

Note the close similarity to the entropy of the two-state system. The only differences are some
sign changes.

12The requirement is that the first excited level is not degenerate or nearly degenerate
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Fig. 7.9: Entropy of a harmonic oscillator and the two-state system as function of the number of
excitations. The full line is the entropy of the harmonic oscillator and the dotted line, leading back
to zero for the occupation f = 1 corresponds to the two-state system. The two entropies become
identical for f << 1. This is the limit of a dilute gas, where the Fermi and Bose statistics become
identical to the Boltzmann statistics.

S0

1/2

kgT/fio

Fig. 7.10: The probability P,(T) for the occupation of the six lowest states of the harmonic oscillator
as function of temperature. Note that the probabilities are cummulative, so that each state of the
harmonic oscillator is represented by the region between two lines. The ground state appears with the
largest probability for all temperatures. At low temperature, i.e. kgT < hw, the harmonic oscillator
can be approximated well by a system with only two or three states.
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Fig. 7.11: The internal energy U(T) = %’% as derived from Eq. 7.21 with €g = 2w
and A = fw. At low temperatures the internal energy approaches the zero-point energy U(T —
0) = %hw, while the high temperature result approaches U(T — oo) = kgT, which is identical to

the classical limit.

Internal energy

The internal energy can be expressed simply by by counting the number of excited states
U= Nseg + NA = Ns (€9 + bA)

However, let us also consider the standard method starting from the free energy F(T, i), which
in this case is the grand canonical potential.

Eq. 1.69
) =

U(T, 1 F+TS+uN

(NSGO + NskgT In [1 — e*S(A*u)D

F

A—u 1
— — e Ba-w)| _
NokeT {m 1-e } P 1}

TS
1
-H/«/Vsm
uwhN
1
Nseg + NSAW (721)
b

which is identical to what we derived above as expectation value of the energy.

7.3.2 \Vibrational energy and entropy

We have seen earlier the free energy of a general ideal gas can be computed from the translational
free energy, which corresponds to that of the ideal Boltzmann gas, a rotational and a vibrational
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contribution. Here we will consider the vibrational contribution, which is identical to that of the
harmonic oscillator.

We can approximate the total energy surface of a molecule by a Taylor series about the minimum

3 _ 0, 1 °E . po o 5 po\°
E(R)=E +2;6R,-6RJ-(R’ R) (R, = R) +0 (IR - R°)

Now we build the dynamical matrix

1 ©0°%E 1
v Mi aR,@Rj My
The eigenvalues d; of the dynamical matrix provide us with the frequencies w; = Vd;. There are up

to six eigenvectors with an eigenvalue equal to zero, which just correspond to the translations and
rotations. Those are eliminated, since these degrees of freedom are treated differently.

DI,J -

The free energy of the vibrations can simply be composed from the independent harmonic oscil-
lators

3V-6 o,
Foip(T) F918 > {Qhwj + kgT In[1 — ew]} (7.22)
j=1
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High-temperature limit / classical limit

In the high-temperature limit, that is kg T >> hw, which is identical with the classical limith — 0,
we obtain with the help of ¥ = 14 x + 2x2 + O(x%) and In[1 + x] = x + O(x?),

Eq.722 =1 [ "
Fyin(T) a_t Z {Qhwj + kgTIn|1— eksT} }
Jj=1 B
3N—6 r 2 3
Toter ¢ Lo e 1 (e ey
= 2 {QﬁijrkBTln 1-1+ T 2 \kaT +0 Ko
3N—6 r 2
1 hw 1 [ hw;j fiw,
- “hwj+keTin |—=[1-2(—= —=
2 {2 Wit kel in kBT< 2<kBT>+O(ksT
3N—6 - 2
1 hw; 1 [/ hw, hw;
= “hwj+ksTIn | —=| +kgTln [1—=—2L —=
2 {2 w; + kg n_kBT}—F gl In 2<kBT)+O<kBT
3N-6 2
Taylorgfln(x) 1 ) hwj . l hwf hwf
= . 2f7wj +kgT In |:kBT:| kg kel +0 ke T
j=1 —~— ———
zero-point energy zero-point energy
3N—6 2
B fw; hw;
= J; {kBTIn [kBT} +o(kBT> }

| In(b)=In(ab 316 hw; 308 fw; \ 2
"DHB=E Y T ey o <J>
— B

ER =N
BEEVARE 3N-6 b\ 2
_ 2 j
- kgT In H (kBT> w? | + Z o) (kBT>
L Jj=1 J=1
[/ 5 \3N-6 3N—6 fui \ 2
_ J
— kgT In <k5T> VdetD| + ; o) <k5T> (7.23)

Note, however, that D is the dynamical matrix with the translations and rotations projected out. If
translations and rotations are treated as vibrations with zero frequency, the argument of the logarithm
vanishes because also the corresponding frequency vanishes, and, as a result, the logarithm, diverges.
The proper treatment is to describe the translations as a Boltzmann gas'3, and the rotations should
be described as quantum mechanical rotator.

Eq. 7.23 is the classical expression, i.e. for i— 0 for the vibrational free energy. This expression
only holds, when the temperature is sufficiently high, that is kgT >> fiw;.

Note that Eq. 7.23 for the free energy already contains the zero-point vibrational energy. It cancels
against the second-order term of the exponential function. A common mistake is the attempt to
improve the results by adding the zero-point vibrational energies to the ground state energy and
the classical expression for the free energy. This would count the zero-point vibrations twice. The
mistake has its origin in using a first-order expansion, rather than a second-order expansion of the
exponential in the above derivation. The second-order term cancels the zero-point energy exactly.

The classical expression for the free energy has the advantage that the result only depends on
the determinant of the dynamical matrix and not on the individual eigenvalues. The price is that the
approximate expression is limited to sufficiently high temperatures.

13 At very low temperatures and sufficiently high densities, quantum effects may become important and the Boltzmann
gas needs to be replaced by a Bose or Fermi gas.
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CLASSICAL ENTROPY OF THE HARMONIC OSCILLATOR

The classical entropy of the harmonic oscillator is

+O(h?) (7.24)

Finally, we obtain the internal energy as function of temperature as

UT)=F+TS=3N—-6)ksT

Low-temperature limit

It may be instructive to recheck whether Nernst’s theorem, the 3rd law of thermodynamics, is valid
for the harmonic oscillator. Nernst's theorem claims that the entropy per system size vanishes at
absolute zero temperature.

In the low temperature limit we obtain from the quantum mechanical expression of the free energy
of a system of harmonic oscillators, with the help of the expansion In(x) = 1+ x + O(x?),

] N6, huy \ 2
Fus(T = 0) L% 37 Sy — kg T Y &7 +O(<e‘kBT) )
=1

J=1
This expansion is valid if thermal energies are smaller than the smallest excitation energy, i.e. kgT <<
min; {hwj]
We can verify Nernst's theorem by calculating the entropy

3N-6 3N—6

e hw; M
SV,'b(T — O) = —kg Z e kT — kgT Z kBT2e kT
J=1 j=1
3N—6 b M
_ i \e~ T
= —kg J_zl (1+ kBTQ)e BT X0

Thus we have verified Nernst's theorem for the quantum mechanical expression. Note however, that
the classical expression Eq. 7.24 violates Nernst's theorem.

7.4 Summary

Important formulas

An N-dimensional harmonic oscillator has the following internal energy and entropy in the classical
limit.

U"'" = 3NkgT
) h 3N
SVb = kgTn | —=) VdetD
ksT
TING Y p—
(B T) = T
1

b(A, T, u) =

eB(A—p) — 1



Chapter 8

Non-interacting particles

In this section we will describe how our formalism can be applied to many identical particles without
interaction. For us it will lead us to terms like the density of states and the Fermi distribution function
and the Bose distribution function. Thus we make contact with the terms central to the material in
most textbooks about solid state physics. What is explained here is furthermore one possible starting
point for quantum field theory.

8.1 Fock space and number representation

For a system with non-interacting particles, the many-particle Hamiltonian can be written as a sum
of one-particle Hamiltonians.

Hiot(R, - P B Pn) = Y Hilfi, i)
,_

where 17 and p; are the position and momentum operators acting on the coordinates of the /-th
particle.

The eigenstates of the Hamiltonian are composed of product wave functions of the one-particle
states. For Fermions we obtain an eigenstate from the anti-symmetrized product of one-particle
states, that is a Slater determinant, and for Bosons we take the symmetrized product. For inde-
pendent particles, the number of particles in a one-particle state is conserved and therefore a good
quantum number. Hence, an eigenstate of a system of independent particles can be completely
characterized by the number of particles in each one-particle state. This is the so-called number
representation® of many-particle states. An eigenstate can be characterized as |V) = |ny, no...),
where every position belongs to a well-defined one-particle state and the numbers n; denote the
number of particles in that state. Due to the Pauli principle the numbers n; can only be 0 or 1 for
Fermions, while they can be any non-negative integer for Bosons. (It is therefore not allowed to drop
an unoccupied state from the list.) The Hilbert space is now extended to the Fock space. The Fock
space is the product of the Hilbert spaces for all possible particle numbers.

For the number representation we first need to choose a complete (orthonormal) basisset of one-
particle wave functions {|¢;)}}. From the one-particle basis we construct a basisset for many-particle
wave functions: A state |ni1, na,...) corresponds to the symmetrized or anti-symmetrized product
wave function built out of ny times ¢1(r), ny times ¢o(r) and so on. This basis contains

1. one-particle states functions

pos.i

1The German word for number representation is Besetzungszahldarstellung

173
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and

2. two-particle states

0,...,0,01,0,...,0, 1 ,0,...)=|d;;)

pos.i pos.j

where the corresponding wave function is defined as
1

V2

The plus sign in the wave function holds for Bosons and the minus sign for Fermions. For
Bosons we can also construct a two particle wave function from a single one-particle orbital

S i(r.r') = (@i(r)g;(r") £ ¢;(r)gi(r"))

0,...,0,_2 ,0,...) = |®;))

pos.i
where
S i(r. ") = ¢i(r)ei(r)

Such a wave function does not exist for Fermions due to the Pauli principle: After anti-
symmetrization the wave function would be identical to zero.

3. in a similar fashion we construct many-particle states for any particle number, which consist of
symmetrized or anti-symmetrized products of the corresponding one-particle states.

Immnz..)=P1 1 20 33 . ..)
—_——
l71 times I72 times n3 times

Note that we need to determine a sign convention. Consider a two particle wave function for
Fermions according to the above definition: We obtain |®; ;) = —|®;;), which implies that the sign
of a state in the number representation is not unique. In order to make it unique we need to impose
a convention: In the symmetrized or anti-symmetrized product, the term in which all one-particle
orbitals appear in the order of their quantum numbers must be positive. For our fermionic two-particle
state, this implies that the state in the number representation equals |®; ;) when /i < j and it equals
—|®; ) when j < /. 2

It is important to note that the scalar product between states with different particle numbers
vanishes. Since they are eigenstates of a hermitian operator, the particle number operator,to different
eigenvalues, their scalar product must vanish.

A general many-particle state is represented in this basis as
W)= > |m.m, .. enm,..
ny,no,...

Note that we can now write a state, which is a superposition of contributions with different particle
numbers. Such a state can no more be represented by a wave function in real space.

Similarly the general form of the state operator is

ﬁ: Z |nlvn2v--->pm,n2 ..... ml,mz,...<mlvm21---|

n,nz,..., my,ma,...

H= Z In1, o, Y, no, o [ A My, ma, ) my, ma,

2Note that we need to agree beforehand on the order of the quantum numbers of the one-particle states.
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usually does not couple states with different particle numbers® Thus the matrix elements between
basisfunctions with different number of particles vanish. Thus the matrix elements are the usual
matrix elements of N-particle states.

A particular simple representation is obtained for non-interacting particles, where the Hamilton
operator is simply the sum of single particle Hamilton operators: Each particle experiences the
same Hamiltonian. In this case we build up the number representation from a one-particle basis
of eigenstates of the Hamiltonian.

In this representation, the energy of such a many-particle state of non-interacting particles is just
the sum of the one-particle energies defined by H;|¢) = |p)e, that is

I:I|n1, No,...)y=1ni,na,...) (Z niei)

!
——

Enl,nz,..v

and the total number of electrons is

l\7|nL N, ...)y=1ny, na,...) (Z n,-) )

i
——

an,nz,

The index i runs over all one-particle states.

8.2 Excursion to creation and annihilation operators

We may now define a creation operator in the following way

=1 om0+,
n,...

If we apply the creation operator to an N-particle wave function we obtain an N + 1 particle wave
function. The creation operator simply creates one additional particle in the /i-th one-particle state.
The creation operator here is completely analogous to the creation operator we know from the
harmonic oscillator. The only difference is that, in the harmonic oscillator, we create excitations,
whereas here we create particles. In second quantization a particle is treated just like any other
excitation.

With the help of creation operators, we can construct the entire many-particle basis from a single

state, the so-called vacuum state |O>d§f|0, 0,...). Note that the vacuum state is not zero. It is still

normalized to one (0]0) = 1. The many-particle basis functions are, expressed by the vacuum state
and the creation operators,

Iny, o, ) = \/% ()" (&)™ .10

The factors had to be included so that the states remain normalized. The proof is left to the reader.
Thus we do not need many-particle basis functions any longer. We can describe everything with
creation operators and the vacuum state. This leads to a new paradigm: Since the vacuum state is
always the same, we do not need to write it down. Instead of states we now deal only with operators.

The hermitian conjugate partner of the creation operator is the annihilation operator:

G=> l..om—1. . 0vm{ ...
n,...

3Note however, that Hamilton operators exist that do not preserve particle numbers. One example are those
describing electron-phonon coupling.



176 8 NON-INTERACTING PARTICLES

The annihilation operator deletes one particle in the j-th one-particle state. The reader may verify
that the annihilation operator is indeed the hermitian conjugate of the creation operator. Note also
that the factor /n; ensures that all states have a positive number of particles.

The creation and annihilation operators can be used to construct the number operator
~ def ot A
n,:;f,: Z \...,n,,...)n,(...,n,,...\

The expectation value of the number operator provides us with the number of particles in a one-
particle state.

The number operator is useful because we can write the Hamiltonian for independent particles in
a simple fashion. The Hamiltonian for independent particles is the sum of one-particle Hamiltonians
acting on the coordinates of the individual particles. We choose the Eigenstates of this one-particle
Hamiltonian to set up our number-representation basis for the Fock space. This basisset automatically
consists of eigenstates of the many-particle Hamiltonian. Next we define the creation and annihilation
operators in this basisset. If the eigenstates of the one-particle hamiltonian are ¢;, the many-particle
Hamiltonian has the form

/:/ = Ze,@f@,-
1

This equation results only from the fact that the Hamiltonian is diagonal in a representation of eigen-
states of the corresponding one-particle Hamiltonian and that the eigenvalue is given by Ep, .. =
Zi €in;.

Similarly we obtain the particle number operator as
N=>"¢¢
i

Without proof | will also show here the form for the Hamiltonian for interacting particles, having
an interaction W

N o 1 TN
H= Ze,-cfc,- + 5 Z V\/,-J,k,/c,Tc-Tckc/
i igik,d

where W, = [ d®r [ d®F 7 (7, TW(F, )P, (7, 7). For an electrostatic interaction between

charged particles the interaction has the form W/(7, 7) = #260“?1?\' The interaction term has a
simple interpretation. Two particles in the states k and / scatter and leave the collision in the states
i and j. Therefore the particles in the states k and / are deleted and two particles in the states / and

J are created.

So far | have not discussed the commutator relations, which have been important in the algebraic
description of the harmonic oscillator (see ®SX: Quantum theory). Let us consider the commutator
between creation and annihilation operator. We calculate its matrix elements: For identical indices
we obtain

Cooon e el mi, )
=( .o l&el oy = E ] my )
=(oom o al o mi L mi A= e mi =1, ) m
= eeemi s mi 1) = Con e mi ) m;
=0 m;

Similarly we can show that the commutator for different indices vanishes, and we can show that the
commutators between two creation operators and two annihilation operators vanish.

Thus we obtain the commutator relations of creation and annihilation operators.

[6/, aﬂ =6, [6.¢]=0 [aj, aﬂ —0
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Extension for Fermions

This formulation has a flaw, because it allows us to create more than one fermion in a single one-
particle state. This is not possible due to the requirement that the wave function is antisymmetric
with respect to interchange of the particle coordinates. Therefore we have to modify the formulation
that we obtain zero if the creation operator acts on a state which has already a particle in that state.
Thus we need to impose the condition
2
(6}) =0

We could now define the creation operator as follows
= > l...n+1. Ym0l m ...
ny,no,...

This expression is equivalent to the creation operator for bosons, but it has different commutator
relations for [c;, CI.T], which can be illustrated for the example of a system with only one one-particle

orbital.
(0lcti0) (olef|1)) _ (00
(1lctio) (1fefjn) ) ~ \ 10
$<<0|c|o> <0|c|1§ _

01
(1]c|0) (1]c|1 00
(0[fc, ¢ o) {ol[c, c]-|1) 10 10
= = #*
(1|[c, 10y (1][c, c']-[1) 0-1 01
However if we replace the commutator with the anti-commutator we obtain a relation similar to the

result for bosons.
An anti-commutator of two operators A and B is defined as

~ ~ d f A A A A
(A B], SAB+ BA
If we want to make the distinction between commutators and anti-commutators explicit, we usually
give the commutator a subscript “-".
We can see that the anti-commutator relations for the fermionic creation and annihilation oper-
ators are analogous to the commutator relation for the bosonic creation and annihilation operators:

<<0|[c, c'1410) (Ol[c, ¢]4 |1 ) (1 o)
01

(1/[c. ¢1410) (Ll[e, et]e]1y | —
(oo
V00

)= (22)

An elegant solution for the problem is to redefine the commutator relations for the creation
operators. If the creation operators do not commute, we need to make expression which links
the number representation states to the creation operators dependent on the order of the creation
operators.

0l[ct, ¢4 1

)

)

<<0[c*. cf]410) )
1[ct, ¢4 1)

)

)

(1l[ct, ct1410)
<<O|[c, cl+10) (0l[c, c] 41

(e, cl+1

~ ~ o~ o~

(1l[c, c]+l0

Furthermore a wave function 6}6J-T|O> has a different sign than 6J-T6,T|O>, because the two wave
functions differ by an interchange of indices. This is valid also for states other than the vacuum state
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(without proof). Hence we must impose elel = —éfel, which implies that the anti-commutator

(i Joi
6T,6T = 0 vanishes.
Uy

Thus, the common approach is to replace the commutator relations by anti-commutator relations.
For Fermions the anti-commutator relations of creation and annihilation operators have the form

PPN 1 R A a1 NP -
eg], =8y lacl=0  [dg] =0
Let us go through the arguments one by one. To simplify the discussion let us only consider one

orbital. The Fock space has only two states: The vacuum state |0) and the one-particle state |1).
Now we can work out the matrix elements.

efloy=11)  elf1y = (c")’|0) = 0)
(olefloy (olefjy\ (o0
“\aetoy aetny ) ~ 1o
(0ejoy (olef1y) (01
(1eloy (1le;1y ) \oo
(0lefeoy (olefe[1)) (o0
(1]ete|oy (11efeiny ) \o1

(0]eet|o) (ojeet|) 10
= A A =
(1|eet|o) (1]eet|1) 00
From here it is easy to verify the anti-commutator relations given above for identical indices / and .

Now we use the condition [6}, 6J-T]+ = 0. This implies that we need to introduce a sign convention
for the states, which is sensitive to the order in which the particles are created. Let us define

—&-6;'61”0) for >

0,..., 0, 1,0,..., 0, 1.,0,..)= N o
| ~~ ~~ ) {—CI-TCJ”O) for <

pos.i pos.j

The sign convention of the kets translates into a sign convention for the bras.

O ~A f > .
0.0 1.0,....0 1,0]=400G& for >
' v —(0[g¢&; for P<J

pos.i pos.j

If we take the hermitian conjugate of the anti commutator relation [6;[, éj]+ = 0, we obtain the
anticommutator relation for the annihilation operators [&;, ]+ = 0.

Let us now consider Fock space spanned by two one-particle orbitals: It contains the vacuum state
|00), the one-particle states |01), |10) and the two-particle state |11). We investigate the operators
6{62 and 6261. Its matrix elements vanish except the ones between the ket |01) and the bra (10].
Note in the following that ¢|0) = 0 # |0).

>
>

ol+=1

(10|&]&,]01) = (00|& &f &:¢l|00) (el (00]& ¢]100) — (00]& &l el cp|00)
=0
=(01/01) =1
(10|&:¢]101) = (00]& &8l elj00) = (-1)2(11]11) = 1

Since all other matrix elements vanish, we obtain the anti-commutator relation [&, 6I]+ = 0. The
reader may verify that the same anti-commutator relation holds if the indices 1 and 2 are interchanged.
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Real-space representation

The number representation can be built on top of any complete one-particle basis set. We can also
transform onto a basisset of position eigenstates. Without proof we list here the main changes.

The creation and annihilation operators in real space are Wi(7) and W(F). the commutator
relations for Bosons are

WiFW()- =o(F—7)  [IEVI(E)]-=0  [W(FE ()] =0
For Fermions we obtain instead the anti-commutator relations
WIFE ) =6(F-7)  NWIEVI(E)L=0  [WFEUE)L =0
For Fermions and Bosons the number operator becomes the particle density operator
AP = V(¥ ()

The Hamiltonian for particles with charge g and mass m in an external potential V/(r) that interact
electrostatically has the form

~ - - ~ q? \TJT(F)\TIT(F')\TJ(F’)\TJ(F)

A= [ &r¥i(F) | —5=V*+ V(7 wr+—/d3r/d3r’ =
/ (j{ 2m (7] W) 8Teg |F— 7|

Editor: Check the order of the operators. Thus the main difference from going from the

first to the second quantization is to replace the wave function by the real-space creation and anni-

hilation operators. Note that, like in the first quantization, the order of the operators is relevant and

not immediately obvious.

Second quantization

Note that we arrived here at the second quantization by starting from the particle concept, since we
started from one-particle states, two-particle states, etc. Previously ($SX: Quantum mechanics),
we arrived at the second quantization by treating the wave function like a particle coordinate that
needs to be quantized. In both cases we arrive at exactly the same Theory.

Further background can be found in the book by Haken[? ].

8.3 Partition function

After this excursion to the field of second quantization, let us return to the simpler number repre-
sentation. We investigate non-interacting particles and choose the number representation based on
the Eigenstates of the corresponding one-particle Hamilton operator, which has eigenvalues €;. The
many-particle states |ny, no,...) are eigenstates of the many-particle Hamiltonian and the particle
number operator. The energy eigenvalue of such a many-particle state |ny, n, .. .) is then

1 oroo

Enl,r@,... = Z €in; (81)
=0

The upper bound is one for Fermions and infinity for Bosons. The eigenvalues of the particle number
operator are

1 or co

Nm,nz,... = Z nf (82)
i=0
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In thermal equilibrium, the density operator has the form

1 or co
~eq Eq.6.12 1 PP
Pl ST e e e
P H ni,na,....m1,ma,...=0
1 1 or oo
= Y . e P i | (8.3)
Z(T' /vL) ni,m,...=0

The partition function Z(T, u) = Tr[e_ﬁ(g_“’v)] is obtained as sum over all states*, or alternatively
as product of one-particle partition functions.

1 or co oo 1 orco
1 _trivi 1
Z(Tow) 2 3 e [TBT Ste—wn| "L Y e [——kBT(e,- — w)nif8.4)
ny,no,...=0 i i=1 nj=0

The free energy has a form of a sum of single particle free energies®

1 or co

F(T ) 2" Tz = Z[—kBTIn< > exp[—kBiT(e,- - u)n;])} = Z Fi(T, 1)

i=1 ni=0
with the one-particle free energy per state

1 or co

FT. 1) = —kaT n(Z,(e ~ u. T)) = ~ksTIn[ 3 exp(~ (i~ wn) (8.5)
ni=0

This equation represents an important conceptual step: Instead of expressing the partition func-
tion as sum over all many-particle states, we obtain it now as a weighted sum over one-particle states.
This is a dramatic reduction in the complexity of the problem, which is possible because the particles
are not interacting.

For Bosons the sum runs from zero to infinity, while for Fermions the sum is limited to the two
terms n; = 0 and n; = 1 due to the Pauli principle. The corresponding one-particle free energies
have already been discussed, when we discussed the two-state system and the harmonic oscillator.
We obtain

FE(T ) 5™ 2572 kT |14 exp (-2 2E (8.6)
KeT
for Fermions and
FE(T, 1) B &7 ke Tin |1 —exp ([~ 22 (8.7)
KoT

for Bosons.

8.4 One-particle density of states

In the previous section we have seen that the thermodynamic potentials of a system of many non-
interacting systems can be expressed by a sum over one-particle states. Furthermore, most sums
include terms that only depend on the one-particle energy of each state. That is they are of the
form >, g(e€;). In those cases it is possible to separate the information that depends only on the
Hamiltonian from the choice of the ensemble.

4The reader may want to verify that the sum is identical to the result obtained by optimizing the state operator.
5They should better be called single-orbital free energies
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The system dependent information can be described by the density of states defined as
D(e) = > 8(e—€). (8.8)
i

where the €; are the eigenvalues of the one-particle Hamiltonian.

Any quantity A, which is a sum over states A = )", a(¢;) can be represented with the help of the
density of states function as

A= Za(e,-) = /de D(e)a(e) .

As an example, the free energies for Fermions and Bosons have the form

FF(T, w) F=2° —kT/de D(e) In [1 +exp (—ek;T“’ﬂ (8.9)
FB(T, ) F27 +kT/de D(e) In [1 —exp (‘L;ﬂ (8.10)

Note that Fermions corresponds directly to a two-state model for each one-particle state. The
state can be filled by one electron or not, which are the two possible states. That is also why the
thermodynamic properties are identical to the two-state model

A system of Bosons corresponds directly to a harmonic oscillator for each one-particle energy level.
We can fill in arbitrary many Bosons into a one particle state. Each particle then has the energy of
the one-particle state. Hence the energy spectrum of the many-particle system corresponds to an
infinite ladder of equispaced many-particle states. The main difference is that we do not include here
the zero-point vibrational energy. It is left out, because the vacuum is always there and therefore
does not affect energy differences.

The zero-point energy plays however an important role in elementary particle physics: According
to Einstein’s general theory of relativity any form of energy corresponds to a mass, which can produce
a gravitational field. Since there are infinitely many possible one-particle states, one can easily arrive
at an infinite gravitational field. This is a paradoxon. In order to avoid this problem people speculate
about super-symmetric theories for elementary particles. One can argue that Fermions should have
a negative zero-point energy, and by exactly pairing Fermions and Bosons one can arrive at a theory,
where the vacuum does not have a mass.

In statistical mechanics one can often approximate the density of states by a model density of
states. In the following we will investigate the two most important model systems. Free particles
with and without mass.

8.4.1 Density of states and dispersion relation

The one-particle density of states can readily be obtained from the dispersion relation €(p). Indepen-
dent particles in a constant potential have a conserved momentum p = fik. This implies that they
can be described by plane waves

7 1 ikF
W(r) We
Note that even electrons in a periodic potential, that is electrons ins a crystal, have a conserved
momentum. The wave function is not a plane wave, but a plane wave modulated by some periodic,
p dependent function, as seen in the Bloch theorem. These dispersion relations are called band
structure and can be calculated with first-principles calculations. Also lattice vibrations in a crystal
can be classified by their wave vector, resulting in a phonon band structure.

If we consider a system with periodic boundary conditions in a a box with side-lengths L,, L,, L,
the states are quantized, so that k;L; = 2mn; where n; is an arbitrary integer. Thus there are only
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states with k = (%’:i, %’y’j, %k), where i, j, k are arbitrary integers. The volume V of the box is
V=LL,L,.
Thus the density of states is

2wh . 2mh . 2wh
D(e) = Zé(e(—LX i . 7/, . k) — e)
i,k N~ N N~
Px Py Pz

We can attribute to each state a volume in k-space, namely

Ay, = 2m2m2m ()
LLL Vv

(8.11)

Using the relation p'= hk we can convert this volume into a volume element in momentum space,
namely

_ (2mh)3

AV, = <=

(8.12)

If the size of the box, thatis Ly, Ly, L, is made very large, the volume element attributed to a single
state in momentum space becomes very small. Thus we can replace the sum by an integral, where
AV, is represented by d*p.

3

I J K N
—d3p
L,—>OO V 3 —

It is intuitively clear that the expression for the density of states is related to a surface integral
over a surface of constant energy. This will be shown in the following.

In order to transform the expression for the density of states into a surface integral in momentum
space, it is convenient to introduce the number of states N(e).

The number of states is defined as the number of states that lie below the energy epsilon.

vV

M) = 30— e(pian) "2 s

iJ.k

/ o 6(e — €()) (8.14)

where 6(x) is the Heaviside function 8(x), which vanishes for x < 0 and is equal to unity for x > 0.
The Heaviside function is related to the §-function via

0(x) = /X dx' 6(x") & 0x0(x) = 6(x) (8.15)

—0Q
This allows us to relate the number of states to the density of states Thus we obtain

AcN(e) =™ (zﬂvhﬁ / d*p 0.6(c — €(p)) 2 % / dp §(e — ¢(p))

D(e) (8.16)

Eq. 8.13
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Here we show how the volume integral with the delta function can be converted into a surface
integral.

Eq. 8.16 .
D(e) "= 0:N(e) = fim, (27h)3

6(c + A — e(p)) — 6(e — €(p))
/ b A
—d(e—€(p))

The integral over the difference of the two Heaviside function corre-
sponds to the volume of a volume sheet, which is enclosed by the sur-
faces defined by €(p) = € and €(p) = e+ A.

Let us calculate the distance of two points on the two surfaces. Let
us pick one point py on the surface defined by €(p) = €. The closest
neighbor on the other surface p; lies opposite to py, that is p1 = po+i-d,
where d is the distance of the points and 7 = W—lpeﬁpe is the normal

vector of the surface. pj lies on the other surface and therefore fulfills

€(p1) = _€_+A
€(Po)

= e(Po) +A=e(Po+-d) L e(po)+ 7 dVpe+O(d?)
A A A
=>d=——= T = TS
Woe  TeTe (Vo

Thus we obtain the thickness d of the sheet. Note that the thickness
depends on the position on the sheet. The volume element of the sheet
can then be written as d3®p = dA - d

Thus we can write the volume as

Y L1
D(e) = (2mh)? f{d Ap IV 0e]

Thus we obtain the density of states from the dispersion relation as

ONE-PARTICLE DENSITY OF STATES PER VOLUME

def 1 d3p . 1 5 1
o= 06 = [ a0 (€ =€) = Gz §a, e (8.17)

Note that ﬁpe(p) is the velocity (group-velocity) of the particle.
This follows from Hamilton's equation x; = %S’X). It also fol- AE

lows from the expression of the group velocity of a wave packet steep /: flat band

_ dw(k) _ oe(p) band
I ok T @P/ ) X . d
Thus the density of states is proportional to the area of a con-

stant energy surface and inversely proportional to the mean ve-
locity of the particles at the constant energy surface. Thus, flat
bands, which correspond to slow particles have a large contribu-
tion to the density of states. Steep bands, which are related to ‘
fast particles, contribute little to the density of states at a given
energy, but they contribute over a large energy range.

m

low DoS
high DoS

-y
oV

In the following we will calculate the density of states of two model systems the free particle with
and without mass.
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8.4.2 Free-particle density of states with mass

The dispersion relation of a particle with mass is

(p) = 5

The density of states is obtained exploiting the fact that |p] is constant on a surface of constant
energy

4 1 4 1
ble) = (27rh>3/ A = <2wh>34 . Taijm
lpl=v2me V o
= amrmv2 )2\/ﬁ/m
3
= o v<ﬁ) Ve (8.18)

One should remember that the density of states has a square-root behavior in three dimensions. Note
however that two-dimensional particles such as a 2-dimensional electron gas has a radically different
density of states. A one-dimensional particle, such as an electron in a one-dimensional conductor has
a density of states proportional to ﬁ a particle moving in two dimensions has a density of states
which is constant.

This model is important to describe the behavior of states at band edges. For example the electron
states of a semiconductor at both sides of the Fermi level are the ones relevant for the electric and
thermodynamic properties of a semiconductor. When we approximate the band about the minimum
to second order, we obtain an approximate dispersion relation

1 = x—1/ =
€(p) = €c + 5(F = )" (5~ p°)
where €. is the conduction band minimum, p° is the momentum of the minimum and m* is the
effective-mass tensor. m* is nothing but the inverse of the second derivatives of €(p) at the band
edge. It is important to note that the effective mass can be a tensor. Furthermore there may be
several degenerate minima, so that one obtained different types of conduction electrons.

Similarly we can expand the top of the valence band to quadratic order about the minimum. These
are the hole bands. The mass is negative. Since it is a missing electron that conducts, the hole has
also a negative charge. The hole is conceptually analogous to the antiparticle of the electron, the
positron. It is quite common that concepts from elementary particle physics carry over into solid
state physics. In the latter however the phenomena can be observed at much lower energies and put
into practical use.

8.4.3 Free-particle density of states without mass

Mass-less particles are used to describe, for example, the acoustical branch of phonons (lattice
vibrations). It can also used to describe electrons in a metal: In thermodynamics only the electrons
near the Fermi level are of relevance, so that the band structure e(k) can be approximated in this
region by a linear dispersion relation. Another example where the dispersion relation is linear is light,
i.e. photons.

The dispersion relation of a particle without mass is

€(p) = clpl

where c is the speed of light, if we discuss photons, or the speed of sound if we discuss phonons,
that is lattice vibrations. For metals c is called the Fermi velocity.
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The density of states is obtained exploiting the fact that |p] is constant on a surface of constant
energy

_ Vv 1 _ Vv > 1 ipl=¢/c  V 5
ble) = (2mh)3 / |V,oel  (27h)3 4\,./ c (27Th)347r(6/c) c
dA
AV,
~ (@rho)3” (8.19)

8.5 Ideal Fermi gas

The Fermi gas is a model for electrons in a molecule or a solid. Some remarks are appropriate,
though, because electrons interact strongly by the Coulomb interaction. Why can we treat them as
non-interacting particles?

The reason why the independent particle picture is nearly appropriate is that we consider not
electrons themselves, but quasiparticles®, which are made up of electrons and their exchange and
correlation hole. Let us consider the electron density na(rg, r) that is seen by a single reference
electron at ry: Because of the Pauli principle, this electron density vanishes at the position of the
reference electron. If we build the difference of the total electron density n(r) and the density of the
N-1 remaining electrons we obtain the so-called exchange correlation hole h(ry, r) = na(rg, r) — n(r).
The exchange correlation hole is localized close to the reference electron. Its density is just opposite
to that of the reference electron. Thus we may define a quasi-particle composed of the reference
electron and the exchange correlation hole, which is overall neutral and therefore does not have a
long-ranged interaction. There is still an interaction at small distances, which however is strongly
reduced because the electrons cannot come close to each other due to the Pauli principle. Hence
the electrostatic interaction is strongly reduced compared to what has been expected.

Let us now evaluate the major thermodynamic quantities for the ideal Fermion gas. The Free
energy for Fermions is

F(T,u)=—kgTInZ(T,u)
1

Z{—kBTIn {Z exp(—kBLT(e — p,)n/)} }

i n;=0

_ /de D(e)[ ~ kaT Inf1 + o] (8.20)

The entropy is obtained as

AF o B(e — u)efﬁ(efu)
- Ble—w)
S=-z== /de D(e)(kBIn[l te |+ ke = (8.21)
The internal energy is
€

Here we introduce the occupation numbers
f(e) = _ 8.23
(= S5 (8.23)

6Quasiparticles is a concept that describes when strongly interacting particles or excitations behave cooperatively
like a composite particle, which only weakly interact with each other and the environment. A common example is a
polaron, which is a quasiparticle of an electron and a lattice distortion of a polar cristal. As the electron passes through
a polar crystal such as rocksalt, it introduces lattice distortions to lower its energy. When the electron moves, the
distortions move along with the electron. This so-called polaron behaves like a free particle with a larger mass than
the electron.
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S/k_B

(epsilon-mu)/k_BT

Fig. 8.1: Entropy contribution in units of kg of a one-particle state for a Fermi gas as function of
(e — u)/ksT. States far from the chemical potential do not contribute since they are either with
certainty full or empty. States at the chemical potential contribute with kg In[2], because both states,
with and without a particle, are accessible.

which is also called the Fermi distribution function.
Using the Fermi distribution function, Eq. 8.23, we obtain

U[f(e)] 2% / de D(¢) - € f(€) (8.24)
Ff(e)] 92° / de D(e) - [kBTIn[l - f(e)]} (8.25)
S[F(e)] T2 / de D(e) - (—kB {f(e) In[f(e)] + (1 — f(e) In[1 — f(e)]D (8.26)

where the dependence on temperature and chemical potential is included indirectly via the Fermi
distribution given in Eq. 8.23.

The free energy can be directly considered as a functional of the occupations f(¢). If we minimize
the free energy with respect to the occupations, we obtain directly the Fermi distribution function.
This is the so-called Mermin functional used in electronic structure calculations.

F(If(elL. T.u) =U-TS
= /dﬁ D(e) [(e — u)f(e) + ks T (f(e) In[f(e)] + (1 = f(€)) In[1 — F(e)])]

The minium principle yields

dF([f(e)]) = /de D(e) [(e = u) + kg T (In[f(e)] + 1 —In[1 — f(e)] — 1)] df (€) 0
=0=(e—pu)+ksT (In[f(e)] +1—1In[l —f(e)] — 1)

=0=(e—pu)+ksTIn [Zli(;)(e)]
Ble—p) _ f(e) B 1

Editor: This may be visualized by showing the contribution to F at each energy.
Let us have a closer look at the Fermi distribution function. For € — u << —kgT we obtain an
occupation equal to one. For € — u >> kgT we obtain e BE—H),

We analyze the behavior of the Fermi distribution by considering the limits at infinity and near
the chemical potential.
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e For high energies, i.e. € —u >> kg T, we obtain

1

— o B(e—u) (e—m)y2
o CEmEE e + O(eﬁ )

This is just the Boltzmann factor for an excitation from the chemical potential. These states
are empty, with an occasional electron thermally excited into high energy region.

e For energies much smaller than the chemical potential, i.e. u —¢€ >> kgT, we obtain

1

— 1 _ oBle—w) (e—1)y2
Fe T 1-6° + O(ePlemw)

The states are occupied with the exception of electrons, that are thermally excited into the
unoccupied states. We could also say that some holes are excited from the chemical potential
into these low energy states.

e Near the chemical potential we make a Taylor expansion in the energy.

1 1 e—
— = — 4~ 4+ O(e — n)?
Bew 11 2 kg TOEH)
Thus the transition from occupied to unoccupied takes place in an energy region of about 2kg T
near the chemical potential. At low temperatures, the transition is abrupt.

Fig. 8.2: Fermi distribution function.

8.6 Application: semiconductor statistics

8.6.1 Intrinsic semiconductor

Let us consider the charge carriers in a semiconductor. The conductivity is proportional to the number
of free charge carriers, that is electrons in the conduction band and holes in the valence band. If the
charge carrier concentration is by the semiconductor itself and not by the presence of dopants, we
call the semiconductor intrinsic.

First we have to define the system: We need to know the density of states. The density of states
is obtained from the dispersion relation. The dispersion relation of a semiconductor is characterized
by a band gap Eg in the range of about one electron volt. The band gap in silicon is 1.14 €V wide.
Near the band edges, the dispersion e€(k) can be approximated by parabolas. This implies that the
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conduction electrons behave like free particles with a positive effective mass m*.

1 d?e(k
e(k) =€ + 5 dk(2 )(k — ko)? +O(k — ko)®
hk — hkg)?
:60+7( > O) JrO(k*ko)?’
d?e(k), 1-1
* g2
m- =" [ dk> |k°}

Editor: Mention that effective mass is a tensor! Provide a link to Ashcroft-Mermin[?
1 p569 where €q is the energy of the band edge. Do not confuse this symbol with the vacuum per-
mittivity. kg is the position of the band edge in reciprocal space. Usually, there are several bands
close to the band edges, so that each band contributes with their own effective masses. In reality
there are several hole bands and sometimes several electron bands. Furthermore, the effective mass
is a tensor, that is the masses depend on the direction into which the electron or hole travels. The
hole band is a parabola with negative curvature E(k) = —%m,’;/p.

Let us count the number of conduction electrons and those of the holes in each branch of the
dispersion relation. o denotes a particular branch of the dispersion relation.

Ny — / " de Dol€) e — 1)

E
Npo = /_OOO de Dy(€) {1 — f(e— u)} = /_OOO de D(e)f(—€ + w)]

= /oo de D(—¢)f(e + p)
0

We see here that the holes behave like electrons, if we simply change the sign of the energy scale.
Holes behave like antiparticles of the electrons, where the rest energy moc? is replaced by one-half
of the band gap.

In the following, we will try to evaluate the number of charge carriers as function of temperature.
The free-particle density of states is the model from which we obtain the number of carriers in a
given branch of the dispersion relation. In order to simplify the discussion, we shifted the energy-zero
to the band edge.

o onV\2m [ Ve
N = /O de D(€)f(€ - M) = (271_7,-,)3 o d€1 4 eBe—n)

_ony (2KeT N (VT Oo(—l)”“n—%e% (8.27)
(Gr) ()12 |

Niw

(2mh)?

Here we simplify the expression

Eq. 8.18 omV/ (2m*)? /°° J NG
T T e J, C1reen

N = /OOO de D(e)f(e — w)

used in Eq. 8.27.
We need to solve an integral of the form

with a = u/(kgT) cont’d
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cont'd

Since | do not know an analytical solution, let me try an expansion in a small quantity. We already used
the assumption that the chemical potential lies far from the band edges. Thus we can consistently
assume that y = e~ (**t2 s a small quantity.

We rewrite the integral as

(x-ay_ -
/dx Vxe~ l+e )
| use the Taylor series of 1+y
.1 d” 1+y 1 >
=35 g =
1+y e n! y=0 =
nl(=1)"

and insert y = 1 + e X2 so that

/dx \/}e*(x—a)é :Z(—l)n/dx \/;(ef(mrl)(xfa)

1+e - Lo

:Z(fl)n+l/dX \/)?efn(xfa)
n=1

:Z(f n+1 na/dx \[efnx
n=1

Another variable transform z = nx leads to

( 1)n+1 na
/d 1+exa Z o

/ dz /ze?
0

cont’d

cont'd
Now we need to resolve the integral in parenthesis: We use a variable transform y = /z so that
z=y? and dz = 2ydy and look up the final integral

o o
/ dz \Ee_ZZQ/ dnye_yzzﬁ

0 0 2

We obtain
\/)? ( 1)n+1 na
/dx 1+exa Z o

cont’d
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cont'd
Thus we obtain

\_ 2mV2mY mdf 1
B ¢ €1+eﬁ(w>

27r\/2m*V
= @mp Ve /

oy <2(”277r/;§z>2 (;) {Z(l )Lt
(52 £ ]

}

In the beginning we placed the zero of the energy scale at the conduction band. To obtain a more
general expression we introduce again the conduction band edge ¢, for electrons and the valence
band edge €, for the holes. Furthermore we evaluate the spatial density n of the charge carriers
instead of their total number.

(T ) = Ne(;, B _ (n;e:s;> [i (—\}37’;“ (efks%(eCfu))”} (8.28)
= T (METSS )] o

This result is still exact within the effective-mass approximation, that is the approximation of parabolic
bands.

We need to sum this result over all branches of the dispersion relation, which are labeled by o. The
band structure often exhibits several degenerate minima of the conduction band and valence band
maxima. Thus we must sum the carrier concentrations over all relevant branches of the dispersion
relation. Each branch of the dispersion relation may have its own effective mass. This is especially
the case for the valence band top, where two heavy holes and one light hole contribute. First and
foremost, we must not forget spin degeneracy. There are states for spin-up and states for spin-down
electrons, which are degenerate in the absence of magnetic fields. Instead of summing over these
bands we may also consider the spin degeneracy by a factor two, if we exclude the explicit sum over
branches related only by spin reversal. Secondly we must sum over all minima of the conduction band
and all maxima of the valence band.

The effective-mass approximation is only valid, if the charge carriers are concentrated close to the
band edges. This is the case if the chemical potential lies far from the band edges that is E;B_T“ >>1

H—€Ev

and & o 1. With this approximation however only the first term in the series expansion of
Egs. 8.28 and 8.29 contributes appreciably. Thus we we simplify the expression assuming that
S+ >>1and 42 >> 1, which allows to ignore the higher powers of the series expansion.

We obtain the approximate result for the carrier concentrations.
ne(T. ) ~ Po(T)e” a7 ) (8.30)
(T 1) ~ Py(T)e 7ar =) (8.31)
with P(T) defined as

3
mi keT 2
Pn=-3 (")

Po(T) =) <mg;;§T> 5 (8.32)
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This expression has the form of a Boltzmann factor: Thermal energies lift electrons from the chemical
potential to the conduction band edge. This picture is oversimplified of course, because it does not
include the pre factor P(T), which behaves as if there were a single set of degenerate states for the
conduction band edge, with a temperature dependent degeneracy VP(T).

Determination of the chemical potential

We still need to know the chemical potential as function of temperature, to know the number of
electrons and holes at any temperature. The chemical potential follows from the requirement that
the number of electrons must be equal to the number of holes, because otherwise the system would
be charged.

ne(T.p) = np(T, )
Egs. 82.30,8.31 PE(T)e—B(sC—u) — Ph(T)e_B(“_€V)
= kgTIn[P(T)] —ec+u = kT In[Py(T)] —p+e,
€c T €y Ph(T)
w(T) 2 ' ”(Pe(T)
3
Eq.832 €c T ev ke T n 2ot M
- 3
2 2 22821 mé g

The chemical potential at zero temperature is in the middle of the band gap but at somewhat larger
temperatures it changes linearly with temperature towards that band with the smaller density of
states in order to enforce charge neutrality. The chemical potential at zero Kelvin is usually called
the Fermi Level or Fermi niveau.

8.6.2 Extrinsic semiconductor

Now we consider dopant atoms. If the carrier concentration is dominated by the presence of dopant
atoms, the semiconductor is called extrinsic.

Shallow donors and acceptors

Dopant atoms are atoms that introduce shallow levels, that is, levels that are either close to the
valence-band edge or close to the conduction-band edge. Dopant atoms are usually atoms with a
slightly increased or reduced number of valence electrons compared to those of the host crystal. In
the case of silicon as host crystal, typical dopant atoms would be phosphorous and boron atoms.
Phosphorus has five valence atoms and Boron has three valence electrons, that is one less than
silicon.

In silicon four electrons are consumed by bond formation. Phosphorous, however, has five valence
electrons. The surplus electron of phosphorous is donated to the valence band. This is the reason
why phosphorous is called a shallow donor. The phosphorous ion PT left behind is positively charged.

The surplus electron is attracted to the positive phosphorous atom and will form a bound state,
which is similar to a hydrogen atom. The proton of the hydrogen atom is replaced by the phosphorus
ion. The mass of the electron needs to be replaced by the effective mass’ of conduction electrons.
The dielectric constant of vaccuum needs to be replaced by that in silicon. As a result, the binding
energy is very small so that thermal energies and electric fields are sufficient to separate the electron
from its ion, so that it can contribute to an electric current.

A boron atom has only three valence electrons. Thus it captures an electron and thus creates
a hole in the valence band of silicon. This is why boron is called a shallow acceptor. Just as the
electron and the positive phosphorus ion can form a weakly bound pair, the hole and the negative
boron ion can form a pair analogous to a positron and an anti-proton forming an anti-hydrogen atom.

"The effective mass is obtained from the curvature of the electron bands at the conduction band edge.
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The binding energy Eg of an electron in a hydrogen atom?® is

mee*

1
EB:§

For a dopant atom, we need to replace the free-electron mass m. by the effective mass and the
dielectric constant €p by the dielectric constant ege, of silicon. The longitudinal effective electron
mass of silicon is 0.19 m. and the transversal effective electron mass is 0.98 m.. The light-hole mass
is 0.16 me and the heavy-hole mass is 0.49 m. The relative dielectric constant is ¢, = 11.9. Thus,
we estimate the binding energy for electrons and holes as

m*/mel mee* 18 meV for m* = 0.19 me
Eg(elect = = = 8.34
(clectrons) € 2 (4megh)? {94 meV  for m* = 0.98 m, (8.34)
m*/mel mee* 15 meV for m* = 0.16 me
Eg(holes) = = = 8.35
5( ) € 2 (4megh)? {47 meV  for m* = 0.49 m. ( )

Since the effective mass is much smaller than that of a free electron and the dielectric constant
is much larger, the binding energy is extremely small, namely in the range of 10 meV. (The band gap
of silicon is 1.1 eV wide.) This binding energy can easily be overcome by thermal energies or by an
electric field, so that we can consider the additional electrons and holes as free charge carriers.

Dopant | Valence Type Energy level
B 3-valent | acceptor | € =€, + 0.046 eV
P 5-valent donor € =¢€.—0.044 eV

Table 8.1: Dopant atoms in silicon

Donor

Acceptor

Fig. 8.3: Schematic representation of the band structure of a semiconductor with dopant atoms.
The energy is shown as function of a spatial coordinate. The insets show the Bohr representation of
the corresponding defects.

8See Eq. 12.10 of ®SX: Quantum Physics[? ].
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Concentration of charge carriers in an extrinsic semiconductor

Our goal is to determine the concentration of charge carriers, that is of electrons and holes. This
number of carriers determine together with their mobility the conductivity of the material.

Before we begin with the derivation, let me define a useful quantity, the intrinsic carrier concen-
tration nj.

Definition 8.1 INTRINSIC CARRIER CONCENTRATION

n,cj:ef NeNpy (8.36)

The intrinsic carrier concentration is obtained from the mass-action law for charge carriers in a
semi-conductor

Eqs. 8.30831 Pe(T)Ph(T)e”B%Eg (8.37)

Nelp

Interestingly, the intrinsic carrier concentration is independent of the chemical potential.

As in the intrinsic case, also in the extrinsic semiconductor, the carrier concentrations are given
by Egs. 8.30 and 8.31. However, we need to determine the chemical potential under the influence of
the dopants. The chemical potential is determined by the charge-neutrality condition®

—ene +eny,+eNp —eNy=0 (8.38)

where e is the elementary charge, ne and nj, are the electron and hole densities and Np and Ny are
the densities of donor and acceptor atoms. A donor atom contributes a positive charge, because a
donor atom, being five-valent, gives away one electron into the conduction band, leaving behind a
positive ion. Similarly an acceptor atom leaves behind a positive ion.

From the charge neutrality condition Eq. 8.38, we obtain

ne— np —(Np—Na)=0
—

n?/ne
qu'% ng — (Np — Na)ne — n,-2 =0
Np — N Np — Na\ 2
:»%:D2Ai¢(‘12‘0 + n? (8.39)

Only one of the two solutions is physucal, because the other leads to a negative electron concen-
tration. Thus we obtain the final result for the electron concentration.

Np — N Np — Na\?
Ne=—2_"A 4 DAY 42 (8.40)
2 2 !
The hole concentration is obtained from the charge neutrality condition Eq. 8.38
Np — N Np — Na\°
o 2% e (Np — ) 9290 T2 A ¢ (o3 ™) +m e

This, together with the expression for the electron concentration Eq. 8.40, is our final result. The
intrinsic carrier concentration n; in these expressions is obtained from the mass-action law Eq. 8.37.
Note, that the intrinsic carrier concentration can be determined without the knowledge of the chemical
potential.

Let us rest here and discuss our finding, namely Eq. 8.40 and Eq. 8.41:

9A macroscopic deviation from charge neutrality would produce a strong electrostatic potential, which in turn
rearranges the charges so that the system is neutral almost everywhere in space.
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e Low-temperature limit: At low temperatures the intrinsic intrinsic carrier concentration n; is
negligible compared to the dopant concentration |Np — Na|. In this case only one of the
carrier types, either electrons and holes, are present. According to Eq. 8.40 and Eq. 8.41, their
concentration exactly compensates the charge of the dopants.

ne=Np—Nsg and n,=0 for Np > Ngp (8.42)
ne=0 and n,=Nsg— Np for Np < Ny (8.43)

When the donors dominate, the electron concentration is n. = Np — N4 and the hole concen-
tration vanishes. When the acceptors dominate, the hole concentration is n, = Na — Np and
the electron concentration vanishes. This is the limit of an extrinsic semi-conductor.

e High-temperature limit: At sufficiently high temperature, the density of thermally created
electron-hole pairs exceeds the density of dopants. Thus we can approximate Eq. 8.40 and
Eq. 8.41 by ignoring the dopant densities Np and Na, which yields

Ne = np = nj = \/Pe(T)Pp(T) e~ Eo/(2keT) (8.44)

This is the limit of an intrinsic semiconductor.

Fermi-level position

While it was not necessary to determine the chemical potential in order to work out the carrier
concentrations, we can obtain the chemical potential as follows:

Np — N Np — Na\’
Ne Eq-:8-30 Pe(T)e75(667u) Eq':8'40 %A —+ \/<D2A> + ni2

NoNa o [(MeNa)? 4 2
1

Pe(T)

=u = €+ksTln

This expression is suitable if the donors dominate over the acceptors and if furthermore, the intrinsic
carrier concentration is small compared to the donor concentration.

If the intrinsic carrier concentration dominates over the dopant concentration, we can express the
chemical potential in a more convenient form.

NDfNA ND7NA 2 n;
= kgTIn | ———— 1 e kgTIn | —
u €c+ kgl In on +\/ +< o, ) + kgl In 2}
Eq. 8.36 Np — Na Np — Na 2 Py 1
= kgTIn | ———— 1 _— kgT | — | —=E
€ct+ kgl iIn o +\/ +< o, + kgl In 22 5Eq
_ ecte [P, Np — Na Np — Na\?

Mintrinsic

8.6.3 Carrier depletion in a p-n junction

The function of a transistor is to switch a electric current from source to drain on and off, by
applying a small voltage to the gate. This function is achieved by properly combining diodes. A diode
consists of two semiconductors with opposite doping. It is therefore also called a p-n junction. A
semiconductor is called n-type if it doped by donors and therefore conducts by electrons and it is
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conduction band e dp

eNAi
e
da

< < —

p-type n-type

conduction band

A O

p-type  n-type

Fig. 8.4: lllustration of the dipole at a p-n junction. Upper left: band diagram without dipole.
Electrons in the n-type material on the right-hand side lower their energy, by occupying the acceptors
in the p-type material on the left-hand side. Upper right: charge dipole layer. Lower left: electrostatic
potential of dipole layer. Lower right: band diagram with dipole. The Fermi level is constant
throughout the p-n junction. The band edges are bent due to the electrostatic potential resulting
from the dipole layer. All states above the Fermi level are occupied and all states below the Fermi
level are empty.

called p-doped when it is doped by acceptors and therefore conducts via holes. (n stands for negative
and p stands for positive carriers.)

In and p-n junction the carrier distribution is no more homogeneous. Electrons and holes flow
across the interface until equilibrium is achieved and the chemical potential is the same everywhere
in the sample. As charges are moved about electric potentials build up.

The problem is described by the condition of local equilibrium, Poisson equation and global charge
neutrality:

p(x) = —ePu(T, x)e Plec=e®X)=k) 4 op, (T x)e Plu—erted(x))
+6ND(X) - eNA(X)

Q(D I p
Ved(x) coc,

/::dxp(x):O
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The number of charge carriers is defined locally by thermal equilibrium for a given value of the
chemical potential. The electrons have the charge —e and holes have the charge the charge +e.
We ignore the binding energy of the shallow donors and acceptors, which is valid at sufficiently high
temperatures, that is if kgT is larger than the binding energy. This allows us to count the electrons
located in the donors levels to the conduction band and the number of holes in the acceptor levels
to the valence band.

If we start with a vanishing electrical potential, electrons will flow from the n-type region to the
p-type region and holes will cross the interface in the opposite region. The charge flow will set up
a charge dipole, which consists of a depletion region, a region with fully ionized dopants and no
charge carriers. The charge dipole produces a step-like potential that shifts the band structure of the
p-type and n-type regions relative to each other until they are aligned such that the charge neutrality
level for each semiconductor matches with the global chemical potential. The charge neutrality level
is that position of the chemical potential that would result in /ocal charge neutrality.

In order to simplify the problem we make the assumption that the transition region from a neutral
semiconductor to a fully ionized situation is much abrupt compared to the extent of the depletion
region. In that case, the density is simply a step function

0 for x < —da
—eNy for —da<x<O0
+eNp for 0<x<dp

0 for dp <x

p(x) =

We assumed that the interface is located at x = 0, with the p-type material on the left and the
n-type material on the right.

The relative sizes of the depletion regions are determined by the global charge neutrality condition.

N
Nada = Npdp = dp = —~2d4
Np

Now we evaluate the Poisson equation by integrating the Poisson equation twice

d(—0) for x < —da
o(x) = P(—00) + 502 (x 4 da)?  for —da < x <0

d(+00) — 2‘1’;’2 (x —dp)? for0<x<dp

ed(400) for dp < x

The potential step is obtained from matching the solutions at x = 0.

eNA 2 eND
2€0€, A 2€0€,

Ad = d(+00) — D(—00) = d3

e e Na 2
- Nad? Nd2)= Na+Np (224) | 2
2606,( A A+ b¥p 260€r A+ No ND A
e NA
= — (N, Ny)d>
ot ND( b+ Na)dj

Hence the size of the depletion layer is given as a function of the potential step as

2€O€r ND/NA
da = DA A
A \/ e Na+ Np

NA 2606, ND/NA
=14+~ AL AL AN
dA+dD ( +ND)\/ e NA+ND

. \/2€O€r Na+ Np
B e NaNp

AP
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Without applied potential the potential step must compensate exactly the difference of the charge
neutrality levels. At low temperatures and small binding energies this is just the band gap Eg.

What happens if we apply an electric field? In that case the charge neutrality levels of the two
semiconductors are themselves shifted by the voltage. The thickness of the depletion layer at an
applied voltage is obtained by setting A® = E, 4 eV and obtain

Seoe, Na + N
da+ dp = \/ Eze’ﬁ(/fg —eV)

- (dA(v = 0)+dp(V = o)) &
Eg
If the the voltage just offsets the band gap, that is eV = Eg, the depletion layer vanishes, and remains
zero if the potential is increased further.

Due to its lack of charge carriers, the depletion layer is a barrier to electric current. Thus the
thickness of the depletion layer is a measure for the current, which allows us to estimate a current
voltage characteristics. It shows that the p-n-junction acts as a one-way street for electrons.

A transistor is build from two p-n junctions pointing towards each other. Thus we have a p-n-p
junction or a n-p-n junction. The two outer materials are called source and drain, and the oppositely
doped semiconductor in the middle is called the channel. In such a structure at least one p-n junction
blocks the voltage from source to drain. This is the off-state of a transistor. To switch the current
on, we can apply a voltage to the channel, so that both junctions become conducting. If a voltage
is applied between source and drain, a current can flow. The voltage is applied to the gate of the
transistor, which is a metal contact separated from the channel by a small insulating oxide, the gate
oxide.

The structure gate/ gate oxide/ channel can be thought of a capacitor, which induces the required
charge carriers in the channel, if a voltage is applied between gate and channel. Transistors build in
thus way are called MOSFETs Metal-oxide-semiconductor field-effect transistors. Another design,
the bipolar transistor, which is described in most textbooks, has been used mostly until the early
nineties.

8.7 Ideal Bose gas

Bosons are particles which have a wave function that is symmetric under particle exchange. Here we
have no limitation on the number of particles that can occupy a single one-particle state. We proceed
analogously to the Fermion case, but now sum over all occupation numbers from zero to infinity.

For Bosons we obtain:

F(T,u)=—kgTInZ(T,u)

- /de D(e) [—ksTln[i e—ﬁ@—ﬂ)m]}

n;=0

(8.45)

= /de D(e) [—ksﬂn[%]}
= /de D(e) [kBTm[l - e—ﬁ<f—“)]} (8.46)

Note here that the expression for bosons is, apart from two sign changes, identical to the expression
for Fermions.

The entropy is obtained as

oF

Szfﬁ:

R

/deD(e) {*kB Inf1 — e W] —k 1 — e Ble—w)
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The internal energy is

Here we introduce the Bose distribution
ble) = m (8.49)
Using the occupation numbers b(e) from Eq. 8.49, we obtain
Ulb(e)] = /de D(e) € b(e) (8.50)
Flb(e)] = /de D(e) <kaTIn[1 n b(e)]) (8.51)
S[b(e)] = /de D(e) ks {(1 + b(e)) In[1 4+ b(e)] — kgb(€) In[b(€)] (8.52)

Let us look at the Bose distribution function: For € >> u + kgT we obtain f ~ e B For
€ — i << kgT we obtain ¥ ~ kgT /(e — ). From the pole at € = u we can immediately tell that
the chemical potential must always be negative, in order to avoid an infinite occupation.

5
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Fig. 8.5: Bose distribution function as function of (e — u)/kgT.

8.7.1 Bose-Einstein condensation

Bosons exhibit a phase transition at low temperatures, which is called Bose-Einstein condensa-
tion. This phase transition is unusual, because noninteracting systems usually do not undergo phase
transitions.

Bosons can condense at very low energy into a coherent macroscopic quantum state, where a
macroscopic number of particles occupies the ground state of the one-particle spectrum. A well-
known example for a macroscopic quantum state is laser-light, even though this state is not the
result of a Bose-Einstein condensation.

An example for a system undergoing a Bose-Einstein condensation is He.1? #He contains an even
number of Fermions, two protons and two neutrons and two electrons. Hence it has even spin and

10The superscript in *He indicates the number of nucleons. *He consists of an even number of fermions, namely
2 protons, 2 neutrons and two electrons. On the other hand 3He is itself a Fermion, because it consists of an odd
number of Fermions, namely 2 protons, 1 neutron and two electrons.
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is a boson. At a temperature of 2.17 K it undergoes a Bose-Einstein condensation and it becomes
superfluid. A superfluid has zerio viscosity, zero entropy, and infinite thermal conductivity. The most
striking observation of a superfluid is that it leaks out of every container. It forms a thin so-called
Rollin film at the walls, which allows it to creap up the walls even against the gravitational force. The
superfluid state does not exhibit any friction. This reminds of superconductor, where the resistivity
drops to zero. In the latter case electrons pair up forming Cooper pairs. The latter are bosons and
can condense into a kind of Bose-Einstein condensate.

Let us now dig into the origin of the Bose-Einstein condensation. Let us consider the occupation
of one-particle states for bosons with a conserved particle number.!!

W= [ deD(epte) = [ de D6

Now we need to adjust the chemical potential until the correct number of particles is obtained. We
will see that this can only be done above a specific temperature, which will be identified with the
transition temperature for the Bose Einstein condensation.

The occupation number has a pole at € = u.

1 keT
eBle—w) — 1 ¢— u

+ O(e — p)?

Since the particle number is finite, the chemical potential must lie in a region of vanishing density of
states, that is equal or below zero. The particle number increases with increasing chemical potential.
As we reduce the temperature, the chemical potential must approach zero from below, so that the
number of particles remains constant.

An upper bound for the number of particles is obtained with a chemical potential of zero.

N<N(T, u=0)= 2TV (2m)%/de Ve

(2mh)3 efe — 1
= %(zm)%(kg)% dx ex\/_;l
- V(%)% %/dx ex\/—)?l
YrJ oo - -
C
3
() -

2 VX
c=-—|d ~2.612
ﬁ/xex—l

AT is the thermal de-Broglie wavelength. The constant C = C(%) = 2.6012 is related to the Riemann
zeta function {(x). See Book by Agarwal and Eisner[? ] p.119 for more details.

11 There is no conservation law for the particle number of photons. Photons do not undergo a Bose-Einstein
condensation, which is because of the missing particle number conservation.
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Bose—-Einstein
condensate

Fig. 8.6: Demonstration of the number of particles in the normal state (dark region) and the con-
densate (yellow region) as function of temperature. N is the total number of particles in the system.
N(u = 0) shows the maximum number of particles that can be accomodated in the normal state.
Below the critical temperature T, the chemical potential is pinned at the ground state energy.

The consequences of Eq. 8.53 are demonstrated in Fig. 8.6: The maximum particle number in
the continuum of states decreases with T2. At a certain temperature T, the chemical potential
approaches zero, because only then all particles can be described by the integral given above. Above
the critical temperature the chemical potential shifts to negative values in order to place exactly the
right number of states into the continuum of states. Below the critical temperature, however, it
seems as if we cannot place all particles into the available states. This seems to be contradictory.
Where did the remaining particles go?

The origin for the problem is that the integral for the number of particles is discontinuous at u = 0.
For positive u the integral is infinite, and below the integral has a finite value that drops to zero
as the temperature vanishes. The integral therefore has an undefined value, and the correct result
depends on the precise fashion we approach the value u = 0. The problem is that we approached
two limits in the wrong order. So far we have performed the thermodynamic limit (V — oo) first,
which resulted in a continuous density of states, and then we approached the low-temperature limit
w — 0. This order has to be reversed.

Let us consider the physical situation at T = 0. At zero temperature, all bosons are in the lowest
one-particle state. This many-particle state is the bosonic ground state. As long as the system is
finite, that is as long as we are not in the thermodynamic limit V' — oo, the energy of the ground
state €g of the one-particle spectrum will be finite and positive. As long as the first excitation energy
is much larger than thermal energies €; — €g >> kg T, and we can determine the chemical potential
from the ground-state energy alone.

kT <<e1—e€g 1
NToR o bleo) = Gt
1. Nose  keT
= u 3 € — ke T In(1+ ) Ny €~

Thus it is always possible to place all particle into the available states. The chemical potential,
however, becomes positive, even though only slightly.’> Had we already done the thermodynamic
limit and worked with the continuous density of states a positive chemical potential would immediately
lead to an infinite particle number, because the pole is not integrable, and to negative occupations.

12The chemical potential becomes positive, when thermal energies kgT are smaller than the ground state energy
Eq = Neg of the many-particle system.
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Let us now heat the system up just a tiny little bit, so that only a very small number of particles
get excited. This implies that the first excitation energy €; — € is still much larger than thermal
energies, so that e8(¢—#) >> 1 except for the ground state, i.e. i # 0. We obtain

1 1
N = @awm_1" ; Bl 1
1
1
+ Z e Blei—1)
(eo—m) —
eBleo—u 1 P
1
— Iz —Bei
- eﬁ(EO*M) —1 + eﬁ ;e
1
1
_ o —Be
i e — + & /€>O de D(e)e
1 1
~ - i
~ e5(60*ﬂ~) —1 +&ﬁ,-//€>0 de D(E) eﬁf —1
—1 N—_——
b(e,u=0)
3
Eq.8.53 1 mkgT \ 2
S ( L ) (8.54)
|
No(t) NNDTW(T)

We have divided the system into two subsystems: One subsystem is the Bose condensate: The Bose
condensate describes all particles that reside in the ground state of the one particle spectrum. The
Bose condensate contains No(T) particles. The remaining particles form a normal Bose gas with
Nrorm(T) particles. The normal Bose gas is formed by all particles in excited one-particle states. We
have removed the factor eP¢t@ for the normal state, because it approaches one in the thermodynamic
limit, which now can be done for the normal state without difficulty®® . This the so-called two-liquid
model.

In our approximate expression Eq. 8.54 the chemical potential is adjusted such that the number
of particles in the Bose condensate just compensates the number of particles that cannot be placed
into the continuum. If we denote the number of particles in the ground state as No(u, T) and the
number of particles in the continuum by Nporm(i, T), we obtain

.

No(T) = Neor(1 = ()2) for T <Te
C

No(T)=0 for T >T.

The number of states in the ground state is set to zero above the critical temperature, because then
the integral is well defined since the chemical potential differs from zero.

What is the critical temperature?

Ntot (kaTc>§

% 27 h2
omh? s N\ 3
= TC n ka (W)

Since liquid “He has a given density at low temperature this defines a unique transition temperature
about 1.74 K, which is only slightly pressure dependent.

What is the ground state? Its wave function is the simple product of single particle wave func-
tions. Because all contributing one-particle orbitals are identical, the wave function is automatically

13|n the dilute limit, the Bose gas becomes identical to the Boltzmann gas. Because the Boltzmann factor does not
have a singilarity, we can perform the thermodynamic limit for all states except the ground state and replace the density
of states of the finite system with the continuous density of states of the infinite system. Note, that the ground state
has zero weight in the integral for the normal state.
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symmetrized.

V(A ....m) = ¢o(r1) ... do("v)

Since there is a macroscopic number of particles in a single one-particle state. Thus we are able to
observe the behavior of a quantum mechanical wave function directly.

Particles in the ground state, that is the Bose-Einstein condensate, flow without friction. If a
particle scatters, it is scattered out of the condensate into the continuum. The ground state wave
function, however, is unaffected. The particle that is lost will be refilled, as the system approaches
thermal equilibrium. This is the origin of superfluidity. The Bose Einstein condensate and the
normal fluid (the continuum states) coexist. One of them flows without dissipation and the other
behaves like a regular fluid with friction. As we lower the temperature more of the normal fluid is
converted into the supra-fluid phase.

8.7.2 Application: black-body radiation

Consider a metallic box at a given temperature. The walls of the box are in thermal equilibrium with
the photons inside. The spectral intensity distribution of photons in thermal equilibrium is completely
independent of the shape of the box or the material of its walls. It is simply a property of the
photon field. The intensity distribution of the electromagnetic radiation therefore only depends only
on the temperature. We can use the spectral distribution of the light coming out of a black body, to
determine the temperature of the box.

This method would provide us with a simple means to measure the temperature right at the
surface of the sun. Even further one can determine the temperature at the surface of a star, by
analysing the light emmitted by it. Quite spectacularly we can make conclusions on the expansion of
the universe, by comparing the background radiation observed today with the temperature at which
the universe became transparent for the first time. Initially electrons and protons formed a plasma,
which is not transparent. Only when electrons and protons formed hydrogen atoms with a sufficiently
low concentration of free electrons, at about 3000 K, light could propagate freely, and it does so until
today. However the red shift of the expansion of the universe shifted the spectrum to a temperature
of only 2.7 K.

Closer to earth, the spectal distribution also allows us to determine, without contact, the tem-
perature in an oven that is so hot that inserting any apparatus for the measurement would cause
serious materials problems.

We start out with the dispersion relation of the photons.
w(k) = clk| = €(k) = ficlk|

where ¢ is the speed of light. The density of states for a linear dispersion relation is obtained from
Eg. 8.19 on p. 185. That expression must be multiplied by two, in order to account for the two
polarization directions of photons.

v,

D(e)=2- 7(27”%)36

(8.55)

Our goal is the spectral intensity of the black-body radiation. The intensity / is the energy flux,
and is given by the product of energy density and velocity.

U
= c2
‘v

where U is the internal energy and V' is the corresponding volume.
Let us therefore determine the internal energy as

1 1
U—/de D(e)eeﬁe — = /dw hD(ﬁw)ﬁwm

u(w)
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Here we have set the chemical potential to zero, because there is no particle conservation law for
photons. The photons can be created and absorbed by the walls.

hw

C C

Eq.8.55 c AtV (hw)®
S “he0.
/dw V (2mhc)3 efw — 1

B keT \° (Bhw)?
= /dw 8mhc (27rhc> B _ 1

Thus we obtain Planck’s law(? ]

PLANCK'S RADIATION LAW

The spectral intensity distribution of a black body is

ksT \* (Bhw)?
27“fhc> efhw — 1 (8.56)

dl
—_ = ﬁ
8m C<

The intensity is the energy flux density. Note that d//dw is not a derivative of the intensity. The
quantity is rather the contribution d/ to the intensity from a window dw of angular frequency.
The intensity distribution in wave lengths is given in Eq. E.6 on p. 257.

The maximum of the function x3/(eX—1), which determines the shape of the Intensity distribution
Eq. 8.56, lies at =2.82. The frequency with maximum intensity changes proportionally with the

temperature.

WIEN'S DISPLACEMENT LAW

Wien'’s displacement law states law that the maximum of the intensity distribution of a black body
shifts linearly with the intensity. The proportionality of the photon energy at the intensity maximum

in frequencies and the temperature is given as

AWmax = 2.82kg T (8.57)

The maximum of the intensity distribution in wave-lengths is given in Eq. E.7 on p. 257. Note that
the maxima of the intensity distributions in angular frequency and in wave length differ.

Gamov proposed on theoretical grounds that the universe should have a certain remaining back-
ground radiation, which is left over from the big bang. As the universe expands, this temperature
has cooled to temperature of 2.7K, as has been measured by Penzias and Wilson in 1965 by exploiting
the spectral density of the background radiation.

In the long-wavelength limit w — 0 we obtain u(w) ~ w? is called the law of Rayleigh and
Jeans. If this behavior is extrapolated to high frequencies, we find that the energy of the photon gas
is infinite. This is the so-called uv-catastrophe. The paradox of the UV catastrophe was one of the
motivations for quantum theory.

The law of Rayleigh Jeans had been derived on the basis of the equipartition theorem of classical
mechanics, which says that each classical degree of freedom has an average kinetic energy of %kBT.
This implies that each harmonic oscillator has a mean energy of Ex, + Epor = kgT. The modes of
the electromagnetic spectrum are just such oscillators.

Thus we obtain an internal energy of

B 1, 4nVksT ,
U= /dw hD(ﬁw)2kBT—/dw 2rho)? hw
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dU/dw
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Fig. 8.7: Planck’'s Law. Spectral intensity for the blackbody radiation for 300 K and 1000 K

Clearly the result is infinite irrespective of temperature, which is a nonsensical result. Note that
this infinity even occurs without considering the zero point energy of the phonons, which themselves
would contribute another infinite energy. This energy however would not be directly observable.

Solar Radiation Spectrum
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Fig. 8.8: Solar irradiance spectrum above atmosphere and at surface. The intensity is given here as
function of wave length, so that the high-energy radiation is at the very left. Planck’s radition law
in terms of wave lengths is given in Eq. E.6. Image prepared by R.A. Rhode as part of the Global
Warming Art project[? | .
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8.8 Comparison of Bosons and Fermions

While Bosons and Fermions behave radically different, their thermodynamic expressions look very
similar. This has the advantage that there is less to remember but it comes with the price that they

are easily confused.

Bosons
Free energy (Grand canonical potential)

F(T, w) 521 / de D(e) {kBT In (1 - e*ﬁ“*“))]
Bose distribution
ble. 7o) 2 g
Thermodynamic functions expressed by b(e, 1, T)
P Eo8o /d€ D(€) [~ks T In(1+ b(e)) ]
g Ea8s2 /deo(e) (ks (BIn(b) — (14 b In(1 + b))

y 92 /de D(e)b(e)e

Fermions
Free energy (Grand canonical potential)

F(T, ) B8 / de D(e) [kaT In (1 + e*ﬁ“*“))]
Fermi distribution
Eq.8.23 1
f(e, T, [1,) = m
Thermodynamic functions expressed by f (e, u, T)

F Ea.8.25 /de D(e)[+ksT (1~ 7(6))]

g a2 /de D(e)[~ks (FIn(F) + (1 = F)In(1 — 1))

[E——

u Eq':8'24/de D(e)f(e)e

The similarity is expressed by the fact that they become idential in the dilute high-temperature
case. This implies that € — . >> kgT for all relevant energy levels. In that case both, Fermions and
Bosons, behave like classical particles, and can be described like the Boltzmann gas. The explanation
for this observation is straight-forward: If the particles never come close, they do not experience if
they are identical with their neighbors or not.

If the temperature is high, the Boltzmann factor e®(¢=#) is small. In that case

b(Be — n)) — e P f(B(e — u))

Up to first order in the Boltzmann factor we obtain the Free energy as

F(T,p) = /de D(e) [—kBTefﬁ(efu)

From this expression we may derive the grand-canonical potential of the Boltzmann gas Eq. 2.13,
which is is obtained by insertion of the density of states Eq. 8.18 into the above equation. Along the
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way we use the integral evaluated in a footnote.'*
Fo= / de D(e) ks Te )]

3
V2
Eq':8'18/de 2V (27T;:) \/E[—kBTe—B(E—u)}

3
V2
= —kgT 2wV (27;:) /de Ve e Pl

kg T2V (ﬂf (keT)? {/OOO dx /X e_X} eBH

VT

which is identical to Eq. 8.18.

14\We solve the integral by a variable substitution x = y2with dx = 2ydy so that v/xdx = 2y2dy.
o > 5 _y2 e 5 2 1
/ dx\/;(e*XZQ/ dy y“e ™ :2/ dyye*yzaﬁ
0 0 0

The integral of y2e*y2 can be related to the integral over a three dimensional Gauss function

00 oo 3
47r/ r2e ="’ :/ Bre ™ = </ dx e*XQ> =
0 o —o0

o0 2 1
/ v = vm
0 4

NIw

so that

The integral of a Gauss function must be known. It is not easily derived.



Appendix A

Probability and entropy

A.1 Entropy and number of yes-no questions

An interpretation for the entropy is that S/(kg In[2]) is approximately the number of yes-no questions,
that need to be asked to completely determine the state of the the system. The underlying reason is
that the entropy of a yes-no question has a maximum value of kg In(2) and the slope for about equal
probabilities vanishes. Thus, the answer to a yes-no question reduces the entropy by approximately
kg In(2). Hence S/kgIn(2) is approximately the number of yes-no questions that need to be asked
in an optimum strategy.

The reader, who followed through the derivation of the entropy and who is comfortable with the
above argument may skip the remainder of the section and pass on to the section on the maximum-
entropy principle. In the following | will try to familiarize the reader with the underlying arguments:

Let us imagine a system with N = 2" states. We divide all possible states into two groups
with equal number of states and ask in which group of states the system is in. Now we repeat this
procedure again with the group that contains the correct state, until only one state is left. After
Q@ questions we know the state and therefore, we have reduced the entropy to zero. We obtain the
initial entropy as S = kIn[2"] = n(kIn[2]). Therefore S/(kIn[2]) = n. Information theory regards
the answer to a yes-now question with equal probabilities as the unit for information, and therefore
the value of k is chosen as k = 1/1In[2] in that field. In thermodynamics the coefficient k is chosen
to link an energy scale and a temperature scale.

Let us go through the exercise once more in more detail. This will lead to a more handwaving!
definition of the entropy of a system with equal probability, namely S = kg In[N]. Imagine we have a
coin in one of N pots. Each of the pots has a number / between 1 and N. Now we need to identify
the pot with the coin by a series of yes-no questions. We may ask questions of the type: Is the coin
in one of the pots with a number 1 </ < m? 2 If the answer is yes, we can restrict the search to
those m points. If the answer is no, we can restrict the search to the N — m pots with a number /
larger than m. Once we have specified a group of pots that contain the coin, we again divide this
group into two subsets by choosing another number m, ask if it is in one of the pots with number
larger than m. By increasingly restricting the set of pots, we can single out the right pot.

Depending on the experiment, we may use more or less questions to find the right pot. Therefore,
we average the number of questions with the probabilities, to find out an average number of question
that we need to ask.

In the following we will work out the number Q(N) of yes/no questions as function of the number
N of events. The result is summarized in table. A.1 and it will be represented graphically in fig. A.1.

We denote the average number of questions required to find the coin in N pots by Q(N). For

1A handwaving argument is one lacking rigor.
2More generally, we may specify a group of pots by specifying the numbers written on the pots in the group and
ask if the coin is in one of the specified pots.

207
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N | Number of questions Q(N)

1 |0

2 |1

3 | 1+3Q@2)+3Q(1)=1+3=3
4 | 1+3Q(2)+1iQ(2) =2

5 |1+2Q03)+:Q(2)=2+2=1%
6 |1+3Q(3)+3QB3)=2+2=%
7 | 14+2Q14)+3QB)=2+8=2
8 | 1+5Q(4)+5Q4) =3

9 | 1+3Q(5)+3Q(4) =3+2/9=7%
10| 1+Q(5)=3+2=Y1

N | min; 14+ £Q() + X Q(n—1)

Table A.1: Determination of the minimum number Q(N) of questions as function of the number N
of possible outcomes.

N = 2 we need only one question to determine the right pot. Therefore Q(2) = 1. For N=3, we
can only divide the pots only in a subset of two pots and the remaining one pot. Depending on the
outcome of the first question, we may have to find the coin in the set of two pots or in just one pot.
The probability that we are left with two pots is % and the probability that we have just one pot is
%. Therefore we need to ask two questions in two out of three cases and only one question in one
out of three cases. Hence we obtain on average 3Q(2) + $Q(1) = 2/3 further questions. Adding
Q(2) = 1 for the first question we obtain Q(3) = 5/3.

For N = 4 there we can choose one of two different strategies. (1) We may select the first pot
and ask if the coin is there is there. This yields Q(4) = 1+ 1Q(1)+ 2Q(3) = 2+ . (2) The second
strategy is to select two pots in the first question. We are left with the choice of two pots regardless
of the answer, which requires one additional question. This yields Q(4) = 1+ 3Q(2) + 3Q(2) = 2.
The second strategy is favorable, because it yields the correct answer on average with fewer questions.
Since the rule is to always select the most efficient strategy, we select the second choice, that is
Q4) =2

In general, the first question divides the pots into two groups, where one contains m pots and
the other N — m pots. Since we start with small problems we have already worked out the number
of questions required to find the coin in each of the groups. The probability that the coin is in the
group with m pots is %7 and the probability that it is in the second group is N;N’" Including the first
equation we need 1+ FQ(m) + N;N’”Q(N — m). The optimum strategy is the one that minimizes
the number of questions, that is

N—m
QN = m)

Q(N) = min |1+ %Q(i) +

The optimum strategy is to divide the pots always into two subsets, with nearly the same number
of pots. For even N or large N, where 1/N can be ignored, we can choose m = N/2 and obtain the
recursion relation.

QIN) =1+ %Q(N/2) + %Q(N/z) — 14 Q(N/2)
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The Ansatz® Q(N) = cIn[N] fulfills the equation, if c = 1/In[2]. Thus, we obtain

1
Q(N) =~ 2] In[N]
The approximate sign indicates that this formula is only exact if N is a power of two. In Fig. A.1
we compare Q(N) with S(%, ..., %)/(kIn[2]). We see that the result is surprisingly accurate even
for small N. The individual numbers are always above the theoretical curve, because we could not
always choose subsets with equal probabilities. Thus, the entropy reduction for most question has
been less that kIn[2] so that we required more questions.

3.5 x x x x x x x x 7

Q(N)
+

1.5 - 7 .

05F i

1 2 3 4 5 6 7 8 9 10

Fig. A.1: The number of questions versus the number of possibilities, required to determine a situation
with equal a-priori probabilities. The full line is given by the theoretical expression In[N]/ In[2]

If we multiply Q(N) with the factor kg In[2] as specified before we obtain the expression for the
entropy S = kg In[N].

3The idea that leads to this Ansatz is the following: One must know that In[a - b] = In[a] + In[b]. Thus, In[N/2] =
In[N] —In[2]. Thus, with this Ansatz Q(N) = In[N], we expect to obtain an equation, namely In[N] = 1+ In[N] — In[2],
which we can try to resolve for Q[N]. Unfortunately, In[N] drops out of that equation, and the result is always false.
A remedy to that problem would be to change the Ansatz by multiplying the logarithm with a factor c. This factor
would not also act on In[2] so that we can adapt it to make the resulting equation true. Therefore we start with the
Ansatz Q[N] = cIn[2].
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Appendix B

Arrow of time: Second Law of
Thermodynamics

This chapter contains my unfinished attempt to find a reasonably simple derivation of the second law
of thermodynamics. So far, | sketched the main ideas for the student in the main text in section 6.8.2
on p. 147.

Editor: Important reading: ‘‘The minimum entropy production principle’” by E.T.Jaynes[?

A principle like decoherence would work. The principle is analogous to the measurement process:
A pure state is converted into an ensemble by an average over the phase relations. The “coherence
function” is a Fourier transform of many terms which avoid recurrence due to constructive interference
of all Fourier components.

B.1 Entropy is concave

The mathematical basis for the proof of entropy increase is the property[? | of the entropy that it is

concavel:

ENTROPY IS CONCAVE

5(2 Ckﬁk) > Z CkS(ﬁk) with Z =1 (Bl)
k k k

where S is the von-Neumann entropy S[p] = —kgT Tr[pIn (p)] The von-Neumann density matrices
Pk are positive definite and satisfy the norm condition Tr[gx] = 1

LA function is concave if it bends downward (negative curvature). A more precise definition, that also holds for
non-continuous functions is the following: A function f(x) is concave, if

f(x) > f(a) + % [foy—f@]  with  xelan]

211
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Here we show that the entropy is concave, that is we prove Eq. B.1. It is sufficient to show Eq. B.1
for two density matrices p; and p»

S(x61 + (1= x)82) = xS(p1) + (1= x)S(p2)

where x is any number between 0 and 1.

For two hermitian operators A and B with non-negative eigenvalues a and b and normalized eigen-

states |a) and |b), that is Ala) = |a)a and (a]a’) = 0, » and similar expressions for B, we can show
Tr[AIn B] — Tr[AIn A]

that
(Z |a>a<al> In (Z |b>b<bl> <Za: |a>a<al> In <Za: Ia’>a’<a’l>]

Z (al (Zlbﬂn(b) b) la) — ) a(al <Z|a In(a’)(a I> |a)
Z a(a|b) In(b)(b|a) — Za a|a In(a (i@

a,b a,a

=0,

3, aln(a)
1=(ala)=(al (3, b)(b) |a)
—~

=" ain(b) [(bla)]” = D" ain(a)>_ [(bla)[? (B.2)
a,b a b

Below, | use the inequality In(x) < x — 1, which is valid for x > 0. Furthermore, the equality
In(x) = x — 1 only holds for x = 1. Thus the equality in the above equation holds only if the
eigenvalues a and b are identical, whenever, (alb) # 0. It is possible to convince oneself, that this
can only be achieved, if the eigenvectors are identical, except for a unitary transformation within one
multiplet of degenerate states. If eigenvalues and eigenvectors are identical the two operators are
identical. Hence the equality only holds if A = B.

TrlAIn B8] — Tr[AIn A 592 Z (aln(b) - aIn(a)) |(b|a)|2
a,b

B 2
= Zaln(b/a) |(bla)]

a,b

<b/a—1
LTS - a)lbla) P
a,b
= > (4 <Z|b>b<b> |a) =) (b] <Za>a<a> |b)
a b b a
= Tr[B] — Tr[A]
= Tr[AInB] — Tr[AInA] < Tr[B] — Tr[A] (B.3)
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cont’d. ..

If we apply Eq. B.3 to two density matrices with Tr[g1] = Tr[p2] = 1, we obtain

Tr[p1In(p2)] < Tr[p1In(p1)] (B.4)

Note that the eigenvalues of a density matrix are non-negative, so that the requirements of the above
derivation are fulfilled.

S(xpr+ (1-x)ps) = —ksTr [(xm - X)ﬁz) n (xm ra- x)ﬁg)}

A B
_~ n
= —Xx-kg Tr{ p1 In(xp1+ (1 — X)Pz)}

<Tr[p1In(p1)] Eaq.B.4
A B

_~ = =
~(1=x)-kgTr | p2 In(xp1+ (1~ x)p2)

<Tr[p2In(p2)] Eq. B.4

Eq. B.4 R R R R
> x(—keTriaiIn(p)]) + (1= x) (ks Tr 62 In(22)] )
= xS[p1] + (1 = x)5[p2] (B.5)
which proves the concave nature of the entropy ...qg.ed.

B.2 Bipartite systems

A bipartite system is a minimal model for a composite system.

Consider a composite system of two subsystems A and B. System A is described by a Hilbert
space of states {|a)} with o € A. System B is described by a Hilbert space of states {|B)} with
G € B. A state in the combined system is a superposition of all product states {|a, 8)} with o € A
and B € B.

The von-Neumann density matrix of the combined system may be written in the form p*8 =
>oq | P45 PIE (028 | with microstates |®¢F) and their probabilities P75,

Example Spin dimer: Consider two spins that form a composite system. The spin of system A
can be in state | 1) or in state | |). Similarly, the spin of system B can be in state | 1) or in state

[ 4)-

Thus, the Hilbert space of the combined system is spanned by the product states |a, B) € {] 1
AN T D)}, where the first quantum number o describes the left spin and the second
describes the right spin.

A general state of the combined system has the form
D)= > Y. la.Bcapa (B.6)
ac{t I} Be{t{}
while an ensemble of states is represented by the density matrix
= S S 1B (Y canaPaCigg) (@B (B.7)
aa'e{tl}Bpe{t} a
with the probabilities P, for the microstates |®g).
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B.2.1 Subsystem-reduced density matrix

The information on a subsystem A alone is encoded in a reduced density matrix §*. It produces
the expectation value of any observable O in subsystem A.

(O%) = Tra[p" O] (B.:8)

where the trace Tra sums over all states in subsystem A.
An operator acts in A when it can be expressed by the states of subsystem A as

0% = > la)(alOfa) (| (B.9)

a,a’eA

This operator can also be expressed in terms of the states states of the combined system in the form

0= > D lap)el0e) e pl (B.10)

a,a'€eABeEB

Its expectation value is
0% = Traslp*20% =Tras[p*® 3 Y leuB)(al O’} e 6]
a,o/cABEB
OA

cyclgerm. TI’A[ Z |a/> (Z<a/.ﬁ|ﬁAB|a.ﬁ>) <O(‘ OA} = Tra [ﬁredAéA} (B.ll)

a,a’€A BeB

pA

which defines the subsystem-reduced density matrix p €94 for subsystem A. It is obtained by tracing
out the states in B.

SUBSYSTEM-REDUCED DENSITY MATRIX

Thus, the reduced density matrices for subsystem A is

e L T = 3 o (Y (e BI0%E . B) ) (@] (B.12)

a,a’€A BeB

B.2.2 Ensemble of the subsystem-reduced density matrix

Even a pure state of the combined system can be described as an ensemble of states of subsystem
A, if the information in system B is discarded. The micro-states of this ensemble are in the Hilbert
space of subsystem A.

Let me consider an ensemble of the combined system with probabilities P;‘B and microstates
|¢?B> = acA EﬁeB la, B) Cap.q-

The reduced density matrix in subsystem A is, per definition Eq. B.12, obtained by tracing out
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the degrees of freedom of subsystem B. It has the form

ﬁrEdA dZEf TrB [ﬁAB]

ZﬁeBpQ%'a,ﬂ Eq. B.7

Eq. B.12 .
T2 1) (0D cupaPiBipa) Al (B.13)
a,a'c€A q peB
c . "
S Y (Tl =22 ) (S capai®cip ) (X 22— (/L)
q BEB ‘acA \/ZaeA CaB.qCap,q’ GEA a’€A \/Za/eA Ca B.q a,ﬁ q
Bp,q) Po.a (®p.qla
Z Z @B,qﬂpﬁ,q@)ﬁ,qu (B.14)
q BeB

sredA

The reduced density matrix p can also be considered as a density matrix of an ensemble in A

with microstates

_ C
Bpa) = Y o) (8.15)
acA \/ZQ’GA Ca’,ﬁ,qca’,ﬁ,q

and probabilities

Po.q = Z Cor B.q q Fcup.g (B.16)
a’€A

The states |Pg 4) live in subsystem A and are normalized, i.e. (Pg 4/Pp.4) = 1.

The F_’ﬁ@ behave like probabilities: they are positive semidefinite and they sum up to one. (1)
They are positive semidefinite because they are the sum of positive, real-valued numbers C;,’B’qcar,ﬁ,q.
(2) They sum up to one, because the microstate of the combined system is normalized.

S Pog 2T Z PIES S CipaCapa = D PIE(@F|00F) =1 (B.17)
B.q N———

acABEB q >

However, the microstates and probabilities just mentioned are not the eigenstates and eigenvalues of
the reduced density matrix: The micro-states |®g 4) are usually not orthogonal to each other.

We can phrase it as follows: the states \&)qum of the system A depend on 3 and, thus, on the
state of the system B. When one averages over all states in B, one retains all information available
on system A alone. This information is captured by the reduced density matrix. Even a pure state
of the combined system is represented,in its subsystems, by an ensemble.

Maximum entropy for a specified subsystem-reduced density matrix

The maximum entropy S,ax[07€9"] of the entire system AB but constrained to ensembles with a
specified reduced density matrix p ¢4 for system A is

Smax[6"*%] = min stat{ keTr[p"E (%)) = 3 daer (D2 (81551 8)) — (o7 x))

5AB 2\
P ol a,a’€A BeB

- (Tr]pe] - 1)} (B.18)
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The equilibrium condition with respect to the density matrix pA8

dSmax = Tr[éﬁAB{ ke In(p*®) — kel = > > | B)Gaw (. Bl — MH =0

a,a’eABEB

exp (_ Za,a’eA ZﬁeB |Ol, 6) Qa,a’<a/r ,6|)

- 5B =
Tr|exp (= Yawea Cpes 10.8) dar (2. B1) |
(ale 9ty
ZMX; L SRET= TGt (B.19)

where | introduced the operator § = Za'a,eA |t) G, {@'| Which acts in subsystem A. | exploited

@Blep(— 3 Y leaBaw(@.Bl)1@5) = @Blew(~ Y la.fdxl Bl)aB)

a,a'cABEB a,a’€A

= (@ep(— Y la)dawla])la) = (@le ) (B.20)

a,a’€A

The constraint conditions

> (o BIpF |, B) = (|57 |ar) (B.21)
BeB
identify
<a|e*ﬁ|a/> __ aredA
Ta(@ledla) ~° (522

which yields the maximum-entropy ensemble of the combined system for a specified subsystem-
reduced density matrix in A as

ﬁAB AredA _ Z Z |Ol ﬁ (a|predA|a >5BB><O‘ ﬁ| (823)

a,'€eAB,BeEB

for the maximum-entropy density matrix of the combined system with a specified subsystem-reduced
density matrix in A.

The entropy of the maximum-entropy ensemble in the combined system is also the von-Neumann
entropy of the subsystem-reduced density matrix in A.

SVN[AAB[AredA } S\/N[ Z Z o, B) (Ot|predA|Ot>5s,5f)<a',ﬁ/|} = S¥N[predA] (B.24)

a,a/€eAB.BEB
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Rewritten subsystem entropy

The subsystem-reduced entropy for A can be expressed in terms that involve subsystem B.

SVN[ﬁrEdA] _ —kBTI’A |:ﬁredA In (IaredA):|

S{ Z |a,[3>Zca,g,qPéAB)éﬁﬁ,c;,,ﬁ,v(,(a’,6'\]

(a.B). (' .B) q

= Z S Z |a,ﬁ> Z Ca,B,qPéAB)CZ',ﬁ,q<a/y.5|]

BeB o,
=Y 5[ > casa s <a'@

BeB ‘o,

[ Z Ca B, AB) c*, '

:ZS (Zc@ﬁq B)Caﬁq) Z’ St P(AB)aﬁq <a"

BeB - a,q a,a & 5 aﬁ g

Ps A[(jA)

= Z S| Ps ,ﬁg\)}

peB -
=y - kBTr{Pﬁ 5 In(Ps p(A))}

BeB —_——

Bai+in(5")

=3 ke Tr {/55 In(Fa)3S" + Pof) m(ﬁgm)]

peB
= —kgp Z 'DB ln(Pﬁ + Z Fs ( kBTr< 54 1n {péA)])>

BeB
SI35]
= *kBZPBM(Pﬁ JrZPBS[N(A)} (B.25)
BeB
[Zﬁ B )]
where
Pﬁ—zcaﬁq (AB)Caﬁq and
(AB) c*
5£3A) _ Z |a> Z CaB.qF ¥ B.q <a/| (8.26)

P(AB)

a,af ancaﬁq 58,9

The /55 is the probability that the system B is in state 3. The object ,%A) describes the ensemble for
system A given that system B is in state |3).

The first entropy term describes the uncertaintly regarding the state of subsystem B, while the
second term is the averaged uncertainty about A given a state of subsystem B.
B.2.3 Entanglement entropy

Let us discard all information, which depends on both subsystems simultaneously, while retaining all
information on the two subsystems separately. For that purpose, we determine the maximum-entropy
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ensemble for the combined system, which is compatible with the reduced density matrices of its parts.
The entropy-gain corresponding to this loss of information is the entanglement entropy.

The maximum entropy for specified subsystem density matrices is

i, 0%1 = gex st {5901 - Y b (L@ 00 a) - (@l

el= 1%‘5 q“ﬁ a,a’eA BeB

-y agﬁ,((Zwﬁ’ﬁABa,m) —(ﬁ'IﬁB|[3>>}—A(Tr[ﬁAB]—l) (B.27)

B.B'eB acA

qéva,,qgﬁ, and A are Lagrange multipliers.

The equilibrium condition for the density matrix shows that the optimum ensemble is one for the
independent subsystems. This is shown below.

0=—ken[p*®] —kel— D> D la.B)dta(a Bl— > > la.B)d5s(ep

a,a'eABeEB B.B'eEBacA
— ke [p*] ~ kel > 3 0.B)(dhados +dawdfs ) (.0
a,a/€eAB.BEB
1 1 N o
= 00 ) = g o0 X Y 1) (ade + bawy) (B (820
a,a'€eAB.B'eEB

The ensemble with the maximum entropy is therefore one of completely decoupled subsystems.
Because the two operators

> > Bt abss (. B and > > leB)afpbaw (. B (B29)

a,a/€eAB.BEB a,a'€eAB.BEB

commutate, | can rewrite the density matrix as a product of density matrices

PN ~A A 1 1 pS !
p*®16", 6% ZA[dA,c?B]EXp(_k Z Z Ia,5>q§,a15ﬁ,ﬁ'<a,ﬁl>

B yacappeB

1
oo X Y Bl o)

a,o'€AB, B’GB

1
ot EU G-I ILL LN

aaeAﬁGB
exp(—z Z |, B) 5 g o, B' >
acABpeB
= Zagge 2 2 o (ale )
a,a’'cABeB
Y Y 1aB (Bl =5 ) @B
B.BeBacA
1 _ 1A _ 148
= T A _ 15 _ |Olﬁ s ﬁeksq /<a/,ﬁ|
Z&ﬁ_<a|e—@q }d><ﬁ|e Tq ﬁ Q;AB;B < ‘ >< ’ >
a eféaA a’ 6] efgqs ok
=> Y lap) < ‘ q> : < 0 > (. B (B.30)
a,a/€eAB,BEB > alale Fs |04> 25<ﬁ|e © |5>

(alpAle) (B1o518")
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ENSEMBLE FOR REDUCED DENSITY MATRICES OF A BIPARTITE SYSTEM

Thus, the maximum-entropy ensemble for specified reduced density matrices for the subsystems A
and B is

P05 = > Y o B) (st} BIFR I8 o B (B.31)

a,a’€EAB.BEB

The density matrix of the maximum-entropy ensemble is the product of two matrices for the two
subsystems. This implies that the two subsystems are statistically uncorrelated. The entropy of the
combined system is therefore the sum of those of the subsystems. (See also section 1.4 on p. 8)

Let me, nevertheless, demonstrate explicitely that the entropy is the sum of subsystem entropies.
S[ﬁA,ﬁB] _ kaTI’[,ﬁAB [ﬁA,p\B] |n(p\AB [p\A,p\B]>:|

——keTr[ 3 D JeuB)(alsle) (816716 B

a,a'€eAB.B'eB

an( Y laBaptia) )@ B )]

a,a'ceAB,pBeB

=—/<B[Z 3 (alp)(Bl6°18)

a,’ceAB.B'eEB

@ Bln( 3 Y lwBaltia B8 B ) o 6)

a,&'cAB peB

(@I (Sqareala)(@lptla) (@) 1008y 5+6u o 61 In ( S5 pce 18)BI6E 1B (B'1) 1)

= —ke| 3 (alp*le)elin (Y la)alptla) @)l

a,a’€A a,a'eA
—ks| > (BIF%18)B1In (Y 18)(BI°I5)(5)I6)]
B.B'eB B.BeB
— —kgTra [ﬁA In (ﬁA)] — ksTrs {ﬁB In (ﬁB)] (B.32)

ENTANGLEMENT ENTROPY

The entanglement entropy? is

Sent[ﬁAB] — SVN [ﬁred(A)} + SVN [ﬁred(B)] _ SVN [ﬁAB}
= SVN[ > > \Otﬁ)(Z(oc,BlﬁABla’,B)) (Z(d,ﬁ|ﬁAB|d,6’>)(a’,ﬁﬂ — SYN[*B]

a,a'€ABBEB GeB acA
(B.33)

SYN[p] = —kgTr[pIn(p)] is the the von-Neumann entropy. The entanglement entropy is non-negative.
It vanishes if the two subsystems are independent.

2] have found the definition of the entanglement entropy only for pure states, for which S‘/’V[ﬁAB] vanishes.

While the von-Neumann entropy is invariant under the Schrédinger equation, the entanglement
entropy may increase and decrease over time. This is a consegence of the time-inversion symmetry
of the equations of motion.

Discarding the information on the entanglement of the two subsystems leads to a new ensemble
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with a larger entropy. It increases the entropy by the entanglement entropy.

B.3 Averaged phase approximation

Editor: This section is under construction and unfinished.

The maximum principle for given subsysten density matrices leads to a new ensemble. The new
density matrix can also be constructed by removing all phase relations between the subsystems. This
operation can be described by an average of all phase relations between the two subsystems. Editor:
be more specific

B.4 Second Law of Thermodynamics of a bipartite system

The second law of thermodynamics says that the entropy grows with time until it reaches a maximum
value. This maximum defines thermal equilibrium.

When we propagate an ensemble with the Schrodinger equation, the von-Neumann density matrix
SYN = —kgTr[pIn (p)] is invariant, which seems to contradict the second law of thermodynamics.
Apparently, we need to find another quantity, which plays the role of the increasing entropy.

e The time inversion symmetry of the equations of motion, Schrodinger equation or Newton's
equations of motion, makes it impossible to construct a functional of the von-Neumann density
matrix, which grows monotonically in time. (This is also true for the sum of subsystem entropies
of a bipartite? system.)

e The maximum-entropy principle, on the other hand, always increases the entropy. The max-
imum entropy does not express the dynamics of the system, but our own knowlegde about
it.

| conjecture that the second law of thermodynamics is a consequence of the true dynamics of the
system and the loss of information on the coupling of the two subsystems.

Combined system: Consider a composite system of two subsystems A and B. System A is de-
scribed by a Hilbert space of states {|a)} with a € A. System B is described by a Hilbert space of
states {|B)} with B € B. A state in the combined system is a superposition of all product states
{|la, B)} with o« € Aand B € B.

The von-Neumann density matrix of the combined system is p*8. It may be written in the form
pAB =37 |0gB)Y P B (®4B| with microstates |®7F) and their probabilities P;'E.

The time dependent micro-states evolve under Schrodinger's equation so that

[Wo(1)) = U(t,0)Wg(0)) (B.34)

2A bipartite system consists of two parts
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with the propagator U(t, t') defined by3
ind:0(t, t'y = Ht)O(t, t)  and U(t, t) =1. (B.36)

Because the propagator has to preserve the norm of the wave functions, it is unitary.
Hence the time-dependent von-Neumann density matrix of the combined system is

p8(t) = 0(t,0)p"(0)0(¢, 0) (B.37)
Because the propagator is unitary, the von-Neumann entropy of the combined system is conserved.
Reduced density matrices: We assume, the initial information available to us is based on observ-
ables that depend either on system A and on system B, but never on both systems simultaneously.

The information on system A is encoded in the reduced density matrix * and the information on
system B is encoded in the reduced density matrix 5.

5 Eq. B.12 Trg[p?B] = Z |a)<z<aﬁ|ﬁAB|a/,5>><a/|

o,/ €A BeB
2 = Tl = Y 16)(Y (e B16"8 e 6)) (6] (B:38)
B.BEB acA

Entanglement entropy: Let us discard all information, which depends on both systems simultane-
ously, while retaining all informations on the two subsystems alone. The entropy-gain corresponding
to this loss of information is the entanglement entropy. discussed above in section B.2.3

When the new density matrix p*Z is propagated with the Schrodinger equation, the entropy is
conserved. Then entanglement entropy, on the other hand grows. As the ensemble is propagated by
the Hamiltonan of the combined system, the entanglement entropy rises to a positive value. While
it remains non-negative for all times, there may also be periods of time, for which the entanglement
entropy shrinks.

Mean-field dynamics Let me develop a trajectory for the density matrix such that the maximum-
entropy entropy for the subsystems is constructed in each instant of time. For this purpose, | use the
differential equation for the density matrix of the combined system, but | replace the density matrix
by the maximum-entropy ensemble for the sum of the subsystem entropies. This results in a new
time evolution, which | call mean-field dynamics.

| distinguish the density matrix for the combined system from the mean-field dynamics by a tilde,
as B (t).

The resulting dynamics is that of subsystems that experience the other system via en effective
Hamiltonian. As we will see below, the time derivative of the von-Neumann entropy for this ensemble
vanishes. It vanishes, because because it is bound from below by the von-Neumann entropy (which

3The derivative with respect to the second argument of the propagator is obtained, with U(t, t')U(t’, 0) = U(t,0),
as follows

0 = ihdy <U(t, t/)O(t’,o)) - <iﬁ8t/0(t, t/))o(t’,o) +0(t, t’)(/hat/U(t’,O))
= (ihatrU(t, t’))U(t', 0) + O(t, t’)(ﬁ(t’)a(t', o))
= (iﬁ@t/U(t, t’))a(t/, 0) = —0(t, ) At O(E, 0)

= —ird, Ot t') = O(t, £)A(t)
(B.35)
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is decoupled as time t = 0) in the forward and the backward time direction

predAf

reR=1p PEaP =P o
0" = inoe 3 3 laB){ S BIFIB) 3 615l ) el
a,a/€AB.BEB BeB aeA
ihde Ly
P IPILLILITE

a,a'cAB.BeB

| 1o.B)> (a.p15*Fla.B)

acA
et inowogsP
+ Y (@Bl B) Y (a6 A 7] a8 el 6
BeB acA
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a,'eAB.BEB B.p'eBa,a’eA

~B ~A ~B ~A ~B
TPaaPpp (H‘ivﬁ,a”,ﬁ”pa”,apﬁ”,ﬁ’ ~ Pa.arPppr Ha"ﬁ”,a,ﬁ’) }(a’, Bl

Y jas)

a,’ceAB.B'EB

{

~B ~A ~A ~B ~A ~B
S [ X HaswrstBg] e~ P [ X Horgr i) [ ] o
a’€eA B.B'eB

X

B.B'eB
I:IA 1" HAU ! :1
(afthnp4-|er)
~A ~B ~A ~B ~B ~A
+ 5 5 (S8 ([ X Haseorttoa ot | T Hoesrasihn]) i
a’eA BeB o’ aeA a,a’eA
=1 5B B
- Hﬁ”ﬂ’ Hﬁ”,ﬁ’

ClGE:

)
=> D lep { (al[A% B")-|o) B + i (BIIAZ. 7] |6 >}<a el (B.39)
7 S————— N———
XACABBIEE inop inocEE
This differential equation can be broken up in two differential equations, one for each subsystem.
Each subsystem is then propagated by an effective Hamiltonian, which depends on the instantaneous
state of the other subsystem

PP =Y D B (DE (). B

, , with
a,a'€eAB.B'EB
ih9pA = [HA 5A] with A= 3 ) S Hapwpfhgle] (B.40)
a,a’€eA B.B'eB
ind.pE = [HB,EB} with =3 18) 3 Hapaphald (B.41)
B B.BeB a,a’€A
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Now we can investigate the entropy of the new density matrix ,3AB, which is given by the two
subsystem density matrices p* and g defined in Eq. B.40 and Eq. B.41.

d5 def d ~ynr2aB
dt dts [ (0)]

= L (s )+ SR (1))

= ke Te[ U B (n (7) + 1)) — ke[ 512, 5°_(m (5°) +1)

= Do [0 (5) — B4APn (84)] + s [A250 1n (8%) - %A% n (7))
- '%BTrA A7 (770 (B4)_] + ’%BTrB A8 [65.n (55)] | =0 (B.42)

=0 =0

Thus the entropy of the mean field dynamics is, as mentioned above, conserved over time.

Arrow of time An increasing entropy is obtained, when the density matrix is propagated using the
Schrodinger equation, until the entanglement entropy stops growing any further. At this point the
entangled ensemble is replaced by the ensemble that maximises the two subsystem entropies. At this
point the entropy rises by exactly the instantaneous entanglement entropy.

slup

6 g e ol
A

Sﬂﬁgﬁi}é ned B
L 2VE @ |

1 5 ‘

Fig. B.1: Demonstration of a rising entropy. The ensemble is propagated with the Schrodinger
equation with some Hamiltonian A, until the sum of the subssytem entropies reach a maximum. At
that time the information on the entanglement is discarded. The ensemble changes to the maximum
entropy for the two subsystems. The loss of information is exactly the entanglement entropy at that
instant of time. From this time onward the system evolves under the Schrodinger equation until the
sum of the subsystem entropies reaches again a maxumum.

B.4.1 The entropy of an open system grows with time

For an introduction to open systems, see the article of Marquardt and Piittmann([? ]

We consider a system AB that consists of two subsystems A and B. The Hilbert space of the
combined system is spanned by all product states between states from system A and those from
system B.
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Consider, for example, two particles. Subsystem A describes one particle and subsystem B de-
scribes the other particle. If the two particles do not interact, the first particle experiences a Hamil-
tonian H‘A =Y 0w |a>H§va,<a’| and the second particle experiences H® = Y7 5 |6)H5 5 (6. The
Hamiltonian of the combined system has the form

A2 =3 a By HA L (@ Bl + D0 o BYHE 5 (e B (B.43)
B

Bp a

a,of

Thus the Hamiltonian H” does not affect the particle B and the Hamiltonian 48 does not act on
the particle A.

A coupling between the two particles would be described by a contribution to the Hamiltonian of
the form

W= Z’BZB, o, H)Wapap (@B (B.44)

Let me now turn away from the example and proceed with the general argument which leads to
the uni-directional entropy increase. A complete basis {|a, 8)ag} for the combined system can be
constructed from all product states |a,B)as = |a)a ® |B)s of a complete basis {|a)a} in A and a
complete basis {|B)g in B. Whenever this is convenient, | am introducing a subscript A for states in
the Hilbertspace of subsystem A, a subscript B for states in the Hilbertspace of subsystem B and a
subscript AB for states in the Hilbertspace of combined system AB

Without restriction of generality the basis shall be orthonormal,. i.e.
agla, Bl B') ag = do,ar0p o (B.45)
A general pure state of the combined system can be written in the form

V) ag = Z e, B) A Cap (B.46)
af

with Zaﬂ c;ﬁcaﬁ = 1. Because |U)a5 is a pure state*, its entropy vanishes, i.e. Sag = 0. As
shown above in section 6.8.1, the entropy Sag will remain zero as the system evolves in time.

The density matrix of the combined system is

pas= D laBlas capcip as(d.f] (B.47)
(aB).(«.5)

Time derivative of the sum of subsystem entropies

Let me now work out the time derivative of the sum of the entropies of the two subsystems. Using the
Schrodinger equation, | can express the time derivative in terms of the Hamiltonian. Thus the time
derivative of the two sub-entropies are a linear function of the Hamilton matrix elements. Because
the sign of each Hamilton matrix element may change its sign, | expect it to be impossible to obtain
a entropy growth. WHat is needed is an expression which is quadratic in the Hamiltonian.

4A pure state can be recognized by testing the idempotency requirement p° = 3. In terms of the eigenvalues P, of
0, the idempotency condition implies Pg = Py and thus Py € {0, 1}. The corresponding entropy S = —kg Zq PqIn(Py)
vanishes because x In(x) vanishes for x =0 and x = 1.
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8.5 [p°I M| = —kg0, Tr [ =@ in (e}

-t (0o =) 1)
S (e ) B ()
|

—_———
=0

= —kBTr{ (8 pre?A ) In (Ared(A)) }

(B.48)
(indc = A1) D" 10t B)Cap.q = 0
a,B
=3 |a,ﬁ>{ (matca,ﬁ,q - Z(a,ﬁ|/:/\oc’,,6'>ca/,5gq> -0
a’ﬁ al,ﬁ/
j N
= OiCapg =7 Z (a, BIA|, B Cor . (B.49)
B hap). (o' 8
Ared(A) Z‘a ZCaﬁqPAB aﬁq(a‘
a,a’
0 "M = Z [ ZZ{h(aﬁ (a.B)%aB.q P(AB)Ca’ﬁq — Cap, q'D e aﬁqh?a’ﬁ) (aﬁ)}< |
oo B.q9 af T/—’
(a@B).(«.B)
(AB) _
=4 Z > la) Z{”(a 0@ Piap) (@ p) ~ Plap)a 5>’7(aﬂ>,<a',ﬁ)}<a'|
B oo
(10.0491-) 4 o

(B.50)
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at(SA + SB) =0 (S[ﬁred(A)] + S[ﬁred(B)])

— —kBTr{ (6tﬁred(A)> In (ﬁred(A)) } _ kBTr{ (atﬁred(B)) In (ﬁred(B)) }
=k T (S (0 641} rgfe1) (2 0 )
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i
0(SA+SF) = ks Y hapag
d,B,&/.ﬁN/

{Z NG @5 5le])|&)

a,a!

_Z & In( Z &) pSAE,L,ﬁ, o) |e)Plorpy 2.

+Zp<afm<aﬁ/ (B> 185 5 ) 16)
BB

-2 B0 ( 816551 >|ﬁ>pf;m(m} (B.52)
8.6

(A) Z AB _ Z 20 pf\a?ﬁ),(a’,ﬁ)
Paar = 2 Plap).(a.8) = P& .5).(a5) —AB
8

255 P(5.6).(&0)

a.p
(B.53)
57 = N7 o) 4 CapaPPD 5.0 ) (|4 = ‘@(A) PO (o
% (Z apB.q ) A Z > < 9l
§ei® =3 16) (anﬁqP“ Capa) Ble = \¢<B>> PE (o) (B54)

B.6

Because the reduced density matrices act on orthogonal sub-hilbert spaces, the sum of the en-
tropies is the entropy of the sum.

S[ﬁred(A)] + S[ﬁred(B)] — S[ﬁred(A) + ﬁred(B)} (B.55)

The sum of the reduced density matrices is

ﬁrEd(A) + ﬁred(B) = Z o, B) Z {(Cocﬂ,qpchB)C;’,B,q) 55,6’ + Oa,ar (Ca,ﬁ,chEAB)C;,B’,q)} (a/,ﬁ’\

oo 8.5 q
= Z la, B) Z [(Ca,ﬁ,qpchB)C;/,ﬁ/,q)%ﬁ’ + 0, (Ca,ﬁ,qPéAB)C;’ﬁ’,q)} (o B
(a.B).('.B) a
= Z |C¥, 6) (Z Ca,ﬁ,q'chAB)C;’,ﬁ’,q> (5[3,6’ + 501,01’) <CY/, ,6/‘
(a.B).(a'B) q
= <H/ dg’;’f) (H 0(pa) + H 6((1)5)) Z |, B) (Z Co g€ Sns B P(EAB)efiZa,g o o pa
apB a B (a.B).(a'B) a
Tra [ﬁred(A)] Tra [Z |a>A (Z Ca,B, q (AB a’ B, q) <o‘/‘A] =Tra [Z (Z Ca B, qP(A Co B q) <a/|a>}
oo aaf
=Try [Z PCEAB) Z ca,g,chﬁ,q] =1 (B.56)
q a6

=1 =1
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Entropy of subsystem A: Now, we can evaluate the entropy of subsystem A. The entropy S, of
subsystem A is, per definition, the entropy

Sa ™ —kaTr[paln(pa) | (B.57)

of the reduced density matrix g4 of subsystem A. The entropy requires us to evaluate a function
f(x) = —xIn(x) of the reduced density matrix g4. This is done best in a representation of the
density matrix, in which it is diagonal. Because the microstates |®g) (Eq. B.15) are not neccessarily
orthogonal, we need to diagonalize the reduced density matrix.

Pal®am) = |Pam)Pam
|¢A,m> = Z |a>AUA,a,m (858)
a

which yields the entropy of subsystem A as

Sa=—kpTra [ﬁA |n(ﬁA)} = ke Y Pam |n(PA,m) (B.59)

Also the new probabilities P4 ,, are positive semidefinite® and sum up to one Zm Pam =1, as
required for probabilities. The normalization and positive definiteness imply 0 < Pa , < 1. From the
shape of f(x) = —xIn(x), we can deduce that the entropy is positive or zero, and that it is zero
exactly, if there is one eigenvalue Pa , = 1, while all others vanish. This implies that the entropy
vanishes only, if the states |<T>[3)A are independent of 3. Hence, except for this exception, the entropy
of subsystem A is positive.

Similarly we can proceed for the subsystem B.% This line of thought implies that also the entropy
of subsystem B is positive.

Thus we see already that, at least for a pure state of the combined system
0=35a5 <S55+ S5 (B.61)

The entropy is due to the loss of information on the correlations and phase relations between the
two subsystems.

We obtain a glimpse of the arrow of time with the following thought experiment. Let us start
with a state, which has no correlations between A and B. Such a state is a product state of one from
A and one from B. Not only the combined state, but also the ensemble in A is a pure state. That
is, not only Spg but also S4 and Sg are initially zero. As the system evolves in time, correlations are
built up. The entropy Sag remains at zero, because the state of the combined system is still in a
pure state. The ensemble in A on the other hand is a mixture with a positive entropy. This describes
that the information on the correlations between the two subsystems, which build up over time, is
discarded by only looking at the two separate subsystems. Hence Sp + Sg grows with time.

The underlying reason of the entropy increase is thus not related to some funny feature of the
dynamics of the system, but simply that we retain only part of the information, if we discard the
matrix elements of the full density matrix connecting the two subsystems. It is our loss of the
information about the system, which defines the arrow of time.

Editor: For the sake of simplicity, I started here on a pure state. To be complete
the proof with a general density matrix may be added into an appendix.

5The positive definiteness of the reduced density matrix follows from Eq. B.14 and the fact that the .‘55 are positive.
6

psl®s.n) = |Pg.n)Ps.n
|Pg.n) = Z 18)8Ug B.n (B.60)
B
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Editor:

(aib1|plajby)|(aib1|pla;bo)|(aib1|plajbs)|- - - (ajb1|pla;by) 0 0
(aiba|plajbr)|(ajba|pla;bz)|(aib2|plajbs)|- - - 0 (aiba|plajba) 0
(aibs|plajby)|(aibs|pla;bo)|(aibs|plajbs)|- - - — 0 0 (aibs|plajbs)|- -

— (<3fb1|ﬁ|3jb1> + (aiba|plajbo) + (ajbs|plajbs) + - - -

Product states?

A
Papat s = PoorPy (B.62)

Phase average

Let me introduce a phase g for each orbital in system B. Then | introduce a new density matrix by
multiplying each entry by a phase factor /%5,

Papas(B) E papape @D (B.63)
The “old” density matrix is recovered using the phases zero. In that case the argument is suppressed.
Papop = Papap(0) (B.64)

Introducing the angles is a unitary transformation with
Uap.a 5 (P) = € 80,008p (B.65)

The entropy is independent of these angles as | will show now: Let me start from the eigenvalue
equation of the density matrix and show that the eigenvalues of the phase transformed density matrix
are the same. Because the entropy is obtained from the probabilities, this shows that the entropy is
invariant under the phase transformation.

Z (pa,ﬁ,a’,ﬁ’ - Pn5a,cx’5ﬁ,ﬁ’>¢a’,ﬁ’,n =0

o' B
Z ei(pﬁ (pa,ﬁ,a’,ﬁ’ — Pnéa,a’56,6’> e*l‘(ﬂﬁ/ei(pﬁ/ q)a/vﬁ/vn = O
B 1
Z (paﬁ,a’,ﬁ’((ﬁ) — Pnéa,a’56,5/> (ef‘Pﬁr (Da’,ﬁ/,n) =0 (866)
a/'ﬁ/

This shows that the eigenvalues P, of the phase-factor-dependent density matrix pa .o/ (@) do not
depend on the phases ¢. Hence also the corresponding entropy S(@) = —kg >, P.In(P,) is also
independent of the phases.

Let me now introduce the phase-averaged density matrix.

def [dp1 [ doy

o o Pap.or 5(P) = PaB.or 50,6 (B.67)

Papolp =

The phase average essentially sets the off-diagonal matrix elements in system B to zero. The phase
average discards information, so that we may anticipate that the entropy of the phase averaged
density matrix is higher than that for any specific set of phase factors.
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The phase averaged density matrix can be expressed by a B dependent density matrix p(3)

Paparp = PoPac(B)opp (B.68)
where
P (B) = prﬁijﬁ (B.69)
so that
Tr[p(B)] = 1 (B.70)
and
Ps=> papas (B.71)
=
so that
Y P=1 (B.72)
2

The reduced density matrix of A is
Do = Papas = Papwp= Fobac(B) (B.73)
B B B
Hence the entropy of subsystem A is

54 [ ] = S| 3 Pt (6)] (B.74)
B

Let me now investigate the trace of a function of the phase-averaged density matrix

n Eq. B.67
Tras {(Pav) } = Z Z Pas B12.8:081.8: * ** Patn B, 1,81 08,61

= Z Z PoyB.onB PanB.o1B
Eq. B.69,8.71 Z Tt {(/5‘3 ﬁ(ﬁ))n} (B.75)
B

This allows me to identify the entropy of the phase averaged density matrix with the entropy of
subsystem A

S[p™] = —ksTras [pav |n<pa\/)} = —kg ZTrA |:/55ﬁ|n<15fjﬁ):| (B.76)
B

The result differs from SA because the sum is outside of the expression!
Therefore

S[p™] = —kgTr {pav |n(pav)}

= > {kaTe[Banto) (Aote)] |
6]
- 5 {hob (e (5] 45 () o))}

———
1 S[a(B)]

= —ks Y PsIn(Ps) +_ PeSIaB)] (B.77)
B B
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Because of the convexity of the entropy Eq. B.1

S(Z ckﬁk) >S5 aS(E)  with > a=1 (B.78)
k k k

SYE < S[p™]=—ks > _ FsIn(Ps) + > FsS[A(B)]
B8 B

< —ks > Fsn(Ps) + S[Z Pﬁﬁ(ﬁ)} =—ks Y _PsIn(Ps) +Sa (B.79)
B B B

Editor: The entropy of the phase-averaged density matrix is larger than the entropy
of the combined system due to the convexity of the entropy, that is S4B < S[p?"].

Editor: Can it be shown that —kBE:ﬁﬁ%ln(ﬁb) is equal to SB7

B.4.2 The entropy of an open system grows with time (old)

Editor: Under construction! I need to check carefully, whether the argument based
on one-particle wave functions is meaningfull!

Editor: The argument below is built on one-particle wave functions, because the
argument for many-particle wave functions is more complex and the formalism has bot
yet been developed. There will be a more thorough discussion in ®SX: Introduction
to Solid-State Theory in the chapter on the Boltzmann equation.

Consider now a system that consists of two subsystems, which we name A and B. That is, the
Hilbert space is divided into basis functions that reside in A and other basisfunctions that reside in
B. We may consider A as the system of interest, while B may be the environment.

The density matrix of the combined system is

P = N b XA+ DY T IXeAE G+ DD T IxEefaxal+ Y 1xE) e85 (x5

a,a’cA acApBeB BeB acA B.B'eB

ﬁAA ﬁAB ﬁBA ﬁBB
(B.80)

The density matrix p** + pBB is block diagonal in the Hilbert space. Hence the entropy of this

block-diagonal density matrix is the sum of the entropies of the uncoupled sub systems. The sum of
the entropies of the two subsystems is

S(A) + S(B) = —keTr[ ("4 + p7) In(p** + 5°%)
= —kgTr[p*In(5*4)] - ks Tr[05% n(5°) | (B.81)
while the entropy of the combined system is

S(AUB) = —keTr[(p* + 5% + 5% + 58 ) In(5* + 048 + 554+ 5°F)]  (B.82)

ﬁAUB

The sum of the entropies S# and S& is the entropy for a density matrix for which all matrix elements
between A and B are set to zero. That is the density matrix is block diagonal.

Editor: Show that S(AUB) < S(A)+ S(B). Below is a rationalization. but is
requires the mathematical proof. See Eq. B.1 below and consider

AA AA ﬁ A
= 1_ O

) T

Ck N——

Pk

p (B.83)
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Decoherence: The increase in entropy can be attributed to the loss of information on the phase
relation of the wave fun_ctions in the two subsystems. Imagine that we multiply all basis functions in
A with a phase factor e/ and all basis functions in B with /5. This produces a new density matrix

AA N
P (pa, 5) = p™
AB AR i(a
07 (Ga, d5) = pBe/ (@4 02)
0

~ BA N i — 5

" (pa, 95) = pEABs8)

~BB A

o (da 05) = p°° (B.84)

The phase factor affects only the off-diagonal elements.

When we average the relative phases, describing the loss of knowledge on the phase relations
between the sub systems, the density matrix elements connecting both subsystems disappear.

d d ~
90n [ 90 5 4a 00) = 8 + 677 (B.85)

Hence, the phase-averaged density matrix becomes block diagonal without any non-zero matrix el-
ements connecting both subsystems. As a consequence, the entropy turns into the sum of the
entropies of the subsystems. The uncertainty on the phase relations between the subsystems is the
loss of knowledge, which is responsible for the increase of the entropy.

As the system AU B evolves under the influence of the Schrédinger equation, phase coherences
between the two subsystems are built up. These phase relations are discarded when we describe the
two subsystems as two open systems. The loss of information reflects in a larger entropy. The loss
of phase relations between subsystems is called decoherence. The concept of decoherence is central
to the understanding of the classical limit of quantum theory.

The bottom line is that the second law of thermodynamics is acting only in open systems. The
environment can accept or supply entropy. This, however, preserves the total entropy. However,
the the contact between the system of interest and the environment contains information, which
increases entropy, when this information is lost. It is the sum of the entropies that increases with
time, while the phase coherence is lost, respectively disregarded.

1e?/2 0 AB)\ (1e7®2 0 Ae'?/2 Beld/2 le7®2 0
0 1e%2)\cD 0 1et¢2 | = | Cce /2 pe-it/2 0 1letd?

U Ut
A Be®
_ (Ce@ . ) (B.86)

Because U is unitary, the trace of a function of the transformed matrix UMUT, is independent of

e (umut)'] = e[ (urum) ] = e[ (m)']

N Tr[f(UMUT)} _ Tr[f(ufum)] _ Tr[f(M)} (B.87)

Now we can show that the phase average increases the entropy. We use f(p) def pIn(p) so that
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- Jnl((n)
5 (%)= ((55))

= Tr[f(A)]+ Tr[f(D)] (B.88)

the entropy is S[p] = Tr[f(p)].

((e3)

Tr

Eq. B.1

Tr =Tr

Note that the traces of A and D are not unity individually. We only know that Tr[A]+ Tr[D] = 1.

Tr[WapaIn (Wapa ) | = WaTr|pa(InWal +1n(p4) ) |

= Wa In[Wa] + WaTr [pA In(pAﬂ (B.89)

S(AUB) = Tr [pln(p)] < WaIn[Wa] + We In[Ws] + WaS(A) + WsS(B)
(B.90)

Let me introduce a gauge transformation. That is a spatially dependent phase factor ¢(X) is
introduced.

N
W (3, %, ) = WO, R, s) [ X0 = WO(Rg, 5, L el Doma XD

J=1

where U[x] is a gauge transformation.”

A global® phase does not affect any expectation values (A) = Tr[ﬁf\], where p is the von-Neumann
density matrix, and A is any observable. Similarly, a phase that is constant within a region 24 does
not affect expectation values that have non-zero matrix elements only in this region Qa.

The phase relations between a regions A and its environment can be destroyed by averaging over
the relative phases between the two regions. For this purpose, we use the gauge transformation with
the phase

x(X) = %GA(Y)ab (B.92)

where 64(X) is a step function with value one inside region A and with value zero outside of region
A. ¢ is the phase shift between point inside and outside of A. We denote the gauge transformation
mentioned here as U(¢).

The phase-averaged von-Neumann density matrix is

o= [ 52 0@)5070) (B.93)

2m

7] included the sum over particle numbers, so that the operator can be applied to states with arbitrary particle
number and even to many-particle states, that may have contributions with different particle number.
8A global phase is one that does not depend on position.
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T {ﬁln (ﬁ)]
Tr [mn (ﬁ)} - /027r % Tr {U(d))ﬁU*(dJ) In (U(aﬁ)ﬁm(qﬁ))}

([ T dé 2 o@p0'@)n ([ 52 79 ooy 5000)')]

Tr [WAﬁA In (WA,ﬁA)] + Tr [WBﬁB In (WBﬁB)]

WaTr [paln (pa)]l + WaTr [paln (Wa)] +WsTr[pgIn(68)] + WaTr [pg In (Wg)]

= WaTr [paln (pa)] + WeTr [pg In ()] + Waln (Wa) Tr [pa] +Wi In (Wg) Tr [pg]
——— ——

=1 =1

(B.94)

S(AUB)

IN

[~

2m

K 2i> puf((p))] /OMTr (0(6)p01 ()] = /O Tr [p) = Tr [9]
< / 2£ T("”ﬂ = /02”’(" 9 [0()60'(8)0(6)90 )]

2m Jo 27

2m d 2 do’
/ aé d) Z /dx1 dx,\,/dx1 - dxp
0

0 N, N=
x(x1,..., XN|U(¢)pUT(¢)’X1 ..... X (X1, xp | 0(@)p0 (@) X1, - . . Xn)
= Z /dxl dX,\,/dx1 cdxp (X, xw|plx - X (X1, - xplblxe, - XN
NN =

2 !
x/”@ T Y (601 I a00) o= 5 (68 s 640 (B.95)

o 2T Jy 27

o g0 om g 300 (Sl ity oa0)
2m 2m

62}219;\(@),2}’:’1 0a(<))

This gives a non-zero result only, when the same number of particles are inside region A for the
unprimed and for the primed coordinates.

Thus, | can form groups of coordinates with zero,one,two, etc. particles in region A. All integrals
over these coordinates are restricted to A and all integrals over the other coordinates are restricted
to B. In this case, B may have particle number fluctuations, but not A.

27 n 00 Na N
T ( |5 U(¢)/30T(¢)> ] = S T Aa IT Pex (5.96)

Na=0  j=1 k=Ny4

The average has to be done to the von-Neumann density matrix

p(X, X7 Z\u X) P (x7) (B.97)

B.4.3 Entropy growth due to uncertainty of the Hamiltonian

Editor: This section is no more recommended to the readers. The description of the
previous section is more stringent. I plan to use material from this section to generalize
the previous section to general initial density matrices.
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The mathematical basis for the proof of entropy increase is the property[? ]| of the entropy that
it is concave, i.e. Eq. B.1 shown in section B.1.

We consider the dynamics beginning with a unique initial state described by a density operator pg
under an ensemble of hamiltonians. Considering an ensemble of hamiltonians allows to us describe
our uncertainty about the dynamics, which may be caused the coupling to an environment.

In order to produce irreversible behavior, i.e. an entropy production, one can average the dynamics
over an ensemble of Hamiltonians. As will be shown, the ignorance about the time evolution leads
to an increasing ignorance about the states of the system, and hence an entropy increase.

Once we have established that the entropy is concave, the growth of the entropy for an ensemble
of Hamiltonians follows relatively quickly: Let us now propagate the same initial density matrix go
with different Hamilton operators M. We obtain a number of time-dependent density matrices k().
If the Hamilton operators have positive weights ¢, we obtain with ", ¢, =1

S[> cubn(n)] TS GeSIa0) T2 aslpd0)] = 3 ceSiaol
k k k

k

= (zk: Ck) S[(zk: Ck) po] = S[Ek: Ckﬁk(o)}

1 1

Thus we obtain
S(t) > 5(0)

Thus the entropy can only increase with time. Since the equality only holds for identical density
matrices, the above relation always holds, if the Hamiltonians lead to different time evolutions of the
density matrices.

Why should we need to average over different Hamiltonians? Let me give an argument that
| have not fully worked out and which should be taken with a grain of salt. If we consider our
system as a subsystem of the universe, the environment, i.e. the rest of the universe, acts like an
ensemble of Hamiltonians for the wave function of our subsystem. This interpretation implies that
the overall entropy of the universe remains constant, but our system can transport information into
the environment.
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Appendix C

Basic quantum mechanics

C.1 Position operator and position eigenstates

Let us assume that only know bra’s and kets but no wave functions. In the following we will define
wave functions from the abstract bracket notation. Let us denote the position eigenstates as |x).
The position eigenstates is the link between kets and the corresponding wave functions. We require
that the unity operator is expressed by the position eigenstates as

i:/ [x) (x| (C.1)

Given a ket 1), the corresponding wave function 1)(x) is defined by the scalar product

def

P(x)={x[¥)

Given a wave function ¥(x),we obtain the corresponding ket by

) = / dx [x) (x| %) = / X |X)(x)
E,A_/
=1

What is the wave function 9y, (x) corresponding to a position eigenstate |xp)? We obtain the
solution by multiplication with the unit operator

) = [ dx ) (xl)
——"
=1y (X)
This equation can only be valid if
Yo (X) = (X|x0) = 0(x — x0)
Now we can define the position operator X by its eigenvalue equation
X[x) = [x)x
Its explicit form in terms of position eigenstates is obtained as
/dx [x)x (x| = /dx X|x){x| = >?/dx |x) (x| = X
~~
=X|x) —
=1

=KX= /dx |x)x (x|
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Momentum operator and momentum eigenstates

Next we define momentum eigenstates

(x|p) = e*/"
as eigenstates of the translation operator in real space.
Again, we start from the eigenfunctions to define the position operator

h h .
=0u(x|p) = < 0xe™/" = p(x|p)

P2 [ax o) = [ dx i elp = o

p =1

Thus we find that the momentum operator defined as

h
b= / dx [x) T Bu{x

produces the correct eigenstates and eigenvalues.

Evaluating the matrix elements (p|p’) is non-trivial, because the wave functions are not square

integrable. We obtain the result through a limit. We introduce periodic

boundary conditions to

discretize the momentum spectrum. With periodic boundary conditions we allow only states that are

periodic with a period L.

2mh

(x+ Llp) = {x|p) = Pn=—n

periodicity
Now we perform the integral over one periodic unit

L L
i(pi— L for
| axtoiixioy = [ ax e mx/n:{o for

where 6p = pi11 — pr = 2.

Now we can perform the limit L — oo and obtain!

) = [ " dx (plx)(xIp) = 2mhi(p — )

—0o0

P
17

Finally, we need to represent the unit operator in terms of momentum eigenstates. Also here it is

advantageous to start from a discrete spectrum. For any complete, but not
basis {|u;)}, the unit operator has the form

1= 1u)Sij{ul
i

necessarily orthonormal,

where S is the inverse of the overlap matrix. The overlap matrix has elements (u;|u;).

2mh 2mh
bij = Z Sik(pklps) = Z Si,kﬁék,j = Si,ij
P P
Ap
= S,J = 27]_7’76,1

lwe need to show that the integral over the delta function is equal to one:

1 i [, "
1= Zéu = ZAPFD&'J - /dp/ﬁ = / dpé(p' 7pj)
i i -
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Thus we can use our momentum eigenstates and obtain
o Ap Ap dp
1= ) —=0; j{pj| = —|pi){pil = | =—= C.2
> 19 30500021 = 3 glon o [ 325 102 (C2)
Thus the sum over states normalized states is transformed into an integral over states with a prob-

ability density equal to one.

Note that an operator may have a spectrum that contains discrete eigenvalues and continuous
intervals of eigenvalues.

Hamilton operator

The Hamilton operator is obtained from the classical Hamilton function by replacing the position
argument with the position operator and the momentum argument with the momentum operator.

The function of an operator is defined by its power-series expansion. If the Hamilton function
has the power series expansion of the Hamilton function is

H(p.x) = 3 ap'
iJ
the Hamilton operator? has the form
N o h i J
A= Z ai P& = Z aj (/ dx |X>I,6X<X|) (/ dx |x)x<x|) (C.3)
iJj iJ
_ /dx BT (’f’ax>l(x)f (x| (C.4)
— i
ij

— /dx |X)H(?8X,X)(X| (C.5)

2The momenta and positions must be ordered such that the resulting operator is hermitian
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Appendix D

Thermodynamics for first-principles
calculations

In this section, | will provide the thermodynamic basis to compare the energies obtained from first-
principles calculations into measures quantities such as standard enthalpies of formation. The goal
is to include all effects that are usually taken into account in a standard treatment. Editor: This
chapter is under construction. Do not read! It is a collection of stuff that may
be useful writing up this section.

This section makes a comparison with the article “Thermochemistry in Gaussian”, by Joseph W.
Ochterski. of Gaussian Inc. https://gaussian.com/thermo/

D.1 Free energy of independent particles

The free energy (Helmholtz potential) of N molecules is
keThn( = > e P
5 NI £
n
1 N
76 n
—kBTm(N!(§ e ) )
n

—/kaTln(Zef“w) + kgT In(N1) (D.1)

F(T,V,N)

Each component of the vector i identifies a quantum state for a single particle. For N particles, the

vector 7 has N components. The factor ﬁ is required for identical particles, because a state with

two particles interchanged is not a new state and must be excluded from the sum. Therefore one
needs to divide by the number of permutations of the N particles.

The factorial is approximated by Stirling’s formula

Eq. 1.29

In[N1] NIn(N) =N < NI=NeN (D.2)

so that the free energy is

F(T,V.N) = —NkBT(In<e/\,/VZe_5E”f) (D.3)

q(T.V)
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D.1.1 Entropy

To compare with Ochterski, let me evaluate the entropy

srvny = 2RV 0 [—NkBT(ln(q(T/\'IV)> ~ NkBT}

aT aT
B q(T,V)
= Nkg ('”(/\/) + Nkg + NkgTor In(q(T, \/)) (D.4)
Nk T L)
where
a(T.V) €Y e P (D.5)

Eq. D.4 is the starting equation of Ochterski.

D.1.2 Internal energy
The internal energy is the expectation value of the energy
U(S,V, N) = stTat(F(T, V. N) + Ts) (D.6)

Here we only calculate the internal energy for a given temperature, namely

U(T,V,N) & U(S(T,V,N),V, N) = F(T,V, N) + TS(T,V, N)

B 8F (T, V,N)
= F(T,V.N) — TT
- NkBTQGTIn(q(T, \/)) (D.7)
(Ochterski-Eq. 2)
D.1.3 Enthalpy
H(S. p, N) = statU(S, V. N) — pV/?? (D.8)
D.1.4 Gibbs energy
G(T. p. N) = stat F(T, V. N) — pV'?? (D.9)

D.2 Individual contributions to the free energy of a molecule

D.2.1 Translations

— ¢, Eq.27 (mkgT
Grrans(T, V) = n e T TR (271";2

3
2
) V=V (D.10)

with the thermal de Broglie wave length

Eq.2.9
def 2mh?
= D.11
AT mksT (D-11)
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D.2.2 Vibrations

For a single harmonic oscillator, one obtains

1

— e hw(n+3) — 1Bhw
w(T,V) = e k8T 2 =72 - D.12
C]wb( ) Zn: 1_ e_ksiTﬁw ( )
For a set of harmonic oscillators one obtains
3N=6 4 3N—6
—keT In(Guo(T)) = Y 5wy +keT Y |n(1 - e*ﬁ”%) (D.13)
=1 =1
J J
Ezpe
D.2.3 Rotations
Check the follwing!
e linear molecules
1 T 1 1
=2 (Y22 (Lo D.14
QI’Ot( ) o, (er> o, <h2 B) ( )
e non-linear molecules [McQuarrie Chap.4-8.Eq. 4.56] Check again
1 T3
N=—/——
aror(T) = 7\ deti@r]
1
e, = 5772l/<5 (D.15)

where | is the moment of inertia.

For the symmetry factor o, see Atkins, Physical Chemistry.
Let R be the center of mass coordinates of the molecule The moment of inertia tensor is

1=Y Me(RP1-ReR) (D.16)
R
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Appendix E

Background material

E.1 Rotational energy levels

Editor: Do not read this. See Atkins Physical chemistry, p554 and Atkins Molecular
quantum mechanics

For a general molecule we calculate the moment of inertia as

N
lij= E Myl ik, j
k=1

The rotational energy is

This can be simplified by transforming on the principal axes of the moment of inertia, which has
eigenvalues /1, /5, I3. Now the energy can be written as

245
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From the angular momentum we obtain

L,1e, m)=|¢, mhm
L2|e, m) = |[¢, m)h2L(¢ + 1)
Lole,m)y =1, m+ 10/ —m)(L+m+1)
Lole,m)=¢,m—1)A/(L+m)(L—m+1)
Lo=L,—il,
Ly=L+1iL,
L2|e, m) = |£, m)h>m?

L2+ L2]e. m) = n°le, m) [e(L+ 1) — m?]

1 1
L)2< — Z(L+ —|— L7)2 = Z(Li + L+L7 + L,LJr + L2,)

1
= Z(Li+L2—L§—mZ+LQ_)

1
=5 (P =L =nL+ (L2 +12))

1 1
L= gLy =L =g(LE Ll — L Ly +12)
1
= Z(L2+ — L2+ L2+ hL,+12)

1
= (P L2—nl— (L5 +12))

E.2 Equations of state from the equilibrium probabilities

Here we derive the equations of state from the form of the equilibrium probabilities.

Here we derive Egs. 1.69, 1.67 and Eq. 1.68 from the microscopic states.
Proof:

e First we show how the expectation values can be obtained from the free energy.

W Fa 163 6% (—ks T IN[Z(T, {A})]) = ksTm;ﬁZ (T {fi})

Eq. 1.63 _kBTeﬂBLTFZ 1 X n ekaLT(EﬁJrZ,f,ﬂx,ﬁ)
Y\ keT
ZT 7D

3 X o~ T (Bt i iXia=F(T.Af)

=Px(T.f)

Z PaXia= Xi(T, {fx})

cont’d. ..
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e Now we calculate the temperature derivative of the free energy

OF (T, {fx}) €a 163 5

T ( ke T In[Z(T, {f})])

1 0

= henlZ(T A6 ke Tz 23y 57

F/T

Z(T, {fc})

1 o
— SF—keTgl®r"

D S
Z(TAf})

1 — 5 (EatY; fiXa,
o)) o

=Pa(T.{f})

= % <F(T, {fc}) = U(T {f}) — Z fiXi(T, {fk})>

cont'd. ..

e The entropy as function of the intensive variables is

Eq. 113

S(T. {f}) —kg > Pa(T. {fi}) n[Pa(T, {fi})]

= %Z Pa(T, {fc}) (Eﬁ+ Z fiXis— F(T, {fk})>
Il =1

= (S PATANE Y 6 PUT AN X
n i=1 n
~F(T AR 2 Aa(T {Ai})

=1

z <U<T, [ + D0 AX(T R) — F(T, {fm)

i=1

The expression for the entropy is identical with the temperature derivative of the free energy. Using
one of these expressions we can then evaluate the internal energy

E.3 Configurational entropy

E.3.1 Number of arrangements of /N distinguishable particles on /N positions

Here we determine the number r(N) of ways N distinguishable particles can be arranged on N lattice
sites.
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e We can choose from N atoms and place them on the first position.

e For each such choice we can choose from N — 1 atoms for the second position. Hence there
are N(N — 1) ways to place the first two atoms.

e For the third position we can choose from N — 2 atoms, so that we can arrange the first three
atoms in N(N — 1)(N — 2) ways on the first three positions.

e We continue this and obtain N(N — 1)(N —2)...(N — i+ 1) for the i-th position.

e Once we arrive at / = N, we obtain N- (N —1)...2-1= N

Thus we obtain the result

r(N) = N! (E.1)

E.3.2 Number of arrangements of indistinguishable particles

Consider M; lattice sites on which N atoms can be placed. Every position can be occupied by at
most one atom. The atoms shall be indistinguishable, so that one configuration is determined only by
the positions that are occupied: A permutation of two atoms does not produce a new configuration.

1. The first atom can be placed on any of the M lattice sites. Therefore, we obtain (1) = M,

2. The second atom can be placed on any of the Mg — 1 lattice sites. Thus we obtain Ms(Ms—1)
configurations. However, each configuration has been counted twice: For every configuration
with the first atom on site / and the second atom on site J, there is also one with the first
atom on site j and the second on site /. Wen we account for double counting we obtain
q(2' Ms) _ MS(AgS_l)

3. The third atom can be placed M — 2 sites. Again we need to account for double counting. For
any three occupied sites we obtained the following six occupations (123); (132); (213); (231); (312); (321),
where the numbers refer to the first, second and third atom and the position in the triple
refers to the three occupied lattice sites. There are six possibilities and therefore (3, Ms) =
w. Note that the divisor is simply r(3) as defined in Eq. E.1.

4. For the N-th atom we obtain Ms(Ms —1)...(Ms — N + 1) = "% possibilities for distin-
guishable atoms. The number of ways the M atoms have been arranged for a given set of
position is M!, as obtained in eq. E.1.

Thus we obtain the configurational degeneracy as

Ms!

(N M) = Nienr — i

(E.2)

E.3.3 Configurational entropy

If all configuration can occur with the same a-priori probability, the entropy is given as Sconr =
kg In[q(N, Ms)] by the configurational degeneracy given in Eq. E.2. Thus we obtain

Sconf(Nv MS) = kBln[/\/l M! ] (E3)

I(Ms — N)!
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For large numbers, Mg >> 1; N >> 1, Ms — N >> 1 we can use Stirling’s formula, Eq. F.1.
Furthermore we introduce the average occupation 8 = N/Ms. We obtain

Ms!
Sconf = kg |ﬂ[m]
~ kB(/\/ls In[My] — My —NIn[N] + N —(Ms — N)In[Ms — N] + (M; — /\/))
~In[M!] ~—In[N!] ~—In[(Ms—N)!]

- kB(l\/ls In[Ms] — NIn[N] — (Ms — N) In[M — /\/])

:MSkBQn[MS]w In[M,6] f(lfe)ln[Ms(lfO)])

=In[Ms]+In[6] =In[Ms]+In[1-6]
- M5k5<feln[9] —(1—8)In[(1 - 9)])
Thus we obtain the following expression for the configurational entropy in the limit of large numbers

Scont (6) = —Mske (81n[6] + (1 — 6) In[(1 - 0))) (E4)

0.6 F -
Sconf N
Mskg AN
0.4 -

0.2 - —

Fig. E.1: Configurational entropy as function of occupation 6

E.4 Free energy of formation and defect concentration

Consider a defect in a host lattice. The energy required to create a defect is the formation energy
ErF = E[N = 1] — E[N = 0], where E[M; = 1] is the total energy of the system with one defect and
E[N = 0] is the total energy of the defect, free host.

| the defects are sufficiently dilute, so that there is no interaction between defects, we can compose
the Free energy for a given number of defects from the total energy Ms6EF and the entropies. We
divide the entropy into the configurational entropy and a vibrational entropy Ns,jp. Syip is the
vibrational entropy per atom.

M N -Ta)
F(T,N) = —kgT In[Z] = —kBTIn[me BT
= — kBTIn[L] +N(EF - TSV,'b)
NI(M, — N)!
=T Sconf

= M, (GEF — 0T sip+ kBT(e In[6] + (1 — 8) In[1 — 9])
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From the free energy we can derive the chemical potential, which can be equated with that of
the particle bath to obtain the concentration of defects.

_dF _dF 48
H=4N ~ d6 dN
— Er+ kT (IN[B] + 1 —In[1 — 0] — 1) — Tsyin
6
= Er+ kBTIn[l 79] — Tsyip

We set this chemical potential equal to that of the particle reservoir, and obtain

0
Upath = b = EF + kBT|n[1 — 9] — Tsvib
0 e e
e
EF — tbath — TSuin | "
=11 E.
6 + exp( T )} (E.5)
The result is shown in Fig. E.2

0.5 x x x - 0 x x x
0.45 - —

0.4 - 1 —20 b 1
0.35 -

0.3 - 40 | ]

0 0.25 LOglo(e)

0.2 + —60 + —
0.15

0.1+ —80 + —
0.05 -

0 * * 1 ~100 ! ! 1 !
0 0.5 1 1.5 2 0 0.02 0.04 0.06 0.08 0.1
T T

Fig. E.2: Top: Occupation as function of temperature. Bottom: Decadic logarithm of the above.
(EF — wpath — TSyip)/ ks has been set to one.

E.4.1 Concentration if the heat bath is a gas

The chemical potential of a gas is

A3 omh
u:@TmVTl Ul

ith -
ko T W AT mkaT

We insert this into Eq.E.5 and obtain

Er — —Tsuip ]!
6 — [1+exp( F — Kpath wa)]

kaT
keT Er Suib |

p— 1 —_— — —
1+ 2 el e~

In the limit of small partial pressures, that is small coverage, we obtain

pA- F Svib
@Twm @Thm(@)

O(p<<l)=
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The concentration depends strongly on s,;,. The vibrational entropy is for each vibrational mode

Svib = kg In[1 — e’"“/(kBT)]

If one atom is adsorbed, there are three additional vibrational modes so that the entropy above must
be multiplied by three. In general we denote the number additional vibrational modes by d.

ks T 1
p)\%- ’ (1 — e~ w/(ksT))

Er 171
6= {1 + - exp( kBT)}

At low temperatures, that is kgT << hw the exponential containing the vibrational frequencies
becomes small compared to unity and drops out. At high temperatures we obtain

keT [ keT\“ Er
14+ —=— . 2= —r
ToxE ( e ) P T

-1
O(kgT >> hw) =

E.5 Concentration of oxygen vacancies in an oxide

E.5.1 Vacancies

First we need to determine the entropy for vacancies in a lattice with M sites. We need to count the
number of possibilities to distribute N vacancies onto M lattice sites.

For one vacancy there are clearly M possibilities, hence S(N = 1) = kg In[M]. For 2 vacancies
we can place the first onto one of M lattice sites, and the second onto M — 1 lattice sites. However,
we created each vacancy distribution twice. (The first on place A and the second on place B or the
first on site B and the second on place A.) Therefore the entropy is S(N = 2) = kg In[M(M —1)/2].
Continuing this result we obtain for a general number of vacancies:

S(N) = kg In[ ]

M
(M — N)IN!
We use Stirling’s Formula In[n!] = nIn[n] — n4+ O(1/N) and obtain

S(N) =kg (MIn[M] =M — (M — N)In[M = Nl + M — N — NIn[N] + N)
= kg (M In[M] — (M = N)In[M — N] — NIn[N])

= kg <MIn[MA:IN] + NIn[M/; N])

Now we introduce the concentration ¢ = N/M

1 1—-c
S(N) = Mkg (In[1 — c] + clin| c ])
= Mkg (= In[1 — c]+ cIn[1 — ¢] — clIn[c])
= —Mkg ((1 —c¢)In[l — ]+ cln[c])
Note that the entropy is similar to the entropy for electrons.

The energy of a system is equal to N times the formation energy of a vacancy, namely EF =
E(N+1)— E(N).

E(N) = NEF = McEr
Combining energy and entropy we obtain the free energy

F(N) = E(N) = TS(N) = M[cEr + ksT (1 = ¢)In[1 = c] + cIn[c])]
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The chemical potential of oxygen atoms, which is the negative of the chemical potential for a
vacancy. It can be calculated from the derivative of the free energy.

OF (T, N)
HO = TaN
- MZTC,% [cEF + ke T (1= ¢)In[L = c] + cIn[c])]
= Er+kgT (—In[l —c] - 1:7? + Infc] + z)
_ EF—f—kBTIn[liC]

Thus we obtain the chemical potential required to produce a given vacancy concentration.

c
= —EF — kgT|
Lo F—keTIn[—l
1
¢= Lo+EE
1+e %7

E.5.2 Ideal Gas

4
2mh?
>\ =
T mkgT

where m is the mass of the molecule, not the mass of the atom.
The Gibbs Free energy

OF(T,V.N
p= OFTV.N)

G(T,p,N)=F(T,V,N)+pV ,where 5y

The chemical potential is the derivative of the Gibbs free energy with respect to particle number

L= 26 _[OF Jov  OF
HeT=3n " lav Pl aN " N

— —keT {1 +1n [/\/\;3:” - NksT {_M

Vv

Vv
= —kgTIn []
NAZ

_ pAT
= +kBT In [kBT:|

In the last step, we used the ideal gas law pV = NkgT to express the particle density by the partial
pressure. (The ideal Gas law follows from p = 0F/dV).
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E.5.3 Rotator

_ P(L+1)
T 2mer2

71 = Z e PEim
&m

= 328+ 1)e” ittt
4

~ / dx (2x + 1)e”ox0+D

1

2
:/m dx —2 L goxttn)
-1 o dx
1 o/4

= —e
o

B

g = ———
2m* r2

The integrand has a zero at x = f%. Starting the integral at this point is introduces a smaller error
than starting from zero. The approximation is accurate for high temperatures.

1
F(T,N) = —ksT In[Zn] = —NkgT In[Z1] = —NksT In [Uef’/‘*]

— NkgT In [ae_”/‘l}

The contribution to the chemical potential from the rotation is therefore

oF
Krot = SW = kgT
In [ae*"/“}

Note that the mass is the effective mass of the molecule mi =14 L

E.5.4 Oxidation

02 +~ 20
= E[0O,] = 2E[O] + 2uo
= 1o = 3E[05] ~ E[0]
SrTiOz < SrTiOz_y + xO
= E[SrTiO3] = E[SrTiO3_x] + xE[O] + xuo
E[SrTiOs] — E[SrTiOs 4]

= Uup = = — E[0] = —EF - Eo

The energy is to be taken the free energy.
The energy to remove an oxygen atom from the gas is

1 kgT A3
ko = 5 E[O2] — E[O] + =5~ n [” T]

ksT
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where A1 need to be evaluated with the molecular mass (and not the atomic mass).
The energy to remove an oxygen from the oxide is

Cc
Ho = *EF — EO — kBTln |:1—C:|

In thermal equilibrium the two chemical potentials must be identical

c
—E;:—Eo—kBTm |: :| = kBT

keT p>\3%
1—c

c \° pr3
ksT

1
2
(i
—cC 2 kBT _ 2EF+E[O)]
= (5) (5r) ™

_ 2Ep+E[0y]
e kT

-1

A3 Ep+E0o]/2
1+ piTe kgT

E.6 Origin of the exchange interaction

Editor: This should go into an appendix The interaction between spins in the Ising model
is not of magnetic nature as one might naively expect. The magnetic interaction is long ranged and
much smaller than the exchange interactions that play a role in the Ising model.

Let us investigate the exchange interaction. Consider two sites with one electron on each site.
The basis set is built up of a single spatial orbital on each site, ¢ and 9. Each orbital is a two
component spinor, where the upper component corresponds to the spin-up contribution and the
lower component is the spin-down contribution so that we can build four one-particle orbitals from
two spatial wave functions.

1,0 = (‘“ﬁ) = 4(r)e
o= .2 =e0s
O =1’ ) =
0.1) = (‘”f{%) = %()a
0.0 ={ 2 ) =we
Y=y =

where oo = (1,0) and 8 = (0, 1).
Out of the one-particle wave functions we build two-particle Slater determinants of the type
| 1.4) = %(| 1,0) x 10,1y —0,4) x | 1,0)). Out of the 16 product states that can be build from

the four one-particle states, 6 are excluded because they differ only by a sign change, 4 are excluded
because they involve two identical one-particle states, which is prohibited due to Pauli principle. We
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are left with 6 states:

a18 — Biao

| 14.0) = ¢(r1)d(r2) NG

119, = =5 ()0 = D)) Jarce
140 = =5 (S v(r)asbs ~ (r)o(r)Brcr )
110, = 5 (#)B(r)Br02 = W) ()6 )
1= =5 (@00 — b)) )12

ai1fBe — Bran

V2

Two states, namely | 14, 0) and |0, 1), correspond to charge transfer states, where one electron
has been transferred from one site to another. We exclude them with the argument that the Coulomb
repulsion makes these states very unfavorable.

When we evaluate the expectation value of the Hamiltonian. Note here that the operator yielding
the charge density is proportional to the unity operator in spin space.

-n?_, 10
H = ng, +V(r) (o 1)

L€ 1 (ln)al o Iy (r| 0
4me [ — | 0 |n)n] 0 |n)n

e= [ i) S 4 vin]a)
Ty P PRIGLLL LG

10, 1)) = ¥(n)Y(r)

we need four variables

=7
k= [ /d,¢>*<r B(r)P3(r)u(r)
lr—r|
_ 1Y (r)@3(r)é(r)
Jf/dr/dr r—r|
In order to diagonalize the Hamiltonian, we form angular momentum eigenstates
e=0m=0)= (| 1.4~ 41)
e=1,m=1)=|11)
e=1m=0)= (|14 +]41)
=1, m=-1)=|l].{)

The energies of the eigenstates can then be evaluated as the diagonal elements of the Hamiltonian

(11| | 1) K-=J 0 0 0
Wl 1w |_] o K-u o
(41 |41 0 —J K 0
(] |44 0 0 0K—-J
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We obtain the eigenstates as

HIT ) =K = JI 1)
Hos (110410 1) = (K= D5 (114 +1 1)
74M¢_H¢»:K+n—ﬁ¢u—wﬁ)
K —

HI L) 44

The Coulomb integral appears on all diagonal elements, because all states have equal charge density,
and only spins are interchanged.

The two states

L = 1h1) = 5 (0)w(n) + 9(n)é(r)) (cuz ~ Brcro)

N
-
Nl = N =

)+ 10 1) = 5 (#)¥() - 9()e() ) (a2 + Braz)

\ﬁ(”&

are the singlet state with S,; + S, > = 0 and the triplet state S,; + S,» = h.
Thus | can write the Hamiltonian as

bH =K — J010'2

The coupling among the spins is the exchange coupling J.

E.7 Planck law and Wien displacement law in wavelengths

Often Planck's law is expressed as intensity per wave-length interval. In order to make contact with
the more common equations we do the translation explicitely.

We begin with Planck’s radiation law Eq. 8.56 on p. 203 in section 8.7.2.

dl Eq.856 keT \° (Bhw)?
dw . omhe (27rﬁc> efhw — 1

Note that this quantity is not the derivative of the intensity with respect to angular frequency — the
intensity does not depend on frequency —, but the contribution from a angular frequency interval of

width dw centered at w to the Intensity |.
The angular frequency is related to the wave-length by

2T
— k —
w = clk| = c

Thus we can relate a wave-length interval AX to an interval Aw in angular frequency by

dw(N) 27c
an | A=A

Aw:‘
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This yields

i _ di d
dx  dw dX

_ ksT \° (Bhw)® | [2mc
B [87rhc (27rhc) ebhw — 1] {AQ]

_ [sm ( ksT )3 (2mhc/(ksTA)?

2whe e2mhe/(keTA) — 1

2mC
A2
ksT \* 1 (2mhc/(ksTA)3
B 2p2 (2B )y M7 /AR
= 16m“hc (QTrﬁC) A2 e2mhe/(keTA) — 1
Am)2hc? 1
(4m)
= 25 e2mhc/(keTX) — 1

This is Planck's radiation law expressed in wave lengths.

PLANCK'S RADIATION LAW

The intensity distribution in a black body with temperature T as function of wavelength is

dl (4m)?hc? 1
arx X6 e2mhc/(keTh) _ (E.6)

Let us now turn to Wien's displacement law. Note that the shape of the intensity distribution
differs in frequency and in wavelength space. Therefore it is not sufficient to take the position of
the maximum and convert the frequency into a wave length. We need to consider that the shape
changes, when we multiply with 9%

We can bring the intensity into a form

di_ (4mPhc® s (2mhe/(keTA))®

df)\ = (Qth)S (kBT) e2mhc/(keTA) — 1

We need to determine the maximum of the function

5

X
f(x)= o
which lies at xp. = 4.965114231.
Next we resolve for x
2mh
X =
max kBTAmax
2ThH  gef
= Amax T = Tox =
max

WIEN'S DISPLACEMENT LAW

The wave length with the maximum intensity contribution is inverse proportional to the temperature.

b
=

>\max =

The constant b is called Wien's displacement constant and has the value[? | b = 2.8977686(51) x
1073 mK.
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Appendix F

Mathematical formulas

F.1 Stirling’s formula
Stirling's formula
In[n'] = nin[n] — n (F.1)

and its more accurate version
1
In[n!] ~ (n + 2) In[n] — n + In[27] (F.2)

. . . . . def . . .
is very useful in statistical mechanics because the factorial n!=1-2- - n occurs in many combinatorial
problems and the logarithm is required to evaluate entropies.

100 - . - . - 7

80

60

40

20

0 10 20 30

Fig. F.1: Comparison of stirling’s formula with exact result. The circles represent In[n!]. The full
line is stirling’s formula nin[n] — n. The dashed line is nin[n].

As seen by comparison with Eq. F.2, the error of the approximation Eq. F.1 in Stirling’s formula
increases like In[n] with n. Why could a formula be useful, that does not converge to the correct
result at all? It is useful, if the quantity of interest contains %In[n!] so that we can use

%In[n!]—> %[nln[n]—n] for n— oo

259
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Most problems in thermodynamics “effectively” are of this form.

F.1.1 Proof of Stirling’s formula
Here another proof using the saddle point approximation:

The proof is based on a representation of the factorial by an integral: Consider the integral, which
we solve by repeated partial integration

/ dt thet = / dt [nt"™ et — 8, (1" )]
0 0
0, </ dt t”let>
0
n—120 n(n—1) (/ dt t”_2e_t>
0
120 n(n—=1)...(n=1) (/ dt t”_i_le_t)
0
n(n—1)...1 (/ dt toet>
0

—_—
=1

n(n—1)...1=n!

1>

o

Now we bring the integral into a more convenient form

nl = /OO dt the t = /OO dt et
0 0

The maximum of the function in the exponent has its maximum at t = n. We introduce now a
variable transform s = nt so that the position of the maximum is independent of n.

| t=ns > nin[ns]—ns
n! = n dse
0

In[ab]:ln:[a]+ln[b] n/oo ds en(nlsl=s+in[n)
0
Furthermore we separate the value of the maximum out of the integral

nl = nenln[n]—n /OO ds en(In[s]—s—}—l) (F3)
0

Now we use the so-called saddle-point approximation: For an integral of the form fab dx e"(x)
with a sufficiently large n, only a narrow region near the maximum of f(x) contributes appreciably
to the integral. In this region, we can replace f(x) by its Taylor expansion up to second order about
the maximum xg. Within this approximation the integrand is converted into a Gaussian. Since the
Gaussian contributes appreciably only in a narrow region around the maximum we may also change
the bounds of the integral to infinity. Thus we obtain

/b dx enf(x) ~ /oo dx en(f(XoH'% %
a —o0

Jx?)
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This integral can be solved analytically! using ffooo dx e = VT, ie. Eq. F.6.

b 00 1 ,,d2f VR
/ dx "0 / dx enr‘(xo)-&-2 n<t Xo(x X0)
a —o0

o,
— enf(Xo)/ dxe2 dx X0

—0o

2

— (%)

(F.4)

Fig. F.2: Left: The function In[x] — x and its Taylor expansion to second order about x = 1. Right:
the function exp(n(xIn[x] — x + 1)) and its Gaussian approximation (dashed) for n=1,10,100. Note
that the accuracy of the Gaussian approximation becomes better with increasing n.

Using f(x) = In(s) — s 4+ 1 we obtain the position of the maximum at xg = 1, and (1) = 0,
& f(x)l; =0, and &2f(x)|, = —1.

1
|mg—s+1T@”—§@—1F+0@—1f
Thus within the saddlepoint approximation we obtain Eq. F.3
nl = pen'nlrl=n /OO ds en(nlsl=s+1) ot e"nlrl=n\/2mn (F.5)
0

Now we can take the logarithm of the factorial and obtain:

In[n!] = nin[n] — n+ % In[n] + % In[27]

1 1
= (n + 2) In[n] — n+ 5 In[27]
which is the desired result Eq. F.2, from which Eq. F.1 can be readily obtained by ignoring all terms
that grow slower with n than n.
F.1.2 Another derivation of Stirling’s formula

In the following another derivation of Stirling’s formula is shown. We do not follow the original
derivation, but use a few, increasingly accurate, approximations. The reason for this is that it
demonstrates a few, rather versatile, concepts for numerical integration.

IThe curvature of f is negative. Therefore —02f = |02f|
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The simple formula

In[n!] = In[1] +In[2] + ... 4+ In[n] = z”: In[/]
Now we convert the sum into an integral.
In[n!] ~ /n dx In[x] = {xln[x] - x}: =nin[n]—n+1=nin[n] —n
1

and obtain the simple result Eq. F.1. This derivation is very simple to memorize.

Correction 1

The critical step Eq. F.6 has been the conversion of a sum into an integral. It is not clear yet if that
is legitimate.

Therefore, we show below how the integral can be made more accurate by approximating the inte-
gral by piecewise line segments and later on by piece-wise parabolic segments, etc. These calculations
will provide us with increasingly better representations of In[n!].

We start with the integral, which we approximate by piecewise straight line segments. For each
line segment the integral is the average of the function values at the boundaries of the segment
multiplied with the size of the interval.

/ndxlnx] Z (n(i) +In(i + 1))
5In[1]+|n[2]+|n[3]+...+ln[n—1]+%In[n]
o)1 1

(Z_;m[/]) —Elrl:[?jll—ﬁln[n]

=In[n!]

= In[n!] = zn:ln[i] ~ (/n dx In[x]> + % In[n]
i=1 1

= [xIn[x] — x]] + % In[n]

nin[n] = n—1In[1]+1 | + 1 In[n]
~~ 2

=0

=nin[n] —n+ = In[n] +1
Thus we obtain already a better approximation for In[n!], namely
In[n!] = nin[n] = n+ = In[n]

This result is already closer to Eq. F.2.

Correction 2

Let us estimate the error by calculating a correction for the integral.
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/ dx Inx] ~ '”(’)+'2r'(’+ Yoin

In(n!)fé In(n)

Note that A enters with a negative sign in our formula for In[n!]
n

In(n!) :/ dx In[x] + = In(n)
1

Instead of approximating the integrand by line-segments, we approximate it now by piece-wise
parabolas. The parabola shall be determined by the values at the boundaries of the interval and the
curvature in the middle of the interval.

Let us describe the parabola for a interval extending from x; to x; + 1 by
9(x) = a+ b(x —x1) + c(x — x1)?
Then the line segment f(x) has the form
f(x)=a+(b+c)(x—x1)

Thus the correction for the interval is

x1+1 x1+1
/ dx (g(x)—f(x)):/ dx (a+b(x—x)+c(x—x1)?—a—(b+c)(x—x))

X1 X1

x1+1
= / dx (c(x — x1)? = c(x —x))

X1
! 1 1,]!
:C/o dx (x* —x)—c{3x3—2x2]0:—g

The value of ¢ is obtained by equating the second derivative of g with that of the logarithm.

d?g(x) ~ d?In(x)
dx? XH—% dx> X1+%
N YCRPUNIE
(1 +3)? 20 + 3)?

Thus we obtain the correction for the interval as

x1+1 1
/ dx (g(x) — F(x)) =

x 4(x + 3)2
The total error is then obtained by summing the correction for all intervals
n—1
—~ 12(i + 3)°

We can approximate the sum again by an integral, by approximating the integrand by a set of line
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segments.

1 /”—1 L = 1 1 1L, 1
12 /, (x+%)2 T\ i+ d2) 2 \12(1+1)2 T 12(n-1+1)2

=1

= 1t 1 1 1 1
Y — s~ dx —— + 5 + T
12(/ +3)? 12 /4 (x+3)? 12(14+3)2  12(n—1+3)2

i=1

0

(]

-1
B I DS U R 6 S B
12| x+1 6\9 (2n—1)2
S SRS SR S S
~ 6(2n—1) 18 54 6(2n—1)2
2 1 1

%7 T 6@en—1)  6(n—17
Thus we obtain an error estimate A

2 1 1

~

T 27 6(2n-1) + 6(2n —1)2

We can see that the error contains a constant. Similarly if we would try to correct the piecewise
parabolic interpolation with higher polynomials and convert the sum into an integral, we would always
obtain a constant term from the correction of the lower boundary of the integral. Thus the constant
is no more reliable. The terms depending on n on the other hand disappear for large n.

Our best estimate for In[n!] is so far

In[n'] =~ nin[n] —n+ = |n[n]+1—A

1
* 22n—1) 2(2n—1)2

:(n—&-%)ln[n]—n—k

Editor: The proof shown seems to be identical with the Euler-McLaurin Formula.
See Arfken und Weber p360.

F.2 The geometric series

N—1 N

1—
¢ =14+q+P+.. . +q"1=""2L
i=0 1-gq

The equation is proven by multiplication with 1 — g and comparing each power in q.

N—-1

1-@)> d=1 +q+¢ ... +q"?
i=0

N-1

_q_q2__q _qul_qN

The infinite series converges for |g| < 1 and has the value
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F.3 Integral of a Gauss function

Here the identity

/Z dxe ™ =yrm (F.6)

We start out forming the product of two such integrations

CQ:/ dx e x/ dy e*)’Z:/ / dx dy e~y

Now we transform to planar polar coordinates (r, ¢) and use that the angular integral is 27 and that
dxdy = r drd¢.

) 1 e d —r?
Cc? = 27r/ drre ™ =2omr— dr €
0 -2 Jo dr

=T

which proves the above relation

F.4 The integral

Here the equation

/ dx Vxe X = v
O 2

is derived.
We first perform a variable transform to y = v/x.

| = /dx Vxe ™ = 2/dy y2e Y
= / dy y(2ye™")

d _.»
= — — e
/dyydye
d 2 d 2
= — - -y _ -y
/dy [dy(ye ) (dyy)e )

:/dye—yzzﬁ
2

In the last step we used the integral of a Gauss function as derived in a previous appendix.

F.5 Legendre transform

F.6 Euler equation
The Euler equation says that
UGS, V.N)=TS — PV 4+ uN (F.7)

The Euler equation implies that the total Legendre transform of the internal energy vanishes.
Let us consider a homogeneous system divide it in pieces. In this case the extensive variables
scale with the size of the system,

UAS, AV, AN) = AU(S, V, N)
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while the intensive variables remain constant.
Let us differentiate with respect toA

ou . 8U.  8U
S5S+ gV gy N =US. VN

By inserting the definitions of the intensive variables T = g—g, p = —g—g, = —g—%. the Euler
equation

TS — PV +uN=U(S,V,N)

is obtained.

F.7 Free energy of the ideal Boltzmann gas

Here we derive the Helmholtz free energy from the partition function Z(T, V, N) derived in the section
on the Boltzmann gas. It will then lead to the Sackur-Tetrode equation. However we need to employ
here the Stirling's formula, which shows that the entropy of the (TV N ensemble is identical to that
of the TV u ensemble only in the limit of large N.

The free energy for the ideal Boltzmann gas at a given volume and number of particles is called
the Helmholtz free energy? , denoted by a symbol A. In physics the common symbol for the Helmholtz
free energy is F, whereas chemists have adopted the symbol A. To be more explicit we reserve the
symbol F for a generic free energy, whereas for chemical systems such as gases etc., we use the
symbols adopted by chemists.

ABS(T V, N) 592 kT In[ZBS(T, V, N)]
3N
Eq. 238 1 (mkgT\ 2
2% _kgTn N!(27rﬁ2) vV
Stirling

~  —kgT (—NIn[N] + N+ Nln

3

mksT \ 2
( 212 ) V])

keT\?

MKp 2
(27rf72 ) v >

mksT\ 2 V

(27rh2 ) N ) (F8)

Note that we had to make an additional approximation by applying Stirling’s formula®. Thus this
result is only accurate in the sense that the free energy per particle is is correct for large numbers of
particles.

Interestingly the volume enters only in the form of the average density N/V. The box dimensions
do not show up any longer in the free energy. This indicates* that our results are independent of the
shape of the box.

—NkgT (— In[N]+1+1In

—NkgT (1 +1In

2Hermann Ludwig Ferdinand von Helmholtz. German Physicist 1821-1894. Proposed the conservation of energy.
3James Stirling. Scottish Scientist 1692-1770.
41t does not necessarily prove it!
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F.7.1 Energy and entropy of the ideal Boltzmann gas
First we determine the entropy

8ABG
BG _

3
mkgT \2 V
—NkB <1+|n <27‘(’ﬁ2) N

3
5 mkgT \2 V
_NkB <2+|ﬂ (27‘_’72) N

Then we use Eq. 1.69 to obtain the internal energy

3
> + NkeT =

> (F.9)

yBG Fa- 169 ABG + TSBG

= —NkgT <1 +1In

5

3
—NkgT
5 VK

(F.10)
This is the so-called caloric equation of state.
Later we will need the entropy as function of the extensive variables, which we obtain by using the

caloric equation of state Eq. 2.19 to replace the temperature by the internal energy in the expression
for the entropy Eq. F.9. This yields the so-called Sackur-Tetrode Equation.

r 3
BG Eq. F9 5 mkgT (U)\2 V
SBS(U,V, N) E9F9 kg (2 +ln <2ﬁﬁ2 -
r 3
Eq. 2.19 5 mU \2V
= NkB <2+|n <37rh2N> N )
5 [/ m\ivus
—  Nks <2+|n (37”72) " ) (F.11)

which is the well known Sackur-Tetrode equation Eq. 2.21

F.8 Thermodynamic potentials for a general N-state system with
equidistant energy levels

Let us consider an N-state system with equidistant energy eigenvalues E(x) = Eq + cx for states
x =20,1,2,..,N — 1 with some constant c.

For N = 2 this model describes a two-state system
such as an electron spin in a magnetic field. For N = oo this example corresponds to a quantum

mechanical harmonic oscillator, or to a one-dimensional particle in a box.
Let us evaluate first the Free energy

N—-1 N—-1
F(T) = —ksTIn[Y_ e PET)) = £y — kgT In|

> (e
x=0

x=0
1— e BN
= Eo — kBTln[W]

= Ey— kgT In[1 — e PN + kgT In[1 — e7F€]
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We have used that the partition sum contains a geometric series, that can be summed analytically,
as shown in the appendix.

The entropy is given by

oF

>= 57
_BNe BNc _Be Bc
:kB |n[1—e 6N]_1_7e5NC:| —kB|:|n[1—e s ]— 1—e65

The internal energy

Nc c
U=F—i—TS:EO—1_65,\,6—&-1_(#3C

efﬁc _ efﬁc(N+1) _ NefﬁcN + Neﬂ3c(N+1)
1 — e=Bc — g=BcN 1 e—Bc(N+1)

:Eo—C

Now we would like to investigate the internal energy at high temperatures, that is 8 — 0. Thus
we expand the denominator and the ... in terms of B¢, and keep the two lowest order terms.
5 3 (=B = (N4 1) — N 4 NN + 1)

B YT o [ Y VR (YR

1—(N+1) =N+ + NN+1)] [60;—1—N +(N+1)]

|

0 0 0

1 0 0

2 N(N — 1) 2N

3 2N(N? — 1) 3N(N +1)

SN(N —1) = BezN(N — 1)(N + 1)
N —BciN(N + 1)
N—11-Bc5(N+1)
2 1-PBcs(N+1)

N—-1 1
—— — B 5(N — 1) + O(6%)

As anticipated the internal energy converges to the average value of all energy levels. This reflects
that all states are occupied at high temperature with equal probability.

The result given here cannot generalized to N = co. Here we need to start out from the free
energy of the harmonic oscillator

UT - )=Ey+c

:E0+C

=Ey+c

Fn=oo(T) = Eo + kgT In[1 — e7P]

F.9 Entropy of electrons and Mermin functional

The entropy of a system is
S=kglnX (F.12)
where X is the number of accessible states.
Let us now consider a system of n Fermion-s, where each of the N one-particle states can either
be occupied with one electron or remain unoccupied. Furthermore, Fermions are indistinguishable.
The ultimate goal would be to answer questions such as the occupation numbers as function of
temperature, or to obtain the Free Energy of such a electronic system. The Free Energy of electron
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states in the band gap related to defects is for example important to predict the free energy of
formation of the defect and hence the defect concentration.

We can now count the number of possible states

X(n=1)=N
X(n=2)= LNQ_ D
o3 N(N—;)!(N—Q)

N!/(N—n)!is the number of ways distinguishable particles can be arranged into N one-particle states
and therefore the number of many-particle states for distinguishable particles. n! is the number of
ways the particles can be rearranged among the occupied states. We have to divide by this number
because all those many-particle states are equivalent.

We can now use Stirling's Formula

NI = NVe N2 N ~ NVe N
INnN!I= NIn(N) - N (F.14)

An approximate derivation is as follows:
IN(ND) =In(1)+In(2) + ... +In(N)
~ /N dx In(x) + % In(N)
1
~ [NIn(N) = N] —[1In(1) = 1] + % In(N)

1
~ [NIn(N)—N]+1+§In(N) (F.15)
We come back to counting the number of states in order to evaluate the entropy.

S=kglnX = k5<[N|n(N) ~N] = [nIn(n) — ] — [(N = n)In(N — n) — (N — n)])
- kB(NIn(N) —nin(n) — (N = n)In(N — n)
- kB(NIn(N) —FNIN(FN) — (1 — F)NIn((1 — f)/\/))
- kBN(In(N) ~FIn(F) — FIn(N) — (1 — F)In((1 = F)) — (1 — F) |n(/v))
- kBN(—fIn(f) —(1—f)In((1 - f)))
- —kBN(fIn(f) +(1—F)In((1 - f))) (F.16)

where f = n/N.
The Free energy is

F=E-TS
=3 faen = 1> fo = Nt ks T D (foln(f) + (1= ) In(1— 1)) (F.17)

The occupation number f, are obtained by minimizing the free energy with respect to the occu-
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pations.
dF
— =€ —u+keT|In(f)+1—-In(1—-"1)-1
df,
:en—u-l—kBTln(l_"fn) =0
eXD(*En_u’) _ fn
ksT 1-—f,
€n — K n— K
(=T ) = [ ke T )}f
f, = [1+exp( “)} (F.18)

Thus we derived the Fermi distribution function
We can now evaluate the entropy contribution of a state near the Fermi level

S =Y fien)s(en)
s(e) = —kB(fIn(f) (1= F)In((1 - f)))

=)

eXp(ﬁ(e - u)) _ € u)
1+exp(Be—n))  keT

—ks (B(e = 1)) = In(1 + exp(Ble — 1)) — FBle — 1))
k5(<1 — F)Ble = 1)) = In(1 + exp(B(e — 1)) (F.19)

n(l—17)+flin(

(i
—ks (In
(se -



Appendix G

Partition sums of model systems

G.1 Ideal gas

Let us consider non-interacting particles. We use periodic boundary conditions.
We can obtain the partition function from the one-particle energy eigenvalues E(/, J, k).

2T V)= 3 e (G.1)

states

The partition function is

oo

zZTrv)y= Y e”(‘ﬁ (27Lm>2(,.2+ﬂ+kz))

i k=—00

2mE(i,j,k)

oo

(> oo grr (20) )

j=—o00

T2 /L2

<[ o en( ()] (62)

o0

Here we introduced the thermal de-Broglie wavelength!

2mh?2
AT =4/ ke T (G.3)

The de-Broglie wavelength is a measure of the length scale over which we can detect quantum
mechanical discretization of the states...??77

If the de-Broglie wavelength is much smaller than the dimensions of the box, namely L, the sum
can be approximated by an integral

Z(T,V)= [/ dx exp(fﬂ<¥)2)r = {%/dy e*”yzr = >\\/3T (G.4)

—00
Here we have used that [ dx e™” = 1, and that the volume is V = 3.

Now, we generalize this result from one particle to N indistinguishable particles. To obtain the
sum over all N-particle states we have to multiply the partition function N times. However in that

o0

ILouis Victor Pierre Raymond duc de Broglie. French Physicist 1892-1987. Professor for theoretical Physics at
Sorbonne in Paris. Founded the particle-wave duality of matter in his doctoral thesis 1924. Nobel price 1929.
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case we included every set of of a number of times. For example if we have two one-particle states
A and B each occupied with one electron, we included the states A(1)B(2) and the state A(2)B(1),
where 1 and 2 denote the two particles. To avoid the “double counting” we have to divide the result
by the number of permutations of particles N!. We use the relation N! ~ (N/e)N

Z(T.V.N) = %Z(T, VY~ [v N;T} ! (G.5)
Next we evaluate the free energy
F(T,V,N)=—kgT InZ(T,V,N)
— —NkgT In [A\/;}
- NkBT[l—In /\/\;BJ (G.6)

Given that the de-Broglie wavelength is small compared to the length dimensions, we can ignore the
term unity and obtain

V
F(T,V,N) = —NkBTInN—>\3T (G.7)

From the free energy we can derive the pressure at a given temperature and density

oF N
This is nothing but the ideal gas equation
pV = NkgT = NRT (G.9)

The gas constant is kg=R=8.314510 J/(mol K). (Pascal:Pa=Jm~2;) The gas constant is simply
the Boltzmann constant in different units. Typically one represents kg = R/Na where N4 is the
Avogadro constant. However if we use the unit mo/ = N, this relation is absorbed in the units.

The pressure rises linearly with temperature and with the gas density. However the pressure is
independent of the type of particles. This implies that any ideal gas with a fixed number of molecules
fills the same volume at a given temperature and pressure. Hence the relative masses of the molecules
can be measured, by weighing gases in a container of a given volume. It is the reason why balloons
filled with helium to make them fly. Helium atoms is lighter than nitrogen molecules and so is the
helium gas lighter than nitrogen gas. Therefore the balloon filled with helium will be lighter than the
surrounding air and will fly.

Most gases will actually sink to the bottom.

Air consists in fraction of volume of 78.9 % N», 20.95 % O, 0.93 % Ar and 0.002 % other Nobel
gases. (Furthermore it contains water, Dust, CO» and carbohydrides such as CHy4, CoHg.)[? | It has
therefore a weight density at atmospheric pressure of ..... Only a small number of gases are lighter
than air, namely H,, He, Ne, CH4, CoHs. This is important to know to prevent explosions, because
one has to allow the gases to leave a closed space at the bottom. Often it does not help to open
the window, unless there is sufficient circulation. Another important example is the accumulation of
carbon dioxide CO» in wells or corn silos. As there is no exit for the gas at the bottom, CO, will
accumulate at the bottom of these wells. People entering will suffocate. Also Radon, a radioactive
noble gas tends to accumulate in cellars of houses, where it can pose health problems.

(below 16% oxygen is the strength strongly reduced, below 10% unconsciousness can suddenly
occur; CO, ist narkotisierend und fiihrt bei tiber 7 % zu Bewustlosigkeit. 1L Trockeneis entspricht
500 | CO, gas (Erstickungsgefahr) ;N,O ist lachgas)
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We can also derive the chemical potential.

oF Vv Nys
B=—38" kgT In [vei kel = —kgT ('” {VAT:| + 1) (G.10)

The requirement is that the volume per particle must be large compared to the de-Broglie wavelength,
allows us to drop the constant term relative to the logarithm.

pw=—kgT In [N] + 3kgT In[A7] (G.11)

%4

Interestingly a small term depending on the mass of the gas molecules occurs. The thermal de-Broglie
wavelength of air at room temperature is 0.2 A, which is much smaller than the average distance
of gas molecules at atmospheric pressure is about 35 AA. At atmospheric pressure the de-Broglie
wavelength becomes comparable to the de-Broglie wavelength at about 1K. All materials are liquid
or solid at this temperature. He*, a viscous liquid at low temperatures, becomes superfluid at 2 K,
that is it forms a Bose condensate.

Let us perform a Legendre transform to U(S,V, N)

oF
=7
%4 3 OAr
= NkgIn —— + NkgT — —
s g T BT
V 3 1
V 3 1
=+NkgIn — — =Nkg—
ke In e TV T
3 %4
= —Nkg[ 52— = In |
Bloxr T NAZ
TS=F(T)+ 3Nk T L
- 2P Nr
3NkgT
U=F+TS=-
* A7
3
3N ksT\ 2
= VT (keT (G.12)
hvm 2
G.1.1 Quantities
1 atm 1.01325x10° J/m3
=6.10193 x 10~* kJ/mol/A3
thermal de-Broglie wavelength of air at 300K 0.2 A
Mean distance between gas molecules at 300 K and latm 35 A
Mean distance between gas molecules at 300 K and 1078 Torr 15 um
kgT at 300 K 2.49435 kJ/mol
=25.85212 meV
chem. pot. of air at 300K and 1 atm -0.36 eV

G.2 Configurational entropy

Editor: This is formulated as an exercise
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Vacant lattice positions, so-called vacancies, in a semiconductor can have an impact on the
electronic properties and dopant diffusion. Therefore it is important to estimate the number of
lattice vacancies in a semiconductor. The number of lattice positions in Si is estimated from the
crystal structure. The cubic unit cell of silicon has a lattice constant of 5.43 Aand contains 8 atoms.
Let us assume that the energy to form a vacancy in a crystal is EF =3 eV.

What is the fraction of empty lattice sites at 200°C? Determine the free energy as function of
the number of vacancies in a given volume and temperature. Determine the number of lattice sites
from this free energy.

Help: Consider a lattice with M lattice sites, of which N sites are vacant. Determine the entropy
as function of N from the number of configurations with N vacancies. Use Stirling's formula In(n!) ~
nin[n] 4+ n, which is valid for large n.

Answer:

First we determine the partition function as function of number of vacancies

Z(T,N) = Ze*BE) _ Ze*B(E(N)*TS(N))
i N

Let us consider a crystal with M sites. A state with N vacancies has the energy NEf. There
are m different configurations.? The number of configurations is related to the entropy by

S/ks . M!
e>/ke = NI(M—N)! -

M
NI(M = N)!
~ kB(l\/lIn[M] — M= NIn[N] + N — (M — N)In[(M — N)] + (M — /v))

S = kgln| ]=kB(|n[/\/I!] —In[\Y] —In[(M—N)!])

- kB(/v/m[M] ~ NIn[N] — (M — N)In[M — N])

- kB<MIn[M] ~ NIn[N] = (M — N)In[M — N])
M N

- k5</\/lln[m] — Nin[— N])

- kB(l\/lIn[%] - NIn[Mﬁ N])

. def .
Let us now introduce a new symbol ¢= N/M for the vacancy concentration.

S = MkB(ln[lic]_Cln[lfc])

= Mkg (— In[1 — c] —cln[c] + cIn[l — C])

—/v/k,g(u —o)In[l =] + Cln[c])

Thus we obtain the entropy per vacancy?®

s(c)déf% - —kB((l —o)In[1 -] + Cln[c])

2The degeneracy is obtained as follows. | place the first vacancy on one of M positions, the second on one of M —1
positions and so on until | have created M(M —1)...(M—=N+1) = M!/(M — N)! configurations. Each configuration
however has been counted N! times. Therefore | divide by N!, the number of permutations of the vacancies among
each other.

3Note here that this expression is identical to the entropy of a one-particle state due to filling with electrons. In
this entropy contribution the concentration c is replaced by the fractional occupation.
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Now we can obtain the free energy

M
Fu(T. ) =—ksT | eS(N)/kBe—mEO]
“N=1

M
= —ksTIn| > e—B(NEo—TS(N))}
N=1

- 1
= —kgT In M/ dce’BM(CEO’TS(C))}
- 0

_ 1 M
— —ksTIn /\/// dc(e‘B(CEO_TS(C))) }
- 0

For large M only the maximum value of the integrand will contribute. Therefore we will perform
the harmonic approximation of the integrand by expanding Y = cEq — Ts(c) to second order in ¢
about the maximum of Y. First we determine the maximum of Y # :

Y = cEo + kBT((l —o)In[l—c] + Cln[c])

dy c
T =0=Fo+ kBT(—In[l — ] =1+ In[c]+ 1) ~ Eo+ kT In[;—]
= e Fko = c =ePFo _ ce Pk
1—-c
1
=

Let us evaluate the value of Y at its maximum
Y =cEq—Ts(c) =cEq+ kBT((l —c)In[ll =] - cln[c])

© 1+ ek

In[1 + e PE]In[1 + eﬁEO])

+ kBT(i 1+ePE 14 ePko

Now we need the second derivative of Y at its maximum.
Thus we obtain

Fm

_kBT In |:M /OO dC(e_ﬁ(Y(CO)"F%Y”(C—Co)Z)) Mi|
0

—kBT In |:M /DO dC(e_ﬁ(Y(CO)‘F%Y"(C—Co)z)) M:|
0

G.3 1d Ising model

The Ising model is a simple model for a magnetic system. It consists of spins which are placed on a
regular lattice. The spin is j:%h. If the spins are coupled, the system undergoes, in dimensions d > 1,
a phase transition from a paramagnetic high-temperature phase to a low-temperature ferromagnet
or antiferromagnet.

Note that the antiferromagnetic ground state of the Ising model of an antiferromagnet, the Neel
state, differs from that obtained from the corresponding quantum mechanical model, the Heisenberg
model. In the quantum mechanical system, quantum mechanical spin fluctuations are present, which
are not accounted for by the Ising model. Nevertheless, we can expect that the high-temperature
effects are well described by the Ising model, because, then, thermal fluctuations can be expected to

4The resulting expression for the concentration is formally identical with the Fermi distribution function. This
finding is not unexpected since only one vacancy can occupy a site, just as for Fermions. Editor: This is the
exact Pendent to the photon gas: chemical potential vanishes
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dominate over quantum fluctuations. This is described in more detail in ®SX: Advanced Solid-State
Theory[? ].

The free energy of the one- and two dimensional Ising models can be determined exactly. | am
following a description by Daniel F. Styer® The solution of the two-dimensiojnal Ising model goes
back to Onsager. The one-dimensional Ising model does not exhibit a phase transition. The free
energy is analytic for all temperatures.

The energy of the one-dimensional Ising model with N beads in a magnetic field H and open
boundary conditions is

N—-1 N
E€:*J20j0j+1*mHZUj (G.13)
Jj=1 Jj=1

with the magnetic moment m and the exchange parameter J. The ferromagnetic case is obtained
for J > 0, the antiferromagnetic case has J < 0 and the paramagnetic case has J = 0.

The goal is to determine the free energy, because all other thermodynamic informtion can be
extracted from it.

F(T.H) = —kgT In

> 6_355] (G.14)

Z(T,H)

The problem is solved by “induction on the size of the system™: Let me define ZVT as the partition
function of an ising chain of length N with the last bead in the oy =1. Similarly we define ZN+,
Using these two gantities for NV, we can calculate the same quantities for N + 1.

ZWNFLY) — Z(ND) B(I+mH) o 7(Nd) B(—J+mH)
ZNHLL = ZNAGB(—J=mH) | 7Nl B(+J—mH) (G.15)

ZNT\ [ PUEmH) B ItmA) ZNT\ [ BUEmH) BmH) Nl .
ZN+1.4 - eB(—J—mH) eﬁS(J—mH) ZN4 - eﬁ(—J—mH) eﬁ(J—mH) 714 16)
The matrix linking the two is called transfer matrix.
The partition function is

N—1
1 ZN 1 eﬁ(J+mH) eB(—J—Q—mH) 1
(N) — Z(N1) (N — _
Z\W =7 +Z = <1> (Z’\W) = <1> ( B(—J—mH) B(J—mH) 1 (G.17)

We diagonalize the transfer matrix tU = UX

A 0
t=U Ut G.18
(:0) -

Let me evaluate the eigenvalues, because | will need them later
0= (eﬁ(J+mH) _ }\)(eﬁ(meH) _ >\) o eﬁ(fJerH)eﬁ(fmeH)
32 (eﬁ(JerH) + eﬁ(meH))k 1 e20J _ g2

= A2 — 26%7 cosh(mH)A + e cosh?(BmH) — €27 cosh?(BmH) 4 P/ — e=28/

At = ? cosh(BmH) + \/ezﬁJ (cosh2(ﬁmH) - 1) +e28J

= {cosh(ﬁmH) + 4/sinh?(BmH) + e4ﬁJ] (G.19)

5Source: Daniel F. Styer, in LibreTexts Physics “Free Energy of the One-Dimensional Ising Model”, Oberlin College,
2020, [accessed online 2021-12-30]
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The partitial function is obtained as

N 1 >\£_V O t 1 Ny *
Z"={1]ul", AV Ut =33 UsjAUs (G.20)
J

For N — oo only the larger of the two eigenvalues contributes. Let us assume |A1| > |X\;]

F:—@kaﬂ

= —kgT In [Z Z UG,J'>‘JN ;’J}
J

o0’

~ —kaTIn |3 Up i MU,

o0’

— —NkgTIn[\] — kgT In [Z UUJU;;,J}

o0’

= —NkgT In [eﬁJ (cosh(ﬁmH) + /sinh?(BmH) + e4ﬁJ>]

=—NJ— NkgT In {cosh(ﬁmH) + 4/sinh?(BmH) + e—45J] (G.21)

Thus we obtain at the final result for the thermodynamic limit N — oo as

1 Ny mH .0 mH ey
NFT,H__ J kBTIn[cosh<kBT +4/sinh T +e (G.22)
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G.3.1 Magnetization

We can now evaluate the the mean magnetization for a given magnetic field as function of temper-
ature

BF (T, H) = —ks Ty In (Z e’BEi)

Zae PEs
B >5 m(ZJ UJ‘) e P
B > gePE
B Zﬁ(r;:i:ejzjzieBE& - <M(T' H)>
T sinh (LT> " k;n 2smh( )cosh( kT )

T 2\/sinh ("I;H )+e 467

1 1
= SM(T.H) = 0nF(T.H) = —ksT

mH S|nh2(%)+e 464
= —msinh ( )

kg T
B/ cosh (%) + \/sinh2 (,?;—';) + e—48J

_ —msinh (,’(”’;) (6.23)

\/sinh2 (;’;—#) + e—48J

G.3.2 Pair correlation function

Analogously to the evaluation of the magnetization, also the pair correlation function between neigh-
boring spins can be determined by forming the derivative with respect to the exchange coupling.

BE, aan,e PEs
— —PEsz ) — d
8,F (T, H, J) = kBTaJ|n(§e ) -5
25200518 PF
== XJ:_Je—JBEa = —<ojaj+1> (G.24)
o
—4Be—*)

2, /sinh? +e—48J
—aJ F = =1+ keT )
cosh (’"—T) + \/smh2 ( ) + e—46J

2e—4ﬁJ

<cosh (’”—T) + \/smh2 ( ) + e45J> \/sinh2 (,:’;—*T’) + e—48J

=1

(G.25)
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For mH < kgT one obtains

2e~40/ 2e~20/
<Ujaj+1> =1- (1+eP))e P 1= (1+e287)
14+e 2P 2728/ 1 e B _ b/
= — = = ——— =tanh (8J) (G.26)
1+ e 267 1t+e20) oo 28]

In the absence of a magnetic field, the spin correlation function falls to i% for tanh(BJ) = =

|J|
kgT: = —— =~ 2|J G.27
B2 arctanh(3) o ( )

N

G.3.3 Magnetic Suszeptibility

The magnetic susceptibility is the derivative of the magnetization with respect to the magnetic field.

oM
xm(T, H) = aH

matycon(gr) o (s (£5) (om0 (1) o (2))
forlgeee el e

|
x-
W
—| ™
)
o
0
>
7N
& |3
-l
~~
7N
e
=]
>
N
/
3~
N——
+
?
&
<
I —
)
=]
>
Moy
AS
=
N
v/\
+ |3k
lv
)
.
v
v

_om con () (s sin (24) >
7 \/sinh2 (%) + e—4BJ sinh? (% + e—46J

_m cosh (%) (1 N sinh? kT/;) > o
kel \/smh2 (L’%’) + e—4BJ sinh? (%) + e—46J
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G.3.4 Entropy

mH .o mH 4
= B —— _— —4BJ
kg In {cosh <k5T> +\/S|nh (kBT> +e }
T WY,

_lLH S|nh (LH) + 7%%25”‘”‘]( kgT )COSh<kBT) T k T

2\/S|nh2( )+e 464
cosh (,f;—”) + \/smh2 ( ) + e—4BJ

mH o mH 4
= _— _ - ﬁJ
kg In [cosh (kBT> +\/S|nh (k,gT) +e }

o (g) o (6) 1 com (8) o o 1)

— kg
\/sinh2 (,f;—’;) + e—48J cosh (k T) + \/smhz (kBT) + e—48J
mH .o mH 4
— hatalis BJ
kg In {cosh (kBT> +\/S|nh (kBT> + e }
mH 2J —4pJ
=T mH e
—k ks T inh _ mH 2
B sin (k5T> (G.29)

cosh (,f;—’;) + \/smh2 ( ) + e—4B8J

The entropy vanishes for T = 0 and grows to a value of kg/n(2).
For H =0, | obtain

S(T,H=0)=kgln {1 + eQﬁJ} (G.30)



Appendix H

Philosophy of the ®SX series

In the ®SX series, | tried to implement what | learned from the feedback given by the students which
attended the courses and that relied on these books as background material.

The course should be self-contained. There should not be any statements “as shown easily..." if,
this is not true. The reader should not need to rely on the author, but he should be able to convince
himself, if what is said is true. | am trying to be as complete as possible in covering all material
that is required. The basis is the mathematical knowledge. With few exceptions, the material is also
developed in a sequence so that the material covered can be understood entirely from the knowledge
covered earlier.

The derivations shall be explicit. The novice should be able to step through every single step of
the derivation with reasonable effort. An advanced reader should be able to follow every step of the
derivations even without paper and pencil.

All units are explicit. That is, formulas contain all fundamental variables, which can be inserted in
any desirable unit system. Expressions are consistent with the SI system, even though | am quoting
some final results in units, that are common in the field.

The equations that enter a specific step of a derivation are noted as hyperlinks ontop of the
equation sign. The experience is that the novice does not immediately memorize all the material
covered and that he is struggling with the math, so that he spends a lot of time finding the rationale
behind a certain step. This time is saved by being explicit about it. The danger that the student gets
dependent on these indications, is probably minor, as it requires some effort for the advanced reader
to look up the assumptions, an effort he can save by memorizing the relevant material.

Important results and equations are highlighted by including them in boxes. This should facilitate
the preparations for examinations.

Portraits of the key researchers and short biographical notes provide independent associations
to the material. A student may not memorize a certain formula directly, but a portrait. From
the portrait, he may associate the correct formula. The historical context provides furthermore an
independent structure to organize the material.

The two first books are in german (That is the intended native language) in order to not add
complications to the novice. After these first books, all material is in English. It is mandatory that the
student masters this language. Most of the scientific literature is available only in English. English
is currently the language of science, and science is absolutely dependent on international contacts.

| tried to include many graphs and figures. The student shall become used to use all his senses
in particular the visual sense.

| have slightly modified the selection of the material commonly tought in most courses. Some
topics, which | consider of mostly historical relevance | have removed. Others such as the Noether
theorem, | have added. Some, like chaos, stochastic processes, etc. | have not added yet.
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Appendix J

Greek alphabet

T>X-0TNmMP>Tw>

T >3 DI AN X2 T® R

™

>

alpha
beta
gamma
delta
epsilon
zeta
eta
theta
iota
kappa
lambda
mu

QDE€EXBe 3IMUOVTI3IOI=

nu
Ksi
omicron
pi

rho
sigma
tau
upsilon
ph

ch

ph
omega
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Appendix K

A small dictionary

acceptor
attempt

cam shaft
chamber
combinatorics
combustion
combustion chamber
compartment
composite
constraint
crank shaft
denominator
die; pl. dice
donor
dopant atom
ensemble
exert
exhaust valve
extrinsic
extensive
factorial
forecast
frequency

Akzeptor
Versuch
Nockenwelle
Kammer
Kombinatorik
das Brennen
Brennkammer
Abteil
zusammengesetzt
Zwangsbedingung
Kurbelwelle
Nenner

Wiirfel

Donator
Dotieratom
Gesamtheit
austben
Auslassventil
extrinsisch
extensiv

Fakultat (n!)
Vorhersage
Haufigkeit; Frequenz
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hallmark

handwaving

inlet valve

intensive

intersection (of sets)
intersection (of streets)
intrinsic

law of mass action
heat

intrinsic

moment of inertia
multiplier

numerator

number representation
partition function
piston

Planck’s law

reaction parameter
set

shallow

toy

transition state

trace

ubiquitous

union (of sets)

valve

Wien's displacement law
work

Markenzeichen

grob, vereinfacht
Einlassventil

intensiv

Vereinigung (von Mengen)
Kreuzung (von StraRen)
intrinsisch, eigenleitend
Massenwirkungsgesetz
Warme

intrinsisch
Tragheitstensor
Multiplikator

Zahler
Besetzungszahldarstellung
Zustandssumme

Kolben

Planck’s Strahlungsgesetz
Reaktionslaufzahl

Menge (math.)
oberflachlich, seicht
Spielzeug
Ubergangszustand

Spur

allgegenwartig
Vereinigung (von Mengen)
Ventil

Wiensches Verschiebungsgesetz

Arbeit
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acceptor, 191 combinatorics, 5
adiabatic compressibility commutator relations
definition, 52 for Bosons, 176
annihilation operator, 175 convex, 64
anti-commutator correlation
definition, 177 statistical, 8
relations, for Fermions, 178 creation operator, 175
atmosphere
pressure unit, 48 de-Broglie wavelength
Avogadro’s constant, 48 role in the classical limit, 141
de-Broglie wavelength
background radiation, 203 definition, 43
band structure, 181 decoherence, 232
bar, 48 density matrix
binomial coefficient, 5 one-particle, 125
Bloch theorem, 181 Density of states
Boltzmann constant, 13 per volume, 183
Boltzmann constant density of states, 181
value, 13 density operator
Boltzmann gas, 37 in thermal equilibrium, 127
Boltzmann gas properties, 123
Enthalpy, 75 density matrix
Gibbs potential, 74 reduced, 214
Helmholtz potential, 74 density matrix
Bolzmann factor, 20 von-Neumann, 122
bose distribution, 198 donor, 191
Bose distribution function, 166
Bose-Einstein condensation, 198 efficiency, 105
Boson, 40 energy dissipation, 32
ensemble, 41
caloric equation of state ensemble
Boltzmann gas, 50, 73 thermal, 144
Boltzmann gas, derivation, 46 entanglement entropy, 218, 221
canonical ensemble, 41 Enthalpy, 70
Celsius, 48 Enthalpy
central limit theorem, 133 Boltzmann gas, 75
chemical potential, 43 entropy
chemical potential entanglement, 218, 221
definition, 50 entropy
description, 51 and number of yes-no questions, 207
chemical potential and uncertainty, 8
Boltzmann gas, 50 Boltzmann gas, 46
coefficient of thermal expansion extended, 19
Boltzmann gas, 52 from probabilities, 8
definition, 52 of equally probable events, 14
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properties, 8
Equation of state

from internal energy, 33
equation of state

caloric, ideal gas, 46

from the free energy, 29

ideal gas law, 48
equilibrium distribution, 20
Equilibrium constant, 91
equilibrium distribution, 26
ergodic hypothesis, 79, 140
Euler equation, 113
exchange

operator, 39
extensive variable, 24
extrinsic semiconductor, 191

factorial, 5

Fahrenheit, 49

Fermi distribution, 186

Fermi distribution function, 153

Fermion, 40

fluctuation, 131

Fock space, 44

Fock space
and number representation, 173
definition, 146

free energy, 28, 70

Free energy

general, 28
quantum mechanically, 127
Frequency

relative, of events, 3
fundamental relation, 31

gas constant, 48
Gibbs potential, 70
Gibbs potential

Boltzmann gas, 74
Gibbs-Duhem relation, 114
grand canonical potential, 45
grand canonical potential, 70
grand-canonical ensemble, 41
grand-canonical potential, 44

GRAND-CANONICAL POTENTIAL, 44

H-theorem, 147
Hamiltonian
extended, 139
Hamiltonian extended, 128
Heat, 32
heat capacity
constant volume, definition, 53
heat bath, 23

heat capacity
constant pressure, definition, 53
heat capacity
constant pressure, ideal gas, 53
constant volume, ideal gas, 53
heat generation, 32
Helmholtz free energy
as function of probabilities, 81
minimum principle, 81
Helmholtz potential, 70
Helmholtz potential
Boltzmann gas, 74
homogeneous system, 113

ideal gas, 37

ideal gas law
derivation, 48
discussion, 48

independent particles, 38

indistinguishable particles, 39

information, 7

intensity, 202

intensive variable, 25

internal energy, 70

internal energy
Boltzmann gas, 46
definition, 25

intrinsic semiconductor, 187

isobar, 49

isochor, 49

isotherm, 49

isothermal compressibility
Boltzmann gas, 52
definition, 52

Kelvin, 48

Landau function, 70
Lande g-factor, 155
Langevin mparamagnetism, 157
Law of mass action, 91
laws of thermodynamics, 111
law of thermodynamics
second, 147
Legendre transform, 64
linear response theorem, 131

macrostate, 122
magnetic moment
from free energy, 158
mass action law, 91
mass-action law
semiconductor, 193
maximum-entropy principle
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energy representation, 26
maximum-entropy principle, 18
Maxwell distribution of speeds, 141

Maxwell-Boltzmann distribution of molecular ve-

locities, 140
micro-canonic ensemble, 41
microstate, 77, 121
mole, 48
Monte-Carlo method, 143

natural orbitals, 125

Nernst's theorem, 112, 172
non-equilibrium distributions, 27
number representation, 173
number of states, 182

number operator, 176

occupation, 125

partial pressure
definition, 87
particle density operator
definition, 179
partition function, 20
partition function
classical limit, 138
Boltzmann gas, 44
definition, 26
quantum mechanically, 127
Pascal, 48
Pauli principle, 40
Planck’s law, 256
Planck’s radiation law, 256
potential
thermodynamic, 30
pressure, 47

partial, 87
pressure

definition, 47

mechanic and thermodynamic, 47
probability

properties, 2
process

irreversible, 98

quasistatic, 98
process

reversible, 98

quasiparticles, 185

Rayleigh-Jeans law, 203
reaction parameter, 86
reservoir, 23, 61
response functions
Boltzmann gas, 51

definitions, 51
Rollin film, 199

Sackur-Tetrode equation, 46
saddle-point approximation, 143, 260
shallow acceptor, 191
shallow donor, 191
specific heat

constant volume, 53
standard deviation, 133
state operator

definition, 122
statistical operator, 122
Stirling's formula, 17
stoichiometric coefficients, 85
superfluid, 199

temperature
as Lagrange parameter, 24
units, 48
test probe, 23
thermal ensemble, 144
thermal energy, 32
thermodynamic potential, 69
thermodynamic limit, 46
thermodynamic potential, 30
Torr, 48
total differential
definition, 30
trace, 121
tracing out, 214
two-liquid model, 201

ultra-high vacuum, 48
uv-catastrophy, 203

Van der Waals gas, 54
variance, 133
von-Neumann equation, 147

WIEN'S DISPLACEMENT LAW, 203
work, 32
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