NOTES ON STATISTICAL MECHANICS

Leonardo Pacciani Mori






Life is short and truth works far
and lives long: let us speak the truth.

A. Schopenhauer



This material is released under the |Creative Commons Attribution-ShareAlike 4.0 International license.

eNoel

This means that this material can be freely modified and redistributed, as long as it is released under
the same license, and proper credit is given to the original author.

Last update: 31st March 2019


http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/

Contents

[About this document

[ Introductory topics|

1  Review of thermodynamics|
.1 Thermodynamics of equilibrium| . . . . . . .
[L1.1_State variables|

L.12  Entropy| . ................

1.1.3 Thermodynamic potentials| . . . . . .

1.1.4  Gibbs-Duhem and Maxwell relations|

|l.1 .5 Response functions|. . . . . ... ...

1.2 Thermodynamics of phase transitions| . . . .
yn P

[1.2.1 Phase transitions and phase diagrams

[1.2.2  Phase coexistence and general properties of phase transitions| . . . . . . .

[1.23 Gibbs phaserule] . ... ........
(1.3 Order parameters| . . . . .. ..........
[1.4 Classification of phase transitions]. . . . . . .
[1.5  Critical exponents and universality] . . . . . .

[1.5.1 Inequalities between critical exponents|

I Equilibrium statistical mechanics|

B - ol
Random walks and diffusionl . ... ... ..

2.1.1 General properties of random walks .

212 The diffusion equation| . . . . . . . ..
[Diffusion and continuity equation] . .

he solution of the diffusion equation|

213  Fokker-Planck and Langevin’sequations] . . . ... ... ..........

B Ensemble theory|
B.1 Abridge between the microscopic and the macroscopid . . . . .. ... ......
B.2.1 The monoatomicidealgas. . ... ............ ... .. ......
.22 Statistics and thermodynamics| . . . .. ... ... ... .. ........
[The fundamental postulate of statistical mechanics| . . ... ........

[Temperature and statistical mechanics|

i



ii CONTENTS
[Pressure and statistical mechanics| . . . .. ... .. .. ... ... .. ... 45

Chemical potential and statistical mechanics| . . . .. ... ... ... ... 46
Conclusions| . . . .. ........... ... .. 48

3.2.3 Some remarks and refinements in the definition of entropy|. . . . . . . .. 48

[The dimension of the phase space volume| . . ... ... ....... ... 48

[Extensivity of the entropy and the Gibbs paradox] . . . . ... ... .. .. 48
Conclusions| . . . .. ......... ... ... 50

[3.2.4 Some explicit computations for the monoatomicideal gas| . . . ... ... 50

[The Maxwell-Boltzmann distribution| . . . . ... ... ........... 51

B.2.5 The foundations of statistical mechanics|. . . . .. ........... ... 53

3.3 Thecanonicalensemblel . ... ... ... .. ... .. ... .. ... .. .. ..., 53
3.3.1 _The canonical and the microcanonical ensemblel . . . .. ........ .. 55
B.3.2 Helmholtz freeenergy| . . . . ... ..................... .. 56

i leatworkl . . ... .o 57

3.3.4 The equipartition theorem|. . . . . . ... ... ... ... ... .... 60

An application of the equipartition theorem: the specific heat of crystals| . 62

One last application of the equipartition theorem: C for biatomic gases| . 64

3.4 The grand canonical ensemblel. . . . . . ... ... ... ... 0o 0 0oL 65
B.41 Fluctuations in the grand canonical ensemble]. . . . . .. ... .. ... .. 67
B42 Grandpotentiall . . . . ... ... 69

@4 Entropy and its meanings| 71
M1 Entropyasirreversibility] . . . . .. ... ... o 71
4.1.1 Heatenginesandentropy| . . . . .. ... .. ... ... .. ..o ... 71

412 Timeandentropy|. . . . ... .. ... ... .. L o 73

.2 Entropyasdisorder|. . . ... ... .. ... ... o 74
21 Mixingofgases| . .. ........... ... . 74

4.3 Entropy as ignorance: information entropy| . . . . . ... .. ... L0 76
4.3.1 Shannon’sentropy| . . . . . .. ... 76

4.3.2  Conclusions: the most general definition of entropy| . . . . . . ... .. .. 82

4.4  Entropy and thearrowoftimel. . . . .. ... ... ... .. o L 0L 82
4.5 A niftier framework for the statistical ensemblesl . . . ... ........... .. 84
[5 Statistical mechanics of phase transitions| 91
B1 Introductionl . . . . . . . .. 91
.1.1  Statistical mechanics and phase transitions| . . . ... ... ... ... ... 92
[Heuristic energy-entropy argument| . . .. .. ... ............. 93

P.1.2 Longrange correlations| . . . ... ...... ... . ... . .. 93
(.1.3  Finite size effects on phase transitions] . . . . .. ... ............ 94

b.2 Models in statistical mechanics . . . .. .. ... ... oo o0 0000 95
p.3 Thelsingmodell . . . .. ... ... ... ... . . o 95
onl . . ... 95

.3.2  Analytic properties of the Ising model| . . . . . .............. .. 98
5.3.3  Absence of phase transitions for finite systems| . . . . ... ... ... ... 100
b.34 TIsingmodeland fluids| . . . . .. ... ... .. ................ 101
[sing model and latticegas| . . .. ....................... 102

[Cattice gas and continuous fluids|. . . . . . .. ................ 104

p.3.5 Ising model and theidealgas . . .. .......... ... .. ... ... 105

5.3.6 Ising model and binary alloys|. . . . ... ... ... ... ... . ... . 107

b.3.7 Ising model and neuralnetworks|. . . .. ....... ... ... .. .. .. 108
[5.3.8  Final remark on equivalence in statistical mechanicg|. . . . . ... ... .. 109

.4 Ising modelin one dimension| . . . . ... ... ... . o0 L 0L 109




CONTENTS iii

4.1 Bulk free energy, thermodynamic limit and absence of phase transitions| . 109

b.42 Trrelevance of boundary conditions| . . ... ................. 110
b.43  Absence of spontaneous magnetization| . . . . .. ... ... ... ... 111
B.44 The transfer matrixmethodl . . . . . ............. . ... ..., . 112
Freeenergy| . . ... ... ... ... .. ... ... 114

[Correlation function and correlationlength] . . . . ... .... ... . ... 115

[Explicit computations for the one-dimensional Ising model . ... .. .. 118

b.5 A slightly trickier system: the Heisenbergmodel| . . . . ... ............ 119
b.6 The Ising modelin higher dimensions| . . . . ... .................. 120
b.7 Additional remarks on the Isingmodel] . . .. ... ................. 122
.71 Therole of dimensionality|. . . . . . ... ... ................ 122
Onedimensionl . .. ..................... ... . ... 123

[Two dimensionsl . . . . . . . . v v v it e e e e 124

p.72 Theroleof symmetry|. . . ... ........ ... ... . ... ... 125
(.73  Therole of interactionrange] . . ... ... ... ............... 125

6 Mean field theories| 129
[6.1 Weiss mean field theory for the Isingmodel| . . . .. ... ... ...... .. .... 130
[6.1.1  Critical exponents of Weiss mean field theory for the Ising mode] . . . . . 133

6.2  Hubbard-Stratonovich mean field theory for the Ising model . . . . . .. ... .. 134
6.3 Variational methodsl . .. ... ........ .. .. .. .. 0 0L 137
6.3.1 Bragg-Williams approximation for the Ising modell . . . . ... ... ... 139

6.3.2 Bragg-Williams approximation for the Pottsmodel| . . . . . ... ... .. 142

6.3.3 Mean field theory for the Blume-Emery-Griffiths model . ... ... ... 143

i i 7 146

6.4.1 Vander Waalsequation| . . .. ... ... ... ... ... .. ... 146
[Critical point of Van der Waals equation]. . . . . .. ........... .. 147

[Caw of corresponding states]. . . . .. ..................... 148

Maxwell’s equalarearule . . ... ... .. ... ............. 149

Critical behaviourd . . ... ... ... .. ... .. .. .. .. . . ... 149

[A more precise approximation| . . . . ... ... ... L 151

[6.42  Mean field theories for weakly interacting systems| . . . .. ... ... .. 151

irial and cluster expansion|. . . . .. ... .. oL oL 152

Computation of virial coefficients for some interaction potentials| . . . . . 155

6.5 Landautheory|. ... .. ... .. ... ... ... . L 157
651 Introductonl. . ... ............... ... ... 157

6.5.2 Assumptions of Landau theory|. . . . . ... ... ... ... 00 157

6.5.3 Landau theory for the Isingmodel| . . . . ... ... ... ... ... .. 158
Constructionof £. . . . . . . ... ... 158

[Critical properties of the Landau theory for the Ising model . . . ... .. 159

[6.5.4  First-order phase transitions in Landau theory| . . . . . ... ... ... .. 160
Multicritical points in Landau theory] . . . . ... ... ... ........ 162

6.5.5 Liquidcrystals| . .. ... ... ... ... ... . o oo 165
What are liquid crystals?. . . . . ....... ... ... ... ....... 165

[Definition of an order parameter for nematic liquid crystals] . . . ... .. 166

[Landau-de Gennes theory for nematic liquid crystals| . . . ... ... ... 170

[6.6 Ginzburg-Landautheory|. . . .. .. ... ... .. ... . o o 0oL 171
6.6.1 Introduction: Ginzburg criterion| . . . . ... ... ... .. 0oL 171

6.6.2 Functional partition function and coarse graining| . . . .. ... ... ... 173
6.6.3 Coarse graining procedure for the Isingmodel . . . . . ... ..... ... 174
Saddle point approximation: Landau theory| . . . . .. ... ... ... .. 176

Gaussian approximation]. . . . . ... ... ... 179




iv CONTENTS

[[nteraction between fluctuations: expansion to the fourth order| . . . . . .

[7_Scaling theory)|
[71 Widom’sstaticscaling theory] . . . . ... ... .. ... .. .. ...........

[711 Relations between critical exponents] . . . . ... ...............
[712 TRescaledstateequation] . .. ... .......................
[7.2  Kadanoft’s scaling and correlation lengths. . . . .. ... ... .. ... .. .. ..
[72.1 Kadanoff’s argument for the Isingmodel . . . . ... ............

{8 The Renormalization Group|
.1 Basic ideas of the Renormalization Group| . . . . ... ................
8.2 Singular behaviour in the Renormalization Group| . . . . . . ... .........
8.2.1 Fixed points of the Renormalization Group flow] . . . .. ... ... .. ..
8.22  Renormalization Group flow near a fixed pointf . . ... ..........
[8.2.3  Global properties of the Renormalization Group flow] . . . . ... ... ..
(8.3 Universality in the Renormalization Group| . . . . .. ................
8.4 The origins of scaling and critical behaviour]. . . . . ... ...... .. ... ...
8.5  Renormalization Group in coordinate space|. . . . .. ................
8.5.1 Decimation to N/3 spins for a one-dimensional Ising model with H = 0| .
8.5.2  Decimation to N/2 spins for a one-dimensional Ising model with H # 0] .
8.5.3 Decimation in d > 1: proliferation of the interactions| . . . . ... ... ..

A" Volume of a hypersphere|

[B The saddle point approximation|

[C Stirling’s approximation|

[D_A more convincing foundation of statistical mechanics|

[D.3 Ergodicity] . . . . .. ... ...

[E_ Homogeneous functions|
[EI Homogeneous functions of one or more variables| . ... ........... ...
[E2  Generalized homogeneous functions| . . . . . .. ...................

Bibliography

219

221

223
223
224

231
231

233



About this document

In my initial intentions this document was meant to be a collection of all I have ever learnt
about statistical mechanics as a student, written in the most unitary and self-consistent pos-
sible way. However, as I gradually wrote down the notes of the courses I was attending at
the time I started working on this document I realised how much effort this goal would have
really required. Therefore, I have partially “rescaled” my ambitions: for the moment I would
like this document to be a partially re-elaborated transcription of the notes of the courses about
statistical mechanics that I have attended during my Master’s Degree.

My hope is that one day I will manage to fill all the gaps and include also the material relative
to what I have studied during my Bachelor’s Degree, which basically consist in some introduc-
tory kinetic theory and, most importantly, basic quantum statistical mechanics, which is the
greatest lack of this document to date.

As I have said I've tried to be as much self-consistent as possible, since I have combined mate-
rial relative to different courses; for example I have tried to use always the same notation and
to highlight the connections between different topics as much clearly as I could, but there still
may be some parts which can turn out to be not really complete. I will surely work on this
document again in the future, so I hope I will fix them.

I have also decided to release this document together with its IXIEX source code under the
Creative Commons Attribution-ShareAlike 4.0 International license. In brief this means that this
document can be freely modified and redistributed, provided that it is released again under the
same license and that proper credit is given to the original author.

Everything is available at leonardo.pm/teaching, which is the website where I will upload the
new versions of this document in the future.

The content of these notes has also been used to form the Statistical Mechanics course on Wik-
iToLearn, which is a website that allows users to create collaborative textbooks, and I have
decided to do so because the philosophy of this community perfectly reflects the reasons for
which I have decided to write down this document. I strongly encourage anyone who would
like to correct or improve the material contained in this work to do it directly on WikiToLearn.

I have tried to be as much ruthless as possible in finding and correcting errors and mistakes,
and I apologize if some have survived.

I hope that the overall result will anyway be satisfactory.

Padua, July 2016
Leonardo Pacciani Mori


http://creativecommons.org/licenses/by-sa/4.0/
http://leonardo.pm/teaching
https://en.wikitolearn.org/Course:Statistical_Mechanics
http://wikitolearn.org
http://wikitolearn.org

vi

CONTENTS



Part1

Introductory topics






Chapter 1

Review of thermodynamics

This chapter is a review of the basic concepts of thermodynamics, in particular those that we
will use in the following chapters. Therefore it has by no means the intention to be a complete
review. For a really complete and rigorous exposition of thermodynamics see [2].

Thermodynamics is the theory that describes the thermodynamic properties of macroscopic systems
at equilibrium. It can be generally introduced in two ways, an empirical and an axiomatic one;
we will follow the latter.

By macroscopic systems we mean systems with many degrees of freedom (like the atoms or
molecules that constitute a gas or a fluid), but such that only a few of them are measurable and
relevant in order to describe the bulkﬂ behaviour of the system itself. These relevant degrees of
freedom are the thermodynamic properties of the system; for example, in the case of a liquid or
a gas, these variables can be the pressure P, the volume V or the temperature 7', while in the
case of magnetic systems we can consider the magnetic field H, the magnetization M (which
is the total magnetic dipole moment) and the temperature 7', or finally in electrostatic systems
the electrical field E, the electric polarization P and the temperature 7.

If these thermodynamic variables do not change over time, we say that the system is in equilib-
riu

The aim of thermodynamics is to find relations between the thermodynamic variables of a sys-
tem in a given state of equilibrium, so that the value of any other variable of interest can be

"It is in fact impossible to describe the exact behaviour of the system, due to the terribly large number of degrees
of freedom (of the order of 10*® in the case of gases or fluids).

’This statement should rather be reformulated this way: “If these thermodynamic variables do not change sen-
sibly during the time we take to observe the system, we say that the system is in equilibrium”. In fact, the ther-
modynamic properties of a system can change if we observe it for shorter or longer periods of time. Consider this
example: if some boiling water is poured into a tea cup, after some seconds it will reach an unchanging state of
rest in which its thermodynamic properties (like volume and temperature) do not change sensibly within some
seconds, and thus we can say that during this observation time the cup of water is at equilibrium. However, if we
observe it for a longer period of time, the temperature will obviously decrease sensibly and so we cannot say that
the system is still in equilibrium; after an hour, say, the temperature of the water will be the same of that of the
room, and if the room temperature remains constant for several hours then also the temperature of the water will
do so, and therefore if the observation time is within this range of several hours the cup can again be considered in
equilibrium. However, if we observe the system for even longer periods, such as a couple of days, then the volume
of the water will decrease until it evaporates completely and so within this observation time the system cannot be
regarded as being in an equilibrium state. After a few days, then, the cup can be again considered in equilibrium,
but strictly speaking this is not a real equilibrium because the molecules of the cup can evaporate, even if it could
take years to measure a significant change in the system.
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obtained by the initial ones (and generally one tries to chose experimentally accessible vari-
ables). In other words, if we have a system in a known state of equilibrium (namely we know
all of its thermodynamic variables) and then change the configuration of the system (for exam-
ple changing its shape, or giving it a certain amount of energy), in general it will reach another
equilibrium state: the scope of thermodynamics is to determine the values of the thermody-
namic variables in this new equilibrium.

More in general we can say that the central problem of thermodynamics is to find the final state
of equilibrium of a system from a given initial equilibrium state of several thermodynamic sys-
tems that can interact.

1.1 Thermodynamics of equilibrium

1.1.1 State variables

We will call state variable (or function) any quantity which at equilibrium depends only on the
thermodynamic variables of a system, rather than on its history. In other words if X1,..., Xy
are the thermodynamic variables of a given system, any state variable A will be a function
A(X1,...,Xn) of them.

State variables can be either extensive or intensive:

- by extensive we mean that it is proportional to the size of the system. In other words, if a
system is composed of N subsystems and X, is the value of the thermodynamic variable
X relative to the a-th subsystem, then the value X of the variable relative to the whole
system is:

N
X=) X,
a=1

Considering them as functions, a state variable A will be extensive if it is a homogeneous
function of degree one:

AAX1, .. AXN) = AM(X1, ..., Xy)

where ) is a positive real number.
Examples of extensive state variables are the internal energyﬂ the mass or the volume of
the system.

- by intensive we mean that it is independent of the size of the system, namely that the
value of the variable relative to a subsystem is equal to that of the whole system.
Intensive state variables are homogeneous functions of degree zero:

AAXq, ..., A XN) = A(Xq, ..., XN)
Examples of intensive variables are the pressure and the temperature of a system.

The fundamental hypothesis of thermodynamics is that any thermodynamic system can be
characterized at equilibrium with a finite set of thermodynamic variables.

*Note that, strictly speaking, internal energy is not extensive, but it is so for large enough systems. In fact if we
put two systems 1 and 2 in contact, the internal energy of the total system Utor will be the sum of the energies U
and U, of the two initial systems and the energy Us.i. due to the surface interaction between the two, assuming that
the components of the two systems interact via a short-range potential. However, the internal energies of the two
systems are proportional to their volumes, while the interaction energy is proportional to their interaction surface;
since the surface grows much slower than the volume with respect to the size (unless the systems have very exotic
and strange shapes, a case which of course we ignore), for large systems this interaction energy can be serenely
ignored.
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Finally, we also know that thermodynamic theory is based upon four laws (or postulates).
For example, it is well known that the first law of thermodynamics is a restatement of the
conservation of energy, namely a change of the internal energy dU of a system can only occur
if there is an exchange of heat @) and /or work § W, such that:

dU = 6Q — §W

with the convention that 6¢) > 0 if the heat is absorbed by the system and 6W > 0 if the work
is done by the system; the difference in notation is due to the known fact that dU is an exact
differential, while §Q and W aren't.

1.1.2 Entropy

We now introduce the following postulate, that will allow us to solve the general problem of
thermodynamics:

Given a thermodynamic system there exists a state function S called entropy, depending
on the variables (U, X1, . .., X n) and which is extensive, convex, monotonically increasing
with respect to the internal energy U and such that the equilibrium states of the system are
its maxima, compatibly with the constraints put on the system itself.

The assumption that S is a monotonically increasing function of the internal energy U implies
(Dini’s theorem) that it is locally invertible; namely we can write at least locally U as a function
of S and the other thermodynamic variables:

U=U(SX1,...,Xn)

From now on we will consider systems characterized by the internal energy U, the volume V'
and the temperature 7" (also called PV'T systems).
It can also be shown that S vanishes if and only if 9U /0S|, y = 0, and since U = U(S,V, N) we

have:
oU d oU oU

= — S+— dV+—
0S |V,N Jr8V|S,N Jr(9]\7|s,v

These derivatives of U are intensive quantitiesﬂ defined as:

du dN

ou P ou ou

T = — = —— —_ —
0S |V,N oV |s,N a ON |s,v

where T is the temperature of the system, P its pressure and p its chemical potential (note that
from what we have previously stated, S = 0 if and only if 7" = 0).
We thus have:

dU =TdS — PdV + pdN

and the equations:
T =T(S,V,N) P=P(S,V,N) j=pu(S,V,N)

are called state equations, which are the relations we were looking for that bound the thermody-
namic variables of a system.

Let us note that once the entropy S(U, V, N) of a system is known, all its thermodynamics can
be straightforwardly derived: it is in fact sufficient to invert S and express U as U = U(S,V, N)
and then take some derivatives in order to obtain all the state equations of the system.

4Since they are derivatives of a homogeneous function of degree one, they are homogeneous functions of degree
zero.
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Let us also briefly see that, for example, T" is indeed the temperature of a system, namely that
if two systems with different temperatures are allowed to exchange internal energy they will
finally reach an equilibrium where both have the same temperature. Let us call 1 and 2 these
systems, which can be represented for example by two compartments of a box, each of volume
Vi, containing [V; particles of gas (not necessarily of the same kind), at temperature 7; and with
internal energy U; (with ¢ = 1, 2), separated by a wall that allows the exchange of heat (namely
internal energy), but not particles (it's impermeable) or volume (it’s fixed).

Once the systems are in thermal contact, they will reach a new equilibrium, which will be a
maximum for the entropy, namely dS = 0 in the final state. However, since the whole sys-
tem is isolated the total internal energy U; + U; must remain constant in the process. Thus
(remembering that dV = dN = 0):

dS =0 dS1 4+ dSs = 7-dUy + £:dU; =0
= 1 2 =
U +Uy;=0 dU; = —dUsy
1 1
dS=|(—+—=]dU1 =0
= S < T T2 > 1
and since dUj is an arbitrary (non null) quantity, in the final state we have:
1 1
——==0 = T, =T
T 1 2

and so the two systems will have the same temperature.
It can also be shown that the flow of heat goes, as intuition suggests, from the hotter to the
colder system.

1.1.3 Thermodynamic potentials

Thermodynamic potentials are extremely useful tools, whose name derives from an analogy
with mechanical potential energy: as we will later see, in certain circumstances the work ob-
tainable from a macroscopic system is related to the change of an appropriately defined func-
tion, the thermodynamic potential. They are useful because they allow one to define quantities
which are experimentally more easy to control and to rewrite the fundamental thermodynamic
relations in terms of them.

Mathematically all the thermodynamic potentials are the result of a Legendre transformation
of the internal energy, namely they are a rewriting of the internal energy so that a variable has
been substituted with another.

Fora PVT system U = U(S,V, N); more in general we can write:

U =U(S, {zi}, {N;})

where z; are called generalized displacements and N; is the number of the j-th type of particle,
and so we have:
dU = TdS + > Xidw; + Y _ p;dN;
i J

where X; are called generalized forces.
The thermodynamic potentials that are generally used are:

— Helmbholtz free energy. It is defined by:

F=U-TS
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Let’s see that it is indeed a function of T instead of S:
dF = dU — d(TS) =dU — SdT —TdS = TdS — PdV + udN — SdT — TdS =
= dF = —SdT — PdV + pdN = F=F(T,V,N)

Let us note that from this we have:

oF oF oF

S = —— P = - — = —
oT |v,N oV |T,N a ON|Tv

We now show that F is in effect a thermodynamic potential.
For a general infinitesimal process we have:

dF = dU — d(TS) = 6Q — 6W — TdS — SdT

and thus:
oW =6Q —TdS — SdT — dF

For a reversible transformation 6¢) — T'dS = 0, and if it is also isothermal then dT = 0;
thus, for a reversible isothermal process 6W = —dF": the quantity —AF is the amount
of work that can be obtained from a reversible isothermal process, and hence the name
“thermodynamic potential”.

However, if the process is isothermal but irreversible then 6@ — T'dS < 0, so:

(6W irrisot = 0Q — TdS — dF < —dF

therefore in general —AF' is the maximum work that can be extracted from a system at
constant temperature.

We also see that if the process is spontaneous 6W = 0 and so dF' < 0: a spontaneous
transformation can only decrease the Helmholtz free energy of a system, and thus we can
conclude that equilibrium states of a system at fixed 7', {x;}, {N;} are the global minima
of F.

— Gibbs free energy. It is defined by:
G=U-TS+PV=F+PV = G=G(T,P,N)

and as we have done for F' it can be shown that G is the thermodynamic potential for
transformations at fixed temperature and pressure.

Note that in general, if a system can be characterised by a set {x; } of generalized displace-
ments (and {X;} are the corresponding generalized forces) and is composed of different
types of particles, then:

G(TAXi} AN; D) = D i (11)
J
In order to show that, we must consider the Euler identity associated to the internal energy
U. As areminder, f(z1,...,zy) is a homogeneous function of degree / if and only if we
have:
af

Taking f as the internal energy U (S, {:1:1}, {N;}), since it is homogeneous of degree one
we have:

ou
T S A
65 |xi, N Z 81:1 |S,N ; 8Nj |S,x; !
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Namely:
U=TS+Y Xizi+ Y N,
i J

Considering the general definition of the Gibbs free energy, we get precisely (L.I).

— Entalpy. It is defined as:
H=U+PV = H=H(S,P,N)

and it is the thermodynamic potential for isobaric transformations.

— Grand potential. It is defined as:
d=U-TS—uN=F—-uN =  &=3(T,V,p)

and is useful for the description of open systems, namely systems that can exchange
particles with their surroundings.

1.1.4 Gibbs-Duhem and Maxwell relations
Gibbs-Duhem relation

We start from the differential of the Gibbs free energy:

Z (9:1: 8T Z 8]\7 dNi = ZXidIEi — SdT + Z,udej
z|TN | P, i PN i

J
(where we are considering a system composed of different types of particles and that can be
characterized with different generalized displacements). However, differentiating (1.1) we get:

G =Y Njdp;+Y_ n;dN;
J J
and equating with the previous expression of dG we obtain:
SdT = Xidw; + Y Njdp; =0
@ J

which is called Gibbs-Duhem relation. We can see that as a consequence of this relation the
intensive variables of the system are not all independent from each other: in particular, an r-
component PVT system will have » — 1 independent intensive thermodynamic variables; for
a simple PVT system the Gibbs-Duhem relation reduces to:

SdT'—VdP + Ndu =0

Maxwell relations
We have previously seen that for a PV'T system we have:

v b
~ OS|VN OV SN

we also know (Schwartz’s theorem) that (since U is a sufficiently regular function) we must
have:

*U 9

ovVasS 9SOV
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which means:
oT oP

Visn SN
or similarly, deriving U with respect to S and N, or V and V:
o _on _op o
ON sy O0S|NV ON|s,v OV |sN

These are called Maxwell relations.
If we consider F instead of U, we get:

o5 _op os  _op s __on
oVirn 0T |vN ON v OP|TN ON |pT oT |\pN
or, with G:
o5 _ v os  _ on v _on
OP |T,N oT \p,N ON |pPT oT|\p,N ON|\pT OP|T,N

other similar relations can be found using other thermodynamic potentials or also for magnetic
systems.
The usefulness of these relations will become clear in the next section.

1.1.5 Response functions

Response functions are quantities that express how a system reacts when some external parame-
ters are changed.
Some important response functions for a PV'T system are:

— The isobaric thermal expansion coefficient:

10V

PV PN

— The isothermal and adiabatic compressibilities:

__lov. 194G
= VOPirN  VOP?2TN
1oV 1 0°H

S= "o an

V OP|s,N T TV op? |S,N
(the minus sign is needed to make them positive)

— The specific heats at constant volume and pressure:

oo 8@ _jos o
V=0T 0T OT2jvw

5Q aS 892G

Cp=—2 =T— =_-T-—
P oT |p.N oT |pN oT? |pN

— For a magnetic system, a very important response function is the isothermal magnetic
susceptibility:
oM 9*G
= 9H r T T oHr
where of course H is the external field. To be more precise, this should be a tensor instead

of a scalar:
oM,

X100 = By
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As we can see, response functions are related to the second derivatives of thermodynamic po-
tentials.

With the response functions and Maxwell relations we can express many quantities otherwise
hard to guess.
For example, suppose we want to know what

o5
oV |T,N

is. Using Maxwell relations, we have:

s _or
oVirN 0T |vN

and using the fact that:
opP oV 0T

il - il =1 1.2
0T \v,NOP |1, NOV |PN (12)
(which comes from mathematical analysiﬂ, then:
ov
oP B 1 _ 9T|pN _ ap
a7 - T v aT - T v T Ko
OT \v.N P |T,N OV |P,N P |T,N T

Now, response functions must obey some simple yet important inequalities, which come from
the thermal or mechanical stability of the system.

For example, Cp = 6Q)/ dTip > 0 and Cy = 6Q / Ty > 0, since giving heat to a system will
increase its temperatureﬂ Similarly K7, Kg > 0 since an increase in pressure always decreases
the volume.

With Maxwell’s relations we can also obtain some equations that will be useful in the future.
Let’s start considering a system with a fixed number of particles (namely dN = 0) and such
that S is explicitly expressed in terms of 7" and V. Then:

08 oS
dS=— dI'+ — d
S oT' |v + oV r v

Dividing by dT" both sides keeping the pressure constant, and then multiplying by T

05 05 05 v 0s oV
792 _p%  _p95 9F oy =122 9%
arr Loty laveare < POV TTaviar

5In fact, let us call z1, x» and x5 three variables, and define:
x1 :f1($2,$3) 172:f2($1,$3) X3 =f3(9€17$2)

Now, we have that 23 = f3(z1, f2(x1, x3)) and so deriving with respect to =3 and =1 we get:

_Ofs 0f fs _ 1 _Ofs | 0fs 0F> Ofs _ _0fs 0f2
1= 81‘2 (9233 = (9.1‘2 - % 0= (9231 + 8I2 8$1 = 81‘1 - (91‘2 81‘1
Therefore we have indeed:
s 01 02 _
8:51 8372 3%3
This way we can find relations similar to equation (I.2), for example:
oS ov OF 1 0S ON oE -

W\E,N@iE\S,N%WﬂN - 67N|E,V87E\S,Vﬁ\N,V -

®There are a few cases where the opposite occurs, but are rather exotic. The most notable ones are black holes.
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Now, using the Maxwell relation 8.5/0V|p = 9P/9T}y and (1.2), namely:

or _ or ov
oT\v oV roT|p
we get:
oP (9V \? TV
Cp—Cy=-T— |+ = a7
Py aV|T<an> Kr 7
Similarly, for magnetic systems we have:
T (OM\?
— - - [ = 1.
Cu—Cu XT(3T> (1.3)

Since all these quantities are positive, we also see that:

Cp >Cy Chy >Cyp

1.2 Thermodynamics of phase transitions

1.2.1 Phase transitions and phase diagrams

Experimentally, any element or compound can be found, depending on the thermodynamic
conditions in which it is, in different phases. When we say that a system is in a particular phase
we mean that its physical properties (like density or magnetization) are uniform.
We have also seen that the states of equilibrium for a thermodynamic system are minima of
appropriate thermodynamic potentials.
Let us consider for example a PV'T system and its Gibbs free energy G(7, P); the molar Gibbs
free energy will be:
G(T, P)

N
and we can describe the thermodynamic properties of the system in (g, 7', P) space.
Let us suppose for example that the system can be found in two phases a and 3 (for example
liquid and solid), and call g, and gz their respective molar Gibbs potentials; then for given
values of 7" and P the stable phase will be that with the lowest value of g: for example, if we
have ¢.(T, P) < g3(T, P) then the system will be in phase a. Therefore there will be regions in
(T, P) space were the most stable phase will be & and others in which it will be 3.
A phase diagram is a representation of these regions in the appropriate parameter space (for the
PVT system we are considering, (T, P) space).
If we now plot the values of g as a function of 7" and P in (g, T, P) space for every phase of the
system, we can determine the regions where the two phases will be the stable ones, namely we
can determine the phase diagram of the system, as shown in figure
The very interesting region of this space (and the one on which we will focus our attention in
this section) is the line where the surfaces of the two phases intersect: along this the two phases
coexist, and when the system crosses it we say that it undergoes a phase transition.

g(T,P) =

Obviously, what we have stated can be generalized to systems which exhibit an arbitrary num-
ber of phasesﬂ

For a PVT system the phase diagram can be represented by a surface in PV'T space described
by a state equation like f(P,V,T) = 0 (with f a function depending on the particular system
considered).

"There are however constraints on how many phases can coexist at a given temperature and pressure, see
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[ stable

« stable

Figure 1.1: Stability of phases

P P
. 2
liquid %
solid T. : liquid-gas
3 coexistence
gas :
T : 3 v
(a) (T, P) projection (b) (V, P) projection

Figure 1.2: Projections of phase diagram for PV'T systems
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H M
pos. magn. :
neg. magn. ?Tc !
magnetic paramagnetic

(a) Phase diagram for a magnetic system in (7', H)

space (b) Magnetization as a function of the external field

Figure 1.3: Magnetic systems seen in different parameter spaces

In this case it is more useful to consider the projection of this surface on (7', P) and (V, P)
planes. Generally these projections look like those shown in figure (there are however
notable exceptions, like water for example). In particular, PV'T systems are generally charac-
terized by the existence of a triple point (see and a critical point in the (T, P) phase diagram
(in figure these are determined, respectively, by the temperatures 7; and T¢).

The existence of a critical point has a very intriguing consequence: since the liquid-gas coex-
istence line ends in a point, this means that a liquid can continuously be transformed in a gas
(or viceversa), and in such a way that the coexistence of liquid and gaseous phases is never
encountered?®]

Obviously, our considerations are valid also for different thermodynamic systems.

For example, if we consider a magnetic system and its (7, H) phase diagram (where H is the
external magnetic fieldﬂ), then we find another critical point as shown in figure m

In this case when T' > T, the system is paramagnetic, namely it has no spontaneous magne-
tization when H = 0; when T' < T however, the system is magnetic and its magnetization
can be positive (the total magnetic dipole moment M points upwards) or negative (it points
downwards), and depends on the sign of H.

The same system in (H, M) space is represented in figure[1.3b|for different values of the temper-
ature; in particular, we can see that when T' < T the magnetization M has a jump discontinuity
at H = 0.

1.2.2 Phase coexistence and general properties of phase transitions

In order to understand a little bit more about phase transitions and the coexistence of different
phases, let us consider a PV'T system in the liquid-gaseous transition.

The projection of the phase diagram in (V, P) space is shown in figure where we can also
see clearly the presence of a critical point.

Let us now focus on the region of liquid-gas coexistence; physically, what happens (and what
can also be understood from the figure) is that the system exhibits both a liquid and a gaseous

81t can be legitimately asked if such a point exists also for the solid-liquid transition. As far as we know this
doesn’t happen, and a reasonable explanation for this has been given by Landau: critical points can exist only be-
tween phases that differ quantitatively and not qualitatively. In the case of liquid and gas, in fact, the two phases
have the same internal symmetry (both are invariant under continuous spatial translations) and differ only for the
mean distance between the particles, while the solid and liquid phases have qualitatively different internal symme-
tries (solids are invariant only under discrete spatial translations).

“For simplicity, we are supposing that the real magnetic field H, which is a vector, is directed along an axis, for
example the vertical axis, so that we can consider only its magnitude H and thus treat it as a scalar.
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phase, and it is possible to change the volume of the system without changing its pressure at
fixed temperature. This means that the work we do on the system is used only to change the
proportion between the phases (breaking or forming molecular bonds, on a microscopic level).

Let us now consider a slightly more general situation: suppose we have an isolated single-
component thermodynamic system described by the internal energy U and extensive variables
z; (generalized displacements); if the system is subject to reversible processes then from the

expression of dU we get:
1 X

K3
where X; are the generalized forces relative to the generalized displacements z;.
Let us now suppose that two phases o and 5 coexist and that they can exchange U and x
(namely, they are systems in contact with each other). At equilibrium the total entropy S =
S« + Sg must be maximized, and since the whole system is in equilibrium we also have dU,, +
dUs = 0 and dz; o + dz; 3 = 0. Substituting in we get:

1 1 7,00 i,0
a5 = (2 = L) v, -3 (e - K8 gy, o
S (Jg Tb) ( T, Ts > Zia =0

Therefore, since dU,, and dx; ,, are arbitrary positive quantities, we must have:

T, =1T;s Xia=Xip

Considering our PVT system again, since the generalized displacements that are needed in
order to describe it are the volume V' and the number of particles NV, when two phases coexist
we have:

T, =1Ts P, = Ps Mo = 13
Since, as we have shown in[1.1.3} the Gibbs free energy is G(T, P) = puN (for a single-component
PVT system) then g(7', P) = 1 and so when two phases coexist we also have:

ga(T,P) :g@(T,P)

This equality must hold along the whole coexistence line in (7', P) space and so if we know
a point in this space where the two phases coexist we can, at least locally, “reconstruct” the
coexistence line. In fact we have dg, = dgg, namely:

dP _ Sa—S8 Log

dge = —8,dT dP = dgg = —sgdT dP = —
Ja Sa + Vq 9B SB + vg dT|c0ex. Vo — Vg T(Ua - 'U,B)

(1.5)
where s = S/N and v = V/N, and by definition L, s is the molar latent heat needed to bring
the system from phase 3 to phase a. This is known as Clausius-Clapeyron equation.

From the expression of dg, = dgg we can also understand some very general properties of
phase transitions. In fact, from the first part of (1.5) at phase coexistence we have:

0gp 09a

5 .
- —As>0 3P~ 9P

et/ e =Av>0
orp 0T \|p Y

This means that when the system undergoes a phase transition its volume and its entropy have
a jump discontinuity; as we will later see in more detail, since in this transition the first deriva-
tives of a thermodynamic potential have a jump discontinuity, we call it a first order transition.

A similar behaviour can be encountered in magnetic systems, where the magnetization M has
a jump at H = 0 for temperatures lower that the critical one; in this case since M = —0F/0H
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we see that the first derivative of the free energy F' with respect to H has a jump discontinuity.

Furthermore, if we consider our system at the critical point we see from figure that the
isothermal compressibility:
1oV

T VoPp
diverges when V' = V..
Similarly, the magnetic susceptibility xr of a magnetic system at its critical temperature di-
verges when H = 0and M = 0.
As we will see further on in the divergence of response functions is a typical behaviour
of thermodynamic systems in the neighbourhood of critical points and has important conse-
quences.

1.2.3 Gibbs phase rule

Until now we have not considered any constraint on the number of phases that can coexist in a
system at given values of 7" and P. However such constraints exist and are given by the Gibbs
phase rule, which we now derive.

Let us consider a system composed of ¢ different components and with ¢ coexisting phases
(which we will label with roman numbers I, I etc.); from what we have previously stated 7'
and P must be common to all phases, and all their chemical potentials must be equal. However,
in order to specify the composition of the system we need only ¢ — 1 variables, namely the
ratios of the concentrations of the various components with respect to the concentration of a
previously chosen component. Therefore the chemical potentials will depend on 7', P and ¢ —1

relative concentrations (z!, ..., 2°7!), not necessarily common to all phases. We therefore have:
1 1 -1 1 1 ~1 1 1 ~1
pi(T, Pyxy, .2y ) = pp(Ty Py, oo afp ) = oo = po (T, Pyag, .o )
j 1 —1 j 1 -1 ' 1 -1
pp(T, Py, ..., 27 ) = pp (T, Pxgy, .. a5y ) = = pl (T, Py, ... ,x5 )
C(T P 1 c—l) — ,C (T P 1 c—l) — .= C(T P 1 cfl)
125 s ,xl,...,xl Krr s 7.’13][,...,3311 Hgo s ,$4p,...,$4p

We therefore have 2 + ¢(c — 1) variables and ¢(¢ — 1) equations; if we want a solution to exist
we must have at least as many variables as equations, namely 2 + ¢(c¢ — 1) > ¢(¢ — 1). This
means that:

p<c+2

which means that the maximum number of coexisting phases in a system composed of ¢ dif-
ferent substances at fixed temperature and pressure is ¢ 4+ 2. In particular, we see that for a
single-component PV'T" system we can have at most three coexisting phases for a particular
choice of T" and P: this is the triple point that we have already encountered.

Equivalently, we can say that in general the number of independent variables with which we
can choose to describe the system at the coexistence of phases is:

f=24¢plc—1)—clp—1)=c+2—¢p

called thermodynamic degrees of freedom.
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solid

P e

Figure 1.4: Projection of the phase diagram of a PV'T system in (7', p)space

1.3 Order parameters

A very important feature of a thermodynamic system that, as we will see later on, is very im-
portant if we want to study its behaviour near a phase transition or a critical point is that of
order parameter. By order parameter we mean a characteristic quantity of the system which is
nonzero for T' < T, and that vanishes when 7" > T.. This quantity can be taken as a sort of
“measure” of the order of the system: in fact when the temperature of a system is lower than
its critical one the system will exhibit some kind of “order” that was not present at higher
temperatures (due to the strong thermal fluctuations), and accordingly the value of the order
parameter will keep track of that.

Let us see a couple of examples in order to make these statements more comprehensible.

Let us consider a fluid and the projection of its phase diagram in (7', p) space (which is of course
equivalent to (7, V') space), which is represented in figure As we can see the difference be-
tween the densities of the system in its liquid and gaseous phases p; — pg vanishes when T' > T,
(because for those temperature there is actually no distinction between a liquid and a gas) and
grows as the temperature drops under the critical temperature. Thus, this difference of densi-
ties can be taken as the order parameter of the system (the “order” consisting in the less chaotic
motion that the particles have in the liquid phase).

Let us now consider, on the other hand, a magnetic system and the projection of its phase di-
agram in (M, T') space when H = 0, as shown in figure 1.5/ (where the symmetry of the curve
is due to the fact that, as we have seen at the end of the magnetization of the system can
point upwards or downwards). In this case, we see that the magnetization M itself satisfies
the right requirements in order to be the order parameter of the system (and in this case the
“order” is quantified in the amount of spins that point in the same direction).

A very important feature of an order parameter, as we shall see when we will be discussing the
statistical mechanics of critical phenomena, is its nature: the properties of the system and its
behaviour near a critical point will depend strongly on the fact that the order parameter of the
system is either a scalar, a vector, a tensor etc.

Sometimes, order parameters can be distinguished in conserved ones (like in the case of a
fluid, where the average density of the system remains constant during the transition) and not
conserved ones (like the magnetization of a magnetic system).
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M

Figure 1.5: Phase diagram for a magnetic system in (7, M) space for H = 0

1.4 Classification of phase transitions

As we have partially seen, not all phase transitions are similar since they can exhibit different
behaviours and characteristics.
There are in fact several ways that have been introduced in order to classify them:

— Thermodynamic classification: according to this classification, phase transitions can be
divided in two groups:

— Those which generate latent heat

— Those which don’t generate latent heat

— Ehrenfest classification: according to this classification, a phase transition is said to be an
n-th order transition if the n-th derivative of any of the thermodynamic potentials of the
system is discontinuous at the transition.

For example, according to Ehrenfest’s classification the solid-liquid or liquid-gaseous
transitions for a fluid are all first order transitions. On the other hand, an example of
a second order transition is the conductor-superconductor transition for a metal, since in
this case there is a jump in the specific heat (which is the second derivative of the free

energy, see(l.1.5).

However, Ehrenfest’s classification is ultimately incorrect since at the time it was formulated it
was still not known that in some transitions there are thermodynamic quantities that actually
diverge instead of exhibiting a simple discontinuity.

— Modern classification: it is essentially a generalization of Ehrenfest’s one; according to
this classification a phase transition is said to be:

— first order if there is a jump discontinuity in one (or more) of the first derivatives of
an appropriate thermodynamic potential (which depends on the system considered)

— higher order, continuous or critical if the first derivatives of the thermodynamic
potentials are continuous, but the second derivatives are discontinuous or diverge

1.5 Critical exponents and universality

We know that when a system is in the neighbourhood of a critical point its thermodynamic
quantities have peculiar behaviours (they change with the temperature, eventually diverging).
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We can however ask ourselves how this quantities depend on the temperature, and for this we
introduce the concept of critical exponents; as we will see their study will give rise to surprising
and fundamental observations, and we will also understand why they are so important in the
study of critical phenomena.

Since we are only interested in the proximity of the critical point we define the reduced tempera-

ture:
B T-T.

T

so that when ¢ = 0 the system is at its critical temperature.
If F'(¢) is a generic function of ¢, the critical exponent A associated to this function is defined as:

t

) e iy BE@L
t—0 In ‘t‘

In other words, we can write:
t~0 |, 1\
F(t) ~ [t]

Note, however, that we are unjustifiably supposing that the critical exponent \ is the same for
both the limits ¢ — 0T and ¢ — 0~; to be explicit, more in general we should have written:

t=~0

F(t) "= [tM1 + at™)

where a is a generic constant.

At this level, we are assuming that the two limits give the same result only for the sake of
simplicity: however, in the framework of the scaling theory (see chapter [7) and of the Renor-
malization Group (see chapter [8) this can be rigorously proved, so we are a posteriori justified
to make this assumption.

Depending on the thermodynamic quantity that we are considering, the relative critical expo-
nent has a different name. For example, considering a fluid we know that its specific heat at
constant volume diverges at the critical point, and we call its relative critical exponent o so
that:

oy =

(where obviously a > 0, as will always be in all the other cases).
On the other hand, the critical exponent associated to the order parameter of the system is
called 3, so again for a fluid we will have:

Pliq — Pgas ~ (_t)ﬁ

(where the minus sign is due to the fact that the order parameter is non null only for " < T,
and for example looking at figure[1.4|we could guess § ~ 1/2).

Of course all these considerations can be extended to other types of systems.

For completeness, in tables and we have written the most used and important critical
exponents for fluid and magnetic systems.

Note that we have also included two quantities, the correlation length and the correlation func-
tio which haven’t been previously introduced. We will encounter them later on (see ,
and we have inserted them here only for the sake of completeness.

OThis is a function of 7, the distance between two points of the system; furthermore, d is the dimensionality of
the system itself.
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Thermodynamic quantity Critical exponent
Specific heat at constant volume Cy =~ |t|~«
Density difference (order parameter) Pliq — Pgas ~ (—t)P
Isothermal compressibility Kp =~ |t|™
Pressure at critical isotherm (t =0) | P — P = [piiq — pgas|5 sgn(pliq — Pgas)
Correlation length E~|t|7Y
Correlation function G(7) ~ 1/|F|& >+

Table 1.1: Critical exponents for a fluid

Thermodynamic quantity Critical exponent
Zero-field specific heat Cy =~ |t|=®
Zero-field magnetization (order parameter) M~ (—t)8
Zero-field isothermal susceptibility xT =~ |t|77
Field at critical isotherm (¢ = 0) H ~ |[M|°sgn M
Correlation length Er |7
Correlation function G(7) ~ 1/]F]| T2

Table 1.2: Critical exponent for a magnetic system

Now that we have defined critical exponents, we must justify their importance in the study of
critical phenomena.

What makes them really interesting is that they appear to be universal: what we mean by this
is that their values are independent of the system chosen, and depend only on some very general
properties of the system; for example, if the components of the system interact via short-range
potentials, it turns outE| that critical exponents depend only on the dimensionality d of the sys-
tem and on the symmetry of the order parameter.

In other words, critical exponents are universal characteristics of thermodynamic systems, while
some other properties (like the value of the critical temperature) depend strongly on its micro-
scopic details.

As an example, let us consider the results of a famous experiment done in 1945 by Guggen-
heim. In this experiment several different chemical compounds have been taken, and their
liquid-gaseous phase coexistence curves have been measured; plotting the values of the re-
duced temperatures T'/T, and densities p/p. of these coexistence curves for the different com-
pounds, it turns out that all the data lie on the same curve in the proximity of the critical point,
and surprisingly also far from itﬂ as an example of a similar case, see figure This fact is
also known as law of corresponding states (we will encounter it again in [6.4).

All these systems can therefore be described with the same critical exponent, which fitting the
data results approximately equal to 1/3. Note that the systems studied in this experiment are
microscopically different from each other (there are monoatomic and diatomic gases, and even
CH4 which has a much more complex structure compared to them).

Now, the very interesting fact is that (compatibly with experimental errors) the same critical
exponents appear in completely different systems: the measure of the j critical exponent for the
magnetization of MnFe; gives 8 = 0.335(5) as a resul while the same exponent for the phase
separation in a mixture of CCly and C7Fi¢ giveﬁ B =0.33(2).

This property of thermodynamic systems is called universality, and systems with the same set

""From the study of several exactly solvable models, or also from numerical simulations.

2E. A. Guggenheim, The Principle of Corresponding States, Journal of Chemical Physics, 13, 253 (1945).
13Heller and Benedek, Physical Review Letters, 13, 253, 1962.

14Thompson and Rice, Journal of the American Chemical Society, 86, 3547, 1964.



20 CHAPTER 1. REVIEW OF THERMODYNAMICS

AMETHANE o ETHYLINE & ETHANE o PROPANE a n-BUTANE
WISOPENTANE +nHEPTANE wAzote o Diorv:o 9 aEa

1 .o‘ s

09— T

'_'0

50
.

o (48 s b, 4 ‘..-‘v""""”l _,a"?./

oo a & a j/
= > -
3 g N ™ ?‘:ok.,g,w# ﬂw“'
gn" _x “" 1,20 o
% o3 e. 110 v
Soa T i

T B

: { 5

02 Tad

01

o o5 10 15 20 25 30 35 40 45 50 55 60 65 70
pression réduite

Figure 1.6: Law of corresponding states (source)

of critical exponents are said to belong to the same universality class (we will be able to actu-
ally explain this phenomenon only when we will be studying the Renormalization Group, see

chapter|8).

This fact justifies the use of very simple and minimal models, with the right general properties,
in order to describe the behaviour of thermodynamic systems in the neighbourhood of critical
points, regardless of their microscopic details.

1.5.1 Inequalities between critical exponents

Critical exponents are not all completely independent: as we shall now show, from relations
that we have previously found we can deduce some inequalities that involve critical expo-
nents. The two main such relations are the Rushbrooke and Griffiths inequalities. We will limit
ourselves to show explicitly only the derivation of the first one.

In we have shown a relation, namely equation (1.3), for magnetic systems that involve the
specific heats at constant field and magnetization:

T [OM\?>
CH‘CM—XT(M

We thus have (since U, is surely positive, because giving heat to a system at constant magne-
tization will always increase its temperature):

T (OMN\? T [oM\? T [OM\?
Cr %+H<W>_M<W> - %_M<W>

If we now suppose H = 0 and T slightly lower than the critical temperature T¢, from the
definitions of critical exponents we have:

oM
C Ntia Nti’y N_tﬁfl
i~ It xi~ =~ (1)
Thus substituting and remembering that 7" < 7

(T.-T)*>A-T(T.-T)26Y =  (.-T)y =26 > 4.7
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where A is a (positive) constant. Taking the limit 7" — T :

lim (T, —T) @228 > A. T,
T—-T.

and this inequality can be satisfied only if the left hand side doesn’t tend to zero. This happens
if —a—~v+2+ 23 <0, namely:
a+28+v>2

This is the Rushbrooke inequality.
The Griffiths inequality, on the other hand, is:
a+pB(1+45)>2

and can be obtained from the fact that the free energy is a convex function.

At this level they are both inequalities; however, when the first critical transitions were studied,
numerical simulations showed that the critical exponents satisfied them as exact equalities. We
will show much later on (see [7.1.1), that once assumed the static scaling hypothesis Rushbrooke
and Griffiths inequalities will become exact equalities.
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Chapter 2

Brownian motion

2.1 Random walks and diffusion

Random walks have been introduced historically in order to explain the completely random
motion exhibited by pollen grains in water (the so called Brownian motion). Einstein was the
first to show that this particular behaviour could be explained, in terms of random walks,
as the result of the impacts of the pollen grains with water molecules: since at the time the
discrete nature of matter was still not universally accepted, this was one of the first theoretical
predictions of the existence of atoms and molecules, which was later proofed experimentally.

2.1.1 General properties of random walks

We will now study the general properties of random walks.

Consider a point particle in the real axis starting form the origin and moving by steps s; (which
can be thought to be done at times iAt) independent from each other. Supposing that s; = +1
(namely the particle can make one step to the right or left each time) the position of the particle
after N steps (note that the number of steps done is proportional to the time passed) will be:

TN =81+S2+ -+ sy

What we would like to understand is the following: if we make the same particle start from the
origin for N times and move freely, what is its average behaviour? Equivalently, if we make
N different independent particles start at the same time from the origin, how will the system
evolve and which will be its properties?

Since the particles at every step have the same probability to go right or left, namely p(s; =
1) =p(s; = —1) = 1/2, then:

N
(=1)=0 = (xN) :Z<5i> =0

=1

1
<5i>:§'1+

so the mean position is not really relevant. We can however compute the variance from this
mean position to understand how the particles are distributed:

N 2 N N
7 = (k) — (an)? = (a%) = <<Z ) > - <Z > "2

However, since the steps are independent we have (s;s;) = (s;) (s;) if i # j. In other words:

<S‘S_>:{<si><sj>=o i
" (s3)=1 i=j

25

= (si85) = 0ij
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so that:
N N
0'12\7 = Z (Si8j> = Z 5@']’ =N
1,5=1 3,7=1

Therefore, after N steps the particles are distributed in a region of width o = v/ N

This allows us to highlight a great difference with the more familiar uniform linear motion: for
random walks the mean displacement does not grow linearly with time, but depends on its
square root.

If we now move to three dimensions, calling 5; the random steps the position of one particle
after N steps will be:

N
N = E 5
i1

and supposing |5;| = ¢ Vi, then:

i=1
since the §;-s are uniformly distributed on a sphere.
We will also have (5;%) = ¢? and therefore this time:

) () =0 i# ) .
<5'§j>={2;.258252 zii = (5i-8) =0y

so that the variance after NV steps is:

N N N
ox = ("N*) = <Zs§jsj> =D (5 &) =N
=1 i

i=1 ij=1

Therefore, this time the particles will be distributed in a region of linear dimension oy = /v N ;
as in the previous case, the variance increases with the square root of the number of steps
(namely, the square root of time).

2.1.2 The diffusion equation

Let us now return to the one-dimensional case. The question we would like to answer now is
the following: in the continuum limit, if we make many different independent particles start
from the origin at the same instant, supposing that they undergo a random walk where the
length of each step is regulated by a probability distribution x(¢), how many particles will
there be at time ¢ in the interval [z, z + dz]?

We will see that the answer to this question leads us to the diffusion equation.

Let us suppose that (¢) = 0 and ((*) = a?, with a finite (which is rather reasonabl. The
position of the particle at time ¢ + At given the one at time ¢ will be:

x(t + At) = z(t) + £(t)

'The fact that (¢) = 0 of course means that the random walk is unbiased. As we will later see in we can also
consider cases where the random walk is actually biased by an external force.
Note also that, however, there can be cases where x(¢) does not have a finite variance, for example power law
distributions. In this case the resulting motion is called Lévy flight, and the main difference with a “normal” random
walk is that in a Lévy flight the particles sometimes make very long steps. Such systems have been also used to
model the movement of animal herds.
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If we call p(z,t) the particle density, then at time ¢ + At (with At a small time interval, and we
will later take the limit At — 0) we will have:

plx,t+ At) = /p(x/, t)x(x — 2')da’

In fact, a particle starting from 2’ at time ¢ will be in x at time ¢ + At with probability x(z — z’),
and so integrating over all the possible initial positions of the particles (given by the particle
density at time t) we get exactly the new particle distribution. Defining the variable ¢ = x — 2

plx,t+ At) = /x(ﬁ)p(x —L,t)dl

Let us now suppose that the step size ¢ is small compared to the scales on which p varies (which
is another reasonable assumption); this way we can expand p in a Taylor serie%
2 53 83

0
p($ - £>t) = p(l’,t) - éip(xat) + @p(xat) - 5@[)($,t) +o

2
ox 2

so that we can write:

B ap 120% £33 B
p(m,t%—At)—/X(E)(p—ﬁax—i-28362—3!6353—%--- at =

0 PelB) 0
P70 T oar 2 T 943 3
If we now also expand p for small At and suppose for simplicity that (¢*) = ca® with ¢ a
constan{’}, then:
At@_FAitQ@:ﬁ%_caf +
ot 2 ot2 2 Ox? 6 Jz3

and dividing by At:

dp  Atd?*p a? 9%p  ca® Pp

o T oo T aAiea? 6Atowd T &1
We are now interested in the continuum limit, namely At — 0 and a — 0; this means that in
general the limit of a?/(2At) is not well determined. In particular, we could have:

1. a®/At — 0, in which case 9p/9t = 0: there is no evolution
2. a?/At — oo, in which case the evolution would be instantaneous

3. a%/At — const.

The most interesting case is the last one: in fact, if we require a?/2At to be always (so also in
the limits a, At — 0) equal to a constant D, called diffusion constant, then in equation the
terms proportional to 8%p/dt? and 8°p/d2® and all the other terms in the expansion vanish}
Therefore, we find that p(z, ) must satisfy the so called diffusion equatior’}

0 0?
ap(l‘, t) = D@P(f& t)

*We also keep the third order in the expansion, to make explicit that all the terms beyond the second order vanish
in the limits we will take.

*An example of probability distribution that satisfies this requirement is the Poisson distribution.

*In particular, the term proportional to 9 p/dz® vanishes because:

ca3

C
@—ECLD—)O

°Fun fact: the diffusion equation with an imaginary time is the Schrodinger equation for a free particle (of course
provided that p is interpreted as a wave function), with a diffusion constant equal to D = 1/2m.
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which in three dimensions can be rewritten as:

a . =
ap(l‘vt) = Dv2p(x7t) (22)

Diffusion and continuity equation

We have until now not considered a very important property of p: since it is a particle density,
it must satisfy a continuity equation. This is an equation that expresses the fact that particles
cannot “disappear” and “reappear” in different points of space, but must continuously flow
from point to point.

To make things clearer let us consider a region of volume V' of our system: this will contain
a certain number of particles, which will change with time because some particles will go out
of V while others will enter into the volume from the outside, due to the continuous random
motion they are subjected to. Therefore, in terms of p(7,t) the number of particles contained in
the volume at time ¢ 4+ At will be:

/ p(7,t + At)dr = / p(7,t)dr + in — out
\4 v

where by “in” and “out” we mean the number of particles that have entered or gone out of V.
If we call J the flow of particleﬂ and 7 the unit vector orthogonal to the surface S enclosing V'
pointing outward, we can rewrite this equation as:

/ p(7,t + At)di = / p(7,t)dF — / J - AAtdS
1% v S
(where the last term is the net outgoing flow of particles). Dividing by At:

1% S

At

Taking the limit At — 0 and using Gauss theorem we get:

/E)’)df:—/ﬁ.fdf
v ot 1%

Since the volume V is arbitrary, the integrands must be always equal:

) .
ST,
*atp(r, ) \Y

Al

7, t)
This is the continuity equation associated to p, with flow .J.

Now, how are continuity and diffusion equations related?
It is immediate to see that they are equivalent if:

J(7,t) = —=DVp(7,1) (2.3)

In fact, this way:

0 - -

9P _ 5. (—Dvp) — DV?)p

ot

’Remember that in general the flow of particles J is defined as a vector such that |.J| is the number of particles

that pass through the surface orthogonal to .J per unit time and unit surface. More in general, if 7 is a unit vector
orthogonal to a surface, then J - # is the number of particles passing through the surface along the direction of 7 per
unit time and surface. If J - 7 < 0, this means that the particles are passing through the surface along the direction
of —7.
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The physical meaning of equation (2.3) is that a set of particles subjected to a random walk will
move from areas of high to areas of low concentration. In other words, the diffusion of particles
tends to “flatten” concentration inhomogeneitie{}

Random walks and central limit theorem

We now want to show a particular property of random walks, and so also of diffusive phenom-
ena: we want to see that they are coherent with the central limit theorem. In fact, this states
thatif xy = ), ¢; is a sum of independent random variables, then z  for large N is distributed
along a Gaussian: what we want to show is that this is indeed the case.

To be more precise, let us reconsider the one-dimensional discrete random walk with constant
step length a. Let us call = the position of the particle at the N-th step, n, the number of
steps that it has done to the right and n_ to the left; of course N = n; + n_, and we also call
m = n4 — n_, so that m = z/a. What we want to do is to determine the probability P(m, N)
that the particle is at position m after NV steps, and see how it behaves for large V.

Now, since the probabilities for a step to be done to the right or to the left are the same, and
equal to 1/2, the probability P(m, N) will be a binomial onelﬂ

NY) 1 1 N 1 N!
)= (o) v = () 3 = gy oy

It is easier to handle this expression if we take its logarithm:

N N —
lnP(m,N)zlnN!—ln( ;—m>!—ln< 5 m>!

Using Stirling’s approximation (see appendix|C):
1
InN!'~NInN — N + §ln(27rN)

and supposing that m is small compared to N, we can use the logarithm expansion In(1 + x) ~
x —2%/2 + - -; in the end we get:

2

m 1
InP(m,N) = 3N +1In T
Therefore, exponentiating we have that:
1 m?
P(m,N) = We_ﬁ N large

In other words, the probability of finding a particle in a given position for large times is dis-
tributed along a Gaussian, which is what we expected from the central limit theorem.

Note that the result we have just found is completely general: we have not solved the diffusion
equation in order to find it, so we can argue that the density of diffusing particles will be a
Gaussian for large enough times independently of the initial conditions. In other words no matter

"However, there are situations were diffusion (despite the presence of the negative sign in equation (2.3)) can
actually highlight and increase concentration inhomogeneities, spontaneously bringing a system from a homoge-
neous to an inhomogeneous configuration. These are called patterning phenomena.

8We can also justify this thinking that the choice of the direction of the step is regulated by the flips of a coin.
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what the initial shape of p was, for large enough times it will have become a Gaussian.

A final remark: the expression of P for large N is formally defined also for m > N. However,
this is clearly impossible: if the particle has done NN steps on the right its final position can’t be
m > N. Should we care about this problem?

Not really much, in reality: it is in fact true that formally we should also have non-null prob-
abilities to find the particles for m > N, but in practice these are ridiculously small (we are
considering events beyond N sigmas from the mean of the Gaussian!), so they do not consti-
tute a real problem.

The solution of the diffusion equation

We now want to solve the diffusion equation. For the sake of simplicity, we will do that in one
dimension, and the first approach we will use is that of a Fourier decomposition.

We begin by noting that the operators 9?/92” and the translation operator 7,, defined as
(Tof)(x) = f(z + a), commute; in fact:

0? 0? 0? 0?
(5t ) (@) = graf e+ (Tugat ) (@) = goaf(o+a

Therefore, since 9? /02 and T, commute they have a common basis of eigenfunctions. Thus, if
we find the eigenfunctions of 7,:

Top = Ap = o(x+a) = Ap(x) = op(z) =e* and A\ = e
we have also found the eigenfunctions of 9% /9%

0” 2 ik 2
@apk(a:) = —k“e " = —k“pp(x)

These are plain waves, and in order to make them orthonormal we redefine them as:

1
or(x) = ﬁ

ikx

so that we have indeed:

“+o00 1 +oo
/ (@)t (y)dk DL = 5z — )

o o)
Therefore, we can expand any given p in terms of plane waves:
1 ikx
p($7t) = 5 pk’(t)e dk
27

where py(t) are the Fourier coefficients, given by:

pi(t) = / e *p(x, t)dw
This way we have:

— = — —e' D—— = — —D e k
tp(x,t) ; Tdk 5p(z, 1) (—DFk*) p(t)e™™d
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and the validity of the diffusion equation implies that the integrands must be equal, i.e.:

0 P2
50 =—DIp(t) = pe(t) = PN (1)

Note that this means that the various Fourier modes of the initial conditions are “dampened”
as time passes, and the larger is k the the more dampened pj,(t) will be.
Therefore, substituting in p(z, t):

1 ikx 1 ikx—DE?(t—to)
= — t dk = — t o'dk
p(x,t) 2 /pk( )6 2 /pk( 0)6

Everything we have stated so far is abslutely general; we now consider a very special case: let
us suppose ty = 0 for simplicity and set p(x,0) = d(z), namely at the beginning all the particles
are located at the origin. We have:

, 1 ,
pr(0) = / e 5 (x)dr = 1 = plz,t) = o / e~ DRtk gp. (2.4)

This is a Fresnel integral, which can be computed with complex analysis using Cauchy’s theo-
rem; however, we use a “trick” to determine p without explicitly calculating it, based on the
fact that:

+o0 5
/ e dy =1

— 00

Deriving p in equation (2.4) with respect to z, we have:

% — QL e ke—DkJQt ezkl‘dk — _4 ZDt /+00 <8ake—Dk’2t) ezk‘l’dk —
T g B
_ b o~ Dk2tikz oo e ipe— DRtk g | — % p(x,t)
A Dt N 2Dt
0 ix2mp(x,t)

Therefore: )

p(z,t) = const. - ¢ D
and the constant can be determined from the normalization condition, which leads to:
1 «2

p(x,t) = e

This is the solution of the diffusion equation for the initial condition p(z,0) = §(x). Let us see
its properties:

0. After t = 0, p is a Gaussian of height 1/v4r Dt and width v2Dt: as time passes this
Gaussian lowers and widens

1. Ast — 0, p(z,t) — d(z) (comprehensibly)

2. The mean value (), of x at time ¢ is null:

(x), = /p(:r,t)xdx =0
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since the integrand is odd. Then calling o = 1/4Dt for simplicity, we haveﬂ

2 —ax?
1
_71 = _— =2Dt
f L/t

Therefore o = 2Dt , a result we already knew from the general properties of random
walks.

If we use as initial condition p(z,0) = §(x — y), then by definition p(z, t) is the Green’s function
of the diffusion equation:

1 (z—y)?
T, t) = e 4t =G —y,t
p(z,1) Dr ( )
Green’s functions can be used to solve differential equations, like the diffusion one, with an

approach different from the Fourier decomposition.
In fact, if we can (at least formally) write p as a superposition in the following form:

p(z,0) = /p(y,0)5(x —y)dy

then the general solution of the diffusion equation is:

p(z,t) = /G(:v —y,t)p(y,0)dy

Of course, both Fourier’s and Green’s methods are equivalent, but depending on the situation
and the initial conditions considered one can result more convenient than the other.

2.1.3 Fokker-Planck and Langevin’s equations

In studying the diffusion equation we have neglected the possible presence of any external
force. We could ask, however, what happens if we include them; as we will see here, we will
obtain the so called Fokker-Planck equation.

So, let’s go back to the beginning and start with the same assumptions we made in[2.1.2} with
the difference that this time we also include an external force F'. Therefore if x(¢) is the position
of the particle at time ¢, after a little time interval At it will be:

2(t+ At) = 2(t) + £(t) + FyAt (2.5)

where 7 is the so called mobility of the particles.

Depending on the nature of the system, the expression of the mobility v can vary. For example,
if our particles are diffusing through a dense fluid, the mobility will be essentially related to
the viscosity of the fluid itself; in fact, it is a known fact that the equation of motion of a body
in a fluid is (in one dimension):

mi = F — knv

where v = ¢ is the velocity of the body, 1 the viscosity of the fluid and £ a geometric factor (for
example, from Stokes’s law in the case of spherical bodies we have k = 67, with r the radius
of the sphere). In this case if ' is constant the body will rapidly acquire a drift velocity:

F

F
=0 = jc:voo:k—n = x(t—i—At)zx(t)—l—k—nAt

This result can be obtained much more easily from the fact that p(z, t) is a Gaussian.
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so in the case of particles diffusing through a viscous fluid we have v = 1/kn.

On the other hand, in the case of a dilute fluid, supposing again that F' is constant (or equiv-
alently that the free mean path of the particles is much smaller than the scales over which F’
varies) we will have:

1 F
ot + At) = z(t) + iAtQ%
where we are only considering the drift due to F' (we have neglected the possible term vAt,

where v is the velocity of the particle after a scattering, since it is isotropic and so it does not
contribute to the net displacement of the particles). Now, since D = a?/2At:

1 At2 F_1,,F20D _ FAt

m 2 m a (a/At)QD::FfYAt

and remembering also that (¢?) = a?, so that the mean displacement after a scattering is Az =
V/(?) = a and therefore (a/At)? = (v?) (the mean square velocity of the particles) we have:

_ D _ D
7T im0 T 2B

where of course Fyj, is the kinetic energy of the particles.

Now that we also know what the mobility is, we can proceed to determine how the diffusion
equation changes with the presence of the external and static force F'.
Consider an arbitrary function f(x); then:

() = [ plo.t)f(@)ds
Therefore, computing (f(z(t + At))) we get:

(fx(t+A)) = (f(x(t) + L+ FyAL) =
= /p(m, t+ At) f(x)dx = /p(:l:, ) f(z+ 0+ ~yFAt)x(£)dzdl

where the presence of x(¢) and the integration over ¢ are due to the fact that at time ¢ + At the
coordinate z will be equal to x + ¢ + vF At with probability x(¢) (just like we have seen in the
derivation of the diffusion equation in[2.1.2).

Since At and ¢ are small, we can expand f in the right hand side:

/p(x,t—l—At)f(a:)d:U:
2
:/X(e)p(x,t) [f(x)+g‘£(’yFAt+€)+2(.9l:f( FAt+ 02 + ] dadl =
2
:/p(aj,t) [f( )+% FAH—gf( >+%%( FAt)?+
2f 10°f

+55 FAt<€)+282<€2>+--~] dx

Neglecting all the higher order terms and remembering that (¢) = 0 and (¢?) = a?, we get:

/p(x,t—i—At)f(x)d:v _ /p(:c,t) <f( )+ A FAL 87f “28f> do



34 CHAPTER 2. BROWNIAN MOTION

Integrating by parts:

2 952

/p(x,t—i—At dx—/f <p 'yAtQ(Fp) 0;215) dx + p(x,t)f(l‘)nyAt\J_rg—F
2 9 o +o00
+ 5 (gl + 35w)

Assuming that p and 0p/0z vanish sufficiently fast at infinity, the last two terms are null so that
we are left with:

0 a’ 0%p
/p(:v,t—i—At dm—/f <p ’yAt—( p)+28x?> dx

Since f(x) is arbitrary, this equality holds if the remaining part of the integrands are equal;
therefore, dividing also by At:

—0o0

At R G ARy v

and taking the limits a — 0 and At — 0 with a®/2At = D = const., we have:

0 0 0
5" plx,t) = g (—7p(:c,t)F+Dajvp(:c,t)> (2.6)

This is the so called Fokker-Planck equation, while (2.5) is the Langevin’s equation.

Let us note that this is still compatible with a continuity equation, but this time the flow of
particles is given (in three dimensions) by:

J = vpﬁ— Dﬁp

where the first term is the flow due to the external force, while the second one is the usual
diffusive term due to the density inhomogeneities of the system.

Just to see the Fokker-Planck equation at work in a very simple case, let us determine its sta-
tionary solution p*(x) when F'is a uniform gravitational force, with = being the vertical coordi-
nate (which is the only significant one; we assume that the positive x direction is that pointing
downwards); since F' = mg (with m the mass of the particles), then dp* /0t = 0 iﬁ

*

—piymg+ D a/; =0 = @) =e"p(0)=e 0@ (0)
where U(z) = —mgz is the gravitational potential.

'°0f course, we could have equivalently solved the equation from a direct application of (2.6), namely from
—ymgdp* /dx 4+ DO*p* /0x® = 0.



Chapter 3

Ensemble theory

3.1 A bridge between the microscopic and the macroscopic

The fundamental question from which statistical mechanics has risen is the following: where
does thermodynamics come from?

In fact, we know that fluids and gases are made of particles (atoms or molecules) and in prin-
ciple we could use the tools of classical mechanics in order to study their motion; therefore, we
could theoretically describe the system at least from a microscopic perspective. We can how-
ever wonder how this microscopic point of view is related to the macroscopic description of
systems given by thermodynamics. In other words: how do the thermodynamic laws we know
come from the microscopic motion of particles?

What we want to do now is exactly to establish this link, i.e. to derive the thermodynamics of
a macroscopic system at equilibrium from its microscopic properties. This is the final purpose
of equilibrium statistical mechanics.

We now therefore outline the general theoretical framework that will be needed in order to
develop this theory.

Let us consider an isolated system composed of N particles, with volume V' and energy E.
Since it is isolated its energy, momentum P and angular momentum L are conserved; however,
considering the system as fixed and still we can set P = 0 and L = 0 so that the energy F is its
only non null conserved quantity. If we call ¢; and p;, respectively, the position and momentum
of the i-th particle the dynamics of the system can be obtained from its Hamiltonian:

H(Jb"'a@]\ﬁﬁla"'aﬁ]\f):Zi

(where V is a generic interaction potential acting between the particles) through Hamilton’s
equations:

— =V H — =—-VgH

dt pi dt qi

However, solving these equations for a macroscopic system is impractical for two reasons:

1. The number of particles in the system is insanely huge, in general of the order of Avo-
gadro’s number, i.e. ~ 10%3. We therefore should solve a system of approximately 10?3
coupled differential equations, which is rather impossible (also from a computational
point of view)

2. Even if we could solve them the solutions of Hamilton’s equations would give no sig-
nificant information about the system; for example it is much more interesting to know
the average number of particles that hit a wall of the system per unit time than knowing
exactly which particle hits the wall at a given instant

35
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Furthermore a lot of interesting systems exhibit chaotic behaviours, namely their time evo-
lution depends strongly on initial conditions making essentially useless any exact solution of
Hamilton’s equations.

Therefore, it is clear how a statistical treatment of many-particle systems is essential in order to
obtain relevant information and ultimately derive their thermodynamics.

The fundamental concept that allows one to develop such statistical description is that of en-
semble, which we now introduce.

Consider the generic many-particle system that we have introduced earlier, and for the sake of
simplicity call Q = (¢1,...,¢n) and P = (pi,. .., Pn) the set of all the coordinates and momenta
of the particles. The 3/N-dimensional spaces where Q and IP live are called, respectively, config-
uration and momentum space, while the 6.N-dimensional space where (Q, P) lives is called phase
space of the system, often referred to as I'.

Once all the positions and momenta of the particles have been given (i.e. once we have all the
possible information about its microscopic configuration) the whole system is identified with
a unique point (Q,P) in phase space, sometimes called microstate or representative point of the
system, and as the system evolves (i.e. the particles move, thus changing their positions, and
interact with each other, thus changing their momenta) this point moves in phase space de-
scribing a trajectory. The exact solution of Hamilton’s equations for this system would give us
the expression of this trajectory, but as we have seen before this is not a really useful informa-
tion.

We therefore change point of view: if we look at our system under a “macroscopic perspec-
tive”, in general it will be subjected to some constraints like the conservation of energy (in case
it is isolated) or the conservation of volume etc., and therefore the macroscopic properties of
a system have precise values. This suggests that we can define a macrostate of the system, i.e.
describe it only with some of its bulk properties (which is exactly the approach of thermody-
namics).

We thus have two substantially different ways to describe the same system: a macroscopic and
a microscopic one.

Now, for a given macrostate of the system there will be multiple microstates which are com-
patible with the first one, namely there are many microscopic configurations of the system that
satisfy the same macroscopic constraints (have the same energy, volume etc.) and obviously
they are all equivalent from a macroscopic point of view.

The set of all the possible microstates which are compatible with a given macrostate of the sys-
tem is called ensemble.

The approach of statistical mechanics consists, essentially, in studying the average behaviour of
the elements of an ensemble rather than the exact behaviour of a single particular system.

Depending on the constraints set on a system its ensemble changes name, and in particular
there are three kind of ensemb]es:

— microcanonical ensemble: when the system is completely isolated and has fixed values
of energy F, volume V' and number of particles N

— canonical ensemble: when the system can exchange energy with its surroundings

- grand canonical ensemble: when the system can exchange energy and particles with its
surroundings

We will now proceed to study the properties of such ensembles and see how we can link them
with thermodynamics.
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3.2 The microcanonical ensemble

Now that we have laid out the general framework we needed we can proceed to study the
properties of the microcanonical ensemble; we therefore have a system with fixed values of energy
E, volume V and number of particles V.

We have just seen that the ensemble of such a system is constituted by a multitude of equivalent
microstates; since we have no additional information we can assume that all these microscopic
configurations are equally probable. In other words, we introduce statistics in our treatment
by formulating the so called a priori equal probability postulate:

If a system is in a given macroscopic configuration it can be found with equal probability in
any of the microstates of its ensemble.

Mathematically this means introducing a constant probability density p(Q, P) in the ensemble
of the system, namely:
_ M(H-E)

p(Q,P) = B V.N)
where Q(FE, V, N) is the volume occupied by the ensemble in phase space (i.e. the volume of the
set of points corresponding to all the microstates of a given ensemble, which is a hypersurface
of constant energy E):

Q(E,V,N):/H EdF:/dFé(H—E)

where dTI" is a short notation for dQdP = HZ 1 dg;dp;. If we now divide both sides by Q(E, V, N)
we see that p(Q, P) as we have defined it has indeed the meaning of a probability den51tyl

/dP EVN /dP (Q,P)

In particular the Dirac delta is needed to make p vanish everywhere but on the hypersurface of
energy £ in phase space, and (2 in order to correctly normalize p.

Therefore since we have introduced a probability density in phase space, if in general we define
an observable O(Q,P) as a function of all the positions and momenta of the particles we can
define its mean value in the ensemble as:

(0@, P)) = / p(Q, )O(Q, P)dT

"What we are seeing now could also have been derived in a different but equivalent way.
Let us suppose that the energy of the system instead of being exactly equal to E can belong to the interval
[E,E + AE] with AE <« E. This means that in phase space the system will occupy the region enclosed by the
two hypersurfaces of energy £ and E + AE; the volume of this region can be written as:

.V, N)AE = [ dr (O[HQ.P) - B - 0 [H(Q.P) - (E+ AE))
where © is the Heaviside step function. Within the theory of distributions it can be shown that, formally, the derivative

of © is the Dirac ¢ function, i.e. dO(z)/dz = d(x), so that:

OH - E|—O[H - (E+AE)] = —%@(H — E)AE = —AE[-§(H — E)] = AES(H — E)

and thus:
Q(E,V,N) = /dPé(H - E)

On the other hand, we could have equivalently obtained the expression of p(Q, P) from the general definition of
the mean value of an observable O over this ensemble:

(O(Q,P)) = m / dr (O [H(Q,P) — E] - © [H(Q,P) — (E + AE)]} O(Q,P)

and proceeding in the same way.
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This is the value of O that we actually measure: since the microstate of the system is continu-
ously moving through the ensemble and since the time that macroscopic measurements require
is many orders of magnitude longer than the time intervals typical of microscopic dynamics,
we will only be able to measure ensemble averageﬂ

Now, the mean value of an observable is significant if its variance is small, otherwise the results
of a measure of the same quantity in the same conditions would fluctuate over a wide range
making the observable essentially meaningless; for example, since we know that a system in
equilibrium has a constant value of energy we expect that, in order to be a good theory, sta-
tistical mechanics can show that the statistical fluctuations of energy (at least for macroscopic
systems) are very small and thus negligible, but of course this consideration can be extended
to any observable (like the number of particles of a systemﬂ We will show that (fortunately!)
this is always the case.

We can however already get a taste of that in a very simple situation: consider a gas of 2N
particles in a cubic box of side L and let us mentally divide this box into two halves, the right
and the left one. We ask: what is the probability to find N — m particles in the right half and
N + m in the left one?

Since intuitively the probability to find a single particle in one half of the box is 1/2 we will

have: (28!
1 1 2N 1 2N)!
P = — e —
(m) oN+m 9gN-—m (N—i—m) 2N (N 4+ m)! - (N —m)!

where we have introduced the binomial factor because all the configurations which differ for
the exchange of particles are equivalent, since they are identical. The original question we
asked can now be rephrased as: how does P(m) change with m?

If we call p the probability to find a particle in the left half and ¢ the probability to find it in the
right one (we will later set both equal to 1/2, but let’s distinguish them for now), we have:

Pm) =g (V)

N+m
and then: 5
_ _ _ 2N—1
(N +m) = ;(Ner)P(m) _pap;P(m) =p-2N(p+q)
——

Setting p = ¢ = 1/2 we get:
(N+m)=N = (m)=0

which is rather reasonable. Therefore, we expect that the configuration where N particles are
in the right half and N in the left one is the most probable for our system. However, how much
more probable is this configuration with respect to the other ones?

In order to understand that let us also compute the standard deviation from the mean value
(N + m). We have:

2 07

o P(m) =Y (N+m)(N+m—1)P(m) = ((N +m)?®) — (N +m) =

m m

’In other words, it is impossible to measure a macroscopic quantity relative to a single microstate of the system
since in the time the measurement takes the system will have acquired many other different microscopic configu-
rations and what we measure is the average (of course weighted with the probability density of the ensemble) over
all the microscopic configurations acquired. This also relates to what we will see inand appendix

30f course this is not possible in the microcanonical ensemble, since both E and N are fixed, and will become
possible in the other ensembles.
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o
= (N Em)?) =of o 2N+ 0N ] 4 2N+ =
=p22N(2N = 1)(p+ ¢)*N 2 + p2N(p + ¢)* !

and setting p = ¢ = 1/2:
((N+m)?)=N?+ N

2
Therefore:
N N
U<2N+m> = <(N+m)2> — <N—|—m>2 = 5 = 0<N+m) = 5
This means that the relative fluctuation is:
ON+m) _ 1
(N+m) 2N

which turns out to be astonishingly small: in fact if N ~ 10?3 this relative fluctuation is of the
order of 10711, We can therefore conclude that the fluctuations of the number of particles in the
two halves from their mean values are absolutely negligible (we never observe the gas sponta-
neously occupying only one half of the system!).

We can also obtain the same result in a slightly more complicated way, but which allows us to
extract some more interesting information on the system.
In order to do that let us consider the logarithm of P(m):

In P(m) = —2N1In2 + In(2N)! — In(N — m)! — In(N + m)!

Using Stirling’s approximation (see appendix|C) for large N we get:

InP(m) ~ —2N1In2+2NIn(2N) +Inv27r-2N — (N —m)In(N —m)—
—In\27(N —m) — (N +m)In(N +m) —In/27(N +m)

and with some algebraic reshuffling we obtain:

In P(m) ~ —%m(zw) -N|(1- %) In (1- %) +(1+ %) In (1+ %)} _

~3 [ (1-F) +1u 1+ )]

(note that In P(m) is even in m, as we could have expected). If we now suppose that m < N,
and the previous computation showed that this is indeed the case, then:

m m 1 m?
(14 ) ~ =5~ 53+

and plugging this approximation to the second order in In P(m) we get:

1 m?
In P(m) = —3 In(Nw) — N + O(m?)

and exponentiating:

1 o mWQ
VN’
Therefore, we learn the interesting fact that for macroscopic systems if m < N the probability
to find m particles in excess or lack in the two halves of the system is distributed along a
Gaussian with oy = /N/2; we have therefore found the same result as before, since the
relative fluctuation is again of the order N~1/2,

P(m) =
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3.2.1 The monoatomic ideal gas

We now choose a specific system in order to do some explicit computations: the monoatomic
ideal gas. This is a system composed of free point particles that don’t interactﬁ and therefore has
the following Hamiltonian:

!

2
7

3

H(P):.Z2

The volume occupied by the system in phase space is thus:

N N N o N N
Q(E,V,N) = /ﬂ'evﬂd@/ndm (Z gm E) = VN/Hdmm.a (Zﬁf sz>
qi i=1 i=1 i=1 i=1

i=1
VN

3

where we have used the known property of the Dirac § function:

d(x)

d(Ax) = o

AeR

Now, the sum Y, 75;% is the square of the distance of the point P from the origin in momentum
space; this means that the ¢ selects a spherical surface of radius R = v2mFE in momentum
space. Therefore:

Q(E,V,N) = VN2m - Qsn(2mE)

where we have denoted with (;(R?) the surface of an (-dimensional hypersphere of radius R,

namely:
N N
Qs (R?) = / [ dsio (Z b = R2>
i=1 i=1
Let us define in general:
u(r) = [0~ )y
where p'is an /-dimensional vector. Using the properties of the ¢ function we can write:

; _ [l = R) +o(pl + R) . [d(p] - R)
QK(RZ)—/ 2171 dp—/szp

where we have neglected the contribution of §(|p] + R) since |[p] > 0. Now, since (as it can be
shown in distribution theory) the Dirac ¢ is the derivative of the Heaviside step function ©, we
have:

. 1 d
Q(R*) = — — — i
(R = 5o [ (R~ |A)dp
Ve(R)
and V;(R) is the volume of an ¢-dimensional hypersphere; its computation is shown in ap-
pendix|A} and the result is given by equation (A.2). In the end, we have:
. 1 (—1,_0/2
Qu(R?) = 7”—3[777
2RT (3+1)

*1t could be legitimately argued that strictly speaking such a system will never reach an equilibrium: since the
particles don’t interact nor collide their velocities will always be equal to the initial ones, whatever they were; for
example if in the initial state the kinetic energy of the system is held by only one particle (all the others being still),
that particle will always be the only one moving and all the remaining ones will always stay still. We can solve
this problem in two ways: we can either suppose that some interaction between the particle exists and such that
it is sufficient to establish an equilibrium but weak enough to be neglected, or we can suppose that the particles
exchange energy with the walls of the system through the collisions and that the walls “give back” this energy to
the other particles when they impact them.
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where I' is Euler’s gamma functiorﬂ Therefore:

3N—-1
N (VEmE) T
2mE (3N +1)

Q(E,V,N) = VN2m2

which, after some reshuffling, can be rewritten as:

3Ny (2rmE)3Y

UEV-N) =25V T BN+ )

(3.1)

If we now compute the probability density in configuration space, i.e. we integrate p over the
momenta, we get:

p@ = [ oep) = de = [ Py (571 - E) =

which is intuitively clear since no forces act on the particles and thus they can be found in any
point of our system with equal probability.

If we now think of our system as a cubic box and mentally divide it into a right and a left half
we will have that the probability to find the i-th particle in one of these two halves is 1/2:

1 Vv 1
p@ eV = [ dip@= vy =

and so the probability that all the particles are in the same half of the system is:

PQeV/2) = oy

This is exactly what we have already seen in

3.2.2 Statistics and thermodynamics
The fundamental postulate of statistical mechanics

We still have not established a link between the ensemble formalism that we are developing
and the thermodynamics of a system. This is what we are now going to do.

From thermodynamics we know (see and (1.1.3) that all the properties of a system can be
obtained from its entropy through appropriate differentiations; we would therefore like to de-
fine the entropy of a system within the microcanonical ensemble.

However, we have no clues on what we can do in order to define it; of course we must link .S
with some property of the microcanonical ensemble of our system, but we have nothing that
can suggest us what we might use.

After all the only really new concept that we have introduced with the ensemble formalism is
the phase space volume 2, so we can think that this is what must be related to the entropy.

SRemember that it is defined as:

andifn € Z, thenT'(n) = (n — 1)L
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We can understand that since it looks like we are at a dead end we have to “artificially” intro-
duce something, i.e. we must do some assumptions in order to proceed.
The assumption we make is the fundamental postulate of statistical mechanics:

S(E,V,N) = kglnQ(E,V,N) (3.2)

where kp is Boltzmann’s constant, needed to give the entropy S the right dimensionﬁ
Unfortunately there is no intuitive way to justify this postulate (in general we could have sup-
posed that S was proportional to some power of (2, or some other function different from the
logarithm), it is something we have to take as it is.

However this doesn’t mean that we must “religiously” belive in it; it is true that being a postu-
late we can’t really “prove” equation (3.2), but we certainly can try to see if it is “reasonable”.
In other words what we would like to do now is to verify if S as defined in the fundamental
postulate of statistical mechanics is really the entropy of a system; this means that we want to
see, even if only qualitatively, if the consequences of do agree with what we know about
the thermodynamics of a system or not.

In particular we have seen in[1.1.2that in order to obtain all the thermodynamic information we
need about a macroscopic system we just need to take appropriate derivatives of the entropy:

L _os p_os p_ 08 .
T OVIEN T  ON|EV '

T @\V,N

These relations are equivalent to those that we have actually seen which involve the derivatives
of the energy E:

_9E p-_%F _9E
-~ OS|vN OV SN H= ON |5,V
In fact, similarly to what we have seen in we have that:
os ov 0B os oN o _
OV |ENOE|sNOS|VN ON |E,v OE|s,v OS |NV
and thus:
08 1 1 OE
P=T— =-Torsz=-Tpr—=—5—
aV OF oV
ov SESe g oV
oS 1 1 OF
p="Tog=Tonvor =Ton: = 3N

Therefore what we are going to do in the following is to see if the relations written in (3.3)
follow from (3.2)).

Before proceeding let us make an observation that will be useful for the computations.
Since In 2 o< S and S is extensive, the quantity In (2 is itself extensive and thus we can always

write it asﬂ .

where f is a generic function.

%In general, we should have used a generic constant k, but at the end of the computations that allow to rederive
the thermodynamics of the system we would find out that k is precisely kg, so we use kg from the beginning just
for the sake of simplicity.

"In fact, since In ) is some extensive function f then factorizing an N we have:

WOEViN) = (BN = £ (N N VT ) = N7 (T 301) =3 ()
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Figure 3.1: Two systems in thermal equilibrium

Temperature and statistical mechanics

Let us now see how the temperature of a system comes into play within the microcanonical
ensemble.

Consider two systems, which we call 1 and 2, of volume V;, energy E;, at temperature 7; and
each composed of N; particles, with i = 1,2 (see figure , separated by a fixed wall that
allows only the exchange of energy between the two systems. We call £ = E; + E5 the total
energy and N = N; + N the total number of particles, and we know from thermodynamics
that if initially T} # 75 then after some time the two systems reach an equilibrium and have the
same temperature 7.

Now, it is intuitively clealﬂ that the phase space volume of the whole system is:

Q(E) = / 01 () Q(E — Ey)dE,

In fact the interpretation of this expression is the following: for a fixed value of F; the total
number of microstates of the whole system is ; (E;)Q2(E — Ej) (remember that £y = E — Ey),
since for any of the ; (E;) possible microstates of the system 1 the system 2 can be in any of its
Qy(E — E7) possible states; therefore the total number of the possible states of the whole system
can be obtained integrating over all the possible values of E;.

Now, since In (2 is extensive and can be written as in equation (3.4), we have (neglecting the
dependence of f on the volume, since it is fixed):

Q(E) — /dElelel<]€1>+N2f2(]€ﬁll)
and defining ¢; = E;/N;, ¢ = E/N and n; = N;/N:

Q(E) = Nl/d€1€N[nlf1(El)+n2f2(E51)]

81f this is not the case we can anyway easily obtain this result in a more “formal” way. In fact, we have:
QE) = /dl“(i(?-{, -E)= /dI‘ldl“gé(Hl +H:—E) = /dflﬁz(E —H1)
where we have integrated over dI'; in the last step. Now, using a “trick”:

QE) = /dEl/dFIQQ(E—Hl)cS(’Hl —E) = /dEl/dFlﬂg(E—El)(S(Hl - E)=

= /dElgz(E—El)/dFlé(Hl —F) = /dElﬁg(E*El)Ql(El)
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Now, this integral can be approximated using the saddle point approximation (see appendix [B).

The result is%}
oNnLfi(en) +nafa(e—e)]

\/27TN (In1f{(e7) + nafif(e — e}

where €7 is the value of ; that maximizes the integrand of ()(E), i.e. the exponent n fi(e1) +
nafo(e — €1). We therefore have:

O(E) ~

n1fi(el) — nafole —€7) =0
which means (remember equation (3.4)):

0

ai_El In Ql(E1)|E:T =

0
95, In Qs (E2) gy (3.5)
We have therefore found that from the formulation of the problem in the microcanonical ensem-
ble, at thermal equilibrium the only microscopic configurations that significantly contribute to

QU(FE) are those with F; = E} and Ey = E3, which are such that equation (3.5) holds.
From the fundamental postulate of statistical mechanics (3.2), equation (3.5) becomes:

o5 _ 05
OFvg; OB g

However from thermodynamics we know that 0S/0F = 1/T, so in the end we have:
=T

Thus from the microcanonical definition of entropy we have obtained the well known fact that
when two bodies are put in thermal contact they reach an equilibrium state were both have the
same temperaturelﬂ

Now, in order to explicitly see that the main contribution to Q(E) = [ Q(E1)Q(E — E1)dE,
comes from the configuration where F; = E}, let us expand in a Taylor series the integrand
around E; = Ef (and we write explicitly f{'(e7) = —|f'(e})| and f(e —e}) = —|f3(e —€})|
because the second derivatives of f; and f, are negative in €] and € —¢7, since they are maxima):

Q1 (E1)Qo(E — Ey) = eNmhle)tnafale=a)]l o
~ N[ fi(e) tnafae—eD)] o= N[l fi/(eD)|+nal f (e=eD)[[(e—€1)* _

— const. - e~ NI Dl =D ]E=e1) = const. - e~ [P EDn2lff (=Dl &-(B—E§)?

where we have used the definitions of £; and ¢. This is a Gaussian with variance:

op, = {(E—E})?)x N

The derivatives are intended to be taken with respect to the argument of the function:
roy_ 0 / _ 0 B
filer) = 5 filer) fole —e1) = e _51)f2(€ £1)

19 Alternatively we could have used a different approach to come to the same result. In fact from our analysis
we have that two systems at thermal equilibrium in the microcanonical ensemble are such that 9S/0F has the
same value for both, and from thermodynamics we know that two systems at thermal equilibrium share the same
temperature; thus 05/0F must be related to the temperature of a system, and since it has the dimensions of the
inverse of a temperature we can define the temperature in the microcanonical ensemble as:

1 0S

0

Also in this case we get to the result 71 = Tb.
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0 X
Figure 3.2: System with variable volume

Thus, the relative fluctuation of E; with respect to ET is:

R, 1

x ———
Eir VN
Again these fluctuations are absolutely negligible in the thermodynamic limit, as we expected,

and so indeed E7 is the only value of E that significantly contributes to Q(E) (in other words,
for large N it becomes a very sharply peaked function).

Pressure and statistical mechanics

We now want to see, just like we have done with the temperature, what role does the pressure
of a system play in the microcanonical ensemble.

Let us therefore consider a system on which we can act using a piston of cross section A (see
figure [3.2). If the pressure of the gas is P, in order to maintain the system in equilibrium we
must exert a force F' = P A on the piston.

If the gas inside the box is ideal the Hamiltonian of the system can be written as:

N
H(Q,P, X) = Bign + »_ ulgic — X)
=1

where Eyj, is the kinetic energy of the particles and u is the potential that models the presence
of the piston, so it will be a function with very small values for ¢;; < X and that diverges for
giz — X . Therefore, the i-th particle will be subjected to the force (which is of course directed
along the x direction):

0
U(Qz’z - X)

F = —
’ an'm

and the (microscopic and istantaneous) force acting on the piston will be ), F;; therefore the
force done by the piston on the system is such that:

<— > F> = PA (3.6)

We also have:

0 0
L X)) = ) X
Fi= =5 u(@iz = X) = Fzuldic — X)
from which we get:
S F= Ou 0N
—~' 40X 90X

Therefore, equation (3.6) becomes:

OH
PA= <‘ax>
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Figure 3.3: System with variable number of particles

and since V = X A we have:

Now, by definition:
OH 1 OH
<8V> - EV dr=8(H — B) Q(E,V,N) = /chS(H — E)

and therefore:
o0 oH

p— ! — _
e / dre'(H — E) 5

where with ¢'(H — E) we mean the derivative of §(H — E) with respect to H — E. Thus,
' (H — E)=—06(H — E)/OF and since FE is a parameter (it’s fixed):

o2 0 oH 0 oP 00

—=—7= [ dl' = —E)=—=(QP)=Q-—+ =P
ov = or | Tov M E) = 5RO =G5t op
QOH/OV)=—QP
Dividing both sides of the equation by {2 we get:
0 oP 0

and considering the definition (3.2) of entropy:

95 _, 0P 05 _, 0P P
ov_ Por T o Por T

We know that S, V and E are extensive quantities while P and T are intensive; therefore 0.5/0V

and P/T are intensive while 9P/0E o N~!. This means that in the thermodynamic limit

OP/OFE vanishes, and thus:
P 0S

T v
which is exactly what we were looking for (see (3.3)).

Chemical potential and statistical mechanics

We conclude with the chemical potential.

Let us therefore consider a system like that represented in figure namely a system divided
into two subsystems 1 and 2 connected by a hole that allows the exchange of particles. Its
Hamiltonian will be:

H=H1+ Hs
where:
S/ 20 _ ) .
Hi_; o —I-ZJZ;H;V(QJ‘ — QK ) 1=1,2
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and V is the interaction potential.
If we suppose that the hole that connects the two subsystems is long enough they will not
interact with each other; calling IV the total number of particles we will have that:

N E
Q(E,V,N) = /drldrza(’ﬂl +H—E)= Y / dEQ1 (Ey, N1 )Qo(E — Ey, N — Ny)
N=0"0

where we are summing over N because the possible configurations of the system now include
the number of particles that are in the two subsystems.
If we now divide [0, E] in very small intervals of width A, we can write:

E/A

E
/O dEf(By) = A f(id)
=1

with f a generic function, so that we have:
N E/A
QUE,N) =AD" ) 0(iA, N)Q(E —iA, N — Ny)
N1=0 i=1
If we now call Ef = i*A and Ny the values of Ey and N; for which the summand has the largest
value, we will surely have:

E
A-Q(Ef, N))Qo(E—Ef,N —N{) < Q(E,N) < (N + 1)K A (BT, NT)Q2(E— Ef, N — Ny)

(namely the largest term is smaller than the whole sum which is in turn smaller than the sum
where every term has been substituted with the largest one).
Therefore, taking the logarithm and multiplying by kp:

kpInA+ ST+ 55, <S<ST+ 5 +kpln(N+1)+kplnE
and since the entropy is extensive in the thermodynamic limit we get:

and we can also neglect the last term.
Using the microcanonical definition of entropy (3.2), since Ef and N are the values of £ and
N7 that maximize S we will have:

0
0

We have already previously encountered the first equation, which has led us to 71 = T5. Fo-
cusing now on the second one, this leads to:

0
T 92(E2, No) | py—p—p;

0
511, N1) g Ny = aN,
N3=N-N}

0Ny

Therefore if two systems can exchange particles they will have not only the same temperature
but also the same value of 9S/9N. From thermodynamics we know that this must be related
to the chemical potential 1 of the system; in particular since [i] = J and [05/0N] = J/K, we will

have:
95 _ _p
ON T
where however the minus sign cannot be predictedE-l

Remember that this, in the end, is only a qualitative way to show that the fundamental postulate of statistical
mechanics is reasonable and leads to results compatible to what we know about the thermodynamics of a system.
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Conclusions

Therefore with these qualitative reasonings we have shown that the fundamental postulate of
statistical mechanics, i.e. equation (3.2), leads to what we expect about the thermodynamics of
a system (namely equation (3.3)).

We can therefore conclude that it is indeed a reasonable assumption.

3.2.3 Some remarks and refinements in the definition of entropy

As we have given them, the definitions of the phase space volume €2 and entropy S are not
correct and can give rise to annoying problems and paradoxes.

The dimension of the phase space volume

To begin with we can note that the definition of entropy given in equation (3.2), the funda-
mental postulate of statistical mechanics, makes no sense since (2 is dimensional. In fact € is
defined as an integral over dI" and:

N kg m >V
dr = [[daidsi = [dT)= (m : LS ) =[]
i=1

Therefore, if we want to take the logarithm of 2 we must first adimensionalize it; to do so
we must introduce a constant 4 with dimensions m - (kg m/s) = J - s, so that we can actually
redefine the phase space volume as:

dar

Q(E,V,N) = /thé(’H —E)

which is now really adimensional and now equation (3.2) makes sense.

A legitimate question could now be: what is the value of h? Which constant is it?
Unfortunately, within classical statistical mechanics it is impossible to establish it; only in quan-
tum statistical mechanics the constant h acquires a precise meaning, and in particular it turns
out that & is Planck’s constant:

h=662-10"*7]s

Let us finally note that dividing Q by h3" and integrating over the phase space can also be inter-

preted as dividing the whole phase space in cells of volume h3, thus “discretizing” the possible
states of the system considering as equivalent all the points inside a Cel and summing over
these cellﬁ in this sense the entropy gives a measure of the quantity of such possible states.

Extensivity of the entropy and the Gibbs paradox

Even with the introduction of h we still have some problems. In particular, from the expression
(3.1) of Q(E,V, N) for an ideal gas we have:

3N 3 3 3 3 3
InQ(E,V,N)=1In <2E> —3N1nh—|—N1nV+§ln7T—|— §Nln(2mE) - iln <2N> —|—§N

2In other words, we consider all the points inside a cell to represent only a single state. This is just an “approx-
imation” in classical statistical mechanics, but in quantum statistical mechanics it turns out that there really is only
one state in every of those cell in phase space.

BTo be a bit more precise: the error that we make approximating the integral over the whole phase space with a
sum over cells of linear dimension h is perfectly negligible. This is due to the fact that & is ridiculously small with
respect to the common scales of a macroscopic system.
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Since E and N are both extensive, E//N is intensive and thus remains constant in the thermo-
dynamic limit; this means that for large N we can neglect the first termﬁ so that in the end:

amm E\*?| 3
and therefore the entropy of the system will be:
arm E\*?| 3

This expression is rather problematic. In fact, first of all we can note that written in this way it
is not extensive since it contains terms like N In V' and N In N. Furthermore, gives rise to a
catastrophic paradox known as the Gibbs paradox.

In order to understand it let us consider a system divided by a wall into two subsystems each
of N; particles of mass m;, volume V; and energy E; (with ¢ = 1,2). The entropy of the system

in this initial state is:
Ve 47 mo & 3/2
R N,

If we now remove the wall the two gases will mix and the entropy of this final state of the
system will be:
i maoly %NQ
Ny

Therefore, the entropy of the system will have changed during this process by the amount:

(V1 + VQ)NHFN2 i+ i+ Vs
= Nyl Nyl
AL e R A R

—|—N21n

3 47Tm1E1 3/2
i = —kp(N1 + N k< N1l —_—
Si = Skp(N1 + No) + B{ 11n Vl<h2 N1>

(NI

3
3 4 \ 2N B
Sy = ikB(Nl + No) + kgln [ (V] + Vg)Vith2 <7T> <m1 1)

3h? Ny

AS =S;— 8 =kgln

called entropy of mixing, which is always positive. If m; # mx this is a correct result, since the
mixing of the two gases is an irreversible process.

However, since AS doesn’t depend on m; and ms this result holds also in the case m; = ma.
But this is a paradox: the mixing of two identical gases is a reversible process (we can recover
the initial state reinserting the wall) so the entropy of the whole system shouldn’t increase if
we remove the wall. Furthermore, the fact that AS > 0 also when m; = mg is catastrophic
because it means that the entropy of a system depends on the history of the system itself, rather
than on its state. But this ultimately means that entropy doesn’t exist at all: consider a system
of energy E made of IV particles contained in a volume V; then we can think that this system
has been obtained from the union of M pre-existing subsystems, with M arbitrarily large. This
means that the entropy of the system has increased an arbitrarily large amount of times from
its initial value, and therefore the entropy of the system in its final configuration (energy E,
volume V/, N particles) is greater than any arbitrary number: in other words, assuming as
the entropy of an ideal gas we would conclude that the entropy of any ideal gas is infinite!
There’s clearly something wrong with the definition of entropy we have given. How can we

“Note that this means that in (3.1) we can simply drop the term 3N/2E (which is what we are going to do in the
future), since it divides the phase space volume by a negligible amount. In fact, from the fundamental postulate of
statistical mechanics we have that multiplying €2 by an intensive factor is equivalent to adding a constant to
the entropy; however the entropy of a typical system is so large that adding such a constant doesn’t change sensibly
its value. In other words the phase space volume (2 is so large that multiplying it by a constant does not change
significantly its value.
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solve this problem?

We know that in classical mechanics identical particles are distinguishable; however in order
to solve the Gibbs paradox we must treat them as undistinguishable, just like we would do
in quantum mechanics: this way if we exchange two particles the representative point of the
system in phase space won’t change. Now, since IV particles can be exchanged in N! different
ways there will be N! different configurations of the system relative to the same representative
point. This means that we must redefine the phase space volume of the system reducing it by
a factor N! (which is sometimes called Boltzmann factor):

1 [ dr
Q(E,V,N) = N'/h3N5<H E)

In this way we can solve all the problems we have described. In fact, using this definition of
the phase space volume in the case of the ideal gas we have:

VN (2rmE)3N/2
NB3N T (3N +1)

5
Q(E,V,N) = S(E,V,N) = 5 Nkp + Nkl

K 47rm£ 3/2
3h2 N

This expression for the entropy is clearly extensive since it is proportional to N and the loga-
rithm depends only on V/N and E/N. Furthermore, the computation of the entropy of mixing
of two gases now gives:

AS:kB[(N1+N2)ln<V1+V2> i VQ]

Ny ln—L — Nyln -2
Ny + N, L VA el YA

If the two gases are different, their densities IV;/V; will be different and so AS > 0 as it must
be. However, if the two gases are identical this time we have V;/N; = V3 /Ny = V/N and the
entropy of mixing vanishes.

This solution to the Gibbs paradox, however, is rather an ad hoc one. Unfortunately there’s no
way to understand where does the Boltzmann factor really come from within the framework of
classical statistical mechanics. This can be made clearer within quantum statistical mechanics:
in that case the N! comes from the fact that identical particles are intrinsically indistinguishable
and does not “disappear” in the classical limit.

Conclusions

To conclude, the correct definition of the phase space volume that eliminates all the problems
that we have mentioned, and the one we will always use in the future, is:

1 drl’

For the sake of simplicity we now redefine dI" as dlnew = dlo1q/N!h3Y (in other words we
“incorporate” the 1/N!h3Y factor inside dI'). This way, for the ideal gas we have:

VN (2emE)3N/2
NB3N T (3N +1)

Q(E,V,N) =

3.24 Some explicit computations for the monoatomic ideal gas

Now that we have fixed everything, in order to understand if what we have done until now
makes sense let us use all this machinery to see what happens when we apply it to the monoatomic
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ideal gas (which is the simplest system we can think of).
From what we have just seen above the phase space volume of the system is:

BV N = VN (2rmE)3N/?
( » Vo )_N'h?’NF(%N—i—l)

and the entropy can be rewritten more shortly as:

S(E,V,N) = Nks B - ln(pA3)] (3.8)
where:
_N N 3 N
p= |4 -~ Vdrm E

Therefore, we can now compute:

1 oS 3 kg
-2 — 2NIB
T OFwvN 2 FE
and thus: 5
E = iNk:BT

We have really obtained the expression of the energy for an ideal gas!

Now, going further:
P 0S Nkp

T :W|E,N: |4

from which we get the ideal gas law:
PV = NkpT

The efforts we have done are therefore not useless, since we are really obtaining all the thermo-
dynamics of the system from the fundamental postulate (3.2)!
This further confirms that this postulate is reasonable, and again justifies its introduction.

To conclude we can also compute the chemical potential for an ideal gas, which turns out to be:

= —Tgff'E L= kgT In = —kpTIn(pX\?)

V (4rmE 3/2
N \ 3NAh2

The Maxwell-Boltzmann distribution

We could now ask: can we determine the probability distribution of the momentum, or equiv-
alently of the velocity, of a single particle?

Since we are only interested in the probability density of the momentum of a single particle,
say the j-th one, we take the probability distribution of the whole system in phase space and
then integrate over all the coordinates we do not care about, i.e. ¢ Viand p; Vi # j, with the
constraint that p; has some given value p; this way we are left with the probability distribution
of a single particle. We therefore have:

1 N 52
p(p) = (0(pj — 1)) = Q(EVN)/dFN& (Z om _E> 5(pj — D)
T i=1
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where we have written dI' ; to show explicitly that it is relative to all the IV particles; of course
dI'y = dI'y—1dq;dp}; and so integrating over ¢; and p); we get:

1 Nflp{? 15'2
— v [dry_16 i _(p- P
p(p) Q(E,V,N)V/ N Lo ( Qm)

where for simplicity we have rearranged the indices ¢ that label the particles so that the j-th
one is the last (otherwise, the sum over i should have been written as Zi]\;# )
Substituting the expressions of (2 for the ideal gas:

v e
=——— QO F - — N-1
O(E,V, V) ( o )

o\ 13(N—1)/2
NN (3Ny VN [ (B 5|
pp) = VVN(27rmE)3N/2 (N = 1)IR3(N-1) [2(N -1)]! B

St = G| B (CE

Now, since N is large we can use Stirling’s approximation (see appendix|C) to see how:

UG )]
BN =1t
behaves for large N. We have:
3 3 3 3 3 3
and with some reshuffling we get to:
3 N 3. 3 3

If N — oo, the first term vanishes because the argument of the logarithm tends to 1; in the end,
for large IV we have:

3.3 3 3.3 3
~ZInZ 42 D~ +2InN
InA 21112 21H(N ) 9 H2 5 n

and exponentiating:

3\ 3/2
2

Therefore if we also consider that p2/2m < E, then:

s s (2 ~3/2 52\
p(p) = h°N (3 . 27rmE> (1 - 2mE>

Now, the last term becomes an exponential in the thermodynamic limit; in fact, defining ¢ =
E/N we have:

1 ﬁQ 3N/2 B 1 B ]5,2 3N/2 M::_3N/2 1 B SL—»Q i M Mi>oo 67 252
omE - 9meN - dme M

Therefore:

3N =2

9 —-3/2
p(p) = >N/ (3 : 27rmE> ¢ imp?
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Since for the ideal gas £ = 3NkpT/2, we have:
P(ﬁ) — h3N<27kaBT)_3/2€_%ﬁ2 _ (27rkaT)_3/2€_%ﬁ2+ln N+3Inh
Now, In N < N for large N and h is a constant so we can neglect these last two contributions
in the exponential; therefore:
__5?

p(p) = (27kaBT)73/2e 2mkpT
This is the Mawxell-Boltzmann distribution for the momentum. If we want to express it in terms
of the velocity ¥, then from the fact tha p(0)dv = p(p)dp = m3p(p)dv we have:

m 3/2 ma2
2\ — T 2kgT
P(0) <2ﬂk BT) 7

3.2.5 The foundations of statistical mechanics

Before proceeding to the study of the canonical and grand canonical ensembles, let us stop for
a moment to reflect on the deep reasons that led us to the formulation of the microcanonical
ensemble. This is extremely important since as we shall later see both the canonical and the
grand canonical ensembles are based upon the microcanonical one, so understanding why the
microcanonical ensemble is the way it is can help us determining the foundations of statistical
mechanics.

In particular one could note that the way we have introduced the microcanonical ensemble is
not really “philosophically” satisfying, particularly because of the a priori equal probability
postulate. We could in fact ask ourselves: is this postulate realistic? In other words: are all the
microstates of any given system really equally probable, or can we find cases where this is not
true? And if they are really equally probable, why is it so?

The topic is very wide and complicated (in its deepest nature it is still an open problem), and
since it is not essential in order to understand the rest of this chapter we postpone its study in

appendix D}

3.3 The canonical ensemble

Until now we have only considered systems with a fixed value of energy, for which we have
seen that the phase space volume is related to the entropy.

This kind of ensemble is however really restricting also because the computations made within
it are quite complicated (in [3.2.1] we had to resort to the geometry of hyperspheres in order to
compute the phase space volume of the ideal gas, which is the simplest system we can think
of!). We therefore need to generalize our considerations to systems which have V and N fixed,
but variable energy; in other words we want to see what happens when we remove the con-
straint of keeping the energy of a system fixed.

This is the essence of the canonical ensemble.

However, in order to determine the properties of this ensemble the only thing we can do is to
use the tools that we already know, namely the microcanonical ensemble. What we are going
to do therefore, in just a few words, is to consider an isolated system (for which the methods of
the microncanonical ensemble apply) and see what happens if we consider a small portion of it.

PIn fact, what must remain invariant is the probability to find a particle with a momentum or velocity in a
given interval. In other words, if p(p)dp is the probability of finding a particle with momentum in [p, 5 + dp], or
equivalently in [m¥, m¥ + mdd], we see that this is equal to the probability of finding a particle with velocity in
[0, T + dv], which is exactly p(¥)d.
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Figure 3.4: Canonical ensemble

Let us therefore consider a system like the one represented in figure[3.4; we have a macroscopic
isolated system, which we call the heat bath, at temperature 7" composed of N, particles, and
we also consider a small (but still macroscopic) subsystem of the bath containing N particles
(namely N, N > 1but N < Np,); for now N and N, are fixed so the “walls” that enclose the
small subsystem are fixed and impermeable and only allow the exchange of energy between
the two. We also call ' the energy of the whole system.

Now, since the total system (the heat bath and the small subsystem) is isolated we can apply to
it the tools of the microcanonical ensemble; in particular the probability density in phase space
of the whole system will be:

1

p(Qp, Py, Q,P) = @5 [Hp(Qp, Pp) +H(Q,P) +V(Qp, Q) — E]

where V(Qyp, Q) is the term containing the interaction between the heat bath and the subsystem.
This term must exist if we want the two systems to exchange energy, but what we now suppose
is that it is neglibigle with respect to the other terms (the energy E and the Hamiltonians).
Since we want to study the properties of the small subsystem we are interested in finding a
probability density which does not contain any information about the heat bath; in other words
we want to determine the so called marginalized probability density:

p(QP) = / p(Qb, Py, Q, P)dT}

namely:
PQP) = g [ 81Hs(@n ) = (B~ HQPY] T
Now, by definition:
Qp(E') = /5 (Hp(Qp, Py) — E') dIy,

SO we can write:
Op(E - H(Q,P))
Q(E)
From the fundamental postulate of statistical mechanics, in terms of the entropy Sy, of the heat
bath we have:

p(Q,P) =

(B — H) = s P

Since the subsystem is much smaller than the heat bath we haveﬁ] H <« E and so we can
expand Sy, around E:

W(E—-H)= eé(Sb(E)*”%Sb(E)Jr“TQ%Sb(EH...)

Tn fact, E x N + Ny, while H «x N < Ny = N + N, so indeed H < E.
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Since:
9% _ 1 #S, 01 19T 1 (9ENT_ 1
OE T OF>  OET  T?0E  T?>\0T) — T2Ch

where C‘b} is the specific heat of the bath at constant volume, then:

Now, H oc N and H?/C% « N?/N, = N(N/N,) < N: all the terms beyond the first order can
be neglecte Considering that Q(E) = [ dldl'w0(Hp, + H — E) = [ dT'Q,(E — H), this leads
to the following expression of the canonical probability density:

o TPHQP)+ 5 So(E) oc—BH(QP)

I Jle PHQP)+ £ 50(B) - [ dUe—BH(QF)

p(Q,P) =

where:
7= / dTe PHQP) (3.9)

is called partition function of the system. Sometimes e~#" is called Boltzmann weight.

3.3.1 The canonical and the microcanonical ensemble

We could now ask how the microcanonical and the canonical ensembles are related.

Since in the canonical ensemble we have removed the constraint of having constant energy,
the energy of a system will in general fluctuate around its mean value. We can therefore ask if
these fluctuations are relevant or not. In fact if it turns out that they are negligible (at least in the
thermodynamic limit) then we can conclude that the canonical and microcanonical ensembles
are equivalent.

Let us therefore compute (H) and 0%, = ((H — (H))?).
First of all, from the definition (3.9) of the canonical partition function we have:

1 107 olnZz
I R B
(H) Z/e HaT = - 5 =3

and:

2 (42 <H>2_1322 <amz>2_a21nz_ O(H) 9T (M)
op = — — = =

_——_— — = -~ = 2
“zop \" o) "o o8 g or T

= o ]25 =k BT2 Cy
This is a fluctuation-dissipation relation, which we couldn’t find using only thermodynamics.
Therefore, the relative fluctuation of energy is:

R \ kgT?CYy

(#) — (H)

Both (#) and Cy are extensive quantities, i.e. proportional to N, and therefore:

OF 1

H) VN

17They are all terms that are smaller the bigger the heat bath is.
This fact could also be justified saying that we can consider the limit where the dimensions of the heat bath tend to
infinity, therefore C% — oo and we can neglect all the terms from the second order on.
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Thus, if our system is macroscopic the relative fluctuations of energy are absolutely negligible
(as we have already seen, for N ~ 10?3 this relative fluctuation is of the order of 10711)!

We can therefore conclude that the canonical and microcanonical ensembles are indeed equiv-
alent.

3.3.2 Helmholtz free energy

Since we have just shown that the microcanonical and the canonical ensembles are equivalent
we expect that the thermodynamics of a system can be derived also from the canonical ensem-
ble, but how?

What we now want to show is that the Helmholtz free energy of a system (see finds a nat-
ural place in the canonical ensemble. In particular we want to show that Z = e=#F, where F
is the free energy of the system. This way, once the canonical partition function Z has been
computed we can obtain the Helmholtz free energy as /' = —kgT In Z, and with appropriate
derivatives we can obtain all the thermodynamics of the system (see [1.1.3).

The first thing we can note is that the canonical partition function Z can be written in terms of
the microcanonical phase space volume Q(E):

Z = / e Prar = / dl’ / dES(H — E)e PH = / dEe P / dT6(E —H) = / dEe PEQ(E)

Q(E)

(where we have only inserted a [ dES(H — E) = 1). This means that the canonical ensemble
can be thought of as an ensemble of microcanonical systems each weighted with e=#¥. Further-
more, if the Hamiltonian H is bounded below then we can always shift it by a constant amount
so that H > 0, and thus:

7 = / h e PEQ(E)E (3.10)
0

which is a Laplace transform! In other words Z is the Laplace transform of Q(E), and f is the
variable conjugated to E.
From the microcanonical definition of entropy we have Q(E) = ¢%(E)/ks = TS(E) 5o that
(3.10) can be rewritten as:

Z = / dEe PE=TS)

Now, both E and S are extensive so we can use the saddle point approximation (see appendix
to compute the integral. In particular, in order to do so we need to determine the value E of
the energy that maximizes —(E — T'S), namely minimizes E — T'S. Therefore:

P 05 os 1
C(E-TS):= 1-722 = i
g E-T9E=0 = EE " T  9EE T
and: 52 o2
1
a2 E~TE= TomE =76,

Thus, if Cyy > 0 (which is always the case since it means that giving heat to a system its tem-
perature will increase) then E is indeed a minimum.
If we now expand the integrand of Z around E:

7 / dEe P E-TS(E) =57t (B=E)+-

and the values of E that contribute significantly to Z are those such that (E — E)?/Cy < 1,
namely |E — E| < +/Cy o« V/N: for this reason in the thermodynamic limit we can integrate £
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on the whole real axis (even if E does not span R), since in this way we introduce a perfectly
negligible error. Therefore:

7 = (27T2Cykp) P e PETSE) o Iz =_B(E-TS(E))+ %m (27 T?kpCy)

The first term of In Z is extensive, while the second is proportional to In N; in the thermody-
namic limit this last contribution vanishes and so:

_ ; mZ =T — TS(E) (3.11)
This is indeed the free energy F of the system if we have E = (#). However:
(H) = % /Ee_B(E_TS(E))dE = —g mz=2 [B(E-TS(E)] =E + 5ﬁ (E - TS(E))
B a8 B
and: _
855 (B = TS(B) = 850 1 (B~ TS(E)) 5 =0

because by definition E is the value of E that extremizes E — T'S(E).
Therefore (H) = E, and the expression in (3.11)) is indeed the free energy F of the system:

Z =ePF
We also see that although the partition function formally allows the system to have any value
of energy, it is largely “dominated” by the configurations in which the system has energy (#).

3.3.3 The canonical ensemble at work

Suppose we have a system whose Hamiltonian is:

—

2
H:;?;w;v@n;;vz@,@)

(for example, U can be the gravitational potential and Us an interaction between the particles).
Then the canonical probability density is:

72

p(Q,P) = %e—ﬂzi 22 B[, UGG+ Sy V()

Note that Q and P don’t “get mixed up”; therefore, when calculating the partition function Z
we can separate the kinetic and configurational contributionﬁ

N , . o

=1

Now, since:

8This “separation” was not possible within the microcanonical ensemble and as we will later see (for example
in chapter 5) this will simplify the computations when we will consider non ideal systems, namely if the particles
actually interact; in fact since any reasonable interaction does not involve the particles” momenta but only their
positions only Qn (see below) will be affected by the presence of the interaction.
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we have:

1 [2mm\*N/? B[ U@)+3 3z U2(d,d5)]
7= \72s /e TR Sy TG AQ

In order to simplify this expression, we define the configurational partition function (or configura-
tional sum) as:

Qw = / e BIS V@] Tigy V26 g

w2
\ 27kgTm  \| kgTm

1
NIASN @V

and the thermal wavelength as:

so that, in general:

If we now consider an ideal gas, namely we set U = Uy = 0, then:

1 (VY
—yN —
ov=VEo T Z_]\T!(A3>

And using Stirling’s approximation (see appendix [C) the free energy F' = —kgT'In Z of the

system turns out to be:
N
F =kgTN [m (VA3> — 1]

Since from thermodynamics we know that P = —0F/0V, we get:
B V [ N 3\  kgTN B
P——k:BTNNA3 <_V2A>_ % PV = NkgT

We have therefore found the state equation of an ideal gas in the canonical ensemble!
We are thus really verifying that the canonical and microcanonical ensembles are equivalent.
For example, we can also compute the entropy of this ideal gas, and we get:

_OF 5 N 4

which is exactly what we have found in the microcanonical ensemble (see equation (3.8)).

Column of gas in a gravitational potential Just as another example of the power of the canon-
ical ensemble, we now want to see that in a particular case we can obtain the same results that
we can determine from simple kinetic considerations. In particular, we want to see how the
density of a gas subjected to a uniform gravitational potential varies with the height from the
ground.

We begin with the “kinetic” computation.

Referring to figure consider a column of gas subjected to a constant gravitational potential
mgz, where z is the height from the ground. The action of gravity will in some way change the
density of the particles (we expect that the gas will be more dense near the ground and become
thinner and thinner as z grows) so let us call p(z) and P(z) the density and the pressure of the
gas at height z.
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Figure 3.5: Column of gas subjected to gravity

Let us call n(z)Az is the number of particles that are between the heights z and z + Az, where
n(z) is the particle number density at height z; these will be subjected to the pressures P(z)
and P(z + Az), and if we call ¥ the cross section of the column then the net force acting on the
particles is P(z)X — P(z+ Az)X. Since the system is in equilibrium, this force must be balanced
by the weight of the gas itself:

P(2)Y — P(z+ Az)X = p(z)AzXg
Therefore, dividing by ¥ and Az and taking the limit Az — 0:

oP
F —p(2)g

If we then consider a volume V between z and z + Az we have:

P(:)V = N()ksT =  P(z)= Néz) kT
and since p(z) = N(z)m/V = n(z)m, then:
P ="Dyr 5 pe)= )
B

Therefore: op

g _ __ "9 _ ~RpT?

9, = 9D =— 7P = PE) =P o
or equivalently:

__mg
n(z) =n(0)e *sT (3.12)

Thus, the density of the gas decreases exponentially with the height.

We now want to show that the tools of the canonical ensemble allow us to obtain the very same
result. Let us consider the single-particle canonical partition functior@

g — [ B ) i

Since ¢ = (z,y, z) is such that (z,y) € ¥ and z € [0, +-o0], integrating we will have:

2mmkgT 32w
Zs.p.: 2 Bmg

We use the single-particle partition function because in the end we want to find the single-particle configura-
tional probability density.
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The single-particle probability density of having momentum p’and height z is:

= —ﬁ(%mgz)
Psp.\P>q) = Zep €
Therefore we can obtain the spatial probability density integrating over p, z and y; in the end
we get:

mg
Psp. (2) = kT

__mg_ . __mg_,
eI = g (0)e AT

where we have relabelled the proportionality constant. Now, the particle number density at
height z will be n(2) = Npsp.(2), so in the end we have:

mg

n(z) = n(0)e *sT~

which is exactly (3.12).

3.3.4 The equipartition theorem

We now want to cover an important topic in statistical mechanics, the equipartition theorem. In
very general words it can be formulated as follows: the mean energy of a particle is equal to kT /2
times the number of microscopic degrees of freedom.

We now see some examples and then we shall prove the theorem in general.

Real gas Let us begin with a gas with the following Hamiltonian:
i’ 1
H=) 5+ U@ +5) Uad)
i i i#j
(so it is not necessarily an ideal gas since we are also including the interaction potential Us). Its
phase space probability density is of course:

_ 2
1 - (= B+ 0@ Sy @) )

P)=—
PQP) =~
=9
Di 3
— Y= kT
<2m> 2P

L2
= (5 B, U@ S @)
_J 2m

Then we will have:

In fact:

dQdP

<ﬁi2 >
= 2
2m | e—ﬁ(zj T+, U @)+ Ty Ul ) g

and the integrals in Q and P factorize, since there are no terms that mix them. Therefore:

2m 2m
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[P Fagp  [ePEndp,
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where in the last step we have done the integrals for j # ¢, which are all equal and thus simplify.
Thus, in the end:

P2\ 0 T 0 2rm \ >/ 3
<2m>__8ﬁln</e ”‘“’)—‘aal“[(ﬁ) R

In terms of what we have stated at the beginning in this case the microscopic degrees of free-
dom are three, i.e. the three possible directions of motion.
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Harmonic oscillator in a heat bath Let us now consider a single one-dimensional harmonic
oscillator in a heat bath (the presence of the heat bath justifies the use of the canonical partition
function); in other words we are considering a single particle with Hamiltonian:

2 2
p w9
H="—fm—
2m—i—qu

The (single-particle) partition function is:

(2 et 2
Z:/e 'B<2m+ Qq)le /e—ﬁm"’;tqu /e—ﬁg'idp _
h h
_l 2w 2rm 1
AV Bmw? B Bhw

Now, from the expression of the partition function we see that we should have:

2 2
p w= 9 0
L Gy e A P
(m) = {7 30) = g™
However, if we simply derive Z as we have found it we determine (p®/2m + mw?¢?/2), not
(p?/2m) and (mw?q?/2) singularly. In order to avoid this problem we give a different name

to the parameters /3 that multiply the kinetic and the configurational parts in the integrals that
define 7, i.e. we set:

1 w2 o ; p? 1 1
Z== —Bm5ay —Bomdp ) = — .
}(/e QQ)UFZ @ hw VBB

(and of course in the end we must set 5 = ’). This way, we have:

2
r\N__ 9o, , 1 1, 1 kg7
<2m>_ aﬁan_2 wfﬁ_zﬁ_ 2
2
wio\_ 9., 1  _ksT
<m2q> o5 " g, T e

Again, we see that every degree of freedom of the particle (in this case, the translational and
vibrational ones) contributes with kg7'/2 to its energy.

We can now move on and prove the equipartition theorem in general.

Theorem (Equipartition). Every term in the Hamiltonian of a system that appears only quadratically
contributes to the total energy with kT /2. In other words, if we can write the Hamiltonian of the
system in the form:

H(Q,P) = H + ka?
where x is any of the variables (Q,P) and H' is a Hamiltonian that does not depend on x, then:

(at) = 57

Proof. The partition function of the system is:

7 = /dfe‘BH = /e_BH/sz/e_B/kad:r
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\—

Figure 3.6: Interaction potential

where with dI';, we mean dI" without dz, and as we have done before we call 5’ the parameter
A that multiplies kz? in order to compute (kz?) more simply.

Therefore:
[T —BH

From the definition of partition function, then:

g ) 1 kT
ka?) = [ ka?e P dp = -~z =—  =-E2
(kz?) /me L et L

Therefore, if we have an ideal gas of NV particles its energy will be:

E= (M) = gNkBT

since every particle contributes to the energy with 3k 5T /2. The specific heat at constant volume
of such a system is then Cyy = 0E /0T = 3Nkp/2, and if we compute it for a single mole of gas
we will have: 5
where “m.” stands for “molar” and R = N4kp is the gas constant.
On the other hand if we have a gas of N one-dimensional harmonic oscillators then the energy
of the system will be:

E=(H)=kpT

because this time every particle will contribute with kT (a kpT'/2 for the kinetic part and a
kpT'/2 for the potential term), and its molar specific heat at constant volume is C7" = R.

An application of the equipartition theorem: the specific heat of crystals

Now, we could ask if the model of a gas of harmonic oscillators is actually realistic; in other
words, are there cases where a particle can be actually considered a harmonic oscillator?

Let us suppose that the particles of our system are subjected to the potential shown in figure
Clearly, the equilibrium configurations for the particles will be ¢ = qo; furthermore, if the
temperature of the system is very small the fluctuations of the particles around this equilibrium
will be very small and therefore we can expand the potential around go:

ov 1 5 0%

v(q) = v(@) + (2 —a)5- +5(a2—q) 94 4,

aqlqo 2

*This is the Lennard-Jones potential, which we will cover in some more detail in It is a very realistic potential
for interatomic interactions.
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Now, since qq is a global minimum for v we will have dv/dq,, = 0, and 0*v/ 8q|2q0 =k >
0. Therefore, neglecting v(qo) since it is just an additive constant, the potential acting on the
particles will be:
2

v(q) ~ g(q —0)? = 5—(a— q0)*
where in the last step we have renamed the constant k as mw?.
Let us see explicitly that this approximation is good if the system is in contact with a heat bath
whose temperature is low, i.e. that the mean displacement of the particles from ¢ is small at
low temperatures.
Setting gop = 0 for simplicity, we have:

2
)= 2 ) - 2 T T

mw? 2 mw 2 mw

and therefore if kpT < mw? then (¢*) ~ 0. This means that for low temperatures the interpar-
ticle potential can actually be approximated with a harmonic one.

However, if this is not the case the mean displacement (¢*) from the equilibrium will be large
and the particle will “realize” that the potential is actually different from a parabola.

Now, these facts can be used in order to describe the properties of crystals.
Let us in fact suppose to have a system of IV particles with Hamiltonian:

and that the interaction potential V(Q) is like the one in figure [3.6) when con51der1ng the dis-
tance between two atoms, and such that the particles of the system have positions ¢; = qz(o)
8q,, where g is the equilibrium position of the i-th particle (analogous to the position g in
figure and 4g; is the displacement from it. We also suppose that ¢;(*) are fixed and arranged
in a lattice; this is what normally happens in crystalline solids (like metals).

Therefore, just like we have done before, if we suppose the displacements §g; to be small we
can expand V(Q) around the equilibriurn positions Qp:

( QO + Z Z 6(]7,01 aq + Z Z 6‘]7,016‘]]5 86]1& V

.7 o0 anB‘QO

where i = 1,..., N is the index that labels the particle and o = z,y, 2z the index that labels
its coordinates. Note that ia and j3 are single indexes (i.e., strictly speaking 7 and « are not
independent indexes, like j and f3).

Since Qg are the equilibrium positions of the particles, we have:

oy

=0
8Qia |Qo

Furthermore the second derivative of V is a matrix, which we call K:
o0?V
7 =K.
94ia04;8 |, il
This way, also neglecting the additive constant V(Qy), we can write the interaction potential as:

1 1
V(Q) = 3 Z 0GiaKia,j30qi8 = §5QTK5@ (3.13)
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Now, by definition K is a symmetric matrix (remember that we must exchange ia with j3) and
so it can be diagonalized, namely we can write:

K=STAS with STS=1 A=diag(\,...,\3n), A\ >0

Therefore the Hamiltonian of the system can be rewritten in the form:
H=> PZ | LsoTsTASSQ = BT 1. P+ La0sTASIO
S22 - 2m 2

If we now define the new variables:
5Q = S5Q P =SP (3.14)

then:

2
H= L + 15@9%5@
2m 2

or, explicitly:

52 52
H = [pm + A qm} (3.15)
m

Therefore, with the change of variables (called normal modes of vibration) we have rewrit-
ten the Hamiltonian as a sum of 3NV decoupled harmonic oscillators.

Note in fact that in the positions Q are coupled by the matrix K, which in general is not
diagona while now the new variables are not. Note however that these new variables are
not related to the positions or the momenta of any of the atoms: they are just some generalised
coordinates, which allow us to rewrite the Hamiltonian in a simpler wa

Thus, since our system is equivalent to a set of 3NV harmonic oscillators, its energy will be:

(H) = 3N <"”§T + kB;)  SNksT

which is twice the energy of the ideal gas.
Therefore, the model of crystals we are studying predicts a value for the molar specific heat at
constant volume equal to:

o™ = 3R

This is experimentally verified, but only for high temperatures; we will cover this issue in some
more detail in the next section, and as we will see this problem is essentially due to the fact that
for low temperatures quantum effects become relevant.

One last application of the equipartition theorem: C'y for biatomic gases

If we apply what we have seen for the equipartition theorem to a biatomic gas, what do we
expect?
In this case the atoms in a molecule can oscillate around their equilibrium positions and the

ZThe positions and the oscillations of the atoms in a crystal are strongly correlated: when an atom is excited and
oscillates faster it “gives” some of its energy to the nearby atoms increasing their energy of oscillation. If this was
not the case, the crystal would disgregate.

22Note, however, that if our fundamental assumption is not valid, i.e. if the displacements of the atoms from their
equilibrium positions are not small, then also these new variables would be coupled: in this case in fact we couldn’t
have neglected the third derivatives of V, which in the form of the Hamiltonian would have been a coupling
term between the 4.
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molecules can rotate. Choosing a reference frame where the vector that connects the two atoms
is directed along the z axis, the Hamiltonian of such a system will be:

_ bi Dreli mw 9 1 o "
H = ; 2m + ; [<2m + TQrel,i > + 5 (Ilﬂﬂ + [2612>:|

where ¢, is the relative distance between two atoms in the same molecule and I, and 6;,, are,
respectively, the moment of inertia of the molecule and its angle relative to the a-th axis, with
a = z,y (the rotations around the direction that connects the two atoms are ineffective).
Therefore, we expect the energy of the system to be:

3 1 1 7
(") = NkgT <2 + 25 + 22> = iNkBT

and the molar specific heat at constant volume to be Cf" = 7TR/2.

However, experimentally we observe something quite different: for low temperatures Cf*
turns out to be 3R/2, then at a certain point increasing the temperature Cj}" jumps to 5R/2,
and then at higher temperatures there is another jump to 7R/2. In other words, “new” degrees
of freedom become “visible” for high enough temperatures (in the case we have mentioned,
increasing 1" we “see” first the translational degrees of freedom, then the rotational and in the
end the vibrational ones).

This is due to the fact that in reality the molecules are quantum systems and the observed
behaviour of Cf}" comes from their properties on a quantum level.

To be more explicit: it is a known fact that in quantum mechanics the energy levels of a system
are discrete (for example, for a harmonic oscillator E,, = (n + 1/2)Aw); in particular any system
will have a non-null zero-point energy, i.e. the lowest possible energy level, and then all the
possible excited states. If the temperature of the system is low enough it will occupy its lowest
possible energy state; if we then increase 7' the thermal energy of the system (kgT’) at a certain
point will be large enough to allow the system to pass to the first excited states, and then to the
others.

For example the harmonic oscillator has equally spaced energy levels, with the spacing equal
to hw; if the temperature of the system is such that kpT" < hw the system cannot acquire the
necessary energy to pass to the first excited state (this will be possible as soon as kT ~ hw).
In the case of the biatomic gas the observed behaviour is due exactly to this mechanism: the
first excited state of the vibrational spectrum has an energy higher to the first excited state of
the rotational spectrum, so increasing the temperature at a certain point we will be able to give
enough energy to the molecules to pass from their ground state to the first rotational excited
state, and similarly when we further increase the temperature we will be able to make them
pass to the first vibrational excited state.

3.4 The grand canonical ensemble

In 3.3| we have relaxed the constraint of having a fixed value of the energy, and thus defined
the canonical ensemble. However, we still supposed that the number of particles of our system
was fixed: we can remove also this constraint, and so consider systems that exchange not only
energy but also particles.

The statistical ensemble of such systems is called grand canonical ensemble.

We therefore consider a system like that shown in figure we again have a heat bath at tem-
perature 7" and a small subsystem that this time can also exchange particles with the bath; let
us call IV, the number of particles of the heat bath, IV the particles of the subsystem (which
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Figure 3.7: Grand canonical ensemble

can both vary from instant to instant), N = N + NV, the total number of particles of the system
(which is instead fixed) and V the total volume.

As we have done for the canonical ensemble, we rely on the tools of the microcanonical ensem-
ble, namely we must determine the phase space volume of the system taking also into account
that the number of particles is not fixed. This volume is:

N
QE,N,V)= ) / dTsdly6(Hs + Hp — E)

where FE is the total energy of the system, and the sum is taken exactly because the number of
particles in the system is not fixed and in principle can run from zero to the largest possible
value, i.e. N; furthermore all the quantities with the subscript “s” are relative to the subsystem
while those with “b” to the heat bath, and it is implied that the former are computed for N;
particles while the latter for N — .

Integrating over dI', we can write (2 as:

N N
QUE,N,V)= ) /dFdech[”Hb —(BE-Hs) =) /dFsz(E — Hs, Vi, N — Ny)
=0 Ns=0

If we now divide both sides by Q(E, V, N):

E HS)‘/i:nN N)
Z/dr Q(E,V,N) -

we recognise, in analogy to what we have seen in that now the phase space probability
density is:

Qb<E — Hs, Vp, N — NS)

P) =

where the subscript Vs has been added in order to remember that this probability density de-
pends on the number of particles that are in the subsystem, and the normalization condition
requires that we must not only integrate p in (Q, P), but also sum over all the possible numbers
of particles.

Now, just like we have done for the canonical ensemble we can use the fundamental postulate
of statistical mechanics to write:

Qb(E—’HS,Vb,N_N)_ek Sp(E—Hs,Vo,N—Ns)

and since the subsystem we are considering is again macroscopic but much smaller than the
heat bath we have Hs < E and Ny < NN, so we can expand S, in the exponential:

Oy (E — Hs, Vi, N — Ny) = ,%(sb(EvbN) —H 2% S (E,Vp,N) = Ns 5% Sp (B, Vb, N ) ++++)
Sy )
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From thermodynamics we know that:

3519 o 1 aSb _ 1%

OE T

ON T
where j is the chemical potential, and in the end we get (removing the subscript “s” to have a
more general notation):

PN (Q.P) = Sy J dUe BHQEF)—uN)

where:
Z = Z/dpe—ﬁ(H(Q,P)—uN) (3.16)
N

is called grand partition function.

Just like we have done for the canonical ensemble, we could wonder what relations does this
newly found ensemble have with the ones that we already know, in particular the canonical
one; what we are now going to show is that they are equivalent when the system considered
is macroscopic, since this time the (relative) fluctuations of the number of particles will be
incredibly small.

3.4.1 Fluctuations in the grand canonical ensemble

As we have anticipated we expect that, similarly to what happens in the canonical ensemble,
the fluctuations of the energy and number of particles around their mean values vanish in the
thermodynamic limit so that the grand canonical ensemble is indeed equivalent to the canoni-
cal one.

The fluctuations of the energy around (#) are computed exactly in the same way as we have
done in and we get to the same result.
We therefore now focus on the fluctuations of the number of particles around (INV):

19°mzZ 1 0?
g2 our 2 ou?
where we have used the fact thatln Z = —3® (with ® the grand potential), which will be shown
in
Now, from the definition ® = E — T'S(E,V, N) — uN of grand potential we have (considering
that 95/0V = P/T and that, again, there are some derivatives that vanish because Fand N
define a minimum) that:

ol = (N?) — (N)? = [=B2(T, V, )]

0P
= __p
oV
Furthermore, ® is extensive:

(T, AV, 1) = A(T, V, u)

and setting A = 1/V we get ®(T,V, u) = VO(T, 1, ): the grand potential is proportional to the
volume.
Therefore, 0®(T,V, 1) /0V = ®(T, 1, u) = —P and so:

O(T,V, 1) = VO(T,1, 1) = —VP

Thus: ) )
10 %
2~ S s v, )= 2L p(r
ON ,88/,62 ( ) ,,U,) L ( 7”)
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We must therefore find a way to express §>P/du>.
We define v(T, 1) = V/N and f(T,v) = F/N, and then write:

oP  0P/ov

—_— = 3.17

Oop  Ou/ov (317)
Since ® = —PV = F — uN, we have:

fN_MN:_PV = f(Tv"U):N_UP(TaM)
and since:
p_ O0F __0f
ov v
then: o7 o
f(TaU):lH'U% = M:f—’l)%
We therefore have: 5 o 5 o
P p_0°f
For o Vo (3:18)
and substituting in (3.17), this leads to:
oP _1
o v
If we now further derive P with respect to p:
N S S S
o2 v2op  v2op/ov
and from (3.18)) we have:
op _ _ 0% _ oP
ov w2 v
so that:
2P 11 (50PN
ouz w2 v-0P/Ov e

We have done all these intricate computations because now we can use the definition of isother-

mal compressibility (see[1.1.5)]
1oV 1 1

Kr==v%p= vapjov

(which as we can see is an intensive quantity) to write:

9P  Kr
o w2
This way the variance of the number of particles can be written as:

1% aQP_K_KT_NKT

B o B vt pu
(which is of course positive since K7 > 0).
We therefore see that:

o3 =

UJQVO(N = oy X VN

BThis is of course equal to what we have found, because v = V/N.
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and so the relative fluctuation of the number of particles is:

ON 1
— X =
N VN
which is a result analogous to what we have seen for the energy.

Therefore, as we expected, the fluctuations of the number of particles of a system in the grand
canonical ensemble are negligible in the thermodynamic limit; this ultimately means that the
grand canonical ensemble is equivalent to the canonical one.

3.4.2 Grand potential

Similarly to what we have done for the canonical ensemble in we now want to show how
we can derive the thermodynamics of the system from the grand canonical ensemble. In par-
ticular we want to show that Z can be expressed in terms of the grand potential ¢ (see(1.1.3)), i.e.
Z=e P2

From the definition of the grand partition function, using the “trick” of inserting a [ dEJ(H —
E), which is of course equal to one, we get:

z=>" / dTdEe "H-mN5(H — B) = / dEe PE-INQ(E, V,N)
N N

and using the fundamental postulate of statistical mechanics:

ZzZ= Z/dEe—ﬁ(E—TS—MN) — Z/dEe—ﬁ(F—uN)
N N

where F' = E — T'S is the free energy of the system.

Now, F' is extensive and so we can use the saddle point approximation (see appendix [B) in
order to compute the integral; we therefore must find when the integrand is maximized, i.e.
when F' — uN is minimized.

Since for macroscopic systems N is extremely large we can treat it as a continuous function,
and so the minima of the exponent are determined by the condition

0 0

where E and N are the values of E and N that extremize F' — uN. We therefore have:

oS oS
1-T— = -T— — =
namely:
o5 _ 1 95 _
OEEN T ONEN T

These two equations allow us to determine E and N once T and y are known.
Therefore, we can approximate:

*We don't verify that the Hessian is definite positive in the extrema that we have found because the computations
are long and tedious.
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since, similarly to what seen in all the other terms in the exponential vanish in the ther-
modynamic limit. Therefore we see that:

—kpTmZ=FE—-TS(E,V,N) — uN

namely the exponent of the grand partition function is a Legendre transformation of the same
exponent of the partition function in the canonical ensemble with respect to the number of par-
ticles N; furthermore, we have that this exponent is really the grand potential ® if £ = () and
N = (N). We now want to show that this is indeed the case.

From the definition (3.16) of the grand partition function, we have:

181nZ K 0 — S — —
N)=— TnZ —— (E—-TS(E,V,N) — uN) =
— OFE 0 8N 8
=0 =0

However, the two derivatives are null because E and N are by definition minima of F' — uN.

Therefore:
(N) =N

Now, again from the definition of Z we have:

(H—nl) = -7 Zafﬂ[ﬁ(E—TS(EWW)—MN)]Z
. 9E 0 ON 0
:E—MN—F—B@—E(E—TS(E,V,N) HN)\EN+6/8 GN(E TS(E,V,N) —uN) gy
=0 =0

where the derivatives vanish again for the same reason. Therefore:
(H—uN)=FE—puN
and since N = (N) and of course (H — uN) = (H) — p (N), we have:
(Hy=F

Therefore, we indeed have:
Z ="

and we see that also in the grand canonical ensemble the partition function is largely dominated
by the configurations of the system where the energy is (#) and the number of particles is (V).



Chapter 4

Entropy and its meanings

We now stop to analyse in more detail one of the most important and nonetheless mysterious
concepts that emerge within thermodynamics and statistical mechanics, and the one that had
the greatest impact in all the other fields of physics: entropy.

With the development of the ensemble theory entropy has gained a new meaning beyond the
(not really intuitive) one that it used to have in thermodynamics, namely a “measure” of the
irreversibility of a process; in particular with the introduction of the fundamental postulate
of statistical mechanics we can interpret entropy as a “measure” of the possible states that a
system can assume.

However, entropy goes much further than that and can be interpreted in many other ways.
The aim of this chapter, after briefly recalling the first interpretation of entropy given within
the field of thermodynamics and how it was achieved, is to introduce these other possible
interpretations and to understand them.

4.1 Entropy as irreversibility

4.1.1 Heat engines and entropy

Historically the concept of entropy was introduced in 19th century within thermodynamics
from the study of thermodynamic processes. In particular the properties of reversible and irre-
versible transformations were analysed with the aim of applying the results to the construction
of steam engines. It was realized by Carnot that the way to create the most efficient heat engine
(namely a machine that can turn heat into mechanical work) was to avoid irreversibility.

In particular Carnot considered an engine made of a piston with external pressure P containing

P

Q1

Vv

Figure 4.1: Carnot cycle
(isotherms are shown in blue while adiabatic transformations in red)

71
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a monoatomic ideal gas, working between two heat reservoirs at temperatures 77 > T5. Since
it must work between two different temperatures the engine must realize at least two isother-
mal transformations; since isotherms in (V, P) plane are represented by hyperbolae, in order
to make a closed cycle we must also use two different transformations, for example adiabatic
ones. Such a thermodynamic cycle is also called a Carnot cycle and is shown in figure It
works this way:

1. a — b: first, the gas is put in thermal contact with the hot reservoir (the one at temperature
T7) and isothermally expanded so that it absorbs heat )4

2. b — c: the thermal contact is then removed and the gas is further expanded (adiabatically)
until it reaches temperature 75

3. ¢ — d: the gas is then put in contact with the cold reservoir and isothermally compressed,
releasing heat ()2

4. d — a the thermal contact is then removed and the gas is adiabatically compressed until
it reaches temperature T}

Carnot then managed to show that a heat engine working with such a cycle is the most efficient
possible one.

Let us also remember that according to possible different conventions the heat absorbed or re-
leased by a system or the work done by or on a system can be negative or positive; we will
consider positive the heat released by a system (and therefore negative the heat absorbed).

Now, from the conservation of energy we can arrive to the thermodynamic definition of en-
tropy. Consider in fact the first part of the cycle, the isotherm a — b: in this process we add
heat ); to the system, which is equal to:

b
Vi
prm%:/Pw:N@ﬂm;

Similarly, in ¢ — d we release heat ()2, which is:

Ve
Q2= -Weq= NkBTQIHV
d
Along the adiabatic curves, on the other hand, we have dE = —dW = —PdV = —NkgTdV/V
and also dF = %N kpdT, so that along b — c and d — a we have:

3dT _ v (TN Ve Vi . Ve_ W
2T V Ty vV, Vi, V,
and thus we have: 0 v v 0
1 b c 2
—— = Nkgln— = Nkgplh — = ==
T BnVa Ban 15

Therefore, for Carnot engines we have:

Q1 _ Qe
— == 41
T~ T (4.1)
or in other words the quantity /7T is constant. This quantity is what has been defined as
entropy S, or better since () is a variation of energy /T is a variation of entropy:

-9
AS ==
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Let us note that if we consider a reversible engine, the fotal variation of entropy for the system
composed of the engine and the two reservoirs is null. In fact, this total variation of entropy is:

where ASeng. = 0 since the engine does a cyclic transformation (which means that final and ini-
tial states coincide), AS] = —Q1 /71 and ASy = @Q2/T»; remember that Q); is the heat absorbed
by the hot reservoir so it is negative in our conventions (because it releases heat to the engine).
Since holds, this means that AS; + AS; = 0: thus AS = 0. Therefore the total entropy of
a system is such that it remains constant in reversible transformations.

Now, what happens if we let the engine be non reversible? In this case the machine in one cycle
absorbs heat Q1 + d and releases Q3 + ¢, with § > 0 a small heat leak, and therefore we have:

Qi+6 Q2496 1 1
A ASy; = — -5 _
S1+ ASs T + T ) B T >0

and so in irreversible processes the total entropy increases.

Therefore, entropy can be considered a “measure” of the irreversibility of a process.

This is what has led physicists to introduce the second principle of thermodynamics which
states that the entropy of a system never decreases, namely remains constant only for reversible
processes and always increases for irreversible ones.

4.1.2 Time and entropy

We conclude by noting that the irreversible increase in entropy is something that emerges only
when considering macroscopic systems. In fact, if we look at a system from a microscopic point
of view its properties are perfectly invariant under time reversal. More formally, if (Q, P) is the
representative point of our system in phase space we know that solving Hamilton’s equations
for the Hamiltonian 7 of the system gives us the motion (Q(t),P(¢)) of this point; however if
(Q(t),P(t)) is a solution of Hamilton’s equations so is (Q(—t), }P’(—t) in other words if we
have a solution of Hamilton’s equations and we reverse time we obtain another valid solution
and so another physically possible evolution for the systemﬂ

However, this time-reversal invariance does not hold any more if we consider macroscopic
systems. For example, consider the two following processes:

1. the equilibration of a cold and a hot body into two bodies with the same temperature

2. the adiabatic expansion of a gas: a box is divided by a wall into two halves of volume V,
one completely empty and one containing a gas of N particles and energy E; opening a
hole in the wall the gas will spontaneously fill all the volume of the box. This is clearly an
irreversible process so the entropy of the system increases (while the energy of the gas,
and thus its temperature, does not change

!This is true in all physical cases. One can always find “pathological” Hamiltonians for which this is not true,
but generally they have no physical significance; of course we are thinking about classical systems, otherwise we
can easily find systems which are not time-reversal invariant (as known, the laws of particle physics are invariant
only under CPT).

*“Visually”, we can think to watch a video representing the motion of the particles of our system: if we rewind
it we obtain another possible microscopic evolution of the system.

3We can also see this from the microcanonical definition of entropy. In fact the phase space volume of the system
in the two cases is:

V)= [do [ arse-m aev)= [ af desE-w
v R3N 2V R3N
and since the integrand is always positive and the domain of integration in configuration space is larger after the
adiabatic expansion, we indeed have 2(2V') > Q(V') and so the entropy increases in the process.
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Figure 4.2: Mixing of two gases

It is clear that they will never occur spontaneously in reverse, and that in order to do so we
must do some kind of work on the system: two bodies in thermal contact at the same tem-
perature will never spontaneously undergo a transformation at the end of which they will
have two different temperatures (we must use some mechanical work to transfer heat), or a gas
contained in a box will never fill on its own only one half of the volume (we must compress it

Therefore, entropy seen as a “measure” of irreversibility is what gives us the definition of the
arrow of time, namely it allows us to distinguish past from future.
We will cover the relationship between entropy and time in more detail in[4.4}

4.2 Entropy as disorder

Entropy is often referred to as the “measure of the disorder” of a system; we now want to
exploit this aspect.

421 Mixing of gases

The most simple example of a system where entropy can be regarded as a “measure of disor-
der” is the mixing of two gases, which we have already encountered in Nonetheless, we
now shortly re-analyse the problem from a slightly different perspective.

Consider a system divided into two subsystem with the same characteristics, namely both have
volume V/2 and contain N/2 particles of total energy F (see figure[4.2). If the gases contained
in the two subsystems are different then the total phase space volume of the whole system in
the unmixed state will be Q(E,V/2,N/2) - Q(E,V/2,N/2), and thus its entropy:

N V N\ _ (V/2)N/2 (N
Sun. —2kBlHQ<E,2,2) —2]{3B1n [(]\7/2)' +2kBan E,E

where we have called Q(E, N/2) the kinetic part of the phase space volume (which as we will
shortly see is irrelevant for our purposes here).

If we now remove the wall that separates the two gases the system undergoes an irreversible
transformation at the end of which the entropy will be:

N/2

N ~ N
Smix. = 2kp1n Q) <E,V, 2) = 2kpln [V +2kpInQ) <E, 2)

(N/2)!

(where the kinetic part is left unchanged). Therefore, the variation of entropy in the process is:

AS = Smix. — Sun. = 2kpIn2"/? = NkgIn2 (4.2)

4“Visually”, as before, this means that if we are watching a video of the evolution of a macroscopic system we
can always tell if the video is being rewinded or not.
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We can also interpret this result as follows: every time we place an atom into one of the two
halves without looking which one we choose we gain kg In2 in entropy. From this we could
define a “counting entropy”, for systems with a discrete number Ny of equally-likely config-
urationg’t

Scount. = kB In Neong.

Therefore, when the gases mix the entropy of the system increases: this reflects the fact that
now the system has a larger accessible volume in phase space, which can be interpreted as the
fact that the system is more “disordered”.

Let us briefly note some facts that connect to the next section: in very intuitive words, by re-
moving the wall we have increased our “ignorance” on the system. In fact in the initial state
we had the certainty that (we still refer to figure “black” atoms were in the left half of the
system and “red” atoms in the right one, while removing the wall we don’t have this certainty
any more. We have therefore lost information and gained entropy; however, since AS - T" has
the dimension of an energy this means that we have more available energy, with which we
could do some work. Therefore, going from “low ignorance” to “high ignorance” states we can
generate workﬂ

If we now consider the case where the two gases are identical we know (as we have seen, even if
from a different point of view, in that the entropy must not increase, otherwise we would
break the second principle of thermodynamics. In fact, if the entropy of the system increased
if we removed the wall, inserting a new one would reduce the entropy of the whole system:
this way by inserting an arbitrary amount of walls we can arbitrarily reduce the entropy of the
system and therefore we would be able to generate an arbitrary amount of work from nothing;
this clearly violates the principles of thermodynamics.

This time the entropy of the mixed state is:

N ~( N
Smix. = kpIn % + 2kpIn Q2 (E, >

! 2
and therefore the variation of entropy is (using Stirling’s approximation, see appendix C):
N/2
% =NInV-NInN+N+O(nN)—2In <‘2/) —i-Zgln% — 2% +O(InN)=0O(InN)
B

Therefore, the total variation of entropy is negligible but not properly zerolZ] also in the thermo-
dynamic limit (however, the variation of entropy per particle is null in the same limit). This is
due to the fact that before removing the wall the number of particles in the two halves of the
system is fixed and therefore doesn’t fluctuate, while after removing it we know (see that
there are some little fluctuations; thus, if we reinsert the wall we will never recover the exact
initial state but there will always be some particles in excess in one of the two halves. This is
why the entropy of the system increases, even if by a perfectly negligible amount.

°Such systems arise often; a couple of examples are quantum systems (where energy states are discrete) and
information theory (where every bit of a message can be found in one of two possible “states”, 0 and 1).

%A tangible example of how this can be possible is given by semi-permeable membranes and ion pumps. The
enzyme Nat/K*-ATPase (also known as sodium-potassium pump) is located on the membrane of almost every cell
of our bodies, and burns ATP to maintain concentration gradients of potassium and sodium ions between a cell
and its surroundings: this enzyme, therefore, does work in order to re-establish the “information” (the spatial
concentration of ions) that otherwise would be lost. On the other hand semi-permeable membranes are permeable
only by some particular kinds of particle and generally only in one direction; for example, suppose that the wall
in figure is a semi-permeable wall that allows only the red atoms to pass to the left: this way, there will be
more particles in the left half of the system than in the right one, and therefore the right half of the system will be
subjected to a pressure, the so called osmotic pressure (in fact, since V' and 7" remain constant during the process,
from the ideal gas law we see that the pressure must increase). In other words, the semi-permeable wall destroys
the initial information and generates work.

"In we neglected the term O(In V) using Stirling’s approximation, and that’s why we found AS to be
exactly zero.
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4.3 Entropy as ignorance: information entropy

We now proceed to analyse the most general interpretation that can be given of entropy: a
“measure” of our “ignorance” about a system.

In fact, all the previous interpretations of entropy can be connected to this one: a system in
equilibrium maximizes its entropy because we have lost all the information about the initial
conditions except for the conserved quantities; therefore maximizing the entropy means max-
imizing our ignorance about the details of the system. On the other hand the entropy of a
mixture of different gases is a measure of the number of the possible configurations of the sys-
tem, given our ignorance about it.

Therefore, entropy can be regarded as a property not of the system but of our ignorance about
the system itself, represented by the ensemble of its possible Conﬁgurationﬂ

We have also always restricted ourselves to systems where our ignorance is maximal, namely
where all the allowed configurations are equally probable; but what about systems where we
have partial information and some configurations are more probable than others? As we will
now see the definition of entropy can be generalized to general probability distributions and
finds applications in many other fields of physics and science.

In the microcanonical ensemble we have seen that the number of allowed states for a system of
energy FE is the volume 2(E) in phase space of the hypersurface of constant energy E, and that
the phase space probability density is p = 1/Q2(E) on this surface. From this we have defined
the entropy as S = kpIn Q(E) = —kp In p; formally we can Writeﬂ

g
gz—ZpIDPZ—ﬂnm (4.3)
=1

We could therefore argue that if a system is described by a general phase space probability
density p(Q,PP) (which can also describe the system out of equilibrium, so in general p can
explicitly depend on time) its entropy can be defined as:

dar
S = —kp (lnp) = —kp / (@ P) (@) (4.4)

(where we are implicitly assuming that p has been adimensionalized so that In p makes sense).
We can immediately see that we recover the original definition of entropy in the microcanonical
ensemble by substituting p = const. = 1/Q(E):

S:kB/ dr an(E):kBan(E)/ T o m0(E)
N——

RNNI Q(E) Q(E) | B3NN
Q(E)
4.3.1 Shannon’s entropy

From (4.3) and (4.4) we can introduce a more general definition of entropy for a generic system
that can be found in €2 different discrete stateﬂ each with probability p; (and 7 = 1,...,Q).

¥Note that entropy can be indeed regarded as a measure of ignorance or equivalently information, but it does
not distinguish the utility of that information. In other words, having a lot of information from the point of view of
entropy does not mean we have useful information about a system.
?As we will see in this definition of entropy allows to derive in a systematic way the canonical and grand
canonical ensembles from the microcanonical one.
The Q we are using here does not necessarily refer to the phase space volume, it’s just a notation for the number
of possible states.
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This is known as Shannon’s entropy, which is defined as:

Sz—@lmnz—@zpmml (4.5)

the constant kg is used instead of Boltzmann’s constant because in general the connection to
temperature can be irrelevant, and it is defined as kg = 1/1n2 so that Shannon’s entropy can

be also rewritten as: 0
—> pilog, p;
i=1

The unit of measure of this entropy is the bit.
Shannon’s entropy is particularly useful because it is the only one that satisfies three important
properties, which we now show.

Theorem 4.1. Let p1,...,pq be a set of stochastic variables (they are probabilities, therefore such that
Di 2 O and ), p; = 1). Then Shannon’s entropy S (which is a function of this set of variables) as defined

in [@4.5) satisfies the following properties:

0. It is a continuous function

1. S(p1,-..,pq) is maximized when all the p;-s are uniform:

1 1

2. S is not affected by extra states of zero probability:

S(plv s 7pQ>O) = S(pb s 7pQ)
(where on the left side S has Q2 + 1 arquments)

3. S changes for conditional probabilities.
Let A = {A;} and B = { By} be two sets of events (withi = 1,...,Qand k = 1,..., M), each
with probability p; = p(A;) and q, = p(By). If we define:

P(AiBy) _ Tk

ik, = p(A; By ci = p(Ai|By) = —
( ) (4i15e) p(Bk) Qe
which, by definition, satisfy:
Q Q M
> e =1 DD k=
i=1 i=1 k=1
then we can introduce:
M
= —kg Y rilnry S(B) = —ks Y _qrInq
‘ k=1

S(A|By) = —kg Z cielnegy

which are, respectively, the total entropy associated to the occurrence of events A and B, the
entropy associated to the occurrence of events B and the entropy associated to the occurrence of
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events A given By.
Therefore, defining:

(S(A’BZ» = ZQZS(A’BZ) = —kg Z(MCM Incy
J4 i,

we have that S satisfies:
(S(4]By)) = S(AB) = 5(B)

Proof.

0. Itis immediate from its definition.

1. First of all, let us note that the function f(z) := —xInx is concave since f”’(z) = —1/x
(and in our case x > 0 since it represents a probability).
In general, from the definition of concave function we have:

FOa+ (1= A)b) > Af(a) + (1 — ) f(b) A< 1 (4.6)

From this we can prove by induction that:
1o SN
_ E ] > § i )
! (Q ilpl> = Qf(pl)
This is surely true for 2 = 2:

PP = 5 o) + £a)

since it follows directly from with p; = a, p» = band A = 1/2. If we now suppose
that the inequality holds for 2 — 1 probabilities:

(ot ) = oty

it follows that it holds also for . In fact:
Q-1
-1 1 Po
(szz) - ( S zpﬁg)
1
and choosing (2 —1)/Q = X

Q Q_ Q-1 Q-
f(fll;m) 2 Qlf(91—1;pi>+fllf(m)>9191—1.Zf(pi)+fllf(m)

Therefore:
1 & 1 &
il > = E

i=1

Now, considering the case f(z) = —z Inz we will have that:

Q L& L&
S(p1,..,pa) = ks Y f(pi) = kSQQZf(pi) < ksQif (Q ZM) =

i=1 i=1

where the inequality is strict because in this case f”(z) < 0.
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2. This follows immediately from the fact that f(z) can be continuously extended in z = 0,
so that f(0) = 0 (as we have previously stated). Therefore if we add po41 = 0 to S, it will
not contribute to S since by definition po41 Inpo41 = 0.

3. Since r;;, = qic;k, Wwe have:

S(AB) = —ks Y _ qrcix In(qcir) = —ks > qrcin(ngy + Incip) =
ik ik

= —ks (Z grcikIn g + > qrci In Cik)

However:

S acirlnge =Y qlng Yy cik =Y qlng

and therefore:

S(AB) = —ks Y qrlngy — ks Y _ qrcik Incge = S(B) + (S(A|By))
p ik

from which we have immediately:

(S(A[B)) = S(AB) — 5(B)
O

Let us note an interesting consequence of the last property of the entropy: if we suppose A;
and By, to be independent then S(A|B;) = S(A) and we get S(AB) = S(A) + S(B): we have
thus found that entropy is extensive! Therefore, the last property of S is a generalization of the
extensivity of the entropy for correlated events.

Now, since these properties are a little bit obscure as we have stated them, let us make a simple
example to illustrate their meaning. To make things more comprehensible, we use the same
notation of the proof.

Suppose you have lost your house keys, and want to find them; you can measure your progress
in finding them by measuring your ignorance with some functio S. Suppose there are (2
possible places A; where you have might left the keys, each one with an estimated probability
pi; the three properties of the entropy S can thus be interpreted as follows:

1. without further information, your ignorance is maximal and the keys could be in any of
the possible places, each with the same probability

2. if there is no possibility that the keys might be in a particular place Aq (your shoe, for
example), then your ignorance is no larger than what it would have been if you had not
included that place in the list of possible sites

3. to improve the research, you are likely to look where you have last seen the keys; let us
call these M places By, each with probability g; that the keys are indeed there.
Before thinking where you have last seen the keys, your ignorance about their location
is S(A) = S(p1,...,pa) and the one about where you have last seen them is S(B) =
S(gi, - - -,qum); therefore you also have the joint ignorance S(AB). If the location where
you last seen them is B, then your ignorance about the location of the keys is S(A|By),

Since it is the measure of your ignorance, this function is exactly the information entropy we have considered.
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and so your combined ignorance has reduced from S(AB) to S(A|By).

You can now measure the usefulness of your guess by determining how much it will
reduce your ignorance about where the keys are: the expected ignorance after you have
guessed where the keys might have been is given by weighting the ignorance after each
guess By by the probability of that guess, namely it is (S(A|By)). The last property of the
entropy thus states that after a guess your expected ignorance decreases exactly by the
amount S(B).

Now, what makes Shannon’s entropy as defined in (4.3) so special is the fact that it is unique (of
course up to a proportionality constant) and this follows only by the properties that we have
just shown it satisfies.

Theorem. Shannon’s entropy, defined as:
Ss = —ks Y pilnpi

and satisfying the properties shown in theorem is unique up to a normalization constant. In other
words, the properties shown in theorem 4.1\ uniquely identify Shannon’s entropy.

The idea of the proof is the following: we prove that from those properties we have that Sg =
S(p) has indeed the expression of Shannon’s entropy wheIF_ZI pi € QT. Then, since S is a
continuous function (property 0 of theorem we have that S(p) has the same expression
also for p; € R*.

Proof. Let us take ¢ € Q%, and we write its components as g, = g;/g with g, g, € N (and g the
least common multiple of the g,-s). We suppose 7, = 1/g, so that ¢y = rie/qe = 1/, (and
k=1,...,90). Defining L(g) = Ss(1/g,...,1/g), we have:

M

Ss(AB) = Ss(r11,712; - - -, ran) = L(g) Ss(A|B) = qiSs(cie, - car) = > qeL(ge)
=1 ¢

From the third property of Ss we have:

Ss(AB) = Ss(A|B)+ Ss(B) = L(g) =Y ael(ge) + Ss(aqr, - .qm) =
¢

= Ss(ai,.-qu) = Lg) = Y ack(ge) (47)
¢

Therefore, if we know L(g) we can express Ss (when its arguments are rational, for now).
Let us see that from (4.7) we get the expression of Shannon’s entropy if L(g) = klng, with k a
generic constant:

Ss(qr,-- am) =L(g) = Y _aqeL(ge) =klng—k > qlng, =
¢ ¢

=k aqlng—1Ingy) = —k‘quln% =—kY qlng
l l 0

which is exactly Shannon’s entropy. We therefore must prove that L(g) = kln g, and in order
to do that we will use the first and second properties of Sg.
Let us call @ and b two integers such that a < b; then from the second property we have:

1 1 1 1
Se|l=,....,= [ =8¢|=,....,5,0,...,0

a a a A N—_——
b—a arg.
a arg. a arg.

2Note: only for this proof the symbol Q will be used in its usual meaning, namely the set of rational numbers.
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and from the first:

1 1 1 1
Sel=,....=0,...,0l <Sg|= ...~ =  Ss(1/a,...,1/a) < Ss(1/b,...,1/b)
a A ——_—— b b
H/_/b—aarg. ~———
a arg. barg.

soif a < bthen L(a) < L(b).

Let now CV, @ ... C™ be n classes containing each g independent events with uniform
probability; if we call A the set of g events in C (1) and B all the g"! remaining ones, from the
third property of Sg we have:

Ss(AB) = Ss(A) +Ss(B) = L(g") = L(9) + L(g" ™)
we thus have found a recursive formula for L(g"); applying it n times we get:

L(g") = L(g) + L(g) + -+~ + L(g) +L(1) = nL(g) + L(1)

n times

and we se L(1) = 0. Therefore, L(g") = nL(g).
Let us now take s € N; there will surely be an m € N for which:

om < st < 2m+1
s0 (this can be done because L(a) < L(b) if a < b):

L(2™) < L(s™) < L(2™*1) = mL(2) <nL(s) < (m+1)L(2) =

L(s) m+1
@~

=

s13

<

h

Now, the logarithm In is a monotonically increasing function so if a < b then Ina < Inb; there-
fore we find that a similar inequality holds also for the logarithm:

m _Ins m—+1
<

n_m n

This means that L(s)/L(2) and In s/In2 both belong to the interval [m/n, (m + 1)/n|, whose
width is 1/n. Thus:

ns _ L(s)
In2 L(2)
and taking the limit n — oo (in fact n is arbitrary, so the inequality must hold for all ns) we
obtain:

1

n

L(s) = I]}EQQ) Ins

and renaming L(2)/In2 as k, we get:
L(g) = klng

which is exactly what we wanted to prove.

Therefore, we see that the Shannon’s entropy is uniquely determined by the properties shown
in theorem m

BThis is the entropy of a system with only one allowed configurations, so it is null; we could also have kept it
but it cancels out in the computations so it is anyway irrelevant.
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4.3.2 Conclusions: the most general definition of entropy

Therefore, from what we have seen the most general definition of entropy that can be given
is the following: if the possible states of a system are described by a probability distribution p
(note that we are not assuming anything on the nature of p, namely it can be both a continuous
or discrete probability density) then the entropy S of the system is defined as:

S =—k(lnp) =—kTr(plnp) (4.8)

where k can be kp or kg (depending on the kind of system considered) and the trace Tr is a
general way, which we will often use in the future, to write the sum (intended as an effective
sum or an integration, in case p is continuous) over all the degrees of freedom of the system.
In other words Tr is a symbolic notation that includes both the cases where p is continuous or
discrete:
Te(pln p) — {ZZ piln p; %f p %s disc1jete
[dTplnp if pis continuous

4.4 Entropy and the arrow of time

Entropy as defined in depends only on the microscopic laws of motion, which as we have
seen in are time-reversal invariant: this means that S in equation is time independent
and so strictly speaking the entropy of a system should never increase.

To see that explicitly let us show that in general:

4 [ fe@ B0 —o

where f is a generic function such that f(0) = 0. In our case f(z) = —xInz, which formally
is not well defined for z = 0; however, since lim,_,ozInxz = 0 we can extend the function
continuously and define 0 - In 0 to be zero.

Therefore:

J _[ofop 0f o
G [ fe@p0)ir - ot == | 559 upar

where in the last step we have used the fact that since p is a probability density it must satisf
the continuity equation p = —ﬁ(Vp) (see also the discussion of Liouville’s theorem in
appendix @, and V = (Q,P); we now can easily see that V - (Vp) = V- Vp:

3N

=5 [grtior o] =[5 (5or) - () -

3N 3N
OH Op OH 8p} < ap . 8/)) -
=) L - 4 V.V

[81%' 9gi  0qi Opi| = “oq; T op; g

M

Therefore:

d [ 0fs B -
dt/f(p(Q,IP’,t))dF——/f)l)Vp-VdI‘——/Vf-VdF

where by definition of gradient V[ = (8f/9p)Vp. Now, we have that Vf - V = V(fV), which
can be shown exactly as we have done for p. Thus, using Gauss theorem:

/f (Q,P,t))d /va - f(p)V-dioo
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where Y is the surface that encloses the phase space Volumﬂ since p is a probability density
it will vanish on ¥ ["°|and so will f(p), since we are supposing f(0) = 0. Therefore the last
integral is null:

a4 / F(p(Q. B, £))dT = 0

From this we get:
as
0
dt
and note that as we have obtained it, this relation is always valid. This means that in principle if
we consider a system undergoing an irreversible transformation, like the adiabatic expansion
of a gas, its entropy remains constant; however we know that in such cases entropy always
increases: where does this discrepancy come from?

What we want to show now is that this discrepancy comes from the fact that in reality entropy
is not a property of a given system, but of our knowledge about it.

Let us first see this in a rather intuitive way: suppose we are computationally integrating the
equations of motion of a system made of N particles closed in a fixed volume and to choose
very unusual initial conditions, for example we set the initial positions of the particles in only
one half of the system (we are thus simulating the adiabatic expansion of a gas). We let the
system evolve for some time, then we stop and invert all the velocities of the particles and then
restart the integration; what we are doing is essentially equivalent to letting the system evolve
for some time and then “rewind” it. We would therefore expect that as the system evolves the
particles will come back to their initial conditions since we are just “rewinding” the process;
however this doesn’t occur and the gas evolves as a normal ideal gas.

This happens because computers have finite precision: the position and momentum of every
particle is stored with a fixed number of significant figures, and as time passes we are loosing
information about the system because the computer will discard many significant figures that
(mathematically) should be present. In order to actually see the gas go back to its original
configuration we would thus need a computer with infinite precision, which would not loose
information.

Let us now see this concept in a more formal way.
When we consider a system from a microscopic point of Vie the probability density p has
complete information on the system since it will be of the form:

p(Q,P,t) =6(Q —Q(t))d(P — P(t))

Consider now a situation where we have less information on the system: suppose for exam-
ple we have a phase space probability density p(Q,t) that carries no information about the
momenta of the particleﬂ Then as p evolves it will satisfy a diffusion-like equation in config-

“Note: in momentum space this is always a surface at infinity, while in configuration space it can also be a finite
surface depending on the properties of the system (obviously, if the particles can occupy a limited space then
in configuration space will be finite).

PIntuitively, this can be justified from the fact that p must be normalized:

[ p@par =1

and this can happen only if p tends to zero at infinity.
®Which is what we have done in the proof of the fact that S = 0, since we have used Hamilton’s equations.
!7For example, this can me obtained from the previous probability density by integrating over the momenta and
then renormalizing.
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.
uration spaCﬂ p(Q7 P) = DVQP(@; P)

If the entropy of the system is:

S = —ks / p(Q, £) In p(Q, £)dQ

then we have:
s

—k
a s

dp 9
8tlnpd@ kg/ )

The second integral is null:

/apd(@—/pd@:gtl:O

so integrating by parts the remaining term and using Gauss theorem:

s

— = —kg / gilnde = —kSD/V2plnde = —ksD

o lnpﬁp-dioo—l—ksD/ﬁp-ﬁlnpd@

T

where Y is the surface that encloses the system in configuration space. Assuming that p, 6;) —
0 on X, then since VInp = Vp/p we have:

ds Vp?
_— = >
7 k:SD/ , = 0

Therefore, we have found that now the entropy of the system really increases, and this follows
only from our lack of knowledge about the momenta of the particles.

We can thus see how entropy really emerges when we have not a perfect knowledge on the
system, or in other words when we start ignoring or excluding some degrees of freedom.

4,5 A niftier framework for the statistical ensembles

The way we have obtained the canonical and grand canonical partition functions from the mi-
crocanonical ensemble in[3.3|and 3.4]is a rather “classic” one, and maybe also the most intuitive.

However this is not the only possible one: in fact, as we now want to show it is possible to ob-
tain all the ensembles (including the microcanonical one) from the principle of maximum entropy,
where the entropy is defined in the most general way, i.e. as in (4.8). In other words what we
want to see is that maximizing the entropy of a system as defined in with appropriately
chosen constraints it is possible to determine both the canonical and grand canonical ensem-
bles.

Let us consider a very different but simple and intuitive example to understand how this can
be possible.

Suppose we have a normal six-sided die; if we know nothing about it (namely we don’t know
if it has been fixed or not) then all the possible rolls have the same probability, i.e. p; = 1/6 for

81n fact, as we have seen m 2| the diffusion and continuity equations are equivalent if J= —DVp therefore
since p satisfies a continuity equat1on (being a probability density) then it will also satisfy a diffusion equation with
diffusion constant D.
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i = 1,...,6. This fact can also be obtained from the maximization of Shannon’s entropy (we
remove any proportionality constant for simplicity):

6
S=-> plnp
=1

with the constraint ) , p; = 1. In fact (as it must be done for constrained optimization problems
like this one) the maximization of S leads to:

0
ap[—Zpilnpi—)\(Zpi—l)]:—l—lnpj_)\:() = pj:e—/\—l — ¢
Jj P ;

where we have simply relabelled the constant in the last step (note that p; doesn’t depend on
j); therefore from ) . p; = 1 we have exactly p; = 1/6.

Now, suppose that the die has been fixed and that p; = 2ps; in order to find the new probabili-
ties p; we now have to maximize S with the additional constraint p; = 2pg. Therefore:

0
o [—Zpilnpi—)\<2pi—1> —N(p1—2p6)] =0 =
J i i

—1—Ilnp; —A=0 j#1,6 pi=e M V=1/7 i#1,6
= —l—lnpl—)\—uz() ]:]_ = plze—)\—l—u =
—1—Inpg—A+2u=0 j=6 p6:6—>\—1+2u
= pr=eH/Z
pe = e/ 7
and requiring that p; = 2ps and > ,p; = 1 we have y = —In2/3 and Z = 4 + e # + e?/.
Explicitly:
p; =0.170 i#1,6 p1 = 0.214 pe = 0.107

So we see that we indeed managed to reconstruct all the probability distribution of the system
only from the maximization of its entropy, with the appropriate constraints.

Let us now see this more in general: suppose we have a system which can be found in 2
different states (for simplicity we now consider the discrete case), each with probability p;. Let
us also suppose that we have put some contraints on the mean values of some observables O(*)
defined on this system, i.e.:

<O(o)> _ Zpi _1=-00

(o) =3 po®=0" ... (0@ =Y po =0

()
] —

with our notation we have O;(!) = 25;; — §;5) and O®) are some given values of the observables.

We have put also the normalization condition in the same form as the other constraints (with

Oi(o) = 1) in order to have a more general notation.

where O are some functions depending on j (considering the previous example of the die,
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As we know the entropy of the system will be given by (we again drop any constant in front of
S):
S==> pilnp,

Let us therefore see what happens if we maximize S with the constraints (4.9).
What we have to find is:

50 (07)-0%) =2 (0)-0") -0 (o) -0°))

-

where p(\) is a short notation to indicate the set of the probabilities p; seen as functions of \;.
Therefore:

5730 ((07)5%) =2 (07)-0") o= (o) -57)] -

= —1-Inp; — 20 — 200 — - 2,0 =0

(1) ()
- pj = 6—1—/\0—)\le —-~~—)\an

From the normalization condition we have:
(1) ()
1= pj =t Ze—moj — =X O}
J J

If we define:
(1) ()
7 = Ze_’\loj — =0
J

then:

1 (8)
Z=eto o = e N0,

which has a very familiar form (the one of the canonical and grand canonical probability den-
sities).

Now, in order to solve the problem we still have to impose all the other constraints: (0)) =
O). These can be written as:

— 35 A0 5(7)
1 _ (8) Y e =8O
<O(v)> — E :ij](V) _ EE :e 5 A0; Oj(d) _ & J
J J

(8)
Z e 2 As0;

j
From the definition of Z we see that:

1 07 olnZz
Ny 22 _ _
(0) =—Zon =~ ox

which has exactly the same form as the equation that defines the mean value of the energy in
the canonical ensemble, for example.

Therefore the values \s of the parameters \s; which maximize S with the constraints are
the solutions of the equations:

A1) OlnZ —(a) dlnZ
oV == e oY = _
o\ x, INa xa
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These equations are in general very difficult to solve analytically but there is a rather simple
method, which we now briefly see, that allows one to determine the parameters A\; numerically.
Let us begin noting that:

(9)
2lnZz . 0 laZ . 0 <O(7)>_ 0 E] _25>\50 O('Y) B
Dadry Do \ZON, ) " o " 9 Ze_zékéoy) _
J

S0 g maelop

Z -2 /\aO@) )

(8)
e =M

— <O<a>0(v>> _ <O<a)> <O(7)> _ <<O(a> _ <O(a>>) (Om) _ <O(v)>)>

where the last term is the mean value of the product of two fluctuations: this is the covariance
of O™ and O1). In general, the (a,)-th element of the covariance matrix C is exactly defined
as the covariance between O(®) and O):

i (0~ o) (00~ (0))}

Therefore, we have that:
2InZz B
OAa Oy a

The covariance matrix is positive (semi)definite; in fact if 7 is a generic vector, then:

2
7.0F = o — ) _ [
Z-C7T aZ;C Txaxy <[Z(5: s (O <O >> > >0

We needed these observations because if we now define the function:

ay

o=1

then since —91n Z/ sy, = 0 we have that:

or
OAs s

i.e. F has an extremum in \s. However:

O*F

and so this extremum is a minimum: F is minimized by the values )\s; of the parameters \s
which maximize the entropy S of the system.

Therefore, in this way we can simply determine the values \; by finding the minima of F,
which is a rather straightforward computational problem.

Let us now briefly see what happens in the continuous case, so that we can use what we have
seen in the framework of ensemble theory.
Since we are now dealing with continuous probability densities p, they will not depend on the
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discrete index ¢ but on the “continuous index” (Q,P), and of course the summations over i
must be replaced with integrations in phase space. In other words, the entropy of the system
will be:

5=~ [ drp(@.P)np(@.P)
and the contraints are:
(00 = / drp(Q,P) =1 =00
(oW} = / arp@ POV QP =0 .. (o) = / drp(Q,P)0)(Q,P) = 0"
The probability density will be of the form:

o(Q,P) = Le= s 0D @P) 7 / o~ 5 A0 Q) g
7

and the values )\; of the parameters \s which maximize S will be again the solutions of the

equations:
OlnZ @) OlnZ

o' —
oA x, 0o [Rq

5(1) _

Let us now apply all this to the ensemble theory.
In the microcanonical ensemble we only have the normalization constraint:

/p(Q,P)dF =1

where the integration is done over the (Q,P) points that satisfy H(Q,P) = E, with H the
Hamiltonian of the system and E a given value of the energy. In this case, therefore, the only
non-null “observable” is O(9), which as we have seen is a “fictious” one (defined so that also
the normalization condition can be put in the form of a constraint on the mean value of a
given observable). In other words, referring to our notation we have a = 0 and the probability
density has indeed the form:
p(Q,P) = Q(lE) = const.

where we have called Q(F) the normalization factor.

The value of Z can be obtained intuitively as we have done in i.e. since p must be zero
everything but on the phase space hypersurface of constant energy £, whose volume is Q(E),

then:
(H(Q,P) — E)
QE)

(see also the footnote on page 37| for a more “formal” way to derive this).

p(Q,P) = °

In the canonical ensemble we have a new constraint, i.e. we require the mean value of the
energy to be fixed:

(H) = / p(Q PYH(Q,P)dT = F

With our previous notation we have a = 1 and O (Q,P) = H#(Q,P), so that:

p(Q,F) = e NHED Z - / e MH(QP) gp
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Where{zg] A =0.

In the grand canonical ensemble, then, we have the additional constraint of having the mean
value of the number of particles fixed, namely O(®) = N. Explicitly we have that the entropy
of the system is:

== [ (@ P py(@.P)
N
and the constraints are:

> [ ow(@yary =1 > [ev@PHy(@pary =F
N N

Z/pN(Q,IP)NdI‘N =N
N
In this case, we will have:

p]\[(@ P) f— le—leN(Qap)_)\zN Z — Z/e_/\lHN(Q7P)_>\2NdFN
’ zZ
N

where \; = S and Ay = —uf.

We conclude with an observation.

We have determined the properties of the ensembles fixing the values of the first moments of
the observables (i.e., # and N); we can ask: why haven’t we fixed also other moments (namely
H?, N? etc.)?

In general it can happen that those additional moments are redundant; let us see a simple
example in order to understand that.

Suppose z is a stochastic variable distributed along a probability distribution o(z); imagine
that we are given 2 values z; of = without knowing p(x) and that we want to understand what
o() is from the x;-s. How can we proceed? We could try to guess ¢ with a procedure similar to
what we have seen now. For example we could compute the n-th moments of p withn = 1,2, 3,
namely (z), (z*) and (2*). Then, our guess for p would be:

1 _ 2_ 3 _ _ 2_ 3
Q(l’) _ 76—>\1$ Aox—A3x 7 — e A T—A2T”—A3T dax

VA

and the values ); of \; which give the correct expression of g are given by the solutions of:

olnZz
OAn |,

— o™
where O™ is computed from the given set of z;:

o = 1 Z x

Qe

If we determine )\; with and increasing number (2 of data, we expect (or at least hope) that the
parameters \; will tend to some definite values; what happens is that they often tend to zero,
when ¢ > 2.

9 At this point there is no way to understand that, and we are about to see something similar also in the grand
canonical ensemble. This is the disadvantage of this way of deducing the statistical ensembles: it is elegant and
mathematically consistent, but not really physically intuitive. The “classical” way we have used to derive the
ensembles is surely less formal and rigorous, but it allows to understand physically what happens.
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For example, if in reality o(x) = e~*/%0/xq for + > 0 then repeating the computations with
higher values of  we would find \; — 1/zg and A2, A3 — 0: the second and third moments of
x are useless if we want to determine o(x).

Let us note, however, that the use of the moments of x can be useless in some cases: if in fact
o(z) = 1/2? for > 1 then we will never be able to express it as a product of exponentials, so
the parameters \; will not tend to definite values. What can we do in this case? We can use the
moments of In x instead of x; in fact if we compute for example (Inz) = O, then our guess

for o(z) will be: . L
Q(.T) — Ee Alnz — E . W

and so in this case we would expect \; — 2; we also see that if we included come higher mo-

ments of In z, their relative parameters would have all gone to zero, and so all the n-th moments

with n > 2 are redundant.

Therefore, we see that depending on the kind probability distribution we use different ”recipes”lz_gl

in order to determine p(x).

However, in ensemble theory something slightly different happens. Suppose in fact that we
have fixed the first two moments of H in the canonical ensemble; then we would have:

p(@, P) _ %e—)\l’H—AgHQ
Now the energy is extensive, so H « NN and thus the leading term in the exponential should
be #H2; in general if we fixed an arbitrary number of moments of #, the leading one is the last.
This, however, doesn’t really make sense from a physical point of view since it would imply
that the only significant contribution is that of the n-th moment, with n — oc.
Therefore, in the case of statistical mechanics we are (although implicitly) assuming that the mo-
ments different from the first are actually insignificant, since strictly speaking there is nothing
that would prevent us from fixing also their values. It is the incredible accuracy of the predic-
tions made by statistical mechanics with the experimental results that confirms that this is a
reasonable assumption.

2t could be asked then what can we do if we don’t know absolutely nothing about . In this case there is nothing
that can help, besides experience; in such cases, in fact, one tries to get some insights on the problems and then try
different “recipes”, from which something new can be learned about o(z).



Chapter 5

Statistical mechanics of phase
transitions

5.1 Introduction

In chapter 3l we have seen how the tools of statistical mechanics allow us to interpret and
explain in a new and elegant way the statistical “origin” of thermodynamics, and how to derive
all the interesting properties of a thermodynamic system. Very briefly, in general terms the
whole philosophy of what we have seen can be summarized as follows: given a finite-sized
system, in general its Hamiltonian #H can be written in the form:

H=—kpT> KO,

where K, are called coupling constants (which generally are external parameters that can be
controlled experimentally) and O,, local operators, which are combinations (normally linear or
quadratic, but in general they can be any function) of the degrees of freedom of the system
considered (such as the positions and momenta of the particles in a gas, for example).

Then, we define the (canonical) partition function of a system as:

Z[K] = Tre "

where the trace Tr is a general way to express the sum (or integral, depending on the discrete
or continuous nature of the system) over all the degrees of freedom, and then the free energy is
defined as:

F[K] = —kpTIn Z|K]

The thermodynamic properties of the system can be obtained taking appropriate derivatives of
F[K] once the thermodynamic limit has been taken.

We now stop for a moment in order to study this concept, since we have not seen it explicitly
before.

We know that the free energy of a system is an extensive quantity; if we call L a characteristic
length of our system and d its dimensionality we will have that the volume V" and the surface
S of the system will be proportional to appropriate powers of L:

Voo L S oc L
Therefore we expect that for a finite system:
FIK] =V fy[ K] + Sf[K] + O(L7)

91
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where fj, is the bulk free energy density and f, the surface free energy density. The thermodynamic
limit of the bulk free energy density is defined as:

when this limit exists and is independent of the region where we have defined our system.
Similarly, the thermodynamic limit of the surface free energy density is defined as:

when this limit exists and is independent of the region where the system is defined.

Of course, sometimes some other constraints must be put in order to take meaningful limits:
for example, for a fluid system the limit V' — oo per se would be rather unreasonable unless we
simultaneously take the limit N — oo so that the density N/V of the system remains constant.
The existence of the thermodynamic limit for a system is absolutely not trivial, and its proof can
sometimes be really strenuous. In particular, it can be shown that in order for a thermodynamic
limit to exist the forces acting between the degrees of freedom of the system must satisfy certain
properties, for example being short ranged.

For example, if a d-dimensional system is made of particles that interact through a potential of
the form:

p(r) = =

7'-0'
where r = || is the distance between two particles, then it can be shown that the thermody-
namic limit of the system exists if d > o.

5.1.1 Statistical mechanics and phase transitions

Now, in all the cases considered in the previous chapters we have never taken into account the
possibility for our system to undergo a phase transition. We can therefore wonder if all the ma-
chinery that we have built can actually be used also when a thermodynamic system changes
phase.

In other more “philosphical” words the issue can be reformulated as follows: is statistical me-
chanics a tool that allows us to derive the whole thermodynamics of a system, phase transitions
included, or it works only when we limit ourselves to single phases?

It would be rather unsatisfying if the latter was the case, because after all the Hamiltonian (and
thus the partition function) of a system does not change during a phase transition, since the
interaction potential between the particles does not change with the temperature.

As we have seen in phase transitions are characterized by singularities (jump discontinu-
ities or divergences) in the derivatives of thermodynamic potentials, so if we want the partition
function of a system to include phase transitions it must exhibit such singularities. However,
by definition the partition function is simply a sum of exponentials, so it should be itself an
analytic function and thus incapable of reproducing phase transition-like phenomena.

This is true as soon as we consider finite-sized systems: in fact, in this case the partition function
is a finite sum of exponential, so it is inevitably an analytic function. However, infinite sums of
analytic functions can be non analytic, so we can suppose that the partition function can exhibit
singularities (and thus phase transitions) only in the thermodynamic limit.

This is indeed what happens; in fact, it can be shownﬂ that if one allows e®* (with x the chemi-
cal potential) to assume complex values in the thermodynamic limit at least one of the poles of
the partition function moves on the real axis.

!See C. N. Yang and T. D. Lee, Statistical Theory of Equations of State and Phase Transitions. 1. Theory of Condensation,
Physical Review, vol. 87, 3.
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Heuristic energy-entropy argument

We could now ask how can we understand if a system can undergo phase transitions at all; a
simple but useful tool to do so is the so called energy-entropy argument: at high temperatures the
entropy S will be the dominant term in the free energy F' = U — T'S of the system, and the free
energy is thus minimized by maximizing S; at low temperatures on the other hand the internal
energy U can be the most important contribution to F' and so the free energy is minimized
by minimizing U. Therefore if maximizing S for high temperatures and minimizing U for
low ones brings to two different macroscopic equilibrium configurations of the system, we can
conclude that there must be at least one phase transition between 7" = 0 and 7" = oo (of course
this requires that we know the exact expressions of U and ).

5.1.2 Long range correlations

We now want to show that one of the characteristic traits of critical transitions, that distin-
guishes them from other kinds of phase transitions, is the fact that the divergence of response
functions in the proximity of the critical point is intimately bound to the existence of long-ranged
strongly correlated microscopic fluctuations.

We shall do that in a very qualitative way, and to make things clearer we consider a magnetic
system (but of course our considerations are absolutely general and extensible to other kinds
of systems).

When a magnetic field H is presentﬂ the partition function of a magnet is:

7 = Tre PHL-HM)

where H is the Hamiltonian of the system. The magnetization of the system at equilibrium is:

1 olnZz
B —B(H-HM)| _
(M) = Tx [Me } ey
while its susceptibility is:
o) 1 —B(H—HM) —Bm—mm)] , 1 2 _B(H—HM)] _
XT—W——ﬁTT[BMe }-Tr[Me }—FETr[BMe }—

= gTr [MQefﬁ(HfHM)] — % {Tr {M@fﬁ(ﬁ*HM)] }2 = k:BlT <<M2> - <M>2)

However, from a microscopic point of view the magnetization of the system can be written as:

M:/mmﬁ

where m(7) is the local magnetization in 7. If we substitute this expression in 7 we get:

XT = 6/((m(77)m(§')) — (m(")) (m(5))) drds (5.1)

If our system is spatially homogeneous, then (m(7)) = m is constant and (m(r)m(5)) =
G(r — &), called correlation function, depends only on the relative distance between two points.
Defining the connected correlation function as:

(m(P)m(5)).. := (m(F)m(5)) — (m(7)) (m(3)) = G(7 — §) —m?

>We are treating H, just like the magnetization M, as scalars instead as vectors: in order to make things easier,
we are supposing that the real fields H and M are both directed along the same direction, say the z axis of our
reference frame, and we are only considering their magnitudes.
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sometimes also called G.(7" — 5), and changing variable to ¥ = 7" — 5'we get:

- / Go(F — §)dFds = 3 / Go(7)dids = % / Go(7)dF (52)
B
where in the last step we have renamed the variable & to 7

The connected correlation function is essentially (as it can be understood from its definition) a
measure of how the fluctuations of the magnetization from the mean value m in a part of the
system influence those in another part of the system.
Now, we expect that in general the correlation function will decrease on long distances. We can
therefore writelt g

Ge(r) ~ e € at least when |7] > ¢
where ¢ is a characteristic length of the system called correlation length.
If we call g the characteristic value of the connected correlation function for |7 < £ (namely we
suppose that it is constant and equal to g for lengths smaller than éﬁ), then from (5.2) we have
(neglecting any proportionality constant):

XT:/GC(F)dF< Gc(fw:/ gdF  g€*
sV I71<é I71<¢

namely:

XT 3
—_— <<
% 73

We thus immediately see that if " — T, since x7 — oo (as we know from the thermodynamics
of critical phase transitions) we must also have £ — oo: in the neighbourhood of a critical point
the correlation length of the system diverges.
As we have seen in we describe the divergence of £ by means of the critical exponent v,
namely we set:

&~ [t

Furthermore, experiments and exact solutions of simple models show that the correlation func-
tion decays near the critical point as a power of ||, with a critical exponent called #:

1

G(r) ~ ———

( ) |,r—_»|d72+77
where d is the dimensionality of the system (see[1.5).

5.1.3 Finite size effects on phase transitions

We have just seen that phase transitions can occur only in the thermodynamic limit. However,
this is only a mathematical concept and can never be really reached: real systems, regardless of
how much big they are, are not infinite! We can therefore ask if what we have just seen is useful
at all, namely if and how much real systems differ from their thermodynamic limit.

Consider the correlation length of a thermodynamic system: we know that it depends on the
temperature of the system, and that it diverges in the neighbourhood of a critical point. Let
us suppose that our system is finite, and call L the length of its size; of course the correlation
length ¢ of the system cannot be greater that L itself and so for temperatures near enough to

3This form is also justified, as we will see, from the fact that in many cases G. turns out to actually decay
exponentially with 7.
“In fact, e~® is of the order of 1 when z < 1.
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the critical one the behaviour of the system will differ from that of its thermodynamic limit.
Let us see with a realistic example how big this difference is; suppose that:

£~ ot 23

where t = (T — T,)/T. is the reduced temperature and &, = 10 A is the correlation length far
from the critical point. This form for £ is realistic for fluids and magnets, and &y is an overesti-
mate in many real cases.

If we suppose L = 1 cm, we have ¢ = L when t ~ 107!!: this means that we should be able
to measure temperatures with a precision of one part in 10!! in order to detect deviations from
the thermodynamic limit!

We therefore see that even if in principle real systems behave differently from their thermody-
namic limits, these differences are extremely small and negligible in all reasonable experimental
conditions.

We are thus legitimated to use thermodynamic limits in statistical mechanics in order to study
phase transitions of real macroscopic systems.

5.2 Models in statistical mechanics

Models are the main instrument of statistical mechanics that allow to “translate” the physical
configuration of a system in a mathematical language, so that it can be thoroughly studied and
its behaviour predicted.

The role of models in statistical mechanics, and more in general the role of models in the whole
scientific method, is of course a very intriguing and philosophically demanding one; of course
we will not cover such a vast and difficult issue, and we will only limit ourselves to consider
the two diametrically opposing points of view about how models are used.

The “traditional” point of view has been to describe as much faithfully as possible a system,
including all its details; in case the theory is unable to explain the experimental results, then
some parameters of the system are fine-tuned, or additional parameters are included.

On the other hand a more modern point of view, born in the framework of statistical mechanics
and motivated by the study of phase transitions and critical phenomena, is that of describing
a system with the most minimal and simple possible model, introducing few parameters or
properties eventually motivated by symmetry or very general arguments. In such systems in
fact it is not necessary to introduce deep levels of details in order to understand their phe-
nomenology, and the study of such minimal models has often led to answers that turned out
to be even more universal that those that were looked for when the model was introduced.
The use of this more minimalistic approach has been ultimately justified with the introduction
of the concepts of universality (see and Renormalization Group (see chapter [g).

We are now going to introduce some very important models in statistical mechanics: their
study will allow us to learn a lot about the statistical mechanics of phase transitions.

5.3 The Ising model

5.3.1 Introduction

The Ising model (in its one-dimensional version) was proposed by Ernst Ising in his PhD thesis
in 1925 as a tool to describe the thermodynamic properties of magnetic systems from a micro-
scopic point of view. Ising found (as we will shortly see) that in the case he considered the
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(a) Ising model in one dimension

(b) Ising model in two dimensions

(c) Ising model in three dimensions

Figure 5.1: Representation of the Ising model in various dimensions (the spins pointing dow-
nards in two and three dimensions have been coloured differently to be better identified)

system does not exhibit any phase transition for 7' > 0, and he incorrectly concluded that the
whole model was not useful to describe such systems.

However, this model has been later studied again and in different configurations and many
important properties have been discovered; historically Ising model has been one of the most
(if not the most itself) heavily studied model in statistical mechanics and it is often used as a
testing ground when new theories or methods are developed.

Another extremely important characteristic of the Ising model, that also justifies the effort we
will make in order to study it, is that it does not only apply to magnetic systems: as we will see
many other systemsﬁ can be shown to be equivalent to an appropriately defined Ising model.

The d-dimensional Ising model is defined as follows: consider a d-dimensional lattice with IV
sites, each labelled by the index i = 1,..., N; in general the lattice is supposed to be hypercu-
bic, but this is not necessary: in two dimensions, for example, we can consider triangular or
“honeycomb” lattices, while in three dimensions we can have body-centered or face-centered
cubic latticeqﬂ What distinguishes one lattice from another is its coordination number z, defined
as the number of the nearest neighbours of a site. In the case of hypercubic lattices it can be
easily seen (case by case) that z = 2d, where d is the dimensionality of the system.

The degrees of freedom of the model are discrete variables .S; defined on each site that can only

*Examples of such systems are fluids (see , binary alloys (see|5.3.6) and neural networks (see .
The number of possible lattices is predicted by group theory, and amazingly all these mathematically possible
lattices are found in nature.
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assume the values +1 and —1; therefore, the number of the possible configurations of the sys-
tem is 2V,

In the original purpose of the Ising model the lattice represents the atomic lattice of a metal and
the variables S; are the spins of the atoms, or rather their component along the vertical axiﬂ
therefore, S; = +1 corresponds to a spin pointing upwards while S; = —1 downwards (see
figure 5.T), and the study of this model should determine if and how all these spins can align
so that the system can have a spontaneous net magnetization. However, since the Ising model
can be used to describe completely different systems this interpretation is not the only possible
one; since this model has always been associated to magnets (but also for historical reasons)
we will in the following continue to use a terminology proper only to magnetic systems.

The usefulness of the Ising model (but in general of lattice theories) goes much further that
what can now be imagined (considering also the fact that this model can be used to describe
systems different from magnetic ones).

Lattice theories are in fact widely used in many areas of physics: just as an example, apart
from “easily imaginable” applications of the Ising model in solid state physics, also quantum
relativistic theories can be formulated in terms of lattices. QCD, for example, widely uses four-
dimensional lattice models (with Minkowski spatio-temporal metric, of course) to describe
quantum phenomena. We therefore see that also models with “strange” dimensionality (i.e.
greater than d = 3) can be actually useful.

In order for this model to be interesting, the degrees of freedom S; must not be independentﬂ
we therefore assume that the spins interact with each other with exchange interactions that cou-
ple in general an arbitrary number of spins, and also with an external field H that can change
from site to site.
Therefore, the most general form of the Hamiltonian of the Ising model for a given spin config-
uration is:

M= ZHS D JipSiSi+ Y KigeSiSiSk + -

iJ B3,k

The first two minus signs are present because in general two adjacent magnetic moments tend
to align, so for the system it is energetically convenient to have as many aligned spins (and
aligned along the external field) as possible.
For such systems the trace operator, being the sum over all the possible values of the degrees

of freedom, takes the form:
= > =2 Z Z

{Si=+1}  S1=+1S>=
As usual, the partition function will be:
Z(T,{H;},{Jij},...) = Tre ¥
and the finite-size free energy:
F(T,{H;},{Ji;},...) = —kgTInZ(T,{H;},{Jij},...)

Then, the thermodynamic properties of the system can be obtained taking the thermodynamic
limit: )
f(T,{H}, {Jij}7 )= ]\}gnoo NF(T? {H:}, {Jij}a )

"Note that from quantum mechanics we know that in general the spin of an atom is proportional to a given frac-
tion of 7i: we are “ignoring” the magnitude of the spin, “reabsorbing” it in the definition of the coupling constants.

8This is not really true: as we will see in we can learn something interesting also in the non-interacting
case.



98 CHAPTER 5. STATISTICAL MECHANICS OF PHASE TRANSITIONS

and then appropriately deriving f.

For the sake of simplicity, from now on we will always neglect interactions that couple more
than two spins, and we will also consider the field H as constant over the systemﬂ

Now, what about the existence of the thermodynamic limit for the Ising model?
It has been shown that in general the thermodynamic limit exists if the two-spin interaction J;;

satisfies:
Z ’Jij| < 00
i#£]
Therefore, we can see that what determines the existence of the thermodynamic limit is the

dimensionality of the system and the range of the interactions. For example, if the interaction
between two spins S; and S; at the positions 7; and 7 is of the form:

Jij = Al — 7577

then it can be shown that we must have o > d in order for the thermodynamic limit to exist.

5.3.2 Analytic properties of the Ising model

Since we want to analyse the Ising model in order to determine if and how it exhibits phase
transitions, and that phase transitions are characterized by singularities in the thermodynamic
potentials, it is important to study the analytic properties of the Ising model’s free energy so
that we can find possible non-analytic behaviours and therefore understand when such phe-
nomena can occur.

Let us therefore consider an Ising model where the external field H is constant and the interac-
tion J;; occurs only between nearest neighbouring spins, namely:

) J S; and S are nearest neighbours
Z] 0 otherwise

This way the Hamiltonian of the system is:
~H=J> SiS;+H> 5
(i7) i
where the notation (ij) means that i and j are nearest neighbourﬂ

We now state the most important analytic properties of the bulk free energy density f (which
hold in general).

Theorem. Let f be the free enerqy density of a system at temperature T subject to an external (generic)
field H. Then:

°In the study of this situation, including the one in which there is no external field, we will use the method of
sources: this consists in keeping always the term containing H; in the Hamiltonian, and at the end of the calculations
(i.e. after the thermodynamic limit) set H; to any desired constant value, including zero.

With this notation we are also implicitly assuming that we are not counting twice terms that are equal; to be
explicit, considering the unidmensional case if we sum over all the possible nearest neighbours we would have
terms like 5152 4 5251 + S253 4+ 5352 + - - - : every term (except eventually for the boundaries, but only if we don’t
take periodic conditions) is counted twice (S;S; = S;5;:), so we should multiply everything by 1/2 to correct this
exceeding number of terms. With our notation we are implicitly doing that, and so the sum can be explicitly written
as 5152 + 5253 + S354 + - - - ; however, sometimes in the future it will be convenient to use the other convention, so
we will count every possible term and then divide by 2.
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a) fisnegative, f <0

b) f is a continuous function of its arquments
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c) The derivatives of f exist almost everywhere; furthermore, right and left derivatives of f exist

everywhere and are equal almost everywhere

d) —0f/O0T > 0, namely the entropy per site is non-negative

e) Of /0T is monotonically non-increasing with T, namely 0 f/0T? < 0; this implies, from its

definition, that Cr > 0

f) 0f JOH is monotonically non-increasing with H, namely 9*f JOH? < 0; this implies, from its

definition, that x > 0

We shall only prove d); the general strategy is to start from a finite system and then take the

thermodynamic limit.
Proof. d): If we assume the existence of the derivatives, then:

OF _ 0 \] -
_8T8T[kBT1n<Tre B )]

__H 1 __Hn H
=kpln (Tre kBT> + kT ————"Tr <e kT kBT2> =

Tre kBT
Tr (BHe P
— kpln (Tre—fBH) n kBr(’BZB) —kp |InZ+
If we now define:
e_BH e_BH

p= Z  TreBH

we have:
oF
97 = —kp Tr(pln p)

Now, since by definition 0 < p < 1, Inp < 0 and thus —0F/JT is a sum of positive terms;
therefore —0F' /0T is positive. Dividing by N and taking the thermodynamic limit we get

~df/dT > 0.

We can even prove something more (we will do it in the particular case of the Ising model):

Theorem. The free energy density f is a concave function of H.

Proof. The proof is based upon the Holder inequality, which we now recall.

O

If {gx} and {h;} are two sequences with gi,h; > 0 for all k¥ and ;1,2 € R are such that

a1 + ag =1, then:

S (Sa) (Sn)

Let us now consider Z(H ) (for simplicity we will write only H as its argument). By definition:

Z(H)="Tr PH 2 SitBI 235 SiS5 — oy (e*BHEi SiG[S])
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where we have defined G[9] := ¢’ 72243 555 Then we have:

Z(a1Hy 4 agHy) = Tr (eﬁalm > SitBasH2 Y, SiG[S]) =

— Ty [(eﬁHl s, siG[SDal (eﬁHQ >, siG[SDaz} < (Tr Y Si)al (Tr SHI2Y, si)az
where we have also used the fact that a; + a9 = 1, and thus:
Z(a1H1 + OCQHQ) < Z(Hl)alz(Hg)oQ

Therefore, taking the logarithm at both sides, multiplying for —kgT" and taking the thermody-
namic limit we get:
flarHy + agHz) > aq f(Hi) + ao f(H2)

and so f is indeed a concave function of H. O

5.3.3 Absence of phase transitions for finite systems

We now analyse some symmetry properties of the Ising model, which will allow us to show
that for finite systems no phase transition can occur at all.

To begin with, let us note that for any function ¢ of the spin configurations {S;} we have:

dooe{Sh= Y. e({-S}H) = Tre({Si}) =Tre({-S}) (5.3)

{Si=+1} {S;=+1}

which can be “proved” by explicitly writing all the term
Then, we can also see that f is an even function of H. In fact, from the definition of the Hamil-

tonian:
~H=J> SiS;+H> S
(6,5) i

it is immediate to see that:
H(H, J{S;}) = H(~H, J.{-S}}) (5.4)
Therefore, using and then (5.4):
Z(—H,J,T) = Tre PHHIS] =y o= AHEH =5 — y o= ARSI = 7(H, J,T)
If we now take the logarithm on both sides and multiply by —kgT’, we have:
F(H,J,T)=F(—-H,J,T)

namely, the free energy is an even function of H.

This implies that the system (note that we have never taken the thermodynamic limit, so its
size is still finite) can never exhibit a spontaneous magnetization when H = 0, and so there are
no phase transitions at all (the system will always remain in its paramagnetic phase). In fact,

we have: 5 5 5
“on U= ot = 50w

M(H) =

"Very simply, since S; = 41, when we sum over all possible values of S; we will in both cases cover all the
possibilities for the argument {S;} of .



5.3. THE ISING MODEL 101

and if H = 0:
M(0) = —M(0) = M(0)=0

i.e. the spontaneous magnetization is always null.

Note that this result has been obtained only with the use of symmetry properties, and we
have never resorted to the “traditional” approach of statistical mechanics, namely the explicit
computation of the partition function and subsequently the derivation of the thermodynamics
of the system. This will be done later on.

5.3.4 Ising model and fluids

As we have stated in[5.3.1} the Ising model can also be used to describe systems different from
magnets. The most important example is the correspondence that can be established between
an Ising model and a fluid through a lattice gas model. We will now show how this equivalence
can be defined; in order to do so, we will proceed in two steps: we will first show how an Ising
model is equivalent to a lattice gas, and then show (qualitatively) that this lattice gas model is
equivalent to the classical model for a fluid.

Before doing so, we briefly review the formalism used in classical statistical mechanics in order
to describe fluids (see for example).

Let us then consider a system of NN particles subjected to some generic potentials, so that its
Hamiltonian can be written as:

. Z(p‘ G ) U g S Vsl )

z#] i#j#k

where U, is an n-body potential, which generally depends only on the distances between the
particles if it involves two or more of them.
Working in the grand canonical ensemble, the grand partition function will be:

Z = Tre PH-1N)
wherd%
d— 3d -
Z N'/de Tzd pz

(h is the Planck constant, and d the dimensionality of the syste. It is convenient to separate
the contributes of to the kinetic and configurational terms:

> ARy T d= —BUU}-uN)
ZZNE:ON! /thz\/ o /Hd

where with {U} we mean all the possible potentials acting on the system. However (see, again,
3.3.3) we have:

iy — A(T)™ AT) = —
hd B - \2rmkgT

where A(T') is the thermal wavelength. Therefore:

Bu \N
2= ZN|(er> Qn

12This of course is valid for classical mechanics, but the correspondence we will establish holds also in quantum
statistical mechanics.
13 . . . . . . ..
The only big difference with is that we are considering d generic instead of equal to 3.
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where:
N
av= [Tl
i=1

The grand free energy is thuﬂ
F(T,p1,{U}) = —kpTIn Z

and as usual the thermodynamic limit of F' is defined as:

f

with the constraint:

Ising model and lattice gas

The basic idea of the lattice gas model is to describe a fluid where the particles are located on
the sites of a lattice instead of continuously occupying any position in space; it is a sort of “dis-
cretization” of the classical description of fluids. The correspondence with the Ising model is
established relating the local density of a fluid with the local magnetization density of an Ising
model.

Let us therefore consider a d-dimensional lattice with coordination number z. Each site of the
lattice can be occupied by a particle, so if we call n; the occupation number of a site we will
have either n; = 0 or n; = 1, and the total number of particles will be:

Ns
i=1

where NN is the number of sites. In analogy with the continuum case we can guess a Hamilto-
nian of the form:

NS
H = Z Ul(i)n,- + % Z Uz(z’,j)nmj + -
i=1 17
where the interaction potential Us is symmetric, namely Uz (i, j) = Ua(j, ©).
We have written only the configurational term, because we know that the kinetic part always
contributes to the grand partition function with the thermal wavelength.
This way, in the grand canonical ensemble we have:

Ny
- . 1 .
H—MN:;(Ul(z)—u)ni—i-2;U2(z,])nmj+~-- (5.5)

Considering now an Ising model defined on the same lattice, we can establish a correspondence
with the lattice gas model defining:

b0 o0

%A small remark: for finite and “reasonable” systems the grand free energy is not singular even if it involves an
infinite sum over N. The reason is that generally (in the “reasonable” cases we have just mentioned) the interaction
potentials have a hard-core component that prevents the particles from overlapping: therefore, a finite system will
be able to contain only a finite number of particles, so that the sum has in reality an upper limit and is not infinite.
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where §; is the spin variable of the Ising model defined on the same lattice: in fact, doing so we
have n; = 0when S; = —1 and n; = 1 when S; = 1.

What we now want to show is that substituting into we obtain a Hamiltonian that
leads to the grand partition function of the Ising model, so that the equivalence between the
two models is made expliciﬁ

From now on we will neglect any potential that couples more than two particles; therefore, the
first term of the right-hand side of becomes:

Ns Ns N

, 1 1 , 1 ‘
> (U1(6) — ) S1+5) =5 > (U1(6) — ) + 3 > (U1(6) — ) Ss
i=1 i=1 i=1
while the second term:
1 . 1 .
,ZUgZ](l—i—S)l%—S ZUgZ] ZZUQ(z,j)Si—I—gZUQ(z,j)SZS
i#] Z#J i#] i#]

(where in the second summation has been obtained relabelling indices and using the symmetry
of Us). If we now suppose that Us is a nearest-neighbour interaction, i.e.:

Us(i, ) Uz iand j are nearest neighbours
VA =
g 0  otherwise

then:
1 1 1 & 1
5 Z UQ(’i,j)?’Lin]’ = éUQZNs + ZUQZZ S; + gUQ Z SzSJ
i#] i=1 (i7)

If we now set U; = 0 (i.e. there are no external fields acting on the fluid) we have:

Therefore:

Ns
H—pN = _gNs + §U2Ns + (_% + ZU2> ZSZ' + % ZSZ‘S]‘

For the sake of simplicity, we se@

1% z Bz U
Fy=—=N, —Uy N, —H=—=4 - —J =— 5.7
0 5 s+ 8U2 s 5 + 4U2 J 3 (5.7)

so that: .
H—puN=E -HY Si—J) S,
i=1 (i5)
We thus have that the grand partition function of the lattice gas can be written as:
Zlg — Tre BH-—1N) — Ty 6_5(_EO+H i SitT gy SiS;) _

— ¢ BBy B_B(H S Sitd Xy SiS) =

BOf course, if two systems have the same partition function, their thermodynamics will coincide, so they are at
all effects equivalent.

1From these definition we see that in reality the precise values of the coefficients 1/4, 1/2, 1/8 that we have
encountered are absolutely irrelevant.
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= Zl.g. = G_BEOZI.m.

where Zi, is the grand partition function of the Ising model.

Therefore, we see that the grand partition functions of both the Ising model and the lattice gas
are equal, except for the irrelevant constant rescaling factor e 7%,

This way we can see explicitly that the two models are perfectly equivalent.

Lattice gas and continuous fluids

We now want to show (although not really rigorously) that the lattice gas model can be derived
from the “classical” model of a fluid.
Consider the configurational sum:

N
On = /Hddﬁ.eﬁ{U}
=1

We can approximate it dividing our system in NN. cells of linear dimension a, such that the
probability to find more than one particle inside one cell is negligible; in other words, if our
particles interact via a potential that has a hard core component we can take a of the order of
the hard core radius. This way the integral in () ;v can be rewritten as:

N Nc¢
d= ~ ,dN
/Hd R a E
i=1 a=1

where i labels the particles while o labels the cells.
Since we have focused our attention towards the cells, we can substitute the interaction Us (775, 75)
between particles with an interaction between occupied cells:

Us(a, B) = Us(7%,75) ifr; cvand 7 € B

As we have done before we consider only two-particle interactions and suppose that the rela-
tive potential is short-ranged, namely U acts only between nearest neighbours and in that case
is equal to a constant value Us; therefore:

Z Us(c, B)nang = Uz Z Nang
a#£B (ap)

where of course n,, is the occupation number of the a-th cell.

Now, for each specified configuration of the occupation numbers n,, there can be N! possible
configurations for the positions 7;: in fact, the configuration {n, } of the occupied cells only tells
us where we can find a particle, but not which specific particle is in a given cell; furthermore, the
system is left unchanged if we interchange the particles. We can thus write:

/
Qn = Nla® 3 (U
{n.=0,1}

where Y_' means that the sum on n,, must be subject to the constraint that the total number of
particle be fixed and equal to N:

!
Z = Z wichna:N

{na=0,1}  {na=0,1}
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Therefore:
PR S AT = (e N = ovte
°f-‘ZN!<A<T>d> Q=2 e <A<T>> 2 o«
N=0 N=0 {no=0,1}

where “c.f.” stands for “continuum fluid”. The presence of the sum )% _, strongly simplifies
the calculations: in fact, if f(n,) is a generic function, then:

Z Zf(na): Zf(na)+2f(na)++Zf(na):2f(na)

N=0{nq} {na} {na} ) {na}
Za na=0 Za?n,razl Za Na=00

where the last sum in unconstrained. Therefore we can write Z_; as:

Zeof = Z [eﬁuedIOgﬁT)}Ne_BUQ 2 (ap) Mats Z @_B[UQ 2 (o) nan@—<u+%log ﬁ)N}
{na:o’l} {?’LQZO,I}
namely:
Zep = Tre PN — 7,

where Z)g. 18 the grand partition function of the lattice gas model, while:

1 = _|_§] L

and . is the “classical” chemical potential. However, since the chemical potential has the
meaning of an energy, any shift in ;1 by a constant quantit is physically irrelevant, so 7z and
[, are equivalen

Therefore, the grand partition functions of the continuum fluid and the lattice gas model are
the same: we thus see that these two models are equivalent.

5.3.5 Ising model and the ideal gas

When we have discussed the relation of the Ising model with lattice gases, we have included
the interactions between spins (or equivalently particles), so in the end the Ising model could
be used to describe non-ideal fluids.

What we now want to show is that the Ising model in the non interacting case (which could
seem not really interesting at first) is equivalent to the ideal gas.

We start of course from what we have seen in the case of a generic lattice gas:

Zl .= e_IBEO Zlm.

-8

where (in the case of a square lattice, for which we know that z = 2d):

and we have renamed N with N. From (5.7) we can rewrite Fj as:

Ey=—N <H+ %d)

7Remember that our system is at fixed temperature, so 7' is constant.
18Equivalenﬂy, we can also note that e?FN = frNedNlog(a/A) g4 z . — gdNlogle/ A)Zl_g}: the grand partition
functions of the fluid and the lattice gas differ for a constant rescaling factor, similarly to what we have seen before.



106 CHAPTER 5. STATISTICAL MECHANICS OF PHASE TRANSITIONS

Since we are working in the grand canonical ensemble, we havﬂ Zg = e B® = PPN and so:

EO 1 U2 1
P=—-=— InZim =H —d InZ
N +5N Il ZIm. + +5N N ZIm.

which, in the non interacting case (Uz = 0), reduces to:
P=H+—-—hz
+ 5 N I m
The partition function of a non interacting Ising model is:

Zlm. = Z el 2 Si

{S;=+1}

where as usual h = SH. This can be computed easily:

Zim = Z Z S ehSn —H(Z eh5> 2COShh)

=+1 S=+1

and thus:
In Zym,
N

If we now call (N) the mean number of spins of the system, what we want to do is to relate P
with the density (V) /N.
Similarly to what we have done for the lattice gas, we define n; = (1+.5;)/2 to be the occupation
number of the i-th cell of the system. This way, the mean number of particles is:

o-(£55)-3-4{5)

]

=In(2coshh)

but: .
ZS, _ Z{S}e 2 Z] S 1 0Z1m Ol Zin
=) Y Zm 0h 0O
Therefore: M 1 Loz 1
-1 ._ MY/ _ - NnZim _ 2t
vo=Ty (1 + = N on > 2(1 + tanh h)

However, we can also define the mean “magnetization” per spin of the system as:

1 0InZn
e (D) =y M

We therefore have v=! = (1 + m)/2, and we can also rewrite:

1 1 1 cosh? h 1
—InZ,=In2+ -lncosh’?h=1n2+ = In =In2— =1In(1 — m?
N m 2 2" cosh?h — sinh?h 5 In )

where we have used two “tricks”: first, we have written cosh h = Vcosh? h and then divided
by cosh? h — sinh? h = 1. This way:

h
P = 3 5 1112—7111(1— 2)

¥The “volume” of our system is now the number of spins N.
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1+m

1=, this can be rewritten as:

and since h = tanh~ ! m = %ln

1. 1-m 1

P=—=In = ——In(1—v"!
3 5 )
If our gas is dilute, i.e. v™! ~ 0, we can expand the logarithm and get:
v (V)
P =Y ppr
goN

which is the ideal gas law (since N is the volume of our system)!

5.3.6 Ising model and binary alloys

The Ising model can be also used to described systems composed of different kinds of particles,
like binary alloys.

What we now want to see is that, similarly to what happened in for the lattice gas, the
Hamiltonian of a binary alloy can be mapped into the Hamiltonian of an Ising model.

Consider a lattice with coordination number z, and suppose that on every site of this lattice
there can be an atom of two possible different elements, say A and B, and that they can “move”
(i.e. exchange their positions) on the latticﬂ

Let us call —-E44 and —Epp (writing explicitly the negative sign) the interaction energies be-
tween neighbouring atoms of the same elements, respectively A and B; similarly, we call -E 45
the interaction energy of neighbouring atoms of different kinds.

Let us also call:

— Nja, Npp the number of A-A and B-B bonds

— Nyp the number of A-B bonds

N4, Np the numbers of A and B atoms

N = N4 + Np the total number of atoms

This way, the energy of the system will be:
E = —ExaNaa — EapNap — EppNpB

However, Na4, Npp and N 4p are not independent.

Let us in fact consider all the A atoms of our system: we have that every A-A bond contributes
to N4 with two atoms and every A-B bond with a single A atom. If we add these numbers we
have z times the total number of A atoms, i.e.:

2Naa+ Nap = 2Ny

and similarly:
2N + Nap = zNp

The fact that these sums are z times equal to N4 or Np is better understood if explicitly verified
in simple cases. Check for example that this is true in the following two-dimensional case

DThis happens, for example, in S-brasses: at temperatures lower than approximately 733°C the atoms are ar-
ranged in a body-centered cubic lattice, with zinc atoms occupying the center of the copper cubes; if the temprature
is raised then zincs and coppers freely exchange.
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(assuming periodic boundary conditions):

A B A A B
B A A B B
A B A A B
B A B B B
B A A B A

If we now solve these last two equations, expressing everything in terms of N4 and N44 we
get:

Np=N—Ny NBBZNAA—I-(N—QNA) Nap=2Ng—2Ny4

z
2
and thus the energy of the system can be rewritten as:

zN
—FE = Naa(Eaa+ Epp —2Eap) + 2Na(Eap — Ep) + 7EBB

Now, in order to establish a correspondence with the Ising model, similarly to what we have
done for the lattice gas, we can define a site variable n; which represents if an A or B atom is
occupying the i-th site. We define n; such that n; = 1 when an A atom is present while n; = 0
when a B atom is present in the site; this way, we can map this system into an Ising model
setting (just like beforeEfb:
1+ .5;
n; =
2

1+ 5; 1+851+S;
NAZZMZZ 5 NAA:Z ’
i ? (i)
Computing the sums just like we have done for the lattice gas, we have:

N 1 1 z zIN
NA:E—’_?ZSi NAA:4;SiSj+QZSi+8
(A 1] 1

Therefore:

Thus, the energy of the system can be rewritten as:

~E=JY SSj+hY_ Si+CN (5.8)
(i5) (
where:
1 z z
J = Z(EAA‘FEBB—QEAB) h = Z(EAA_EBB) C= g(EAA+EBB+2EAB)

The energy has again the same for of the Hamiltonian of the Ising model, apart from the
irrelevant constant shift C'V.

Therefore, the partition functions of the Ising model and the binary alloy are perfectly equiva-
lent.

5.3.7 Ising model and neural networks

Another kind of systems that can be described in terms of the Ising model are neural networks:
in this case every site of the lattice represents a neuron and the interaction bonds are synapses;
the two possible states of the neurons are “firing” (i.e. transmitting an electric pulse) when
S; = +1 and “not firing” when S; = —1. In this case, however, the system is dynamic and not
static so the situation is much more complicated, and the tools we are developing are not really
useful in order to understand something interesting about the system.

ZFrom this definition we can guess that from now on we can do exactly what we have seen for the lattice gas.
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5.3.8 Final remark on equivalence in statistical mechanics

The analysis that we have just carried out has shown an equivalence between physical models.
In statistical mechanics, the term equivalence can be used with two different “nuances”:

exact equivalence: this means that there is an exact mapping between the partition functions
of two different models

approximate equivalence: this means that the partition functions of two models are not related
by an exact mapping, but nevertheless they behave in exactly the same way near a critical
point. Such models are said to belong to the same universality class.

Apart from the equivalence between the Ising model and neural networks, all the correspon-
dences we have shown are exact.

5.4 Ising model in one dimension

We will now proceed to study the thermodynamic properties of a one-dimensional Ising model.
In this case, as we will shortly see, we will be able to compute exactly the partition function
of the system using different methods; therefore, we will be able to determine exactly all the
thermodynamic properties of the system.

5.4.1 Bulk free energy, thermodynamic limit and absence of phase transitions

Let us therefore consider a one-dimensional Ising model with NV spins and free boundary con-
ditions, i.e. the first and the last spin can assume any value. Using the nearest neighbour
interaction Hamiltonian we have:

—H:HZSZ-JrJ;SZ-Sj
1 i

and defining h = SH and K = (3J for the sake of simplicity, the partition function of the system
will be:
Zyn =Tre Pt = Z eh i SitK Y, SiSin
{Si=%1}
If we now set h = 0, namely if the system is not subjected to any external field, then:

ZN: Z eKZiSiSi+1: Z Z eKSlSQ+"'+KSN715N

{8;=+1} Si=+1  Sy=+1

In order to compute Zx we use the so called recursion method: from the expression of Zy we can
deduce the expression of the partition function Zx 1 of the same system with one additional
spin added to the lattice:

ZNi1 = Z Z Z K(8182++5Nn-15N) JKSNSn41

=+1  Sy=+1Sy41=+1

However, the sum over Sy gives:

Z eBONSNt1 — oKSN 4 o =KSN — 9 cosh(K Sy) = 2cosh K
SN+1::E1

where we have used the evenness of the hyperbolic cosine, namely the fact that cosh(+x) =
cosh z. Therefore we have:
ZN4+1 = ZN -2cosh K
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and iterating the relation NV times we get:
Znt1 = Z1(2 COShK)N = N = Z1(2cos'hK)N*1

Sincd?2

we get the final result:
Zn =2(2cosh K)N-1

Now, following all the prescriptions we know, we get to:
F(T)=—kgT |In2+ (N —1)In ( 2cosh I (5.9)
kT
and in the thermodynamic limit:
J
f(T)=—kpTIn | 2cosh — (5.10)
kT

Let us note that f does indeed respect the properties we have seen in Furthermore, since
the logarithm and the hyperbolic cosine are analytic functions we see that f(7') is itself an
analytic function of 7" it is therefore impossible that the system will exhibit any kind of phase
transition (at least for 7" # (Eb even in the thermodynamic limit.

5.4.2 Irrelevance of boundary conditions

We can wonder what happens if we change the boundary conditions: since they affect only
a small part of the system we expect that as long as the system is finite we can observe some
differences if we choose different boundary conditions, but as soon as we take the thermody-
namic limit these differences become irrelevant.

As an example let us compute again Zy but with periodic boundary conditions, i.e. the first
and the last spin are coupled (this can be visually interpreted as “closing” our system in a circle,
connecting the first and last spins). In this case we have:

ZN: Z E eK(SISQ+"'SN—1SN)eKSNSI
S1==%1 Sy==%1

In order to compute this partition function we use another “trick”; we define the variables:

1S = S
TN =1 S = =8

and set ny = S1. This way, we can substitute ;5,1 with n; and since S? = 1 we can also write:

SnS1 = SNSN—1SN-1SN—2--- 5251 = mmn2 - N1

Therefore, the partition function in terms of 7); becomes:

N = Z Z K (mt4ny-1) JKni-nn 1
no==1 nN—1==1

ZThis can be justified as follows: Z; is the partition function of a single-spin Ising model and we are considering
two-spin interactions, so this single spin will not interact with anything. Therefore the Hamiltonian of the system
in this case is null, and so e #%* = ¢ = 1.

21n this case, in fact, there can be problems. From this fact we can state that the only “phase transition” that can
happen in a one-dimensional Ising model occurs at T = 0 (which is of course an unphysical case), where all the

spins are aligned.
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Now, summing over 1y and rewriting efKmnn-1 with the definition of exponential series:

o0

1
ZNZQZ... Z K (m+ +77N—1)ZJ(K771...77N_1)O‘:
n=t1l  ny_1=%1 a=0
(o] N-1 o
K® K K _KN-1
=2y | et =2y [ ()] =
a=0 n==+1 a=0
[ K —K\N-1 K —K\N-1 K2 K —K\N-1 K3 K —K\N-1
=2|(e™ +e ) + K(et —e ™) +?(e +e ) —I—?(e —e ) +-| =
[ K? K* K3 K°
=2 2V Y (cosh K)NV 1 <1+2,+4,+-~> + 2N (sinh K)N ! <K+3|+5|+~->] =

= 2N (cosh K)N 1 cosh K + 2™ (sinh K)V ! sinh K

Therefore:
Zn = (2cosh K)V + (2sinh K)V

and the finite-size free energy is:

F(T) = —kgTN {In | 2cosh A B R hiN
= B n( 2cos T Nn an KT

which is different from (5.9), and as we have already stated this is due to the fact that the system
we are considering is still finite-sized. If we now take the thermodynamic limit we will have:

J N
1 —+ <tanh M)

The last limit, however, is null: in fact tanhz < 1 for any  and so as N grows (tanh )" goes
to zero, so a fortiori (tanh z)"V /N vanishes as N — oo. Therefore:

f(T)=—kpTn <2 cosh k;T)

J .1
f(I)=—kpTIn <2 cosh k:BT> — kBTJ\}gnoo Nln

which is exactly (5.10).

Since, as expected, the boundary conditions do not affect the properties of macroscopic systems
and their effect on finite systems are very small, when we are studying a model we can choose
the one we prefer and which makes calculations easier.

5.4.3 Absence of spontaneous magnetization

Let us now come back to free boundary conditions and compute the mean magnetization (S;)
of a given site j. By definition we hav

N-1
Z<Sj> = Tr (Sje—B’H) — Z SjeKZv{V:_ll SiSit1 — Z H SjeKSiSiH
{Si==£1} {S;=+1} i=1

*Note that the sum on nearest neighbour is done without counting the same terms twice (as we have already
stressed). In fact, in our case every spin S; interacts with its nearest neighbours S;_1 and S;11, but the sum in the
trace involves every two-spin interaction only once.
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We now use the fact that e* = cosh x + sinh z, so that in this case:
%St = cosh K + SiSit1sinh K

where we have used (like we have done previously) the evenness of cosh, and now also the
oddness of sinh, i.e. sinh(+z) = +sinh z. This way:

N-1
Z(Sjy=Y_ ]I S)(coshK + S;S;y1sinh K) =
{S;=%1} i=1
N—-1
= (cosh K)V Z H Sj (14 S;Sit1tanh K) =
{8;==%1} i=1

= (cosh K)N -1 Z Z (145152 tanh K)(1+S253tanh K) - - - (1+Sy_1Sy tanh K') =
==+1 Sn=

N—-1
(cosh K) N-1 Z Z S; + Z S8, Si1 415021541+ * Sipy Sips+1(tanh K)M
—+1 N=

S M=1

where S;, etc. are the spin variables appropriately rearranged@
Let us now consider the two different contributions to (S;). As of the first:

Z C Y S =2 N s =21 -) =0

=41  Sy=+1 Sj=+1

Considering now the second one:

Z Y ZSsglsmlsmsn+1 - S, Sy, 41 (banh K )M
==+1 Sy=£1 M=1

we have that for every fixed M this term vanishes; for example, if we consider the contribution
relative to a fixed value M* of M and sum (for example) over S;, we have:

Sj (1) Siy 4186 Sip+1 -+ Sippe Sippu1 (tanh K)M

LNr*

+ 55+ (=1) - Siy 41555841+ -+ Si SM*H(tanhK) =0

L pf*
Therefore, also the second term vanishes and in the end:
(Sj) =0
This result perfectly agrees with what we have already seen in but now it has been de-
duced from a direct computation.
5.4.4 The transfer matrix method

The method we have just seen is an ad hoc solution that works only in this case, and it would
be rather difficult to extend it in the presence of an external field. A more general method that

ZThe form of this last term can be understood more easily doing an explicit computation with a simple example.
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allows us to extend our considerations also when h # 0 and to compute other interesting prop-
erties is the so called transfer matrix method, which basically consists in defining an appropriate
matrix related to the model such that all the thermodynamic properties of the system can be
extracted from the eigenvalues of this matrix.

We are going to see this method applied to the one-dimensional Ising model, but its validity is
completely general; we will stress every time if we are stating general properties of the transfer
matrix method or restricting to particular cases.

The Hamiltonian of a one-dimensional Ising model with periodic boundary conditions when
an external field is present is such that:

N
—BH =K(S1S3+ -+ Sn_1Sn + SnS1) + 7 Y _ S

i=1

where SH is sometimes called reduced Hamiltonian.
We now rewrite the partition function in the following “symmetric” way:

Z Z { KS1S2+1 sl+sg)} [6K5'253+%(52+53)} [eszswg(stl)
=+1

If we therefore define the transfer matrix T' such thaﬁ
<S|T’S> KS’S’Jr 5 (S+5")
we can write Zy as a product of the matrix elements of T":

Z © Y (ST S2)(Sa|T|S5) - - - (Sn|T|Sh) (5.11)
—H1 Sy—+1

If we now choose |S;) so that they are orthonormal, i.e.:

() e

then an explicit representation of T is:
K+h K
e e
T= (e—K 6K—h> (5.12)

Note that the matrix elements of T are in one-to-one correspondence with the spin variables,
and that the dimension of the transfer matrix depends on the number of possible values that
they can assume.

Now, since the vectors |.S;) are orthonormal we have:

D 1SS =T

Si==+1
where [ is the identity matrix, and (5.11)) becomes:
Zy = Y (S[TV|S) =Tr TN
S1=+1

This is the general purpose of the transfer matrix method: being able to write the partition
function of a system as the trace of the N-th power of an appropriately defined matrix (the

*We symbolically use Dirac’s bra-ket notation.
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transfer matrix).
Now, the trace can be easily computed if we diagonalize T'; if we call T'p the diagonalization
of the transfer matrix we will have:

Tp=P'TP

where P is an invertible matrix whose columns are the eigenvectors of T'. Since PP =1 the
partition function becomes:

Zy=TTN =Te(PP'TPP ... P 'TPP ') =Tt (PTHP )

N times

and using the cyclic property of the trace@ we get:
Zy =Tr (THP'P)=Tr T

In the case of the one-dimensional Ising model we are considering T'p is a 2 x 2 matrix so it
will have two eigenvalues which we call A and A_, with the convention Ay > A_ (we could
in principle also consider the case Ay = A_, but we will shortly see why this is not necessary).
We will therefore have:
Zy =AY 4N
In general, if T is a (n + 2) x (n + 2) matrix whose eigenvalues are A\ > A_ > A\ > --- > A,
we will have:
n
Zy =M+ AV + 3 AN (5.13)
i=1

Let us note that the dimension of the transfer matrix can increase if we consider interactions
with longer ranges or if we allow the spin variables to assume more than one Valuelﬂ and
clearly the larger the matrix the harder its eigenvalues are to be computed, but the principle is
always the same.

We will now use the transfer matrix in order to compute some interesting properties of a generic
system.
Free energy

Considering a general situation, the partition function of a model can be written with the use
of the transfer matrix as in (5.13). Therefore, in the thermodynamic limit the free energy of the
system will be:

f=—kpT li L i Zy = —kpT lim —n [ AY 1+§+iﬂ
- B NgnooNn N = B NgnooNn + Af

Since Ay > A_ > \; we have:
N \N
N
Ay

and therefore:
f=—kpTln\y

¥Namely, Tr(ABC) = Tr(BCA) = Tr(CAB).
In this case (which will be studied later on, see|6.3.2) the model is called Potts model; if the spin variables can
assume q different values, then the transfer matrix of a one-dimensional Potts model will be ¢ x gq.
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This is an extremely important result, since this means that the entire thermodynamics of the
system can be obtained by only knowing the largest eigenvalue of the transfer matriﬂ
Furthermore, the fact that only A, is involved in the expression of the free energy in the ther-
modynamic limit has a very important consequence on the possibility for phase transitions to
occur. In fact, there exists a theorem called Perron-Frobenius theorem in linear algebra which
states the following;:

Theorem (Perron-Frobenius). If A is an n x n square matrix (with n finite) such that all its elements
are positive, namely A;; > 0 Vi, j, then the eigenvalue Ay with largest magnitude is:

1. real and positive
2. non-degenerate
3. an analytic function of the elements A;;

We omit the proof of this theorem.

This means that if the transfer matrix of a model satisfies such properties, since A, is an ana-
lytic function the system will never exhibit phase transitions because also f will be analytic.

For the one-dimensional Ising model with nearest neighbour interaction that we are consider-
ing, these properties are satisfied and so we have:

1. A+ # 0, so that f is well defined
2. Ay # A_ (this justifies a posteriori why we have considered Ay # A_ from the beginning)
3. Ay is analytic, and therefore so is f

From the last fact we deduce that no phase transition can occur for 7' # 0; if T' = 0 some of the
elements of T diverge and Perron-Frobenius theorem can’t be appliedm

In general, in higher dimensions or with different kinds of interactions the transfer matrix
can become infinite-dimensional in the thermodynamic limit: in this case the assumptions of
Perron-Frobenius theorem don’t hold and so the system can actually exhibit phase transitions
(since A\ is not necessarily an analytic function any more).

Correlation function and correlation length

The transfer matrix method can also be used to compute the correlation function and so the
correlation length of a system.

As we know (see|5.1.2) in order to do that we first have to compute the two-point correlation
function.

The connected correlation function of two spins which are at R sites of distance is defined as:
Gr = (515r) — (51) (Sr)

where we have considered the first and the R-th spins because we are assuming periodic
boundary conditions (so our choice is equivalent to considering two generic spins at sites 4

*This is a blessing also from a computational point of view: it often happens, in fact, that the exact expression of
the transfer matrix can be obtained but it is too big or complicated to diagonalize completely. There are however
several algorithms that allows one to compute only the largest eigenvalue of the matrix in a rather efficient way.

¥This agrees with what we have noted in about the fact that a “phase transition” occurs in the one-
dimensional Ising model for 7' = 0.
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and i + R). For very large distances, we know that the correlation function decays exponen-
tially, namely Gr ~ e /¢ for R — oo, where ¢ is the correlation length. Therefore we can
define the correlation length & of the system as:

&1 = lim (-élnGR>

R—o0
We begin by computing (S1Sg); this is the thermodynamic limit of the quantity:
<S 1 S R Z S 1 S Re
N (si=x1)

Using the same factorization of the Hamiltonian that we have previously seen and that led to
equation (5.11), we have:

1
(S15R) Ny = n > SU{(SIT|S2)(Sa|T|S5) - - (Sr-1|T|SR)Sr(SEIT|SRi1) - - (Sn|T|S1) =
(S;=£1}

— Z S1(51|T7|Sr) Sr(SRITNF|S1)
Sl,SR

T =) |ti)Nift

where |t;) are the eigenvectors of T' and )\; their relative eigenvalues (again ordered so that
Ay > A_ > A1 > ---); this way since these eigenvectors are orthonormal we also have:

= Z )\ (i)

Now, we can write:

Therefore:

(S1SR) N —ZZ& S1lt) A (t:|Sr) Sr(Srt;) AN~ (t;151) (5.14)
51,5R 1,5

Si = Z |5:).Si(S
S

which are diagonal matrices such that on their diagonal there are all the possible spin values at
the i-th site. This way, moving (¢;].51) at the beginning of the sum in equation (5.14) (since it is
simply a number) and summing over 51 and Sg we get:

Now, we introduce the matrices:

1
—— ) (]St A (i Srlt) AN

<SlsR>N = ZN —

and using the expression of Zy given by equation (5.13):

2 (1St AR (6] SRt AN

(S1SR) N S
k Ak

Multiplying and dividing by A} we get:

XISt /A I SRIE) (N AN
- oA/ AN

(S1SR) v
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In the thermodynamic limit the surviving terms are those containing A\; = Ay and A\, = A4,
and also all the terms with ); (because they are not affected by the limit in V), so:

A\ R
($150) = Jim ($i5wy = 3 (3) ErlSuleiSale) =
(5.15)
A\ B
S GCTSIAENNES oY o IAIETSLAENS

i+

where we have used the symbolic notation “i # +” in the sum to indicate that we are excluding
the case \; = 4.

What we now want to show is that:

(Si) = lim (Si)y = (t4]Silts)

N—oo

Considering S; = Sk and proceeding like we have done for (S1Sg) ,, we get to:

1 1
(SrIn = -~ > Sge M= e > (S1TH|SR)Sr(SRITNH|S)) =
N (5,=+1} N sk

1 _
=y Z Z<tj|sl><sl|ti>>‘z]’%<ti|SR>SR<SR‘tj>)‘§V =
S1,5rR 4.J
1 _
Ez<tj|ti> A (Ll SRt AN T

i
and again, using equation (5.13) and multiplying and dividing by A:

(Sh)y = 22N/ A) il Srlts) N/ A )Y 3N/ M) N (il Srlti)
N 2k (M /AN 2k (Me/ AN

Again, the only surviving term in the thermodynamic limit is that with A\; = Ay = Ay, so
indeed:

(Sr) = lim (Sg)y = (t+|SR|t+)
This way, equation (5.15) becomes:
A\
($15) = (51 (5) + 3 () e 18ale) 615l
. +
£+
and thus the connected correlation function is:
A\ T
Gu=3(31) IsalneSalr.)
it 0T

If we now take the limit R — oo the leading term will be that with the largest possible eigen-
value )\;, i.e. A_ and all the other will vanish. Therefore:

s (A7
Gp 2 (M) (L4182l ){t_|Srlts)
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and thus the correlation length will be such that:

R
(i) <t+|51’t_><t—SR\t+>] > =In %

(since (t4|S1|t—) and (t_|SRr|t+) are just numbers). Therefore:

—1
-3

Explicit computations for the one-dimensional Ising model

¢ t= lim (—lln

R—o00 R

We now want to apply what we have just shown in order to do some explicit computations on
the one-dimensional Ising model.
We have seen (equation (5.12)) that the explicit expression of the transfer matrix for the one-

dimensional Ising model is:
- oK+h oK
T =K K-k

Its eigenvalues can be determined, as usual, solving the equation det(T'— All) = 0, which yields:

Ay = el (cosh h+ \/sinh2 h + e 4K )

Thus, the free energy of the system in the thermodynamic limit is:

F(K,h) = —J — kpTln (coshh + Vsinh? h 4 1)
while its magnetization (remembering that h = SH) is:

i _ sinhhcoshh
I A U R/ sinth h

OH — kT Oh  coshh + V/sinh? h 4 e—4K - Vsinh? b+ e=4K

Let us note that for H — 0 at fixed 7', since sinh h = sinh(8H) — 0 then m vanishes: this is
again the expression that the Ising model in one dimension does not exhibit phase transitions.
Furthermore we can see that in the limit 7" — 0, namely 8 — oo, we have h, K — oo and thus
m — 1: again,the only value of the temperature for which the unidimensional Ising model with
nearest-neighbour interactions exhibits a spontaneous magnetization is 7' = 0.

The isothermal susceptibility of the system is:

om 1 Om

XT'=5H ~ kgT oh

Instead of explicitly calculating xr for h generic, since we are interested in the behaviour of m
when there are no external fields let us see what happens for small values of h. Since in this

case sinh h ~ h we have:
h h

_p 2K
VhZ 4 e 1K T e T e
and therefore:
02K
XT ~ kgT
For high and low temperatures, we get:
27
Tooo 1 T—0 e*B7
X kT X ksT
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and as we can see xr diverges exponentially for 7" — 0; this agrees with the fact that (as al-
ready previously stated) for 7' — 0 some elements of the transfer matrix diverge and thus the
Perron-Frobenius theorem can’t be applied.

Considering now the correlation length, we have:

el I cosh b — v/sinh? b + e—4K
cosh h + \/sinh2 h 4 e—4K

In the particular case H = 0:

- L= e 2K | 1 N ¢ 1

= mn-———-—=-—mn-———- _-=
H=0 1+ e 2K cotanh K =0 Tn(cotanh K)
Now, in the limit 7" — 0, namely K — oo, the following asymptotic expansion holds:
cotanh K ~ 1+ 2¢ 2K 4+ O(e74K)

Therefore:
1 1 eksT
T In(l+2e2K) T 2¢2K T T2

§H=0

and so again we find an exponential divergence for 7" — 0.
On the other hand, for ' — oo, namely K — 0:

1+ K?
tanh K ~ +K = In(tanh K) ~ —In K + In(1 + K2) *<° —In K
Thus: )
K—oco
§H=0 ~ K = =0 — 0
as expected@

5.5 A slightly trickier system: the Heisenberg model

We can now apply the transfer matrix method to a more complicated system, the so called
Heisenberg model. This model is identical to the Ising one with the exception that this time the
spin variables can assume vectorial values instead of being discrete scalars. In other words the
degrees of freedom of the system will be N vectors S;, each residing on a site of the lattice and
with unitary module, namely 1Si| = 1.

If there is no external field@, i.e. H = 0, then the reduced Hamiltonian of a one-dimensional
Heisenberg model is:

—BH = Kzgz -Sit1

i=1
and with periodic boundary conditions (5 N4l = 51):

ZN — Z eKZzNzl gi'§i+l _ § €K§1.§2€K§2.§3 L. €K§N~§1 _ TI'TN

{Si} {Si}

3 Remember that in general correlation lengths are negligible for large temperatures and become relevant near a
critical point.
*We consider this particular case because otherwise we can’t apply the transfer matrix method.
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where the transfer matrix T is such that:
(SHIT|S41) = XSS
Also in this case the transfer matrix can be written in the form:
T =) At
i
so that, for example:

<§1|T|§2> = eK§1'S2 = Z)\ Slyt t ’SQ ZA fz Sl fz (SZ)

where fi(gj) = (Sj|t;) is in general a complex function.

Now, in order to determine the eigenvalues \; we must use the fact (which we will not prove)

that plane waves e~k can be decomposed in spherical harmonics Y, in this way:

(o) ¢
4m > ST RN Y (k) Ve ()
(=0 m=—

where j, are the spherical Bessel functions:

0 T ]
Je(zy) = —;/ sin 0¥ <59 Py (cos 0)d
0

and Py(cos 0) is the /-th order Legendre polynomial.
In this case, setting r* = §1 and k = ng we get:

00 14
P52 = ar NN il (—iK) Y, (S1)Yem(S2)
{=0 m=—¢
This suggests that the eigenvalues have the form:
Aem (K) = 4mitjo(—iK)

(which actually doesn’t depend on m). Therefore, the partition function is:

=TTV = Z Z Aem(K)N =) (20 + DAY (K)
=0 m=—¢ =0

And from now on, from the explicit computation of the eigenvalues (which we are not going
to do) we can determine all the thermodynamics of the system.

5.6 The Ising model in higher dimensions

If we now try to study some more complex configurations of the Ising model, we immediately
encounter huge difficulties which make it impossible to exactly compute the partition func-
tion of the system. In particular, Onsager managed (with a huge effort) in 1944 to solve the
problem for a two-dimensional Ising model in absence of external fields, but in all other cases
(two-dimensional model with external field, or three-dimensional model) we still don’t know
an exact solution.
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However, even if we don’t know much in these cases there is still a lot to learn: in particular,
from Onsager’s solutiorF_gI we can see that already in two dimensions an Ising model can ex-
hibit phase transitions, showing a non null spontaneous magnetization for temperatures low
enough.

Let us therefore consider a two-dimensional Ising model, defined on a lattice made of N rows
and M columns. Applying periodic boundary conditions to the system in both directions (ge-
ometrically, this can be thought of as defining the model on a torus), and considering only
nearest neighbour interactions, the reduced Hamiltonian of the system will be:

—BH =K S8:S;+h> S
(i) i

where we remember that K = 5J and h = SH. If we label each site of the lattice with the
couple (m, n) where m is the number of the column and n of the row to which the site belongs,
then we can rewrite®%

N M
_BH =K Z Z (Sm,nSm—‘rl,n + Sm,nSm,n-‘rl) + hz Sm,n

n=1m=1 m,n

If we now call i, the set of spins belonging to the m-th column:

Hm = {Sm,la ceey Sm,n}
and define:

N N
E(Mm) =K Z Sm,nsm,n—i-l +h Z Sm,n

n=1 n=1

N
E(Mm, ,Uerl) =K Z Sm,n5m+1,n

n=1

we can write:

M
*ﬁ/H = Z [E(:uma Mm+1) + E(Mm)]
m=1

Therefore, defining the transfer matrix T so that:

(i | T | i) = o (tm k) +E(pm)
the partition function will be:
Zy =TrTV

and the thermodynamics of the system can be derived from the eigenvalue of T' with largest
magnitude. However, since T is a 2V x 2%V matrix, this is a rather difficult problem (the matrix
becomes infinite in the thermodynamic limit!).

Onsager has shown that in the thermodynamic limit and for H = 0 the free energy of the

system is:
[ =—kgTIn[2cosh(28.J)] — k;l In [; <l + m)} do
u

0

3We will not deduce it, and just limit ourselves to show it. However, in @ we will use qualitative arguments to
show that indeed the dimension of an Ising model must be at least two if we want phase transitions to occur.
%Note, again, that the sum over nearest neighbours is done so that we don’t count twice the same terms.
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12 4-134¢ 3141 N 12 ¢—-14¢:+1 N
(a) one-dimensional Ising model at 7' = 0 (b) one-dimensional Ising model with a spin flipped
12 ¢—-14¢¢+1 N
(c) one-dimensional Ising model with a domain flipped

Figure 5.2: Spin flipping for a one-dimensional Ising model

where:
2

cosh(28J) coth(25J)

g =
and also that the magnetization is:

1/8

[1—sinh™(28)] " T <T.
m =
0 T>1T,
where T.. is the temperature given by the condition 2 tanh?(23.J) = 1, which yields the numeric

result:
J
T, ~227— (5.16)
kp
This means that there is indeed a phase transition at 7' = T...
Onsager also showed that the critical exponents of this model are:

where o = 0 because the specific heat diverges logarithmically for 7' ~ T..

5.7 Additional remarks on the Ising model

We now conclude the treatment of the Ising model with some additional remarks that allow us
to understand a little more about its properties.

5.7.1 The role of dimensionality

We have seen (although not really directly) that the dimensionality of the Ising model is crucial
for the existence of phase transitions; in particular we have seen that for d = 1 there are no
phase transitions, while for d > 1 they can occur. Sometimes the dimension of a model above
which phase transitions occur is called lower critical dimension, so in our case we can say that
the lower critical dimension of the Ising model is one.

We shall now use a heuristic argument in order to show that this is indeed the case for the Ising
model, and that for d = 1 there can be no long range order. This argument will also allow us to
estimate (even if a bit roughly) the critical temperature of the two-dimensional Ising model.
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One dimension

Let us consider a one-dimensional Ising model at 7" = 0; we know that in this case the system
is completely ordered, namely all the spins point in the same direction, say upwards. If we
now increase the temperature a little bit, then some spins will randomly flip due to thermal
fluctuations; what we want to see is if the ordered state of the system is stable under this
random spin ﬂipﬁ

Therefore, let us consider a one-dimensional Ising model of N spins at 7' = 0 (with all spins
pointing upwards) with nearest neighbour interactions and without any external field, i.e. the
Hamiltonian of the system is:

H=—J) 5i5;
(i)
and for the sake of convenience let us take periodic boundary conditions.

The entropy of such a state is null (the system has only one possible configuration) so its free
energy will be equal to its internal energy, and since there are NV parallel bonds we will have:

FR4 =Ugd = —JN

Let us now flip a single spin (see figure ; in this case, since two previously parallel bonds
become antiparallel, the internal energy of the system becomes:

URP = _J(N —2)+2J
and as of the entropy of the system:
SNP — kpIn N

since the flipped spin can be in any of the N sites of the lattice (namely, the system can have
N different configurations). Therefore, from the thermodynamic definition of free energy (F' =
U-TS9):

FRP = —J(N —2)+2J —kgTIn N

and the variation of free energy due to the spin flipping is:
AFy = FP — F4 = 4] — kpTIn N

We can therefore see that for fixed 7' > 0, AF — —oo if N — oo: in the thermodynamic limit
it is energetically convenient for the system to flip spins. We can therefore continue with the
operation of spin flipping until there are no other parallel spins left: the long range order of the
system is unstable under thermal fluctuations, and so as soon as 7' > 0 the one-dimensional
Ising model can’t exhibit a spontaneous magnetization (namely, there are no phase transitions).
We could have obtained the same result with a slightly different approach, namely considering
the system divided into two different magnetic domains, positively and negatively magne-
tized, respectively (see again figure[5.2). In this case the internal energy of the system is:

UNP = —J(N —2)+2J = —JN +4J

On the other hand the entropy of the system is again the same. Therefore, we should have
found AFy = F]f\l,lp — F]‘\’fd = 4J — kgT'In N, deducing the same conclusions.
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TTTT71711

Figure 5.3: two-dimensional Ising model with a domain flipped

Two dimensions

We now consider a two-dimensional Ising model, with the same properties as before, defined
on a lattice with coordination number z. Let us consider the system at 7" = 0 with all the spins
pointing upwards, and flip a domain of spins; the boundary of this domain will be a closed
path, and let us suppose that it is made of n bonds (see figure . The difference in internal
energy between the ordered state and one with a flipped domain is thereforelﬁ

AU =2Jn

The entropy is much trickier to compute exactly, so we will only give an estimate. If we con-
sider the boundary of the domain as a random walk an upper limit to the number of possible
configurations of this boundary is 2"; however, we are not taking into account the fact that the
domain wall cannot intersect itself (otherwise there would be more than one domain), namely
it must be a self-avoiding random walk. A first rough correction to this estimate could be sup-
posing that at each step the domain wall can only go in z — 1 directions since it must not
immediately go back on itself, so a slightly better upper limit to the number of possible config-
urations of the system is (z — 1)". Thus we can estimate the difference in entropy between the
ordered and the domain-flipped state as:

AS ~kpTnln(z — 1)

However, our assumption still allows the domain boundary to intersect itself so we are surely
overestimating AS.

Therefore, the change in free energy due to the flipping of a domain of spins is:
AF =[2J —kgTIn(z —1)|n

We now see that the behaviour of AF is not well defined in the thermodynamic limit, namely
when n — oo. In particular we will have AF — —oo only if:

2J

T> 27
” kpln(z — 1)

=T,

We therefore find something very interesting: in two dimensions the long range order of the
Ising model is unstable under thermal fluctuations only when 7" > T, while for T' < T it
is stable, or in other words the system will always exhibit a spontaneous magnetization even
in the absence of any external fields. We thus have found that for d = 2 the Ising model

B0f course, in the thermodynamic limit the flipping of a finite number of spins will not be sufficient, in general,
in order to destroy the long range order; the only way to do so is flipping a non-zero fraction of spins.

*This can be understood thinking about the one-dimensional case. For d = 1 in fact we have AU = 4.J when
we flip a single spin (and therefore there are two antiparallel bonds), so we can argue that if we flip N spins the
variation of internal energy is 2.Jn (if not exactly, at least of the same order).
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undergoes a phase transition at 7' = T¢; let us note that this critical temperature depends on
the coordination number z, so it is a characteristic of the lattice considered and not a universal
property of the systemm If for example we consider a square lattice, z = 4 and we get T, =
1.82%, while as we have seen in 5.6/ (equation (5.16)) the exact result gives T, ~ 2.27 é: this
discrepancy is due to the fact that we have overestimated the change in entropy of the system.

5.7.2 The role of symmetry

We can also see that the symmetry of the Hamiltonian of the system plays an important role
for the possibility of phase transitions, and also in determining the lower critical dimension of
the system.

In particular the fact that for the Ising model phase transitions can occur for d > 1 relies also
on the fact that the Hamiltonian of the system has a discrete symmetry, namely its symmetry
group is Zy. This means that the boundary of magnetic domains has finite “thickness” (one
lattice unit, since a boundary in this case simply separates two adjacent antiparallel spins).

However, if the degrees of freedom have a continuous symmetry things start getting different.
For example, the Hamiltonian of the Heisenberg model (see5.5) is:

W= 1355 7§

(i7)

and in the case H = 0 the system has a rotational invariance. In fact, if R € O(3) then we easily
see that:
H ({RSi}, H= o) =X ({si}, H= o)

(of course if H # 0 then the Hamiltonian will be invariant only under O(2) transformations).
In this case since the system has a wider symmetry its entropy will be much largelﬁgl and so
we need more energy if we want long range order in the Heisenberg model at 7' > 0 (in other
words, the dimension of the domain wall will be comparable to the size of the system).

5.7.3 The role of interaction range

In order to see how the range of the interactions between the degrees of freedom of the sys-
tem affects its properties, let us consider a one-dimensional Ising model with infinite-ranged

interactions: J
0
—-H = ?ZSiSj—I-HZSi
%, %

(note that the sum in the interaction term is not restricted, and the 1/2 factor has been intro-
duced for later convenience). This model can be solved with the technique of Hubbard transfor-
mation, also called auxiliary field method.

First, we must note that Jy can’t be a constant independent of the dimension of the system
because the sum ZZ j S;S; contains a number of terms of the order of V 2 and so in the ther-
modynamic limit it would diverge; we must therefore use the so called Kac prescription, setting
Jo = J/N so that the thermodynamic limit exists. Under these assumptions the partition func-
tion of the system is:

Iy = Z 65—;; >, SiSi+BHY, Si

{S;=+1}

¥But, as we have stressed many times, the behaviour of the thermodynamic properties of the system in the
neighbourhood of T is universal.

38Very intuitively, since there are “more directions” for the spins, there will be much more possible configurations
for the system.
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Since the double sum is not restricted, we have:

z]: SiS; = (Z Si> 2

If wenow call z = ), S; and a = .J, we can use the Hubbard-Stratonovich identitﬂ

+oo
i e~ v anyg, (5.17)
2 J_

where Rea > 0. The advantage of this approach is that the variable z, which contains all the
degrees of freedom of the system, is linear and not quadratic in the exponential; however we
have “paid” the price of having introduced another field, y (the auxiliary field from which this
method takes its name).

The partition function then becomes:

_[BIN [T o, B(H+Jy) S, Si
ZN = 7 /_OO e 2 Y Z (& v ZZ dy
{Si=+1}

Physically this can be interpreted as the “mean value” of the partition functions of non inter-
acting Ising models subjected to an external field H — Jy whose component y is distributed
along a Gaussian.

We can therefore write:

[BIN " [t _pin o S
N = o /_OO e 2 Y Qudy Qy = Z BH+TY) 32, Si

{Si=+1}

and @, can be easily computed factorizing the sum, similarly to what we have done for the
Ising model in[5.4.T}

Q=1] > W75 =2 cosh™ [B(H + Jy)]
i S==41

Therefore:

400
N = \/@/ eNEdy ﬁ:ln(QCosh[ﬁ(H_ij)])_%]f

Now, since the exponent in the integral that defines Z is extensive (£ doesn’t depend on V)
and N is large, we can compute it using the saddle point approximation (see appendix [B). This
consists in approximating the integral with the largest value of the integrand, namely:

ZN ~ A /M eNEL®Wo)  ¢NL(yo)
2

where yg is the maximum of £, thus given by the condition:

L
ay|y0

*1t can be easily verified completing the square in the exponential:
L _§)2+Lw2
g ¥V T E T W) Tan

and computing the Gaussian integral.
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which yields:
tanh(h + Ky()) = Yo
Since it must be a maximum, we also must have:
0L
-5 <0
Ay lyo

Now, we can see that the physical meaning of yy is the magnetization of the system in the
thermodynamic limit. In fact:

K
m = lim ——— m = lim Nln (2cosh(h + Kyp)) — Eyg =

Nosoco NOH :NlﬁooN oh N%ooﬁ%

1
= lim NN tanh(h + Kyg) = tanh(h + Kyp) = 4o

N—oo

Since we are interested in determining if the system can exhibit a spontaneous magnetization,
we consider the case i = 0; therefore we will have:

m = tanh(K'm) (5.18)

which is a transcendent equation, so it can’t be solved analytically.
However, we can solve it graphically. From figure [5.4) we can see that there are three possible
cases (remembering that by definition K = .J):

— for 8J > 1 there are three solutions, one for m = 0 and two at +m
— for BJ = 1 these three solutions coincide
- for BJ < 1 there is only one solution: m = 0

This means that two possible non null solutions appear when:

J
T<T,=—
< i

Let us see which of these solutions are acceptable, i.e. which of these solutions are maxima of
L. Still in the case h = 0, we have:

2
gyg =K [KsechQ(Ky) —1]

and so:

K < 1: in this case gy = 0, so:
0’L
5 =K(K-1)<0
dy lyo=0

S0 1o is indeed a maximum for £

K > 1: if yp = 0 then:
0’L
S =K(E-1)>0
dy lyo=0

so this is not a maximum for £, and thus is not an acceptable solution of (5.18). On the
other hand, if yo = £m then (also using the evenness of sech):
0’L

— = K [K sech?(Km) — 1
6y2 lyo=xm [ ]
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tanh(km)
k<1
m
tanh(km) . tanh(km)
o EL=1 k>1
m m

Figure 5.4: Graphical solution of equation (5.18))

and this time this derivative is negative, because:
2 pra _ 1 .
K sech*(Km)—1<0 = sech(Km) < Nie — cosh(Km) > VK >1

which is always true.

Therefore, if T' > T, = J/kp the only acceptable value for the magnetization of the system is
m =m = 0, while if " < T, then m = £m # 0: a phase transition has occurred, since now the
system can exhibit a net spontaneous magnetization.

We thus see explicitly that if we let the interactions to be long-ranged the Ising model can
undergo phase transitions already in the one-dimensional case.



Chapter 6

Mean field theories

It is a very rare fact that a model of interacting degrees of freedom can be solved exactlﬂ and
generally a model is not solvable in any dimension (e.g. the Ising model) so we must find other
ways to study such systems in order to understand the possible occurrence of phase transitions
and their behaviour near possible critical points. The most simple method, and the first to
which one usually resorts to, is the so called mean field approximation.

One common feature of mean field theories is the identification of an appropriate order param-
eter; then, in very general and abstract words, there are two different approaches that can be
taken (we shall see both):

— approximating an interacting system by a non-interacting one in a self-consistent external
field expressed in terms of the order parameter

— expressing an approximate free energy in terms of this parameter and minimize the free
energy with respect to the order parameter

In other (and maybe clearer) words, the first approach consists in substituting a system of inter-
acting degrees of freedom with another system where these degrees of freedom do not interact
but are subject to the action of an external mean field, which approximates the action of all the
degrees of freedom on a single one; the second approach on the other hand is an “extension”
in statistical mechanics of variational principles.

In order to be a little bit more explicit, let us see how the first approach applies to the Ising
modelﬂ In the case of nearest-neighbour interactions, the reduced Hamiltonian of the system
is:

—BH =K SS;+h Z S;

(ig)

Consider now the single spin \S;; we can note that the first term of the reduced Hamiltonian can
be written as:

K SiS; —KZSh ({S}) (6.1)

(i5)

where:

hi({S}) = Z Sj

jenn.(

where with the notation j € n.n.(i) we mean that j is a nearest neighbour of i. We thus see that
every spin S; is subjected to an internal field &; due to the presence of the nearest neighbouring

! An exhaustive review of exactly solvable models is given in [1]].
*We now just make some qualitative observations; the mean field theory for the Ising model will be treated in
detail shortly.

129
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spins.

Now, if the number z of nearest neighbours is large (which happens in high dimensions, or
equivalently we could assume interactions with a larger number of spins, for example includ-
ing also the so called next nearest neighbours) this internal field can be approximated with the
mean field generated by all the other spins in the lattice:

1 1
- Z)sijZsj (6.2)
J

jenn.(s

This suggests that (6.1) can be rewritten as:
Z Z z

If we consider an Ising model with an hypercubic lattice and simple nearest-neighbour inter-
actions, we know that z = 2d so the mean field term can be written as:

2
- dK
hng. = 2= (Z &)

since the two sums are independent.

We therefore have that the approximation (with z = 2d) is better the larger the dimen-
sionality d of the system. From this very simple observation we can argue something that will
become explicit and clear only later on (see[6.6.1): mean field theories are good approximations
only if the dimensionality of the system is large enough.

Let us now come back to the general properties of mean field theories.

One of the main features of mean field theories is that they neglect the effects of fluctuations
in the order parameter (in other words, within mean field theories the order parameter is sup-
posed to be constant over all the system): on one hand we will see that this will make it possible
to study a lot of systems, and to obtain loads of interesting and useful information about them,
but on the other one we will see that this will be fatal for the reliability of mean field theories in
the proximity of critical points, since they are characterised by the divergence of long-ranged
fluctuations (see . This also means that mean field theories are in any case rather efficient
far from critical points.

There are many possible mean field theories, and we are mainly going to study them applied
to the Ising model (since it’s the one we know better until now) or similar ones.

6.1 Weiss mean field theory for the Ising model

Let us now study the mean field theory of an Ising model, called Weiss mean field theory.
As usual, we start from the Hamiltonian of a nearest-neighbour interaction Ising model, so that
the partition function of the system iﬂ

ZN =Ty 6757‘[ — Z . Z 65(%2@-]-) JijSiSj"rHZi Si)
S1==%1 Sn==%1

We define our order parameter as the single-spin magnetization:

m = (Si) = (5)

The 1/2 factor has been introduced for later convenience (it can be reabsorbed in the definition of J;;).
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and we introduce it in the partition function through the identity:
SiS; = (Si —m+m)(S; —m+m) = —m?+m(S; + ;) + (S; —m)(S; —m)

Note that the last term is (S; — m)(S; — m) = (S; — (5))(S; — (5)), which exactly measures
the fluctuations of the spin variables from their mean value. We now neglect it, so that in the
partition function we can approximate:

1 1
5 2 JiiSiSix 5 Y Jij [-m® +m(Si + ;)]

If our system is isotropic then J;; = J, so that we can write 3,y Jij = Jz}_; where z is the
coordination number of the lattice. This means that:

1
5 Z Jljm(Sl + S]) = szz S
(i) i
and the partition function reduces to:

IN = Z Z szQ%Zi 1+Jzm Y, Si+H Y, S,-) _
==+1

. Bsz N Z Z B(Jzm+H) Y, Si — o 5sz N Z Z H B(Jzm+H)S; _

==+1 Sy==%1 ==+1 Sy==x1i=1

N

Zm2 Zm2

— ¢ BN ( Z eB(sz+H)S> — ¢ BEN [2 cosh (B(Jzm + H))]N
S==+1

Therefore the free energy of the system in the thermodynamic limit is:

kT
f=- lim % InZy = szm — kT In [cosh (B(Jzm + H))] — kT In2 (6.3)
—00
and the magnetization is:
m = —g};T = tanh [B(Jzm + H)]

We have thus found the so called self-consistency equation for the magnetization:
m = tanh [3(Jzm + H)] (6.4)

which is almost the same as the one we have encountered in[5.7.3} i.e. equation (5.18).
We now proceed exactly as before. Since we are interested in studying the possible occurrence
of phase transitions and in particular the existence of spontaneous magnetization we focus on
the case H = 0:

m = tanh(5Jzm) (6.5)

which is just like equation (5.18), but taking into account also the coordination number of the
lattice.
In this case we will have that the phase transition occurs when 3Jz = 1, i.e. at the temperature:

BeJz =1 = T. = J
kp
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T>T1T,

T <T,

Figure 6.1: Trend of f for m ~ 0 in the two cases considered

Now, in order to better understand the physical properties of our system at different tempera-
tures let us expand the free energy (6.3) around m = 0, still in the case H = 0. Using the Taylor
series for cosh and In we have In(coshz) ~ x2/2 — 24/12 + - -+, so:

63
12

m~0

fm,H=0) ~" —kpTln2+ %(1 — BJz)ym? + = Jt4m? (6.6)
Therefore, the behaviour of f near m = 0 depends strongly on the sign of the coefficient of m?;
in particular:

- for fJz < 1, namely for T > T, the free energy f has only one minimum for m = 0: this
is the paramagnetic (disordered) phase

— for fJz > 1, namely T' < T the free energy h has two stable minima at:

o 3(BJz—1)
m==+m:===% 7(,6272)3

This is the magnetized (ordered) phase

Note that in the computations we have just made we have never imposed a particular value
for the dimensionality of the system. This means that the results of this approximation should
be valid also for d = 1, but we know that in one dimension the Ising model does not exhibit a
phase transition.

This is an expression of the fact that in the one-dimensional case mean field theory is not a good ap-
proximation (again, the dimensionality of the system is still too low).

Let us finally note a fact. As we have previously stated mean field theories are characterized by
the fact that the fluctuations of the order parameter are neglected, and we can see that the self-
consistency equation (6.5) can be indeed obtained by neglecting the fluctuations of the single
spins. In other words we can find it if we consider all the spins “freezed” to the value m; in fact
if we consider a single spin .S we will have:

B ZS::I:I eBJzmS g B eBJam _ —pJm
- Z.S':il efJzmS T pBJzm 1 e—BJam

(So) =m0 = tanh(8Jzm)

(where (S) = m because we are requiring that the mean values of all the spins are equal).
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6.1.1 Critical exponents of Weiss mean field theory for the Ising model

We can also try to understand something more about our system, for example computing its
critical exponentsﬁ

Exponent 3 Let us begin with the exponent 3, which (see(l.5/and table is the one relative
to the order parameter, namely the magnetization m. In order to find it we must see how
the magnetization varies as a function of 7,, — 7T'; from the expansion of f we have just seen,
imposing the extremal condition we get:

_of B ua s [Jz B 4a o
O—a—m‘m Jz(1 ﬁJz)m—i-?sz =m T(T TC)—|—3sz

where we have used the definition of critical temperature T, = Jz/kp. Therefore (excluding of
course the case m = 0):

m> ~ const. - (T — T) = m o~ (T, — T)"/?

We therefore have:

N =

Exponent 6 The exponent ¢ is the one that describes the behaviour of H as a function of m
when T' = T,. To compute that let us begin from the self-consistency equation for m in the case
H # 0, and invert it:

m = tanh(B(Jzm + H)) = B(Jzm + H) = tanh~'m

Now expanding for small m, since tanh ™ z ~ = + 23 /3 4+ 2° /5 we have:

kT kT
Jem+ H ~ kpTm o+ =oem® = H o~ kpm(T = 1) + —om’

and if wesetT = T,:

Therefore:

Exponent o This exponent is the one that describes the behaviour of the specific heat Cy =
—T82f/8Tﬁq when H = 0. If T > T, then m = 0, and since f ~ —kgT In2 we have Cyy = 0.
Therefore:

a=0
For T' < T the specific heat has a different dependence on the temperature, but in the end it

turns out that C'y has a jump discontinuity at 7' = T¢, so from the definition of critical exponent
(see we indeed have a = 0 (see for a slightly more detailed computation).

*In fact, we have introduced mean field theories in order to be able to do something more than just see if phase
transitions are possible. In particular, we would like to study the behaviour of a system near a critical point.
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Exponent v This is the exponent that regulates the isothermal susceptibility:

om 1

XT'=9H ~ 9H/om

From the computation of the exponent § we have seen that:

kT
H ~ kgm(T —T,) + %m?’

SO: aH
— ~ k(T — T,) + kgTm?

om

Therefore for small m, neglecting the quadratic term:
1 -1
XT ~ L (T -To)
B

and thus:
7=1

To recap, the Weiss mean field theory for magnetic systems predicts the following values for
the critical exponents:

a=0 b== vy=1 0=3 (6.7)

We can immediately note that these exponents are different from those found by Onsager for
the Ising model in two dimensions, so the mean field theory is giving us wrong predictions.
As we have already stated (but this will be treated in much more detail later on) this is because
mean field theories are good approximations only if the system has a high enough dimension-
ality (and d = 2 is still too low for the Ising model, see [6.6.3).

6.2 Hubbard-Stratonovich mean field theory for the Ising model

We have already encountered (see the Hubbard-Stratonovich identity with the sad-
dle point approximation to compute the partition function of a one-dimensional Ising model
with long-range interactions. The same technique can also be used to formulate mean field
theories for systems with short-ranged interactions, and it is one of the most useful ones.

We therefore start from the most general Hamiltonian of a two-dimensional Ising model with
nearest-neighbour interactions:

1
H=—3 Z JijSiS; — Z H;S;

(i) i
whose partition function is:

Zn = Tr &P(z Xy Jis 8185+ Hisi)

The idea of Hubbard-Stratonovich mean field theory is the same as in[5.7.3) namely substituting
the quadratic term S5;S; in the Hamiltonian with a linear one, introducing some auxiliary field
over which we integrate.

In order to do so we must generalize the Hubbard-Stratonovich identity (5.17).
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Theorem. Let A be a real symmetric matrix and b an arbitrary vector. Then:

1 ) = o0 N eféwiAijijrxibi
e2bi(A7 )by — - drs
7
vdet A —oco ;4 V2

where for the sake of simplicity we have used Einstein’s notation on repeated indices.

We omit the proof of this result.
Therefore, defining:
bi =5 (A7) = J Ti =

we get:
N e_%¢i(J71)ijS0j+<PiSi

1 oo
—— dp;
Vdet J /_oo 1;[1 VT 7

and the partition function becomes:

03JiiSiS; —

oo N B -1
Zn / H e~ 2%i(J7)ije; Tr{Si} eﬁ(%-ﬁ-Hi)Sid%
0 =1

1
T /@) detJ

where we have explicitly written that the trace is performed over the spin variables S;.

135

Now that the terms in the exponential are linear in \S; the partition function is easier to compute;

let us change variable defining;:

Vi = @i + H;
so that:
Zn = ; /+OO ﬁ 6*§(¢¢7Hi)(J_1)ij(¢j*Hj) Tl"{s-} eﬁWSz'dwi
V@mNdet J Jooo i '
However:
Tr(s, ePiSi — Z ePViSi — H Z ePiS — H2COSh(6¢i)
{S;=+1} i S=+1 i
and since z = ¢** we have:
TI"{S.} eﬂwisi — Czi In[2 cosh(B;)]
Therefore:
1 o ()
N N det I T ) 1;[1 v
where: . .
L, Hiy Jig) = 5 > (Wi = Hi)(J )iy — Hy) — 3 > I [2cosh(Byy)]
i\ i

Let us note that there is no trace left of the original degrees of freedom S; in the partition
function, and that it has the form of a functional integral, since in the continuum limit (N — oo
and the distance between lattice sites tending to zero) the auxiliary fields become functions of

the position, (7).

Let us also note that until now we still have not done any approximation (we have just rewritten
the partition function); this comes into play right now: since the partition function has the form
of a functional integral we must find some approximate ways to compute it. The simplest of
all possible approximations is the saddle point approximation (see appendix[B), which essentially
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consists in approximating the integral with the maximum value of the integrand. In other
words we approximate:

400 N — —
/ [ e Pewstiondy, m e BE@utid) & Zy~ b Be@aHLy)
—oo 3T (2m)N det J

where the stationary solutions are those which satisfy:
Lo w
Ok 3,

In this case we will have:

D_ (I ki(¥; — Hy) — tanh(By) =0 vk (6.8)

J
multiplying both sides by J;;, and summing over k, taking advantage of the fact that J;; = Jj;
and in the end renaming £k with j we get:

$; = H; + Y _ J;j tanh(B;) Vi (6.9)
J

Let us see the relation between the auxiliary fields ¢; and the order parameter of the system

m;. We know that:
OF

- OH,

and from the saddle point approximation we have:

mp —

e = g m e PO P = L, Hy, )
Therefore:

OF g ., —
k= o _Tmﬁ(wi:Hiinj) =

0 |1~ 1 1 5
= o, 2%:(1/%'—[1@)“ l)ij(wj_Hj)_Bzi:ln(2COSh(Bwi)) -

=Y (TN (@, — H;) = tanh(51y,)
j

where we have used (6.8). Thus:
; = kgTtanh ™ tm; Vi (6.10)

and plugging this into (6.9):

kpT tanh™' m; = H; + Z Jiym; = m; = tanh |8 | H; + Z Jijm;
ij v

We can note that this is a more general form of the self-consistency equation for the mag-
netization that we have found in Weiss mean field theory. In fact, if we set H; = H = const.
(so that also m; = m = const.) and choose a nearest-neighbour interaction (i.e. .J;; is equal to
a constant J if the i-th and j-th sites are nearest neighbours, otherwise is null), calling z the
coordination number of the lattice we get exactly (6.4).
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This means that in this approximation we deduce the same conclusions we have seen in
that come from this self-consistency equation; in particular we will have that the temperature
of the phase transition when H = 0 is again 7, = zJ/kp and that the critical exponents ¢ and ~y
are, respectively, 3 and 1.

We can thus already see that all the mean field theories are equivalent when applied to the
same system (which is something reasonable since the approximation we make is always the
same). In the following sections we will see many other mean field theories, applied also to flu-
ids (see[6.4), and we will always find the same values for the critical exponents. This is another
expression of the fact that different systems, like an Ising model or a classical fluid, belong to
the same universality class (even more, as we have shown in they are actually equivalent)
and thus behave similarly near a critical point.

6.3 Variational methods

Variational methods in statistical mechanics are very important since they provide a tool to
formulate mean field theories which are valid for any temperature range and with order pa-
rameters of essentially arbitrary complexity.

Their central idea is what one would expect: if H is the Hamiltonian of a physical system and
Y, is a set of arbitrary trial states, then we can obtain the energy of the ground state of the
system by minimizing (#),, ~with respect to ¢; since every ¢, will be in general a function
or an even more complex object, (H),, in general is a functional so its minimization must be
intended in the sense of functional analysis.

We will see that however the only mean value of the Hamiltonian won’t be sufficient since we
know that the equilibrium configurations of the system are given by the minima of the free
energy. In other words, we will compute the free energy using some trial states v, and then
minimize it in the ways we will explain.

Such variational methods are also used in quantum mechanics when a system is too complex
and its Schrodinger equation can’t be solved exactly: in this case one introduces a set |¢,) of
trial wave functions and minimizes the functional E, = (1, |H|1) with respect to |1,), so that
both the wave functions and the energy of the ground state of the system can be found.

In statistical mechanics variational methods are performed using the phase space equilibrium
probability density of the system.

In particular, the approach of variational methods in statistical mechanics is based upon two
inequalities which we now show.

Theorem. Let ¢ be a random variable (it can be either discrete or continuous), and call its probability
density p; clearly, for any function f of @ the mean value of f is defined as:

(f(#)), = Tr(p(#) f ()

1. If f is the exponential function then the following inequality holds:

<e_’\§0>p > e M@, Vp, VAER

2. If H(yp) is the Hamiltonian of a system and F its free energy, then:

F <Tr(pH) + kT Tr(pln p) Vp
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Proof.

1. Supposing ¢ a real number, from the Taylor expansion of the exponential we have e™% >
1 — ¢ and so (we omit the subscript p on mean values for simplicity):

e = e ANPHRI =) = o= Me) AP > T ME) [T — A — ()]
and therefore taking the mean value of both sides:
<6—/\<p> > <6—A<<P>> e MO (o — (o)) = e M)
2. The canonical partition function of the system can be written as:

7 = Tre_ﬁ'H = Tr <p€—ﬁ'H—ln p) _ <e—ﬁ'H—lnp> > e—ﬁ(’H)—(lnp)

where the last step comes from the first inequality. Since Z = e~ with F the free energy

of the system, we have:
e PE > g=BH)—(Inp)

and taking the logarithm:

F <(H)+ kT (Inp) = Tr(pH) + kT Tr(pIn p)

Remember also that since p is a probability distribution it must satisfy:
p(p) =0 Trp=1

Now, the free energy F’ of the system is a functional of the probability density p and from what
we have just seen we can set an upper bound to F:

F < (H)+ kT (Inp) = Tr(pH) + kT Tr(plnp) == Fny.

where “m.f.” stands for “mean field”. In other words we can estimate the free energy of the
system in mean field theories as (H) + kg7 (In p), and the best approximation of the real free
energy will be given by the minimization of F ¢. In particular, the ground state configuration
of the system will be given by the form of p that minimizes F', which can be easily determined

in general:

OF A
- — O = peq — 76_67'[
6[) ‘peq

with A a generic constant, and since peq must be subjected to the constraint Tr peq = 1 we find
A =e/Z,so that: .

Peq = Ze A
This is extremely reasonable: since we have only required the minimization of the free energy,
the probability density we obtain is the one we would expect from ensemble theory.
However, until now the computation is still exact: if we want to determine peq we must com-
pute Z, which in general is not feasible.
Within this variational approach the mean field approximation comes into play by choosing
the following form of the trial probability density:

Pmf. = H Pa
o
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where again “m.f.” stands for “mean field”, a labels the degrees of freedom of the system
and p, is the probability distribution of the sole a-th degree of freedom. In other words we
are approximating the probability distribution so that the degrees of freedom are statistically
independentﬂ namely:

(frle) fa(p2)),, . = (file)),,  (fale2)), . Vi, f2

This way the free energy of the system has the form:
Fpm-f- = <;L[>pm,£ + kBT Z <1n pa)ﬂm}. = <H>pm.£ + kBT Z Tr(pa hl pa)

and must be minimized with respect to pq.
This can be done with two different approaches:

1. The most used one consists in parametrizing p, with an appropriately defined order pa-
rameter (p,) that can describe an eventual phase transition; in this way F becomes a
(real) function of (¢,), and the minimization becomes simpler since it reduces to mini-
mizing a simple function.

The parametrization must of course satisfy the constraints:

Trp, =1 Tr(paa) = (o)

The advantage of such an approach is that the variational parameter ¢, coincides with
the order parameter.

2. Another possible approach consists in considering p, itself as a variational parameter,
and minimizing F' with respect to it. This is a more general approach, but this time it’s
harder to establish a connection between F’ as a functional of p and F' as a function of the
order parameter that describes a phase transition.

We will analyse these two different approaches applying them to two different models.

6.3.1 Bragg-Williams approximation for the Ising model

Again, we consider a system with the following Hamiltonian:
H=-J> SS;—> HS,
(i) i

In this case our random variables ¢ are the spins: ¢, = S;, and our order parameter is
(pa) = m; (we will later see that this is exactly the local magnetization also in the mean field
approximation). For what we have previously stated we must build a single-particle probabil-
ity density p; = f(m;) in terms of this order parameter, such that Tr p; = 1 and Tr(p;S;) = m,.
For example, since we have two constraints on p; we could use a linear expression for the
probability density involving two parametersﬂ

pi = ads; 1 +b(1 —bg,1)

°This is physically equivalent to what we have done in the Weiss mean field theory for the Ising model (see ,
where we neglected the correlations between spins.

®This form of p; is very general, and does not depend on the fact that the degrees of freedom of the system can
only assume two values: if there is a different number of possible states, say n, then p; can be written in the same
form, but a will be the probability of one state while b the probability of the remaining n — 1 ones. We will shortly
see this when we will apply the Bragg-Williams approximation to the Potts model.
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where a and b are, respectively, the probability that S; = +1 and S; = —1. Inserting this
expression of p; in the two constraints we get:
Trpi=a+b=1 Tr(piSi) = (Si),, =a—b=m;

and therefore:

__14‘W% b— 1—-W%

2 2
Thus: 14 )

me e
pi = 2 1652‘71 + : (I —0ds,1)

We are now able to compute the two terms that contribute to the free energy F), . = (H),  +
ksT ), (Inpa), . of the system.

First of all:

me:_‘]z (5i5;) ZH me

However, since pp ¢ = [[; pi (namely the degrees of freedom are independent, as we have
already seen), then <Si5j>pmf = (Si),, (Sj>pj. Furthermore, if ¢(.5;) is a generic function of S;
then: B

14+my 1—my 1+my 1—m,

= 3 a0 (F s+ 5= 50 ) = g+ 2
Si=+1

and so if ¢g(S;) = S; we have (S;)

magnetization of the system.

Therefore:

pn; = Mt our order parameter is (as we expected) the local

pmf = —JZmlm] ZHml

(i5)

Then, for the other term of F’ we have:

T+mi, 14+m; 1—mi. 1—my
Z (In pz ZTr pilnp;) = Z ( —|—2mz In —|—2m1 + le In 277%)
i

%

The total energy of the system will be:

Fpm.ﬁ - <H>pm.f. + kBTZ <1npi>pmf =

1 i1 i 1l—m;  1—my
=73 mim; — ZHml—l—kBTZ( Ll +2m + 2m In 2m> (6.11)
(i) ¢

We now have to minimize F),_ , with respect to m;:

OF 1. 14m; 1 1, 1—-m; 1
R mj—Hi+kBT<ln +-—ZIn -2 )=
om; Pt 2 2 2 2 2 2
kBT 1 +m;
= —2J Hi+ 2= In
Z m” T M T

jenn.(i
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where j € n.n.(i) means that the j-th site is a nearest neighbour of the i-th one.

Now, recalling that:
1. 14z
tanh™'a = =1
an T 5 n T

lz] <1
(and surely |m;| < 1) we can write:
kpTtanh™'m; =27 > m;+ H,
jenn. (i)

and inverting the hyperbolic tangent:

m; =tanh |8 | 2J Z m; + H;

jenn.(i)

We have again found the self-consistency equation (6.4) for the magnetization that we have
already encountered in the Weiss mean field approximation! This is again a confirmation that
all mean field theories are equivalent.

We can thus see that in the Bragg-Williams approximation also the 3 and o exponents are the
same of the Weiss mean field theory; in fact, we have seen in that they come from the
expansion of the free energy density for small values of the magnetization when H = 0. If we
now set H = 0 into (6.11), so that m; = m Vi, we get:

E, . 9 1+m_. 14+4m 1-m_  1-m
Bk =] kT | 1
N zm” + kB ( 2 n 5 + 5 n 5 >

If we now expand the logarithm for small m, we get:

F m?  m?
— lim —Pmf _— _ 2 Tl—-In2+ — 4+ —— 4+ ... ) ~
f(m) Jim = Jzm* + kp ( n2 -+ 2+12+ >
kT kT
N—kBT1n2+< B —Jz)mz—}—g m*

Therefore we see that the behaviour of f near m = 0 is the same of equation (6.6), and so both
the exponents # and « turn out to be equal to what we have determinedlZ] in

We can also say somethinglﬂ in the case H # 0. Supposing that our system is uniform, i.e.
m; =m Vi, we can rewrite (6.11) as:

- F
f= 5\'}”' =—Hm+ fo
where:
1 1 1— 1-—
foz—sz2+k:BT< —;mln —;m+ 2mln 2m>

and since we are looking for the absolute minimum of f:

_of _

=5 =

kgT . 1+m

0 —H—f(’):—H—2sz+Tln

1-m

"Note that also the temperature of the transition is still the same, considering also the 1/2 factor we have already
mentioned.
8These considerations apply in general also in the other mean field theories considered, but we show them now.
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30m) | Fo(m)

)

@T>T. b)T < T,
Figure 6.2: Solutions of (6.12)

which gives the self-consistency equation we already know:
h = —2B8Jzm + tanh 1 m (6.12)

As we can see from the plots in figure 6.2 the number of the possible solutions depends on the
temperature of the system. In particularif 25.Jz < 1 (i.e. T' > T.), expanding the right hand side
of we get a positive linear term (23.zm > 0), so that the behaviour of —3Jzm +tanh™* m
is as shown in figure and has only one solution.

On the other hand if T < T, then the linear term changes sign and —3Jzm + tanh™* m behaves
as in figure in this case if || is small enough there are three possible solutions, which we
have called m1, ms and ms. These are all extrema of f, but how can we understand which is a
minimum or a maximum? And above all, which of them is the global minimum?

If we suppose h > 0 to be large there will be only one solution, m3, and as h decreases also m4
and my will appear; we can therefore argue that for the continuity of f the solution mj is still a
minimum also when m; and my are present. Similarly, if we take 2 < 0 we can conclude that
also m1 is a minimum; therefore my will necessarily be a maximum.

Now, in order to see which between m; and ms is the global minimum of f let us take h > 0 as

in figure and compute:

m3 m3

Fmdm = [ (£ = hyam

mi

Flms) — Fom) = [
mi
From figure we see that this is equal to the area enclosed by the the straight line i = const.
and the graph of fj, which is clearly negative if & > 0. Therefore f(m3) < f(m1) and so we
conclude that ms3 is always the global minimum of f.
Similarly, when h < 0 the global minimum of f is m;.

This means that as soon as h changes sign the global minimum of f changes abruptly from ms3
to m1. We are thus obtaining the phenomenology that is indeed observed for a magnet when
we change the external field H. In other words the sets of points (h(m), m) are exactly the
graphs represented in figure i.e. the graphs of the magnetization seen as a function of the
external field.

6.3.2 Bragg-Williams approximation for the Potts model

We now apply the same approximation that we have just seen to a slightly more complex
situation: the Potts model.
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This is defined exactly as the Ising model, but with an essential difference: the degrees of
freedom of the system, which we now call o;, instead of just two values can assume ¢ integer
values: 0; € {1,...,q}.

We can therefore write the Hamiltonian of such a system as:

H = _szoiﬂj - Hzéai,l
(i5) ‘

(where we have supposed that the external magnetic field tends to favour the situation where
the degrees of freedom assume the value 1; of course we could have done otherwise).

As can be expected the Potts model with ¢ = 2 is equivalent to an Ising model, as can be seen
from the following equivalence:

1
do.00 = 5(1 +o0’)

where o and ¢’ are the degrees of freedom of the Ising model (¢, 0’ = £1).

However, a Potts model with ¢ = 3 is not equivalent to an Ising model where S; = —1,0,+1,
as one could have expected. In fact it is not possible in this case to write a § of the three-state
variable o with “simple” terms involving o-s (namely, only quadratic terms); in particular it

turns out that:

2 12

O', - (0_2 +0/2)

1 3
000 =14 500/ + 2

We therefore want to apply the Bragg-Williams approximation to a g-state Potts model.
First of all, we call x = (d,,1) our order parameter, and write the probability distribution of a
single degree of freedom a

Po = aéo’,l + b(l - 50',1)

Therefore, from:

q

T‘I‘pg =a-+ (q — 1)() =1 Tr(po(sg,l) = Z [(5071 . 01(5071 + (50-,1 : b(l - 50,1)] =T
o=1
we get:
a=2x b= -2
qg—1

From now on one can proceed like we have previously seen.

6.3.3 Mean field theory for the Blume-Emery-Griffiths model

The Blume-Emery-Griffiths model (often shortened in “BEG” model) is a lattice gas model used
to describe the properties of the superfluid transition of “He, which when it is cooled under ap-
proximately 7. = 2.7 K undergoes a continuous phase transitio from fluid to superfluid;
superfluids exhibit several interesting properties, like having zero viscosity. The BEG model
is used to describe what happens when we add some *He to the system; it does not consider
quantum effects, but only the “messing up” due to the *He impurities.

Experimentally when 3He is added to “He the temperature of the fluid-superfluid transition
decreases. For small concentration of 3He the mixture remains homogeneous, and the only
effect is the change of 7; however, when the concentration z of 3He reaches the critical value
T ~ 0.67, 3He and “He separate into two phases (just like oil separates from water) and the A

°As we have stated in the footnote on page we write p in general as the sum of the probability that the
degree of freedom assume a particular value and of that of all the remaining values; in this case we have chosen
o = 1 as this particular value, but of course we could have done otherwise.

!0This is generally called \ transition, because the plot of the specific heat as a function of the temperature has a
shape that resembles a A.
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transition becomes first-order (namely, discontinuous). The transition point (z;, 7;) where the
system shifts from a continuous A transition to a discontinuous one is that where the phase
separation starts and is called tricritical point.

The BEG model was introduced to describe such a situation.

As we have anticipated, it is a lattice gas model and so it is based on an Ising-like Hamiltonian
(see[5.3.4). On the sites of this lattice we define a variable S; which can assume the values —1, 0
and +1: we decide that when an *He atom is present in a lattice site then S; = +1, while when
S; = 0 it means that the site is occupied by an *He atom. We then define our order parameter
to be m = (S;); in the Ising model (S?) can only be equal to 1, while in this case it can be
either 0 or 1: we can thus interpret <SZQ> as the concentration of *He atoms, and = = 1 — <512>
as the fraction of *He. We also define A = pspy, — pape to be the difference of the chemical
potentials of *He and “He; since this parameter is related to the number of *He and *He atoms,
we expect that when 2 — 0 (namely, there is only ‘He) A — —oc, while if x — 1 then A — +o0.

We consider the following Hamiltonian for the syste

H=-J> SiSj+A) S —AN

(i) i

where N is the total number of lattice sites.
Since we want to apply the second variational method that we have seen, we write the mean

field probability density as:
Pm.f. = Hﬂi = HP(SZ)
and the free energy:
Fpps = (W), + kT ) Tr(pinpi)

The mean value of the Hamiltonian is:

<H>pm.f. =—J Z <SlSj>me + A Z <S’i2>pm.£ —NA
(i5) @

and since (5;5;) oot = (Si),. . (Sj) o (it’s the fundamental hypothesis of mean field theories)
we ge
1 2
<H>pmi = _§JNZ <Si>pmf. + NA <S'L‘2>pm'fl - NA

where z is the coordination number of the lattice. Therefore, the free energy of the system is:

F

1
o — —EJNZ (Tr(piSi))* + NATr(p;S?) — NA + kTN Tr(p; In p;)
We now must minimize this expression with respect to p;, with the constraint Tr p; = 1. Since
we have:

(Sf)j (Tl"(piSi))z == 2Tr(pi5’i) . Sj =2 <SZ> Sj = 2m5j

J

5 B
—Tr ZSZQ =52 — Tr(p;Inp;)) =Inp; +1
5 (piS}) 57 (pilnp;) P;

'We do not justify why it has this form; furthermore, the Hamiltonian we are considering is in reality a simplifi-
cation of the original one.

2We are introducing the 1/2 factor for later convenience. As we have stated in the footnote on page 98} this is
perfectly possible if we change the convention of the sum on nearest neighbours.
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then:

5
Tprm‘ﬁ = —JNzmS; + NAS? + NkgTInp; + NkgT =0

(2

which leads to:

1
Inp; = BJzmS; — BASZ —1 = p(S;) = Zeﬂmsi—ﬁs?)
where we have reabsorbed e~! into the normalization constant A. From the constraint Tr p; = 1
we find:
A =1+ 272 cosh(BzJm)

Substituting this expression of p; into F}, ., after some mathematical rearrangement we get:

Pm.f.”
F

In order to find the equilibrium state for any 7" and A, we must minimize this expression with
respect to m.

If we expand F), , for small m, keeping in mind the Taylor expansions cosh z ~ z+x%/2+0(2%)
and In(1+ ) ~ 1 +x — 22/2 4+ O(2?) we get:

Fpme mx0 b o c 4 d g
N a+2m +4m +6m +
where:
. —BA . ZJ . ZJ 3 6
a=—kpTIn(l1+2e"7)-A b=zJ <1— (5kBT> c= ﬁ(ﬂzj) <1—3

and 6 = 1+ %2 /2; d turns out to be always positive. Note that unlike the Ising model in the
Weiss approximation (see[6.)) in this case both the quadratic and the quartic terms, b and ¢, can
change sign when the parameters assume particular values.

Let us also note that the order parameter of the system, namely the concentration of He, is:

1
—1-{(82\ =
“ (%) 1+ 2e=—P2A cosh(BzJm)
Therefore, in the disordered phase (both *He and “He are present) we have m = 0 and the

concentration of *He becomes: ) )

T e s 1T
This way we can determine how the temperature of the A transition depends on z; in fact, the
critical temperature will be the one that makes b change sign, so we can determine it from the
condition b = 0:
zJ

T, =2
kpd

Since as we have just seen 1/6 = 1 — z, we have:
Te(x) = T(0)(1 - x)

where T.(0) = zJ/kp. The other transition (from the continuous A to the discontinuous one)
will occur when the quartic term ¢ changes sign, and so we can determine the critical value of
x at which it occurs from the condition ¢ = 0:

0t 1 2

1-—=0 = 6 =3 = =1--=-=06
3 t e 373

which is in astonishingly good agreement with the experimental result of 2; ~ 0.67.
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6.4 Mean field theories for fluids

Ideal gases are exceedingly idealised systems and are not suited to describe the behaviour of
real systems: they always obey the same state equation and never undergo phase transitions
(for example they never condense).

We must therefore step a little further: using the “philosophy” of mean field theories we can
make the description of fluids a little bit more realistic. As we will see this will also lead to
the derivation of the Van der Waals equation, which better describes the behaviour of real fluids
(even if, as we will shortly see, it still has some problems).

In general, in a real gas all the atoms or molecules interact through a certain potential ®({7;})
that will depend on the positions of all the particles. For a system of N particles the configura-
tional contribution to the partition function will therefore be:

N
QN:i/IIdﬁgﬁQj!Wm“ﬁD+ﬂﬁﬂn
=1

where @ey: is an external potential and in general:

O({i}) =D Ua(Fi i) + Y Us(#, 7, %) + -+
1#£] 1#j#k

(where U, can be a generic n-body interaction potential).

Generally ey does not pose great problems while it is ® that makes @ y impossible to compute
exactly, forcing us to resort to approximations. In the framework of mean field theories we
substitute the interaction potential ® with an effective single-particle potential p(r;) that acts on
every particle in the same way: ®({7;}) = >, ¢(7).

Therefore, neglecting the external term for the sake of simplicity, mean field theories allow us

to compute Q) as:
N
Qn = </ df'eﬁ“"(r?)>

Of course, every particular mean field theory will provide a different form of ¢, which will lead
to different results.

6.4.1 Van der Waals equation

The Van der Waals equation can be obtained considering the atoms of a gas as hard spheres. In
this case, in fact, the mean field ¢ has the form:

wm={+” I <7o (6.13)

u |71 > 7o

with u < 0 a parameter that in general can depend on N and V. In other words the particles
are modelled as spheres of radius 7: for large distances the potential is attractive, while for
short distances it is repulsive and prevents the atoms from overlapping. Note also that this is a
very rough first approximation: the potential, when attractive, does not depend on the distance
between the atoms, and ¢ is discontinuous. We will later see what happens when we make a
more realistic approximation.

Therefore, we will have:

eBer) _ )0l <ro
e |7 > o



6.4. MEAN FIELD THEORIES FOR FLUIDS 147

P

T >1T,
T=T.

(Y

Figure 6.3: Van der Waals isotherms fora = b =1

and calling Vex the volume that must be excluded because the particles are hard spheres
(namely the volume occupied by all the other atoms) the configurational partition function
will be:

N
QN = (V - V;zxc)e_ﬁu}
The configurational part of the free energy is thus:
F"t = —NkpT [In(V — Vexe) — Bl

We can determine the state equation of this system as usual (we derive only the configurational
part of Fiy because the kinetic one does not contain terms depending on V):

_OFg™  NkpT du

pP= = =
8‘/ V - ‘/exc aV

Now, since u is the attractive term between the particles we can suppose that it is proportional
to the particle density (intuitively, if the system is dense the particles will be closer to each other
and will interact strongly), and of course the excluded volume Ve, will be proportional to the
number of particles; therefore, setting:

N
u:—av Vexe = BN a,b>0

we have:

T V-—Nb v

NkgT N\?
P= -
a<V>

which is exactly Van der Waals equation. Defining v = V//N we can rewrite it as:

kgT a
:vB—b_vﬁ (6.14)

P

Critical point of Van der Waals equation

The behaviour of the Van der Waals isotherms is shown in figure[6.3] As we can see this changes
with the temperature and resembles that of real isotherms (see figure ; however, Van der
Waals isotherms are always analytic and have a non physical behaviour in certain regions of
(v, P) plane, called spinodal curves, it T' < T,: for some values of v we have 0P/dv > 0, which
is physically impossible. This is a consequence of the roughness of the approximation we have
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made, since it can be shown that it doesn’t ensure that the equilibrium state of the system glob-
ally minimizes the Gibbs free energy. As we will shortly see, however, this problem can be
solved “by hand” with Maxwell’s equal area rule.

Let us now see how to determine the critical point of a system obeying Van der Waals equation.
First of all, from the isotherms represented in figure |6.3| we can see that the critical point is a
flex for the critical isotherm (i.e. the one with T" = T,.); in other words, we can determine the
critical point from the equations:

or_, o

o dv?
Equivalently, we can note that the equation P(v) = P = const. is cubic in v. In fact, we can
rewrite the Van der Waals equation (6.14) as:

kT a ab
3 B 2
— + — + —v—-—== 1
v <b 2 )v Pv 2 0 (6.15)

For T' > T, equation (6.15) has one real solution and two imaginary ones, and for 7' < T three
distinct real solutions; when T' = T, the three solutions of the equation coincide. This means
that at the critical point equation (6.15) must be written in the form:

(v —ve)? =3 = 3v0? + 3020 — 02 =0

Equating the coefficients with the ones in equation (6.15) we get:

kpT, a ab
Bve = b+~ e =5 o=
from which we have:
a 1 8a
=3b P.=— T.= ——
ve Y ¢~ &g 27b

We have found a very interesting result: in fact, if we can measure a and b at high temperatures
then we are able to determine the critical point of the system.

This model has also an interesting property, since it predicts that:

P.v. 3
=—-=0.375
kgT. 8

which is a universal number, independent of a and b and so of the particular fluid considered.
Experimentally this ratio is approximately 0.29 for Argon, 0.23 for water and 0.31 for *He.
Therefore, even if it is very rough, this model leads to reasonable conclusions.

Law of corresponding states

We can also rewrite Van der Waals equation (6.14) in an adimensional form, rescaling the ther-
modynamic quantities of the system. In particular, defining:

P 27H? v W T 27b
= — = _ = — = — === k Ti
T P, P a g Ve 3b " Te " 8a
equation (6.14) becomes:

<7T + V32> (Bv—1) =87 (6.16)
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P

Figure 6.4: Maxwell’s equal area rule

We have found another very interesting result: when rescaled by their critical thermodynamic prop-
erties, all fluids obey the same state equation. This is the law of corresponding states that we have
already encountered in|[1.5| (figure [1.6).

This is a form of universality, but substantially different from the one we have seen until now,
which applies only in the neighbourhood of a critical point: in fact, the law of corresponding
states applies everywhere on the phase diagram. It can even be shown that this law is a con-
sequence of dimensional analysis, and is more general than what might seem: experimentally
the law of corresponding states is well satisfied also by fluids which do not obey Van der Waals
equation.

Maxwell’s equal area rule

As we have previously anticipated, Maxwell’s equal area rule is a method to “manually” remove
the unphysical regions of Van der Waals isotherms.

From|[1.2.2)we know that at the coexistence of two phases the chemical potentials and the pres-
sures of the two phases must be equal; furthermore, from[I.1.3]we also know that the chemical
potential is the Gibbs free energy per particle, namely G = N, and in general we have also:

dG = —8dT +VdP + pdN
Now, differentiating G' = IV and subtracting this last equation we get:

S 1%
dp = —2dT + —dp
H=" N Ty

Therefore, since along an isotherm d7" = 0, we will have:

gas gas
— Uliq. = dp = — VdP =0
Hgas — Hlig. g H N g

Looking also at figure we see that this means that the horizontal segment of the isotherm
must be drawn so that regions A and B have the same area (from which the name of the
method).

Critical behaviour

Let us now study the behaviour of systems obeying Van der Waals equations near the critical
point, computing one of the critical exponents.
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Exponent 3 This exponenﬁ can be computed from the shape of the coexistence curve for
T — T, this can be done using the law of corresponding states. In fact, defining:

- T-1T.
==

VoV

t:
V.

v—1

T—1 0:

we can expand the law of corresponding states (6.16) near 7 = v = 1, or equivalently t = p = 0
(namely in the neighbourhood of the critical point):

__ 8 3 _ 8+t 3
S 3v—1 1?2 3(1+0) -1 (1402

27
= (1+41) (4—6g+992—2g3+~-)—(3—6g+992—12g3+~-)~

3 27
~1+4t—69t+9g2t—593—?g3t+---

Therefore:

3
7w =144t — 6ot — §g3 + O(to?, oh) (6.17)

where the terms we have neglected are justified a posteriori (i.e. we will see that o ~ t'/2; we
could have not neglected them, but the result of the computation doesn’t change).

The strategy we want to apply is the following: since we want to determine how ¢ changes
with ¢, we can determine the relation between the densities g5 and g; in the gaseous and liquid
phase from Maxwell’s equal area rule. This way, from we can determine the pressures in
the two phases and express them in terms of pg or g, and since m = g at the coexistence we
can obtain from this equation the behaviour of g in terms of ¢.

Therefore, from Maxwell’s equal area rule we have:
gas gas
/ vdP = / (0+ 1)vPdr =0
lig. lig.

where we have used the definitions of 7 and ¢.
If we now set our system on an isotherm with ¢ < 0 and ¢ small (so that the expansion in (6.17)
makes sense), the variation of 7 in terms of o is:

dr = —6tdp — ggzdg

We thus havd%

Qg 2 2
/ Q<—6t_292> do =10 = 39§ <t+Q8g> =30} <t+g81>
a

Since ¢ is small we can neglect it, and so:

GG=0 =  og=za

3Remember that by definition 3 describes the behaviour of the order parameter in the neighbourhood of the
critical temperature, so we will have o ~ [¢|°.
If we didn’t neglected the term of the expansion of 7, we would have found:

3 3
—30; (t — 2tog + g@é) = —3¢f (t — 2to + ggf)

Again, the terms linear in ¢ can be neglected since ¢ is small (and oy, g1 are just numbers). (???)
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Remembering that:

U — Ve 'Ug — Ve
o= ——" Og = —
Ve Ve
we see that the only acceptable solution is gg = —g; (since the volume of a gas is larger than
that of a liquid).
Therefore, substituting og and g; = —gg into 7 we get:
3 3 3 3
ﬂg:1+4t—6tgg—§gg 7T1:1+4t—|-6tgg+§gg
Since 7y = m at the phase coexistence, we have:
304 (475 + g§> =0
and excluding of course the case gz = 0, in the end:
0g ~ 1! /2
Therefore: .
B=3
which is what we could have expected from a mean field theory.
In fact, if we compute all the other critical exponent, we get exactly:
1
a=0 525 y=1 0=3 (6.18)

A more precise approximation

We have seen that the problem of Van der Waals equation comes from the rough approximation
that we have made in (6.13).
A better formulation of Van der Waals mean field theory can be done using the potential:

(F) = {+OO 71 <o (6.19)

—ke M7 > g

where k is a parameter that determines the range of the potential.

In this case (we don’t do the computations, we just state the result) after having computed the
partition function, in the limit £ — 0 the potential becomes infinitely ranged and weak. The
interesting fact is that in this limit the theory becomes essentially the same that we have seen
before, but with the exception that there are no unphysical regions and Maxwell’s rule is no
longer necessary, since this model naturally predicts the existence of the “plateaux” relative to
the liquid-gaseous phase transition in (v, P) plane.

6.4.2 Maean field theories for weakly interacting systems

If a system is composed of weakly interacting particles we can use perturbative methods to
compute the partition function of such systems.

For example, consider a fluid composed of N particles in a region of volume V/, interacting
through a generic two-body potential that depends only on the relative distance between the

particles:
N

> el =)

i#j=1

U({r}) =

N
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Its Hamiltonian will be:

N ]7‘2 1 N
7 —
T N LT
1=1 i#j=1

and its partition function:

N
1 1
— 2 dre—BH —
IN = 1NN /quzdp’e = NI ON
=1

where A is the thermal wavelength and @ is the configurational sum:
On = / T eV D)

Of course for ideal gases U = 0 and so Qn = VN, and the dependence on the temperature is
included only in A; if we consider also the interaction terms we must insert a correction x in
the configurational contribution to the partition functio

Qn = VY - x(N,V,T)

which (depending on the possible presence of attractive terms in the interaction potential )
can in general be also a function of the temperature 7’; furthermore the correction depends
strongly on the gas density: if it is low the particles will not “perceive” the presence of the
other ones and the ideal gas approximation is a good one, while for high densities the particles
will be closer to each other and corrections to () are necessary.

Let us note that inserting the correction x the free energy of the system will be:

F = Figeal — kBT Inx

Virial and cluster expansion

The virial expansion is a systematic approach that can be used to incorporate the corrections due
to the interactions between the particles, and as we will shortly see it can be obtained from a
much general method, the cluster expansion.

The virial expansion consists in expanding the thermodynamic quantities of a system in powers
of the density p; for example, the virial expansion for the pressure of a gas is:

ij = p+ Bop? + B3p® + - -
where B,, are called virial coefficients, and in general they can depend on the temperature. The
virial expansion is very useful because the coefficients B,, can be experimentally measured (for
example, in the case of the pressure they can be determined by properly fitting the isotherms of
a system), and as we will see they can be related to microscopic properties of the interparticle
interaction.
Let us see for example the virial expansion of the Van der Waals equation. From we have:

P N  aN?
kgT  V —Nb kgTV?

which can be rewritten as:

P N N\' a4 [N\? Loa
_— 1— —_ — —_ = 1— -
kpT v( bv) kT <V> p(1=bp) ksT"

We can always insert a multiplicative correction. We could have also written it as an additive correction, but
the core of the subject doesn’t change.
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where of course p = N/V is the density of the system. Therefore, expanding the first term in a
Taylor series:

p
T P (b - k“T> p? + 0% +b3pt 4 - (6.20)
We can thus immediately identify the first virial coefficient:
a
By(T) =b—
2(T) kT

The temperature Ts at which B, vanishes is in general called Boyle temperature; in this case

—_a
Tp = g5

Now, let us see how the cluster expansion works and how we can obtain the virial expansion
from it. Of course, we start from the general configurational partition function:

On = / [ diie PV 5D

The idea is to find a “small quantity” in terms of which we can expand @ y; this quantity is the
so called Mayer function:
£ = e 0 1

In fact, when the gas is ideal f(7) = 0, and if the particles interact weakly ¢ is small, and so is
f (7). In particular, this expansion will work well for low densities (namely |7; — 7| is large and
s0 ¢(|7 —7;|) — 0) or high temperatures (namely 3 — 0): in both cases, in fact, e =##{7 =75 — 1
and f(|7; — 75]) 0.

Using the short notations ¢;; = ¢(|7; — 7|) and fi; = f(|7 — 7j|) we have:

e~ B3 iz Pis — He—g%‘j - Hm -
i#] i#]
= V14 fia V14 fis V14 fin VI+ for 1+ foz -+
T4 i VI e /T fun-

Now, since f;; = f;; by definition, in the end we will have:

*,3 S v — =1+ fi2)A+ f13)--- =142 Z Fig +
#J 1

where the missing terms contain the product of two or more Mayer functions. Therefore, the
configurational contribution to the partition function will be:

N 1 N
QN:/Hdi 1+ Zf” . ZVN—I-/HdFkQZfij—I---':

175] 1 k=1 i#j=1

1
=Ny N2 Z /dndr]f”
z;ﬁ] 1

where in the last step we have extracted the contributions of the integrals with k # ¢, 5. Now,
the remaining integral can be easily computed with the definition of the new variable 7" = 7} —7:

[ariarygy = [araryse -l = [ari [aeson = v [arqin = -2ve,



154 CHAPTER 6. MEAN FIELD THEORIES

where in the last step we have defined the first virial coefficient. Of course, we should have set
[ dFf(|F]) equal to a generic coefficient, but in the end we should have found exactly that this
coefficient is —2B,: we have done this for the sake of simplicity.

Therefore:

By =~ [ Har (6.21)

From this we see precisely how the first virial coefficient, which as we have already stated can
be experimentally measured, is related to the microscopic properties of the interaction between
the particles, represented by the Mayer function f.

It can also be shown that all the virial coefficients can be expressed in terms of integrals of
products of Mayer functions; for example the second virial coefficient is:

By = 3 [ drdsf () (D s(7 - 30

Higher order coefficients involve the computation of increasingly difficult integrals, which can
however be visualized in terms of graphs.

What we have seen now is how the cluster expansion works in general. Let us now apply it in
order to find the virial expansion for real gases.
From what we have found, the configurational partition function of the system becomes:

N
Qv=VN-V¥"'By 3 1+
i#j=1
The remaining sum is equal to N(N — 1): in fact, for any of the NV values that i can assume, j
can have N — 1 values. Therefore:

Qn=VYN —VNIN(N-1)By +---
and, considering that N —1 ~ N for large N, the complete partition function of the system will
be:
VN N2
ZN:W <1—VB2+“'>
We recognise in this expression that (1 + BoN?/V + ---) is the correction x to the ideal gas

partition function that we have mentioned earlier; therefore, the free energy of the system will
be:

N?2
F = Figea — kT In <1—VBQ_|_...)

and its pressure:

OF NkgT N'B NkgT Np
=—— =5 +k3T%+---: o1+ o+
OV INT v - =B, 14 — 5B

Now, neglecting the terms involving B,, with n > 3, and expanding in terms of B (in fact

By ~ f, which is smallfﬂ
NkgT N
P= 1+—=By+--- 22
v <+V 2 + > (6.22)

!6Referring to what we have stated previously, if we set [ di'f(|]) = § with § a generic constant, then we should

have found:
N(N-1) 3 )

QN:VN<1+ %

and proceeding like we have done now, in the end:

_ NkpT () NS,
P= (1 75t )

%
and so from (6.20) we see that indeed § = —2Bs.
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This expansion contains only low-order terms in the density N/V, so strictly speaking it is
valid only for low densities. However, we can use a “trick” in order to extend its range; in fact,
remembering that the McLaurin expansion of (1 —z)~tis 1 + 2 + - - -, from (6.22) we can write:

PV 1

=1+18B RS
NkgT - Pt 1— Bap

and now re-expand (1 — Bap) ™1, so that we can express all the virial coefficients in terms of the
first one:

[T, = LT Bt (B (BN =
S N g = LBt (B (B =
= kf; = p+ Bap® + (B2)?p” + (B2) p" + - -
So in the end:
Bs ~ (By)? By ~ (By)? oy B, ~ (By)" !

Computation of virial coefficients for some interaction potentials

Let us now see this method in action by explicitly computing some coefficients B, for particular
interaction potentials.

Hard sphere potential As a first trial, we use a hard sphere potential (6.13) similar to the one
we have seen for the derivation of the Van der Waals equation:

) = +00 |7?|<T0
S””‘{o 71> ro

(the difference with (6.13)) is that now the potential is purely repulsive, and has no attractive
component).
In this case:

F(i) = e B _ 1 — —1 [r] <o
0 [fl>mro

Therefore, using (6.21)) and shifting to spherical coordinates:

1 1 [To° ro 2
By = —Q/f(m)d??: —2/0 4 (e‘B‘P(T) — 1) dr = 277/0 r2dr = 57”“3’

In this case B does not depend on the temperature, and in the end we have:
2 4N
PV = NkgT (1 + 3m~3v>

Square well potential We now use a slight refinement of the previous potential:

+0o0 |ﬂ<7’0
e(F) =49 - ro<|fl<ro+0
0 |7 > 7o+ 0
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This can be seen as a hard sphere potential where the spheres have an attractive shell of thick-
ness 0.

We thus have:
-1 |7?‘ < T
fM)=9e*—1 ro<|fl<ro+4
0 |7 > 79+ 0
so that:

B = [ far= = [am?sar = —2n | [“(rtyar s [ (e 1) ir] =

0

3 pe B B
=27 {_ro + £ ! [(ro + 6)3 — 7“8’]} = Bhs — §7T (eﬁg - 1) [(ro + 5)3 — rg]

where BY is the first virial coefficient of the hard sphere potential we have previously seen.
Now, if the temperature is sufficiently high, namely ¢ < 1, we can approximate ¢ — 1 = S,

so that: ,
(1+ 2y 1]
70

2
By = BYS — gwﬁsrg

For the sake of simplicity, defining:

we will have, in the end:

PV
NkpT

2 me
=1+Byp=1+ <B§‘-S- - 3k7;Tr8)\> P

so in this case B actually depends on the temperature.

Lennard-Jones potential This potential is a quite realistic representation of the interatomic

interactions. It is defined as:
- 12 ro 6
") B 5

which contains a long-range attractive term (the one proportional to 1/|7]%, which can be jus-
tified in terms of electric dipole fluctuations) and a short-range repulsive one (proportional to
1/]7*2, which comes from the overlap of the electron orbitals).

With this interaction potential, the first virial coefficient is:

By = 27 /+0° r? {e_k4BET {(%)12_(%>6] — 1} dr
0

which is not analytically computable. However, it can be simplified defining the variables
x =r/rgand T = kT /e so that:

o0
B= 2ot [T (2 8) et G
0




6.5. LANDAU THEORY 157

Now, we can expand the exponential and integrate term by term; this gives an expression of
By as a power series of 1/7*:

o
1 _(2n—-1)\ /(1
By=-24Y —T —
2 ;471! ( 4 > (T*

where I' is the Euler gamma function and A is a constant.
Note that the attractive part of the Lennard-Jones potential has introduced in B> a dependence
on the temperature.

>(2n+1)/4

6.5 Landau theory

6.5.1 Introduction

Landau theory is a phenomenological mean field theory that aims at describing the occurence of
phase transitions in a unitary framework.

We have already stated that even very different many-particle systems exhibit universality: we
have seen this explicitly in but also in the study of mean field theories we have that two
very different systems, namely an Ising magnet in the Weiss approximation and a fluid in the
Van der Waals theory, have the very same critical exponents (see equations and (6.18)).

The reason of this fact can be understood if we expand the state equations of these systems in
terms of their order parameters. In fact, considering the Van der Waals theory for fluids we

have seen in[6.4.T] that: 5
m=144t —6nt — 57}3 + 0(774,77215)

where we have called 7 := g the order parameter.
In a similar way we can expand the state equation of an Ising model in the Weiss approxima-
tion. In this case we get:
H

— =nt+n°+ 0@y’

T o)
where 7 := m is again the order parameter.
Therefore we can see how the two equations of state, when expanded around a critical point,
behave in the same way, i.e. they involve the same powers of the order parameter 7: this is
why these two very different systems exhibit the same critical exponents.

From these very simple examples we can prefigure that the properties and the possible occur-
rence of phase transitions of every universality class can be described once we have expanded
the state equation of the system in terms of its order parameter (whatever it is, and indepen-
dently of its nature).

These kinds of observations led Landau to suggest that such considerations can be done for all
phase transitions, at least qualitatively. The resulting theory, which we now proceed to study,
is the so called Landau theory for phase transitions.

6.5.2 Assumptions of Landau theory
Landau theory is based on some assumptions, which we now introduce:
— There exists an order parameter 1) for the system, such that:

n=0 T>T
n#0 T <T
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— There exists a function £ called Landau free energﬂ which is an analytic function of the
coupling constants {K;} of the system and of the order parameter 7.
Therefore, near T we can expand L for small 7:

o0
L= Z ann" = ag + a1m + asn’® + azn® + asn* + O(n°)

n=0

— L has to be consistent with the symmetries of the system
— The equilibrium states of the system are the global minima of £ with respect to n

We also assume that the thermodynamic properties of the system can be obtained by differen-
tiating £, just like we can do with thermodynamic potentials

From these assumption we can explicitly construct £, depending of course on the system con-
sidered.

Note also that the general formulation of the Landau theory does not depend on the dimen-
sionality of the system (although we will see that once a system has been chosen some details
can depend on it).

6.5.3 Landau theory for the Ising model

To make things clearer, let us now consider the Ising model without any external field and see
how we can determine the form of £ from the general assumptions we have introduced.

Construction of £
First of all, since the equilibrium configurations of the system must be minima of L:

oL

8777 = aj + 2aom + 3a3n2 + 4a4r]3 =0
where we have chosen to stop the expansion at the fourth ordeﬂ Now, since this equation
must hold for all 7" and for T > T we have 1 = 0, we see that a; = 0.

Considering now the constraint on the symmetries of the system, in we have seen that
the Ising model is invariant under parity, i.e. its Hamiltonian is simultaneously even in H and
{S;}: H(H,{S;}) = H(—H,{-S;}). Thus, in absence of external fields the Hamiltonian of the
Ising model is even; this means that also £ must be invariant under parity, namely an even
function of n: £(—n) = L(n). Therefore all the odd terms of the expansion are null:

a2k+1 = 0 Vk e N

Finally, since we have assumed that £ is an analytic function of 7 then its expansion cannot
contain terms like |7|.

7To be more precise, £ is the Landau free energy density; the “real” Landau free energy should be L = V L.

18S’cric’dy speaking, Landau free energy is not really a thermodynamic potential: the correct interpretation of £
(see [3]], 5.6.1) is that it is a coarse grained free energy (not the exact one); seefor coarse graining procedures.

This choice has been made because we suppose 7 to be small and also because in both the Weiss and Van der
Waals theories we have seen that the relevant physics involves third and fourth powers of the order parameter. Of
course, the choice of where to stop the expansion depends on the system considered (in particular, it depends also
on the dimensionality of the system).
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In conclusion, the minimal form of the Landau free energy for the Ising model is:
L = ag + aon?® + asn? (6.23)

where ag, az and a4 can in general be functions of J;; (the coupling constants) and 7'.
However, (6.23) can be further simplified and we can also explicitly show its dependence on
the temperature.

In fact, first of all we can note that a is the value of £ in the paramagnetic state (when 7" > T,
n =7 = 0and L(7) = ap), and so for simplicity we can set ap = 0 (it’s just a constant shift in
the energy).

Then, we must also require a4 > 0 because otherwise £ can be minimized by n — 400, which
makes no sense physically.

Finally, expanding a and a4 in T  near T:

az = a3 + to + a4 = b +
2 — Uy 2 4 — 4
where we have renamed the constants this way for later convenience, and t = (T — T)/T is
the reduced temperature; in the expansion of a4 we have neglected any explicit dependence on
T — T because as we will see it will not dominate the behaviour of the thermodynamics near

il

Taking a3 = 0 we finally have that the form of the Landau free energy for the Ising model is:

a, o9, by
= —t - 24
L S+ (6.24)
If an external field H is present, then:
a, 5 by
L= 5”7 + i Hn (6.25)

Critical properties of the Landau theory for the Ising model

Let us now see what does the Landau theory for the Ising model predict.
First of all, in the absence of external fields from (6.24) we have that the equilibrium states are
determined by:

L b = n(at — bi?) = 0 N _ 0 t>0(@Ge T>T)
— =aq — at — — e — —
oy Am U =0 " TN 4 /=atfp t<0(e T <T)

We therefore see that a phase transition really occurs: when the temperature is greater than
the critical one, the only global minimum of £ is 7 = 0, while for T' < T two possible new
equilibrium states appear (which of course are the two possible values that the spontaneous
magnetization can assume in the magnetic phase).

Let us therefore see what critical exponents does the Landau theory for the Ising model predict.

Exponent 3 This is immediately determined from what we have just seen:

1/2 1
nzi(—%t) N(—t)l/2 when t<0 = 525

?Tn other words, the occurrence of the phase transition at 7' = T depends only on how a> depends on .
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Exponent o The specific heat at constant external field of the system is Cy = —T9?L/9T?; as

we have seen, £ = 0 for t > 0 (since we have set a) = 0) while £ = L(7)) = —a?t?/4b for t < 0.
Therefore:
o 0 t>0
=Y 217 <0
2T

We thus see that Cy has a jump discontinuity at 7' = T, so:

a=20

Exponent § Considering now also an external field, the state equation of the system will be
given by the differentiation of (6.25):

oL
aizatn—{—bq’/g—H:O = at77+b773:H
n

At the critical point ¢ = 0 and so we have H o n3. Therefore:

0=3

Exponent v If we now differentiate the state equation with respect to H we get:

n 9 On
t—— bn“— =1
Wom T
Since 9n/0H = xr, then:
1
XT =t 3bn?

If we now set H = 0 then for ¢t > 0 we will have = 7 = 0 and thus xr = (at)~!; on the other
hand, if t < 0 then i) = 7 = 4(—at/b)'/? and therefore x7 = (—2at)~!. In both cases x1 ~ t~,
and thus:

vy=1

Therefore, the Landau theory for the Ising model gives the critical exponents:
1
a=0 8= 3 vy=1 6=3

which, as we expected, are identical to those we have found within Weiss mean field theory

(see equation (6.7)).

6.5.4 First-order phase transitions in Landau theory

As we have seen, Landau theory is based on the assumption that the order parameter is small
near the critical point, and we have seen in the example of the Ising model how it can describe
a continuous phase transition (in fact, for t — 0 we have n — 0). However, because of the
symmetry properties of the Ising model we have excluded any possible cubic term; what we
now want to do is to consider a more general form of £ which includes also a cubic term in 7,
and see that this leads to the occurrence of a first-order phase transition.
We have seen that since the order parameter is null for 7 > T the Landau free energy can’t
contain any linear term in 7). Let us therefore consider:

Ezgth—wn?’ﬁ-%n‘l—HU t:7T2T
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) L(n) —_
n *k * >
T > T* T* < T <T
T:T**
T<T<T
Av 7
" T<T

. o (b) Same transition for lower values of the tempera-
(a) First-order transition ture

Figure 6.5: Behaviour of £ for different values of T’

where we choose w > 0 and we have redefined ¢ for convenience; as in the previous case, we

must have b > 0 so that 7 has finite values in the equilibrium configurations. The temperature

T is the one at which we have the continuous transition if w = 0, but as we will see it doesn’t

have great significance now.

The equilibrium configurations of the system, in absence of external fields, will be given by:
oL

o = atn — 3wn® +b® =0 = n(at — 3wn 4+ bn?) =0
Ui

The solutions of this equation are n = 77 = 0 (disordered phase) and:

B 3w + vV9w? — 4ath , at
e = % =ctyfé -7

which correspond to the ordered phase, and for the sake of simplicity in the last step we have
defined:

3w
ci=—
2b
However, these two last solutions are possible only if:
t be?
-5 = ttt = 2
b a

Let us note that since t* is positive, this will occur at temperatures higher than T (because for
T =T we have t = 0).

Intuitively, since £ — oo for n — +oo0 and £ — 0 for » — 0, we understand that 7_ will be a
maximum while 77, a minimum (see also figure [6.5).

We therefore have that the introduction of the cubic term brings to an asymmetry in £ which
leads to the formation of another minimum atn =7, for T' < T™.

Let us try to understand how £ behaves as a function of T, by also explicitly plotting £ as
shown in figure If we start from T > T, then the system will be in the disordered phase
and £ will have only one minimum at 7 = 77 = 0. When 7" becomes smaller than 7™ a new
minimum appears at ) = 77, but at the beginning we will have £(77, ) > 0 so this is only a local
minimum (since £(0) = 0): in this range of temperatures the ordered phase is metastable. If we
further decrease the temperature, we will reach a temperature 7** for which £(77,) = 0 = £(0):

210f course all these considerations can be made more rigorous with a complete study of the function £, which
we don’t do since it is rather straightforward and not illuminating.
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at this point the ordered and disordered phase coexist, so this is the temperature of a new tran-
sition! If we now further decrease the temperature to values lower than 7**, £(7, ) becomes
negative and so now 7, is the global minimum of £: the ordered phase becomes stable and the
disordered phase metastable.

If now T becomes smaller than 7, £ develops a new minimum for n < 0, but it is only a local
minimum (the asymmetry introduced by —wn? ensures that 7, is always the global minimum).
This means that also for T < T the disordered phase with n = 77, continues to be the stable
one, and so no phase transition occurs at T any more; this is what we meant when we said that
T is not a relevant temperature any more.

Therefore, we see that lowering the temperature of the system the value of n for which £ has a
global minimum changes discontinuously from n = 0 to n = 7 : this is a first-order transition.

As we have seen, the temperature 7** at which this first-order transition occurs is defined by
two conditions: it must be a minimum of £ and such that the value of £ in that minimum is
zero. Thus we can determine 7** as follows:

%:”(at_3w’0+bﬁ2)=0 £ at — 3wn +bn* =0
L(n) =* (3t —wn+ §n*) =0 &t —wn+ b2 =0

Solving this system for ¢ and 7, we get:

w
= b ab

Since by definition t = (T — T /2, we have:

w2

T =T+4
ab

Now, since the one we have found is a first order transition, there must be an associated latent
heat. Landau theory allows us to determine it; in fact, if we determine the entropy density at
the transition:

then the latent heat absorbed during the process will be:

U)2

Q=-T"s=4aT™ 2

Finally, we can also determine the susceptibility of the system. In the presence of an external
field, the equation of state of the system is:

8—5:0 = atn — 3wn® +bn® = H
on
If we now derive both sides with respect to H, since x7 = 9n/0H we have:

1
at — 6wn + 3bn?

atxr — 6wnxr —3b*xr =1 =  xr=

Multicritical points in Landau theory

It is possible for a system to have more “disarranging parameters” than the sole temperature
T; let us call one such field A. In this case the phase diagram of the system becomes richer,
with coexistence and critical lines that intersect in points called multicritical points; one of the
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Figure 6.6: First-order transition with an even £

most common examples of a multicritical point is the tricritical point, which divides a first-order
transition line from a second-order one.

An example of a system of the type we are considering is the Blume-Emery-Griffiths model,
which we have studied in In that case the additional “disarranging field” was the con-
centration z of *He, and the tricritical point is the one we called (z, T}).

Such a phenomenology can be obtained within Landau theory also with terms different from a
simple cubic one; in particular, we can have first order phase transitions even when the system
is invariant under parity, like in the case of the Ising model. In fact in that situation we required
the coefficient of n? to be always positive, but if this is not true then £ will be:

L=5m+ %74 + o (6.26)
where a, b and c are functions of 7" and A, and ¢ must always be positive for the stability of
the system (otherwise, like in the case previously considered, the minimization of £ leads 7 to
infinity).

Now, we know that if a changes sign and b is kept positive (which can be done varying the
values of T'and A in a way such that a goes to zero faster than b, depending of course on their
explicit expressions) then a critical transition occurs since in this case = 0 becomes a local
maximum for £, and it develops two new global minima. Therefore, the solution of the equa-
tion a(T, A) = 0 will give a line of critical points in (7, A) plane.

However, if b becomes negative while a is still positive (which again can be done varying T’
and A so that b vanishes faster than a) then something rather different happens: as we can see
from figure in this case as b approaches zero £ develops two new symmetric local minima
at 77 (similarly to the case analysed before, with the difference that now the situation is per-
fectly symmetric since £ is even) and they will become the new global minima as £(77.) = 0,
which happens when b changes sign: this way the equilibrium value of the order parameter
change discontinuously from zero to a non-zero quantity so a first-order transition has indeed
happened.

This means that when both a and b are null the system goes from exhibiting a continuous criti-
cal transition to a discontinuous first-order one; in other words, the tricritical point (T, A.) can
be determined from the solution of the equations a(7", A) = 0 and b(7, A) = 0.

To conclude let us consider again a system whose Landau free energy is given by (to be
concrete we still think about an Ising model), where ¢ > 0 and a, b are in general functions
of the reduced temperature ¢ (and also of the other “disarranging” parameter, which we now
neglect). We now want to show that we can understand how the phase diagram of the system
is in (a, b) space, i.e. that we can draw where the phase transition lines are and so we are able
to visually represents where the various phases of the system are in (a, b) plane.
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Figure 6.7: Phase diagram of the system in (a, b) space

First of all, we can note that when a,b > 0 the only minimum of £ is 77 = 0, so the system
is in the paramagnetic phase. Furthermore if @ < 0 and b > 0 the system is in the magnetic
phase, and a second order transition has occurred; therefore we can surely say that the half-line
(a =0,b > 0) is a second order transition line.

We must thus determine where the first order transition line lies in (a, b) space.

In order to do so, we first note that the extrema of £ are given by:

oL b+ V24
0=%=n(a+bn2+cn4) = M= o =

(and of course they exist only when the temperature is such that 6> — 4ac > 0) and since:

0*L

-5 = +77% - 2V/b2 — dac
on 7+

we have that £77, are maxima while £7_ are minima.

The first order transition happens when £(£7,) = £(0) = 0, so:

a_o b_y4 c_g a b, ¢4
— - -n3 =0 = -+ -ny =0
o+ T T 3 T T
Now, from the condition d£/dn = 0 we can express 7j% as a function of 72, and we get 7}, =
—(a + b)) /c. Substituting we get:
a

2
= 4~
N+ b

and substituting again in 7% = (—b + Vb2 — 4ac)/(2¢) in the end we get:

ac
b=—4/ =
3

so the first order transition line is a parabola in (a, b) plane (in particular it will lie in the fourth
quadrant). In the end the situation is that shown in figure|6.7} As we can see the tricritical point
of the system, being the point that divides the first-order from the second-order transition line,
is the origin (0, 0) of the parameter space.

We conclude by noting that in such situations strange things can happen; in particular we
can show that if we move through the tricritical point along the a axis (thus keeping b = 0) the
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critical exponents of the system change from the “trivial” ones predicted by mean field theories.
In fact if b = 0 then the Landau free energy is £ = an?/2 + ¢n®/6 and its minima are given by:

Ye A
O—a—n—n(a+cn)

Excluding the case 7 = 0 and supposing that a ~ ¢t we get:

N E N

Furthermore, the state equation of the system in the presence of an external field / will be:

oL 4
h—a—n—n(a—l—cn)

and at the critical temperature a = 0, so that in the end:

5

h=cm = 5=5

Analogous computations for the other critical exponents give y = 1 and o = 1/2.

We therefore see that the critical exponents do indeed change if the system passes through its
tricritical point in the phase diagram.

6.5.5 Liquid crystals

We now proceed to study a particular physical system, liquid crystals, to which we will apply
Landau theory of phase transitions. As we will see the symmetries of the system will allow the
Landau free energy to include a cubic term in the order parameter (which we will properly de-
fine), and so we will be able to describe the first-order transition from an isotropic to a nematic
phase (which we are now going to introduce).

What are liquid crystals?

Liquid crystals can be seen as an intermediate phase between a liquid and a solid: they are
liquid like any other conventional fluid, but also have internal orientetional order like solid
crystals. This orientational order provides them particular anisotropic properties from an opti-
cal, electric and magnetic point of view.

The most common structural characteristics of the molecules that constitute liquid crystals are
the following:

— They have an elongated, anisotrpic shape
— Their axes can be considered rigid with good approximation
— They have strong electric dipoles or easily polarizable groups

Furthermore, it seems that the groups located at the extremities of a molecule are not relevant
for the formation of phases.

The vast majority of the interesting phenomenology of liquid crystals concerns the geometry
and dynamics of the preferred axis of orientation 7i(7), called director (and generally it is as-
sumed to be unitary, i.e. |7(7)] = 1). Since it just defines the direction of orientation, the
direction of 7 is irrelevant, i.e. 77 and —7i are physically equivalent.

There is a plethora of possible liquid crystal phases; the most common are:
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L00000sy
Nematic Smectic Cholesteric
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Figure 6.8: Graphical representation of the nematic, smectic and cholesteric phases of a liquid
crystal (source)

nematic: This phase is characterized by a very strong long-ranged orientational order: the
main axes of the molecules tend to orientate along a preferred direction, determined by
the director. There is no long-ranged translational order of the molecular centers of mass,
even if a short-ranged one can exist.
From an optical point of view, nematic liquid crystals are birefringent, i.e. they exhibit
two different refractive indexes: one parallel to the director (called ordinary refractive in-
dex) and one orthogonal to it (special refractive index). These optical properties of the ne-
matic phase are used to build devices like LCDs.

smectic: Also in this phase the molecules are aligned along a preferred direction, but contrarily
to the nematic one this phase has also a spatial periodic order: the molecules are organ-
ised in layers. Furthermore, differently from nematic phases, smectic liquid crystals have
non-uniform density and are generally more viscous.

cholesteric: It is similar to the nematic phase since it has a long-ranged orientational order, but
the direction of 7 changes regularly in space; the typical configuration of a cholesteric
liquid crystal has a director 7i(7) that rotates when 7 varies along a particular direction:
for example, in a three-dimensional reference frame the molecules are orientated along
the y direction in 2y plane, but this direction roteates if =z changes.
The structure of a cholesteric liquid crystal is characterised by the spatial distance along
the torsion axis, called pitch, after which the director has rotated by an angle of 2#@ The
pitch of the most common cholesteric liquid crystals is of the order of several hundred
nanometers, so comparable with the wavelength of visible light; furthermore, it can also
be very sensitive to changes in temperature, chemical composition, or external electro-
magnetic fields.
Note also that a nematic liquid crystal can be seen as a cholesteric one with infinite pitch;
these two phases in fact are not independent from each other, and there is no real phase
transition between them.

Definition of an order parameter for nematic liquid crystals

What we now want to do is to apply Landau theory to liquid crystals in order to study the
transition from an isotropic to a nematic phase; therefore, we must define an order parameter
for such a system. This is absolutely not trivial, and there are two ways to do it (even if as we
will shortly see only one is really useful): a microscopic and a macroscopic one.

ZNote that in reality the periodicity of the rotation is a half of the pitch, since the direction of 7 is irrelevant.
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Microscopic approach Since in the nematic phase the important order is the orientational
one, the director 7(7) could be a good candidate as an order parameter; however, it only gives
the mean orientation direction and no information about the degree of orientation, i.e. how
much dispersion does the molecular orientational distribution have with respect to its mean
value. Let us therefore look for something that also carries this information.

We can, for example, consider a small spherical portion of our system and try to “build” a
probability distribution of the directions of orientation; this way we can compute its mean
value (given by 17) but also higher moments like the standard deviation, which could be a good
measure of the degree of orientation.

In order to estimate this distribution we can approximate every molecule with a rigid stick with
cylindrical symmetry around a versor @, which is therefore the orientation of a single molecule.
If we suppose 7 to be parallel to the z axis, then we can identify a with the polar angles ¢ (colat-
itude) and ¢ (longitude). This way we can call f(¢, ¢) the orientational probability distribution,
namely f(6, ¢)dS) is the probability to find a molecule oriented along (0, ¢) in the solid angle
dQ) = sin 0dOd¢. From the symmetries of the system, f has the following properties:

— Since the system has cylindrical symmetry f does not depend on ¢, so it is only a function
f(6) of 6

— Since 77 and —7i are physically equivalent, f(0) = f(7 — 0)
— f(0) is even, again because the direction of 7 is irrelevant

Instead of a function, we could look for a scalar order parameter, since it is more easy to han-
dle. The simplest possibility could be the mean value of the projection of the single molecule
orientation a on the director 7:

(@-m) = (cosb) = /f(@) cos 0dS2
However, this parameter is not really useful, since from the symmetry properties of f is null.

Now, in general a function g expressed in polar coordinates, i.e. which depends on 6 and ¢,
can be expanded in multipoles, namely it can be written as a linear combination of spherical
harmonics:

0o L
9(0,0) =2 >, CI'V/"(0,0)
=0 m=—¢
where Y,;” are the spherical harmonics. The components with ¢ = 0 are called monopoles, the

ones with ¢ = 1 dipoles, with ¢ = 2 quadrupoles, ¢ = 3 octupoles and so on. Remember that in
general:

Yp(6,6) = <1>m\/ T PP (cost)e™

where P} (cos #) are the Legendre polynomials.

Since our distribution f(f) is even, we must discard any spherical harmonic involving sin 6,
and among the monopoles also Y’ must be discarded since it is proportional to cos# (and we
have seen before that (cos#) = 0). Therefore, the first nontrivial multipole that we can use is

the quadrupole Y3
1 /5
Y2(0,6) = -1/ 291
5 (0, 9) A\ (3cos” 0 —1)

with which we can define the parameter (neglecting the normalization constant of Y):

29 _
S:—;<300329—1>—/f(0)?me1d9

2
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This function is a good first approximation of the molecular degree of orientation, even if a
more accurate description would require higher multipoles (i.e. higher even powers of cos 8).
From its definition, we can deduce some properties of S:

— If f(0) is sharply peaked around 0 and T, i.e. if nearly all the molecules are aligned, then
cos =+land S =1

— If f(0) is peaked around /2, i.e. if the molecules lie on a plane orthogonal to the director
and on this plane are randomnly oriented, S = —1/2

— If the molecular orientation si completely random, f is constantly equal to 1/27 and so:

S = / 1 3cos’ 9_1dQ—3/cos20dQ—1

4
and since:
2 T o L3\ 2
cos® 0dS) = 2« cos“Osinfdf =27 [ —=cos’ 0| =27—
0 3 0 3
then:
3 4m
S=——-1=0
47 3

which makes sense since S is our candidate order parameter and in this case the system
is in its disordered phaseF_gI

Therefore, once the director 77 and the parameter S are known, we can define the state of a
nematic liquid crystal; for example, the director can be defined in terms of its polar angles 6
and ¢ in a given reference frame:

cos 6 cos ¢
7= | cos@sin ¢
sin 0

and a theory for the nematic phase of the liquid crystal can be built using the variables:

(in fact, in general they depend on the point of the system considered, and also on time).

This approach, however, poses some problems: the fact that we are using polar coordinates
leads to some mathematical problems, since when § = 7/2 the angle ¢ is not well defined;
furthermore, this approach is useful if we consider a uniaxial nematic liquid crystal but things
start getting quite complicated if we try to describe biaxial nematic phases.

As we will now see a more useful approach consist in adopting a “macroscopic” perspective,
which will however lead to the definition of a more complex (but also more powerful) order
parameter.

2 A remark: even if in principle is possible for the system to be in configurations where S is negative, it is more
common that the equilibrium states of the liquid crystal have S positive, so we can think that as the temperature
varies the order parameter goes from 0 (isotropic phase) to 1 (nematic phase).
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Macroscopic approach From a macroscopic point of view we have already stated that an
important difference between the disordered and nematic phases consists in the response func-
tions when the liquid crystal is subjected to magnetic or electrical fields.
Supposing then that we have a liquid crystal subject to an external magnetic field H, the mag-
netic response of the system will be measurable in terms of its magnetization M ,and in partic-
ular:
M = xH

where x is the response function matrix, namely the magnetic susceptibility of the system. In
componets we have:

Ma = XaBH B

where the indexes «, 8 stand for z, y or z.
If H is static then x is symmetric, i.e. Xo3 = X3a; in the isotropic phase x will also be diagonal,
namely x,g = X0q3, While in the nematic phase:

XL 0 O
x=10 xr O
0 0 X||

where, as before, we have supposed that the director 7 is parallel to the z direction.

Therefore we could build an order parameter in terms of the susceptibility x, and this parame-
ter will necessarily have a tensorial natur (since x itself is in general a tensor), so it will not
be a simple scalar like in the previous case.

Since we want our order parameter to vanish in the disordered phase, we can define it “remov-
ing” from Y its isotropic component. In other words, in components we can define:

1
Qaﬁ =G (Xaﬁ - 5504,3 Tr X)

where G is a constant. In this way @ is a good tensorial order parameter.
Let us note that its definition is completely general, and in fact it is useful also to describe other
kinds of phases, not only the uniaxial nematic one.

Using what we have seen in the microscopic approach we can define a tensorial order param-
eter in terms of the director 77 and S:

1
Qap =S (nan/g - 35a5>

The advantage of this definition of the order parameter (which is the one we will use in the
following) is that it also takes into account the degree of orientation and the mean direction.

We now just illustrate some properties of our newly defined order parameter.
By definition () is symmetric and traceless, so in general way we can write it as:

q1 Qg2 q3
Q=13 @ qs
43 45 —q1 —qa

and from the expression of 77 in polar coordinates we readily have:

n =5 <005290052 ¢ — ;) g2 = S cos® 0 sin ¢ cos ¢ q3 = S'sinf cosf cos ¢

*We could have also foreseen this from the fact that for nematic phases the direction of 7 is irrelevant (ii and —
ar equivalent), so the order parameter can’t be a vector even if it has to indicate a preferred direction.
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1
Q4:S(c05205in2¢—3> g5 = S cosfsinfsin ¢
and its diagonalization returns the eigenvalues 25/3, —S/3 and —S/3, so we can write:
2
35

Qp=10
0

O wim O

0
S 0 (6.27)
15

where “D” stands for “diagnalized”. In the more general case of a biaxial nematic phase, () can
again be diagonalized (it is still real and symmetric) in the form:

28 0 0
Qp=| 0 —3(S+n) 0
0 0 —3(S—n)

and we return to the uniaxial case when n = 0.

Landau-de Gennes theory for nematic liquid crystals

Since we now have a proper order parameter, we can formulate the Landau theory for the
phase transitions of nematic liquid crystals (also called Landau-de Gennes theory). In particular
we want to study the transition between the isotropic and nematic phase, and we call 7}, ;. the
temperature at which it occurs.

As we have already stated, the Landau free energy £ must be consistent with the symmetries
of the system, so in this case it must be invariant under rotations.

Now, since () transforms as a tensor under rotations and £ must be a scalar, it will contain
terms of the form Tr QP; to the fourth order we will have (the linear term is absent because
Tr @ = 0 by definition):

L= %A TrQ? + éB Tr Q3 + ic [(Tr Q) +Tr Qﬂ
In reality this expression, and in particular the quartic term, can be simplified: in fact it is a
property (which we will not prove) of any n x n symmetric matrix that Tr Q° with s > n can
be expressed as a polynomial of Tr QP with p < n, so in our case any Tr Q)° with s > 4 can be
expressed in terms of Tr Q% and Tr Q3 (we are automatically neglecting Tr ) since in our case
it vanishes, but in general it must be considered).

Therefore, we can write the Landau free energy as:

1

1 2
£—2ATrQ +3

1
BTrQ® + ZC (Tr Q2)2
or, in components:

1 1 1
L= iAQaBQﬁa + gBQaﬁQﬁvQW + ZC(QaﬁQﬁa)Z

Let us note that since our order parameter is a tensor its invariance under rotations does not
exclude the possible existence of terms with odd powers of () in £, in particular the cubic one.
Now, from (6.27) in the case of a uniaxial nematic liquid crystal we have:

2 4

TrQ? = %52 TrQ? = 353 (Tr Q%) §S4
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so that, supposing that B and C' do not depend on the temperature, while A oc T — we
have:

L= ?(T ~T)8% + 2 g3y St

27 9
This Landau free energy has exactly the same form of the one we studied in with the
substitutions:

9 9 4
“=3 =97 b=3

Applying the results we have already found, we will have that the first-order transitions be-
tween the isotropic and nematic phases occurs at the temperature:
w? . 2B2

=T
ab + 27TAC

Thi = T +4

while the value of the scalar order parameter S at the transition is:

w B
Snai. =2—=——
o b 3C
From what we have seen in the general case, there will also be a temperature T such that for
Th-i. < T < T the Landau free energy £ will have a local minimum different from S = 0:
this corresponds to the nematic phase, which in this range of temperatures is metastable. This
minimum occurs for the following value of the order parameter S:

—
S*Sw uw? at B \/32 T—Té

“ Ve Ty T i Ve T 9 B

(note that for T' = T;,;; we have S = S.4).

6.6 Ginzburg-Landau theory

6.6.1 Introduction: Ginzburg criterion

As we have seen, the main assumption (and the most important problem) of mean field theo-
ries is that the fluctuations of the order parameter are completely neglected in the computation
of the partition function; this approximation breaks down in the neighbourhoods of critical
points, where as we have seen in the correlation length becomes comparable with the size
of the system.

What we would now like to do is to include these fluctuations in a mean field theoretical frame-
work; this will lead to the so called Ginzburg-Landau theory.

As a first approach we can try to estimate how big is the error we make in mean field theories
neglecting the fluctuations of the order parameter near a critical point, so that we can under-
stand under which conditions mean field theories are actually good approximations.
To make things explicit, let us use the Ising model as a base for our considerations.
We have seen in [6.1| that the Weiss mean field theory for the Ising model is based on the as-
sumption that (S;S;) = (S;) (5;), i.e. that the spins are statistically independent; therefore, a
possible estimate of the error made with this assumption can be:
| (5::55) — {Si) () |
B T o2

» As we have seen before in the general treatment of first-order phase transition within Landau theory, the tem-
perature T has no particular physical relevance.




172 CHAPTER 6. MEAN FIELD THEORIES

The numerator of E;; is, by definition (see also , the two-point connected correlation func-
tion:
Geli;g) = (9iSj) = (i) (55)

If we neglect the fluctuations of the order parameter (which in our case is of course (.S;)) we see
that G is constantly zero: therefore, in order to have non-null correlation functions we need
that the system exhibits some kind of inhomogeneity, not necessarily due to thermal fluctu-
ations. In fact, the connected correlation function describes not only the spatial extension of
the fluctuations of the order parameter, but also the way it varies in space in response to an
external inhomogeneous field. Let us see this explicitly.
We know that from the partition function of the Ising model in an inhomogeneous external
field H, i.e.:

7 — Ty P gy SiSi+3; HiSi)

we have:
(Si) = L 07 _ laan
B8Z 0H; B OH;
Similarly: ,
1 0°Z
(5:55) = B2Z OH,0H,
and thus:
Guli ) = 1 9z 1 9Z 9z _ 1 9?InZ
’ B%Z OH;0H; [(%?Z?0H; 0H; p?0H,0H;
Therefore:

9 (Si) 0 (1 81nZ> 1 9®InZ — BGL(i )

0H;, 0H, \B 0H, ) BOH0H,

so G.(i, j) can indeed be seen as a response function.
If we now call:
M =Y (S

we will have:

OM  —~0(Si) .
If our system is invariant under translations and subject to a uniform field, then:

oM OM OHj; .
9H - (9Hj8HﬁiZjGC(Z’J)

and since x7 = 0M/OH we get:
X =8 Geli,j) = B> ((SiS;) — (S} (S;))
0,]

1,J

which is a version of the fluctuation-dissipation theorem.

Let us now try to understand when the error done in mean field theories is negligible.
Now, in general terms if we formulate a mean field theory for a system we will make the error
(6.28) in the region where correlations are relevant, namely if |7] is the distance between two
points of the system the error is made for || < £, with £ the correlation length.

Supposing T' < T, so that the order parameter 7 is non null, then:

oy = s G0
TOT — 9/ = 7d=>
Jinze (P4
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where we have called d the dimensionality of our system.
Therefore, our mean field theory will be a good approximation if Fror < 1, i.e.:

Jimse GelP)d'7

<1
Jine P(P)dT

known as Ginzburg criterion.

In order to express it in a useful fashion, let us write it in terms of critical exponents; using also
the version we have just found of the fluctuation-dissipation theorem we get (supposing our
system is continuousﬁ

Ge(F)dF ~ kpToxr ~ 77 / n?(F)d7 ~ €%t|2P ~ ¢2P—vd
I71<¢ |71<¢

where we have used the definitions of critical exponents (see [L5). Therefore, the Ginzburg
criterion can be reformulated as:

Bror ~t 74720 « 1
and in the limit ¢ — 0 this is possible only if —y + vd — 23 > 0, i.e.

28+
—

d >

—d,

This means that Ginzburg criterion allows us to determine the upper critical dimension d. of a
system, namely the dimension above which mean field theories are good approximations{ﬂ if
d < d. fluctuations become too relevant and mean field theories don’t work.

Let us note that since it depends on the critical exponents, the upper critical dimension d.
ultimately depends on the universality class of the system considered; furthermore, in order
to actually be able to compute d. we must generalize Landau theory to systems with spatial
inhomogeneities so that we are able to compute the critical exponent v.

6.6.2 Functional partition function and coarse graining

A possible way to overcome the limitations of mean field theories (i.e. their inability to discuss
the local properties of the order parameter of a given system, for example its fluctuations) can
be the following: we could regard the profile of the order parameter 7(7) to be the “degree
of freedom” of our system and compute the partition function as a functional integral; in other
words from the microscopic configuration C of our system we can obtain 7 () with a coarse
graining procedure (we will immediately see what we mean by this) and then determine Z as a
trace over all the possible configurations of our system, i.e. over all the possible forms of 7(7):

7 — Tre BHE) _ /D f’) /D e PHeit.[n(7)]

where with )", we mean a sum over all the possible microscopic configurations C compatible
with the order parameter profile (), and the last step implicitly defines the effective Hamilto-

nian Heg
!/
e PHett. . Z e~ BH(C)
C

*For the origin of the first equation, see what we have stated above and also equation (5.2).
“This also mean that above the upper critical dimension the critical exponents determined with mean field the-
ories are exact, or at least in good agreement with experiments.
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We therefore must understand how to determine 7(7); the idea of coarse graining procedures is
the following: for a given microscopic configuration C we average the order parameter 7 over
sufficiently wide “blocks”, i.e. portions of the system with linear dimension ¢ much greater
than its microscopic scale, which we call a (in the case of the Ising model, for example, a can
be taken as the lattice constant), but still microscopic and in particular much smaller than the
correlation length &, so that the order parameter is uniform in every block. In other words,
coarse graining a system means dividing it into cells of linear dimension ¢, with ¢ such that:

a<l<{T)<L

(L being the linear dimension of our system) and averaging the order parameter 7 in every cell.
This way we can obtain an expression for 7)(7) (since ¢ is anyway microscopic with respect to
the size of the system, so we can regard " as a continuous variable).

6.6.3 Coarse graining procedure for the Ising model

To make things clearer, let us see how the coarse graining procedure works for the Ising model.
If we call m; = (S;) the local magnetization at the i-th site and d the dimensionality of the
system, every “block” will have volume ¢¢; we define for every block of the system centered in
7 the coarse grained magnetization as:

where N; = (¢/a)? is the number of spins (degrees of freedom in general) which belong to the
block centered in 7 this definition is reasonable as long as N, is large. Since it has been built as
an average, my does not fluctuate much on microscopic scales but varies smoothly in space.
Of course, in general we need to specify £ in order to determine my, but the coarse graining
procedure we are applying will be useful only if the final results are independent of ¢ (at least
at the spatial scales considered).

We now must express the partition function in terms of m,(7), and as we have stated before:
7 — /D[mé(F)]eﬂHeff. [ (7)] (6.29)

so we must now compute Hes .

Since we now have a system made up of “blocks” this effective Hamiltonian will be composed
of two parts: a bulk component relative to the single blocks and an interface component relative
to the interaction between the blocks; let us consider them individually.

bulk component: Suppose that every block of volume ¢? is separate from the rest of the sys-
tem; inside every one of them the magnetization is uniform (since the linear dimension
of the blocks is much smaller than the correlation length), so we can use Landau theory
for uniform systems. In the case of the Ising model, it led to (equation (6.24)):
a b
L= %tm2 + 1m4

The total bulk energy is thus obtained summing over all the blocks:

a b
e = 3 (Gt + Gt )

—
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interaction component: We now must take into account the fact that adjacent blocks do inter-
act. In particular since as we have stated m does not vary much on microscopic scales,
the interaction between the blocks must be such that strong variations of magnetization
between neighbouring blocks is energetically unfavourable. If we call § a vector of mag-
nitude ¢ that points from one block to a neighbouring one, the most simple analytic ex-
pression that we can guess for such a term can be a harmonic on

=35 E () - m(r+5)°

(the factor 1/2 multiplying k, just like the numeric factors multiplying @ and b, have been
inserted for future convenience). We can also think of this as a first approximation of a
general interaction between the blocks, namely as the first terms of a Taylor expansion of
the real interaction energy.

Now, since the linear dimension of the blocks /¢ is much smaller than the characteristic length
L of the system we can treat i"as a continuous variable and thus substitute the sum over 7 with

an integral:
1 [ ..
2. m /d d

(while the sum over § remains a sum, since for every 7 there is only a finite number of nearest
neighbours). Therefore:

1 a b o, . (743 2 s
s = [ (Gemt) + g it = | Z m(F) — m(r+ ) a’7

Keeping in mind that 0] = £, the interaction term can be rewritten in terms of Vm:

e e gy [ 5 (MO DY e
[ () = [ g (o)’

where we have called rs5 the components of 5.
Thus, if we now define for the sake of simplicity:

k
b:: k:W

I =
I =

we will have:

BHet. :/ [th (™) + m LA+ = (vm(;)> ]ddf’

Therefore, the (functional) partition function (6.29) of the system will be:
7 / f( tm +bm4+ (Vm) >ddFD[mg(77)]

Let us now make a couple of considerations:

BSometimes this approximation is called elastic free energy.
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— If m(7) = m = const. the energy of the system has the same structure of the one used in
Landau theory

— The term proportional to (Vm)? is completely new but we could have introduced it intu-
itively to a Landau-like mean field functional, since the introduction of spatial variations
in the order parameter has an energetic cost which must depend on how it varies in space,
i.e. it depends on the gradient of m. In particular, it must involve (Vm)? because of the
symmetries of the model: since the system is isotropic and Zs-invariant, we must use

combinations of derivatives that are invariant under rotations and parity, and (Vm)? is
the simplest of them@

If there is also an external magnetic field h(7) = BH(7), we must add to the Hamiltonian the
term:

- / A7) - () a7

so that the partition function becomes:
— [(2tm2+tmA 1k (Fm)® —hm)di7
Z—/e J(gtm+gmi 5 (Fm) —hm)dirpye oo (6.30)

which is a functional of m (') and h(7). As usual, all the thermodynamics of the system can be
obtained from Z, provided that now we take functional derivatives instead of usual derivatives.

Saddle point approximation: Landau theory

We can now compute (6.30), as a first approach, using the saddle point approximation (see
appendix [B); as we will see this will reproduce a Landau-like mean field theory which will
also take into account the presence of inhomogeneities. In particular thanks to the new term
involving Vm we will be able to compute the fluctuation correlation functior@ and so also to
determine the critical exponents n and v.

Therefore we approximate (6.30) with the leading term of the integral, i.e. we must determine
the function m( that maximizes the exponent, namely minimizes:

LIm(r)] = BHetr. — /hmdd*: / <;tm2 - Zm‘l + g <§m>2 - hm) d7 (6.31)

and then compute 7 as:
7 = e Llmo(7)]

where m is determined imposing the stationarity of the functional £ with respect to m:

oL

(5m|m0

» At this point we could wonder why the interaction part of the Hamiltonian does not contain other terms, like
mV?m: in fact this is in principle perfectly acceptable since is of second order in m and is invariant under rotations
and parity m — —m. However, we have that:

mV:m =V - (mVm) — (Vm)?

and so when we integrate over 7, the first term vanishes in the thermodynamic limit supposing that the magneti-
zation or its gradient goes to zero sufficiently rapidly as || — oo. Therefore, we are left only with (Vm)?: the two
terms are perfectly equivalent.

¥We will do our computations on the Ising model, as usual.
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This leads to the state equation of the system:

() = S

om

where we have defined H = BHes, for brevity.

If we now call h the integrand of H, Sinc
o g o
dm  Om d(Vm)

we have:
h(F) = —kV*m(7) + atm(F) + bm®(F) (6.32)

Note that if A = const. and my = const. (i.e. the system is uniform) we get the state equation
that we have obtained with the Landau theory (see|6.5.3):

h = atmg + bm3

Correlation function in the saddle point approximation We can now proceed to compute
the correlation function within our approximations.

In order to do that, we take the (functional) derivative of with respect to h(7’), so that
X1 = 6m/dh appears:

§(7 = ') = [kV? + at + 3bm®] xp (7 — )
Now, from fluctuation-dissipation theorem we know that:
G —7") = kgTxr(7—7")

so that:
B[-kV? +at + 3bm?] G(7 — ') = §(F — 7') (6.33)

Note that this means that the correlation function G(7* — 7’) can be interpreted as the Green’s
function of the operator written between the square brackets.

In case of translationally invariant (i.e. uniform) systems, m is constant and equal to the equi-
librium values given by Landau theory (see |6.5.3); in particular, depending on the sign of ¢
there are two possible situations:

31This follows from the integral form of H. In fact, if in general a functional is of the form:

Fln) = /f(m Vn)d'7

then from the definition of functional derivative we have:

(;7F d—‘_i — d - _/ g 8f . = d -
5n</3(77)d7"— s Uf(n+€s0,v(n+€<p))d r]lg_o— (8n@+a§n Vso)d 7

where ¢(7) is an arbitrary function that vanishes on the boundary of integration. Integrating by parts we get:

OF o [(3f o Of .
577<p(77)dr_/(3n v a€n> (T

and so finally:
oF _of & 9f

on  On v
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t > 0: In this case m(7) = my = 0, so (6.33) becomes:

(—kV%+at) G(F—7') = kgTo(F — 7'

Defining:
&=y o
this can be rewritten as:
(V24 &7 e—r) = s -7y
t < 0: In this case the magnetization is:
mg = =+ —%t

so (6.33) becomes:
(=kV? — 2at) G(F — ') = kpTo(7 — 7')

This can be rewritten in a form similar to the previous case; in fact, if we define:

we get:

We will shortly see that £~ and £ are the expressions of the correlation length for 7' > T, and
T < T, respectively. We can therefore see that in both cases we get:

UV =

2

Thus, for both the cases ¢t > 0 and ¢ < 0 the correlation function G(7 — ') can be obtained by
solving the differential equation:

(-V2+ ) GF—7) = —=—5F —7) (6.34)

which can be done with Fourier transforms.
If we use the following conventions for the Fourier transform:

a (= 2] 1 N (2 2
f@ = [ 1= et a5 7= = s | J@e
then transforming both sides of (6.34) we get:
R kT A kT 1
2, o2 _ kB _ 0B

where ¢ = |cj'|@ From this last equation we can also foresee that when 7' = T, since £ = oo
we have G(§) ~ ¢~2 and so G(7) ~ 1/|]>~9, from which we have that the critical exponent 7 is

*In the following, for the sake of simplicity we will indicate the magnitude of a vector simply removing the
arrow sign.
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null (we will see that explicitly once we have computed G).
Therefore, renaming ¥ = 7 — 7’ we can now determine G(Z) with the Fourier antitransform:

s

o ddq—* ezq-f

This integral is a bit tedious to compute, and in general its result depends strongly on the
dimensionality d of the system; the general approach used to solve it is to shift to spherical
coordinates in R? and then complex integration for the remaining part, which involves |q].

In order to do some explicit computations, let us consider the case d = 3; we will then have:

d3(f ei@f 1 ) q2 1 0 2
T) = : - dg | € d(cost) [ d
(@) / ol (277)3/0 e q/f (cos )/0 v

Therefore:

o1 g2 eigz\ ! 1 > gsin(qx)
60 =G |, wien(5r) o [ Fres

This last integral can be computed, using the residue theorem, extending it to the complex
plane:

*° gsi 1 [T gsi 1 izx 1 iz
JAE e B Y e
0o ¢¢+& 2) 0 ¢HE 2 2%+ &~ 2 (z+i& 1) (z —i& 1)
Now, the integrand exhibits two poles at +i¢ ~1; we choose as the contour of integration I the

upper semicircle in the complex plane, which contains only the pole at ié~! and so using the
residue theorem we will have:

1 zet#® 1 g tem /g 1 e /¢ T
-1 dz="Im |2ri>— | = ZIm |2 _ T —a/¢
2 m/p(z+if—1)(z—i§—1) T3 m[m 2i1 g T 5 ¢

Therefore, in the end we have:

1 e 171/¢
G(Z) = —
@ =577
We see now clearly that the correlation function has indeed an exponential behaviour (as we
have stated also in[5.1.2) and that ¢ is really the correlation length; furthermore, G(Z) ~ 1/|Z|
and from the definition of the exponent  we have G (%) ~ 1/|#|4~2%", so since d = 3 we indeed
have n = 0.

Therefore, we have seen that for the Ising model v = 1/2. If we also consider the values of the
other critical exponents we see that the upper critical dimension for this model is d. = 4. In
other words, mean field theories are actually good approximations for the Ising model if d > 4.
We will later see some other confirmations of this fact, particularly in[6.6.3]

Gaussian approximation

Until now even if we have introduced Ginzburg-Landau theory we are still neglecting the
effects of the fluctuations since we are regarding the mean field theory approximation for non-
homogeneous systems as a saddle point approximation of a more general theory; in other
words, since we are approximating Z as e *I"™0("] we are still regarding the magnetization
m as non fluctuating over the system. In order to include the fluctuations we must do more
and go further the simple saddle point approximation.

The simplest way we can include fluctuations in our description is expanding around
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the stationary solution and keeping only quadratic terms; this means that we are considering
fluctuations that follow a normal distribution around the stationary value. The important thing
to note, however, is that in this approximation these fluctuations are independent, i.e. they do
not interact with each other™|

As we will see, with this assumption the values of some critical exponents will differ from the
“usual” ones predicted by mean field theories.

Let us apply this approximation from easier cases to more complex ones (and finally to the one
we are interested in).

Gaussian approximation for one degree of freedom Let us consider a system with a single
degree of freedom ¢, and call H(q) its Hamiltonian. Supposing that ¢ is a minimum for H, i.e.
0H/0q)4, = 0, expanding H around qp we get:

2

H(q) = H(qo) + L7

——5  0¢° +O0(6¢%)
2 9¢? lq0

where dqg = ¢ — qo is the fluctuation of ¢ around its stationary value gyg. The Boltzmann factor
needed to compute the partition function will therefore be:

o—BH(@) -, ~BH(@)~ 35

where for the sake of simplicity we have defined:

1 O*H

=5
A? 0 lqo

With this approximation, the partition function of the system results:

“+o00 +oo 5q2
7 / o BH() ., o~ BH(w) / e 32 dg

— 00 —0o0

The last one is a gaussian integral, which readily gives:

00 (g-qp)?
/ Pae: dg = V212

—00

Therefore:

7 — ¢ PH(20) /95 \2
and since Z = e~ P the free energy of the system is:

F =M(q) — kBTT In (277%)

We thus see that the introduction of the fluctuations in the degree of freedom ¢ has led to the
appearance of an entropic term in the free energy.

¥In solid state physics this assumption is often called random phase approximation, while in field theory free field
approximation.
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Gaussian approximation for N degrees of freedom Thisis a simple generalization of the pre-
vious case; the Hamiltonian will now be a function of the N-component vector § = (g1, ..., qn),
and calling ¢ the minimum of #, expanding around ¢, we get:

q qoa 86]@8(] ‘ i 4 — dog
Now, the Hessian matrix:
*H
Haos =
’ 8qo‘aq5 |qo

is of course symmetric (thanks to Schwarz’s theorem), so it can be diagonalized. Calling J; its
eigenvalues and defining 8\; := 1/)?, we can write:

N

W) = )+ LS &

/\2
zl

where g is the fluctuation from the eigenvector of the Hessian relative to the eigenvalue ;.
We therefore have:

Z:/+ @dq—e QO)H/ 2A2dqZ

The last integrals are all independent and of the same form as the previous case. Thus, in the

end we have:
N

F=Mq) — ksT D In(27A7)
=1

Gaussian approximation for infinite degrees of freedom Let us now move to the really in-
teresting case, i.e. the case of infinite degrees of freedom.

In general terms (we shall shortly see this explicitly for the Ising model) we want to compute a
partition function of the form:

Z- / &I D ()

and the Gaussian approximation will be obtained, in analogy with the previous cases, deter-
mining the extremal (uniform) solution m(#*) = mg and then expanding # around mg to the
second order in the fluctuation dm(7) = m(r) — my.

Thus, we will in general obtain a Hamiltonian of the form:

H(m(7)) = H(mg) + % / Sm(F)Gy (7, 7" em(r")drde

where:
5*H

om(7)om(r’ m(F) )=mo

—1/= =/
F = H(mo) + 2L ln<G0 Q(T’T)>ddf
s

Gyl(7 ') =

Therefore:

2
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Gaussian approximation for the Ising model in Ginzburg-Landau theory Let us now apply
what we have just only stated to a concrete case, i.e. the Ginzburg-Landau theory for the Ising
model we were considering.

In this case: " ) ;
BH(m(F)) = / [2 (@n) + gth + Zm4 — hm| d%F (6.36)

and we have seen that the stationary solution m is such that:
h = atmg + bm

Let us now include also the fluctuations of m, substituting m = mg + dm. To the second order
in ém we have:

(6m>2 = [ﬁ(mo + 5m)]2 = (66m>2

m? = (mg 4 6m)? = mZ + 2medm + (6m)?
m* = (mg + dm)* = mg + 4m3dm + 6mo(dm)? + 4mg(dm)® + (6m)* =
= mg + 4m3sm + 6mo(6m)* 4+ O(6m?)

and so setting h = 0:

BH(m(7)) = / [;tmg + ng + (atmg + bm3)om + (

a, 3, 3 2, kg 2
§t+ 2bm0> om*~ + 5 (Vém) ] der
Since atmg + bm3 = h = 0, defining for simplicity Ay = atm?2/2 + bm/4 and calling V the
volume of the system we get:

3 k= 2
BH(m(7) = AoV + / [(;t + 2bmg> om? + 2 (V5m> ] 447 (6.37)
In order to compute this integral it is more convenient to shift to Fourier space.

Let us make some remarks on what happens when we apply Fourier transformations in this
case.

If our system is enclosed in a cubic box of volume V' = L¢, we can define the Fourier compo-
nents of the magnetization as:

my = / e~ T (7)d4F (6.38)
1%

where k = 277/ L and i is a vector whose components are integer numbers. We can therefore
expand the magnetization in a Fourier series:

1 k7
m(F) = v Ze mg

-

k

Substituting this expression of m in m; we obtain an integral representation for the Kronecker
delta; in fact:

and this is true only if:
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Let us now make two observations. First: since m(7) is real we have that m;é = m_g. Second:
our coarse graining procedure is based on the construction of blocks which have a linear di-
mension that cannot be smaller than a, the characteristic microscopic length of the system; this
means that not all the k are allowed, and in particular we must have ]E | <m/a:=A.

Now, thinking about the functional integral form of the partition function, what does the trace
| D|m(7)] become in Fourier space?

Smce m( ) is expressed in terms of the Fourier modes my, which are in general complex, the
measure of the integral becomes:

However, since m(7) is real (i.e. mZz = m_p) the real and imaginary parts of the Fourier modes
are not independent, because we have:

—Imm 3

Remp=Rem_j Imm; P

k k—
This means that if we use the trace we have written above we would integrate twice on the
complex plane; we must therefore change the measure so as to avoid this double counting. We
can for example simply divide everything by 2, or restrict the integration on the region where
for example the last coordinate of /3, let us call it &, is positive.
Therefore:

Tr = /D (7)) = /+OOHdRem )d (Immg) =
[Kl<A

:/+OO [ d®emg)d(tmmg) /+00Hdm

—00 =
|| <A k2>0

where the last step defines the symbolic notation H% In the end, we have:

oo !
7 = / He_m‘(mﬁ)dmg
oo

Let us now compute the partition function of the system in the simpler case T' > T so that
in the end we can determine the free energy of the system.

In this case my = 0 so ém = m, and therefore substituting in we get (renaming ¢
the coordinate in Fourier space, so as not to confuse it with the constant k):

k
_ _ d— = z( )T, i(q _
BH AoV—/dr vz T T T mgmt, + 2V2;e T Tmems, | =
q,9
_ 1 (i 4 at i(G-q") gl _ L (k|G + at) =
—2V2Z;/mq—mq~/(q-q +at) [ e r—QVZm;m_q(\q +at) =
q,q9 q
Vo

1
= 577 O (klal” + at) [mg?

q

*We could have equivalently considered the case 7' < T, but it is a bit more complicated since mo # 0 and so
there is another term that contributes to the free energy. In other words, if 7' < T, then in m (as defined in (6.38))

we are not considering the term with k = 0 (which is exactly equal to m).
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Therefore substituting in the expression of the partition function the exponentials factorize, and
in the end:

d oo B 2 2
7 H/ ¢~ (ke Ha mgl* +8 40V gy
o J—o0

Since |mg|> = Re? mz + Im? m;;, changing variables to:
x = Remg y =Immg

the integration in dmg; = d (Remg) d (Immg) gives:

+o0 2, 2V
—00 q + at

Thus:

!/

H 27TV _ B AoV
kq? + at
We therefore have that the free energy of the system is:

= —kpTInZ = AV — LZENE <2W>

2 2
) kq® + at

We can now compute the specific heat of the system, and so determine its critical exponent «.
We therefore want to compute:
> F
T2V
The derivatives are straightforward, and in the end we get:

Cy = -

Cy kgTa 1 kBa
— = - S - > (6.39)
T VT = (kq? + at) 2VT, = kq +at

Let us now consider the two terms separately and study their behaviour for ¢t — 07 (we are in
fact considering 7' > T¢).

Neglecting the proportionality constants that we don’t need, we can rewrite the first contribu-
tion as:

1 dtq 1
L= Vzkz t kq? + at
HA(quCL) iq<a (2m)4 (kg? + at)?

where we have substituted the sum with an integralﬁ since the density of states in Fourier
space is high (it is proportional to V, see the footnote). Now, using the definition of £ := £, =

%The substitution:

174 AL
> Gy ], 4

lgl<A
can be justified as follows:
AF —1 o
Z = Z A7 (Ag) _Z Aq
lgl<A  [dI<A [ql<A

Now, ¢ is quantized since V is finite and we have periodic boundary conditions, and in particular Ag = Ag; -
Ago - Agq = (2r/L)* = (27)¢/ V. Therefore:
\% / -
= — dq
> @2m)* Jiz<a

[gl<A
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V k/at that we have previously seen we have:

1 dtq 1
I =— — (6.40)
k2 Jig<a (2m)4 (g2 +€72)2
In order to understand the divergent behaviour of the integral for t — 0T, we use a “scaling
trick”; we change variable defining:

T=£&q

so that the integral becomes:

P / iz e <x2 1 )‘2 §4d/ iz 1
1= 75 —_— _— = — -
k2 Jiz<en (2m)7 £ &2 k2 Jiz<en 2m)% (1 + 22)?

and for ¢ — 0" we know that £ — oo, so the integral is computed for all values of x = |Z|.
Now, this integral must be computed shifting to spherical coordinates, so we will have d%z o
2%~ 1dzx (a part from numerical factors that involve all the angles, which are integrated trivially
since the integrand only depends on ). Therefore the integrand of I; is 471 /(1 + 2%)?, and its
behaviour for large or small x is:

T Tr — OO

-1 0 xr—0
(1 +$2)2 d—>5

where of course in the first case we have d > 1; for large x, since in general:

oo
d
/ ﬁ<oo ifa>1
_ $0‘

T

then the integral will convergeif 5 —d > 1,i.e. d < 4.
To sum up, the integral that appears in I; converges for 1 < d < 4 (since in this case the inte-
grand does not diverge in the domain of integration); of course, when this integral converges
its result is simply a number. We therefore have that:

I d<4

and since ¢ — oo fort — 0, we see that I; brings to Cy a diverging contributionﬁ forT — T .
We can also wonder what happens for d > 4. From what we have stated about the rescaled
form of I; (namely equation (6.40)) we could think that the integral diverges, but we must
also take into account the prefactor ¢4~ which tends to zero for d > 4 as the transition is
approached (since { — o0). The net result is finite, as could also be argued from the original
(unscaled) form of I3; in fact if £ — oo in then (in spherical coordinates) the integrand is

proportional to ¢¢~1=* = ¢¢~5, and since:

z
d

/x<oo fora<1

0

xa

then I; convergesif 5 —d < 1,i.e. d > 4.
To sum up, we can say that the first contribution to the specific heat behaves as:

kpTa 1 {t‘”(4_d) d<4
2 2 2 ~ . .
VTz: ) (kq? + at) finite d>4

* A little remark: the origin of this divergence does not come from the behaviour of the integral for large wave-
lengths. In fact, in the original definition of I; the integral has an upper limit, A, so it cannot diverge because of
the large g behaviour; if it diverges, it must be because of the behaviour for ¢ — 0, which corresponds to large
wavelengths (this is also why this divergence is sometimes called infrared divergence).
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where we have also used the definition of the exponent v, i.e. { ~t7".
Note that this also means that in the Gaussian approximation this term brings no corrections
to the exponent a above four dimensions.

Let us now consider the second contribution to Cy /7" in (6.39).
In particular, as we have done before we rewrite it substituting the sum with an integral and
also using the definition of ¢, so that:

1 diq 1
Iy =+ dg2 1 ¢-2
k |g1<A (2m)4q* + ¢
Again, we are interested in its behaviour for { — oo, and as we have already noted it is only

the behaviour of the integrand for ¢ — 0 that can cause any divergence.
As previously done, changing variable to & = £¢:

I _52—'1/ 'z 1
2 k |Z| <€A (27‘(’)d $2+1

and using spherical coordinates:

EA pd—1
Iy o &4 / d
2 g 0 .132 + 1 *

The integrand behaves as:

2 +1 =3 r— o0

-1 0 z—0
T

where again in the first case d > 1. Therefore, the integral in I5 (not I5 itself) in the limit { — oo
converges if 3 —d > 1, i.e. d < 2; this means that for d < 2 and ¢t — 0" we have that I behaves
as:

1-2 ~ 52—d ~ t—u(?—d)

For the case d > 2 it is more convenient to consider the unscaled form of I5. In this case, in the
limit £ — oo we have (again in spherical coordinates):

A qd—l
0

and the integrand converges for ¢ — 0if d > 2.

Therefore for d < 2 the second contribution to diverges, but in the same range of d the
divergence of the first contribution is more relevant; on the other hand, for 2 < d < 4 only the
first contribution diverges.

It is therefore the term containing I; that determines the divergence of the specific heat, and in
particular for d < 4 we have Cy ~ t7V(4=% and so we see that in the Gaussian approximation
the inclusion of the fluctuations has changed the value of the critical exponent « tﬂ

a=v(4—d)

In order to compute it, however, we still must determine v so we now proceed to compute the
two-point correlation function in order to determine both 7 and v.

S7We stress again that the same calculations could have been done in the case T' < T, but we have not done so
only for the sake of simplicity.
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Two-point correlation function in the Gaussian approximation We know that the (simple)
correlation function is defined as:

so we first have to determine:

9,9

Shifting to Fourier space, we have:

. Lo L, o—BH .
f qu1 qu2 ququ e mgmg:

UmE) = T gy g, dmgdm =¥
where:
BH = AV + W Z (k|g? + at) [mg?
k.k’

Itis clear that in (mgzmg-) all the integrals factorize since the Fourier modes are all independent
(they are decoupled); therefore, all the integrals in the numerator that don’t involve ¢ or ¢’
simplify with the same integrals in the denominator, so that in the end we are left with:

kg% tat | 12 _klg" % +at
fe v Mgl e v

qu\2+at|mﬂ‘2 k|G |2 +at
fe v ql e \4

(where the factor 2 in the denominator of the exponent has disappeared because we must re-
member that mg = m” ;). There are now two possible cases:

[mg|? o .
7' mgmgrdmgdmeg:

(mgmgr) = o
Mg qu’qu/

d # £q"': in this case (which can be re-expressed as |q] # |¢|) the two coefficients myand mg-
are distinct, and in the numerator the double integral factorizes into two integrals of the

form: .
/€_wv+atm<f|2mq*qu' =0
since the integrand is odd. We therefore have:
Gagr = (mgmg:) =0 a1 # 1g"|

g = £q": in this case (equivalent to |g] = |¢’|) we can either have ¢ = ¢’ so that <m4m,1 > =
<m~> or §= —q’ so that (mgmgz:) = (m; g = <|mﬁ|>
Let us first consider the case ¢ = ¢’. Using polar coordinates, we define m; = [mg|e? so
that the measure dm; in the complex plane becomes:

mg = |mgld|mg|dbz

Thus: 2
- . 2
(m2) = —f ¢ mgdmg x / " 2tz — 0
a J e PHdmg 0 d
We are therefore left with the last case ¢ = —¢’: now, shifting to polar coordinates the

integrals in both the numerator and denominator involving 6; factorize and simplify, so
in the end renaming = = |mg| in the integrals for simplicity:

_ K@% tat +at 22 2
- xdx

2 — fO
<‘mq| > fooo e_k\q\i«kathxdx
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Noting that zdz = dx? /2, if we change variable to y = 2% and integrate we get@

k|q\ +at
L e —
1 oo _Miltat ,  k[g]? + at
fo e dy 1% +

=/

Therefore since the correlation function in Fourier space is non null only when ¢ = —¢”/, in

general we can write:
v

Gt = (mama') = gy g0 -a"

Going back to real space we have:

G ') = {memer) = 37 T (mgang) =

7.q
crrarin Vogqr eid (7=
(gr+q’-7"y Y Y49’ =

I Z; k|cj12+at Z k|cﬂ?+at
We see that appropriately substituting the sum with an integral (see the footnote on page [184)
and defining:
k
at

£=

this correlation function acquires the same form of the one computed in mean field theory,
i.e. equation (6.35). This means that the critical exponents v and 1 now have the same values
predicted by mean field theory, namely:

Interaction between fluctuations: expansion to the fourth order

We have therefore seen that mean field theories can be improved including the fluctuations of
the order parameter around its extremal values; in particular with the Gaussian approximation
we have stopped the expansion at the second order and this led to a change in the critical expo-
nent of the specific heat, which now really diverges instead of exhibiting a jump discontinuity
as simple mean field theories predict. However, the quartic term ém* that we ignore within the
Gaussian approximation (and which basically represent the interactions between the fluctua-
tions) becomes crucial when we approach a critical point.

We could thus wonder if the Gaussian approximation can be improved. In particular, recon-
sidering equation (6.36) with h = 0:

Hm() = [ [’; (Fm) + Zom? + im4] o

then keeping all the terms in §m when expanding m around m,, remembering that atmg +
bm{ = 0 and considering that the odd terms in dm give no contribution (since we integrate an
odd function over an even domain), we have:

= @ § 3 2 E Vi 2l i b/ 4 3d =
ﬁH—A0V+/[<2t+2bm0>6m +2(V5m) }dr+4 Smdir

*In order to compute the integral in the numerator we have used a standard “trick”:

/we_kzmdz _9 Ooe_’“”dx—_2 e +m——gl—i
0 - Ok 0k \ -k  Okk k2

0
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A natural approach to compute the partition function Z would now consist in using a perturba-
tive method in order to expand the term exp (—g [ ém*d?7) in powers of the parameter b. This
is of course a reasonable approach if b is small; however, with a simple dimensional analysis
we can show (and this is what we are going to do in the following) that for t — 0 and d < 4 this
parameter diverges. The approach of the Gaussian approximation is therefore inconsistent, at
least from this point of view.

Dimensional analysis of Landau theory We know that the partition function of the system is:
g / e~ BRI D (7))

where, in the case h = 0:

BH(m(7)) = / [’; (ﬁm)2+%tm2+§m4 =

It is now convenient to rescale the order parameter m so that the term proportional to Vim has
only a numerical coefficient. This can be done defining:

¢ b
o =mVk ro =" up = — (6.41)

so that: . )
— T 5
Het. = PH = / [2 (V80> + 50902 +ugp’| 7
where we have defined the dimensionlessF’E] effective Hamiltonian Hg .
Now, since H,g is dimensionless all the three integrals that appear in Heg must be so; this

means that ¢, rg and up must have precise dimensions.
In fact, from the first contribution we have that:

[/ (ﬁgp)Q ddf} =1 = Ld[S; _ N (o] = 110/

and similarly:
|:/’I“0(p2dd7?:| = [/u0g04ddf] =1

[ro) = L2 [uo] = L

from which we have that:

We can therefore use r to define a length scale independent of the dimension of the system,
ie. ro~'/2. Since ry o t by definition and since ¢ ~ t~!/? within mean field theories and
Gaussian approximation, we see that this choice is equivalent to measuring lengths in units of
the correlation length ¢ (which we know is independent of the dimension of the system).

We now rescale the variables, including those defined in (6.41), by setting:

__ ¥ = Uuo
¢ = J1-d/2 r= g4

13y

u =

where ¢ = ro~1/2.

This way, the partition function can be written in the form:

7 — /€H0(¢)U(¢>)D[¢]

¥Remember that 3 has the dimension of the inverse of an energy.
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where: . -
_ /e L9l sd= _ 4 7d =
Ho—/[2(v¢> —I—QQZ)]daz U /ugbdx

and U, depending on the quartic term in ¢, is the contribution due to the interaction between
the fluctuations. It is the presence of this terms that prevents us from computing Z exactly and
that forces us to resort to approximations.

The most standard procedure to apply in this case would be a perturbative method, namely to
consider the dimensionless parameter v as small, i.e. u < 1, and expanding the exponential
term containing U:

Z:/e—"*‘O (1—u+;u2+-~->9[¢]

Written out explicitly, we have:

w ap\ @72
YT @ Ty
0

We thus immediately see that if d < 4 then u diverges when ¢t — 0, making the perturbative
approach infeasible. On the other hand, if d > 4 we indeed have u — 0 when ¢ — 0, so the
Gaussian approximation is actually a good one.

Now, we can say that the perturbative expansion is reasonable if © < 1, which gives:

(d—4)/2
@-2/2 5, (9
t = o <k>

This, using also (6.41), can be rewritten as:

b
t(4_d)/2 Z W where 51 = {(t = 1) =
1

e

which is therefore a criterion that tells us if the perturbative approach is valid.
Note that from this analysis we have determined the upper critical dimension of the system
(d = 4), so we can say that this last criterion is equivalent to the Ginzburg criterion.

A final remark.

The argument we have shown is not really convincing. In fact, we have only shown that every
term of the perturbation theory diverges as ¢t — 0; however, this does not necessarily mean that
the whole perturbation series is divergent. For example, consider the exponential series:

et — Z (_7:)

n=0

This is convergent for x — oo (lim; . €% = 0), but each term of the sum diverges in the same
limit.

We thus understand that we must be careful when handling perturbation expansions, since the
appropriate resummation of divergent terms can bring to a convergent series.



Chapter 7

Scaling theory

We have seen in that as a given system approaches a critical point, the distance £ over
which the fluctuations of the order parameter are correlated becomes comparable to the size
of the whole system and the microscopic aspects of the system become irrelevant (which is the
phenomenon of universality we have encountered in [1.5). This means that near a critical point
the system has no longer characteristic lengths, besides & of course.

We can therefore expect that if we “move” a little bit from a critical point, for example changing
the temperature by a small amount, the free energy of the system as a function will not change
its shape, but will be rescaled.

This is the main idea of scaling theory; in order to understand it the concept of homogeneous
function is essential, and in appendix [E| we recall the most important facts about them.

7.1 Widom’s static scaling theory

We have seen in the first part of chapter 5 that when a phase transition occurs the free energy
of the system is such that the response functions exhibit singularities, often in the form of
divergences.

To make a concrete example (but of course all our statements are completely general) if we
consider a magnetic system we can suppose to write its free energy density as:

f(T7H) - fr(T7 H) + fs(ta h)

wheret = (T'— T.)/T., h = (H — H.)/kpT, f; is the “regular” part of the free energy (which
does not significantly change near a critical point), while f; is the “singular” one, which con-
tains the non-analytic behaviour of the system near a critical point (i.e. ¢ = 0 and h ~ 0).

Widom'’s static scaling hypothesis consists in assuming that the singular part fs of the free energy
is a generalized homogeneous function, i.e.:

FSOPTEAP2h) = Mfs(t,h)  VAER (7.1)

in appendix[E| we discuss the main properties of such functions.
Note that assuming that one thermodynamic potential is a generalized homogeneous function
implies that all the other thermodynamic potentials are so.

The exponents p; and ps are not specified by the scaling hypothesis; however, we are shortly
going to show that all the critical exponents of a system can be expressed in terms of p; and
po; this also implies that if two critical exponents are known, we can write p; and p; in terms
of them (since in general we will have a set of two independent equations in the two variables

191
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p1 and p2) and therefore determine all the critical exponents of the system. In other words, we
just need to know two critical exponents to obtain all the others.

As shown in appendix[E} an important property of generalized homogeneous functions is that
with a proper choice of A we can remove the dependence on one of their arguments; for exam-
ple, if in our case we choose A = h=1/P2 then:

fs(tvh):hl/p2f5< t 1> (7.2)

hp1/p2’

The ratio A = py/p; is sometimes called gap exponent.

7.1.1 Relations between critical exponents
Let us now explore the consequences of (7.1) on the critical exponents of a system, again on a

magnetic one for concreteness.

Exponent 3 Since M = 0f/0H, deriving both sides of (7.1) with respect to hEIwe get:
0 0
p2 Y p\p1p A\P2]) — )\

and thus:
APZM(NPLE,AP2R) = AM (t, h) (7.3)

In order to determine 3, we set h = 0 so that becomes:
NP2=L AL (NPLE 0) = M (¢, 0)
and using property (7.2), we set A = (—t) /71 to get:
1—
M(£.0) = (~1) 7 M(~1,0)

By definition of the j critical exponent, we have:

5= 1—po (7.4)
b1

Exponent 6 Using again (7.3), we can determine the exponent ¢ setting ¢t = 0:
M(0,h) = A\P271 M (0, AP2R)
Now, using again (7.2) we set A = h~'/72 and get:

1-po
M(0,h) = h 72 M(0,1)

so that:
5= P2 (7.5)
L =po
Now we can also solve and (7.5):
1 J
- = 7.6
h1 O+ 1) D2 1 (7.6)
from which we see that the gap exponent is:
A=P2_ g5 (7.7)
b1

'We should in principle derive with respect to H, but since h oc SH, the 3 factors simplify on both sides.
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Exponent v In order to obtain the magnetic susceptibility, we derive twice (7.1) with respect
to h, to get:
A2y p (NPT, AP2h) = Axr(t, h) (7.8)

The exponent y describes the behaviour of xr for ¢ — 0 when no external field is present. What
we can now see is that the scaling hypothesis leads to the equality of the exponents for ¢t — 0
and t — 0~ (which we just assumed for simplicity in[L.5).

Setting h = 0 and \ = (—t)~ /Pt we get:

2po—1

xr(t,0) = (=t) 7 xr(=1,0)

and if we call 4~ the critical exponent for t — 07, we see that:

__2p2—1
P

In order to compute the exponent ' that describes the behaviour of xr for ¢ — 07, we set
A = t~1/P1 5o that (7.8) becomes:

2po—1

xr(t,0) =t 71 xp(1,0)

so that indeed:
+ 2p2 —1
"}/ =
b1
We therefore see explicitly that:
_ 2p9 — 1
yr =y =y =2 (7.9)
b1
which, using (7.6), leads to:
y=p8(6-1) (7.10)

Exponent o In order to determine the behaviour of the specific heat (at constant external field)
near the critical point, we derive (7.1) twice with respect to the temperature, so that:

NPLO (NP, NP2h) = ACy(t, h)

Setting h = 0 and \ = (—t)~ /71

Cn(t,0) = (—1)” 750 i (—1,0)

SO: )
o =2— —
b1

Again, we can see that this exponent is equal to the one that we get for ¢ — 07; in fact, setting
A=t /P

Ch(t,0) = t’<2’ﬁ>(}H(1, 0)

so that indeed at = a~. Therefore: .
a=2- (7.11)
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Griffiths and Rushbrooke’s equalities If we now substitute (7.6) into (7.11), we get:
a+p0+1)=2

This is Griffiths equality, which we have already encountered in[I.5.1]as an inequality.
On the other hand, Rushbrooke’s equality is obtained using (7.4) and (7.10) to determine p; and
p1 and then substituting into (7.11)):

a+28+vy=2

We therefore see, as anticipated in that the static scaling hypothesis allows to show that
they are indeed exact equalities.

An alternative expression for the scaling hypothesis We can re-express (7.1)) in another fash-
ion often used in literature. If we set A = t~1/P1 then:

Fo(L, 6772/ h) = £ 1PLf(¢, h)
From and (7.11)), we can rewrite this as:
o h
fu(t ) = 220, (1, tA) (7.12)

which is the most used form of the scaling hypothesis in statistical mechanics.

As we can notice, we have not considered the critical exponents 7 and v; this will be done
shortly in[7.2]
7.1.2 Rescaled state equation

Besides the relations between critical exponents, Widom'’s static scaling theory allows us to
make predictions on the shape of the state equation of a given system. Let us now see how,
again for a magnetic system.

We begin from (7.3)):
M (t,h) = AP M (APt AP2 )

1=py t h
M(t,h) = |t pf2M< >

If we set A = |t|71/P1:

[t] [¢[p2/Pr
and using (7.6)) and (7.7):
M(t, h) < t h )
M, (7.13)
|t]7 £l (£
We can therefore define the rescaled magnetization and the rescaled magnetic field:
m o= |t| P M(t, h) h=|t|™®h (7.14)
so that (7.13) becomes: )
m = M(+£1,h) (7.15)

where +1 corresponds tot > 0 (namely 7" > T¢) and —1to ¢t < 0 (i.e. T < T¢).

Equation means that if we measure M and h and rescale them as in (7.14), all the ex-
perimental data should fall on the same curve independently of the temperature T'; there are of
course two possible curves (not necessarily equal), one for 7' > T; and one for 7' < T, (which
correspond to M(1,h) and M(—1, h)).

These predictions are in perfect agreement with experimental resultsﬂ and are one of the great-
est successes of Widom's static scaling theory.

2See for example [8], pg. 119
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7.2 Kadanoff’s scaling and correlation lengths

As we have seen, Widom's static scaling theory allows us to determine exact relations between
critical exponents, and to interpret the scaling properties of systems near a critical point.
However, this theory is based upon equation but gives no physical interpretation of it; in
other words, it does not tell anything about the physical origin of scaling laws. Furthermore, as
we have noticed Widom’s theory does not involve correlation lengths, so it tells nothing about
the critical exponents v and 7.

We know (see that one of the characteristic traits of critical phenomena is the divergence
of the correlation length £, which becomes the only physically relevant length near a critical
point. However, by now we are unable to tell if and how this is related to the scaling hypoth-
esis ; everything will become clearer within the framework of the Renormalization Group
(see chapter[§), in which we will see that is a consequence of the divergence of correlation
length.

Nonetheless, before the introduction of the Renormalization Group Kadanoff proposed a plau-
sibility argument for applied to the Ising model, which we are now going to analyse.

We will see that Kadanoff’s argument, which is based upon the intuition that the divergence
of £ implies a relation between the coupling constants of an effective Hamiltonian and the
length on which the order parameter is defined, is correct in principle but not in detail because
these relations are in reality more complex than what predicted by Kadanoff; furthermore,
Kadanoff’s argument does not allow an explicit computation of critical exponents.

We will have to wait for the Renormalization Group (chapter [§) in order to solve these prob-
lems.

7.2.1 Kadanoff’s argument for the Ising model

Let us consider a d-dimensional Ising model with hypercubic lattice with lattice constant a;
assuming nearest-neighbour interactions the Hamiltonian of the system will be:

—BH = KZSZS] +hZSl
(i) i
where K = 8J and h = SH, as usual.

Since the values of the spin variables are correlated on lengths of the order of £(T'), the spins
contained in regions of linear dimension /a, with ¢ such that:

a << la << &(T)

will behave, statistically, as a single unit.

We can therefore imagine to carry out, similarly to what we have seen for the Ginzburg-Landau
theory (see[6.6.2), a coarse graining procedure were we substitute the spin variables S; inside
a “block” of linear dimension ¢a (which will therefore contain ¢¢ spins) with a single block spin;
the total number of blocks will of course be N}, = N/¢<.

Considering the /-th block, we can define the block spin Sy as:

‘mg‘ Ed ZS

where the mean magnetization of the I-th block my is:

me= g3 308

el
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(b) Block spins

(a) Original system

(c) Final rescaled system

Figure 7.1: Kadanoff’s coarse graining procedure in two dimensions

This way, the new block spin variables can assume only the values +1, just like the original
ones.

In the end we are left with a system of block spins on a hypercubic lattice with lattice constant
¢a. We can therefore rescale the spatial distances between the degrees of freedom of our system:

—

7 = (7.16)

~|3y

In other words, since fa is now the characteristic length of the system we are measuring dis-
tances in units of {a (just like in the original one we measured distances in units of a).

The coarse graining procedure we have just seen is described in figure[7.1|for a two-dimensional
Ising model.

Kadanoff’s argument now proceeds with two assumptions.

Assumption 1. In analogy to what happens in the original system, we assume that the block spins
interact with the nearest neighbours and an external effective field (just like the original ones do).

This means that the Hamiltonian of the coarse grained system of block spins has the same form
of the original one, of course provided that the spins, coupling constants and external fields are
redefined. If we call K, and h, these new constants (of course K1 = K and h; = h) the new

effective Hamiltonian is:
N/

—BHe=K;» SiSy+he > Si
(1) =1

Since in the new system the lengths have been rescaled by a factor ¢, as in (7.16), this means
that also the correlation length of the system has to be measured in units of {a, and in particular
we will have:

This means that the new system has a lower correlation length, and it will thus be farther from
the critical point with respect to the original one, and so will have a new effective tempera-
ture t,.
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Similarly, in the coarse grained system the magnetic field will be rescaled to an effective one:
WY Si=hY > Si=hm"> Sr=h» S (7.17)
i I el I I

which implies that there is a relation between the new magnetic field and the mean magnetiza-
tion:
he = hmgt® (7.18)

Since the Hamiltonian of the block spin system has the same form of the original one, the same
will be true also for the free energy, provided that h, K and NN are substituted with hy, K, and
N/¢4; in particular, considering the singular part f; of the free energy density we will have:

s folteshe) = NA(L )
and so:
fs(te he) = L2 fo(t. D) (7.19)

In order to proceed, we now need the second assumption.

Assumption 2. We assume that:
ty = thY hy = h{¥» Y, Yn > 0

The justification of this assumption lies in the fact that we are trying to understand the scaling
properties of our system near a critical point, and these are the simplest possible relations
between (¢, h) and (¢, hy) that satisfy the following symmetry requirements:

— when h — —h, then hy — —hy
— when h — —h, then ty, — t,
— whent=h=0,thent; =h; =0

The exponents y, and yy, are for now unspecified, apart from the fact that they must be positive
(so that the coarse grained system is indeed farther from the critical point with respect to the
original one).

If we use this assumption in (7.19) we get:

it h) = Kid Lot hev)

This is very similar to Widom's scaling hypothesis (7.I), where the parameter X is the inverse
of the block volume /2.

Since ¢ has no specified value, we can choose the one we want and again we use the properties
of generalized homogeneous functions to eliminate one of the arguments of f;. In particular,
setting ¢ = [t|~1/¥* we get:

folt. ) = 0 g (1, hie 0/
where the gap exponent is now A = y;, /y;; comparing this equation with (7.12) we have:

d
2_a=2 (7.20)
Yt
This relation will be used in the following, after we have discussed the scaling of correlation
functions.
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Kadanoff’s scaling for correlation functions Let us now consider the correlation function of
the block spin system:
G (7, te) = (SrSy) — (S1) (S7)

where 7 is the vector of the relative distance between the centers of the I-th and J-th block
(measured in units of ¢a, as stated before).

We want now to see how this correlation length is related to the one of the original system
G(r,t).

From (7.18) we have m, = hyl~?/h = (¥»~9, and using also (7.17) we get:

Gt t0) = (815) = (S1)8) = gz 2 O (853 = (51) (5,)) =
el jeJ
€2d

= g (5585) = (81 ())) = 4G (7 1

Introducing also the dependence on h, we have:

G <Z tove, héyh> = (2 G(F t, h)

which is an equivalent of (7.1) for the correlation function.
Again, we can remove the dependence on ¢ setting £ = ¢~/¥ so that:

d—y
G(r,t,h) = tQThG (f’tl/yt7 1, ht_yh/yt)

Now, 7 scales with ¢ as all the lengths of our system, and since we have set ¢ = t~ /4t we have
rt!/¥ = 1. Therefore:

>—2(d—yh)

G (ﬁtl/yt7 1, ht_yh/yt> — (rtl/yt Fg (Ftl/yt, ht—yh/yt)

where in the last step we have defined F¢ (a,b) = G (a, b, 1). Therefore:

R 1 . a
G(’f’,t, h‘) = WFG (Ttl/yt’ht yh/yt)

With the choice ¢ = t~/¥ we further have that the correlation length scales as:

€=t =gt

so we also have:

V= —
Ut

This equation together with (7.20) leads to the hyperscaling relation:
2—a=vd

Hyperscaling relations are known to be less robust than the normal scaling relations between
critical exponents (for example, for Hamiltonians with long-ranged power law interactions
hyperscaling relations don’t hold).



Chapter 8

The Renormalization Group

Kadanoff’s argument for the Ising model allows us to explain the scaling form of the free en-
ergy density and of the correlation length near the critical point. However, as we have seen,
it is unable to predict the values of the scaling exponents y; and y;, (and thus ultimately of the
critical exponents), nor can it explain why universality occurs.

We will see that these problems are solved with the introduction of the Renormalization Group
(done by K. G. Wilson at the beginning of the "70s), which we will call simply “RG” from now
on for the sake of simplicity.

The RG is based upon the correct “intuition” of Kadanoff’s argument that the coupling con-
stants of a Hamiltonian change if we coarse-grain the system (or in other words we “look” at
it on different spatial scales); however, this “intuition” strictly speaking is not correct since we
have seen that in Kadanoft’s procedure we assume that after the coarse-graining procedure the
Hamiltonian of the system has exactly the same form: as we will see, this is not true in general
because new terms can appear after we coarse-grain the system.

8.1 Basic ideas of the Renormalization Group

The application of the RG consists in the recursive enactment of a procedure made of two prin-
cipal steps:

1. The first is an actual realization of a coarse graining procedure, also called decimation,
like the one introduced by Kadanoff for the Ising model; in general this procedure must
integrate the degrees of freedom of the system on scales of linear dimension fa which
must be much larger than the characteristic microscopic scale a of the system but also
much smaller than the correlation length ¢: a < la < €.

After the decimation, we are left with a new effective Hamiltonian.

2. The second consists in the rescaling (or renormalization) of the system, so that the “new”
microscopic scale of the system is again a but in the “new units of measure”. In other
words we rescale the distances dividing them by ¢:

Fnew = F/ €

As we have seen, this means that the new correlation length &new = &/ is smaller than
the original one, so our system is farther from criticality after the decimation. This way,
the whole procedure can be seen (as realised by Kadanoff) as a transformation K — K’
of the coupling constants of the Hamiltonian of the system.

To make an example, suppose we are given a Hamiltonian #[K | which depends on an arbitrary

—

number of coupling constants [K] = K = (Ki,Ky,...) (in the case of an Ising model with

199
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nearest-neighbour interaction and an external field there are only two coupling constants, K =
K; and h = K5). For what we have just stated the action of the RG can be expressed as a
transformation of the form:

[K'] = R[ K] (8.1)

where Ry is called RG transformation, also referred to as recursion relation. We suppose that the
function Ry is analytic (no matter how complicated it may be).

The set of transformations R, form a semigrou;ﬂ because if we subsequently apply two trans-
formations Ry, and Ry, on two different length scales ¢; and /> we have:

[K/] =Ry, [K] [K”] = Ry, [K/] = Ry, Ry, [K] = Ry, [K] = Ry, Ry, [K] (8.2)

but in general the inverse of a given transformation R, does not exist.

There is no general way to construct the function R,: depending on the system and on the case
considered we can choose different ways to carry out the decimation, and in general (as we will
see) for a given system many different RG transformations can be built. In general such pro-
cedures can be done either in coordinate space (real space Renormalization Group) or in Fourier
space (momentum shell Renormalization Group).

In terms of the coupling constants [K] the partition function of the original system is:
ZN|K] = Tre AHIK

while the free energy density (for the sill finite-sized system):

Now, if the RG transformation integrates the degrees of freedom on the spatial scale ¢a then
the number of degrees of freedom will decrease by a factor ¢, if d is the dimensionality of the
system; in other words, after the RG transformation R, we are left with N’ = N/¢? degrees of
freedom.

Considering Kadanoff’s block transformation (but the essence of our statements is valid in
general, of course provided the trivial generalizations), the decimation is performed doing a
“partial trace” of the degrees of freedom {S;} with the constraints that the block spins {57}
have fixed values (of course determined in the way we choose). Formally, we can write:

e PN (IKLST) — Trl{si} e PHN(KLS) — Tris,y P(S:, S})@i’BHN([K]’Si) (8.3)

where Tt' is the constrained trace, while P(S;, S}) is the projection operator, which “incorpo-
rates” the constraints and allows us to write an unconstrained trace. In general this operator
must be built “by hand”.

For example, in the case of Kadanoff’s block transformation we can assign the block spins S
their values with the “majority rule”, i.e. we build (hyper)cubic blocks of side (2¢+ 1)a (so that
each one contains an odd number of spins) and set:

ST = sgn (Z S’i>
i€l
then S = £1 and the projection operator can be written as:

P(S;, 87 =] [S} — sgn (Z SZ-)
1

el

'What we are now studying should be called Renormalization Semigroup, but it is simply known as group.
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As we can see, doing an unconstrained trace with this operator is equivalent to performing the
constrained trace.

The decimation procedure must in general satisfy three requirements:

— ¢ PN (IKST) > 0, so that H' can be indeed considered an effective Hamiltonian. From
(8.3) we see that this requirement is satisfied if P(S;, S7) > 0

— The effective Hamiltonian ' must have the same symmetry properties of the original
one. This means (and this is the great improvement with respect to Kadanoff’s argument)
that the decimation can make some new terms appear in the coarse-grained Hamiltonian,
as long as they respect the same symmetries of the original system. In more “formal”
words, if K,,, = 0in #Hy but its relative term is allowed by the symmetry group of Hy
itself, then we can have K], # 0in Hy,.

For example, in we will see that for a bidimensional Ising model with nearest-
neighbour interactions and H = 0, after the decimation new four-spin interaction terms
can appear, and they are still invariant under parity (which is the symmetry group of the
initial Hamiltonian).

In order to satisfy this requirement, also the projection operator P(.S;, S7) must satisfy the
symmetries of the original Hamiltonian

— The last requirement is that the decimation leaves invariant the partition function (not the
Hamiltonian!):
Zni|K') = Zn[K]

From (8.3) we see that this is true if:

TI‘{S}} P(SZ,S}) = ZP(S“S}) =1
St

From the last requirement we can also see how the free energy density of the system changes
under the action of the RG:

d

1 _q 1 —d

which is the scaling form of the free energy density as obtained by Kadanoff (equation (7.19)).

8.2 Singular behaviour in the Renormalization Group

We have stated that in general the RG transformations R, are analytic, so we might ask: where
does the singular behaviour of a system near a critical point come from?

Like what we have seen in this occurs in the thermodynamic limit, which in this case is
obtained when we apply the RG transformation an infinite number of times.

In general, after the n-th iteration of the RG the coarse-graining length of the system will be /"
and the coupling constants [K (™)]. As n increases the “vector” of coupling constants describes
a “trajectory” in the space of all the possible coupling constants, often called Hamiltonian space
or theory space; we call RG flow the set of all the trajectories that start from different initial
conditions, i.e. different initial Hamiltonians.

In general, these trajectories can form strange attractors or complex limit cycles; however, it is
almost always found that they are simply attracted towards or ejected from fixed points (cases
where this doesn’t occur are really exotic), so in the following we will assume that the RG flow
only exhibits fixed points.
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The study of the properties of the RG flow near these fixed points is crucial, since as we will see
it is that that will allow us to actually explain universality and predict the values of the critical
exponents.

We therefore proceed to study such points.

8.2.1 Fixed points of the Renormalization Group flow

Suppose we know Ry (in [8.5 we will see explicitly how to construct them). If [K*] is a fixed
point of the RG flow, by definition we have:

Ry[K"] = [K"]

Then, in general from the Hamiltonian of a system we can determine the correlation length &,
and if [K'] = Ry[K]| we know that:

Therefore for a fixed point we have:

K] = EIK7]/L

which implies that {[K*| is either zero or infinity. A fixed point with £ = oo is called critical,
while if £ = 0 trivial.

Clearly, every fixed point [K*] can have its own basin of attraction, i.e. a set of points that under
the action of the RG flow tends to [K*].

An important result concerning the basin of attraction of critical fixed points is the following;:

Theorem. The correlation length is infinite for every point in the basin of attraction of a critical fixed
point of the RG flow.

Proof. Call [K] the initial set of coupling constants, after n iterations of the RG the correlation
length of the system will be such that:

(R =LKW = = ¢[KW] = ¢R] = ¢K™)]

If we now take the limit n — oo the right hand side diverges if K(™ — K*, i.e. if [K] belongs
to the basin of attraction of [K*]. Therefore, {[ K] = oc. O

The basin of attraction of a critical fixed point is also called critical manifold.

We can argue that the fact that all the points of a critical manifold flow towards the same fixed
point (i.e. the same Hamiltonian) is the basic mechanism on which universality is based upon,
but this is by no means a complete explanation, since universality involves the behaviour of
systems near a critical point and we still have said nothing about that.

We can however note the following fact: starting from any point in theory space, iterating the
RG transformation and identifying the fixed point towards which the system flows, the phase
of the original point in theory space (i.e. in the phase diagram) will be described by this fixed
point. Therefore, every phase of the system is “represented” by a fixed point of the RG flow.

As we will later see (and will become clearer in[8.2.3} [8.3|and 8.5), critical fixed points describe
the singular critical behaviour while trivial fixed points are related to the bulk phases of the
system: therefore, the knowledge of the location and nature of the fixed points of the RG flow
can give us hints on the structure of the phase diagram of the system, and the behaviour of the
flow near critical fixed points allows us to calculate the values of the critical exponents.
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8.2.2 Renormalization Group flow near a fixed point

In order to study the behaviour of the RG flow near a fixed point K *, let us take a slight per-
turbation from it, namely we set:

K =K*"+ 6K
where 6K is a small displacement. Applying the RG flow, in components we will have:

K’

0K;

Kl =Ry(E*+6K); =K+ lK*éKi +O(5K?) (8.4)

Neglecting all the terms beyond the linear ones, we can write the action of the linearised RG
transformation in terms of the displacements 6K and 0K’ as:

K,

SK' = ToK here T = _-*
where ij K, &

Of course T' is a square matrix but in general it is not symmetric, so it is not diagonalizable and
its eigenvalues can be complex (and we also must distinguish between left and right eigenvec-
tors).

However we suppose T' to be symmetric (which, as before, is almost always the case) so that it
can be diagonalized.

If we call A\,(?) and & () the o-th eigenvalue and relative eigenvector of T(“) (where we are
explicitly writing the length scale of the decimation), in components the action T“) will be:

0) (o o) (o
Tel? = A7e” (8.5)

From the semigroup property (8.2) of the RG transformation we have:

O _ per)

and so from (8.5):
A -

This is a functional equation which can be solved in the following way: if we write the eigen-
values explicitly as functions of £, namely \,(?) = \(£)(?), then differentiating with respect to ¢
we will have

A ON@ (1) = eN©@) (0"

where with )’ we mean that \ has been differentiated with respect to its argument. Setting now
¢ = 1 and defining \'(9)(1) = y,  we get:

(@)
A (E) = lys
N@)(0)
which is easily solved to give:
)\(J) — eycr
¢

where, as we have defined it, y, is a number (to be determined) independent of ¢.
To see how K changes under the action of T let us find out how its components along the
directions determined by the eigenvectors & () chang In other words, we write:

5[?:2&(0)5(0) al?) =) . §K

?Note: since T'") is diagonalizable its eigenvectors are orthonormal.
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and applying T():

SE' = TSR — Tza(o)é»(a) _ Za(o))\gﬂ)é’(a) — Za/(a)é’(a)

where in the last step we have defined the components /() of 6K’ along &(?). We therefore
see that the behaviour of 6K along the eigenvectors & (?) depends on the magnitudes of the
eigenvalues \,(?). In particular, we can distinguish three cases:

IAS)| > 1: this implies that a/(”) grows

|/\§°)| = 1: this implies that a’(”) doesn’t change (its behaviour can depend on the higher or-
ders in the expansion that we have neglected)

|)\!(f°') | < 1: this implies that a’(°) shrinks

These three cases are given, respectively, the following terminology:
- relevant eigenvalues/directions/eigenvectors
— marginal eigenvalues/directions/eigenvectors
— irrelevant eigenvalues/directions/eigenvectors

The number of irrelevant directions of a fixed point is equal to the dimension of its critical
manifold, while the number of relevant directions is equal to its codimension.
Let us note that the eigenvalues and their possible relevance depend on the matrix 7', which in

turn depends on the fixed point considered: this means that the terms “relevant”, “irrelevant”
or “marginal” must always be specified with respect to the particular fixed point considered.

8.2.3 Global properties of the Renormalization Group flow

We now want to show qualitatively that the global behaviour of the RG flow determines the
phase diagram of the system.

Since as we have already stated previously every fixed point of the RG flow can correspond to
a phase of the system, it is very important to classify the fixed points of a possible RG flow. This
classification can be done using the codimension ¢ and the correlation length & of the point. We
shall now see some results.

— Fixed points with ¢ = 0 and £ = 0 are called sinks (since they have no relevant directions,

so all the points in their neighbourhoods flow towards them), and correspond to stable
bulk phases of the system; the nature of the coupling constants at the sink characterizes
the relative phase.
For example, a three-dimensional Ising model with nearest-neighbour interaction and in
an external field turns out to have two sinks at (H = +00,7 = 0) and (H = —00,T7 = 0)
(note that considering K a coupling constant is equivalent to considering 7" as such),
which correspond to the fact that, for all temperatures, in a positive (negative) external
tield the system has a positive (negative) magnetization

— There are two types of fixed points with ¢ = 1, called discontinuity and continuity fixed
points. In the case of the Ising model, both have £ = 0 (but in other models we can have
also fixed points with ¢ = 1 and £ = o0).

The former correspond to first order transitions where one of the order parameters changes
abruptly. For example, in the same case as before the line of points (H = 0,7 < T,) flows
under the RG towards the discontinuity point (H = 0,7 = 0).
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The latter represents a phase of the system, generally a disordered one like the paramag-
netic phase of the Ising model; in this case the line (H = 0,7 > T¢) flows towards the
continuity point (H = 0,7 = oo). These points are generally not really interesting

— Fixed points with ¢ > 2 can describe either points of multiple phase coexistence (if £ = 0)
or multicritical points (if { = 00).
In the simplest case, i.e. ¢ = 2, such fixed points correspond to triple points if & = 0
or critical points if { = oo. In each case, a useful way to interpret the presence of two
relevant directions is that these represent the two variables that must be tuned in order to
place the system in the appropriate point (for example in the case of a magnet we must
set H=0and T =1T,)

8.3 Universality in the Renormalization Group
Let us now see how the formalism of the RG can explain universality.

Suppose we start from a system with a Hamiltonian H which depends on some coupling con-
stants [K]; suppose also that we can write a RG transformation which in general gives rise to
no more than D couplingeﬂ Under the action of the RG the initial physical Hamiltonian will
move in the D-dimensional theory space and follow the RG flow.

Let us call H* the fixed point towards which H tends, and assume it has only one relevant direc-
tion and D — 1 irrelevant ones; linearising the flow near #* we therefore identify D — 1 linearly
independent vectors which constitute the hyperplane tangent in H* to its basin of attraction
(i.e. the linearisation of the critical manifold near H*). In general, if we “zoom out” and “look”
also in regions far from the fixed point #*, in theory space there will be a D — 1-dimensional
critical manifold C.

Let us now consider a generic model in theory space; remembering that in general 3 = 1/kgT
is included in the definition of the coupling constants K;, if we change the temperature of
the system all the K;-s will change and thus the model will describe a trajectory P in the D-
dimensional theory space, called physical subspace (because we can move along it by changing
a physically accessible parameter like the temperature).

To make an explicit example, let us consider an Ising model with nearest- and next-nearest-
neighbour interactions in the absence of any external field, so that:

—5H=KleiSj+K2 Z SZSJ

(ij) %,j=n.n.n.

In this case the physical subspace can be a straight line once the ratio K /K> has been fixed,
and this line goes from K; = Ky = 0 (When T = o0) to K1 = K3 = oo (when T' = 0).

The physical subspace will in general intersect the critical manifold C in some point [K]: this is
the critical point of our system, and as it must be we have reached it by only varying its tempera-
ture.

Now, if we consider two different physical systems they will be characterized by two differ-
ent physical subspaces P; and P in theory space. In general, they will intersect the critical
manifold C in different points, and so they will have different critical temperaturesﬁ however,
under the action of the RG they will flow towards the same critical fixed point, and since (as
we are going to show explicitly in the following section) the critical behaviour of a system is
determined by the properties of the RG flow near a fixed critical point, these two systems will

3For what we want to show it is not essential that D is finite, but we suppose it to be so for the sake of simplicity.
*This makes sense since we have already noticed that the exact value of the critical temperature depends strongly
on the microscopic details of the system.



206 CHAPTER 8. THE RENORMALIZATION GROUP

K,
Figure 8.1: RG flow for the considered Ising model

behave identically near their critical points.
This is how universality is explained within the RG.

In the case of the Ising model we are considering, the situation can be represented in the two-
dimensional theory space as shown in figure

8.4 The origins of scaling and critical behaviour

Let us consider a fixed point of the RG flow of a generic system, and assume that it has two
relevant directions corresponding to the coupling constants 7ﬂ the temperature, and H, the
external field. We suppose that 7" and H are transformed under the RG as:

T' = RI (T, H) H' = RH(T, H)

where R! and R! are analytic functions given by the coarse graining procedure.
The fixed points (7, H*) of the flow will be given by the solutions of:

T* = R} (T*, H*) H* = RE(T*, H*)

Linearising the transformation around (7, H*), in terms of the reduced variables ¢t = (T —
T*)/T* and h = (H — H*)/H* we have:

() =7 ()

- <aR{/aT aR{/aH)
OR[ /0T OR{ [0H ) . .

where:

As previously stated we suppose T' to be diagonalizable. We therefore write its eigenvalues as:

Note that we can always do that, it is just a simple definition. In other words, we are defining
y: and yy, as:

In A\ In )\?

SANY Y

(8.6)

*We have already stated that considering K as a coupling constant is equivalent to considering 7" as such.
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This way we can write:

() =6 )G = )

After n iterations we will have:

14487
()

£ = ()t R = (g¥r)™
and since ingeneral we know that £(¢', h') = £(t, h) /¢:
§(t,h) = ME(£et, 79 ) (8.7)

This is the scaling law of the correlation length.
From this we can determine the critical exponent v; in fact, setting i = 0 and choosing ¢ so that
t0"vt = b with b a positive real numbelﬂ we have:

R N

t

Since in general £ ~ t7¥, we get:
1

V= —
Ut

This is an extremely important result! In fact, from we see that once the RG transformation
Ry is known, y; is straightforward to compute and so we are actually able to calculate v and
predict its value!

We can do even something more (including giving vy, a meaning) from the scaling law of the
free energy density. After n iterations of the RG we have:

F(t,h) =) p()y = gnd pgrveg grvep)
and choosing ¢ so that (™t = b¥*, then:
f(t,h) = td/ytb—df(byt’ pYn h/tyh/yt)
Comparing this to the form of the scaling law we see that:

d
2—a=— A=
Yt Yt

Irrelevant variables We may also include the irrelevant variables in the scaling law of f:

Ft Ry kg k) = C PN AR, B AP kA )

where \f, )\2‘ > 1and )\Eizg), -+ < 1. After n iterations we have:

F(t hy ks Ky, .. ) = 079 (4070 ™R FeafTY3 Rogl™VA L)
where y;>3 < 0 in accordance with the fact that )\gz’23) <L
Setting ("Y't = b we have:

F(t hyks by ... ) = b0/ Ve (b pUn g —Un/Ve pUs gt U3/t Jogg YA/ Y

®Remember that the value of ¢ is not fixed, so we can choose the one we prefer; in this case we are making this
choice because ¢ does not necessarily have to be an integer.
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Sy Sy S3 Sy S5 Sg
o e

Figure 8.2: Decimation to N/3 spins.
The spins over which we sum are indicated with a cross.

For t — 0 the terms involving the irrelevant variables become vanishingly small, so we get:
F(t,h, ks, ka,...) = tY/Vep=d f(pve pvrht—90/ve 0,0, .. .)

Note that in the last step we have implicitly assumed that f is analytic in the limit ;>3 — 0.
This assumption is however frequently false! When this happens, i.e. when the free energy
density is singular in the limit k; — 0 for a particular irrelevant variable k;, that variable is
termed dangerous irrelevant variable.

For example, considering the Landau free energy of the Ising model obtained as a saddle-point
approximation of the general functional partition function (equation (6.31)):

_ a, 9 94 ﬁ = 2_ d=
E—/(th +4m +2(Vm> hm)dr

the parameter b of the quartic term is a dangerous irrelevant variable (we have seen in
that problems arise when we try to treat it as a perturbative parameter).

8.5 Renormalization Group in coordinate space

We now want to see how we can build the RG transformation R, from the coarse graining pro-
cedure.

We will first use two different decimation techniques for a one-dimensional Ising model, and
then see what happens for d = 2. As we have partially anticipated, we will see that as soon as
we will no longer work in the “easy” case d = 1 things will get really complicated because at
every iteration of the RG new interactions appear, and so the problem becomes rapidly impos-
sible to handle; we will therefore be forced to resort to approximations.

8.5.1 Decimation to N/3 spins for a one-dimensional Ising model with H =0

Let us consider a one-dimensional Ising model with nearest-neighbour interaction and periodic
boundary conditions, without any external field (H = 0).

We choose to apply the coarse-graining procedure to our system by grouping spins in blocks
of three; this way the (i + 1)-th block (with i = 0,1, 2,...) will be constituted by the spins Si3;,
Sa+3; and Ssy3; (for example, the first block is [S1, S2, S3], the second one [S4, S5, 5] and so on).
In order to define the new block spin we could use the majority rule, but we further simplify
the problem requiring that the new block spin S coincides with the central spin Ss,3; of the
block. In other words, for every block we set:

!
P(S5T; 51430, S2+43i5 S3+43i) = 057 5,5,

(for example for the first block we have P(S]; S1, 52, 53) = g/ s,)-

Therefore, the coarse-graining procedure consists in summing over the spins at the boundaries
of the blocks and leaving untouched the central ones (in figure 8.2 we represent the situation,
where the spins over which we sum are indicated by a cross x and the ones leaved untouched
by a circle o).
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Now, using the notation introduced in[8.1] for the general theory, we have:
e = Trysy P(S], Si)e™ ™ = Trysy [ [ 0sp.00 €20 5500 =
I

_ KS51S9 KS253 KS354 KS4S: _
= Y Ggpsdss oSS NS
{S;==£1}

_ Z K1) K S| S5 K S384 ;K SaSh ||

{S;=+1}

Let us therefore see how to perform the sum on the first two blocks, [S1, S2, S3] — [S4, S5, S¢):

’ /
Z 8K51536K53S46KS452 (88)
S3,54==+1

From the definitions of cosh and sinh we can write:
5% — cosh K(1+tS5,5%) where t = tanh K (8.9)
so that (8.8) becomes:

> (cosh K)*(1 + t.9793)(1 + £5354) (1 + £.54.93)
S3,S4==%1

Expanding the product and keeping in mind that S? = +1, we get:
(1 + tSiS;g)(l + thS4)(1 + tS4Sé) =
=14 tS]S3 + 535y + tS4S) + 12578, + 1257535455 + t25355 + 1351 S

and clearly all the terms containing S3 or Ss (or both) vanish when we perform the sum
>_55.5,=+1- Iherefore, the result of the partial sum for the first two blocks is:

22(cosh K)? H(l + t351.5%)
T

(where 22 comes from the fact that the constant terms 1 and ¢35/ .S} must be summed 2? times,
two for the possible values of S3 and two for Sy).
Therefore, the partition function of the block spin system will be:

Zni[K'] = Trygyy 22N cosh™ K (14 £25787,) (8.10)

where N = N/3 is the new number of spin variables.
However, we know that in general Zy = Try s} e PH solet us try to write (8.10) in this form.
We have:

2 3 3qr o 2 gcosh K’ 3qr
2%(cosh K)*(1 4 t°S757,1) = 2°(cosh K) coshK’(l +1°575741)
and renaming t* := #/, so that:
(tanh K)3 = tanh K’ (8.11)

this term becomes:

92 (cosh K)3
cosh K’

where we have used (8.9). Therefore:

3
(cosh 1K) JKISIST

hK’ 1 ral o :22
COS ( +tSIS[+1) COShK’

COSs. 3
92 cosh® K (1 + 13815, ) = e2In2+In i +K7S7 57,
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Figure 8.3: RG Flow of (8.11)

and we can write:

—BH'({S1}) = N'g(K, K') + K'Y " S1S1,,
I

where:
(cosh K)3

1
g(K,K')=2In2+1n p—

The new effective Hamiltonian has therefore the same form of the original one with the rede-
fined coupling constant K’, and exhibits also a new term (¢g(K, K')) independent of the block
spins.

Let us note that is the recursion relation we are looking for:
K’ = tanh ™! (tanh® K)
Rewritten in the form ¢’ = #3, its fixed points are given by:
PRANER.

whose solutions are t* = 0 and t* = 1 (the case t* = —1 is neglected because K > 0 and so
tanh K > 0). After all, however, tanh K — 0" if K — 07 (i.e. T — oo) and tanh K — 1~ if
K — oo (i.e. T — 07): in other words, the fixed point t* = 0 corresponds to 7' = oo while
t*=1toT =0.

Since tanh K < 1 VK € R, starting from any initial point ¢ty < 1 the recursion relation ¢’ = ¢3
makes ¢t smaller every time, moving it towards the fixed point t* = 0. We can thus conclude
that ¢* = 1 is an unstable fixed point while t* = 0 is stable, as graphically represented in figure
Note that the fact that the flow converges towards 7" = oo means that on large spatial
scales the system is well described by a Hamiltonian with a high effective temperature, and so
the system will always be in the paramagnetic phase (except when 7" = 0).

Let us now see how the correlation length transforms.
We know that in general, if the decimation reduces the number of spins by a factor b (in the case
we were considering above, b = 3) we have to rescale distances accordingly, and in particular:

where in general ¢ = t. Since b is in general arbitrary, we can choose b = const./ Int and thus:

—1
£(0) = 6(t) = ™) = ™) = (=) e

Therefore:
__const. 1

§(t) = Int ~ In tanh K
which is the exact result we have found at the end of
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S1 SQ 53 54 55 56

O--=X===0-== X===0-=-= X~---

Figure 8.4: Decimation to N/2 spins, with the same notation as before

8.5.2 Decimation to N/2 spins for a one-dimensional Ising model with H # 0

Let us now see a different decimation procedure for the same one-dimensional Ising model,
when H # 0.

This time, as shown in figure the idea of the procedure is to sum over the spins that are on
even sites and leaving unaltered those on odd sites.

We write the partition function as:

ZN(K,h) = Tre PH = Z e 2 SiSitath3 2 Si
{S;==%1}
= Z Z oI(5152+5253)+hS2+5 (S1483) | K (S354+5155)+hSa+5(S3+S5)

Si=£1  Sy==£1
Indicating with S/ the spins that are kept untouched and summing over the N/2 even spins:
Zn(K,h) = Z Z 52 [ (S +85)+h]+ 5 (S1+55) , Sa [ K (S5+85)+h]+5 (S5+54) | _
{85 1=+1} {S2:=%£1}
_ Z {e(K+%)(Si+S§)+h 4 e(—K-i—%)(Si—i—Sé)—h} ) [6(K+§)(S§+Sg)+h 4 e(—K—&-%)(Sg—i-Sé)—h} L

{S§i+1 =+1}

N-1
= Z H e(K+%)(S§i+1+S§i+3)+h_‘_6(7K+%)(S§i+1+5§i+3)7h}

{Séu-l =+1} =0

Now, since Z must not change after the RG transformation we can write:

Zn (K, h) = eNIER 70, (K 1) = eNIER Ty gy =M (8.12)
where:
N'—1 N'—1
—fH'(K', 1) = K’ Z Shi415%i43 + 1 Z Shit1
=0 =0

Since N’ = N/2 = N = 2N/, this means that:

N'—1
h/
ZN (K, h) = eQng Z eK/ 3659415548 th 20 S0 — Z H eK/SéiJrlSéi+3+7(séi+1+séi+3)+2g
{8%;41=%1} {854 =%1} =0

Therefore, we must have:

h h B’
e(K+§)(S§i+1+S§i+3)+h + e(*K+§)(S§¢+1+S§i+3)*h — eKlséz'HS§¢+3+%(S§¢+1+S§¢+3)+2g

and this equality must hold for all the possible values of Sy; ,; and Sj; , ;. In particular:

OK+42h | —2K _  K'4+h'+42
S9ip1 = S9i43 =1 = et e = 429

Ship1 = Siys = —1 = eh 4 emh = I+ (8.13)

/ / — —K'’
S9i419%i43 = —1 = e feh = e K29
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Figure 8.5: Introduction of a new effective interaction

The solutions of these equations are:

1. cosh(2K + h) cosh(2K — h) 1 cosh(2K + h)
K =-1 W =h+-ln———2" 1%
1" cosh? h T Cosh(2K — h)

1
9=3 In [16 cosh(2K + h) cosh(2K + h) cosh® h]

which are the recursion relations for this decimation procedure.

Defining:
—4K

r=e€ y:ef%

z=e %
(where of course 0 < z,y, z < 1) equations (8.5.2) can be more easily written as:

= (1+y)° y/:yx-i-y S 22xy?
(z +y)(1+zy) 1+ xy (z+y) 1+ zy)(1+y)?

Note that 2/ and y’ do not depend on z: this means that the constant g is not involved in the
singular behaviour of the free energy density. In fact, from (8.12) we have:

Il ) = S (K ) = KTy, )

and since g does not influence the RG flow of the variables = and y (i.e. K and h), the critical
properties of the system are not altered by g; since as we know these are determined by the
behaviour of the singular part of f, g is part of the regular one.

8.5.3 Decimation in d > 1: proliferation of the interactions

As we have already stated, in d = 1 the recursion relations can be determined without great
problems and they don’t introduce new interactions. However this is not the case if d > 1, and
the value of the new coupling constants can’t be determined exactly, forcing us to use approxi-
mations.

Let us see with a generic example how the RG transformation can introduce new interactions
in a two-dimensional Ising model with nearest-neighbour interactions.

Suppose we divide our system in blocks containing an odd number of spins and, similarly to
what we have seen for d = 1 in we sum over the spins on the boundary of the block and
leave unchanged the one at the center. Looking at figure 8.5 we see that the spin on the corder
of the block 2 is coupled to one spin in bock 1 and one in block 3. When we sum over the
spin in block 2 an effective coupling between blocks 1 and 3 will be established: we therefore
see that the coarse-graining procedure introduces next-nearest-neighbour interactions between
the blocks, so new terms are appearing in the Hamiltonian (which of course, as already stated,
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Figure 8.6: Decimation for the two-dimensional Ising model

respect the symmetries of the original one).
We therefore understand that the iteration of the RG will introduce increasingly complicated
couplings: this is the so called proliferation of interactions.

Let us now see in detail how to face the problem of the proliferation for a two-dimensional
Ising model with nearest-neighbour interaction and H = 0.

We choose to coarse-grain the system summing over a “chessboard” of spins, as shown in
figure which also defines the symbolic notation we are going to use.

We therefore have:

Zy = Trgg,y eX Lo Sisi = D oK i (818l S 51y, o
{S!=+1} {o;=+1}

and performing the sum over o;:

{S/=+1} i

= Z H 2cosh [K(Sj_, +Si,, + Sty + Sl’-ﬂ,)]
{oi=%1} ¢

The argument of cosh can assume three possible values, which come from the fact that the
2% = 16 possible spin configurations can be grouped into three categories: all spins aligned,
three spins aligned and one not, and two spins aligned and two not. As before, we want to write
Zn[K] = eNIUSK) 7, [K'), and from what we have just seen we will have three conditions to
satisfy so H' will contain at least three terms: in the coarse-grained Hamiltonian new terms are
appearing.

We can therefore try for example with the following guess for rewriting Zy:

2cosh[K(Si_, + Sip + Si_y + i) =

— (K )X SimaSioy 58ty TSy S Sy L (S0 Siya 81, S JFQ'SL_uSEaSTy Sty (8,14)
This way, besides nearest-neighbour interactions (KX) we are introducing also next-nearest-
neighbour ones (K’ and L) and also four-spin cluster interactions (Q’), as shown in figure
Note also that the final set of spins resides on a square whose side is /2’ times the original
one, so we have ¢ = /2.

Inserting all the possible spin configurations in we get the following equations:

2 cosh(4K) = z(K)e2K +2L+¢ 2 cosh(4K) = z(K)e ¢

2 = 2(K)e 2+ 2 = z(K)e 2K -2+
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Figure 8.8: RG flow of (8.15)

Their solutions are given by:

1
2(K) = 2 cosh'/8(4K) cosh'/2(2K) K' = Z1][1 cosh(4K)

1 1 1
L = 3 In cosh(4K) Q = 3 In cosh(4K) — 3 In cosh(2K)

If we now reiterate the procedure, more complicated interactions will appear and the problem
becomes rapidly intractable. We therefore must do some approximations.
We choose to neglect ) (also because it is the only coupling that can become negative and
thus prevent the spins from aligning) and to omit the explicit dependence on L’ defining a new
constant K':

K/

new

:K/+L/

This way the recursion relation involves only K:
K = gln cosh(4K)

Let us therefore see to which conclusions does this lead.
The fixed points are given by:

K* = gln cosh(4K™) (8.15)

and the non-trivial (K* # 0) numerical solution of this equation is K. = 0.50698. . .; the exact
value found by Onsager is Kexact = 0.44069 .. ., so our approximation is good enough.

If now the initial value Ky of K is greater than K, then the sequence K (n) — %ln cosh(4K (”))
grows indefinitely, while if Ky < K. it tends to zero. Thus, the fixed points K* = 0 and K* = oo
are stable, while K* = K, is unstable, as shown in figure

Let us now linearise the recursion relation near K. and compute a couple of critical exponents.
On the base of what we have seen in[8.4] if we call K = K — K. and K’ = K’ — K. we have:

dK
-~ dK |k.

SK' = MK where At

Therefore, since also ¢ = /2, we get:

In A 1 <dK’ ) _In [3 tanh(4K.)]

= DA 1
Tl T vz K K. n2/2

=1.070...
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and so: .
v=—=20.9345...

and from the hyperscaling relation:

d
a=2-—=0.131...
Yt
Onsager’s exact result, as we know, gives o = 0 (since the specific heat diverges logarithmi-
cally) and thus v = 1. We therefore see that our approximation is sufficiently accurate (even if
improvable).
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Appendix A

Volume of a hypersphere

In this appendix we will compute the volume of an /-dimensional hypersphere of radius R,
which we call V(R). This is defined as:
R) = [ ORI

In order to calculate it we will use a “trick”.
First, we change variable defining z'so that p; = Rz; and thusﬂ

Vi(R) = R [ (1~ |a0)az = RVi(1) (A1)

We then have: J
_ /—1
TpVi(R) = (R1V,(1 /5 5] — R)d

Multiplying both sides by e~ and integrating over R from 0 to infinity:

w(l)/ eRQeR“dR:/ dR/eR26(|ﬁ| — R)dp
0 0

The right hand side is equal to:

| ar [ a0n - mas= [z [~ = [ dge

o ¢ ¢
ew(1)/ RYe 4R = /dﬁH e P = H/dpie_p? — 7t/?
0 i=1 =1

NG

If we now define t = R?, in the integral in the left hand side of the equation we recognise the
definition of Euler’s T" function?}

R S TR o Ny
f/o R e dR_2/O e 't2 dt_21“<2>_1“<2+1

'We also use the fact that ©(R(1 — z)) = ©(1 — 2), since R > 0.
2As a remainder, the I" function is defined as:

F(n):/ e "t ldt

0

Therefore:

Ifn e N, thenI'(n) = (n — 1)L.

217
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This way the volume of an /-dimensional sphere of unit radius is V;(1) = 7%/2/T (g +1), and
thanks to equation (A.1), in the end we have:

RET‘.Z/Q
Vi(R) = ——— (A2)
T(3+1)
Let us verify that this formula returns the values we expect for ¢ = 2 and ¢ = 3.
We first note that: . -
r <> :/ et V2t = 1
2 0
5 3.(3 3 1_./1 3
r(2)=2r(2)=2.2r(z)=2
(2) 2 (2) 22 (2) v
This way:
R272/2 TR2 ) R373/2 4 3
V() = Ty =3 =R Va(R) = N 3™

which is exactly what we expected.



Appendix B

The saddle point approximation

In this appendix we are going to see how the saddle point approximation works in general.
Let us define the class of integrals:

IN:/eNf(x)dﬂs N>1

Suppose that f(z) has a unique maximum at z = x* and that lim|;_,, f(z) = —oc. Then,
expanding f around z* we have:

(z — =)

; f’”(x*)%—‘--

fl@) = f(a") + ———

(and obviously f’(z*) = 0 because x* is a maximum). Setting z = 2 — 2* we can write, stopping
the expansion at the third order:

IN ~ eNf(x*) /efo//(x*)+fo/ll(x*)dz

Calling y = zv' N and remembering that f”(z*) < 0 since z* is a maximum, we have:

f” ) 1 (2F)
Iy = eV ﬁ/ GF dy

Therefore for very large N the term proportional to f”/(z*) in the exponential (like all the fol-
lowing terms of the complete expansion) is negligible, so:

* 1 2 " *
Iy~ NI /e—gf @)l dy
and computing the Gaussian integral:

21 N (2"
In e | — 20 Nf(E)
NEA N

Therefore we see that the saddle point approximation essentially states that an integral of the

form Iy can be approximated, provided that NV is large, with the value of the integrand calcu-
lated at its maximum (up to a multiplicative factor).
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Appendix C

Stirling’s approximation

We want to derive here Stirling’s approximation, i.e. we want to show that for large n we have:

n! ~\2mn’ (E)n

e

We start by writing n! with Euler’s I" function:

o0
n!:/ t"e tdt
0

o o
n! :/ s"n"e " nds :/ s"e s
0 0

Changing variable to s = t/n we get:

which we rewrite as:
oo fe’e)
n! = / e—sn+n In S+(n+1)lnnd8 _ e(n—‘,—l)lnn/ en(ln S_S)ds
0 0

The last one is an integral in the form of those studied in appendix|B} using the notation shown
there we have f(s) = Ins — s and its maximum is at s = 1. Since f”(1) = —1, we get:

n! ~ ent)inn L e "= n"m/2—7T e " =+V2mn <ﬁ>n
n-|—1]| n e

n! ~\2mn’ <E)n

(&

Therefore:

Taking the logarithm we find another famous expression for Stirling’s approximation:

1
Inn! ~nlnn—n+ 5111(271'71)

221



222 APPENDIX C. STIRLING’S APPROXIMATION



Appendix D

A more convincing foundation of
statistical mechanics

D.1 Introduction

As we have stated in we would like to understand if a more rigorous foundation of sta-
tistical mechanics can be established. In particular we would like to see if the equal a priori
probability in the phase space of a system is a general property of any physical system, and if

so why does it occur.

To make things more tangible let us consider a system with Hamiltonian:

]5;2
=25 V(@

We know that from a microscopic point of view the system can be completely described if we
solve Hamilton’s equations:

. OH B . )4
Qz—aﬁi—mi pi = g~ 0q

with given initial conditions that we call (Qg,Py), so that in the end we know (Q(¢),P(t)) for
any t.
If we now call O(Q, P) a generic observable of the system we can define its time average as:

0(Qo,Pp) = lim / o(Q

T—oo T’

We can therefore ask ourselves: is there a relation between the time average O and the ensem-
ble average (O) of the observable O? And in particular are there any hypotheses under which
these two averages are equal?

It is very important to find an answer to this question because O, as can be seen from its def-
inition, derives solely from the microscopic properties of the system while (O) comes from its
statistical description given within the microcanonical ensemble. Therefore if we can find a
relation between these two quantities we can establish a microscopic foundation of the micro-
canonical ensemble and thus of the whole statistical mechanics.

As we will see, we will be able to determine under which hypotheses O = (O) but unfortu-
nately to date it is still not known when these hypotheses do apply.
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D.2 Liouville’s theorem

The first important result that we want to prove is Liouville’s theorem; this is a very important
theorem which will be useful in the following, and ultimately justifies why we microscopically
describe systems in phase space and not in other possible spaceﬂ It essentially states that the
phase space volume is locally conserved, or in other words time evolution doesn’t change it.
Let’s show it explicitly.

Theorem (Liouville). Let H be the Hamiltonian of a physical system of N particles, and p(Q,P,t)
a generic probability density in phase space which can in general also depend explicitly on time. Let
(Qo, Po) be the initial conditions of the system and call (Q(t),P(t)) their time evolutions, namely the
solutions of Hamilton's equations:

Q(t) = S5 H(Q(), P(1)) P(t) = —5SH(Q(t), P(1))

Then p is constant along (Q(t),P(t)), namely:

Ve
(@)
—
=
S—
as)
—~
~
:—/
S—
|
<l
A~
(@)
—~
S—
—~
=
:—/
~
S—

The continuity equation can be rewritten as:

0= 2 0(@t),Pt). 1) + ¥ - FQ(1), B(t) t)—a”+3§]vj[a<* 2 >] -
= 8t'0 5 s s yU) = — 8q¢ q;p 8]72‘ pip)| =

Z [Oqz (01% > * :pi <ZZ,0>}

If we now compute all the derivatives, since # is a sufficiently regular function we can use
Schwartz’s theorem to cancel all the terms with the second derivatives in . We therefore get:

+Z< ST 85)

For example, if we consider a system of particles of the same mass we could have equally well described it in the
space of positions and velocities rather than with positions and momenta. In this case, in fact, a collision between
particles can be seen as an exchange of velocity between the two and since all the particles have the same mass this
is also equivalent to an exchange in momentum. However, if we consider particles of different mass this is not true
any more and the only quantity exchanged between colliding particles is momentum. Therefore, position-velocity
space does not have the same properties of phase space (in particular, Liouville’s theorem does not apply).

’This is a general property of probability distributions: in fact probability can’t just “disappear” and “reappear”
in different parts of the phase space.

*This can be better understood through an analogy with fluids: if p(7,t) is the fluid density, then it must satisfy
the continuity equation p = —V - Jwhere J = pi".
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However, by definition of total derivative we have precisely:

dp  0Op N op. Op.
cllf_azf+; %QZ—FTMM

So in the end:

O]

As a consequence of Liouville’s theorem we have that the probability density in phase space of
an isolated system in equilibrium is such that:

 pealQ(1), P(1)) = 0

(in fact since the system is in equilibrium its probability density doesn’t depend explicitly on
time). Therefore peq is a conserved quantity; we have however seen that the only conserved
quantity for an isolated system at equilibrium is its energyﬂ SO peq must be some function F* of
the Hamiltonian #:

peq(Q,P) = F(H(Q,P))

In the microcanonical ensemble we have postulated that F/(H) = §(H—E)/QU(E, V, N), but this
is just a particular case (there is nothing that urges us to suppose so).

Therefore, the a priori equal probability postulate is compatible with Liouville’s theorem but
does not necessarily derive from it.

D.3 Ergodicity

Let us note that Liouville’s theorem does not prevent the microstate of a system to be confined
in a particular region of the constant-energy phase space hypersurface, or to move “mostly” in
that regiorﬂ In this case we surely have:

T
0(Q.P) = Jim 7 [ O(©Q(),B)at £ (0(Q.P)
T—o0 0

Such phenomena do occur in physical systems, in particular those with few degrees of freedom.
Planetary systems are an example since the orbits of the planets are approximately stable and
thus the representative point of the system always remains in the same region of the phase
space; if it “spanned” all the accessible phase space hypersurface of constant energy then the
orbits would mess up completely and the system wouldn’t be stable.

There are also however many-particle systems whose representative point remains almost al-
ways in the same region of phase space. An example is the Fermi-Pasta-Ulam system, a chain
of N anharmonic oscillators (namely every particle of the system is subject to the potentia]ﬁ
U(x) = kz?* + uz?). In this case it turns out that if we give some energy to a single particle, this
energy is not distributed along all the system as one would expect if the representative point of
the system spanned the entire accessible region of phase space. However this kind of system is
a bit “pathological” since it has been shown that in the continuum limit the Fermi-Pasta-Ulam

“We are considering the system fixed and still, so that its momentum and angular momentum are zero.

°This means that the time evolution of the representative point is such that it is much more probable to find it in
determinate regions of phase space than others.

%A simple harmonic potential would be too simple: with a proper change of coordinates, in fact, the system can
be described as a set of IV independent particles.
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system has an infinite number of conserved quantities, not just one (as we require).

We are interested, however, in systems where such phenomena do not occur. In particular in
order to establish a link with the microcanonical ensemble we would like to discuss systems
where the representative point “spans” the whole accessible phase space, namely it spends on
average the same time covering different regions of the constant energy hypersurface.

This property of dynamical systems is known with the name of ergodicity. Its most intuitive
definition (although not the most useful, as we will shortly see) is the following:

Definition (Ergodicity, I). A dynamical system is said to be ergodic if on the hypersurface of constant
energy the time evolution of almost every point eventually passes arbitrarily close to any other point.

The expression “almost every point” of the hypersurface means that we are considering it up to
a set of null measure. This is needed to avoid problems with strange or unusual configurations:
in this way for example we are excluding the possibility that all the particles move precisely at
the same velocity in neat rows.

As we have said this definition is not very useful, nor it is really clear since it does not follow
explicitly from it that the representative point covers different regions of phase space on aver-
age in the same time.

In order to give a much more useful definition of ergodicity we first must introduce the concept
of ergodic component of a set (which we think of as the hypersurface of constant energy):

Definition D.1 (Ergodic component). Let S be a subset of the phase space. Then a set ¥ C S is called
ergodic component of S if it is invariant under time evolution, namely:
Q0),P(0))ex = (QO),PF)cX Vi

Intuitively, different ergodic components of a same set are subsets that are not “mixed” together
by time evolution.
Now, we can give another definition of ergodicity:

Definition D.2 (Ergodicity, II). A dynamical system is said to be ergodic if the measure of every
ergodic component X of the hypersurface of constant energy S is either zero or equal to the measure of S.
In other words, if yu is the measure defined on phase space then the system is ergodic if for any ergodic
component 3 of S we have p(X) = 0 or p(X) = u(S).

This means that a dynamical system is ergodic if the hypersurface of constant energy S is in-
variant under time evolution up to a set of null measure.

Even if it is not immediately clear these two definitions are equivalent, but we won’t show that.
What we want to do now is to show that if a system is ergodic according to this last definition
then the time average and the microcanonical ensemble average of an observable coincide.

Theorem D.1. If a system is ergodic according to definition and O(Q,P) is an observable, then
time average and ensemble average coincide:

0(Q,P) = (0(Q,P))
Proof. First of all, let us note that:
0(Q(0),P(0)) = O(Q(to), P(to))
namely the time average does not depend on the initial instant we choose. In fact we have:

T

— 1 tOO P d 1 TO P d
= lim [T i (Qt). P(£)dt + 5 (Q(1), P(¢))dt
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The first integral is a constant (it does not depend on T'), so in the limit 7" — oo the first term
vanishes. Therefore, multiplying and dividing by 7" — to:

O(Q(0),P(0)) = lim — OT —to Jy
0

O(Q(t), P(t))dt = O(Q(to), P(to))

(since limp_,oo (T — to)/T = 1).

We now define:
R,={(Q,P): O(Q,P)<a} a€R

For what we have noted above this is an ergodic component of the hypersurface S since the
time evolution maps R, into itself.
Therefore, either p(R,) = 0 or u(R,) = wp(S); note also that if a < o’ then R, C R, and

f(Ra) = pu(S) = p(Rar) = p(S).
We now call a* the smallest value of a such that u(R,) = u(S):
a*=inf{aeR: p(Ry) = u(S)}
and we want to show that j(R,+) = p(S) and that a* = O(Q, P) for almost all (Q, P).

Let us therefore consider a sequence a,, (with of course n € N) monotonically increasing and
such that lim,,_,~ a, = 00, and call R,, = R,,. Then:

R, C Rpia UR. =5
From theorems of measure theory this means that ;(R,,) — p(S)~. Since R,, are ergodic com-
ponents of .S, this means that:
dng e N p(R,) =p(S) VYn>mng

and so that there are some finite a € R such that u(R,) = p(S); we thus deduce that Ja* < oco.
Let us now consider another sequence of ergodic components:

R;L = Ra*Jrl/n

Then:
R, DR, 4 u(Ry,) = p(S)

and the last equality is true because for every n there exists a* < a;, < a* + 1/n such that
Ry ) = pu(S). Again, from theorems of measure theory this means that:

m <ﬂ R;) = lim p(R;)
but since p(R),) = u(S):
1 (ﬂ R;) = lim p(S) = pu(S)

Therefore, in order to show that i(R.+) = 11(S) we must show that (), R, = (50 Ra = R
We surely have R, C R, for a > a*, therefore:

Ry C () Ra

a>a*
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If we now consider (Q,P) € N R,, then:

a>a*
O(Q,P)<a Va>a* = O(Q,P) <a* = (Q,P) € Ry~

This means that:

Ry D () Ra
a>a*
and so:
Re = () Ra
a>a*
We thus have found that:
0 a<a*
P(Ry) = "
u(S) aza

Therefore, if a > a* then R+ C Rq and pu(Ry \ Rax) = p1(Ry) — p(Rax) = 0.
This means that O(Q, P) = a* everywhere but on the points (Q, P) of the sets:

{@P): 0@QP) <a}=F {@P): O@QP)>a"}=(S\Rar) \

However, 1(R') = 0 (this can be shown similarly as what we have done, using the sequence of
ergodic components R}, = R,-_1,), and also the second set has null measure since p(S\ Ry+) =
0.

Therefore, we now have to show that from the fact that O(Q,P) = a* almost everywhere it
follows that (O) = a*.

We havd’l .

O =<am ) /E SHSE—&-AO(@’P)CZP

If we call (Q(t),P(t)) the time evolution of (Q,P) so that (Q,P) = (Q(¢t = 0),P(t = 0)) and
I'p={(Q,P): H(Q,P) € [E, E + Al}, then by definition we have:

(O = K7 . OQU).PO)T

Note that the integral is made over I'y and so we are integrating over the initial conditions (in
fact, in general Q(¢) and P(¢) will be functions of time and of the initial conditions, namely
Q(t) = Q(t; Q,P) and P(t) = P(t; Q,P)). Therefore, changing variables to (Q(¢), P(¢)):

) = a7z /., 0actt)™ 0@, PO

where we have written the Jacobian of the change of coordinates in this way for convenience.
However, since H(Q(t),P(t)) = H(Q,P) we have that I';y = I’y and so:

O0) = a7z [, Oac(t)™ 0@ Pyir

where we have renamed the integration variables to (Q, P).

Now:
1 d(Q,P) _ . 9(Q(t),P(t))
Gac)™ =t ey~ O g

"We consider a thin energy shell instead of an hypersurface because it makes things simpler.
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namely:
3%1 @ .. 61051\7 )
q1 q1
Jac(t) =| : : :
Oqi(t) .. Opsn(t)
Op3N Op3N

For dynamical systems, Jac(t) = 1 for all ¢ as a consequence of Hamilton’s equations.

In fact calling for brevity (Q(¢),P(t)) := = and (Q,P) := y, then:

a(xl,...,a'zi,...,:cGN)
—ac J; J; = det
] Z a(y17'-'7y6N)

and we have:

OH

oH ; —
iy = ap; if Ty = q;
—5g  Hxi=pi

Furthermore, in general:

ai’l Z 8.’E2 (91:]
Jj=

Y, 8a:j Y,
and thus:
axl x17'"in—:l)xjvx’i-i-la"'axﬁN)
—]ac
;; 895] a(yl,...,y6N)
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This determinant is null if ¢ # j (because the determinant of a matrix with two equal columns

vanishes), otherwise it will be equal to a constant .J. Therefore:

0 e T T
det (3’:1, y L 17:(:]7[1;1-}—17 7x6N) _ J(SZ]
a(ylu . '7y6N)

and so:

3N
Oii Oii | Op OCHOH Y _
*Jac Z =/ Z <8ql I > ! ; <5qiapi Opidai)

Therefore Jac(t) = const. = Jac(0) = 1, since for ¢ = 0 the change of coordinates is the identity.

This means that: .

(O(t)) = AE) ) 0(Q,P)dr

namely (O(t)) doesn’t depend on time. Therefore:

T T
(0) = (O(#)) = lim 1/0 (O(#)) dt = < lim — O(Q(t),]P’(t))dt> — (O(Q,P)) = (a") = a*

T—o00 0

This ultimately implies that (O) = O, which is what we wanted to show.

O

So, we now know that if a system is ergodic then the microcanonical ensemble is well defined.
But how can we know if a system is ergodic or not? Unfortunately we still don’t know: this is

to date an open problem.

We can however cite two other important systems which can be not ergodic: magnets and
glasses. A magnet (as also shown throughout chapter |5) can be considered as composed of
small orientable magnetic dipoles (the spins of the atoms); at high temperatures the system
is “disordered” and the dipoles are not aligned, but when the temperature becomes smaller
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than the so called “critical” one T these dipoles align along any of the possible directions in
space. The system thus spontaneously breaks its internal symmetry; such phenomena lead to
ergodicity breaking: in fact when T < T it can be shown that the time it takes the system to
spontaneously rearrange its magnetization along another direction grows with the dimension
of the system. This means that in the thermodynamic limit the system will always remain in the
same configurations, and so its representative point will not visit all the available regions of
phase space (note that the configuration of the system is now given by the spin configuration,
not the positions of the particles).

The same argument applies to other kinds of phase transitions that break a symmetry of a given
system, for example the solidification of a fluid.

Glasses are much more complicated systems, and many of their properties are still unknown.
Their main characteristic is that they are nor crystalline solids nor fluids, so strictly speaking
they are not at equilibrium: they tend to approach a crystalline configuration, but the process
takes insanely huge amounts of time (glass dynamics is often referred to as “sluggish dynam-
ics”).



Appendix E

Homogeneous functions

E.1 Homogeneous functions of one or more variables

Let us begin with the definition of homogeneous function.
Definition E.1 (Homogeneous function). A function f(x) is said to be homogeneous if:
f(Az) =g(\)f(r) VA eR (E.1)

where g is, for now, an unspecified function (we will shortly see that it has a precise form).

An example of homogeneous function is f(z) = Az?; in fact:

fa) = AN2® = X f(z)

and so in this case g(\) = A\2.

A very interesting property of homogeneous functions is that once its value in a point zy and
the function g(\) are known, the entire f(z) can be reconstructed; in fact, any = can be written
in the form Az (of course with A\ = x/x), so that:

f(z) = f(Azo) = g(A) f(z0)

We now want to show that g(\) has a precise form.
Theorem. The function g(\) as in definition[E.1]is:
g(A) =N
Proof. From , for A, u € R we have on one hand that:
fQwz) = f(Mpzx)) = 9N f(px) = g(N)g(p) f(x)

but also:
F(An)z) = g(Ap) f ()
and so:
9(Au) = g(N)g(n)

If we now suppose g to be differentiableﬂ then differentiating with respect to y this last equa-
tion we get:

Ag' (M) = g(N)g' (1)

!In reality it would be sufficient the sole continuity of g, but in this case the proof becomes longer.

231
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where by ¢’ we mean the derivative of g with respect to its argument. Setting ¢ = 1 and
defining p := ¢/(1) we have:

‘A _p
Ad(A) = g(X AV
g\ =gNp a0 A
which yields:
d D
ﬁ Ing(\) = X = Ing(A) =plni+c = g(A) = €N

Now, ¢'(A\) = pe°AP~1, so since ¢/(1) = p by definition we have p = pe® and thus ¢ = 0.
Therefore:

gA) =N
d
A homogeneous function such that g(\) = AP is said to be homogeneous of degree p.
In case f is a function of more than one variable z1,...,z,, the definition of homogeneous

function changes to:
FAz1, .. Axn) = g\ f(x1, ... zp)
E.2 Generalized homogeneous functions

In case, for example, of a function of two variables x and y, the definition of homogeneous
function can be extended to:

fOz, Xoy) = Af(z,y) VYA a,beR
In this case f is said to be a generalized homogeneous function (of two variables).

Let us note that this is indeed the most general form for a generalized homogeneous function; in
factif f(\z, \’y) = NP f(z,y) then it is sufficient to call \? = ¢ to get f(o®Px, o®Py) = o f(z,y),
which is in the form of the definition we have given.

For the considerations that we make in chapter[/|it is important to note that from the definition
of homogeneous function, since )\ is arbitrary we can set A = y~'/* and get:

x
f(x, y) = yl/bf <ya/b’ 1>

which transforms the dependence of f from the two variables = and y to the sole ratio =/ y/b,
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