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Preface

As we enter the twenty-first century, techniques borrowed from equilibrium and
non-equilibrium statistical physics have become widely applied to disciplines never
imagined by their founders. Statistical physics is turning into an essential discipline
and a fundamental framework for understanding and making quantitative predictions
on diverse phenomena involving a large number of interacting degrees of freedom.
These degrees of freedom may represent fundamental particles, such as electrons or
quarks, or neurons carrying information through synapses, or even speculative agents
trading in a competitive financial market. This holistic precept, that the whole is not
necessarily equal to the sum of its parts, finds in statistical physics its most beloved
tool.

Phase transitions and critical phenomena have consistently been among the princi-
pal subjects of active studies in statistical physics. The simple act of transforming one
state of matter or phase into another, for instance by changing the temperature, has
always captivated the curious mind. In that way, one can convert an almost uninterest-
ing state of matter into a superconducting material with tremendous implications and
applications. The Large Hadron Collider at the European Organization for Nuclear
Research (CERN), which is currently exploring the nature of fundamental interactions
at high energies, relies on the use of superconducting magnets, electromagnets built out
of coils of superconducting niobium-tin wire cooled by liquid helium. Those magnets
not only consume less power but most importantly can achieve an order of magnitude
stronger fields than ordinary magnets, a fact that is crucial to reach such high energies.

The unusual set of physical properties known today as critical phenomena were
discovered and apparently first reported in the Annales de Chimie et de Physique
(1822-1823) by the Baron Charles Cagniard de la Tour. He performed experiments on
liquids (water, alcohol, and ether) sealed in a glass cell under pressure, and observed
the remarkable fact that above a certain temperature, that itself depends on the
particular substance, the surface tension between the liquid and vapor disappeared,
thus discovering what is known today as the supercritical fluid phase. Trying to
prove that beyond a certain temperature the liquid gasifies regardless of pressure, he
also noticed that near particular pressure and temperature values something unusual
happened. In the neighborhood of this point, known as the critical point, the liquid
becomes increasingly milky, indicating that visible light is being strongly scattered.
The term critical point was coined later in 1869 by Thomas Andrews who observed
that carbon dioxide at 31 degrees Celsius and 73 atmospheres pressure displayed the
phenomenon of critical opalescence, that turbid and milky state previously observed
by Cagniard de la Tour in other substances. The underlying universality of critical
phenomena escaped the attention of their founders. It was Pierre Curie around
1895 who realized the similarity between the critical behaviors of a liquid—gas phase
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transition and that of the ferromagnetic transition in iron. The formal connection
and derived analogies between unrelated physical materials behaving in a similar,
universal, way near a continuous phase transition constitutes one of the landmarks of
critical phenomena. Since the discovery of the renormalization group method in the
early 1970s, the realm of applications of the concepts of scale invariance and criticality
has pervaded several fields in the natural and social sciences. Thus, in perspective, it
is of no surprise that these concepts, and the methods used to study them, can be
applied to disciplines as diverse as the ones indicated in our introductory paragraph.

This book provides an introductory account of the theory of phase transitions and
critical phenomena. The basic knowledge of the theory of phase transitions and critical
phenomena is now recognized to be indispensable for students and researchers from
many fields of physics and related disciplines. The book has been written having in
mind an advanced undergraduate or graduate student in science or mathematics. It has
been assumed that the reader has finished introductory courses of statistical mechanics
in addition to elementary courses in calculus, Fourier analysis, and probability theory.
Very basic undergraduate knowledge of quantum mechanics is required to understand
the very few extensions of the classical theory. Clarity and detailed user-friendly
derivations of usually accepted, as elementary and not so elementary, concepts have
been our guiding principle. We preferred this style of presentation to what is sometimes
known as rigorous, where at the expense of making the argument so sharp one loses
track of the main idea.

One of our goals in writing this book is to provide the mathematical tools
necessary for students to compute properties of critical systems in diverse contexts
and disciplines, such as biophysics or complex systems. Almost all parts are written in
a self-contained manner and all new concepts and calculations are explained in much
detail without assuming prior knowledge of phase transitions and critical phenomena.
We have avoided historical presentations of various topics allowing us to present
compact derivations of the concepts without hiding details. For example, it is typical
to first introduce the scaling hypothesis and then the renormalization group method
as a way of justifying that hypothesis. Rather, we preferred to derive the scaling laws
directly once the concept of a renormalization transformation is introduced, which, in
our opinion, is a more natural and pedagogical way of presenting the material.

Another of the goals of this book is to prepare the reader to start reading more
advanced books and research papers, in which basic accounts of common knowledge are
often omitted and consequently beginners are trapped in the jungle of undefined jargon
and complicated manipulations. Serious attempts have been directed toward a self-
contained modular approach so that the reader does not have to refer to other sources
for supplementary information. Accordingly, most of the concepts and calculations
are described in detail, sometimes with additional/auxiliary descriptions given in
appendices and exercises. It is, of course, impossible to cover all of the topics related
to phase transitions and critical phenomena in a single volume of this introductory
nature. One main omission is the general subject of quantum phase transitions, which
happen at zero temperature as a result of changes in the parameters of the Hamiltonian
representing the physical system. Although by itself a topic for a second volume, we
have explained a few extensions of classical concepts to the quantum realm when
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appropriate and not in danger of jeopardizing the main ideas. Most of these extensions
are written in the appendices. The bibliography at the end of the book will guide the
reader to other topics not covered in this book and also to more advanced references.

A number of important concepts and methods have been developed, such as mean-
field theory, scaling theory, the renormalization group method, exact solutions, series
expansions, and Monte Carlo simulations, most of which have turned out to be valuable
tools not only in statistical physics but also in other fields of physics. The present book
also contains pedagogical presentations of statistical field theory methods, including a
chapter on conformal field theory, random systems, percolation, the important use of
dualities, and various modern developments hard to find in a single textbook on phase
transitions. Moreover, as mentioned above, a series of appendices expand and clarify
several issues not developed in the main text. It has been done in this way to avoid
getting stuck in details and thereby losing the main flow of ideas. We would like to
invite the reader, however, to seriously explore those appendices in a second reading
since they are very useful to understand the depth and extensions of a particular topic.

In the first half of this book, standard topics such as mean-field theory, the renor-
malization group, and statistical field theory methods are explained. Then, slightly
more advanced, but commonly encountered, concepts and methods follow, including
the conformal field theory, the Kosterlitz—Thouless transition, effects of randomness,
exact solutions, duality, and numerical techniques. Special emphasis has been placed
on providing a physically intuitive description, sometimes with certain sacrifice of
mathematical rigor, except in the chapters that discuss exact solutions and duality.
The first five chapters are very basic and quintessential, followed by several chapters
that can be read independently of each other, provided that the first five chapters have
been finished. The important role played by symmetry and topology in understanding
the competition between phases and the resulting emergent collective behavior, giving
rise to rigidity and soft elementary excitations, is stressed throughout the book. Most
importantly, in accordance with Sophocles’ advice,! exercises are presented as the
topics develop with solutions found at the end of the book, thus giving the text a
self-learning character. It is strongly recommended that the reader solves (or at least
tries to solve) the exercises as one proceeds in reading, since they often contain vital
information to understand the logic developed in the main text.

The book reflects lectures given by the authors at their Universities to graduate
students on the same topics and is thus classroom tested for its usefulness for
beginners to this field. Students attending those courses contributed significantly to the
improvement of presentation and material selection and the authors are very grateful
to them. We would like to express our special thanks to Matthew Dean Jones and Zsolt
Bertalan for proofreading and providing insightful remarks. We are also indebted to
John Cardy, Pierluigi Contucci, Michael Fisher, Cristian Giardina, Norio Kawakami,
Makoto Oka, Andrea Pelissetto, and David Sherrington for their crucial suggestions
and comments on the draft. Shu Tanaka kindly drew the impressive picture on the
cover of this book.

1 “One learns by doing a thing; for though you think you know it, you have no certainty until you
try.”



Preface ix

Following the convention of many textbooks, we did not directly refer to original
research papers for almost all topics in this book. However, we don’t mean to claim
priority for the materials presented. On the contrary, virtually almost all concepts,
methods, and conclusions are well-established, standard ones. The book simply reflects
the authors’ interpretation of what constitutes a concise, consistent, coherent, and
clear manner of presenting a wide range of topics. Correspondingly, we tried to
avoid attributing each result to a specific person, except for a limited number of
very common names including (but not limited to) the Ising model, Heisenberg
model, Landau theory, Virasoro algebra, Kosterlitz—Thouless transition, Sherrington—
Kirkpatrick model, and Lee—Yang zeros. The reader is referred to the bibliography at
the end of the book for more detailed sources of information on the original references.
We, nevertheless, would like to express our sincere apologies to those who contributed
to the developments of the field for leaving out their names, with the expectation that
our approach is understood and accepted.

We hope this book will help anyone interested in this fascinating subject and,
moreover, inspire young scientists to continue developing this profound and far-
reaching field of science.?

Hidetoshi Nishimori and Gerardo Ortiz
Tokyo and Bloomington
March 2010

2 Updates, amendments and addenda will be posted on a dedicated web page at http://mypage.
iu.edu/~ortizg/bookP.htm
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1

Phase transitions and critical
phenomena

As an introduction to the physics of phase transitions and critical phenomena, we
explain in this chapter a number of basic ideas such as phases, phase transitions
and critical phenomena. Intuitive accounts are given to the concepts of scaling and
renormalization, which are powerful, systematic tools to analyze critical behavior of
macroscopic systems. Also explained are several model systems, on the basis of which
phase transitions and critical phenomena have been studied.

1.1 Phase and phase diagram

We are surrounded by a number of substances in different states. A phase is a state
of matter in which the macroscopic physical properties of the substance are uniform
on a macroscopic length scale, e.g. 1 mm. Familiar examples are ice, liquid water, and
water vapor, each of which is a phase of water as a collection of macroscopic numbers
of HoO molecules. Roughly speaking, we call the length scale that we encounter in
our daily life the macroscopic scale, which is to be contrasted with the microscopic
scale as the standard of length in the atomic world. The goal of statistical mechanics
is to elucidate physical phenomena occurring on the macroscopic scale as a result of
the interactions among microscopic constituents.

A phase is characterized by a thermodynamic function, typically the free energy.
A thermodynamic function is a function of a few macroscopic parameters such as
the temperature and the pressure. Thus, the phase of a macroscopic substance is
determined by the values of these parameters. A phase diagram is a graph with those
parameters as the axes, on which the phase is specified for each point. An example of a
phase diagram is given in Fig. 1.1. A typical phase diagram has several specific features
including phase boundaries, a critical point (point C in Fig. 1.1), and a triple point
(point TP). A phase boundary separates different phases. A change in parameters
such as the temperature across a phase boundary causes a sudden change in the phase
of a substance. For example, a solid phase changes into a liquid phase at the melting
temperature. This is a phase transition. A phase boundary sometimes disappears at
a critical point, where the two phases become indistinguishable and the substance
shows anomalous behavior. The theory of critical phenomena explains this anomalous
behavior.

Three different phases coexist at the triple point. Consider the example of water.
Suppose that we confine some amount of water and ice in a container, seal it, and
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p
Solid | Liquid
C
TP vapor
0 T

Fig. 1.1 Typical phase diagram. The phase of a substance is determined by the values of
the control parameters such as temperature 1" and pressure p. C denotes the critical point
and TP stands for the triple point.

evacuate the remaining air by using a vacuum pump. Then, the space above water
and ice will be filled by vapor, realizing the triple point where ice, water and vapor
coexist. The temperature and pressure of the triple point of water are T' = 273.16 K
and p = 0.61 kPa, respectively.

A phase can be characterized by various physical quantities. Especially important
is the order parameter, which measures how microscopic elements constituting the
macroscopic phase are ordered or in a similar state. As detailed in the following
chapters, the order parameter is associated with the breaking of a symmetry of the
system under consideration. The order parameter measures the degree of asymmetry
in the broken symmetry phase (which is the ordered phase), i.e. it is non-zero in the
ordered phase (lower-symmetry state) and vanishes in the disordered phase (symmetric
phase).

In magnetic materials, for example, magnetization is a characteristic order para-
meter. Magnetization is the strength of a magnet, roughly speaking. The alignment
of microscopic electronic spins gives rise to macroscopic magnetism. The symme-
try that spontaneously gets broken is associated with the rotation of the spins.
In solids, atoms or molecules occupy periodic positions. In this case, the spatial
periodicity of molecules/atoms is the order parameter. A more abstract example is
the quantum-mechanical phase of superconductors. A superconductor is characterized
by a macroscopic quantum-mechanical wave function. The phenomenon of supercon-
ductivity is observed when the phase of this wave function has a constant value in
a macroscopically extended region. It is not always an easy task to determine the
order parameter. Indeed, some phases do not even have a local order parameter to
characterize them. Moreover, some order parameters couple to external physical probes
(e.g. the magnetization couples to an externally applied magnetic field), while others
do not (e.g. the phase of the macroscopic wave function, which is the superconducting
order parameter, does not couple to any physical external probe).

1.2 Phase transitions

A phase transition is a phenomenon in which a drastic change between thermodynamic
phases occurs as the system parameters such as the temperature and pressure are
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(a) (b)

S V
@ Vapor\;

LAS CAV

Solid_~ ~_ Liquid
1 1
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(©) (d)

0 T, T

Fig. 1.2 Singularities in physical quantities at transition points. S is the entropy and C' is
the specific heat. (a) and (b) are first-order transitions, and (c) and (d) are second order.

varied. A familiar example is the melting of ice at 0°C near 1 atm. The char-
acterization of a phase transition as a drastic change of macroscopic properties is
described theoretically as the emergence of singularities (non-analyticities) in functions
representing physical quantities. As shown in Fig. 1.2, quantities such as the entropy S,
the volume V and the specific heat C show such singularities as a discontinuity (jump),
a cusp or a divergence. An example is the melting of ice, in which latent heat must be
supplied to the system and consequently the entropy jumps as illustrated in Fig. 1.2(a).
When water boils and changes to vapor, the volume changes discontinuously. From
a physics standpoint the reason behind the occurrence of a phase transition is the
competition between the (internal) energy E and the entropy S of the system, which
together determine its free energy F'= F —T'S. While the first term (FE) favors
order, the second (S) privileges disorder, and depending on the value of the external
parameters (such as T'), one of the two terms dominates.

According to the conventional classification, phase transitions are roughly divided
into two types by the degree of singularity in physical quantities. When the first-order
derivative of the free energy F' shows a discontinuity, the transition is of first order.
The transition is called continuous if the second- or higher-order derivatives of the
free energy show a discontinuity or a divergence. It is also common to name phase
transitions by the order of the derivative that first shows a discontinuity or divergence,
e.g. it is called second order if it is the second-order derivative of the free energy that
first displays the discontinuity or divergence. For instance, the transition of ice to
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water accompanies latent heat and consequently a jump in entropy (AS > 0). Since
the entropy is the derivative of the free energy S = —(0F/0T)y, such a transition
is of first order. A transition with continuous entropy but a discontinuity in the
specific heat C, which is the derivative of the entropy, is of second order (Figs. 1.2(c)
and (d)). In many second-order transitions, the specific heat diverges at the transition
temperature. Examples include the A transition, i.e. the superfluid transition in liquid
helium 4, and the paramagnetic—ferromagnetic transition in magnetic materials. A
particularly interesting and common transition in systems of low space dimensionality
is the Kosterlitz—Thouless transition (see Chapter 7), where all derivatives of the
free energy are continuous, nonetheless, the free energy has a singularity, known in
mathematics as an essential singularity.

Notice that from the statistical mechanics viewpoint, thermodynamics arises from
the free energy, which is determined by the partition function Z,

Z = e Ikl — y o H/ksT (1.1)

where kg is Boltzmann’s constant, and Tr (trace) represents a sum over all the degrees
of freedom that enter the Hamiltonian H of the system under study. Since Z is a sum
of exponentials of —H/(kgT), non-analyticities of the free energy can only happen in
the thermodynamic limit, where the volume of the system V' and number of degrees
of freedom (e.g. spins in magnetic materials) N grow to infinity, such that its ratio
remains constant, i.e. N/V — const.

A material may show both first- and second-order transitions depending on the
conditions. Figure 1.3(a) illustrates the phase diagram of a magnetic material placed
in an external magnetic field h. If the temperature T is lower than some T, (critical
temperature, critical point, criticality, transition point), the sign of the magnetization m
jumps from minus to plus as the external magnetic field A is scanned from the negative
direction to the positive direction as realized by the path (b) of Fig. 1.3(a), thus a
first-order transition. For negative h, the spins in the magnetic material align with that
negative direction on the macroscopic scale. They suddenly change the direction as the

(a) (b) ()
m

Fig. 1.3 (a) Phase diagram of a magnetic material, (b) first-order transition, and (c) second-
order transition. The dotted arrows marked (b) and (c) in panel (a) correspond to the changes
in parameters shown in panels (b) and (c), respectively.
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external field becomes positive.! Thus, for T' < Ty, a finite magnetization m remains
even after we take the zero-field limit & — 0+ as depicted in Fig. 1.3(b). The sign is
of course negative, m < 0, when h — 0—. This is called spontaneous magnetization,
a typical example of an order parameter. When the temperature is high, T > T,
the magnetization changes smoothly at h = 0 without any singularities. On the other
hand, if we keep the external magnetic field infinitesimally small, A = 0+, and lower
the temperature across T¢, then the spontaneous magnetization changes continuously
from 0 to a positive value (Fig. 1.3(c)), thus defining a second-order transition.

1.3 Ciritical phenomena

Continuous phase transitions are often synonymous with critical phenomena, i.e.
anomalous phenomena that appear around the critical point (C in Fig. 1.1) where
two or more phases become indistinguishable. The main goal of the present book is to
present the basic theory to understand critical phenomena.

Let us explain the idea of critical phenomena observed in magnetic materials.
Suppose that we decrease the temperature T' toward the critical temperature (critical
point) T, from above as in Fig. 1.3(c). The magnetization m keeps its vanishing
value throughout this process. Nevertheless, as a precursor to finite spontaneous
magnetization m > 0, h — 04 below T, the magnetization increases very rapidly
if we apply a small but finite external magnetic field h at temperatures slightly above
the critical temperature. Thus, according to the definition of magnetic susceptibility x

m = xh + O(h%), (1.2)

this x assumes a very large value near the critical temperature T, (Fig. 1.4).

The magnetization is proportional to the external field m o h for T' > T,.. When the
temperature is adjusted to be exactly at the critical point (T = T¢), the magnetization
grows more rapidly as a function of the external field, m oc h'/% (1/8 < 1). If we define
the magnetic susceptibility as the first-order coefficient of h as in eqn (1.2), then the
susceptibility at the critical point behaves as x ~ m/h o« h'/°~1! and diverges as h — 0.
See Fig. 1.4. Spins do not spontaneously align on the macroscopic scale in the high-
temperature region 7' > T, but they, nevertheless, tend to have a similar direction
within fairly large regions for T' close to T.. These clustered spins respond coherently
to the external field, and consequently the magnetization increases very rapidly as the
field is applied. The degree of alignment of spins fluctuates significantly in space and
time. The singularities in physical quantities reflect these fluctuations.

Essentially, the same phenomena are observed around the liquid—vapor critical
point shown in Fig. 1.1. Suppose that we increase the temperature and pressure so
that the system stays on the coexistence curve (phase boundary) of liquid and vapor
along the curve between TP and C in Fig. 1.1. Since (low-density) vapor and (high-
density) liquid become indistinguishable beyond the critical point, there exist fairly
large regions in the liquid where the density is significantly lower than the average
at temperatures sufficiently close to (but below) the critical temperature. Similarly,

1 This is an idealized picture. The change in the direction of spins is actually much more complex
due to the magnetic domain structure.
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X

0 T, T
Fig. 1.4 The magnetic susceptibility diverges at the critical point.

large clusters of high density will show up in the vapor. These phenomena may be
described as fluctuations in the density, the difference of which between vapor and
liquid represents the order parameter. The length scale of such fluctuations ranges from
microscopic to quasi-macroscopic near the critical point. Consequently, fluctuations of
length scales close to the wavelength of visible light exist. Then, there appear white
cloud-like regions in the transparent liquid/vapor due to the reflection of light from
such clusters. This phenomenon is termed critical opalescence. One of the physical
quantities that show a singularity in such a case is the variance of density per unit
volume, which diverges at the critical temperature.

The degree of singularity or divergence of physical quantities near the critical
point is described by critical exponents or critical indices (o, ', B,7v,~',6,n,v,--+).
Experiments show that physical quantities generally have power-law singularities as
functions of the difference between the control parameters (such as temperature) and
their critical values. Let us denote this difference by ¢ and take it as a dimensionless
quantity. For example, t = (T' — T,)/T., where T is the critical temperature. Critical
exponents of simple magnetic materials are defined as follows

Y [t|™T (T>T.), [t (T<T) (1.3)
Coc|t™ (T>T), [ (T<T) (1.4)
m o< \t|ﬁ (T <T) (1.5)
m o [h|Y? (T =T,) (1.6)
G(r) xr "e ¢ (T #T.) (1.7)
Exf|™ (T>T), |t (T<T) (1.8)
G(r) « pdt2-m (T =T,), (1.9)

where x is the susceptibility, C' the specific heat, m the magnetization, G(r) the
connected two-point correlation function G(r) = (S;Sitr) — (Si)(Si4+r) with two spins,
Si, Si+r, separated by a distance r, and d is the space dimensionality of the system.
As already mentioned, the magnetic susceptibility x diverges at the critical point,
and the rate of divergence is described by eqn (1.3) using the critical exponents v and
~'. The symbol oc expresses the most singular contribution among the singularities
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in the function on the left-hand side. There actually exist additional weaker singu-
larities and non-singular (i.e. regular) terms and we have omitted the proportionality
constants. Therefore, a more accurate expression for x should look like

X=Alt|Y +Bt| "+ dconst +t 14 (1.10)

The critical exponents for the higher-temperature side (¢ >0) and the lower-
temperature side (¢ < 0) usually assume the same value. This is a non-trivial fact
and should be confirmed in each case.

Similar remarks apply to the other critical exponents. The index of singularity
in the specific heat C' is a. The index (@ describes how the magnetization (order
parameter) m approaches zero as the temperature increases toward the critical point.
The magnetization m at T, is a non-linear function of the external field h, a fact that
is expressed by the exponent §. The correlation function G(r) decays exponentially as
a function of the distance as in eqn (1.7) if the temperature is not at the critical
point. The correlation function describes the degree of similarity of the states of
spins separated by a distance r. Thus, eqn (1.7) implies that the correlation between
spin states is very small beyond the distance &, called the correlation length. This
correlation length increases rapidly as the temperature approaches the critical point
and eventually diverges. The rate of this divergence is described by the exponent v
defined in eqn (1.8). When the temperature is tuned to be exactly at the critical
point, the system sustains fluctuations of all length scales and the correlation function
decays slowly in a power law manner as in eqn (1.9). This power is characterized by
the exponent 7.

Critical exponents are very basic quantities to characterize critical phenomena,
and an important goal of the theory of critical phenomena is to develop a systematic
method to calculate the values of critical exponents. Most importantly, there are
simple relations between exponents (scaling law), which allow one to determine an
exponent given the values of other exponents (i.e. not all exponents are independent).
For example, the Rushbrooke scaling law is o + 28 + v = 2.

1.4 Scale transformation and renormalization group

An essential feature of critical phenomena is that fluctuations of all length scales
appear simultaneously, causing non-analytic behavior of physical quantities. The pres-
ence of singularities make standard theoretical perturbative approaches inappropriate.
Figures 1.5, 1.8 and 1.9 show such emergence of fluctuations in the two-dimensional
(d = 2) ferromagnetic Ising model (see Section 1.5) simulated by the Monte Carlo
method to be detailed in Chapter 11.

Let us first have a look at Fig. 1.5(a) that shows the state of the system at a
temperature slightly below the critical point, 7" = 0.9957;. The two-dimensional Ising
model with a linear size 486 was simulated, and a typical spin configuration is shown
here with up spins in black and down spins in white. No external field h is applied. Most
spins are in the up state and the system is magnetically ordered. Up spins are connected
from one edge of the square to the opposite edge, whereas down spins exist only in
isolated islands. Most of these islands have a length scale of a few millimeters in the
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present printed scale (of the order of 10 spins in the number of sites). This length scale
is essentially the correlation length &.

Now, let us apply a block-spin transformation to the configuration of Fig. 1.5(a).
The result is depicted in Fig. 1.5(b). The block-spin transformation in this example
consists of replacing the neighboring 3 x 3 = 9 spins by a single spin according to the
majority rule illustrated in Fig. 1.6. Figure 1.5(b) can be regarded as a coarse-grained
version of 1.5(a) with the details of very short length scales washed out. The dominance
of black states is more prominent in (b) than in (a). The length scale is reduced to
1/3 of the original one and, correspondingly, the linear size of typical white regions
(correlation length) is reduced by the same factor. Figure 1.5(b) should therefore be
expanded (rescaled) by the factor 3 if we are to restore the original scale.

(b)

(d)

Fig. 1.5 (a) Typical spin configuration of the two-dimensional ferromagnetic Ising model at
T = 0.995T¢. (b), (c) and (d) are the results of successive block-spin transformations.

| [
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|
oy —> U — N
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|

Fig. 1.6 Block-spin transformation in which we apply the majority rule to replace 3 x 3 =9
Ising spins by a single spin.
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Fig. 1.7 The renormalization group transformation changes the effective temperature. If the
initial temperature is below the critical point, the effective temperature decreases, whereas
it increases when the initial value is above the critical temperature. The critical point
corresponds to the (unstable) fixed point of the transformation.

Repeated applications of block-spin transformation to (b) yield (c¢) and then (d).
These latter figures (c) and (d) are almost uniformly black. This is a consequence
of consecutive eliminations of fluctuations of short length scales (i.e. white islands
in the black sea) in order to focus our attention to the phenomenon of long length
scales. This process allows us to extract the essential features of the macroscopic
system near the critical point. This is the physical picture behind the renormalization
group. A block-spin transformation is a step to realize the idea of a renormalization
group transformation, which consists of elimination of short-length fluctuations (coarse
graining) and rescaling.? The latter process of rescaling in the example of Fig. 1.5 is
just to expand (b) by the factor 3 and reproduce the original scale of (a).

The all-black state corresponds to the maximum magnetization, which is physically
realized at zero temperature. We may thus understand that the renormalization group
gradually lowers the effective temperature to eventually reduce the system to the zero-
temperature state of Fig. 1.5(d), see Fig. 1.7.

If we apply the same manipulations to the system exactly at the critical point
T =T, we obtain Fig. 1.8. The external field is zero in this case too. The initial state
(a) may give the reader an impression that the black state is slightly dominant over
the white state (or vice versa). However, when we apply the renormalization steps as
in (b), (c), (d), the system does not seem to approach an overwhelmingly black (or
white) state. The physical reason behind this behavior is that there exist fluctuations
(black and white islands) of all length scales at the critical point, from microscopic to
macroscopic scales, which makes it impossible to eliminate short-length fluctuations to
reduce the system to essentially the zero-temperature or infinite-temperature states.
The system remains unchanged by the renormalization group. In fact, white islands
of small to large length scales coexist in Fig. 1.8(a) and we cannot identify a typical
length scale. For temperatures lower than the critical one, T' < T¢, as in Fig. 1.5,
fluctuations have a typical length scale £, and hence a few renormalization steps are
sufficient to eliminate these short-length behaviors. A critical region is a fluctuation-
dominated regime of the system. Exactly at the critical point, the system has an
essentially different property, that of the absence of a typical length scale. This fact
may be rephrased by stating that the effective temperature does not change by a
renormalization group transformation if the system is at the critical point. The critical
point corresponds to a fized point of the renormalization group transformation.

2 There indeed exists an additional important process of renormalization (amplitude change of
microscopic degrees of freedom), as will be discussed in detail in Chapter 3.
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(d)
L

Fig. 1.8 Change of spin configurations by renormalization group transformations for a
system at temperature T = T¢.

The final example of block-spin transformation is for a temperature higher than
the critical point T' = 1.057;. As shown in Fig. 1.9, a few transformations change the
system state to a completely random one. The situation in (¢) and (d) resembles
the high-temperature limit of the system where spins rapidly change their states due
to strong thermal agitation. In this sense, the renormalization-group transformation
reveals that the system above the critical point has essentially the same properties
as the system in the high-temperature limit. The correlation length is of the order of
a few millimeters to a centimeter in (a), which is reduced to the very short distance
between neighboring (block) spins in (¢) and (d).

A general strategy to study critical phenomena is, as suggested by the examples
mentioned above, to write a set of renormalization group equations, which describe
how parameters such as the temperature change as the degree of coarse graining and
rescaling is increased, and to analyze its solution around the (critical) fixed point. A
fixed point is a point in the parameter space, to which corresponds a state (or fixed-
point Hamiltonian) invariant under a renormalization group transformation. It has an
associated correlation length £ that is either infinity (at a critical fixed point) or zero
(at a trivial fixed point in the high- or low-temperature limit, for example). These
ideas are formulated in detail in later chapters.
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ot

Fig. 1.9 Spin configuration at 7' = 1.057, and its block-spin transformations.

The important concept of universality emerges from the idea of renormalization
group that eliminates inessential short-range details and emphasizes increasingly
macroscopic viewpoints. More precisely, an important consequence of universality is
that quantities that describe the essential features of critical phenomena, typically the
critical exponents, do not depend on the system details but are specified only by a
few basic factors such as the symmetry of the system, range of the interactions (i.e.
short or long range), and its spatial dimensionality (more precisely, the connectivity
of its elementary degrees of freedom, e.g. spins in the Ising model, when the system is
defined on a lattice). For example, two apparently different critical phenomena share
the same critical exponents, one in the Ising model and the other in a simple liquid,
as long as both are in three dimensions. These two distinct physical systems are said
to belong to the same universality class. It is surprising that a model of magnetism
shows essentially the same critical behavior as one for the liquid. The physical reason
behind this behavior is that many characteristics of the system? gradually recede as
the renormalization-group transformation proceeds and eventually only the essential
factors, the spatial dimensionality and the symmetry of the system, survive.

3 For example, whether or not the microscopic elements are located on discrete lattice sites (Ising
model) or distributed continuously spatially (liquid).
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The symmetry in the example of the Ising model in the absence of an external
field is that all the microscopic ingredients (Ising spins) can be transformed into
minus its values, S; — —9; (Vi), with the Hamiltonian kept invariant. This is a global
transformation that is mathematically represented by the group Zs, which consists
of two elements {1, —1} with the usual rule of multiplication. Correspondingly, the
order parameter is a scalar quantity, the number of components being just one. These
features are shared by the liquid—vapor transition in simple liquids.

Strong evidence to support such a viewpoint is provided by the experimental fact
that the critical exponents of simple liquids agree with those for single-component
magnets. Additional support for this view will be given from the explicit formulation
of the renormalization group method in later chapters. Another quantity that shows
universality, in addition to the critical exponents, is the ratio of critical amplitudes,
the coefficient A in eqn (1.10), on the high-temperature (¢ > 0) and low-temperature
(t < 0) sides of the phase transition. There are, of course, many properties that are
non-universal, the critical temperature itself being a relevant example that depends
on the microscopic details of the model.

1.5 Ising model and related systems

It is not necessary to construct and study a precise model Hamiltonian, which reflects
the details of a real material of interest, in order to understand the critical phenomena
shown by the material. Universality allows us to simplify the model to a very basic one,
eliminating all inessential characteristics, if we are interested in the values of universal
quantities such as the critical exponents. This fact provides the useful strategy that
consists of adopting the simplest possible model system for investigation. Critical
exponents are very robust against changes in the parameter values that specify the
system details.

A very popular basic model for phase transitions and critical phenomena is the
Ising model defined by the following equation, or Hamiltonian, or energy function

H=-JY 88—h>_ S (1.11)
(i) i

Here, S; is the Ising spin (S; = +1) at site (lattice site) 4, and (ij) denotes an
interacting spin pair. An example is given in Fig. 1.10, where a neighboring pair

Fig. 1.10 Square lattice and a pair of nearest-neighbor sites (i5).
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is shown on the square lattice. The coefficient J is the interaction constant (coupling
constant) and h represents the external magnetic field expressed in units of energy.
The Ising model is a simplified model of macroscopic systems with the number of
elementary components equal to unity (that is, S; is a scalar, not a vector quantity)
and has been studied extensively as a model of magnetism. In this latter case J
denotes the exchange interaction. For J > 0 the interaction is ferromagnetic and it is
antiferromagnetic if J < 0.

The three-dimensional Ising model describes the critical behavior of simple liquids
due to the effective symmetry shared by both systems (the Ising model and simple
liquid), i.e. the fact that the number of components of their relevant variables is one.
A more direct relation can also be established between the two systems using the idea
of a lattice gas. Molecules of gas and liquid distribute continuously in space. Near the
critical point, since fluctuations of long wavelength play a dominant role, it is allowed
to discretize the space and ignore phenomena that occur only in short-range scales.
Spatial discretization means to allow molecules to exist only on discrete lattice sites.
More concretely, let the Ising spin describe whether or not a molecule exists at site ¢ by
the rule that S; = 1 when there is one and S; = —1, otherwise. Neighboring molecules
are assumed to have an interaction —¢ when S; = S; = 1. Then, the Hamiltonian
reads

:_¢Z 1+s Z (145 (1.12)
(i5)
The chemical potential is denoted by p. This equation is rewritten in the usual form
of an Ising model using appropriate J and h as

H=-JY SiS;—h>_ S+ const. (1.13)

i
The density p is related to the average number of molecules per lattice site as

oo = 51+ (51), (1.14)

where v is the unit volume. Thus, the density of liquid is related to the magnetization
of the Ising model m = (S;). This is another way of justifying the fact that the
magnetic and simple liquid—gas transitions belong to the same universality class.

The Ising model also represents a binary alloy, a mixture of two different species
of atoms, A and B (Fig. 1.11). The state S; = 1 denotes that site ¢ is occupied by
an atom A and S; = —1 by an atom B. When the atoms interact with each other
with the energy values Jya (for atom pair AA) Jpp (for BB) and Jap (for AB), the
Hamiltonian reads

H_fZJAAl—FS)l—FS ZJBB - 55) (1.15)
(i4) (U

+i;JAB {4+ 8)(1—8) + (1 S)(1+ )} (1.16)
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Fig. 1.11 Structure of a binary alloy. In this example, two types of atoms A and B, depicted
in black and white, occupy the lattice sites of the body-centered cubic lattice. The left panel
represents a disordered state and the right panel is for an ordered state.

This Hamiltonian may be rewritten as

H=-J) 8;8;—h>» S+ const. (1.17)
(i) i

Here, J = —(Jaa + Jeg —2Jap)/4 and h x (Jgp — Jaa). There is an extra con-
straint for the spin variables in the case of the binary alloy, which fixes the difference
between the number of up spins (S; = 1) and down spins (S; = —1), corresponding to
the fixed magnetization of magnetic materials: Since the total number of atoms of each
type, A and B, is constant, the sum ). S; is fixed to a given value. For instance, if
the numbers of A and B atoms coincide, this constant is 0. According to experiments,
critical exponents of binary alloys agree very well with those of the three-dimensional
Ising model. An example is provided by the alloy beta-brass (a mixture of copper and
zinc atoms), whose exponents are the same as those of the Ising antiferromagnet.

It will be useful to introduce a few other models in addition to the simplest Ising
model. The Ising model with the binary value for spins, .S; = £1, is sometimes called
the spin-1/2 Ising model. The reason is that the z-component of the quantum spin
operator takes only two values, S7 = +£1/2, if the magnitude of the spin operator is
S =1/2 in units of the Planck constant /. A simple generalization of the spin-1/2
case is the spin-1 Ising model in which S; takes three values 1,0, —1. The spin-1 Ising
model often has an extra term in its Hamiltonian representing anisotropy,

H=-JY 88 -D> S?—h) S (1.18)
(i) i i

The anisotropy term of strength D is constant in the spin-1/2 case, since S? = 1, but
it is not when S = 1 in which case S? is 1 or 0. The consequences of the existence of
this term will be discussed in the next chapter in relation to the tricritical point.

In the g-state Potts model, the spin variable S; takes up to ¢ values, where ¢ is
an integer equal to or greater than 2. If we write these values as S; =1,2,--- ,q,
the interaction between two Potts spins is assumed to take two values depending on
whether these two spins are in the same state or not,

H = _JZ(SS“SJ — hZ(SSi)l. (1.19)
(24) i
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Here, 05, s, is 1 when S; = S; and is 0 otherwise, i.e. Kronecker’s symbol. The external
field is assumed to apply only if the spin is in state 1 in the above Hamiltonian. Other
choices are possible, for example, that the field applies to state 2 (dg, 2) or to a few
states (dg,,1 + ds, 2) - The ¢ = 2 Potts model reduces to the Ising model by appropriate
changes in the definition of coefficients (Exercise 1.1). The Potts model shows a rich
variety of phase transitions and critical phenomena according to the value of ¢ and
the spatial dimension and has been investigated extensively. The ¢ = 1 limit of the
Potts model is closely related to the problem of percolation as will be explained in
Section 8.3.

The symmetry of the Hamiltonian may certainly change with ¢ in the Potts model,
but it can also change when the number of components of the spin is greater than 1,
in which case the spin is a vector S,

H=-JY S;-8;-> h-S. (1.20)
(i) i

The system with two components S; = (S¥,5Y) is the XY model, and the three-
component system is called the Heisenberg model. The magnitude of the spin variable
S? is usually fixed to 1. Consequently, the Hamiltonian of the XY model is often
written as

H=-J) cos(¢; — ¢;) —hZcosqSi7 (1.21)
(i) i

where S; = (cos ¢;,sin¢;) and h has been chosen as h = (h,0). These vector-spin

models have different critical exponents depending on the number of components of

the spin S;. In general, when S; has n components, the system is called the n-vector

model.

Rigorously speaking, spins are quantum-mechanical operators and we have to
justify the classical treatment mentioned so far. An intuitive reason is that critical
phenomena are caused by cooperation of a very large number of microscopic degrees
of freedom. Though each of these degrees of freedom may be quantum mechanical, the
net behavior of the system is essentially macroscopic, and quantum-mechanical effects
usually do not show up explicitly. This picture is confirmed by rich data of agreement
of critical exponents between classical theories and experiments. It is, nevertheless,
necessary to seriously consider quantum effects when critical phenomena are observed
at extremely low temperatures. We then should consider quantum spin systems by
regarding S; in eqn (1.20) as quantum-mechanical operators. The important subject
of quantum phase transitions is outside the scope of the present volume except for a
few simple examples.

EXERCISE 1.1 Show that the two-state Potts model is equivalent to the Ising
model. Since S; in the two-state Potts model takes two values, 1 and 2, it will
be useful to rewrite these two values in terms of Ising variables (to be denoted as
oi = —1, 1 to distinguish it from the Potts variable S;) and to express Kronecker’s
delta ds,,s; by the product o;0;. A similar change will be necessary for the external
field term.
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Mean-field theories

The basic strategy of theoretical studies of phase transitions and critical phenomena is
to solve models, such as the ones described in the last section of Chapter 1, according
to the prescription of statistical mechanics. This program is actually quite hard to
follow closely. As an example, the total number of states for the N-spin Ising model
is 2%, since each spin may take one of the two values, 1 and —1. This exponential
number increases very rapidly with IV, and it soon becomes impossible to calculate the
partition function exactly in a straightforward manner as IV reaches a moderate value.
For instance, N = 10 yields 2" = 1024, and as N increases to N = 100, 1000, 10000,
2N explodes from 1.27 x 1039, 1.07 x 10%°! to 2.00 x 103010, In some limited cases we
may derive exact solutions by ingenious methods, as described in Chapter 9. However,
in general, we have to resort to approximate methods to understand the essential
features of the physical phenomena under consideration. One of the most common
and important approximations is called mean-field. In the present chapter we explain
the mean-field approximation, the Landau theory, the infinite-range model, and the
Bethe approximation, and show that all these (mean-field) theories are essentially
equivalent to each other. Also described are the Landau theory of tricritical behavior,
correlation functions, the limit of applicability of the mean-field theory, and dynamic
critical phenomena. These mean-field solutions provide a reasonable starting point for
more advanced methods including the renormalization group.

2.1 Mean-field approximation

Let us first explain the mean-field approximation for the Ising model. The basic
strategy is to focus our attention on a single spin and replace the neighboring
spins by their averages, as illustrated in Fig. 2.1. Then, the problem reduces to a
single-variable case, and the number of degrees of freedom appearing in the computa-
tion of the partition function is drastically reduced from 2%V to 2. The problem of many
interacting particles is replaced by a non-interacting one, which greatly facilitates the
theoretical treatment. As will be shown below, this procedure is equivalent to the
approximation where one ignores the deviations (fluctuations) from the average value
of the spin variables. We explain this latter method since it provides a transparent
point of view on the essence of the mean-field approximation.

Let us separate the Ising spin variable S; into its thermal average m = (S;) and
the deviation (fluctuation®) from the average 6S; = S; — (S;) in the Ising model

1 The term fluctuation is used in a few slightly different ways. In the previous chapter a fluctuation
meant that, within a spatial region, the degree of freedom takes a different value from that in the
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Fig. 2.1 In the mean-field approximation spin variables surrounding a given spin are
replaced by their average values (shown in gray circles).

Hamiltonian
H=-J]Y 58S —h»_ S (2.1)
(i5) i

We have S; =m +dS5; and ignore the second-order terms in 45; assuming that
fluctuations are not very significant. We expect that (S;) does not depend on the index
j due to the spatial uniformity of the system (space translation symmetry). This may
seem a very crude approximation, but it turns out that qualitatively reliable results
can be derived on critical exponents as long as the criterion of validity (Ginzburg
criterion) described in Section 2.10 is satisfied. Equation (2.1) now reads

H=—JY (m+388)(m+dS;)—h> S
(ig) i
~ —Jm?Np — Jm Y (68;+068;) —h>_S;. (2.2)
(i) i

Here, Np is the total number of interacting spin pairs, ZW) 1 = Ng. We mainly
consider the cases in which only nearest-neighbor pairs of spins interact with each
other as depicted in Fig. 2.2. Then, N is the number of bonds or the number of
interacting pairs.

We focus our attention on site ¢ in the interacting pair in the second line of the
above equation. We find that 4S; appears four times as seen in Fig. 2.2: Bonds to
the up, down, right, and left neighbors. If we write z for the coordination number (the
number of bonds emanating from a site), we have

H=—Jm’Ng —JmzY 68 —h» S (2.3)

It is convenient to further rewrite 0.5; in terms of S; using the definition 6S; = S; — m,

H=—Jm’Ng —JmzY (S;—m)—h» S5
= NpJm® — (Jmz+h) > _S;, (2.4)

surrounding regions. In the present section, the deviation of the value of a very local degree of freedom
from the average is called a fluctuation.
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Fig. 2.2 Site ¢ and its nearest neighbors on the square lattice. The number of nearest
neighbors z is 4 in this case.

where the relation Ng = zN/2 has been used. For example, the square lattice (z = 4)
has Ng = 2N (assuming periodic boundary conditions).

Equation (2.4) coincides with the following Hamiltonian, which is obtained from
the original Hamiltonian (2.1) after replacement of S; (those interacting with S;) by
the average m,

H =~ ZHz =—(Jmz+h) ZS"’ (2.5)

the difference between this (2.5) and eqn (2.4) being only in the additive constant.
The physical picture of Fig. 2.1 is realized in the replacement of S; by m.

In eqn (2.4) the effects of interactions of spin S; with the neighboring spins are
expressed in the same form as those of an external field of strength Jmz. We thus
call such a term an effective field or a molecular field. Correspondingly, the mean-field
approximation is also called the molecular-field theory.

The problem has now been simplified to a single-site case as seen in eqn (2.5), where
no interactions between spins exist explicitly. All S; can be treated independently and
one may think that the problem has been solved. It is not the case yet, however. The
quantity m has been introduced as the average magnetization and we should specify
its value. To determine m, we note that m in eqn (2.5) is the average (S5;) of spins
neighboring to S;. Therefore, because of translational symmetry, we require that m
be equal to (S;), which is expressed as the self-consistent equation

Z SieB(JmZ+h)Si
 Si=t1

E e,@(]szrh)S.;
Si==%1

m = tanh 8(Jmz + h). (2.6)

The symbol 3 is for the inverse temperature, 3 = 1/kpT.? For simplicity we will adopt
the unit that reduces the Boltzmann constant kg to 1 throughout this book. It is not
difficult, if necessary, to recover the formulas explicitly including kg by dimensional
analysis.

Equation (2.6) determines m as a function of the external parameters h and
and is also called the (mean-field) equation of state. It is not possible to explicitly

2 Not to be confused with the critical exponent 3.
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Fig. 2.3 (a) Graphical solution of the equation of state for the mean-field approximation of
the Ising model. When 3Jz > 1, the line y = m and the curve y = tanh Jzm cross at two
points with m # 0 as indicated by black dots. (b) The solution m(T") marked by the black
dot in (a) is depicted as a function of T'. Only the solution with m > 0 is shown here.

solve eqn (2.6) for m, but we may develop the following argument for the behavior
of the solution by using a graphical representation of the left- and right-hand sides.
Let us assume h = 0 for simplicity. As shown in Fig. 2.3(a), the slope of the right-
hand side tanh(3Jmz) at the origin is larger than 1 when $Jz > 1 and the equation of
state has non-vanishing solutions. This means that the system has a finite spontaneous
magnetization, the non-vanishing magnetization that exists in the limit of a vanishing
external field h — 0, below the critical point T, = Jz. Figure 2.3(b) represents this
situation. The sign of m is determined by whether i approaches 0 from above (h = 0+)
or below (h = 0—). Only the solution m > 0 is shown in Fig. 2.3(b), but there exists
a corresponding negative solution with the same absolute value. The absolute value
of the solution m # 0 increases as the temperature decreases. In this way, we have
reached a qualitative understanding of Fig. 1.3(c¢) from a mean-field perspective.

The mean-field approximation presented in this section represents one possible way
to realize a mean-field theory. A mean-field theory constitutes a general strategy to
reduce the original problem of exponential complexity (there are 2V = exp(N log2)
possible configurations) into one of polynomial complexity, e.g. N* with o > 0. In our
particular example of the Ising model, we reduced 2%V to 2. However, we could have
applied the same type of approximation to a cluster of N, spins instead of a single
spin, with a reduction from 2% to 2¥¢. An example of this latter case is the Bethe (or
Bethe-Peierls) approximation, to be discussed in Section 2.8.

EXERCISE 2.1 Consider the model Hamiltonian of eqn (2.1) for a collection of
spins of magnitude S with §; = —-S,—-S+1,---,5 —1,5. Determine the critical
temperature of the system by using the mean-field approximation.

2.2 Critical exponents of the mean-field theory

We next study critical exponents of the mean-field approximation. As one sees in
eqn (1.5), the critical exponent (3 describes how the magnetization m vanishes as the
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temperature increases toward the critical point in the absence of an external field h.
Since we are interested in the region where m is very small, it is legitimate to expand
the right-hand side of eqn (2.6) around m = 0. For h = 0 we then obtain

m = fFJzm — é(ﬁJz)?’m?’ +o (2.7

Since we are interested in solutions with m # 0, we divide both sides of this equation
by m and solve the result for m to find

mes (W oy (3D 28

where we used 3Jz &~ 1 near the critical point. The critical exponent 3 is therefore
1/2.

The value of the critical exponent v that describes the divergence of the magnetic
susceptibility x, is 1. To confirm this fact, it is useful to notice that m and h both
approach 0 with the same order of magnitude as h — 0 when the temperature is above
the critical point T' > T, as in eqn (1.2). We therefore expand the equation of state
(2.6) assuming m and h are small quantities of the same order of magnitude,

m=0Jzm+ Bh+---. (2.9)
By rewriting this relation to obtain y defined by m = xh, we find
1
= . 2.10
X=F7 (2.10)

Since the susceptibility diverges inversely proportionally to the temperature difference
T —T., the critical exponent is v =1 for T > T.. As seen in Exercise 2.2, the
critical exponent assumes the same value for T' < T.. We therefore have v =+ in
eqn (1.3).

EXERCISE 2.2 Show that the mean-field value of the critical exponent + for the
magnetic susceptibility below the critical point 7' < T, has the same value as the
high-temperature counterpart v = v = 1. It will be useful to first differentiate both
sides of the equation of state (2.6) with respect to h and then use the facts that
the susceptibility is given by x = d9m/0h (h — 0) and that the magnetization m is
almost zero near the critical point.

To study the critical exponent « that characterizes the rate of divergence of the specific
heat, it is useful to notice that the specific heat C' is calculated from the temperature
dependence of m derived above: When h = 0, the mean-field Hamiltonian (2.4)

H = NpJm® —Jmz Y _S; (2.11)

is reduced to H =0, if T > T, since m = 0. The specific heat, the temperature
derivative of the energy, is therefore 0. In the low-temperature region 7' < T¢, on
the other hand, the Hamiltonian does not vanish as m is finite. The specific heat
consequently has a positive value. These considerations lead us to the temperature
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0 T, T

Fig. 2.4 The specific heat does not diverge but has a jump according to the mean-field
approximation.

dependence of the specific heat as depicted in Fig. 2.4 with a jump at T¢. This jump is
described by the exponent o = 0 because it implies C' o [T — T,|", that is, the specific
heat approaches a finite constant as the temperature reaches the critical value, which
is indeed the case both above and below T, as shown above. This also confirms that
a=da(=0).

EXERCISE 2.3 Determine the average energy per spin and specific heat (h = 0)
of the Ising model in the mean-field approximation.

To find the value of the critical exponent ¢ that describes the magnetic-field
dependence of the magnetization exactly at T' = T, it is useful to expand the equation
of state under the assumption that both m and h are small (but not necessarily of
the same order), thus providing the h dependence of m. The third-order expansion
of the right-hand side of the equation of state (2.6) with h kept non-vanishing yields

Be 3
m%ﬂC(sz—&—h)—?(sz—i—h) , (2.12)

where (. stands for 1/, = 1/Jz. This equation can be rewritten as

Boh ~ % [(Beh)® + 3(Beh)?m + 3(Beh)m? +m®} | (2.13)

Using the definition h =~ m®, we write the above equation just in terms of the order

of magnitude of m, [m], dropping the coefficients,
[m®] & [m*] + [m**1] + [m° 2] + [m?]. (2.14)

We have to choose § = 3 so that the lowest-order terms of both sides are consistent
with each other.

The results for the mean-field critical exponents are summarized in the following
table:
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Exponent Mean-field value

2 @» R
W N O

A closer look at the above-mentioned derivation of critical exponents reveals that
universality is realized even within the mean-field approximation since the values of
the critical exponents depend just on some symmetry properties and not on other
details of the system. For example, the result § = 1/2 emerges from the fact that the
right-hand side of eqn (2.7) is composed of the first- and third-order terms of m: By
dividing both sides of this equation by m, we reduce m? in the second term of the right-
hand side to m? and the left-hand side to a constant. Then, the magnetization behaves
as the square root of the temperature difference. This means that the coefficient 1/3
of the second term of the right-hand side of eqn (2.7) has no influence on the critical
exponent. Only the negative sign matters. We further find that the explicit form as
a hyperbolic tangent of the right-hand side of the equation of state (2.6) does not
come into play, but the only ingredient that affects the result is that tanh(8Jmz) is
an odd function of m with a negative coefficient in the third order. A similar comment
applies to the critical exponent . The only requirement to reproduce v = 1 is that the
right-hand side of the equation of state is an odd function with a positive coefficient
in the first order of the expansion. A different value of this positive coefficient leads to
a different value of the critical point with the same critical exponent. We notice here
the non-universality of the value of the critical point.

EXERCISE 2.4 Let us study the Heisenberg model by the mean-field approxima-
tion. The Hamiltonian is

H=-JY Si-S;—-hY_ S (2.15)
(ig) i

Here, S is a classical vector of unit length having three components Sy, SY, S7. Since
the external field is applied along the z-axis, the magnetization m = (S;) is also
parallel to the z-axis. Derive the mean-field Hamiltonian similar to eqn (2.4) by the
same argument as in the Ising model. Also, derive the self-consistent equation cor-
responding to eqn (2.6) using the log-derivative of the partition function. Calculate
the critical point and exponent 8 and confirm that the latter agrees with the Ising
case.

2.3 Landau theory

The Landau theory is a variant of the mean-field theory, which does not include
the elementary degrees of freedom of the statistical model. It is a phenomenological
theory in that no microscopic variables, such as the Ising spins, are used and the free
energy is written as a function of the magnetization (i.e. the order parameter) from
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(a) (b) ©
o o o

a>0 a=0 a<0

Fig. 2.5 The m dependence of the Landau free energy. The locations of minima change
according to whether the temperature is above the critical point (a), at the critical point (b)
or below (c).

symmetry considerations alone. The condition of thermal equilibrium is realized as a
minimization of the free energy.

Let us first discuss the simple case of h = 0, i.e. no external field. The free energy
per microscopic degree of freedom or per unit volume will be written as f and is
regarded as a function of magnetization. The magnetization per spin m = (S;) changes
its sign, m — —m, if we change the signs of all the spins, S; — —5;, Vi. In the absence
of external field h, the Hamiltonian (2.1) is a bilinear form of the spin variables,
and remains invariant under the overall inversion of the sign of the spins. This Zo
transformation represents a global symmetry. Consequently, the free energy remains
invariant under the same operation. Thus, the free energy f(m) is an even function of
the magnetization m.

Since we are interested in critical phenomena, the temperature is close to the
critical point and the magnetization m assumes a very small value. This would allow
us to expand the free energy in even powers of m and retain only the lowest-order
terms. This Landau free-energy expansion® (analytic expansion in terms of the order
parameter) for the Ising universality class reads

f(m) = fo + am? 4 bm?, (2.16)

where fp,a and b are constants as functions of m but have temperature dependence.
Generally, the Landau free energy is determined by writing all possible scalar invariants
in terms of powers and products of the order parameter components. Thus, relevant
symmetries of the original microscopic model are preserved at a coarse-grained level
of description. See Section 5.5.

Thermal equilibrium is realized by minimization of f(m) for a given h (which
is 0 for the moment). It is convenient to graphically show the functional form of

3 Note that the Landau free energy f(m) in eqn (2.16), with m a given magnetization, is not the true
thermodynamic free energy as a function of T' and h, since not all microscopic configurations (giving
other values of m) are included. As will be explained in Chapter 5, the Landau theory can be obtained
as a saddle-point approximation of a certain field theory. The value of the approximate equilibrium
free energy f(mo) is obtained by minimization of f(m) with respect to m. Then, thermodynamic
properties such as the specific heat are determined by differentiation of f(mg) with respect to the
corresponding parameters.
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eqn (2.16) to identify the locations of minima. We first notice that b should be positive.
Otherwise, the free energy f(m) decreases indefinitely as |m/| increases, which implies
an instability. The m dependence of f(m) is illustrated in Fig. 2.5 for three possible
values of the coefficient a. For a > 0, the minimum is at m = 0 and thus there is no
spontaneous magnetization (Fig. 2.5(a)). When « is exactly 0, the Landau expansion
(2.16) starts from the fourth order and f(m) is very flat at the origin, Fig. 2.5(b),
but still the equilibrium magnetization remains 0. As soon as a becomes negative, two
minima emerge away from m = 0 and the absolute value |mg| at these points grows
with decreasing a, Fig. 2.5(c). The original Hamiltonian and free energy are symmetric
(invariant) under a change of sign of m, but the realized state for a < 0 does not have
such a symmetry since only one of the two minima is actually realized in a physical
system. In other words, the thermodynamic free energy is invariant under the overall
change of the sign of spins (S; — —S;, Vi) but the realized equilibrium state has no
such symmetry. This phenomenon is called spontaneous symmetry breaking. A small
external field or the initial condition of time evolution of the system determines which
of the two states is actually realized, which is also called ergodicity breaking because
only a part of the phase space is reached by the system. This situation is common
with the mean-field approximation explained in Section 2.1.

Since the equilibrium position (minimum) of f(m) changes at a =0, we may
identify a =0 with the critical point T"= T,. This observation would allow us to
choose an odd power of kt as a, where k is a positive constant and ¢t = (T — T¢.)/T.
is the deviation of the temperature from the critical point normalized by T, also
known as the reduced temperature. The simplest choice is a = kt, for which clearly
a > 0 above the critical point and a < 0 below. The temperature dependence of b does
not affect the qualitative behavior of the free energy around the critical point or the
critical exponents, and we therefore take b as a constant, independent of temperature.

Let us evaluate the resulting critical exponents of the Landau theory. The exponent
[ is determined by the temperature dependence of m that minimizes the free energy
at the low-temperature side a < 0, i.e. T' < T,. Differentiation of the free energy gives
the minimization condition

df

I 2am + 4bm® = 0. (2.17)

Thus, the equilibrium value of magnetization, my, is

mozﬂ—%:\/%a (2-18)

from which we conclude 8 = 1/2.

To find the value of the critical exponent «, we differentiate the minimum (equilib-
rium) value of the free energy with respect to temperature and study how the specific
heat depends on temperature. Below the critical point, we find

KT — T,)?

= foam +bm = fo =

(2.19)



Landau theory 25

The specific heat is therefore finite at the critical point. Above the critical temperature,
f is a constant fy since my = 0, and the specific heat vanishes. We conclude o = 0.
As for the critical exponent 0 that describes the field dependence of the magnetiza-
tion exactly at the critical point, we add the external field term —hm to the free energy,
and differentiate the latter with respect to m to determine its equilibrium value,
d
4 9m +4bm® — h = 0. (2.20)
dm
Since a = 0 at T = T, we find § = 3 from m3 o h.*
The susceptibility x = 9m/0h is evaluated from eqn (2.20) as

1

=——-. 2.21
X7 20 + 12bm2 (2.21)
For T > T,, we thus have
1 T,
=—=—"" 2.22
X5 T %(T Ty (2.22)
from which v =1 is concluded. If T' < T¢,
1 T,
X (2.23)

" 2a+ 12b(—a/2b)  4k(T.—T)’

and hence we find 4/ = 1. The critical exponent  takes the same value above and below
the critical point. The critical amplitudes, the coefficient of |T' — T¢|, are different by a
factor of 2; compare eqns (2.22) and (2.23). Universality, nevertheless, manifests itself
in the ratio 2 between these critical amplitudes; the ratio does not depend on the
coefficient k or the critical temperature 7.

EXERCISE 2.5 Confirm that the ratio of critical amplitudes for the magnetic
susceptibility has the universal value of 2 according to the mean-field approximation
of Sections 2.1 and 2.2. It will be useful to make use of the computations appearing
in Exercise 2.2.

The Landau theory uses only the symmetry properties of the free energy f(m), and
the resulting values for the critical exponents do not reflect the details of model sys-
tems. Consequently, the critical exponents do not depend on the spatial dimensionality
and/or the number of spin components, e.g. the Ising model has a single component
and the XY model has two, and the Heisenberg model has three components in its
microscopic spin variable. This latter independence of dimensionality and number of
components is characteristic of the Landau theory and mean-field theory, and is in
general incorrect.

The Landau theory shares its values of critical exponents with the mean-field
approximation of Section 2.1. In this sense, these two theories are equivalent to each
other. It is further possible to derive the Landau expansion (2.16) from the mean-field

4 To simplify notation, we use the same symbol m, instead of mq, for the equilibrium value of
magnetization.
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approximation of Section 2.1 as follows. The free energy as a function of m for the
mean-field Hamiltonian (2.4) is, if h = 0,

1
f:N NgJm? — T'log Z fImz 2, S
{5;=+1}

2
= ZJ;TL — T'log 2 cosh(BJmz). (2.24)

This expression is expanded to fourth order as

Jz(Jz8 —1)

= Tlog2—
f og >

1
m? + E(Jz)4ﬁ3m4. (2.25)

This is of the same form as eqn (2.16). In particular, we confirm the important features
that the coefficient of the second-order term vanishes at the critical point, and that
the fourth-order term has a positive coefficient.

EXERCISE 2.6 The van der Waals equation of state characterizing a gas—liquid

transition
(P+ N2a) (K—b) =T (2.26)
V2 N - '
can be regarded as a mean-field theory, where P = —9F/9V is pressure, V volume,

N number of atoms, a >0 is a measure of the attraction between atoms, and
b > 0 the excluded volume due to the finite atomic size. Define the volume per
atom v = V/N, then determine the critical values ve, P, T, and the ratio Pevc/Te.
Calculate the critical exponents § and  of the van der Waals fluid, and compare
them with those determined in the mean-field theory of a ferromagnet. Noticing the
correspondence to the magnetic quantities h — p, m — V, where p = (P — P.)/ P
and V = (v — vc)/vc are the reduced pressure and volume, respectively, we define
the critical exponent  as

pox Ve, (2.27)

and the exponent v as the rate of divergence of the isothermal compressibility
(v — ve)

1 0v —
= o5 Toc(T—TC) . (2.28)

EXERCISE 2.7 Strictly speaking, the Landau free-energy expansion is valid under
the assumption that the order parameter m vanishes as T — T.. Consider the
situation where cubic terms are allowed

f=fo+am®+bm* +em® (a,b>0), (2.29)
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and determine the equilibrium value of m as a function of temperature. Show that
this situation represents a first-order transition. Hint: f should be minimized for
equilibrium.

2.4 Landau theory of the tricritical point

The Landau theory assumes a positive coefficient b for the fourth-order (quartic) term.
Under certain circumstances, however, a negative b describes the system behavior more
appropriately. A typical example is the critical behavior around a tricritical point,
where three lines of critical points meet. Let us see how the Landau theory is modified
when b is negative.

As explained already, the Landau expansion to fourth order (2.16) with negative b
leads to a thermodynamic instability because the equilibrium value of m is indefinitely
large, i.e. unbounded. This suggests that one needs to include a sixth-order term,

f= 1am2 + 1bm4 + 1cm6 — hm. (2.30)
2 4 6

The coefficients in this equation involve rational numbers so that equations appearing
later look simpler after differentiation. In the following, we will show that the Landau
free energy f displays a phase transition whose order depends upon the sign of b.
Thermodynamic stability requires ¢ > 0, and the signs of @ and b are now arbitrary. For
b > 0, the situation is the same as in the previous section: The sign of a = kt determines
the equilibrium value of m. Similar is the case for b = 0 with some modifications in
the critical exponents because the starting order of m is six when a = 0. We will come
back to this point later.

The new case b < 0 needs a careful analysis. We assume h = 0 for simplicity and
study the a dependence of f(m) with b and ¢ fixed to negative and positive constants,
respectively. First, at high temperature, a is positive and large, and f(m) has a simple
structure with the minimum at m = 0. As the temperature decreases, a becomes
smaller. In the range a < b?/4c(= ag), the negative coefficient of the fourth-order term
causes local minima at non-vanishing m, see Fig. 2.6(a).5 The local minimum value
of the free energy at the solution m # 0 is higher than the global minimum at m =0
when a is slightly smaller than ag as depicted in Fig. 2.6(a). Then, the state with
m = 0 remains globally stable. The states with m # 0 have local stability around each
local minimum and are called metastable states.

A further decrease of temperature causes a to be smaller than a; = 3b%/16¢, in
which case the global minimum shifts from m = 0 to the two symmetrically located
states with m # 0. Consequently, the magnetization of the equilibrium state jumps
from m = 0 to m # 0, see Fig. 2.6(b). This is a first-order phase transition. For a < 0
the local stability of the solution m = 0 is lost, Fig. 2.6(d).

5 The threshold of a for the minima to appear, ag = b?/4c, can be derived from the condition that
the minimization equation df/0m = m(a + bm? + cm*) = 0 starts to have non-vanishing real-valued
solutions.
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(a) (b) (c) (d)
o o o o

m m N w7 ~ m

Fig. 2.6 For a negative coefficient of the fourth-order term, b, the Landau free energy
describes a first-order phase transition. (a) 3b?/16c = a1 < a < ag = b*/4c, (b) a = a1,
(c)0<a<ai, (d)a<0.

Fig. 2.7 A phase diagram that contains a tricritical point at the origin. The hatched region
is the ferromagnetic phase with m # 0. Metastable states appear below the curve ag. The
transition is second order to the right of the origin and it is first order to the left.

EXERCISE 2.8 Derive the transition point a; = 3b?/16¢ of the first-order
transition.

The result of these analyses is summarized in Fig. 2.7. When b > 0, the critical
point is at a =0 and a spontaneous magnetization exists when a < 0. If b <0,
metastable states appear at a = ag, and states with spontaneous magnetization
become globally stable at a = a; through a first-order transition. The point b =0
is at the border of these two distinct situations, and the origin a = b = 0 is a special
point, called a tricritical point.

The special point @ = b =0 is called a tricritical point for the following reason.
A similar analysis in the presence of an external field reveals the structure of the phase
diagram in a three-dimensional space with an additional axis for h. If we choose the
h-axis perpendicular to the plane of Fig. 2.7, the line of first-order transitions for b < 0,
a = a1, extends as a plane through the region with h # 0. The first-order transition
line a = ay drawn in Fig. 2.7 for h = 0 is a cross-section of this plane. For values of |h|
larger than a certain value, this plane of first-order transitions terminates with a line
of second-order transitions along the boundary. No transitions exist beyond this line.
This line of second-order transitions starts at the origin a = b = h = 0 and extends to
both regions of h > 0 and h < 0. Hence, these two lines for b < 0 and another line of
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second-order transitions for b > 0, i.e. a = h = 0, merge at the origin. This observation
justifies calling the origin a = b = h = 0 a tricritical point.

Critical exponents for the tricritical point are evaluated as follows. If we take the
derivative of the free energy with respect to m at b = h = 0, we obtain

4 a k(IT.-T)
mt=— = P (2.31)

We therefore conclude 8 = 1/4. As for «, the minimum value of f(m) at m* = —a/c
(valid below the critical point) is found to be f oc |t|>/2. The second-order derivative of
this free energy with respect to temperature reveals o = 1/2. To estimate J, we study
the minimization condition of the Landau free energy in the presence of an external
field, as was the case for the ordinary critical point,

am +cm® —h = 0. (2.32)

Since a = 0 at the critical point, we find m® = h/c, and thus § = 5. The exponent
is evaluated by using the expression for the susceptibility

1

2.33
a + 5em?’ ( )

X =
which was obtained by differentiation of both sides of eqn (2.32). It is easy to see
from this equation that x = 1/a and x = —1/4a from above and below the critical
point, respectively. We therefore have v = «' = 1. The following table summarizes the
mean-field critical exponents at the tricritical point:

Exponent Mean-field value at the tricritical point

> 2w L
(2 RN T ST

An example of a system that displays tricriticality is the spin-1 Ising model of eqn
(1.18) with S; =1,0,—1, also known as the Blume—Capel model. Tt may be viewed
as a classical spin-1 magnet or as a lattice gas with S; = 0 representing vacancies or
impurities in an otherwise spin-1/2 (S; = £1) Ising model. This model may describe
liquid *He-?He mixtures, where S; = 0 is identified with the presence of a *He atom,
while S; = +1 with a *He atom on site i. One treats the interaction part of the
Hamiltonian (1.18) by the mean-field approximation developed in Section 2.1 and
expands the resulting free energy to sixth order in m, as mentioned in the last part of
Section 2.3. One then finds that the coefficient of the fourth-order term changes sign
depending on the values of Jz and D.

EXERCISE 2.9 Apply the mean-field approximation to the Hamiltonian (1.18)
with h = 0 and series-expand the free energy to sixth order in m. Show that the
coefficient of the fourth-order term can change sign when D is negative. Also confirm



30 Mean-field theories

that the coefficient of the sixth-order term is positive when the sign of the coefficient
of the fourth-order term changes. It will be useful to carry out the expansion using
symbol-manipulation software on a computer as the algebra is lengthy.

One may now wonder what happens if the coefficients of the fourth- and sixth-
order terms are both zero. It is easy to imagine that new types of critical behavior
may emerge, and a different set of critical exponents would result, from the effects
of the eighth-order term. It is indeed possible to derive a series of mean-field critical
exponents in this manner. However, the experimental realization of these situations
is actually difficult because the system is assumed to have very special values of
adjustable parameters, as implied by the vanishing of many coefficients. For example,
the ordinary critical point is realized by tuning h and T to their critical values,
h =0 and T = T.. The tricritical point of the spin-1 Ising model needs an additional
adjustment of the anisotropy parameter D to its critical value. Higher-order critical
points need more and more tuning of the parameters, making these situations virtually
impossible to realize experimentally.

2.5 Infinite-range model

The theory described in Section 2.1 is an approximation to analyze model systems.
The infinite-range model is a very interesting system because it can be solved exactly
in the thermodynamic limit and the result coincides with the mean-field solution. Let
us first derive the solution and next show how the mean-field approximation gives the
exact result.

The infinite-range model with Ising spins is defined by the following Hamiltonian,

H:-éjvgsisj:—2‘]]\[((;&-)2—;53). (2.34)

The summation runs over all distinct pairs of ¢ and j, i.e. i =1,2,--- N and j(#
1) =1,2,--- | N. The factor 1/2 is necessary because a single pair appears twice; for
instance the pair (1,2) is counted twice as i = 1,7 =2 and as i = 2,5 = 1. All spin
pairs have the same interaction J/N, which may be interpreted as if the range of
the interactions extends to the infinitely distant sites. This is the origin of the name
infinite-range model. Although it may look very artificial, this model is important
because the mean-field method gives the exact solution, which makes it possible to
construct a mean-field-type theory for problems in which it is not easy to do so in a
conventional manner. Indeed, the mean-field theory of spin glasses is an example of
such an approach, as will be detailed in Chapter 8.

Our analysis of the infinite-range model starts from the definition of the partition
function. Using the standard notation K = 8J = J/T, we have

2
Z= Y exp ;jv(ZS) , (2.35)

{8;=+1}

where we excluded the second term in eqn (2.34). This latter term is small, of relative
order O(N~1) compared to the leading first term, and therefore has no influence on the
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solution in the thermodynamic limit, as described below. It will be useful to remove
the square in the exponent using the Gaussian integral

eam2/2 — )02’7N/OO dme—Nam2/2+\/Namx. (236)
T J—c0

An application of this formula rewrites the partition function (2.35) as

Z= > \/—KN/Oo dme™ NKm?/2HKm Y, Si, (2.37)
2 J_ o

{8;=+1}

The spin variables S; are now independent of each other, and the summation is
evaluated to give the result

—oo

The problem has now been reduced to a single integral. It is impossible to evaluate
this integral in closed form in general. However, since the exponent of the integrand
is proportional to N, we can use the saddle-point method (the method of steepest
descents) as long as we are interested in the asymptotic behavior in the limit of large
N. A brief account on the saddle-point method is given in Appendix A.l. In short,
this method is a prescription to evaluate an integral whose integrand has a very sharp
peak; the value of the integral is asymptotically equal to the value of the integrand
at the peak. In the case of eqn (2.38), the exponent of the integrand is N times the
function g(m) = —Km?/2 + log(2 cosh K'm). In the large-N limit eN9("™) has a very
sharp peak at the point where g(m) reaches its maximum, which allows us to apply
the saddle-point method.
The partition function is thus evaluated as

KN (2 cos
7~ o efNKm2/2+Nlog(2<:osh Km) (239)

It should be remembered that m in this expression has a specific value that maximizes
the exponent g(m). The corresponding free energy reads

_ Km?

Bf(m) = —g(m)

The factor /K N/2x on the right-hand side of eqn (2.39) can be ignored in the limit
N — oo since it is smaller than the other terms, as one sees by taking the logarithm
of the right-hand side. This result (2.40) agrees with the mean-field free energy (2.24)
after replacements of J with J/N and z with N.°

To maximize the integrand we take the derivative of f(m) and set it to zero (the
saddle-point condition). The result is m = tanh K'm. This is the same equation as the
equation of state of the mean-field approximation (2.6) with b = 0 and Jz replaced by
(J/N)- N. Thus, the variable m, artificially introduced for the Gaussian integral,

— log(2 cosh K'm). (2.40)

6 The coordination number z in the infinite-range model is the number of all spins other than
itself, N — 1= N.
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actually represents the magnetization. It is indeed verified that the saddle-point
(extremum) condition for the exponent of the integrand in eqn (2.37) is found to be

1 N
mzﬁgrg (2.41)

which explicitly shows that m is for magnetization.”

It is not difficult to understand the physical reason why the mean-field approxi-
mation provides the exact solution to the infinite-range model. The Hamiltonian of
the infinite-range model is written as, if we ignore the contribution of the ¢ = j terms
(which is negligible in the limit of large N),

J N 1 N
H—_"%"s 1 . 2.42

The quantity in parentheses on the right-hand side is identified with the magnetization
m in the limit of large N as one sees in eqn (2.41). We are thus allowed to replace
the expression in parentheses with its average value m, and the problem reduces to a
single-body (non-interacting) case.

In the infinite-range model each spin interacts with N — 1 other spins (which is
an infinite number in the thermodynamic limit N — 00). It is useful to note here
that the coordination number is z = 2d in the d-dimensional hypercubic lattice, an
extension of the three-dimensional cubic lattice to an arbitrary space dimension d.
Consequently, the infinite-range model may be closely related with a system in a
very high-dimensional space. It would then be expected that critical exponents of
the infinite-range model, the mean-field values, accurately describe the behavior of
sufficiently high-dimensional systems. It will indeed be shown later that the mean-
field theories give the exact critical exponents for dimensions larger than the upper
critical dimension dy. (which is usually dy,. =4). The physical picture is that the
number of interacting partners of a spin is large for high-dimensional cases, which
would yield a large ‘force’ to fix the spin under consideration into a specific direction.
Such a large force is expected to reduce fluctuations, resulting in reliability of the
mean-field theories in which fluctuations are ignored.

2.6 Variational method

The following variational approach provides another viewpoint to understand the
physics behind the mean-field theories. The source of difficulty to perform exact
calculations of physical quantities lies in the non-trivial structure of the probability
distribution function P(Si,---,Sy) = e ##/Z with, for example, the Hamiltonian
(2.1), where the degrees of freedom S7,Ss, - -+ , Sy are coupled with each other. It may

7 Rigorously speaking, the right-hand side of eqn (2.41) is a stochastic variable, whereas the left-
hand side is not, the latter being the expectation value of each term on the right-hand side. This
implies that the left-hand side may take a different value from the right-hand side. However, in the
limit of large NN, the probability for a finite difference between both sides vanishes, as will be explained
in some detail in Chapter 8 under the name of a self-averaging property.
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thus be useful to employ an approximation that decouples the distribution function
into a product of simpler functions, following the spirit of the mean-field approxi-
mation typically represented by eqn (2.5). The key element here is the decoupling
of the distribution function, not the Hamiltonian. We therefore approximate the full
distribution by the product of single-site functions,

P(S1, 82, Sn) ~ [ [ Pi(S), (2.43)

and determine P;(S;) by the general variational principle of statistical mechanics that
minimizes the free energy F' = F — T'S. Here, the internal energy F is the expectation
value of the Hamiltonian and S is the entropy (not to be confused with spin). Under the
above approximation, we find, noting that the entropy is the average of the logarithm
of the inverse probability, log(1/P) = —log P,

F= Z {HHPi(Si)} =T Z {HPi(Si) <_Zlogpi(si)>}
{Si} i {s;} L4 i

=—JY > SiS;Pi(S:)Pi(S)) — hZ;SiPi(Si)

(ij) Si,5;
+TY > Pi(S)log Pi(Si), (2.44)
i S

where we have used the normalization > Sk Py (Sk) =1 for k other than i and j. The
variational principle consists of changing the function P; slightly to P; + dFP;, and
demand that the resulting change §F of the free energy be vanishing. This amounts
to formally differentiating the free energy with respect to P; and setting the result to
zero. If we incorporate the normalization condition by an additional term in the free
energy using a Lagrange multiplier, A(3_4 P;(S:) — 1), we find

oF
0P

=—J> Sim; —hS;+Tlog P;(S;) + T + A =0, (2.45)
J

where we have written m; for 3 4 S;P;(S;). The summation in the first term is
restricted to neighboring sites of i. The condition (2.45) is solved for the distribution
function as

exp (ﬁJ Zj Sim; + ﬂhSl-)

ZMF

Pi(S;) = , (2.46)
where Zyr is the normalization factor. In the case of uniform magnetization m; (=
m), the result (2.46) together with the decoupling (2.43) leads to the distribution
P(Sy,--+,8N) x e PH with H being identical to the mean-field Hamiltonian (2.5).
The analysis so far has been general in that it did not use the values of the Ising
spins S; = +£1, and thus applies to many other cases. It is instructive to use the values
of the Ising spins now explicitly and see its consequences. Since S; takes only two
values +1, we can always write any function of S; as a sum of a constant and a term
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proportional to S; because all higher-order terms reduce to one of these two since
S2=8t=...=1,and S} = S? = ... = S;. Thus, we may write

Pi(S)) R (2.47)

which is compatible with the previous notation m; =3 s, S;P;(S;) and the normal-
ization ) g Pi(S;) = 1. Substitution of eqn (2.47) into eqn (2.44) yields

F= —JZmimj — thi
(i) @

+TZ;< 5 log —— + ——log — ) (2.48)

Variation of this expression with respect to m;, which is effectively a differentiation of
F with respect to m;, leads to

m; =tanh3 | JY m;+h|. (2.49)
J

This is identical to eqn (2.6) if the magnetization is uniform (m; = m, Vi).

2.7 Antiferromagnetic Ising model

The mean-field theories described in most parts of the present chapter deal with the
ferromagnetic Ising model, in which neighboring spins tend to align parallel to each
other. In many materials, however, antiferromagnetic interactions exist,

H=J7Y S8 —h) 8 (J>0), (2.50)
(i) i
where the stable configuration of a pair of neighboring spins is antiparallel, S;S; = —1.

For simplicity let us consider the case of a two-sublattice system, in which each site
belongs to one of the two sublattices (A or B), and the neighboring site always belongs
to the other sublattice (B or A) as depicted in Fig. 2.8. Many lattices including the
square lattice in two dimensions and the simple cubic lattice in three dimensions have
this structure. A typical exception is the triangular lattice, in which sites are classified
into three sublattices and the analysis becomes much more complicated than in the
two-sublattice case explained below.

The variational approach in the previous section provides a good starting point
because the results for the free energy (2.48) and the self-consistent equation (2.49)
remain valid just by a sign change of J since we did not use the sign of J in their
derivations. We therefore use eqn (2.49) and write m; = ma for i on sublattice A and
m; = mgp for sublattice B. Since all neighboring sites of i € A belong to sublattice B
and vice versa, eqn (2.49) with J — —J is expressed as
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ma = tanh 3(—Jzmg + h) (2.51)
mp = tanh B(—Jzma + h) (2.52)

for i € A and i € B, respectively. We next analyze the properties of the solution to
these equations.

A first observation is that the same equation as in the ferromagnetic case, m =
tanh(8Jzm), results from eqns (2.51) and (2.52) when h =0, if we choose my =
—mgp = m. This means that the spins on sublattice B have exactly the same properties,
except for the opposite orientation, as those on sublattice A, as naturally expected
from the antiferromagnetic interactions. Thus, the system develops a spontaneous
staggered magnetization, an alternating configuration of up and down spins, below the
critical point T, = Ty = Jz. The critical temperature for an antiferromagnet is often
termed the Néel temperature, from which the symbol Ty comes.

The magnetic susceptibility xar, however, does not diverge at T' = Ty, in contrast
to a ferromagnet because the spins do not align along the same orientation below Tx,
and therefore a uniform field is not effective to cause a macroscopic response around
the critical temperature. To see how xar behaves, we differentiate both sides of eqns
(2.51) and (2.52) with respect to h and then take the zero-field limit h — 0 to obtain
a set of equations satisfied by the sublattice susceptibilities xao = Oma /Oh|p—0o and
XB = 8m13/6h|h_,0 as

xa = B(—=Jzxs + 1) sech?(B3.Jzm) (2.53)

xB = B(—J2xa + 1) sech®(3Jzm), (2.54)

where we have used ma = —mp = m for h — 0. The solution ypo = xp can be identi-
fied with the total susceptibility per spin xar,

xar = B(—Jzxar + 1) sech®8Jzm = B(—Jzxar + 1) (1 — m?), (2.55)

where we have used the relation 1/ cosh?(3Jzm) = 1 — tanh®(8Jzm) = 1 — m?. For
T > Ix, there is no spontaneous staggered magnetization, m = 0, and the susceptibil-
ity has a simple form according to eqn (2.55),

Fig. 2.8 Black dots denote sites on sublattice A and white dots are sites for sublattice B. In
antiferromagnets, at low temperatures, Ising spins on sublattice A point up, whereas those
on B point down (or vice versa).
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Ty T

Fig. 2.9 The magnetic susceptibility of an antiferromagnetic Ising model according to
the mean-field approximation. There is no divergence, but a cusp develops at the Néel
temperature.

11
S TH4+Jz TH+1Tx

Thus, the susceptibility does not diverge at the Néel temperature but has a finite
value. On the low-temperature side, T' < Tx, xar behaves as

XAF (2.56)

B 1 —m? B 1 —m?
T+ Jz(1—-m2) T+ TIn(l—m?2)

XAF (2.57)
These results are depicted in Fig. 2.9.

The susceptibility has a cusp at the Néel temperature and decreases quickly
towards 0 as T' — 0.

One can mathematically introduce an external staggered magnetic field with +h
on sites A and —h on sites B, instead of the uniform A, and compute the resulting
staggered magnetic susceptibility Oma /Oh|n—o. Then, one finds a divergent staggered
susceptibility at the critical point. Notice that such staggered ordering magnetic field
is in general impossible to realize by direct experimental means. In this case one says
that there is no physical external probe that couples to the order parameter.

2.8 Bethe approximation

Let us return to ferromagnetic systems and study the Bethe approzimation (also
called Bethe-Peierls approzimation), a straightforward and useful approach to improve
over the mean-field approximation of Section 2.1. The latter approximation treats
exactly the degree of freedom of a single spin and replaces all the other variables
by their mean values. In the Bethe approximation, nearest neighbors are treated
without approximation and the spins beyond those neighbors are approximated by
their average, as illustrated in Fig. 2.10. For the Ising model of eqn (2.1), the self-
consistent Hamiltonian of the central cluster is

H= —JZZ:SiSO—hSO—hZZ:Si—hliSi, (2.58)
=1 =1 =1
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Fig. 2.10 The Bethe approximation treats neighboring spins exactly, and those beyond
nearest neighbors are replaced by their average.

where Sy is the central spin we focus our attention on, Si,Ss,---,S, are the neigh-
boring spins, h is the uniform external field, and h; is the effective field that expresses
the influence of spins beyond nearest neighbors.

The problem is solved within the Bethe approximation if we find the value of the
unknown hj in eqn (2.58). Similarly in spirit to the self-consistent mean-field equation
(2.6), we require that the average of the central spin (Sp) = mo be equal to that of
the neighboring ones (S;) =my (i=1,---,2), i.e. mg =my =m.

(So) = (S4)- (2.59)

In order to calculate these averages, we first write the partition function for the
Hamiltonian (2.58) with h; kept unknown,

Z= > exp (K > SiSo+BhSo+ Bh Y Si+Bh1y 51-> : (2.60)

So, 45z

where K = (3J. It is useful to separate the cases of Sy being fixed to 1 and of Sy = —1,
since the other spins from S; to S, are then independent variables and we can easily
perform the summation to find

Zy =" (2cosh(£K + Bh+ Bh1))”, (2.61)

where Z is for Sp =1 and Z_ for Sy = —1. Then, the total partition function is the
sum of these terms

Z =274+ Z_ =e"(2cosh(K + Bh + Bh1))” + e P (2cosh(—K + Bh+ Bhi))”.
(2.62)
The magnetization variables my and m; can be expressed in terms of Zy. The
probability to get So = 1is Z/Z and that of S = —1is Z_/Z, from which we have

 Zi—Z-
-

As for my, the logarithmic derivative of the partition function Z with respect to Sh
gives the sum of (S;) over i =1,---z, i.e. > ,(S;) = zmi. We thus find, using eqn
(2.62),

mo (2.63)
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dlogZ  Z, tanh(K + Bh + Bhy) + Z_ tanh(—K + Bh + (hy)

= = 2.64
™= (Bhy) 7 (2.64)
From the condition mg = my, we find
o28h1 _ cosh(K + Sh + Ghq) 2—1 .65
cosh(—K + Bh + Bhq) ' '

This is the self-consistent equation for the effective field hq, which can in principle be
graphically solved by the method used in Section 2.1.

EXERCISE 2.10 Derive eqn (2.65).

In the Bethe approximation the critical point can be obtained from eqn (2.65).

In this equation we set h = 0, take the logarithm, and expand the right-hand side to
third order in Bhq,

206h 2sinh K

O tann K - gy — 2SR I

z—1 3cosh” K

A phase transition occurs when the coefficients of the linear terms of both sides

coincide, as in the mean-field approximation,

(Bh1)+ . (2.66)

L =tanh K, <+<— 1T.= L,
z—1 log ( o )
z—2

where K, stands for J/T.. This result coincides with the mean-field value T, = zJ
in the limit of large z. For finite z, eqn (2.67) represents an improvement over the
mean-field approximation. For instance, in the case of the two-dimensional square
lattice with z = 4, the critical points are T, /J = 4,2.8854 and 2.2692 for the mean-
field approximation, the Bethe approximation, and the exact solution, respectively. In
one dimension, with z = 2, the mean-field approximation predicts T./J = 2, whereas
the Bethe approximation gives the exact result T, = 0. The effects of fluctuations
are better taken into account in the Bethe approximation than in the mean-field
approximation of Section 2.1.

Critical exponents remain unchanged from the mean-field values. To estimate the
exponent 3, let us expand the right-hand side of eqn (2.63) in powers of Sh; in the
absence of external field h. We find a linear term, and therefore the spontaneous
magnetization is proportional to the effective field h;. This motivates us to study
the temperature dependence of the effective field. Equation (2.66) is suitable for this
purpose: The role of m in the mean-field relation (2.7) is replaced here by Bh;.
Accordingly, using the same argument as in the mean-field case, we find that Gh,
is proportional to (T. — T)'/?, and thus the critical exponent £ is equal to 1/2.

To investigate the critical exponent «, we notice that the internal energy is finite
in the high-temperature (disordered) region T > T, in contrast to the mean-field
approximation, since nearest-neighbor interactions are taken into account explicitly.
The corresponding specific heat is finite in qualitative agreement with experiments.
In the low-temperature region the specific heat is also finite, as in the mean-field case.

(2.67)
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Hence, the value of the specific heat is improved quantitatively over the mean-field
approximation but still remains finite. This implies that the exponent « is unchanged,
i.e. @ = 0. Similar conclusions are drawn for the other critical exponents v and §.

EXERCISE 2.11 Calculate v and J in the Bethe approximation. It will be sufficient
to evaluate «y for T' > T, as the other case T' < Tc is a little complicated. Write
explicitly the expansion (2.66) of the right-hand side of the self-consistent equation to
first order with an external field A included. The third-order term will be unnecessary
as it will not influence y in the high-temperature region. The result will have the same
form as the mean-field equation (2.9), which allows us to apply the same argument
as in the mean-field case to derive . The other exponent d can be evaluated by a
modification of the mean-field case.

Another interesting way to understand the Bethe approximation is through the
concept of the cavity method. Assume h = 0 for simplicity. The effective field h; acting
on S in eqn (2.58) may be regarded as the accumulated effect of many spins beyond 57,
represented as dotted lines connected to S; in Fig. 2.11, in the absence of interaction
between Sy and S; since this last interaction is separately taken into account. Then,
the effect of the interaction between Sy and S; onto Sy is calculated by taking the
trace over Sp as,

Z I SoS14Bh1S1 — feBhiSo (2.68)
Si==%1

where A is a constant, and ﬁl, called the cavity bias, satisfies the following relation

N 1 1 + tanh K tanh Shy
phy = 7 log
2 1 — tanh K tanh Shy

= tanh~ ' (tanh K tanh Bh, ), (2.69)

since tanh 'z = $log(1 4 x)/(1 — ). This expression can be verified by equating
both sides of eqn (2.68) for the cases of Sy = 1 and Sy = —1 and then by eliminating
A. The effect of the other spins Ss, S3,- - ,5,_1 onto Sy are simply taken into account
as the sum of cavity biases because these effects are considered independent of each
other in the Bethe approximation,®

z—1

exp(Bhg) =exp | B ﬁj . (2.70)

Jj=1

This hg is the cavity field at site 0, i.e. the effective field in the absence of the remaining
interaction between Sy and S, drawn as a thin line in Fig. 2.11. From equs (2.69) and
(2.70), it follows that

z—1
—1
Bho = Ztanh (tanh K tanh Bh;). (2.71)
Jj=1
8 Here, it is assumed that there are no direct or indirect interactions among S1,--- , S, except for

the indirect interaction via Sp. This assumption is the basis of the Bethe approximation.
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Fig. 2.11 Cavity fields propagate from sites 1,2,---,z — 1(= 3 in this example) to site 0.

Since the cavity field is expected to be uniform everywhere due to the equivalence
of all sites, we write h; for all hs, hg = hy =--- = h,_1, to adjust the notation to
eqn (2.58),

Bhy = (z — 1) tanh™ ! (tanh K tanh 8h;). (2.72)

This equation is equivalent to the logarithm of eqn (2.65) for h = 0, as can be easily
verified. One can get better results by considering larger clusters.

2.9 Correlation function

It is impossible to analyze the properties of correlation functions by the simple mean-
field theories developed so far. The reason is that the spatial dependence of the spin
variables and their interactions are not taken into account. To consider this situation,
we discuss a generalization of the Landau theory in the present section. For simplicity,
we deal only with the high-temperature region (disordered phase) above the critical
point.

Suppose that the magnetization has some spatial dependence, which we write ¢(r).
This quantity may be regarded as the local average of the spin variables in the vicinity
of point r. The corresponding two-point correlation function is written as

G(r) = (o(r)(0)). (2.73)

Now, let us generalize the Landau free energy (2.16) without the quartic term to the
following form,

F= / (a¢>(r)2 +b(V¢(r))2) dr. (2.74)

Here, a is proportional to the temperature difference from the critical point, a = kt,
as before. The second term (V¢(r))? represents a ferromagnetic interaction that
suppresses large absolute values of the derivative V¢(r) and favors a uniformly
magnetized state V¢(r) = 0, in which case ¢(r) reduces to the uniform magnetization
m. The coefficient b of the second term is a positive constant known as stiffness.

It turns out that b contains information about the range of the interactions of the
original microscopic system approximated by F. By dimensional analysis it goes as
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b ~ R? in terms of the range of the exchange interaction R because the second term
on the right-hand side of eqn (2.74) involves the spatial derivative squared, which
should scale as R~2 if R can be regarded as a typical microscopic length scale of the
system.

The capital F' on the left-hand side is meant to stand for the total Landau free
energy, the integral of the local free energy, written as f(m) in eqn (2.16), over the
whole volume of the system. We dropped the quartic term as the critical exponents
above the critical point 7' > T, can be evaluated only from the quadratic expression
(2.74) as one may remember from the case of v in eqn (2.22). Equation (2.74) is
called the Gaussian model due to its quadratic form. More systematic discussions on
this type of field-theoretical descriptions of statistical systems will be developed in
Chapter 5.

Computation of the correlation function from the free energy (2.74) is facilitated
by Fourier transformation of basic variables,

o(r) = (Q%d / dged(q), d(q) = / dr e 197 (). (2.75)

Likewise, for a finite system of volume 2 the Fourier transform is defined as
1 - - i
o) = 5 3 e17da). da) = [ dre 1), (2.76)
a
and the Kronecker delta satisfies
/ dr @9 = O 5, . (2.77)
Q

This suggests the following relation between sums and integrals, and Dirac delta and
Kronecker delta in the infinite volume limit 2 — oo

L 1 o
Q; (27r)d/dq’ and Qdqq — (2m)%0(g —q'). (2.78)

With the aid of the Fourier expression of the Dirac delta function

@ / dr a7 = 6(q), (2.79)

the free energy (2.74) is found to be rewritten as

F= [ ot ) dla)i(-a). (2:80)
(2m)

It is seen in eqn (2.80) that the degrees of freedom with different wave numbers q are

summed up independently. This fact enables us to compute various physical quantities

straightforwardly. In particular, the partition function of the model in the presence of

an external inhomogeneous field h(r) is

26~ [([ao@)) exv (-67 + sz [abi@it-a)). s
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which is taken as a functional integral over the configuration space of {¢(q)}. We will
come back to field-theoretical representations of partition functions in Chapter 5.
The expression of the correlation function in terms of Fourier components is

G(r) = (6(r)6(0)) = ﬁ / dg (3(q)d(—q))es™. (2.82)

We notice here that ¢(—q) = ¢(q)* holds because ¢(r) is real, where * stands for
complex conjugation. We thus evaluate <q~5(q)¢( q)) = <\¢( )|?) = G(q). Since the
free energy (2.80) is a quadratic form composed of independent g-components, physical
quantities can be calculated by Gaussian integrals, where the integration variables are
{#(q)} as in eqn (2.81). Since ¢(q) is complex, we should integrate over its absolute
value and phase. The phase actually does not appear in the free energy (2.80), and
therefore its integration simply gives a constant. Only the integration over the absolute
value |g5(q)| = y, should be performed. If we regard F' as the effective Hamiltonian of
a coarse-grained system, the correlation function reads

(@) e f(TTon)
/ (IToéta) e - (gdyqf)e—”'

All wave numbers g’ other than the one under consideration q give the same contribu-
tion in the numerator and denominator and hence cancel out. Only the integral over
the specific g yields a non-trivial result. After the replacement c, = (kt + bg?)/(27),
we have

Glq) = (2.83)

) dyq vz exp(—Beqyy) -\
G(q)—/ S S ) (2.84)

2 2(kt + bg?
/dyleP(_ﬁcqyg) Peq (kt +bg?)

The original correlation function is given by the Fourier transformation of eqn (2.84),

/dq kt+ i (2.85)

As shown in Exercise 2.12, the asymptotic form of G(r) in the limit of large r > £ =
\/b/kt for positive ¢ (T > T¢) is the Ornstein-Zernike formula,

G(r) oc p=@=D/2g7r/¢, (2.86)

This agrees with the expression in eqn (1.7) with 7 = (d — 1)/2. From & = /b/kt we
find v = 1/2. When the temperature is exactly at the critical point ¢t = 0, eqn (2.86)
does not apply and we should refer back to the integral of eqn (2.85). Let us multiply
q in eqn (2.85) by 1/r to extract all the r dependence out of the integral to find

G(r) o r—4+2, (2.87)
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The critical exponent 7 is found to be n = 0 according to the definition of eqn (1.9).°
The following table summarizes the mean-field values of critical exponents related
to correlation functions:

Exponent Mean-field value

O =

EXERCISE 2.12 Let us perform the integral (2.85). We write the target integral
in a more general form as

el@irit-+aara)
d -d 2.88
/ @ daa T (2-88)

(a) First, use

%:/ due ™™ (b>0) (2.89)
0

and raise the denominator of the integrand in eqn (2.88) to the exponent to separate
the integral for each ¢; (i = 1,---,d). (b) Next, carry out the integral for each ¢; and
derive the formula

oo 2
g(r) = 7Td/2/ duu=*? exp (— 2u — T—) (2.90)
0 4u

(c) The above integral is expressed in terms of the modified Bessel function of the
second kind,

Ko (z) = % (%)”/Ow exp (—t - %) h 1 dr, (2.91)

Use the asymptotic expression of the modified Bessel function

K, (2) =~ \/gefz (z>1) (2.92)

and estimate the behavior of g(7) in the limit of large r with a kept finite.

9 The exponent 1 # 0 introduces an anomalous dimension in the dimension of the order parameter
@(r) from [p(r)] = L=(472)/2 as suggested in eqn (2.87), to [¢(r)] = L= (@=2+M/2 a5 seen in the
generic form, eqn (1.9). The existence of this anomalous dimension 1 # 0 is rooted on the existence
of another microscopic length scale (apart from the correlation length) that needs to be included in
the dimensional analysis because of ultraviolet divergences (i.e. divergences in short length scales).
See, e.g., Section 3.9 for some more details.



44 Mean-field theories

2.10 Limit of applicability of the mean-field approximation

The mean-field approximation is valid only when fluctuations around the average of
physical quantities are negligible. We therefore derive a condition for fluctuations of
the magnetization to be smaller than the average in the low-temperature region 7' < T
in order to understand when the mean-field approximation is reliable in d dimensions.

As a measure of fluctuations, it is convenient to adopt the accumulated fluctuations
of magnetization, 65, = S, — (S,), up to the length scale of the correlation length &.
For lengths larger than ¢ the fluctuations become uncorrelated. We thus compare the
following quantity with the corresponding average,

13 13
ok = / (S — {52)) (S0 — (o)) dr = / ((S,50) — (S.)(So)) dr.  (2.93)
0 0

As shown in Appendix A.2, this quantity is simply the magnetic susceptibility x times
the temperature T if the integral extends to the whole space. Actually, the integrand
decreases exponentially fast as r exceeds the correlation length £ and hence the result
does not depend upon the upper limit of the integral as long as it is equal to or larger
than ¢. We thus find o2, = T'x.

This result should be compared with the square of the magnetization integrated
over the same region,

3
/0 (S,)(Sp) dr oc m2¢?. (2.94)

If the fluctuation o2, = Ty is sufficiently smaller than this quantity, the mean-field
approximation does not have an internal inconsistency,

Tx < m2¢?. (2.95)

This self-consistent condition is known as the Ginzburg criterion. If we rewrite the
expressions for y, m and & near criticality by using the critical exponents,

T(T. —T)™" < (T. — T)**(T. — T)~". (2.96)
Thus, a necessary condition for consistency of the mean-field approximation is
v < wvd—20. (2.97)

By inserting the mean-field values v = 1,8 = v = 1/2, we conclude d > 4.

The same result is derived from the following slightly different consideration. The
integrand in eqn (2.93) is the connected two-point correlation function G(r). This
G(r) takes an almost constant value for r smaller than the correlation length £ and
rapidly decreases beyond. We therefore replace G(r) by its value at the correlation
length G(&) to estimate the integral,

op, < G(E)E7 (2.98)

For internal consistency of the mean-field approximation, we then use G (£)£4 < m?2¢4
instead of eqn (2.95), so that G(¢) < m?. The correlation function behaves like G(£) o
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€274 near the critical point. To show this, we insert t = ¢ =2 and r = ¢ into eqn (2.85)
to find

/dqe k—i—b qf) (2.99)

By multiplying the integration variable by 1/£, we have
G(€) = €274 x (quantity independent of &). (2.100)
Therefore, the condition G(§) < m? implies
(d—2)v > 28. (2.101)

By using the mean-field critical exponents, we again find d > 4.

It is expected that, outside the critical region, fluctuations are small and the mean-
field approximation should be a better theory than inside the critical region. Therefore,
the close neighborhood of criticality is where we expect the mean-field approximation
to fail qualitatively. We would therefore like to establish the size of the critical
region where fluctuations dominate and the mean-field approximation is qualitatively
incorrect. As we will see, this size is non-universal, i.e. material dependent. To this
end we wish to evaluate more carefully the ratio

2
Om

/ (.0 (So) ar

in the mean-field approximation. The numerator (o x) is approximately T./4k|t|,
according to eqn (2.23), while the denominator is roughly R?|t|'~%/2 because m?  |¢|
and ¢ o R|t|~'/2. The condition dg < 1 then implies

g = (2.102)

eR™ < |t|4=D/2, (2.103)

where € is a number of order one. This relation determines the size of the critical region.
For systems where the range of the interaction R is of the order of a microscopic length
(e.g. 1 nanometer), such as normal antiferromagnets or liquid *He, the size of the
critical region is large for d < 4 because [t| should be large according to eqn (2.103).
This implies that the mean-field approximation is valid only well away from the critical
point. On the other hand, for type-I superconductors where R is large (of the order
of the size of a Cooper pair, typically a hundred nanometers), the critical region is
small, which explains why in such a case the critical region may become inaccessible
experimentally. Equation (2.103) also shows that fluctuations become more relevant
as the spatial dimensionality d becomes smaller.

We conclude that the mean-field approximation is reliable for d > 4. In fact, it
is proved rigorously that the critical exponents take the mean-field values for d > 4.
This boundary dimension dy. = 4 is called the upper critical dimension. It was noted
in the last part of Section 2.5 that the infinite-range model (and mean-field theories in
general) predicts the critical exponents correctly in the limit of large spatial dimension.
It is surprising that the mean-field approximation is already reliable as soon as d
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Table 2.1 Critical exponents of the Ising model in two and three dimensions
as well as typical experimental values for materials in the Ising universality
class. The numbers in parentheses indicate uncertainties in the final digits.
Numerical and experimental values have been taken from A. Pelissetto and E.
Vicari, Phys. Rep. 368 (2002) 549.

Exponent Mean field d = 3 Ising d = 2 Ising Experiment
0.0250

a 0 0.110(1) 0 (log) 0.110519-5250
B 1 0.3265(3) 3 0.341(2)
v 1 1.2372(5) 7 1.233(10)
) 3 4.789(2) 15 —
v 1 0.6301(4) 1 0.62(3)
n 0 0.0364(5) 1 0.042(6)

exceeds four. As was explained in Section 2.1, the mean-field approximation is a very
crude approximation in which the spin variable S;(£1) is separated into the average
m and fluctuation §.5; and the higher-order terms of the latter are ignored, despite the
fact that the difference between the two possible values of §.5; = S; — m = £1 — m,
i.e. two, is clearly larger than the average m. Such a crude approximation captures
the essential part of the cooperative physics of critical phenomena for d larger than
four.

Our real world is three dimensional, and usually the mean-field theories do not
describe critical phenomena with quantitative reliability. It is, however, very difficult
to study three-dimensional problems directly, and the mean-field theories often serve
as our basis to approach the realistic situation by, for example, a series expansion from
four dimensions. To estimate how the mean-field theories get closer to reality, we list
some critical exponents in Table 2.1. The three-dimensional values are obtained from
numerical simulations and the two dimensional ones are exact results.

In some cases the upper critical dimension is different from four. For instance, the
tricritical point has the mean-field exponents of 3 = 1/4,v = 1, v = 1/2, which implies
d,c = 3 for the upper critical dimension according to eqn (2.97).

The mean-field approximation predicts a finite transition temperature for any
spatial dimension d including the one-dimensional case. However, the lower the spatial
dimension is, the more unstable ordered states are due to larger fluctuations. It actually
happens that there is no finite temperature phase transition, i.e. T, = 0, for d smaller
than a threshold value dc, the lower critical dimension. For the Ising model the lower
critical dimension is dj. = 1, while the XY and Heisenberg models have d). = 2, as will
be explained in Chapter 7.

2.11 Dynamic critical phenomena

Non-equilibrium, time-dependent quantities also show anomalous behavior near the
critical point, known as dynamic critical phenomena. This section is an introduction to
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dynamic critical phenomena within the mean-field perspective. The main physical idea
consists of taking the system out of equilibrium, but not very far, and studying how the
system relaxes back to equilibrium when it is close to a critical point and the dynamics,
bringing the system to equilibrium, is dissipative. Dynamics of phase transitions in
some steady state far from equilibrium is beyond the scope of the present section. In
this section ¢ stands for time and not for the reduced temperature (T' — T¢.)/Te.

2.11.1 Single degree of freedom

As a preparation to developing a mean-field theory for dynamic critical phenomena,
we first study the simple case of a single degree of freedom (e.g. a single particle)
moving with energy dissipation, i.e. a model of Brownian motion.

Suppose that a particle with instantaneous velocity v is moving in a medium under
a friction of strength I' (dissipative force), and a random time-dependent force ((¢)
due to the scattering by other particles in the medium (noise),

do(t)
dt

= —Tw(t) + ¢(1), (2.104)

where we have normalized the mass to unity. Random forces are assumed to be
uncorrelated at two macroscopically distinct times, and we consider it reasonable to
choose ((t) to be a random variable with zero average and the following variance,

(C(B)CEH)) = 2Ds(t — '), (2.105)

where D is the diffusion constant. In other words, the random variable is chosen from
a Gaussian probability distribution, a Gaussian noise. Equation (2.104), an example
of a stochastic differential equation also known as the Langevin equation, can be
solved as

v(t) = v(0)e T + /t e POt ¢ (ty)dty. (2.106)
0

The first term on the right-hand side represents the influence of the initial condition,
which can be ignored after the system reaches equilibrium, and the particle moves
subject to the random force of the second term only. Then, the average of the square
of the velocity is

(*(1)) = / tadtye T ()¢ (1) = D (1 - ) — 2 (2107)

where the long-time limit ¢ — oo has been taken. According to the equipartition
theorem, the left-hand side of this equation is 2 x T'/2 in equilibrium. We therefore
have Einstein’s relation

D =TT, (2.108)

a result of the interplay between fluctuations and dissipation.
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If we Fourier transform the equation of motion (2.104) with respect to time using

v(t) = %/_OO dwe™ 5 (w), (2.109)
we find

—iwi(w) = —T'5(w) + {(w), (2.110)
whose solution is

(W) = FC(_”i)w = Gw)l(w). (2.111)

This equation implies that the external force CN (w) determines the system’s variable
¥(w). The coefficient of proportionality G(w) is called the response function.'?
Another important quantity is the correlation function

(0t + to)u(to)) = C(t), (2.112)

or its Fourier transform,

(B(w)b(W)) = 270(w + ') C(w). (2.113)
By inserting eqn (2.111) into this equation and using the Fourier representation of eqn
(2.105)

(W) (W) = 4nDd(w + '), (2.114)

we establish the relation

_orT

C(w) = 2DG(w)G(~w) Im G(w). (2.115)

w
This equation relates the correlation function, which represents fluctuations in equi-
librium, and the response function, which describes the system behavior slightly
away from equilibrium. The above relation (2.115) is called the fluctuation—dissipation
theorem and is known to hold for much more general systems than a single-variable
case.

2.11.2 Gaussian model

The mean-field theory of dynamic critical phenomena for multivariable systems is
formulated by generalization of the single-particle case to the Gaussian model. Let
us rewrite the equation of motion (2.104) using the Hamiltonian H = v?/2 of a free
particle of unit mass,

dv OH

— =-T'— t). 2.116

=Sl () (2.16)
The right-hand side suggests that the motion is determined by two kinds of forces,
one that tends to decrease the energy (Hamiltonian) and the other a random force.

10 Strictly speaking, the response function is defined in terms of a non-random external field.
Notice, however, that the randomness of ¢ does not appear in the discussion that derives eqn (2.111).
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We are therefore justified to set up the evolution equation of the time-dependent local
magnetization field ¢(r,t), a generalization of ¢(r) in Section 2.9, of a multivariable
system as

0¢(r,t) OF

which represents a non-linear generalization of the stochastic differential equation for a
Brownian particle. Here, F' is the Landau free energy and {(r,t) is a random Gaussian
variable satisfying

C(r, t)C(r' )y =2T0(r —r")o(t — t'). (2.118)

In the absence of the random force the system relaxes to the minimum of F. Equation
(2.117) is a phenomenological equation describing the time dependence of macro-
scopic variables and has not been derived from a microscopic starting point like the
Schrédinger equation. This equation is, nevertheless, useful to analyze macroscopic
dynamic phenomena and is called the TDGL equation (time-dependent Ginzburg-
Landau equation). For a generic order parameter O(r,t) one needs to replace ¢(r,t)
by O(r,t) and its corresponding Landau free energy F.

As written in eqn (2.118), T' is a function of spatial variables and, correspondingly,
the term involving T" on the right-hand side of eqn (2.117) is an abbreviation for

! 6F /
/I‘(r r )5¢)(r’,t)dr . (2.119)
The gradient (functional derivative) of the free energy at position 7 affects the motion
at r by the strength T'(r — r’).
The mean-field theory of dynamic critical phenomena is formulated by using the
Gaussian model for F. Integration by parts of the spatial derivative in eqn (2.74)
yields, if we assume that boundary terms vanish,

F= /(a o(r,t)* —bo(r,t)V3¢(r, 1)) dr. (2.120)
Functional variation of this expression leads to
oF
—— =2 ' 1) — 20V (1’ 2.121
S0 D) ap(r',t) bV2p(r', t), ( )

indicating that the stochastic differential equation is linear in this case and can be
solved by Fourier transformation. By inserting this relation into eqn (2.117) and
Fourier transforming the result, we can derive

99(q,t)
ot
This equation has the same form as the single-body case of eqn (2.104), and we may

apply the argument of the previous section to the present problem by replacing I
there with (2a + 2bg*)I'(q).

= —(2a +2b4*)T(q)$(q, 1) + ((g, ). (2.122)
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The average of (i(q, t) with respect to the probability distribution of the random
variable ( satisfies the following equation,

9(¢(q,1))

o = —(2a+200")T(q)(d(q,1)) (2.123)

since (C) vanishes. Then, (§(g,t)) decays rapidly as e~ %/« with the following relazation
time,

1
PR S— (2.124)
(2a + 2b¢%)T'(q)
In the long-wavelength limit, g — 0, if T'(g) is finite, the relaxation time is
1
S N A (2125)
2aI'(0)

with a divergence inversely proportional to T — T, because a x T — T.. This fact
represents critical slowing down, in which the relaxation to equilibrium slows down
near the critical point due to fluctuations of all length scales. The dynamic critical
exponent't z is defined by the rate of divergence of the relaxation time written in
terms of the correlation length as

o < &7 (2.126)

The mean-field value of the dynamic critical exponent is z = 2 when f‘(O) > 0 since
v=1/2. For ¢ # 0 and T — T¢, a finite 7, results.

Suppose now that the integral of the local order parameter over the whole space
(i.e. the zero-wavelength limit of the Fourier component) is a conserved quantity and
we wish to study its dissipative dynamics. This is indeed the case for binary alloys, in
which the numbers of the two types of atoms are fixed. An explicit expression of this
fact is

9¢(0,1)
ot

=0. (2.127)

Then, I'(q) approaches 0 as g — 0 according to eqn (2.123). This quantity behaves
for small g (large spatial scale) as T'(q) ~ cq® since I'(q) is an even function due to
the reflection symmetry I'(r) = I'(—r). The relaxation time therefore satisfies, using
aoc (T—T.)ox &2,

1 &
T = = 5
! (2a+2bg?)cg® (¢ (€q)* + 2b(6q)*)
where ¢ is a constant. If we focus our attention in the spatial region where £q is small

but non-vanishing (i.e. the lengths scales larger than £ but finite), 7, is proportional to
the numerator &%, which implies z = 4. The following table summarizes our conclusion:

(2.128)

11 Not to be confused with the coordination number of the lattice z.
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Exponent Mean-field value
z 2 (non-conserved order parameter)
z 4 (conserved order parameter)

This indicates that dynamic critical phenomena may display different universality
classes depending upon the dynamical process.

To develop a theory beyond the mean-field approximation, we have to take into
account several points. First, the effects of the fourth-order contribution ¢(r,t)* to the
free energy should be evaluated, similarly to the equilibrium situations. Two additional
aspects specific to non-equilibrium problems are: (1) The degrees of freedom other than
the spins, like phonons, may not relax sufficiently quickly to equilibrium and may have
to be treated on the same footing as the spins. (2) Non-dissipative motions such as
precessions in continuous spin systems should be treated with sufficient care. The
limit of applicability of the dynamic mean-field theory in the present section should
be discussed under these additional conditions.



3
Renormalization group and scaling

Mean-field theory is usually taken as a first step toward understanding critical phe-
nomena, providing an overview that reveals qualitative behavior of physical quantities.
However, we have to proceed beyond the mean-field theory if we wish to better
understand the situation, both qualitatively and quantitatively, when fluctuations play
vital roles. Indeed, as was shown in the previous chapter, the mean-field theory loses its
internal consistency for spatial dimensions less than four for the simple Ising model,
and the critical exponents assume different values from the mean-field predictions.
In the present chapter we explain the basic concepts of the renormalization group
and scaling theory, which allow us to analyze critical phenomena with fluctuations
systematically taken into account. Implementation of the renormalization group in
realistic systems will be deferred to the next chapter, except for the simple one-
dimensional Ising model case.

3.1 Coarse-graining and scale transformations

As described in Chapter 1, the basic concept of the renormalization group is to follow
the change of physical quantities as we increase the length scale by coarse graining
and rescaling, which allows us to systematically take into account fluctuations near the
critical point. To quantify this idea, we start from the explanation of coarse graining
and (re)scaling and their consequent influences on physical quantities.

In this and the next chapters H stands for the Hamiltonian divided by the
temperature H/T, a dimensionless Hamiltonian, since the Hamiltonian appears always
in this combination. The concepts of coarse graining and scaling will be best illustrated
in the real-space renormalization group, in which we trace out a part of the microscopic
degrees of freedom such as the spin variables.

Suppose that the spin degrees of freedom interact with their nearest neighbors on
the square lattice as depicted on the left panel of Fig. 3.1. The model is not necessarily
restricted to the ferromagnetic Ising model. Because it is usually very difficult to
perform the trace over all degrees of freedom at once, we first take the trace over part
of the degrees of freedom. In Fig. 3.1, tracing over the spins marked x will leave the
spins marked () left untouched. The resulting system can be regarded as a new square
lattice, though oblique by 45 degrees, in which the interactions between () spins have
been generated by the trace-out operation on the original lattice. This operation is
expressed symbolically as

ZyH) =YY e =" = zy(H). (3.1)
{So} {Sx} {50}
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Fig. 3.1 Illustration of the real-space renormalization group. By taking the partial trace

4%

over the spin degrees of freedom marked x, we are left with the other degrees of freedom
(marked (), which interact with each other via new, renormalized interactions.

The trace over the crossed degrees of freedom is carried out in the second equality.
The symbols N and H stand for the number of the original degrees of freedom and the
original Hamiltonian, respectively, and N’ and H' are those after the trace operation.
This latter Hamiltonian H’ is formally defined by —log " (5.} e H . After the trace-
out operation (coarse graining), we change the spatial scale (rescaling) and normalize
the distance between the neighboring sites to the original value, unity. These two
elements, coarse graining and rescaling, constitute the essence of the renormalization
group operation. The scaling factor of space, b, is b= /2 in the present example.
This operation is essentially equivalent to the numerical block-spin transformation
explained in Chapter 1 since we trace out short-range fluctuations and shift our
attention to longer- and longer-length behavior of the system as the operation is
repeated. An unbounded repetition of these operations will reveal the critical behavior
of a macroscopic system, in particular, the values of critical exponents, because we
exhaust all length scales. The essence of the trick is to understand critical phenomena
as the asymptotic behavior of a system in the limit of infinitely many iterations of
renormalization processes only from the analysis of a single (and hence relatively
simple) renormalization step.

The basis of a renormalization group analysis is the rule that shows how physical
quantities are transformed in a single step. We first postulate that the partition
function is invariant, as in eqn (3.1),

Zno(H') = Zy(H). (3.2)
Let us write the transformation R of the Hamiltonian as

= Ry(H). (3.3)
This Ry is generally a complicated non-linear transformation. The length scale is
changed by the factor 1/b and correspondingly the wave number is scaled by b > 1.

The total number of degrees of freedom is reduced by b=9.

P =b"lr, ¢ =bg, N'=b"?N. (3.4)
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The free energy per degree of freedom changes, according to the invariance of the
partition function (3.2) and eqn (3.4), as

FH'") = b f(H). (3.5)

Notice that we have included the temperature factor in the free energy for simplicity
and have written f for 3f.

The scaling dimension of a physical quantity A is defined as the index z in the
factor

A = b A, (3.6)

where A is the value before renormalization and A’ after renormalization. Equation
(3.4) shows that the scaling dimension of length is —1, that for wave number is 1 and
the volume or the number of sites has x = —d. The total free energy SF = —log Z
has scaling dimension 0 from eqn (3.2), and the free energy per degree of freedom has
scaling dimension d from eqn (3.5). The magnitude of the microscopic variable, the
spin, also has a scaling dimension. Let us leave its evaluation to later sections and
write here a general form

S'(r") = c(b)~1S(r), (3.7)

with ¢(b) defining the scaling of the spin field S(7). The symbols r» and ' denote the
position vectors of the same spatial point before and after renormalization. The cor-
responding rule for the connected correlation function G(r, H) = (SoSr) — (So){Sr)
reads

G(r',H") = c¢(b)2G(r, H). (3.8)

If the original system is exactly at the critical point, the system has fluctuations of
all length scales and consequently should stay essentially unchanged after many steps
of renormalization. This means that the Hamiltonian reaches a fixed point H* after
many renormalization steps. The fixed point is defined by

H* = Ry(H"). (3.9)

The critical and fixed points are closely related with each other but are not identical.
If the original system with Hamiltonian H is at a critical point, H itself is not a fixed
point but the renormalized Hamiltonian asymptotically approaches a fixed point H*,

H* = lim R}(H.), (3.10)

where H, is the original Hamiltonian at the critical point.

In this way, we establish a map in Hamiltonian space (or parameter space as we
will see below) that mathematically defines a semi-group (and not a group) since
information is erased (b > 1) as one traces out degrees of freedom. In other words,
there is no inverse mapping (operation, R;l, that is required for those R to form a
group). That the set of transformations R}, forms a semi-group means that there exists
an identity map when b = 1, and two successive mappings Ry, and Rp, are equivalent
to a single map Rp,p,. Mathematically,

H" = Ry,(H') = Ry,.Rp,(H) = Ry, (H). (3.11)
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3.2 Parameter space and renormalization group equation

Let us formulate the rule of change of a Hamiltonian under the operation of renor-
malization group. The Hamiltonian is written as the sum of products of a parameter
u, (c-number) and operator O,,*

H=> u,0n, (3.12)

and n is an integer number whose maximum value is a polynomial function of the
number of elementary degrees of freedom of the system (e.g. the maximum n is a
quadratic function of the total number of spins). For simplicity, the following equations
are written for the Ising model case but the idea is applicable to more general cases.
For example, in the Hamiltonian

H=-KY S8 —hY_ S, (3.13)

(i) g
K and h are parameters (or coupling constants) and S;S; and \S; are operators. Here
again, the inverse temperature 3 is understood to be included in the Hamiltonian. Now,
if we apply the procedure of the renormalization group, the new Hamiltonian includes
operators that did not exist before renormalization. In other words, a renormalization
group map (i.e. coarse graining plus rescaling) induces a change of coupling constants.
In the example of the previous section, Fig. 3.1, the new Hamiltonian assumes
the form

H =-K'Y 88— K Y SiS;j—Kj» 8iS;SpSi+--, (3.14)
(ig) A B

if we set h = 0 before renormalization. Here, A denotes the interaction between next-
nearest-neighbor sites (in the direction of the diagonal of a unit square), and B is
for the four-spin interaction surrounding a unit square (plaquette interaction). As
confirmed in Exercise 3.1, the partial summation for a system with nearest-neighbor
interaction only causes additional terms in the new renormalized Hamiltonian written
as K', K, K} in eqn (3.14). An additional renormalization step to the latter system
generates further complicated interactions. Repeated applications of this procedure
may seem impracticable since more and more involved terms keep showing up.
Nevertheless, we can develop a general formalism, which leads to a deep understanding
of critical phenomena, by considering a very generic form of the Hamiltonian from the
outset that includes all possible terms that may appear after renormalization.

EXERCISE 3.1 Carry out the real-space renormalization group operation in
Fig. 3.1. The left panel before renormalization represents the ferromagnetic Ising
model with nearest-neighbor interactions. One should take partial summation over
the spins marked by crosses. Since spins marked as crosses do not have direct
interactions with each other, it is allowed to consider each crossed spin separately.
Let us name the cross-marked spin Sp and the surrounding four spins marked by

L Tt is customary in the renormalization group theory to call the microscopic degrees of freedom
operators, following the convention of field theory.
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Fig. 3.2 The spin Sy interacts with its four neighboring spins.

white circles S1,S2,S3, 54, see Fig. 3.2. Then, the problem is to calculate

Z exp (KS()(S1 + S+ S35+ 54)) (315)
Sp=+1
and write the result as a function of Si,--- ,S4. In particular, show that the result

has the form of eqn (3.14).

The coarse-graining procedure is not unique. Choosing one leads to a particular
renormalization group scheme. In formal terms, any renormalization group transfor-
mation can be expressed as

') = Trg P9, 5)e HS), (3.16)

where P(S’,S) is a non-negative weight operator constructed so that the coarse-
grained variables S’ adopt the same values as the original S. For instance, if the
original variables are Ising spins {S; = £1} each defined on lattice site i, the coarse-
grained variables {S; = 41} also represent Ising spins defined on the renormalized
lattice. Clearly, P(S’,S) must preserve the symmetries of the original H and satisfies

Trg P(S',S) =1, (3.17)

which is equivalent to the condition (3.2). For example, in Section 1.4 we defined
a block-spin transformation with an odd number of spins per block consisting of a
majority rule. This amounts to the following rule

P(S,8) = Hé(S; - sign[ZSiD, (3.18)
J 1€j

where j represents a block-spin index, while ¢ refers to a site of the original lattice.
Let us express the set of parameters corresponding to —K’, — K, —K},--- in eqn

(3.14) as a vector u and the set of spin variables (operators) corresponding to S5;S;

(the first term on the right-hand side), S;S; (the second term), S5;5;S%S; (the third

term) by a vector O. Then, eqn (3.14) may be formally viewed as the inner product

u - O. We therefore write the Hamiltonians before and after renormalization as follows,

H=w-0, H =4'-0" = Ry(H). (3.19)

The set of operators O and O’ are well-defined quantities. The essential part of the
renormalization group calculation is to find the rule that implements the change of
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the parameter sets from u to u’. If we use the same symbol as in eqn (3.3), we may
write the induced map as

u = Ry(u). (3.20)

This equation, called the recursion relation or renormalization group equation, repre-
sents the rule of change of parameters by a single step of the renormalization group
operation and hence Ry involves no non-analyticities; it is an analytic transformation.
Under this renormalization group map, lengths are reduced by the scale factor b, and
therefore the correlation length transforms as

E[u] = b~ "¢lul. (3.21)

Successive applications of the recursion relation generates a discrete flow in the
parameter space,

u — Ry(u) — Ri(u) — - — R} (u) — ---, (3.22)

which can be viewed as a series of points along a trajectory. The set of trajectories
generated from different initial parameter values, in (infinite-dimensional, at least in
principle) parameter space, is called the renormalization group flow. Similarly, the
correlation length transforms as

§[Ry (w)] = 07" E[ul, (3.23)

eventually vanishing if £[u] < oo, indicating that the flow moves away from criticality.
However, if £[u] = oo, the renormalized correlation length remains divergent.

The critical exponents that characterize the non-analyticities of physical quantities
are determined by the asymptotic behavior of the parameters u that emerge in the
limit of infinite repetitions of the renormalization group procedure. Singularities
of physical quantities have their origin in the infinitely many applications of the
renormalization group transformation, not in the function R; itself. A fixed point of
the renormalization group transformation is a point u* in parameter space that is
invariant

u* = Rp(u*), (3.24)

and has an associated fized-point Hamiltonian H* that is also invariant under scale
transformations. At the fixed point

E[Ry(u”)] = E[u’] = b €[u"], (3.25)

implying that £[u*] can only take two values: 0 or oo, and the latter case is due
to a critical fixed point. A trivial fized point is indicated by a vanishing correlation
length, i.e. {[u*] =0. This finding expresses the physical fact that at a fixed point
there is no characteristic length scale and scale invariance or self-similarity manifests
itself.

The emergence of non-analyticities has an analogy to the situation in iterative
maps of classical dynamics. Only an infinite number of iterations may lead to singular
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behavior. Consider the dynamic equation, which corresponds to a single coupling
constant,

% = —2u(u? - 1), (3.26)
and study the behavior of u(t) as a function of the initial condition uy. The solution
to this equation is u(t) = ug/\/u2 — (uZ — 1)e=4. Clearly, for any finite ¢, u(t) is a
continuous function of ug. It is only when ¢t — co that u(t — oo) = sign[ug] (up # 0)
becomes a discontinuous function of ug. The right-hand side of eqn (3.26) vanishes
for w = 0, £1. These three points are fixed points of eqn (3.26). In other words, if one
starts (t = 0) at points ug > 0, the flow is attracted toward u* = 1, while for ug < 0
it is attracted to u* = —1. The flow always repels u* = 0, and obviously is stuck at
that point only if ug = 0. It is an unstable fixed point.

As we are interested in the singular properties of physical quantities near a critical
point, it is instructive to consider the departure of the parameter values slightly away
from the critical point and see the behavior of the recursion relation (3.20). This would
correspond to studying properties of the system with parameter values slightly away
from the fixed point. We thus write the parameters before and after renormalization
using the fixed-point value u* and slight deviations from it as

u=u"+0u, u=u"+du. (3.27)

Although the recursion relation v’ = Rp(u) is in general a non-linear transformation,
we expand the right-hand side of this equation around the fixed point and keep the
first-order term

ORy

u =u* +ou' = Ry(u* + du) = Rp(u*) + Bu| du+ -+, (3.28)

-
because we are only interested in the vicinity of the fixed point. A Taylor expansion
is possible since Rp has no singularities, i.e. it is analytic. The linearized recursion
relation is then written as

u' = Ty(u*) - du, (3.29)
OR, . . . .
where Tp(u*) = Pu is a real matrix, with components given by
ou!,
To(w ) = i 3.30
[Ty (u™)]i; ou; u*7 ( )

not necessarily symmetric. We are interested in those situations where T, is diagonal-
izable with real eigenvalues. Critical phenomena will turn out to be characterized by
the eigenvalues and eigenvectors of this linear transformation T5.

Let us recall that Ty is a function of the rescaling factor b. An eigenvalue of T}, is
in general expressed as a power of b,

As(b) = b¥i. (3.31)
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The reason is as follows. A successive operation of two renormalization group trans-
formations of rescaling factors b; and bs is equivalent to a single transformation of
factor b1by (i.e. its semi-group property Tp, - Tp, = Tp,p,). The eigenvalue of the latter
Ai(b1b2) coincides with the product of the former A;(b1)A;(b2) due to the linearity of
Tp: The first transformation of b; multiplies the eigenvector by \;(b1) and the second
by A;(b2). The resulting relation X;(b1ba) = A;(b1)\;(b2) is satisfied only by a power of
b, \i(b) = b¥:.

It is instructive to expand du and du’ by the set of eigenvectors {¢,} of Ty, T, - ¢, =
Ai(b); as,

u=u"+ Zgicﬁi, u=u"+ Zgz’-(bi, (3.32)
i i

implying after eqn (3.29) that g, and g¢; are related as g; = b¥g;. These ¢1, ga, - - - are
very important quantities that characterize the properties of the parameter space u
near the fixed point and are called scaling fields. The description of the behavior of
the system by the renormalization group has thus been reduced to the study of the
properties of the fixed point, the exponents y1,yo, - - - of eigenvalues of the linearized
transformation Ty and the scaling fields g1, go, - - - . The following table summarizes the
main steps in a renormalization group analysis

Renormalization group procedure

i— Coarse graining and rescaling as represented by
P(S',S) and b.
ii— Write down the renormalization group equations:
u' = Ry(u).
ili— Solve the renormalization group equations iteratively:
uﬁulﬁuu_)...
iv— Determine the phase diagram from the flow diagram and fixed points uw*.

v— Linearize R, — T} close to the critical fixed point u*.

vi— Determine the eigenvalues and eigenvectors of Tp(u*):

{Ai(b) =0} and {g;}.

vii— Extract the exponents and scaling fields:
{vi, gi}-

One can formally write the renormalization group equation u' = R,;(u) as a
coupled set of non-linear differential equations by considering an infinitesimal rescaling
nb = (1+ €)b, with e < 1

du uw—u 1
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or

du

— = 3.34

U ) (3.34)
with 7 = logb. The zeros of the beta function B(u), B(u*) = 0, define the fixed points
of the transformation. This formulation elucidates the relation to eqn (3.26) for the
dynamical systems.

3.3 Renormalization group flow near a fixed point
and universality

The exponent y; appearing in the eigenvalue of the linear transformation 7p is an
important quantity characterizing the parameter flow near the fixed point. If y; is
positive, the eigenvalue b¥' is larger than unity (b > 1), and the scaling field g;
becomes amplified by the factor b¥¢ after each application of the renormalization group
transformation. The parameter therefore moves away from the fixed point. For negative
y;, on the other hand, the parameter converges to the fixed-point value. It is therefore
concluded that all the scaling fields g; with positive exponent y; > 0 should be tuned to
0 for the system parameters to be attracted to the fixed point. Since the adjustment
of the value of g; has a decisive effect on the system behavior, a scaling field with
positive exponent y; > 0 is called a relevant variable or a relevant field. A scaling field
with negative exponent y; < 0 rapidly diminishes toward 0 as the renormalization step
proceeds and has no essential effects on the critical properties. Such scaling fields are
thus called irrelevant variables. The intermediate case of y; = 0 is said to be marginal.
Marginal scaling fields are associated with logarithmic corrections to scaling. Note
that the notions of relevance, irrelevance or marginality are relative to a particular
fixed point. A relevant variable at one fixed point may be irrelevant at another.

Figure 3.3 illustrates the renormalization group flow of scaling fields g; and g;
with y; > 0 and y; < 0. The flow of g; with y; <0 converges to the fixed point F
at g; = g; = 0 along the horizontal line g; = 0. If, however, g; is non-vanishing, g;
rapidly diverges away from the fixed-point value of 0 since y; > 0. Even in this case g,
approaches 0.

9j

Fig. 3.3 Schematic illustration of the parameter flow when one of the exponents is positive
and the other negative, y; > 0 and y; < 0. The fixed point F has g; = g; = 0.
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Fig. 3.4 Schematic diagram of the renormalization group flow in the space of interactions

K,

in the absence of external field. The nearest-neighbor interaction is written as K7 and the
next-nearest-neighbor interaction as Ko.

Critical phenomena are observed in a ferromagnetic system only when the two
parameters T and h are adjusted to critical values, T'= T, and h = 0, as shown in
Fig. 1.3. Slight deviations of these values from the critical point will drive the system
away from the critical point by renormalization group operations, as mentioned in
Section 1.4. This fact leads us to the identification of T" and h as two quantities related
to relevant variables in typical critical phenomena. The scaling fields corresponding
to T and h, g1 and go, will have positive exponents, y; > 0,y2 > 0. The others are
negative, y3 < 0,y4 < 0,---. The scaling fields are derived from the function realizing
the transformation Ry(-), an analytic function, and hence g; should be analytic with
respect to T and h. We may therefore infer that g; is proportional to t = (T' — T¢.) /1.
and go proportional to h near the fixed point. Variables other than the temperature
and external field, represented by the other scaling fields g3, g4, - - -, do not affect the
essential features of critical phenomena, typically the critical exponents. Details of the
system properties other than the values of temperature and external field have no influ-
ence on the critical exponents. This is the statement of universality from the standpoint
of renormalization group. We hereafter write g, y: for g1,y1 and gn, yn for g, yo.

Figure 3.4 is a flow diagram under the condition h =0, from which we learn
important lessons on the significance of scaling fields. Various types of interactions
emerge as the renormalization step proceeds, and Fig. 3.4 represents a projection of
such a multidimensional space onto the two-dimensional plane of K7 and K5, where K,
is the nearest-neighbor interaction divided by temperature and K> stands for the next-
nearest-neighbor interaction divided by temperature. Each parameter changes as the
renormalization proceeds. If, for instance, there are only nearest-neighbor interactions
initially (K3 = 0), there appear next-nearest-neighbor interactions (K2 > 0) after a
single step of renormalization. Since only g; is a relevant scaling field when h = 0,
there is just a single direction along which the system is attracted toward the fixed
point F at g: =g, =g3 =---=0. The g; axis corresponds to the direction along
which the renormalization flow moves away from the fixed point. The other directions
correspond to g3 or other irrelevant scaling fields, along which the flow is attracted to
the fixed point.
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It should now be clear that the scaling field g; should not be directly identified
with the parameter K| — K. of the initial Hamiltonian with K5 = 0, the so-called
bare parameter. We, nevertheless, observe that the scaling field g;, which expresses
a small deviation from the fixed point, is proportional to the deviation of the initial
parameter value from the critical value (K7 — K.) as long as the system is close to
the fixed point. Both are proportional to t = (T' — 1) /7.

The set of fixed points is an important characteristic of a renormalization group
study. Each fixed point u* has a set of points in parameter space, known as a basin
of attraction, which flow into the fixed point u4* under renormalization. The basin of
attraction of a critical fixed point is called a critical surface or a critical manifold.
Points on a critical manifold are attracted by renormalization to the fixed point F
in Figs. 3.3 and 3.4. As seen in Fig. 3.4, the transition point (critical point) lies on
the critical surface but should be distinguished from the fixed point itself. Moreover,
points u on the critical surface have infinite correlation length since {[u] = b"¢[ Ry} [u]],
and in the limit n — oo, &[u] = oo since in that limit {{u*] = £[R} [u]] = cc.

Fixed points are not necessarily isolated points in parameter space. They may
represent lines or generic surfaces, and one may classify them according to their
codimension. Points with codimension 0 (known as sinks) have no relevant direction
associated to them and represent bulk phases. Fixed points with codimension 1 can be
discontinuity fixed points (corresponding to first-order transitions, as will be discussed
in Exercise 3.3) or they may represent a stable bulk phase. A critical point has
codimension 2 since two relevant fields are involved. Those fixed points organize
the parameter space into regions with qualitatively different physical behavior. A
phase diagram, which has an associated fixed-point structure, summarizes the global
structure of the renormalization group flow.

3.4 Scaling law and critical exponents

We next relate the positive exponents y; and y, of eigenvalues of the linearized
renormalization group transformation 7, with the critical exponents. This is the
quintessence of the renormalization group theory and yet is formulated in a surprisingly
simple and elegant manner. The central idea lies in the analysis of the free energy under
a renormalization group transformation. This explains how the renormalization group
theory accounts for the origin of scaling law, as will be detailed toward the end of this
section.

According to eqn (3.5) and the discussions in Section 3.2, the free energy is
transformed in the following manner by a renormalization group transformation,

f(gtvghvgB,”') :bidf(gzltag;zagév"’)v (335)

where g; is proportional to the deviation of temperature from the critical value ¢, and
gp is proportional to the external field h. Hereafter, we understand that f denotes the
singular part of the free energy. Then, as will be illustrated later in Section 3.6.3, the
right-hand side should include an additional non-singular term, rigorously speaking,

F(Gt:Gns g3, ) = b f (g g1 b+ ) + W(Ges s g3, ). (3.36)
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The last term w, however, does not play a crucial role in the determination of the
critical point or critical exponents, thus we omit it in this book and use eqn (3.35).
Notice, however, that this regular term is important to determine the total free
energy.

Let us drop g3, g4, - - as they represent irrelevant fields. We also ignore the con-
stants of proportionality between g; and ¢ and between g, and h since these play no
roles. Then, eqn (3.35) becomes, after n steps of renormalization,

ft,h) = b~ f(bmvet, b™vn h). (3.37)

For t # 0 we choose the number n such that the first argument of the right-hand side
reduces to unity, "%+t = 1.2 The physical idea is that we repeat the renormalization
group transformation many times so that the effective temperature is pushed away
from the critical region. As a result, the critical condition |t| < 1 is replaced by ¢ =
b™tt =1 and the system has a high (or low) effective temperature. Panels (d) of
Figs. 1.5 and 1.9 correspond to this circumstance. Then, by inserting b™ = ¢t~/¥ in
the right-hand side of eqn (3.37), we find a very important relation known as the
scaling law,

f(t,h) = td/ytf(l, ht_yh/yt) = ¢4yt \I}(ht_yh/yt). (3.38)

The free energy originally has two independent variables, the temperature and external
field. Nevertheless, as expressed in the last part of the above equation, it has effectively
become a single-variable function as far as the critical phenomena are concerned. The
function ¥(-) is called the scaling function. As we will see below, the scaling law implies
functional relations among critical exponents.

From a mathematical standpoint, the scaling law above asserts that the (singular
part of the) free energy is a generalized homogeneous function. For n variables, those
functions transform as

FOA g1, A% g2, A% g,) = Af(91, 92, 1 Gn), (3.39)

where A, a; are arbitrary numbers. It is clear that homogeneous functions can always
be written in terms of scaling functions such as the case of two variables in eqn
(3.38). Consider a homogeneous function f(g1,¢g2) and perform a scale transformation

A =1/gy. Then, f(A* g1, \*2gq) = gfl/al‘lf(g;az/algg), where U(z) = f(1, 2).

EXERCISE 3.2 Show that the lattice constant a, the distance between neighboring
lattice sites, is an irrelevant variable. It will be useful to generalize eqn (3.37) to
include a as an additional variable.

Comment: We conclude from this result that the value of the lattice constant
has no influence on the critical behavior. In particular, continuous field theories
obtained in the limit a — 0 are often used for the evaluation of critical exponents.
However, care must be exercised since in some cases irrelevant variables affect

2 For T < Tc, we choose b"¥t|t| = 1 as t is negative. For simplicity of notation, we often write ¢ for
[t| even when T < T in the present book. In this case, the first argument of the second expression of
eqn (3.38) is —1 instead of 1.
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scaling. Those variables are known as dangerous irrelevant variables, as will be
discussed in Section 4.2.1.

The scaling law is useful since it relates the exponents y; and y; to the critical
exponents. For instance, the specific heat is the second-order derivative of the free
energy with respect to the temperature, usually under the condition h = 0. Setting
h =0 in eqn (3.38) and taking the derivative, we have

azf(tv 0) d/yi—2
This should be proportional to t~¢, from which we find o = 2 — d/y;.% The exponent
y¢, which describes the rate of amplification of the scaling field g; o ¢ by the renor-
malization group operation, determines the critical exponent « of the specific heat.
Next, to find the critical exponent 3, we differentiate eqn (3.38) with respect to h and
then set h =0,
of(t,h)

m(t,0) o« ———=

o o t(d_yh)/yt’ (3.41)

h=0

which means 8 = (d — yp)/y:. Similarly for the critical exponent ~: By twice differen-
tiating eqn (3.38) with respect to h and setting h = 0, we obtain the susceptibility x,

0?f(t,h)

W X t(d*th)/yt. (342)

h=0

X(t,0) o

We thus conclude v = (2y, — d)/y;. As for the critical exponent §, we set ¢ =0 in
eqn (3.37) and differentiate the resulting expression with respect to h,

9f(0,h)
oh
where f5 is the partial derivative of f with respect to the second argument. If we choose

n such that b™Y»h = 1 is satisfied, the h dependence of the right-hand side becomes
R{d=yr)/yn and § =y, /(d — yp) follows. Those results are summarized as follows.

m(0, h) o = bR £, (0, b™V0 h), (3.43)

d d— 2up — d
0&:2——, 6: yh7 ¥ = Yn , 5:y7h
Yt Yt Yt d—yn

(3.44)

We have used the relations b = t~1/¥ and b® = h~'/¥» in the above argument.
These relations are interpreted as describing the system in a gradually coarse-grained
manner in renormalization group since smaller ¢ or h (i.e. closer to the critical point)
needs larger steps of renormalization n according to b = ¢t~ /¥ and b = h=/¥».

The behaviors of the scaling function ¥(z) in eqn (3.38) in the limits of z — 0
and x — oo are determined from the following discussion. When h =0, f satisfies

3 As mentioned before, the right-hand side of eqn (3.40) represents the singular term of the
specific heat. Additional contributions from non-singular terms must be added to recover the full
temperature dependence of the specific heat. This is particularly important when the critical exponent
« is negative, since then the magnitude of the non-singular terms is much larger than the singular
contribution. The same comment applies to all the following relations.
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f(t,0) ~ t27* and therefore ¥(0) should be a non-vanishing constant according to the
relation d/y; = 2 — a.. To see the properties in the other limit, we notice the simple fact
that f(¢, h) is a function only of h for ¢ — 0. Then, the ¢ dependence of the right-hand
side of eqn (3.38) must be canceled by the following behavior of ¥(z) for z — oo,

W(ht=vn/ve) o (Bt vn/ve) YV = pd/ung=d/ve, (3.45)
Hence, for x > 1, ¥(x) ~ %", From the above result we find in the limit ¢ — 0
£(0,h) ~ h¥/vn, (3.46)

which implies m ~ h%¥»~1 leading to § = yp,/(d — yp). This is consistent with the
previous result.

We have derived important formulas to relate the exponents of eigenvalues to
critical exponents. These formulas are at the core of a theoretical framework to
evaluate critical exponents from the linearized renormalization group equation and
its eigenvalues. It is worth remembering here that there are usually only two relevant
scaling fields, i.e. positive exponents y; and y;, which implies that the four critical
exponents «, 3,7,0 are not completely independent. Knowledge of two of them is
sufficient to determine the remaining two. The scaling relations are explicit expressions
of this fact, which can be derived by eliminating y; and y; from eqn (3.44),

at28+y=2, y=p6(-1). (3.47)

Since these are derived from thermodynamic quantities, they represent thermodynamic
scaling relations. The critical exponents of the mean-field theories of critical and
tricritical points satisfy these scaling relations.

We note in passing that the following inequality, known as Rushbrooke’s inequality,
holds for the critical exponents a._, 3,v_,

a_ +20+v- > 2, (3.48)

where a_ and y_ are the exponents o and =, respectively, for the low-temperature
side of the critical point.* Rushbrooke’s inequality can be proved rigorously using
thermodynamics, as shown in Appendix A.3.

3.5 Scaling law for correlation functions and hyperscaling

In the previous section we have expressed the critical exponents «,(3,7,d in terms
of y: and y; from the scaling law of the free energy. An additional scaling law for
the correlation function is necessary in order to relate the critical exponents v and 7
of the correlation function to y; and y,. Let us assume that h = 0. We identify the
scaling field g; with the temperature deviation from the critical point ¢ as before. The
connected correlation function (S(0)S(7)) — (S(0))(S(r)) will be written as G(r,t), a

4 Remember that 3 is defined only on the low-temperature side (ordered phase). The other critical
exponents are believed to have the same values below and above the critical point, which has, however,
been proved only in limited cases. An example will be given in Chapter 10.
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function of distance and temperature. Assume that G(r,t) depends on r only through
its absolute value r = |r|, independent of the direction, which is very plausible near
the critical point where short-scale properties (such as the lattice anisotropy) are
irrelevant.

According to the transformation rule of the spin variable S, eqn (3.7), the correla-
tion function G(r,t) acquires the factor c(b)? after a single step of a renormalization
group operation since the correlation function is the average of the product of two
spin variables,

G(r,t) = A (b)G(b r, b¥t). (3.49)

Another piece of information comes from the scaling law of the magnetization m,
which is obtained by differentiation of eqn (3.37), for n = 1, with respect to h and
then setting h = 0,

m(t,0) = b= TVnm(bVet, 0). (3.50)
A comparison of this equation with a relation similar to eqn (3.49),
m(t,0) = c(b)m(b¥¢t,0) (3.51)
reveals that c(b) = b~9+¥". Then, by writing eqn (3.51) as
m(b¥t,0) = b ¥ m(t,0), (3.52)

we find the scaling dimension of the spin variable to be d — y, according to the
definition of scaling dimension, eqn (3.6).
Therefore, eqn (3.49) reduces to

G(r,t) = b= 24290 G (b~ Ly, bY1t). (3.53)

By renormalizing n times, we obtain a relation where b is replaced by 0™ in this
equation. For ¢t # 0, we can choose n such that 5%t =1 holds as in the previous
section, and then the following scaling law for the correlation function is derived,

G(r,t) = t2@=v)/ve(pt/ve) (T £ T)). (3.54)

If we fix ¢ to a small but finite value and let r increase, the correlation function should
decay exponentially as e~"/¢. Since the correlation length & diverges proportionally to
t~¥, the exponent r/¢ in e~"/€ should be proportional to rt”. Comparison of this fact
with eqn (3.54) indicates that r appears as a product with a power of ¢, 7t in e /¢
and rt*/¥ in eqn (3.54). Since both of these represent the same function, 1/y; should
coincide with v. We therefore conclude v = 1/y,.

The critical exponent 7 determines the power of decay of the correlation function
r~4+2=7 exactly at the critical point. Setting ¢t = 0 and b = 7 in eqn (3.53), we have

G(r,0) oc 7242 (T =T,), (3.55)
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from which we conclude n = d — 2y, + 2. To summarize,

1
= n=d— 2y, +2. (3.56)
t

Notice that the space dimensionality d appears explicitly in the scaling law for the
correlation function. Several scaling relations follow naturally,

v(d—2+mn)
2

d+2—-n

a=2—dv, = :d—2+77.

yy=v(2-n), ¢ (3.57)

These equations relate the exponents for singularities of the free energy, «, 3,7, 9,
with those for the correlation function, v and 7, and are called hyperscaling relations.
The first relation in eqn (3.57) is sometimes referred to as the Josephson scaling
relation. In contrast to the (ordinary or thermodynamic) scaling relations (3.47),
hyperscaling relations are sometimes violated. For example, the mean-field exponents
do not satisfy the first relation of eqn (3.57) for d > 4. As will be discussed in the next
chapter, hyperscaling relations may be violated when a variable named ‘dangerous
irrelevant variable’ affects the behaviors of the free energy and correlation function in
different ways.

EXERCISE 3.3 Let us study a first-order phase transition from the perspective
of the renormalization group methodology. The ferromagnetic Ising model below
the critical temperature 7' < T, goes through a first-order transition at h =0 as
one changes h across h =0 at a fixed temperature. For h > 0, the spins align
upwards and the magnetization is positive (m > 0), whereas for h < 0 down-pointing
spins dominate and m < 0, see the left-most panel of Fig. 1.3. As explained in
Section 1.4, the Ising model with h = 0 approaches the fixed point at T' = 0 if the
initial temperature satisfies T' < Tc, which implies that T'= 0, h = 0 is a fixed point
stable along the temperature axis. This point determines the properties of the first-
order transition and is called a discontinuity fized point.

Show that the exponent of renormalization y of the external field h at the
discontinuity fixed point is equal to the spatial dimension d. As a hint, the correlation
length does not diverge at a first-order transition, in contrast to a second-order phase
transition. This means that the correlation function does not decay as a power law,
from which one can infer the scaling dimension.

3.6 A simple example: One-dimensional Ising model

It is instructive to illustrate the general ideas using a simple example. We can solve
the one-dimensional Ising model exactly without recourse to the renormalization
group, as will be shown in Chapter 9. Nevertheless, it is well worth studying this
model by the renormalization group because this is one of the rare examples in
which the renormalization steps can be carried out exactly. Another reason is that
we can compare the result with the exact solution to check if the prescription of the
renormalization group works as expected.
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Fig. 3.5 Spin variables on even-numbered sites are traced out as a realization of the real
space renormalization group.

3.6.1 Recursion relation

Let us take the sum over half of the spin degrees of freedom, that is, over the spins
on even-numbered sites, as a simple realization of the renormalization group for the
one-dimensional Ising model. This is one of the simplest cases of the real-space renor-
malization group. This method is also called decimation. The starting Hamiltonian is

N N
H=-K» 8Sit1—h» S (3.58)
i=1 i=1

We assume that the inverse temperature 1/7 is included in the Hamiltonian, and
a periodic boundary condition is used, Syy+1 = Si. A transformation of scale factor
b = 2 is realized by the summation over spin variables on even-numbered sites as in
Fig. 3.5. For example, the summation over Sy proceeds as

Z exp (KSQ(Sl + Sg) + hSQ) = eK(Sl+S‘°’)+h + e_K(Sl+SS)_h. (359)
So==+1

This result can be expressed as a function of S; and S3,
A exp (K’Slsg + hl(Sl + Sg)) (360)

The reason is as follows. Since eqn (3.59) is a function of S; and S5, the exponent in
eqn (3.60) should have the form g(Si, S3). The expansion of this g(S1,S5) in powers
of S7 and S3 does not include terms of order higher than S7,S3 and 5153 (such as
S% or S152) because of the identity S? = S2 = 1.

We defer the actual evaluation of K’ and h; for a while and perform similar
manipulations at all even-numbered sites to find

> e =Aexp (K'(S195+ 8385+ ) + (h+2h1)(S1+ S5 +--+)), (3.61)
So,S4,0

where A is the product of A appearing in eqn (3.60). The coefficient k + 2h; of (S1 +
S3 + -+ ) is the renormalized field h’. The factor two in front of k1 comes from the fact
that, for example, hS3 emerges twice from the traces over Sy and S4. The remaining
task is to find the forms of K’ and i’ as functions of K and h explicitly and to estimate
the eigenvalues of the linearized recursion relation around a fixed point. Notice that in
this problem the renormalization group mapping preserves the form of the Hamiltonian
with renormalized parameters. In other words, the mapping does not generate new
couplings as in the two-dimensional case of eqn (3.14).
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(i)
(h=0) 1 -
A (i)
) (iii)
(h=co) 0 : 1
(T=0) (T'=o)

Fig. 3.6 Renormalization flow, or trajectories, of the one-dimensional Ising model.

To obtain K’ and ', we equate the right-hand side of eqn (3.59) to eqn (3.60)
and write four relations resulting from the four combinations, (S; = £1, 55 = +1).
Actually, (51 =1,5 =—1) and (51 = —1,53 =1) give the same relation, and we
find three equations, which are necessary and sufficient to determine K’,h’ and A as
functions of K and h. Details are left to Exercise 3.4, and we just quote the result,

K cosh(2K + h) cosh(2K — h)

= 3.62

cosh® ( )

an €2 cosh(2K + h) (3.63)
~ cosh(2K — h) '

A* = 16 cosh® h cosh(2K + h) cosh(2K — h). (3.64)

These are the recursion relations of the renormalization group transformation with
scale factor b = 2 for the one-dimensional Ising model.

EXERCISE 3.4 Derive the recursion relations (3.62) to (3.64).

3.6.2 Fixed points and eigenvalues

It is necessary to find fixed points of the recursion relations (3.62) and (3.63) and
evaluate the eigenvalues of the linearized relations. It will be useful to use the variables
x = e K and y = e7?" instead of K and h since the critical temperature is at absolute
zero (K — o0) in the present one-dimensional system. Equations (3.62) and (3.63) are
then expressed as

, z(1+y)? y(@+y)

T zmzfl(x,w ) y/:m:h(%y) (3.65)

or in a vector notation
o\ _ (filzy)
(y’> B (fQ(m,y)) (3.66)
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(i)

3

(1)

Fig. 3.7 Figure 3.6 redrawn in terms of the conventional variables as axes.

Figure 3.6 illustrates how z and y transform as (z,y) — (2/,y') — (¢”,y"”) — -+ by
the above recursion relation. We find three fixed points (z*, y*):

(i) * =1 and arbitrary y* (attractive line of fixed points). This corresponds
to the high-temperature limit (K = 0) and has no important physical
significance. It represents the disordered phase.

(ii) * =0,y* =1, i.e. T=0,h =0. This is a critical point (repulsive or
unstable fixed point). As shown in the phase diagram of Fig. 3.7,
which is drawn in terms of the conventional variables T' and h instead
of x and y, the ordered phase of the one-dimensional Ising model is
restricted to a single point at T = 0,h = 0. Figure 3.6 shows that the
fixed point (ii) is unstable against infinitesimal introduction of finite
values of T' and h. Thus, these two variables are relevant at this fixed
point.

(iii) The last fixed point is at 2* =0 and y* =0 or T'= 0 and h = oco. This
is also uninteresting similarly to (i).

We now linearize the recursion relation (3.66) around the fixed point (ii) and eval-
uate the eigenvalues. Linearization near * = 0, y* = 1 amounts to the approximation
that drops second and higher orders of z and e =1 — y,

2 ~dx, € =2e. (3.67)

Eigenvalues within this linear approximation are clearly A\; = 4, A\, = 2. Using the
scaling factor b = 2, we obtain y; = 2 and y, = 1. Thus, the critical exponents are
found tobe « =3/2,6=0,7=1/2,0 — oo,v = 1/2 and n = 1. The exponent (3 is not
actually well defined since the critical point is 7' = 0. The magnetization at T'= 0 is
m = 1 for any positive h, which may be considered consistent with § — co in m o h'/?.
Similarly, the correlation function is fixed to G(r) = 1 at the critical point T = 0 and
is consistent with d = 1,17 = 1 in G(r) oc r~4+277, The scaling dimension of spins is
xp, =d — yp, = 0 since d = y, = 1. This is again in agreement with G(r) oc 7=2%n = 1.
The vanishing scaling dimension of spin variables z; = 0 is a special feature of the
one-dimensional system in which the magnetization jumps to a finite value at the
critical point.
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3.6.3 Singularities in physical quantities

Let us rewrite x and y in terms of the original variables to see the behavior of physical
quantities around the critical point T'= 0, h = 0. The magnetic susceptibility is, from

Y= 1/23
Yoz = (e 4E) T2 = 2K (3.68)

This is in agreement with the exact solution derived in Section 9.1.1. The specific heat
diverges as

C o=@ = (e~ HK)=3/2 — (K (3.69)

in contrast to the vanishing behavior C' oc e 725 as T — 0 of the exact solution of

Section 9.1.1. The reason for this discrepancy is in the replacement ¢t — z in C
0 f/0t? in the discussions of the scaling law of the free energy. The scaling field in
the present section is z = e %% but the specific heat is the second order derivative of
the free energy with respect to ¢, and not . Hence, the correction factor 22 = e 8K is
necessary in 9%f/9z% to correctly reproduce the specific heat, which, in conjunction

with €% in eqn (3.69), gives the correct temperature dependence C' oc e 2K,

EXERCISE 3.5 Explain why the susceptibility result (3.68) agrees with the exact
solution without a correction factor, whereas the specific heat (3.69) should be
supplemented by e 8K,

A similar consideration holds for a general value of the scaling factor b. Suppose
that we take the trace over spins, one among b of them. Assume that there is no
external field, h = 0, for simplicity. The renormalization group equation then becomes

u = ub, (3.70)

where v = tanh K.

EXERCISE 3.6 Derive the recursion relation (3.70). Hint: Manipulations that
generalize eqn (3.59) to the scaling factor b will have to be carried out, that is
to take the trace over S2,Ss3, -, S, to find the effective coupling constant between
S1 and Spy1. It will be useful to take the trace over So first, Ss next, and so on.

Equation (3.70) shows that T=0 (v =1) is a fixed point. For T' > 0, u is smaller
than 1 and decreases as the renormalization process of eqn (3.70) proceeds. This
means that the fixed point v = 1 (point (ii) Figs. 3.6 and 3.7) is unstable, as expected.
The correlation length should be transformed as

) = 36w (371)

From «’ = u®, we have £(u®) = &(u) /b, which is satisfied by the inverse of the logarith-
mic function,

_ const  const
~ |logu| |logtanh K|’

§(u) (3.72)
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The temperature dependence of the correlation length has thus been worked out. The
above expression agrees with the exact solution to be derived in Section 9.1.1. In the
low-temperature limit K — oo, the correlation length diverges exponentially due to
the expansion tanh K ~ 1 — 2e 72K

€ ~ const - 2K, (3.73)

We have shown that we can carry out the renormalization-group calculations without
approximations for the one-dimensional Ising model.

Singularities in physical quantities near the critical point usually emerge as powers
of T'— T, as has been discussed at length in the previous sections. It often happens,
however, that such a power-law singularity is replaced by an exponential law at the
lower critical dimension. Since the lower critical dimension of the ferromagnetic Ising
model is 1, the exponential divergences of the specific heat and magnetic susceptibility
reflect this feature of the lower critical dimension. The two-dimensional XY model to
be discussed in Chapter 7 also shows exponential singularities for the same reason.

It is useful to recall that the partition function acquires the factor A(K,h)
appearing in eqn (3.61) after a single step of the renormalization process. The
logarithm of A(K,h) corresponds to the regular part w in eqn (3.36). Repeating the
renormalization group calculations leads to successive multiplications of this factor,
A(K,h)A(K' '), which reflects the change of parameters. After taking the trace
over all spin variables by very many steps of renormalization group calculations, we
are left with this factor only, which is simply the partition function of the whole
system. This argument applies not just to the one-dimensional Ising model but to
any case. The multiplicative factor does not affect critical exponents but should not
be forgotten when one wishes to know the value of the free energy, the logarithm of
the partition function.

3.7 Mean-field theory and scaling law

It is instructive here to analyze the mean-field theory from the standpoint of scaling
and renormalization and derive explicit forms of scaling functions.

Let us consider again the Landau theory for the Ising universality class. Mini-
mization of the Landau free energy gives a relation between m and h, the so-called
mean-field equation of state, eqn (2.20),

2am + 4bm® = h. (3.74)

To solve this equation for m, we divide both sides by t3/2 and write a = kt to find

3
m m h
% + 1 (\/‘E) =Cg m (375)

with some constants ¢; and cy. This is a cubic equation for m/ v/t and the solution
has the form

m=tg <t3};2> (3.76)
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Now, according to the general theory developed in the previous sections, the h-
derivative of eqn (3.38) yields the scaling law of magnetization,

m = oW’ (ht=P?), (3.77)

where use has been made of 8 = (d — y3)/y: and 6 = yp/(d — yp). These two equations
(3.76) and (3.77) coincide if we use the mean-field exponents 3 = 1/2,6 = 3. Hence,
the mean-field theory satisfies the scaling law, and the scaling function ¥’(.) is a
solution to the cubic equation (3.75).

A similar analysis reveals the scaling law for the magnetic susceptibility. The
Landau expression of the magnetic susceptibility (2.21) becomes, after using the above
relation for the magnetization (3.76),

1
B t(cs + cag?(ht=3/2))’

(3.78)

with constants ¢3 and ¢4. The second-order derivative of the free energy (3.38) with
respect to h gives the susceptibility in its scaling form,

x =t 70" (ht=P%), (3.79)

These two equations (3.78) and (3.79) become compatible when the mean-field expo-
nents v =1,6=1/2, and § = 3 are used.

It can also be confirmed that the Landau free energy before differentiation also
satisfies the scaling law (Exercise 3.7). We conclude that the mean-field theory (Landau
theory) is consistent with the scaling law, as far as the free energy is concerned.

EXERCISE 3.7 Show that the Landau free energy can be written in the form of
the scaling law of eqn (3.38).

EXERCISE 3.8 Is it possible to rewrite the equation of state of the mean-field
theory m = tanh 8(Jmz + h) in a form that satisfies the scaling law? If not, mention
the physical reason.

3.8 Scaling dimension and scaling law

The two-point correlation function decays algebraically at the critical point with a
power that is twice the scaling dimension of the spin variables zp =d — y, as in
eqn (3.55),

G(r,0) oc r—2n, (3.80)

Such algebraic behavior is observed also in other operators. Let us consider the example
of the local energy. The internal energy is given by the temperature derivative of the
free energy. In the case of the ferromagnetic Ising model with only nearest-neighbor
interactions, the internal energy E is proportional to the average of the local energy
operator Ey,(x) = S(x)S(x + ), i.e. the product of neighboring spin operators. Here,
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d is the vector to a neighboring site. Therefore, the t-derivative of the relation (3.37)
with n = 1 gives the scaling law of the local energy,

(Ean(z)) = b~ (Epy (b)), (3.81)

This equation shows that the scaling dimension of the local energy operator is x; =
d—1y;. This result allows us to derive the following asymptotic behavior of the energy—
energy correlation function at the critical point in a manner similar to the usual
spin—spin correlation function,

Ge(r) = (Bun (@) Ean(z 4+ 1)) oc 172 (3.82)

More generally, when the operator ; corresponds to the scaling field g; and the
exponent of the eigenvalue is y;, the scaling dimension of ¢; is x; = d—y;. This relation
is understood by g; differentiation of the free-energy scaling law with an explicit g;
dependence,

f(t7 h7 gZ) = b_df(bytta byhh7 bylgl) (383)
The relation between g; and the average 1; is
_ af
i = (%) = ) 3.84
Gz = 57 (3:84)

in the same way that the internal energy relates to ¢ through the temperature derivative
of the free energy or the magnetization relates to h. We thus find

1/;72 (tv h7 gz) = b7d+yi’l/7i (byttv byhha b%gz)v (385)

which indicates that x; = d—y;. Exactly at the critical point, the correlation function
decays as a power

{Yi(@)¢h; (2 + 7)) ocr™ "7, (3.86)

These discussions are valid even when g; and g; represent irrelevant variables.

The concept of scaling dimension makes it possible to derive scaling relations,
which connect critical exponents, through dimensional analysis. Let us assume that
singularities of physical quantities are caused essentially by the divergence of the
correlation length £ oc t7%. This is a reasonable assumption since the correlation length
is the most important characteristic length scale, the divergence of which should affect
all physical quantities. Therefore, by considering & to be the only fundamental physical
quantity with a dimension of length, we can derive scaling relations. For instance, the
free energy per degree of freedom, f, has the scaling dimension d, as was mentioned in
Section 3.1, and the correlation length &, the standard of distance, has the same scaling
dimension —1 as the length. These facts lead us to the relation between f and &,

focg ot (3.87)

from which the hyperscaling relation 2 — aw = dv results. Notice here that eqn (3.87)
means that the most singular term in the free energy is proportional to ¢~¢. The
whole free energy, including the regular part, should not be considered to be directly
proportional to €%,
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3.9 Scaling and anomalous dimensions

We have already introduced the concept of scaling dimension x of a physical quantity
in Section 3.1, and in the last section we related it to the scaling laws. We remind the
reader that the scaling dimension defines the behavior of a physical quantity under a
scale transformation. In many situations the scaling dimension of a physical quantity is
simply determined by dimensional analysis. For example, consider the dimensionless
quantity that is a part of the Gaussian model (2.74) with the prefactor b chosen
to be 1,%

[/ dr(w(r))?} =1 (3.88)

The notation [- - -] indicates the dimension of the quantity inside the square bracket,
and the fact that it is dimensionless is indicated with 1 on the right-hand side. Since
the dimensions of the quantities inside the integral are

[dr] =L, [V]=L"", (3.89)
eqn (3.88) implies that
LY L72 - [g(r)? =1 = [o(r)] = LD/, (3.90)

where L is the unit of length (associated to the correlation length £). This equation
defines the dimension of the physical quantity ¢(7). In this way, one determines a
dimension from the dimensional analysis, also known as the canonical dimension, that
we name dy = 1 —d/2 in this particular example. It turns out that in the Gaussian
model of Section 2.9 the scaling dimension of the magnetization field ¢(r) is identical
to the dimension obtained from the dimensional analysis, i.e. 4 = dy. As we will
explain below, this is why the exponent 7 of the Gaussian model is zero, as in the
mean-field case.

In general, the scaling dimension is not identical to the canonical dimension
obtained from the dimensional analysis. The difference between the two is proportional
to what is known as the anomalous dimension. For example, in a theory whose two-
point correlation function of scalar fields has non-vanishing 7, the anomalous dimen-
sion means that dy, — x4 = (1 — d/2) — (d — ys) = n/2 # 0.5 This may also happen to
other critical exponents such as v but in those cases it is customary not to give any
special name or symbol to the difference.

We have already seen in Chapter 2 that mean-field theories (such as the Landau
theory) share, regardless of the details, the same set of critical exponents typically rep-
resented in terms of rational numbers. An important observation is that the exponents
of any mean-field theory can be obtained from considerations of simple dimensional
analysis. This fact explains why those exponents are not irrational numbers. Therefore,
a central task of the theory of critical phenomena is to explain and determine those
anomalous dimensions, for example, by using the renormalization group method. After

5 Typically, the Hamiltonian as defined in eqn (3.1) is dimensionless, i.e. [H] = 1, since it appears
in the exponent of an exponential.
6 Notice that Yo here is identical to yy,.
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all, critical behavior is dominated by fluctuations at all length scales, including lengths
smaller than £. The argument that close to the critical point the microscopic length a
may be ignored since £ > a is not always accurate, as will be shown below. In other
words, if there were no anomalous dimensions, the whole field of critical phenomena
would be quite boring since all critical exponents would acquire the mean-field
values.

The reason behind the existence of anomalous dimensions can be heuristically
attributed to the importance of irrelevant fields (or variables, or operators) in estab-
lishing scaling, and thus modifying exponents. For example, in Exercise 3.2 one showed
that the lattice constant a is an irrelevant variable, and we said in the paragraph above
that critical phenomena are dominated by fluctuations at all length scales, including
the microscopic (minimal) length a or, equivalently, a given short-wavelength cutoff
A~! in the terminology of field theory (see Chapter 5). Then, it may happen that
the correlation length £ is insufficient to establish the right scaling and one also
needs to take into account a, which we show below. In the two-point correlation
function of eqn (3.53) the effect of the microscopic length a has been ignored since
a < €. At the critical point, t = 0, G(r,0) oc r~29+2¥»_ From considerations of simple
dimensional analysis, on the other hand, we have seen above that G(r,0) should scale
as G(r,0) oc r~%*2 with the result that = 0. Indeed, this is the exact scaling behavior
of the Gaussian model, i.e. eqn (2.87), and of mean-field theories in general. However,
in most of the interesting cases, n # 0.

Consider the modified scaling relation, which includes the effect of a, at criticality

G(r,a) = b~ 42G (b7 r, b7 a), (3.91)
and choose b = r. Then,
G(r,a) = r~2G(1,a/7). (3.92)

The condition a < r does not imply that the function G(1,z) is non-vanishing near
x = 0. Close to x = 0 it can certainly behave as

G(l,z) oc 2", (3.93)
with an exponent 7 # 0, implying that the two-point correlation function scales as
G(r,a) oc ar= 42 (3.94)

thus heuristically explaining the origin of anomalous dimensions.

3.10 Data analysis by scaling law and finite-size scaling

Scaling laws are useful to estimate critical exponents from experimental or numerical
data. Let us first explain how one can extract the values of critical exponents 5 and 0
out of experimental data of magnetization m measured near the critical temperature.
A naive fit of magnetization data for very small external fields to the definition of 3,
m = |t|?, is better replaced by a more systematic application of the scaling laws.

We first rewrite the scaling law for magnetization, eqn (3.77), as

t=Fm(t, h) = W' (ht=7°). (3.95)



Data analysis by scaling law and finite-size scaling 17

This equation implies that, if we know the values of § and d, the plot of data with
abscissa ht~%% and ordinate t~Pm(t, h) will give a single curve for any h and t. More
practically, for a fixed h, we scan t and plot the values of t~#m(t, h) with the above-
mentioned abscissa and ordinate. Then, the same process is repeated for another fixed
value of h. If the scaling law does not apply, the second plot will give a different curve
from the first. However, due to the scaling law (3.95), the values of t~?m(t, h) coincide
for different ks for the same value of ht=%%. The above procedure is repeated for various
values of h. In practice, we have no precise knowledge of # and § beforehand, and it
is necessary to guess these values to proceed by trial and error to find the appropriate
(6 and 4, by which a single curve is obtained to a satisfactory precision.

Next, we show how to extract critical exponents from numerical data for the
magnetic susceptibility. Critical phenomena take place in macroscopic systems, and
physical quantities show singular behavior near a critical point theoretically only when
the system size is infinite. We can, however, carry out numerical computations only
for finite-size systems. It is therefore necessary to estimate critical exponents, which
characterize singularities of infinite systems, from the data for finite-size systems.
The idea of finite-size scaling is a well-established method for this purpose. We will
see later in this section that finite-size scaling can also be interpreted as a crossover
phenomenon in terms of the size of the system.

Suppose that we perform the process of renormalization group for a system on a
hypercubic lattice with linear size L. The parameters of the system should be carefully
tuned for the system to be at the critical point, i.e. ¢t = h = 0. This condition only
applies to the infinite-size system, L — oo. We interpret this last fact as the condition
that the parameter L~! must be tuned to 0 in addition to ¢t = h = 0 to keep the system
at the critical point, which implies that L=! is a relevant variable. We thus include
L' in the argument of the free energy and write

ft, b, LY = b= f(bYet, bY" b, bL ™). (3.96)

It is seen that L~1! is a relevant variable with exponent y; = 1.
To derive the finite-size scaling of the magnetic susceptibility, we differentiate
eqn (3.96) twice with respect to h and set h = 0 to find

x(t,0, L7Y) = b2 = fo (b¥£,0,bL 1), (3.97)

where f5 is the second-order partial derivative of f(t, h, L™!) with respect to the second
argument. By choosing b = L, we obtain the following equation for some function ¥(-),
analytic for finite L,

x(t,0,L7Y) = L2y (tLY"), (3.98)

where we have used 2y, —d =2 —n =~/v and y, = 1/v. The scaling function ¥(-)
depends generally on the boundary conditions.

The analysis of numerical data proceeds as follows. One first fixes L and plots the
data by changing ¢ with abscissa tL'/* and ordinate L7 2y and repeats it for other
values of L. If the presumed values of 1 and v are appropriate, these plots fall on the
same curve. An example is given in Fig. 3.8. As in the case of experimental data, one
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Fig. 3.8 Schematic illustration of data analysis by finite-size scaling. With inappropriate
values of the critical exponents and critical points, the data for different sizes L do not lie
on a single curve (left), whereas they collapse on a common curve with the correct values
(right). Both axes are drawn in logarithmic scales.

adjusts the working values of n and v by trial and error to find the best possible single
curve.

Another parameter to be found in practice is the critical point T.. Consider the
behavior of the correlation length under a renormalization group transformation

E(t, LY = be(bYet, bL™Y) = LO(tLYY), (3.99)

where we chose b =L and defined the scaling function ®(z) that is regular when
x — 0. Then, the Taylor expansion of the scaling function ® about ¢ = 0 results in

£t L7
L

This relation shows that the critical temperature T, (or ¢ =0) can be determined
as the intersection point of curves &(t,L~')/L versus t for different sizes L since
&(t=0,L71')/L has no L dependence.

We notice a couple of points in relation to finite-size scaling. The magnetic
susceptibility diverges at the critical point in the thermodynamic limit L — oo but
remains finite for finite-size systems. Then, where does the peak of the susceptibility
appear in a finite-size system? According to eqn (3.98), the peak of the susceptibility
in a finite-size system as a function of temperature coincides with the peak of the
scaling function ‘i/(x), which may or may not be located at x =0, i.e. t = 0. If the
peak of W(z) is located at 2 = ¢(s 0), the peak of the susceptibility as a function of
temperature T is at t = cL ™/ (the sign of ¢ depends on the boundary conditions).
This implies that the peak is shifted from t = 0 for the infinite-size system to ¢L~1/7.
We sometimes call 1/v the shift exponent for this reason. Another point to be noticed
is the height of the peak of the finite-size susceptibility, which is proportional to
L277. This observation allows us to estimate 2 — 7 from numerical data for the
peak value.

= ®(0) 4+ @' (0) tL" +--- . (3.100)
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3.11 Crossover phenomena

In some cases we should tune the values of more than two parameters to observe richer
critical phenomena. An example is the tricritical point explained in Section 2.4 in the
context of the Blume—Capel model. In such a case there are more than two relevant
variables. In the present section we elucidate the concept of crossover between two
different types of critical phenomena that typically takes place when three or more
relevant variables compete. In other words, the phenomenon of crossover happens
when more than one critical fixed point appears in the phase diagram.

Suppose that a system has two or more relevant variables. For example, the
Heisenberg model with a uniaxial anisotropy (e.g. due to crystal fields)

H=-JY S;-8;-D> (57) (3.101)

(i5) ¢

shows critical behavior of the Heisenberg universality type for D = 0. At high tem-
peratures the system is in a paramagnetic (disordered) phase, and as one lowers the
temperature the system orders. For D # 0 the anisotropy explicitly breaks the global
rotational symmetry of the pure Heisenberg model in which simultaneous rotation
of all spins keeps the inner product S; - §; invariant. Now, if D > 0, the anisotropy
energy of the second term on the right-hand side of eqn (3.101) is lower for larger
|SZ|. In particular, in the limit D — oo the system reduces to the Ising model with
S7 = 41 under the normalization condition (S;)? = 1. For finite D(> 0) the critical
phenomena are essentially of the Ising type. The reason is that repeated applications
of the renormalization group enhance the effective value of D and the parameters flow
toward an Ising-type fixed point, the point marked ‘T’ in Fig. 3.9. If D < 0, a smaller
|SZ| is stable and hence the spin variables tend to be restricted to the XY surface.
Then, the system is attracted toward another, XY -type, fixed point, which controls

XY

Fig. 3.9 Renormalization group flow of the anisotropic Heisenberg model with single-ion
anisotropy. The Heisenberg fixed point on the D = 0 axis is unstable along both the ¢ and D
axes. Notice that critical and fixed points are not distinguished in this schematic diagram.
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C

Fig. 3.10 Crossover in the specific-heat divergence when D > 0. The critical exponent looks
different depending on the temperature range; oo for the Heisenberg model is observed a little
away from the critical point and ap for the Ising model is seen when the parameter T is very
close to the critical point T.. Note that the transition between regimes is not sharp.

the critical behavior for all negative D. This discussion indicates that the Heisenberg
(higher symmetry) fixed point with D = 0 has two relevant variables ¢t « T' — T and D.
The external field is of course also relevant.

When D > 0, the critical properties are governed by a fixed point that describes
the Ising model (Zy symmetry), while the critical behavior of the system with D < 0
will be determined by the fixed point of the XY model. In practice, however, when
| D] is small, these non-Heisenberg behaviors do not show up unless |¢| is very small.

Let us write the scaling law of the free energy near the Heisenberg fixed point for
h = 0 as follows,

f(t,D) = b= f(b¥t,bvP D). (3.102)
Both variables are relevant, y; > 0 and yp > 0. We may choose b to satisfy b¥it = 1,
f(t,D) = t¥ve (1, Dt7¥p/vt) = 2= g (Dt~9), (3.103)

where we have written «g for the specific-heat critical exponent of the Heisenberg
model. The ratio of the two relevant exponents ¢ = yp/y: > 0 is called the crossover
exponent of anisotropy D. If D vanishes exactly, critical behavior of the Heisenberg
model is observed,

f(t,0) = 27 W(0). (3.104)

For small D satisfying |Dt~%| < 1, ¥ (Dt~ %) should be approximately equal to ¥(0)
and then the above equation (3.104) would be a good approximation. This suggests
that, for fixed D, the singularity of the specific heat would look like t~?° in the
temperature range satisfying |Dt~¢| < 1 (i.e. t not too close to 0), see Fig. 3.10.
For ¢ smaller, |t| < |D]"? = toss With teess the crossover temperature, the asymptotic
properties of the function ¥(x) for large & determine the behavior of f(¢, D). The
Ising critical behavior appears for D > 0 and the XY-like properties dominate when
D < 0. This is the crossover of the critical region.
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The crossover exponent ¢ determines the parameter range Dt~? ~ 1, where
crossover takes place. The size of the crossover region is not universal. The exponent
for the temperature field y; is usually smaller than the exponent for anisotropy yp and
consequently ¢ > 1. A small deviation from zero for D changes the critical exponent
to a new value, which is observed in a temperature range around the critical point
|Dt=%| > 1. Out of this range, the critical exponent looks unaffected.

Crossover is observed generally between two relevant variables, not just between the
temperature and anisotropy D. As an example, the external field h and temperature
t are two prominent relevant variables and the crossover exponent is ¢ = yp, /y: = (36.
The mean-field value of this crossover exponent is ¢ = 3/2. Thus, zero-field (h = 0)
critical phenomena are observed in the presence of a very small field (which can be a
residual field experimentally) as long as we observe the temperature range |ht~%| < 1.
A difference from the case of anisotropy is that the external field h totally eliminates
critical phenomena, and no new critical phenomena are observed.

As already mentioned, the finite-size scaling may also be regarded as a kind of
crossover phenomenon. Equation (3.98) shows that the scaling function ¥(-) should
behave as W(tL'/) ~ (tL/*)(1=2 for sufficiently large tL'/¥ because then the L
dependence of the right-hand side cancels and the critical behavior y ~ t(7=2¥ =
t=7 of the infinite-size system is recovered. When tL'/* is not very large, finite-
size effects show up and x(t,0,L~!) has L dependence. The condition tLYY > 1
that finite-size effects disappear is reduced to L > & because of £ oc t™%. This is
a very reasonable criterion that the system size should be much larger than the
correlation length for the system to be regarded as infinitely large. The crossover
exponent from finite- to infinite-size system is ¢ = v (Exercise 3.9). Crossover
takes place at |[Dt~?| ~ 1 in the case of anisotropy. Correspondingly, the crossover
region for finite-size effects is [L71¢77| ~ 1, i.e. L =~ &, in agreement with the above
conclusion.

EXERCISE 3.9 Show that the crossover exponent for finite-size effects is ¢ = v.

3.12 Dynamic scaling law

The concept of scaling also applies to non-equilibrium systems near a critical point. It
is convenient first to rewrite the scaling law of the correlation function in equilibrium
(3.53) in terms of its spatial Fourier transformation,

(5(q)S(—q)) = b*""(S(bq)S(~bq)). (3.105)

Here, we have used the fact that the argument r on the right-hand side of eqn (3.53)
has a factor b~1, which leads to the additional factor of b? after Fourier transformation,
in conjunction with the relation 2y, — d = 2 — 7. We have omitted the scaling field
proportional to (T"— T¢)/T. because the symbol ¢ may be confused with time in the
present non-equilibrium problem. Now, let us introduce time ¢ and generalize the above
relation to the dynamic correlation function
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(S(q,t)S(—q,0)) = b*>""(S(bg,b*t)S(~bg,0)), (3.106)

where 2z is the scaling dimension of time ¢. If we write the time Fourier transformation
of the left-hand side as C(q,w) following the notation of Section 2.11, we have

C(q,w) = b¥>""*C(bq, b*w). (3.107)

The right-hand side carries the additional factor of b* due to the factor b=* in front
of t on the right-hand side of eqn (3.106).

The fluctuation—dissipation theorem (2.115) indicates that the scaling behavior of
the response function is different from that of the dynamic correlation function due
to the factor w.” The scaling law of the response function therefore reads

G(q,w) = b>""G(bgq, b*w). (3.108)

If we choose b = £, reducing the unwritten variable b¥t (T — T.)/T. to a constant, the
dynamic scaling law results,

Glg,w) = €7"0(¢q, 6 w). (3.109)
This equation suggests that the typical time scale, the relazation time 74, is given as
g =&79(£q). (3.110)

The mean-field relations (2.124) and (2.128) satisfy this equation and their dynamic
critical exponents are confirmed to be z = 2 and z = 4, respectively.
At the critical point, we set b= ¢~ ! in eqn (3.108) to obtain

Glq,w) = ¢"2D(¢ *w). (3.111)

The relaxation time is proportional to a power of the wave number, 7, o< ¢~ 7.

7 Although eqn (2.115) was derived for a system with a single degree of freedom, results of
dimensional analysis from such a system remain valid for many-body systems.
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Implementation of the
renormalization group

We have formulated the general framework of the renormalization group theory. It
has been shown that the eigenvalues of a linearized recursion relation around the fixed
point determine the critical exponents. It has also been elucidated that the free energy
and related functions satisfy scaling laws, which are useful to analyze experimental
and numerical data. We next derive explicit forms of the recursion relation and find
its fixed points and eigenvalues. This chapter will discuss these topics. In contrast
to the elegant general theory of the previous chapter, actual computations of fixed
points and eigenvalues usually involve approximations, often crude ones, except for a
very limited number of simple cases such as the one-dimensional Ising model of the
previous chapter. There are established methods to systematically improve precision,
but they usually need a large number of (often numerical) calculations. The scope
of the present chapter is modest as we limit ourselves to basic examples. It is often
difficult to present a general prescription directly applicable to practical problems
that the reader may have at hand. Nevertheless, studies of well-known instances will
help better understand the renormalization group in general and may provide hints
to attack novel unsolved problems.

4.1 Real-space renormalization group for arbitrary dimensions

We have already discussed the simple example of the one-dimensional Ising model.
When the spatial dimension of the system is two or higher, the partial trace operation
generates various complicated interactions, and it rapidly becomes difficult to explic-
itly implement the renormalization group in terms of a tractable number of parameters.
It thus becomes essential to introduce certain approximations. Unfortunately, in real-
space renormalization group theory, there are no generic prescriptions applicable
to arbitrary problems of practical interest to systematically improve the degree of
approximation. We therefore have to devise a clever approximate method to treat the
problem of interest, taking full advantage of the specific features of the problem. The
following are some representative examples.

4.1.1 Partial sums and the two-dimensional Ising model

What happens if we naively trace over a part of the spin variables on the square
lattice as in Fig. 3.17 Implementation of the trace operation in this situation has
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been carried out in Exercise 3.1 and represents a particular coarse-graining scheme.
The result shows that three types of interactions are generated after the partial trace
when only nearest-neighbor interactions exist initially and h = 0. More explicitly, if
we denote the initial nearest-neighbor interaction by K and the renormalized nearest-
neighbor, next-nearest-neighbor and the four-spin interaction around a plaquette (unit
square) by K’, K{ and K}, respectively, we find

1
K' = 1 log cosh 4K, (4.1)
L1
K| = 3 log cosh 4K, (4.2)
L1 1
K = 3 log cosh4K — 3 log cosh 2K. (4.3)

We have assumed that there is no external field. It is difficult to carry out another
step of renormalization that starts from these three kinds of interactions, which would
lead to additional complicated interactions. A crude approximation is to consider
only the nearest-neighbor interactions and neglect the next-nearest-neighbor and
four-body interactions. This approximation amounts to regarding eqn (4.1) as the
renormalization group equation for nearest-neighbor interactions and finding its fixed
point and eigenvalue. Equations (4.2) and (4.3) are simply ignored. A justification
may be that there is only one relevant variable in the absence of external field and the
nearest-neighbor interactions are the most important ones to be treated seriously.

Unfortunately, this idea does not work since the fixed points are located only
at K =0 and K — oo. This result is in contradiction to the existence of a critical
point in the two-dimensional Ising model. Note that eqn (4.1) is similar to eqn (3.62)
for the one-dimensional Ising model at zero field where we know that there is no
finite-temperature phase transition. We must conclude that the approximation has
been too crude. It may be worth trying to ignore only the four-body interaction and
keep the nearest K’ and next-nearest-neighbor K| interactions. Both couplings K’
and K7 have the same sign and produce the net effect of aligning the spins. It turns
out that some further approximations should be introduced to perform calculations
that lead to renormalization group equations for these two kinds of interactions. A
high-temperature assumption, that these two interactions are small and higher-order
terms in the Taylor expansion are ignorable, makes it possible to explicitly write
the renormalization group equations. Let us mention only the consequence of this
approximation because a detailed account of the crude approximation is not very
productive. The result is that the critical point is at K. = 0.333 with the critical
exponent v = (.64, which are not too far away from the exact solutions of K, =
log(1 ++/2)/2 = 0.441,v = 1 but are not particularly impressive.!

Another very crude and easy way of estimating the effective renormalization group
equation is to note that the number of nearest- and next-nearest neighbors is the same
on the square lattice. In the fully aligned situation they provide the same contribution

I From the exact exponents y¢ = 1 and y;, = 15/8 one can determine the other critical exponents
by using, for example, the scaling relations eqns (3.44) and (3.56) with d = 2.
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Fig. 4.1 Three Ising spins on a shaded triangle o1, 02,03 (0; = 1) are grouped into a single

block spin S whose value is determined by the majority rule of eqn (4.7).

to the energy, and then one can define the effective nearest-neighbor coupling from
eqns (4.1) and (4.2)

K':K'JrK{:%logcoshllK, (4.4)
leading to the non-trivial (unstable) fixed point K. = 0.507. From

dK’

—| =1.449 =" 4.5
x| 7 (1.5

with b = v/2, it results that v = 1/y, = 0.935.
Our conclusion is that direct partial sums are generally not a method of choice for
low-dimensional systems except for the one-dimensional case.

4.1.2 Block-spin transformation

The technique of block-spin transformation is an analytic realization of the numerical
renormalization group of Figs. 1.5, 1.8 and 1.9 in Section 1.4,2 for example, by a
majority rule for three neighboring spins on the triangular lattice. In this section we
are interested in applying this technique to the Ising model on the triangular lattice

H=-KY S8 -hY S, (4.6)
(i) i

where (ij) represents bonds on the triangular lattice (see Fig. 4.1). For notational

convenience, in the following, the spins of the original lattice will be denoted as o;

instead of S;. As shown in Fig. 4.1, we first group sites on the triangular lattice into

triples on triangles and then coarse grain the system by choosing a representative

single spin value for each of the triples forming a new triangular lattice with the scale
factor b = /3.

2 We have seen in Chapter 3 that the renormalization group mapping induces a flow in the
parameter space. In Figs. 1.5, 1.8 and 1.9 we show the associated flow in the configuration space
for the two-dimensional Ising model on the square lattice with b = 3.



86 Implementation of the renormalization group

If we denote the three spins to be grouped as 01,02 and o3, the new block spin S
takes the value according to the majority rule,

01+ 02+ 03 — 010203

S = sign (o1 4 02 + 03) (z ) (4.7)

2

Each value of the block spin S arises from four spin-o configurations. The set of o
configurations in the block I is denoted as o5 = {01, 02,03}. Then, the transformation

of ={—+++-—+++—+++}—> 5=1 (4.8)

realizes a partition of the block configuration space into two sectors each with a well-
defined value of the block spin S. In the language of the previous chapter (Section 3.2)
this renormalization group scheme corresponds to a weight operator P(S, o) like the
one in eqn (3.18).

One can rewrite the Hamiltonian H in terms of intrablock, Hy, and interblock, V/,
interactions, H = Hy + V', where

= -KY Y oo -h Y o (1.10)

I (ijyel iel

V= —KZ Z 0i03, (4.11)

I£Jiel,jed

with letters I and J representing block indices. Our goal is to determine the renor-
malized Hamiltonian H' = Ry,(H), and the idea is to accomplish this by dealing with
V in a perturbative manner.

For a given value of S in the block (e.g. S = 1), let us write the interaction within a
block as Hy(S, o) and the interaction between blocks as V' (S, o). Then, the interaction
among renormalized (block) spins H'(S) is calculated as

Ze 0(5,0) =V (S,0) Scr) ZefHowU (4.12)

Here, (- - )¢ is the expectation value with respect to the weight e Ho(8:0)

Yoy o—Ho(S,0) o=V (S,0)
971

ene T

and the sums are performed over all configurations realizing the chosen block-spin
value S in all blocks, i.e. {07} =0f,05,--- 07, , 0%, with M the total number
of blocks in the system.

The evaluation of the denominator in eqn (4.13) is straightforward after realizing
that the term Hy does not connect blocks and it simply represents a sum of indepen-

dent block terms

(e7V ) (4.13)

M
> e S =TT Zutoek(S1)- (4.14)
S I=1
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Let us compute the partition function of a single block I

Zblock<S) _ Ze KZ(U)EI Uio'j'f‘hzief oi 3 e—K-I—hS + €3K+3hS, (415)
o
where we have used the configurations of eqns (4.8) and (4.9).

Our goal is to evaluate the transformation rule of the renormalization group (4.12)
by using the coarse-graining scheme of eqn (4.7). This is actually difficult due to the
non-trivial couplings between many os. The key approximation is then to assume
that the interblock interactions are weak and to only take into account the first-order
contributions of V' in the evaluation of the expectation value of eqn (4.13). To first
order in a cumulant expansion, as described in Appendix A.4, we have

<e_V(S"’)>O ~e Vo) (4.16)
meaning that the renormalized Hamiltonian can be written as
H'(S) = = "10g Zniock(S1) + (V)0 + O(V?). (4.17)
I
We now consider the interblock interactions
V=Y Vi, Viy=-K > o0 (4.18)
I#J iel,jed

The interaction between two blocks I =1 and J = 2 (see Fig. 4.2) turns out to be

(Vir)o = —K(o11022)0 — K(013022)0

= —2K({011022)0 = —2K {(011)0{022)0, (4.19)

the latter equality resulting from the fact that Hy does not couple different blocks.
To keep track of the block index I we have replaced o; by the variable oy; (where
i =1,2,3). The expectation values appearing in eqn (4.19) involve only quantities
within a block and can be evaluated relatively easily. This is an advantage of the

Fig. 4.2 When we take into account the interaction between blocks by a first-order pertur-
bation calculation, the couplings among o11,013 and o22 (the first index is the block index,
while the second represents the position inside the block) determine the effective interblock
interaction between S; and Ss.
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first-order approximation. Here, (011)0, (013)0, and {(022)0 are expectation values with
fixed values of S7 and Sj,

1

N oK(onoretonors+oraors)th(onn+ora+ors)
orijo = or; € . 4.20
< Z> Zblock(SI)zs: ’ ( )

o

As an example, let us show the explicit formula for (o11)9. When S; =1, the
allowed configurations for the block are o of eqn (4.8), which leads to

equLh + e3K+3h

{o11)0 = 3 o K+h 4 g3K+3h" (4.21)
The other case of S; = —1 requires the configurations ;. The end result can be
summarized as
—K+hS; 3K+3hS;
e +e
<011>0 == Sl 3 e—K"!‘hSl + €3K+3h’51 . (422)

Similarly, (o12)0 = (011)0 = (013)0 because of the equivalence of three spins 011,012
and 013 within the block.

Equation (4.22) needs some additional algebraic manipulations since the renormal-
ized block spin S; appears in the exponent. One would like to write (o7;)o as some
expression linear in the block spin, i.e. (o1;)0 = A + BSy, and this is always possible.
Simple algebra shows that eqn (4.22) can be written in this way with

({o11)o + (o11)0) (4.23)

(o170 — {o11)0) » (4.24)

where (07)o represents (o11)o for S; = +1. Similarly, one needs to rewrite the
partition function of the block, eqn (4.15), in the form Zpoc(S) = e €+P51 with

1
C= 5(10g Zplock (+) + 108 Zpiock(—)) (4.25)

D = (108 Ztoe(+) ~ 108 Zoioc () (426)

One can then write the resulting renormalized Hamiltonian of eqn (4.17) to linear
order in V' as

H'(S)=-MC—-DY» S, —2K> (A+BS;)(A+ BS,), (4.27)
I (1J)

and from this expression obtain the renormalization group equation

K’ 2K (B(K, h))?
< I > - (D(K7 h) +12KA(K,h)B(K, h)> ’ (4.28)
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where the number 12 has been derived as 12 =2 x z with 2z = 6 the coordination
number of the triangular lattice.3
For I = 0 the effective coupling K’ between blocks reads

oK 4 3K 2
K =2K|—Ff%n—— ) . 4.29
(3 e K 4+ e3K> ( )

The critical fixed point is at K* = ilog(l + 2v/2) & 0.336, which is not very close to
the exact critical point for the Ising model on the triangular lattice, K.(=1/T¢) =
% log 3 = 0.275, but is also not too far away. Linearization of the renormalization group
equation (4.28) around the fixed point and the fact that

dK’ dn’
—_— = — =0, (4.30)
dh K* h* dK K* h*
lead to the eigenvalues of the relevant operators,
dK’ \ dn’
—_— =b¥, — = b¥r, (4.31)
dK K* h* dh K*h*

with h* = 0, giving finally the critical exponent v = 1.13 as shown in Exercise 4.1.
This value is fairly close to the exact solution v = 1. One also obtains the exponent
yn = 2.034, which is to be compared to the exact y, = 15/8. We may regard this result
as a relatively satisfactory one in consideration of the crude approximations involved
in the above manipulations as well as the relative compactness of the calculations in
comparison with the derivation of the exact solution to be discussed in Section 9.5.

EXERCISE 4.1 Compute the fixed point and eigenvalue around the fixed point
for the renormalization group equation (4.29). Confirm that the critical exponent v
is 1.13.

Three comments are in order. The first emphasizes the fact that both of the Ising
models on the square and triangular lattices share the same set of exact critical expo-
nents, which means that they belong to the same two-dimensional Ising universality
class. The critical temperature, on the other hand, is a non-universal quantity. The
exact critical temperature (in units of J) for the triangular lattice is higher than that
for the square lattice, i.e. T2 = 4/log3 > T~ = 2/log(1 + v/2), which is consistent
with the fact that the coordination number z of the triangular lattice is larger than the
one for the square lattice and so in agreement with the mean-field situation: Remember
that the mean-field value in units of J is T, = z. The second comment concerns the
systematic improvement of this cumulant expansion approach to renormalization. One
could proceed to the next order of approximation by including the second cumulant,
and then higher-order cumulants. The convergence in general is non-uniform. Finally,
we mention that a simple way to proceed to lead to quite accurate results consists of
dealing with larger blocks known as the cluster method. For example, we could have
chosen as our block two triangles (six spins) instead of a single one.

3 Do not confuse this z with the dynamic critical exponent of Chapter 2.
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4.1.3 Migdal-Kadanoff renormalization group

Another approximate real-space renormalization group method often used in practice
is the Migdal-Kadanoff renormalization group (MKRG). A main technical problem
in the real-space renormalization group method is the difficulty in taking partial
sums except for the one-dimensional case. To avoid this problem, let us adopt an
approximation that ignores part of the interactions, as illustrated in Fig. 4.3 for b = 2.
To partly compensate for possible errors caused by this approximation, we multiply
the remaining interaction by the factor b(= 2). Then, the spins denoted by crosses in
the middle panel of Fig. 4.3 can be traced out easily as in the one-dimensional case.
The remaining spins shown in black dots have only nearest-neighbor interactions. The
type of interactions, nearest-neighbor only, is kept intact and only the strength of the
interactions has been renormalized from K to K’. Then, we are able to repeat the
renormalization group calculations for the single variable K to find the fixed point
and eigenvalues.

Let us show explicit formulas to realize the MKRG for b = 2. The remaining
interactions in the middle panel of Fig. 4.3 have a strength of 2K. The partial trace
over the spins shown as crosses can be carried out as in the one-dimensional case, see
eqn (3.70), and tanh 2K is squared,

tanh K’ = (tanh 2K)?, (4.32)

where K’ is the renormalized coupling. Using the notation u = tanh K, u' = tanh K,
the above equation is expressed as

, 2u >

A non-trivial (critical) fixed point ug is easily found at ug = 0.296, namely T, = 3.28.
The exact critical point for the ferromagnetic Ising model on the square lattice is T, =
2/log(1 + v/2) = 2.269, and the result T, = 3.28 is not very impressive. To evaluate
the critical exponent, we linearize eqn (4.33) around the fixed point, u — up = € < 1.

ffTT fff?

L##J LJHJHJ.

Fig. 4.3 Steps to realize the MKRG for b = 2. The interactions shown as dashed lines in the
left panel are ignored (set to zero) and the other interaction strengths (couplings) are doubled

(middle panel). Then, the spins shown as crosses are traced out to yield the renormalized
coupling K’ (right panel).
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From

wo+ ¢ = (Mf (4.34)

1+ (ug+e
we find
r_ 8U0(1 — U%)

= 2Yte. 4.35
Gy (4:3)

Then, the critical exponent is y; = 0.747 or v = 1.338. The exact value is v = 1.
For general b, eqn (4.32) generalizes to

tanh K’ = (tanh bK)". (4.36)

If we could carry out renormalization group calculations without approximations, the
results on the fixed point and critical exponents would not depend on the scaling
factor b. In practice, approximations lead to b-dependent answers. In the MKRG,
approximations are considered less crude for b closer to unity because the number
of ignored interactions is smaller when b is closer to 1. Thus, it seems a good
approximation to set b =1+ ¢ in eqn (4.36) and drop orders higher than the first
in € to find

K' =K —¢eB(K), — f((K)= K + cosh K sinh K log(tanh K). (4.37)
If we set db = ¢, the above equation is rewritten as a differential equation,
dK
— = —B(K). 4.38
= —A(K) (439)

The function S(K) on the right-hand side is the beta function of the renormalization
group. This name ‘beta function’ is used also for generic cases, not just for the MKRG
as we saw in Section 3.2. As depicted in Fig. 4.4, the zero of the beta function B(K) =0
is identified with the fixed point. The coupling K increases in the range above the fixed
point and decreases below. The fixed point of eqn (4.37), K* = 0.4407, turns out to
coincide with the exact solution derived in Sections 9.5 and 10.1, not just as a number
but as the analytical expression.

The eigenvalue b¥t of the linearized renormalization group mapping is the derivative
of the recursion relation at the fixed point as one sees in eqns (4.33)—(4.35). In terms of
the present notation, it is the derivative of —G(K )e at the fixed point. Since —3'(K*)e
corresponds to ey, in b¥* = (1 4+ €)¥* &~ 1 + ey, we find

48

=— = 0.7535. 4.39
Yt dK . ( )

This means v = 1/y; = 1.327. The infinitesimal MKRG for the square lattice gives the
exact critical point but the associated critical exponent turns out to be approximate.

Although the MKRG may appear to be an unsophisticated approximation, it is
known that this method with integer b actually gives exact solutions for a special class
of lattices called hierarchical lattices.
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Fig. 4.4 The beta function of the infinitesimal MKRG on the square lattice. The small circle
denotes the fixed point. The arrows indicate the directions of the renormalization flow of K.

In general, a problem with the real-space renormalization group method is that
the limit of applicability of the approximations involved is not clear in most cases.
We therefore are not certain beforehand how far we may trust the result. Thus, we
should be careful in applying the real-space renormalization group to problems for
which we do not have an idea about the correct result derived by other methods such
as numerical simulations or physical intuition. Nevertheless, it is sometimes important
to have a way to reach a solution, albeit approximate, when other methods are not
easily employed for whatever reasons.

4.2 Momentum-space renormalization group: ¢ = 4 — d expansion

The accuracy of the block-spin transformation deteriorates as the spatial dimension d
increases. For instance, imagine that neighboring 3 x 3 spins on the square lattice are
represented by a single block spin, assuming values +1, determined by the majority
rule. The same block-spin operation in three dimensions involves 3% = 3 x 3 x 3 spins.
In a general d-dimensional case a block spin having values 41 replaces 3¢ spins by the
simple majority rule. The range of the sum for 3¢ spins, —3¢, -3¢ +2, -3¢ 4+-4,... 39,
increases with d, and the approximation to assign +1 to a block spin becomes more and
more inappropriate as d increases. This consideration suggests to use continuous-spin
variables (i.e. fields), as in the Landau theory, defined over a continuous space. These
spin variables can in principle take any value with more probable values around =+1.
We therefore discuss the properties of a continuous model near four dimensions in the
present section. More details about field-theoretic descriptions of statistical systems
will be developed in Chapter 5.

4.2.1 Gaussian fixed point

A standard model with continuous spin variables (fields) in continuous space is the ¢*
model or the Landau—Ginzburg—Wilson model,
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1= [ar{(vo(r)® + to(r)?* + us(r)* - hor)}, (4.40)

obtained from eqn (2.74) in Section 2.9 with an additional quartic term and an external
field.* We will show in Chapter 5 that this model serves as an effective field theory
for the critical Ising model near four dimensions. The Gaussian model of Section 2.9
appropriately describes the disordered phase when T > T, but fails to describe the
ordered phase for T' < T,.. To describe the latter phase one needs to have u # 0.

Let us write the Hamiltonian renormalized by the scale factor b as

= [ar (Vo) 0 g - H )

We now check the consequences of the scale invariance of the system, i.e. the equiva-
lence of equs (4.41) and (4.40). It is useful to recall the transformation rules,

P =b"lr, V' =bV, ¢ = b g, ¢ = bV, 0 = b, B = bUh. (4.42)

If we express the first term on the right-hand side of eqn (4.41) by the original
variables using eqn (4.42), the factor b~4+2+24=2ur appears. The requirement of scale
invariance then suggests 2 + d — 2y, = 0, or y, = d/2 + 1. Similarly, scale invariance
of the second and third terms leads to y; = 2 and y, = 4 — d = €. The fourth term
automatically remains invariant. Hence, scaling fields transform as

t'=b%, o =b"%, B =0p¥2Hh, (4.43)

An immediate consequence is that the quartic term is irrelevant for d > 4 (and becomes
relevant for d < 4). We are thus justified to ignore the u term and discuss the Gaussian
model if d > 4. The above recursion relations can also be written in a differential
form

dt dh d

— =2, —=(1+=-]h 4.44
dr Todr ( + 2) ’ ( )

with 7 = logb.

EXERCISE 4.2 Show that the sixth-order term v¢(7)®, if added to the ¢* model,
would be more irrelevant than the quartic term for d > 4 in the sense that it decreases
more rapidly than the quartic term.

Setting u = 0 in the renormalization group equation (4.43), we find the Gaussian
fized point at t* = h* = 0. Therefore, the fixed-point Hamiltonian is

H* = / dr (Ve(r))®. (4.45)
The critical exponents around this fixed point are derived from the eigenvalues
yr =2,y =d/2+1 as
d d—2 d+2 1
o 2 27 ﬁ 4 ) ’Y ’ 6 d — 2) v 27 77 0 ( 6)

4 The symbol F in Chapter 2 and the present H represent the same quantity.
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The values for the exponents v, v and 1 in this list agree with the mean-field prediction,
but the others a, 3, and § coincide with the mean-field theory only at d = 4. The
Gaussian fixed point indeed describes critical phenomena of the mean-field type for
d > 4. The reason for the superficial deviation of «, 8 and ¢, all of which include d in
eqn (4.46), from the mean-field values is now explained.

Let us write the scaling law of magnetization (3.52), when h = 0, with the variable
u (irrelevant for d > 4) explicitly included as

m(t,u) = b=V 2m(b%t, ub*~%). (4.47)

We may choose b arbitrarily, thus set b =t"'/2 to reduce the first argument of the
right-hand side to unity,

m(t,u) = @D/ 41, ut(d=4/2), (4.48)
If we simply ignore u since it is irrelevant for d > 4, we have
m(t,0) = t{9=2/4m(1,0) o (=274, (4.49)

which gives the same [ as in eqn (4.46). The problem is that m(1, ) actually behaves
like u='/2 as v — 0, which precludes us from simply ignoring m(1,0) as an unimportant
constant. We check this last fact as follows.

The minimization condition of the Landau free energy, 2tm + 4um? = 0, for the
case of a spatially uniform order parameter ¢(r) = m, leads to m oc u='/2. We then
insert

~1/2
m(1, ut' /2y (ut(d_4)/2> (4.50)
into eqn (4.48) for small u to find
m(t,u) oc t(d72/ Ay 1/2p=(d=0)/4 — o =1/241/2 (4.51)

which shows the correct mean-field value 8 = 1/2. We can verify o = 0 and § = 3 from
a similar argument. A variable u of this nature is called a dangerous irrelevant variable
when d >4 and T < T..

EXERCISE 4.3 Show that the critical exponent ¢ assumes the mean-field value 3
if we take into account the dangerous irrelevant variable.

Let us expose the origin of these dangerous irrelevant variables. In eqn (3.37) we
assumed that the irrelevant fields gs, g4, -+ can be dropped from the scaling analysis.
Implicit in that fact was the assumption that the (singular part of the) free energy
can be Taylor expanded in those irrelevant variables near the critical fixed point
t* = 0,h* = 0. Consider only one irrelevant field g3, with exponent y3 < 0, then

f(tv ha 93) = bidf(bytta byhh, bysg3)' (452)
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If one chooses b¥tt = 1, it leads to
f(t, h,gs) = td/y”f(l, ht_yh/yt7g3t‘y3|/yt) = td/yt\I/<ht—yh/yt7g3t|yal/yt)

— td/yt (qj(ht_yh/yt70) + \I}l(ht—yh/yt7O)gst|y3|/yt + .- )7 (453)

where U'(+,-) stands for the partial derivative with respect to the second argument.
This equation shows that the main effect of the irrelevant field is to provide correction
terms to scaling. However, there are situations, e.g. the variable u in the ¢* model,
where such a Taylor expansion is impossible and the field g3 becomes a dangerous
irrelevant variable. In our present ¢* model the dangerous irrelevant variable affects
the scaling law of the free energy and its derivatives but not the correlation functions.
This leads to the breakdown of hyperscaling like o = 2 — dr that connects exponents
related to the free energy with those for the correlation function. This is an exceptional
situation and, while we may usually ignore irrelevant variables, care must always be
exercised.

The reader may wonder if it is legitimate to use the Landau theory to derive the
asymptotic form u~/2 of m(1l,u) as u — 0 because it amounts to using the Landau
(mean-field) theory itself to show that the critical exponent is of the mean-field type,
B = 1/2. Tt therefore makes sense to verify that the magnetization behaves as u =1/ for
small v without recourse to the Landau theory. Since magnetization is the expectation
value of the spin variable ¢(x), magnetization for the ¢* theory is

/ (TTaow)) o) exp ( / dz{(Ve) +t6(2) + ui(2)" - h¢<z>}>
m— v . (4.54)
/(H do(y) ) exp (—/dz [(V)? + t(2)? + up(2)* - h¢(z)})

We change the integration variable as ¢ — u~/2¢ to obtain

(4.55)

Apparently, we may drop the external-field term in the limit u — 0, while A is kept
infinitesimally small but positive. Then, the asymptotic form of the magnetization
as u — 0 is determined by the saddle-point method due to the large factor 1/u. The
extremal values of the exponential parts of the integrands of the denominator and
numerator cancel out. Since the saddle-point equation is written only in terms of
the variable ¢ without u, the saddle-point value of ¢(x) is independent of u. This
means that the saddle-point value of ¢(x) in front of the exponential function in the
numerator does not depend on u. Consequently, the asymptotic form of m as u — 0
is not influenced by the ratio of the integrals, implying the desired result m oc u=1/2.
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4.2.2 Expansion from four dimensions

The quartic term is relevant below four dimensions. We therefore have to find a non-
Gaussian fixed point and study the renormalization flow around it. A standard method
to study critical phenomena is the € expansion, in which we expand critical exponents
around four dimensions as a power series in terms of € = 4 — d, i.e. near the upper
critical dimension.

When the quartic term is relevant, the renormalization group recursion relation of
the ¢* model, for ¢ and u, has a fixed point with t* # 0 and u* # 0. The recursion
relation should have a little different form from the corresponding one near the
Gaussian fixed point (4.43). We may, nevertheless, expect that the effects of u are
not too large near four dimensions and thus a cumulant expansion in the quartic term
would be useful. Actual manipulations to derive the explicit recursion relations are
delegated to Appendix A.5. The result is written in a differential form,

de 3c

du 9c 9
% = €u — mu s (457)

for infinitesimal b — 1 = db with A and c representing positive constants, the former
being the cutoff in the momentum-space integration. The Gaussian fixed point, t* =
u* = 0, continues to be a trivial fixed point of these equations. But now a non-Gaussian
fixed point emerges, also determined from the zeros of the beta function (which is
analytic), and satisfies

* 2\2
3 Lout = A €. (4.58)

. -
2t + A2) 9c

Insertion of the second relation into the first leads to

t* 4+ A2
tr=— i €, (4.59)
6
from which we obtain
€ A2
= — A - 4.
p e © (4.60)

the last relation being valid for small e. We also find

de A* N At

6+e2c 9

*

(4.61)

by ignoring O(€?) terms. Note that the non-trivial fixed point depends on the cutoff
A. However, we will see below that the critical exponents are independent of the cutoff
and only depend upon e.
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Linearization of eqns (4.56) and (4.57) by writing ¢ = ¢* 4+ 0t, u = u* + Ju results
in, to lowest order in e,

d(ot) . . . Ly t* + Ot
_(o_¢ < £ 2
- (2 3) ot + 3 (3+ 2) Su+ O(e?, 5tou) (4.62)
d(ou) . 5 .4 t* + 0t
b = e(u” + ou) — Ye(u™ + du)* - A7 - 1—27
= —edu + O(e2, edtdu, (du)?). (4.63)
These equations imply y; = 2 — €/3 and y,, = —e because, for example, du’ = b¥» du
for b =1+ db leads to
d(ou) _
o~ Y ou, (4.64)

to be compared with eqn (4.63). Notice that we may ignore the off-diagonal term
c(3 +€/2)du/A? in eqn (4.62) since this term does not contribute to the eigenvalues
of the linearized transformation. Remember that for the Gaussian fixed point y; = 2
and y, = €, as can be verified from the equations above when one uses t* = u* = 0.
The result t* = —(A2/6)e,u* = (A*/9c)e means that the Gaussian fixed point
destabilizes below four dimensions and a non-Gaussian fixed point t* < 0,u* >0
emerges. Figure 4.5 illustrates this situation in the t—u plane. The eigenvalue cor-
responding to the external field can be evaluated in essentially the same manner, and

S~

>

0 t 0 t

P\
\\

Fig. 4.5 The left panel is for the case d >4 and has a set of points (critical surface)
that are attracted to the Gaussian fixed point at ¢* = «* = 0. All points on this critical
surface (represented as a line in the figure) flow toward the Gaussian fixed point and have
the standard critical exponents of the mean-field theory. This is the universality of critical
exponents stated in terms of the renormalization group. The situation changes in the right
panel when d < 4, in which a non-Gaussian fixed point attracts points on the critical surface.
The external field A is set to zero in both cases and the system has only one relevant variable
corresponding to the temperature. When d < 4 the Gaussian fixed point is unstable along
the two directions.



98 Implementation of the renormalization group

the resulting exponent is y;, = 3 — €/2 to leading order in e. The critical exponents are
then written explicitly to first order in € as, for instance, v = 1/(2 —¢/3) =~ 1/2 + ¢/12
and, to O(e), n =d+2— 2y, = d+ 2 — (6 — €) = 0, which means that n = O(e?).

The above discussions apply to systems with a one-component (n =1) order
parameter, the Ising model being the typical example. A similar theory has been
developed for multicomponent cases like the XY and Heisenberg models with their
critical exponents evaluated below four dimensions as series expansions in powers of €.

Summarizing, we have sketched a theoretical framework to systematically derive
the deviations of critical exponents from their mean-field values in powers of € = 4 — d,
i.e. near the upper critical dimension. As long as the trivial fixed-point constitutes a
reasonable starting point and one has enough information about it, the € expansion
represents a useful tool. These expansions are actually not Taylor-series expansions but
asymptotic expansions. According to the properties of the asymptotic expansion
explained in Appendix A.1, we may expect to have good estimates of the exponents
for small € by truncating the expansions at an appropriate order. Indeed we find good
agreement between the values obtained by the e expansion to second order (with e = 1)
and those estimated from direct methods like numerical simulations, high-temperature
expansions and experiments.

The following table summarizes the expansions of «, 3 and v to O(e?) as functions
of the number of components n of the basic operator, n = 1 for the Ising model and
n = 2 for the XY model, for example. The other exponents can be estimated by scaling
relations from these values.

n—4 (n+2)%(n+28) ,
= — € —
2(n+8) 4(n + 8)3
1 3 (n+2)2n+1) ,
= 3T 2 ©
n+2 (n+2)(n*+22n+52) ,
=1
7 +2(n—|—8)6+ 4(n + 8)3 ‘

For example, the exponent v of the Ising model (n = 1) to first and second order
in e(=1) is 1.167 and 1.244, respectively. Numerical simulations indicate that v =
1.240 for the three-dimensional Ising model in good agreement with the second-order
result. It should, however, be pointed out that a simple inclusion of higher-order
terms in the € expansion leads to deteriorated results. This reflects a characteristic of
asymptotic expansions, and a special caution is needed to make use of the results of €
expansions.

4.3 Real-space renormalization group for a quantum system

We have so far considered a renormalization group framework that is suited to
study the critical phenomena in problems of classical statistical physics. One of the
reasons is that critical phenomena in macroscopic systems involve a large number
of degrees of freedom, which masks quantum effects at finite temperatures. At very
low temperatures, quantum effects cannot be ignored in general and quantum phase
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transitions may occur. At zero temperature, a quantum phase transition between
two quantum states with different correlations may take place as a parameter of the
quantum Hamiltonian is varied. Note that this parameter, which would represent some
physical interaction, plays the role of temperature in classical phase transitions in that
it is the ‘knob’ (the relevant variable to be tuned) that drives the transition. It is not
within the scope of this book to expand on quantum phase transitions. However, it
is illuminating to show a simple case that exemplifies the extension of the real-space
renormalization group framework to quantum systems.

4.3.1 Quantum phase transition in the transverse-field Ising model

Consider the spin system with a quantum Hamiltonian

N-1 N
H=-JY ojoi,, —h» o, (4.65)
j=1 j=1

where free boundary conditions are assumed. The spin-1/2 quantum operators S;-“"y’z =

07" /2 (0%, 0¥, and o* are the Pauli matrices) are represented by the following
matrices (A =1)

o
|
I

5° =

——

1 1
2|, sv= 2,5 =2 11 (4.66)
0 -0 0 —=

2 2
satisfying the algebraic relations S ST = —S7S%, S7ST = S7S7 (i # j) and similarly
for the =,y and y, z components. This model is known as the one-dimensional Ising

model in a transverse field or the transverse-field Ising model. Let us denote the
eigenvectors of the spin operator S* as

N = O

1 1
sl =510, 57l = —5 1. (167)
Then, the spin operator S* flips the states as
wppy _ L ey - 1
SN =510, SED =51 (4.68)
The eigenvectors of S* can be determined in terms of |T) and ||) as
riy = L _m+
St =5, )= 7 (4.69)
If—,lf 77H>7Hz>
5= =—51-), |>*7\/§ : (4.70)

The factor 1/4/2 is for normalization, i.e. (4+|+) = (—|-) = 1.

This model has a quantum phase transition in the ground state as a function of
h/J, as depicted in Fig. 4.6. On the one hand, when h/J = oo (h > 0, J = 0), the spins
have a lower energy if they align parallel to the external magnetic field (x-direction),
and the ground state (the equilibrium state at zero temperature) is given by |¥g) =
| +++---+) (assuming h > 0). On the other hand, when h/J =0 (h=0,J > 0),
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Ordered | Disordered

»
I »

0 1 h/J

Fig. 4.6 The one-dimensional Ising model in a transverse field has a spontaneous magneti-
zation along the z-direction for small values of the transverse field h but not for large h in
the ground state. A quantum phase transition takes place at (h/J)c = 1.

the spins align in the ground state in the z-direction, [¥o); = [11--- T) or [¥o); = |||

- 1), which are doubly degenerate. As will be shown in Chapter 9, Exercise 9.8 in
particular, the system undergoes a quantum phase transition at (h/J). = 1 between
a ferromagnetic phase (ordered state, which approaches |¥g)1 or |¥o), as h/J — 0)
and a paramagnetic phase (disordered state from the viewpoint of ordering along the
z-axis, which approaches |Wg), as h — 00). This latter state is expanded as

(Wo) =27 N2TT (115 + 1))

j=1

=2 N2 LT D A L L), (4.71)

which indicates that this state is completely disordered from the viewpoint of the
z-axis. For h/J < 1, long-range order in the z-direction develops and the system has
a spontaneous magnetization in the z-direction, i.e. a finite expectation value of the
operator m = (3_; S7)/N. The same quantity vanishes for i/J > 1. This is one of
the simplest examples of quantum phase transitions.

4.3.2 Real-space renormalization group

We now develop a real-space renormalization group procedure to study this quantum
phase transition. To this end we divide the N-site lattice into M blocks of n = N/M
spins each. Let us rewrite the Hamiltonian in eqn (4.65) as

H= > H,;+ » Hy,;=H-+H., (4.72)
j€odd jEeven

where the block Hamiltonian is given by
Hy;=—Jojoj 1 — hoj. (4.73)

Obviously, for the partition in eqn (4.72), n =2 and the rescaling of the lattice
spacing is b = 2. This is a most symmetric way to decimate the Hamiltonian, where
the intrablock Hamiltonian H; and the interblock Hamiltonian H,. share the same
functional form. We could have chosen other ways still preserving the form of the
lattice. For example, we could have partitioned

H= Y Hy;+ > H, (4.74)

j€odd JjE€even
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with
Hy j=—Jojoi, —h(o] +0741), Hej=—Jojoj. (4.75)

However, the particular partition of eqns (4.72) and (4.73) satisfies a form-preserving
transformation property, called self-duality (see Section 10.4), which leads to a better
approximation.

Once we have partitioned the system, we have to diagonalize the intrablock
Hamiltonian Hp; (j € odd). In our example, the latter is represented by a 22 x 22
matrix

(4.76)

o oY
>So N o
oo =
oo

in the S#-orthonormal basis {|T1), [T1), L1, [l1)}. The eigenvectors are given by

b= = (VPRER DI Rn] @)
V4 (VR a2

2) = 1 (VPETR DI h] @)
Ve (VIR -0t

13) = ! (VT R+ D)1 +h\u>} (4.79)
V4 (SR a2

4y = . (VPR DI+ a1, (480)
V4 (VTR - )2

with corresponding eigenvalues €; = €2 = —v/J2 + h? and €3 = ¢4 = v/ J2 + h?2. Notice
that each eigenvalue is doubly degenerate, which implies that there is a symme-
try under the exchange of two degenerate states, as was the case in the original
system.

The central idea of the present renormalization group is to keep the two lowest-lying
eigenstates of each block, |1) and |2), and ignore |3) and |4). This is an approximation
expected to be effective to study the ground state. Then, the new renormalized block
operators can be defined as

L= 1)1+ 1202, & = [1)(1] = [2)(2] , & = [1)¢2] +[2)(1], (4.81)

and a new renormalized Hamiltonian is defined on a lattice with N/2 sites. The
operator 1 is the projection onto the subspace spanned by |1) and |2), and 6* exchanges
these two states as 0% did in the original Hamiltonian. The operator 6* gives 1 for |1)
and —1 for |2),
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I 1+1
—O0——O0—"0 Ot

j jtl

Fig. 4.7 The index j belongs to the block I and j + 1 to I + 1 for j even.

To write the renormalized Hamiltonian, one needs to construct the projector onto
the coarse-grained system,

P=P1®@Py---®@Pnsn, Pr=(1){1+2)2); =1, (4.82)

where I represents a block index that will become a site index in the next iteration.
The renormalized intrablock Hamiltonian (5 € odd) is trivially a diagonal operator

PrH, ;Pr = ey, (4.83)

because Hp ;|1) = €1|1) and Hy j|2) = €1]2).

The site indices j and j + 1 define the block index I. The interactions in the new
coarse-grained lattice are dictated by the corresponding projection of the interblock
Hamiltonian that connects two blocks with indices I and I + 1. The index j (j € even)
is related to the block index I, while j + 1 belongs to the index I + 1 (see Fig. 4.7).
Therefore,

(Pr @ Pry1) Hy j (Pr @ Pryy)
=—J (P]O’j]}bj) ® (P1+10;+1P1+1) —h (]P[O';-CPI) & 1]4.1. (4.84)
We are thus left with the task of computing the projection of the original Pauli spin

operators. To evaluate the projections in eqn (4.84), the following relations will be
useful, which can be verified by using eqns (4.77) to (4.80),

(oi ) = —1(2|05[2);r =1 (4.85)
[<1‘O'JZ-|2>] = [<2|(T;|1>] =0 (486)
z z J
r+1(Uof D1 = — 14120544 2) 141 = Nacewy (4.87)
r+1(los12) 11 = 14120 | D11 =0 (4.88)
h
12lof 1) = (l]of[2); = (4.89)

VI
[<1|0';-C|1>1 = ]<2|0;-U‘2>[ =0. (490)
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Then, simple algebraic manipulations lead to

]P)]O';P[ = 5’; (491)
ProP = ——_ 50 (4.92)
T ETRe ! '

. J
nsialn = Tese

Notice the asymmetry in the projections between sites j and j + 1. This asymmetry
can be traced back to the way we partitioned the lattice in eqn (4.73), where sites j
and j + 1 are non-equivalent.

We can finally collect all these pieces together and write the full renormalized
Hamiltonian after one step of renormalization,

G2 (4.93)

N/2 J2 N/2—1 B2 N/2
PHP=H =Y 11— e 3 67670 — ez > 57 (4.94)
et VJZ+h? VJZ2+h?

It is interesting to note that, apart from a constant, our choice of renormalization group
transformation preserves the form of the Hamiltonian with no additional couplings.
Had we chosen a different partition, the form of the Hamiltonian would not have been
preserved. We have thus generated the following renormalization group equation

J2
J JIZ 1 12
<h,> = | VI (4.95)

NSEE

or equivalently ¥’ = h'/J" = (h/J)? = k%, which must be iterated many times.

The resulting fixed-point equation is k* = (k*)2. This recursion relation has two
trivial (stable) fixed points. One is k* = 0 and corresponds to the ordered ferromag-
netic phase and the other is £* = 0o, which characterizes the disordered paramagnetic
phase. These trivial fixed points are separated by a non-trivial (unstable) fixed point,
which is critical, ¥ = k. = 1. This critical value is exact.

To determine the values of the critical exponents, we linearize the renormaliza-
tion group equation k' = k? close to the critical fixed point k. =1 and obtain the
appropriate eigenvalue

dk’

g =b% = —| =2=0', (4.96)
dk |,

which implies y; = 1. Since the correlation length should diverge as & ~ (k — k)™,
and ¢’ = £/b, the linearized recursion relation

K — ke = 2(k — ke) (4.97)

implies that v = 1/y;, = 1. This is indeed the exact critical exponent for the correlation
length of the present system because the one-dimensional transverse-field Ising model
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is equivalent to the two-dimensional classical Ising model in a sense that will be
elucidated in Exercise 9.8 and Section 10.4.2.

The critical exponent * of the magnetization of the left-most (boundary) spin
with j = 1 is calculated from the recursion relation of eqn (4.93),

(07) = —eg 91) = ———
R Y T TR

This is to be compared with the generic form of eqn (3.50) to give

1 1
e (4.99)

VI+kE V2
which implies = 1/2. Then, according to eqn (3.44), we conclude 8* = 1/2. This is
the exact value for the surface (boundary) magnetization. One should notice, however,
that the right-most spin with j = N has §* = 0 from the same argument using eqn
(4.91), which is inconsistent with 8* = 1/2 for j = 1. Hence, the present method is an
approximation, which happens to give a part of the exact values for the critical point
and critical exponents.

(5%). (4.98)
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Statistical field theory

We have seen that statistical-mechanical systems often involve discrete elementary
degrees of freedom such as spins in the Ising model. Field theories, on the other hand,
have continuous fields, defined over the whole space-time or part of it, as fundamental
degrees of freedom. These two seemingly different descriptions of physical phenomena
can be related close to the critical point. The physical idea behind this is that close to
the critical region some correlation length diverges and the behavior of the correlations
between degrees of freedom over long distances is independent of the microscopic
details of the theory. This is true for both discrete variables and fields alike, and
what conceptually connects the two representations is the hypothesis of universality
underlying the renormalization group framework. In the present chapter we summarize
how the description by continuous fields emerges from discrete degrees of freedom in a
more systematic manner than in previous chapters. The important roles of symmetry
and topology are also elucidated in some detail.

5.1 From bits to fields

At its most fundamental level, the microscopic description of matter is in terms of its
elementary degrees of freedom, such as spins {.5;} in the case of a magnet, or positions
and momenta {g;,p;} in the case of an atomic gas. Typically, the time evolution of
those degrees of freedom is governed by a set of equations of motion derivable from
a Hamiltonian, H, or a Lagrangian density, £, that encodes the interactions between
those elementary degrees of freedom, or by master equations in the case of open
systems (i.e. systems that are not isolated but coupled to some external environment)
as described in Chapter 11. One can imagine that solving these equations for many
degrees of freedom (say N = 10?%) is a daunting task that not only involves great
complexity but also is prone to failure. It is, in general, an intractable problem, except
for limited cases, as discussed in Chapter 9.

To attack this problem, one of the common procedures consists in performing
some sort of averaging, i.e. coarse graining, over many degrees of freedom with the
expectation that the system still retains its main physical properties, and at the same
time, the problem becomes manageable. The averaged degrees of freedom are no longer
discrete but turn into slowly varying continuous fields, thus eliminating the short-
wavelength (short-distance) modes. A field represents an infinite number of degrees of
freedom and it is, in general, a tensor-valued function of the coordinates r (or space-
time). It happens that this methodology is more accurate when the relevant physics
one is trying to describe is regulated by the collective behavior of those elementary
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degrees of freedom, where long wavelengths and long times are involved. As indicated
in previous chapters, it is precisely at a critical region where fluctuations have long
wavelengths and are correlated over distances of the order of the correlation length,
&> a, with a denoting some microscopic distance, typically the lattice constant.
Therefore, the local connectivity of the lattice, e.g. whether it is the square lattice
or the triangular lattice, is irrelevant from the standpoint of critical properties. It is
only relevant to determine non-universal properties such as the specific value of the
critical temperature. These correlated fluctuations involve many elementary degrees
of freedom and, thus, critical phenomena represent one of those problems where a
description by statistical field theory seems appropriate.

The equivalence between the original model described in terms of discrete variables
and the field theory is not usually realized by an exact algebraic mapping, like in the
one-dimensional quantum XY and free Fermion models in Section 9.4. It should rather
be regarded as an equivalence in the sense that both models share the same critical
behavior and thus belong to the same universality class. One may conjecture that,
as long as the statistical-mechanical system displays universal behavior at criticality,
there should be a corresponding statistical field theory that describes the same physics
of long wavelength.

Indeed, we have already seen a few examples of statistical field theories, e.g. the
Gaussian model in Sections 2.9 and 4.2. In this chapter we summarize more systematic
approaches to the foundation of statistical field theories. The present exposition will
also serve as a bridge to the conformal field theory described in the next chapter.
Also explained are the roles of symmetry and topology, in particular the concepts of
symmetry breaking, long-range order and topological defects, which are essential to
the deep understanding of phase transitions and critical phenomena.

5.2 Continuum limit and field theory

Before we proceed with the derivation of effective field theories for models with discrete
variables, let us illustrate the passage to the continuum with the simple case of a linear
chain of identical torsion pendulums that are coupled through bars of elastic constant
k (Fig. 5.1). Let us denote the moment of inertia and the length of the pendulum as

/gg/

Fig. 5.1 One-dimensional series of torsion pendulums.
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I and I, respectively. The mass of the weight is m. Each pendulum is constrained to
move in a plane perpendicular to the elastic bars with an angle ¢; from the vertical
direction. Then, one can write the Lagrangian of the system of 2N + 1 pendulums as

(0:pj = dg;/dt)

Jan Nl N
L= 5 Z (0:95)* — (5 Z (pj — ¢js1)? +mygl Z (1 — cos ¢j)). (5.1)
j=—N j=—N j=—N

The equilibrium situation corresponds to ¢; =0 (Vj), and g is the gravitational
acceleration. The Lagrangian L in eqn (5.1) is the difference between the kinetic
energy, the first term, and the potential energy.

We are interested in describing the system in the continuum limit. This limit is
obtained by letting the spacing between two pendulums, a, tend to zero and N — oc.
In this limit, by making the associations (9,¢ = d¢/dx)

a

R R e R U DR RECE
J
one obtains the following expression for L, known as the sine-Gordon Lagrangian,

L= % / dr(N@Ob(r, 1)) Y (@r(x, 1)) — 20(1 —cosé(x. 1)), (5.3)

in terms of the scalar field ¢(z,t) and its derivatives. Here, A = I'/a is the density of
the moment of inertia, Y = ka is the Young modulus, and G = pgl with p = m/a. In
the limit that the gravitational force vanishes, the above Lagrangian becomes

L= %/dx(x(am(m,t))? Y (@:0(2.1)°). (5.4)

Formally, this is the same Lagrangian as the one that describes a harmonic crystal
whose elementary excitations are sound waves. The physical differences, though,
are that in the crystal case there are no pendulums but only masses connected by
elastic springs in a linear chain, and the angle variables are replaced by longitudinal
displacements of those masses from their equilibrium positions. The elasticity theory,
a phenomenological approach to studying the elastic properties of a crystal, is the
archetypal example of a field theory.

Since we are interested in studying the thermodynamic aspects of field theories,
i.e. statistical field theories, we would like to compute their generating functional Z.
This latter quantity corresponds to the partition function of statistical mechanics and
is defined in terms of an action S[¢], which plays a similar role as the Hamiltonian
in classical statistical mechanics. More precisely, one analytically continues time as
t — —it, which changes the Minkowski space with infinitesimal distance (dr)? — (dt)?
to the Euclidean space with (dr)? + (dt)2. By this correspondence, the Lagrangian
density of the linear chain of pendulums and the corresponding action are

£(6.0,0) = 2 (010(r)? + 2 (D26(r)), (55
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and

SWFi/ﬂra¢@@% (5.6)

respectively, where r = (r!,72).! The first component of the coordinate, r!, corre-

sponds to imaginary time. This Fuclidean Lagrangian density can be identified with
the Hamiltonian density in classical statistical mechanics. The expression of the action
of eqn (5.6) is generic and we shall now discuss general properties not restricted to
the system of torsion pendulums.

The generating functional Z[J] is an equivalent of the partition function,

ZM=/5MMWWﬂ, (5.7)

where the statistical weight of a field configuration is

Wiotr)] = exp (- Sl6)+ [ airamor), (5)

with J(r) being a generating current or a source term linearly coupled to the field
@(r). The functional integral in eqn (5.7) will be defined below.

The source term plays the role of a probe to determine n-point correlation functions
by functional differentiation of the generating functional,

1 " Z[J]
[J]6J(r1) - 6J(rn)

This is a continuum analog of the logarithmic derivative of the partition function by
local fields in classical statistical mechanics,

1 o"Z(h)
(h) O(Bh1) -+~ O(Bhn)’
where, for example, the partition function is given by

Z(h) = ZGXP (ﬂZJijSiSj Jrﬁzhi&). (5.11)
{8} (i5) i

(6(r1) -+ 6(ra)) = (59)

(S1---5n) = (5.10)

It should be clear from this analogy that we may call the action S[¢] an effective
Hamiltonian H

Slg] — H(¢), (5.12)

where the inverse temperature 3 = 1/T has been included in the effective Hamiltonian.
We use both names interchangeably for the same quantity in this and the next
chapters.

1 The change t — —it in eqn (5.4) yields the opposite sign for £. This does no harm if we choose
an appropriate sign in exponentiating the action to define the statistical weight, as will be done
shortly. Also, we write explicitly the superscript d for the differential of the variable of integration to
emphasize the important role of dimensionality.
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In eqn (5.7) the generating functional Z[J] has been given by a functional integral
obtained as a limit of discrete integrals over all allowed configurations of the variables.
The passage to the continuum from a d-dimensional lattice model with scalar degrees
of freedom is accomplished by a simple extension of the relations in eqn (5.2) with a
functional measure defined as an appropriate limit

N
/W(T) - aﬁc}i}vn%o/ [ dos. (5.13)
, B

where, without loss of generality, we assumed that there are N points defining the
discretized lattice of constant spacing a and infinitesimal volume a?.

In field theories one often encounters unphysical divergences originating in the
continuum nature of fields or the infinite degrees of freedom as seen in the limits in
eqn (5.13). In such cases, discrete lattice models (before taking the limits N — oo
and a — 0 on the right-hand side of eqn (5.13)) provide a natural regularization, a
way to remove divergences, and thus supply the precise mathematical meaning to the
functional integrals and other tricks of statistical field theories. The small length scale
a, the lattice constant, is called a cutoff in this context.

Clearly, the continuum limit of the mechanical system described in eqn (5.1)
is a well-defined field theory. There are several important differences between this
simple mechanical system and statistical field theories. First, the Hamiltonian of the
Ising model, for example, is not a genuine mechanical Hamiltonian since there are no
intrinsic dynamics and conjugate variables related by Poisson brackets. Secondly, one
needs to distinguish between lattice systems with continuous variables from those with
discrete degrees of freedom. In models of statistical mechanics the elementary degrees
of freedom are often realized by discrete variables, e.g. Ising spins. In those cases,
the way a continuous field is generated requires some care since there is a constraint
in the allowed values for the variables. Finally, most of the statistical field theories
require a physical cutoff to be mathematically well defined to avoid infinite integrals.
These cutoffs determine the limits of integration. An infrared cutoff refers to a long-
distance (or small-momentum or low-energy) cutoff, while an wltraviolet cutoff alludes
to a short-distance (or large-momentum or high-energy) cutoff.

5.3 Hubbard-Stratonovich transformation

In this section we illustrate a process to start from a microscopic lattice model and
derive its mapping to a functional integral over continuous fields. The Ising model
on a d-dimensional hypercubic lattice with lattice constant a is taken as an example.
The technique is known as the Hubbard—Stratonovich transformation, or the Gaussian
transformation, and is a generalization of the completing-the-square method in the
standard Gaussian integration.

The Ising Hamiltonian and its partition function are given by

H=-37;55, 2= %N Y e (ZKijsiSj), (5.14)
] {S;=+1} 1]
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with K;; = 8J;; a matrix of coupling constants, not necessarily of nearest-neighbor
type. A trivial prefactor 2~V has been given to Z for later simplicity of notation. For
example, the uniform coupling J;; = J/2N defines the infinite-range Ising model of
Section 2.5, while J;; = J/2 for nearest-neighboring sites and zero otherwise represents
the usual Ising model with short-range interactions. We assume that the system is
translationally invariant.

Define the N-component vector S = (S1,S59,---,S5y), and an N x N sym-
metric coupling matrix I~(ij = Kol;; + K;j, where 1 =diag(1,---,1), with Ky >
max; y. j K;; so that Kisa positive definite matrix. Then,

o—KoN/2

Z="F%— Y. exp(%S-f(-S). (5.15)
{Si==%1}

According to a formula of multivariable Gaussian integral, eqns (A.253) and (A.258),
the exponential on the right-hand side of eqn (5.15) is expressed as

exp (%S~I~{~S> :e*A/RN (jll_j[ldaj) exp(féaof(ﬁl '0'70~S), (5.16)

where e = (27)N/2(det K)'/2. This is the Hubbard-Stratonovich transformation and
is a multivariable generalization of eqn (2.36). If we realize that

N
2~ N Z exp ( —o- S) = exp (;logcoshm), (5.17)

{8;=+1}

the partition function of the original Ising model becomes

N N
1 .
Z:e_(A+K°N/2)/ (Hdaj) exp(—fo"K 1-0'—i- E logcoshai). (5.18)
RN Moy 2 i=1

We would like to emphasize at this point that the mapping of the partition function
of eqn (5.14) into eqn (5.18) is exact. There are no approximations involved, and we
have simply transformed the original discrete variables into continuous variables.
The first term in the exponential of eqn (5.18) should provide terms leading to
derivatives in the field theory since it is the one containing spatial variations,

~ —1 ~ ~
oK -0=2) oK;'0;+) K;'o}. (5.19)
i>j i
The second term gives a potential, local, contribution
4

-7 o)), (5.20)

2
log cosho; = 71 15

- 1
Notice that K  can be written as

K ' = (Kol + K)™' = KM — K 2K + K73K? — K 'K® + O(KY)  (5.21)
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in terms of the original coupling constants. Assume now a nearest-neighbor Ising
model. Then K includes non-vanishing elements to connect neighboring sites, K? for
second nearest neighbors, K* for third neighbors, and so on. If nearest neighbors are
the dominant, most relevant, parts of interactions, we may eliminate K2 and higher
orders in the expansion of eqn (5.21). Then, the leading contribution in eqn (5.19) can
be written in the form ((0; — 0;)/a)? for nearest neighboring i, j. The reason is that the
nearest-neighbor term (proportional to —¢ - K - ) coming from — K 2K in eqn (5.21)
has a contribution proportional to —o;0;, which can be combined with part of the
simple quadratic terms of eqn (5.19) to yield the desired expression —20,0; + 02 + 0]2-.
In the continuum limit, where a — 0 and N — oo,

ai—r, o — o), (%)2 — (Vo(r))?, (5.22)

and the scalar field theory belonging to the Ising universality class is
7 ~ / Dé(r) exp ( - / dr {b(Ve(r))? + te(r)? +u¢('r)4}). (5.23)

This is identical to the ¢*-field theory already considered in Section 4.2.1. For space
dimensions d close to the upper critical dimension (in this case d,. = 4, see Sections
2.10 and 4.2.1) the higher-order terms become irrelevant in the renormalization group
sense at the Gaussian fixed point (Exercise 4.2) and thus can be dropped.

EXERCISE 5.1 The Hubbard-Stratonovich transformation is essentially a
Gaussian integration. Consider the general model Hamiltonian on a hypercubic
lattice

H=->J;8:8 (5.24)
i

where S; has n components and is normalized as |Si|2 = 1. The Ising model
is a particular case of this Hamiltonian with n = 1. Assume that the system is
translationally invariant and apply the same analysis as in the text to this n-
component system. In particular, show that the effective Hamiltonian, taken to
the quartic term in fields, is expressed as

H = / d'r {bY° (Vo5 (r)* +1 3 65(r) +u (3 65(r)°}. (5.25)

5.4 Integrating out degrees of freedom: Coarse graining

We cannot always apply the above Hubbard—Stratonovich methodology to arbitrary
models to find the appropriate field theory. In general, there is no systematic standard
procedure to find the action for any given lattice model with discrete variables. Let
us assume now that we have already identified the relevant microscopic degrees of
freedom and proceed to apply a coarse-graining, averaging, procedure to determine
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an effective field theory. Again, for simplicity, assume that the microscopic degrees of
freedom are spins, not necessarily Ising spins and define a block variable as

Se(r) Z Si, (5.26)

C 1Eb|ockr

where 7 represents the center of the block of linear dimension ¢, a < ¢ < £, with N¢(r)
the number of spins in the block. Clearly, if N¢(7) = 1 then S¢(r) = S; with ia = 7. In
this way, we construct new, approximately N/N¢ (if all N are equal), coarse-grained
variables S¢ in terms of the original N spins S;. Notice that the mapping of eqn (5.26)
is not invertible, and therefore the procedure we will describe is not a mathematical
isomorphism. One expects on physical and mathematical grounds that S¢(r) varies
smoothly on a microscopic scale a, which means to lower the space resolution of the
description, and only variations at a scale ¢ will be appreciable, in the sense that it
can vary from block to block.

Given the Hamiltonian H ({S;}), written in terms of the original degrees of freedom
{S;}, we would like to determine the corresponding Hamiltonian for the coarse-grained
variables S¢(r). Formally, one can perform the following mapping

exp (— H({Sc(r)}) = Tr{ exp (— H({S:})) H(s(sg(r) Z S )} (5.27)

zeblock

where the trace operation Tr = ) {s;} Tepresents the sum over the original spins {S;},
with the constraint that only spin configurations that have a certain value S¢(r) are
kept. The inverse temperature  has been incorporated into the Hamiltonian. Then,
the fundamental idea consists in summing over the degrees of freedom corresponding
to the shortest scales, thus generating effective models that describe the same long-
distance physics by elimination of the short-distance, microscopic, structure. Moreover,
in an ideal situation, one would like to keep the partition function of the original system
invariant,

Z=Trexp (- H{S:}) = > exp(—H{Sc(r)})) (5.28)
{Sc(r)}

One can continue with the construction of a new Hamiltonian by defining new block-
spin variables from the coarse-grained {S¢(r)} ones. This coarse graining, or cell,
procedure is simply the block-spin transformation of Chapter 4 and is the basis of the
real-space renormalization group method. The main point, though, is that eventually
the coarse-grained variables {S¢(7)} become a field ¢(r), or set of fields {¢;(r)}, of
a continuous variable r and the partition function can be expressed as a functional
integral

Z= [D6(r) exp (~ (@) = [ Dolr) exp (= Slom),  (529)

the measure D¢(r) meaning integration over the allowed configurations of the field.
Strictly speaking, H is not a Hamiltonian since the coarse-grained variables are not
necessarily related by Poisson bracket relations; it simply determines the weight of the
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configurations. Because of its resemblance to the action of Euclidean field theories, we
will also call it an action S[¢(r)]. If two different, originally discrete, models have
the same limiting fixed-point Hamiltonian after this systematic procedure, then both
models belong to the same universality class.

Notice that there is nothing special about the real-space blocking procedure. One
can alternatively write the original microscopic H({S;}) in terms of the Fourier-
transformed, momentum ¢, spin variables

Sg=) €97 S, 8= %Ze_i‘”j Sq, (5.30)
J q

and define a coarse-graining Hamiltonian in the momentum space through the aver-
aging process

exp (~ H({Spg<A}) = Y exp(—H({S}): (5.31)

{Sq,a>A}

Here, we achieve a lower spatial resolution by integrating out higher Fourier compo-
nents (¢ > A), A being the momentum cutoff, and 27 /A should be identified with the
block size (.

We would like to make two remarks. The first is that, although this procedure
can be made rigorous in the case of classical systems, it is impractical since, except
for trivial cases, such as the one-dimensional Ising model of Section 3.6, the method
generates a large number of additional interactions. The second remark is that an
equivalent coarse-graining procedure for microscopic quantum-mechanical models is
subject to additional mathematical subtleties.

5.5 Phenomenological Landau—Ginzburg approach

An alternative program to generate effective field theories is the Landau—Ginzburg
approach. One constructs the effective Hamiltonian in a phenomenological way in
terms of collective degrees of freedom expressed as the field of order parameter ®(r) =
{$1(r),- -+, Pn(r)}, with the symmetry of the microscopic Hamiltonian taken into
account. For example, a one-component scalar field (n = 1) may describe the standard
liquid—gas transition or the uniaxial Ising ferromagnet. A two-component, or complex,
field describes a transition to a superfluid or superconducting phase, and a three-
component, vector, field describes a classical magnetic transition. More esoteric order
parameters include second-rank tensorial quantities that describe the transition to
nematic or smectic liquid-crystal phases.

This process results in an effective field theory with couplings that are functions
not only of the original microscopic couplings but also of external control parameters
such as the temperature. Strictly speaking, the effective Hamiltonian H is neither a
proper Hamiltonian nor a free energy since, for example, couplings in H depend on
the temperature and fields. Also, the variables and their derivatives are not connected
by canonical dynamical relations.

One should take into account several constraints in constructing the effective
Hamiltonian. The first observation is that, if the original degrees of freedom are defined
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in a real space with local, short-range, interactions, one would expect that the resulting
continuous fields define a local field theory,

H(®(r)) = /ddr H, (5.32)

where H is a Hamiltonian density. Next, the effective Hamiltonian is a functional of
the field and its derivatives. It also includes the explicit dependence on the coordinate
7 when the system is not uniform due, for example, to randomly distributed defects
or impurities. The effective Hamiltonian density is therefore written generically as

H = H[®(r),0,P(r),d,0,B(r), - , 7], (5.33)

where 0, = 9/0r* and r* (u=1,--- ,d) represent the components of the coordinate.
The existence of derivatives in the argument of the effective Hamiltonian density
reflects short-range interactions between nearby degrees of freedom in the microscopic
Hamiltonian.

One of the most important elements to consider is the symmetry of the system. For
instance, consider again the classical Ising Hamiltonian in the presence of an external
magnetic field h and nearest-neighbor couplings J;,

H=-Y J;SiS;i—h)_ S (5.34)
(ig) i

It is clear that, if we perform the transformation S; — —S5;, Vi, the Hamiltonian
remains invariant under such reflections as long as we also change the sign of the
magnetic field h — —h. This global symmetry transformation (involving all the spins
in the system) forms the group Zs. The order parameter in this case, a scalar field
o(r) (n = 1), is the magnetization and any effective Hamiltonian written in terms of
(a functional of) ¢(r) should satisfy this symmetry constraint

H(¢p(r),h) = H(—¢(r), —h). (5.35)

Moreover, if the system is translationally invariant, this symmetry should also be
preserved in the effective Hamiltonian density as

H = H[p(r),8,6(r), 9,0, 6(r), -], (5.36)

without explicit dependence on the space coordinate . Another example is furnished
by the classical ferromagnetic Heisenberg model without external field, where each spin
has three components, S; = (57,57, 57). Then, the order parameter is represented by
the vector magnetization (n = 3). In the absence of an external magnetic field, all
three directions of the spin are equivalent. Correspondingly, the effective Hamiltonian
should be rotationally invariant with a group of symmetry called SO(3).2 Usually, the
Hamiltonian is also translationally invariant.

Finally, the physical constraints of boundedness and stability should be taken into
account in the design of a sensible field theory. It is necessary to keep in mind
that the probability of a field configuration should remain finite. This implies well-
defined mathematical constraints on the sign and magnitude of the coefficients in the

2 Orthogonal transformation in three dimensions with determinant 1.
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analytic expansion of the effective Hamiltonian density. Moreover, these coefficients are
required to be analytic functions of the external parameters, such as the temperature
or pressure.

All these physical constraints lead us to the following standard form of the Landau—
Ginzburg (or Landau—Ginzburg-Wilson in the context of renormalization group
theory) effective Hamiltonian density for a translationally and rotationally invariant
system,3

n d n
H=K3 3 uti(r)0"oilr) + A i(r)

i=1 p=1

B (6 n) =S hi o) (537
i=1 i=1

We have included only a few significant terms. The quartic invariant » . ; o (r)
and higher-order terms have been omitted. We also added a source term, external
field h;, linearly coupled to the order parameter field. Since space variations of the
order parameter should be penalized, the coefficient K is positive and represents the
stiffness, favoring uniformity of the order parameter. Similarly, the highest-order power
in the expansion of eqn (5.37) should have a positive coefficient, B > 0, because of
stability reasons. We are thus left with the coefficient A. It is clear that the latter
coefficient should change sign at the transition point and is the one that drives the
transition. Therefore, A > 0 at high temperatures, favoring disorder, and A < 0 at low
temperatures, favoring order.

The Landau mean-field theory of Chapter 2 is recovered as the saddle-point approx-
imation of this effective field theory: It is obtained as the largest single contribution
that maximizes the integrand of the functional integral

Z = /D‘I)(T)exp (— H(2(r))). (5.38)

Let us illustrate the idea for the scalar field (n = 1).
Consider the partition function of eqn (5.38) with a Landau—Ginzburg Hamiltonian

(6(r)) = [ a'r{(To(r))? +t6(r)* + uolr)! - hir)o(r)}

= fio(r)) - [ a'rh(ryo(r). (5.39)

We apply the saddle-point approximation of Appendix A.1, which amounts to approx-
imating the integral by its maximum value that corresponds to the most probable
configuration ¢o (7). This is determined from

0Ho((r))

56(r) = h(r). (5.40)

$o(r)

3 Tt is not essential in this chapter to distinguish covariant and contravariant derivatives, Op and OF.
See Appendix A.6.
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Then, the partition function is approximated as
Z[h) = e H(Go(r)) (5.41)

The magnetization field satisfies ¢,,, (7) = ¢o(7). The saddle-point free energy per unit
volume V' is minimized for the case of a uniform order parameter field ¢,,(r) = m,
with the result?

T N
= v log Z[h] = tm? 4 am®* — hm, (5.42)

where # = T't, @ = T, and h = Th. This is the Landau theory of Section 2.3.

It is possible to consider the leading-order correction to the saddle-point approx-
imation by the expansion of Ho(¢(r)) to second order in A = ¢(r) — ¢o(r) and a
Gaussian integration. This is known as the loop expansion.

EXERCISE 5.2 Consider a system described by the following Landau—Ginzburg
effective Hamiltonian (with dimension of energy)

TH(o(r) = [ ar{d(Vo()? + DV + to(r) +uslr)'}, (543

with coefficients D,u > 0, and where ¢(r) is a real scalar field. Assume that the
other two coefficients may change as

c=co(A—Ac) , t=t(T—T.) (5.44)

as a function of some external parameter A and temperature 7. Establish the phase
diagram in the (A, T') plane near (A¢, Tc). Show that there are three distinct phases:
A paramagnetic, disordered, phase with vanishing order parameter, a spatially
homogeneous ordered phase, and an inhomogeneous, i.e. spatially modulated,
ordered phase. The three phase boundaries meet at a critical point (A¢,7c) known
as the Lifshitz point. Determine the order of the phase transitions of the three phase
boundaries.

Hint: Use a periodically modulated ¢(r) = ¢o cos(q - 7), with ¢o a real constant,
as the ansatz saddle-point solution.

5.6 Symmetry and its breakdown

Symmetry is one of the key concepts to characterize phase transitions, or physical
phenomena at large. For example, it is well known that the invariance of a Hamiltonian
or Lagrangian with respect to time translation leads to the conservation of energy.
Similarly, invariance with respect to spatial translation is at the origin of momentum
conservation. Noether’s theorem as proved in Appendix A.6 is a general statement
about a conservation law resulting from a continuous symmetry of the system.

The existence of symmetries in a physical system is formally expressed by the
invariance of the Hamiltonian under the operation of elements of a group that specifies

4 Recall that the temperature T is included in the Landau-Ginzburg effective Hamiltonian.
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the symmetry. A simple example is the Ising model without external field, in which
the overall (global) change of sign, S; — —S; (Vi), keeps the Hamiltonian invariant.
This operation is an element of the group Zs consisting of two elements {1, —1}. The
change of sign corresponds to the element —1, whereas the trivial element 1 changes
nothing and represents the identity element. Another example of a global symmetry
is the Heisenberg model, again in the absence of external field. The rotation of all
spins by the same angle, S; — R-S; (Vi), where R is a matrix of rotation in the
three-dimensional spin space, leaves the Hamiltonian invariant because the interaction
S, - S; is an inner product. The corresponding group is called SO(3) and the above-
mentioned rotation matrix R is a representation of this group. The language of group
theory is often very useful to describe symmetry properties of a physical system. We
give a brief introduction to group theory in Appendix A.7 for the reader’s convenience.
In particular, the concept and language of Lie group and Lie algebra are of central
importance in the following chapter of conformal field theory. Although the text of
this book is written as readably as possible without detailed knowledge of group
theory, it is nevertheless useful to go through the appendix to better understand the
background.

The symmetry of a Hamiltonian should be distinguished from the symmetry of
a state of the same system. For instance, the Hamiltonian of the Ising model with-
out external field has the Zs symmetry, but a state, for example the all-up state,
S; = 1(Vi), clearly changes into a different state, S; = —1(Vi), by the global reversal
of the sign. This observation implies that the symmetry possessed by the Hamiltonian
may be broken down in the states that are actually realized in the physical world.
This is the phenomenon of spontaneous symmetry breaking and has been discussed
already several times in this book. It should be noted that a global symmetry can
be broken spontaneously but a local symmetry, the invariance of a Hamiltonian
by an operation involving only a finite number of local degrees of freedom, is
never broken spontaneously. This important comment will be further clarified in
Section 7.7.

One of the central remarks in this section is that a symmetry can be broken
spontaneously only in the thermodynamic limit. Let us again take the example of the
Ising model. A quantitative measure of symmetry breaking is the order parameter,
the spontaneous magnetization in the present example. The magnetization per site as
a function of the external field, my (h), for system size N, is an analytic function of
h as long as N is finite. The reason is that the partition function Zy(h) is a sum of
finite number of Boltzmann factors e ## and thus my(h), the logarithmic derivative
of Zn(h) with respect to h, is not a singular function of h. Thus, my(h), an odd
function of h, has a well-defined limit

hligl-o mpy(h) = hli>n—10 mpy(h) = 0. (5.45)

The situation can change if we take the thermodynamic limit first,

hlgio A}gnoo mpy(h) = mo(£0) # 0, (5.46)
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which defines the spontaneous magnetization mg. A singularity at h = 0 may emerge
due to the limiting process N — oo.

One can illustrate the mechanism leading to a state of spontaneously broken
symmetry with a trivial example. Consider again the infinite-range model of Section
2.5, which is Zy symmetric, in the presence of an external magnetic field h

_ _%(Zsi)z ! (5.47)

The partition function is given by

KN [*
Zn(h) =4/ ?/ dz e NE/2(2 cosh(Ka + Bh))N
— 00

= @/Oozx e~ NK<*/2 ((2 cosh(Kx + Bh))YN + (2 cosh(Kz — ﬁh))N),(5.48)

where K = ($J. This equation clearly indicates that Zy(h) is an even function of h,
Zn(h) = Zn(—h). The evaluation of the magnetization proceeds as

1

m(h) = B(Zh) log Z ()

/ dze NE=*/2 (2cosh(Kz + 5h))N tanh(Kx + Bh)

— 00

/ dpe NK/2 (2cosh(Kz + ﬁh))N

— 00
E——) (5.49)
and my (h) is an odd function of h, as expected. It is clear from the equation above that
hlinilo mpy(h) =0, (5.50)
and obviously
1\;51100 h,linio ma(h) = 0. (5:51)

On the other hand, if one takes the thermodynamic limit first, keeping h finite,
Nlim mpy (h) = tanh(Kmg(h) + Bh), (5.52)

where we have used the saddle-point method to compute the integrals in eqn (5.49).
The quantity mg is determined from the maximization of the function

2

g(x) = fKTx + log (2 cosh(Kz + h)), (5.53)

which appears in the integrands as eN9(®) | in the limit of large N. Not surprisingly (see

Section 2.5), the value of x that maximizes g(x), i.e. mg, satisfies the self-consistent
mean-field equation mg(h) = tanh(Kmg(h) + Sh). Therefore, for temperatures
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Fig. 5.2 In order for a ferromagnetic Ising system to go from a state with positive magneti-
zation to another state with negative magnetization, an intermediate state with domain walls
must be realized. For an infinitely large system, the creation of domain wall(s), indicated in
a dotted line, costs an infinitely large energy.

T below the critical temperature T, = J, spontaneous symmetry breaking (or sponta-
neous magnetization) manifests itself as the singular limit

hlgio ngnoo mp(h) = mo(£0) # 0. (5.54)

Likewise, for T' > T, limy,_, o limy oo my(h) = 0.

A related concept is ergodicity breaking. If we take the thermodynamic limit first,
it becomes impossible that the system explores the whole phase space when symmetry
breaking occurs for discrete symmetry. The system becomes trapped in a part of the
phase space. Again, in the simple example of the ferromagnetic Ising model without
external field, only the subspace of states satisfying >, S; > 0 can be accessed by
the system when the symmetry is broken such that limy,_, 1o limy_,o my(h) > 0. The
other subspace with ), S; < 0is out of reach because the system has to go through the
barrier of (infinitely) high (free) energy separating these two subspaces, see Fig. 5.2.
Thus, ergodicity, which means that the system reaches all possible states, is broken.

The state of broken symmetry is characterized by long-range order, which is a
very similar notion to spontaneous symmetry breaking but not exactly the same.
Long-range order is defined by the existence of a finite (non-vanishing) limit of the
two-point correlation function,

lim lim  lim (O(r)O(r")) #0, (5.55)

h—0 |r—r/|—o00 N—oo
with O(r) being the local order parameter, such as ¢(r) for the ¢* model and S;
for the Ising model. Tt is assumed that O(r) is chosen such that the simple average
(O(r)) vanishes in the zero-field limit h — 0 for a finite-size system.® Intuitively, if a
symmetry is broken, the system is ordered in a global scale and the value of O(r) at
r is strongly correlated with the same quantity at a far position 7’. Thus, long-range
order follows. To prove rigorously the equivalence of the existence of long-range order

5 The Potts spin degree of freedom in its simple form does not satisfy this criterion. See Exercise
8.5 for more details.
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and spontaneous symmetry breaking is a non-trivial mathematical problem, although
physically quite plausible.

Also to be noted is the property known as clustering, in which the limit of eqn
(5.55) reduces to the product of order parameters,

. . . / . . . . . . !
hlinio I’I‘fl'I}’I|Il~>oo 1\;51100<O(r)0(r )= hlinilo ]\}E»noo<0(r)> hlinio ]\/lgnoo<0(r ). (5:56)

The sign of h should coincide in these limiting procedures.

5.7 Nambu-Goldstone modes

Attempts to change the particular broken-symmetry state to other possible broken-
symmetry configurations cost energy along certain directions in the order-parameter
space, as illustrated in Fig. 5.2 for the breaking of a discrete symmetry Z,. This
may be interpreted as the system displaying a generalized rigidity or stiffness. If a
continuous symmetry is spontaneously broken, on the other hand, the spectrum of
the Hamiltonian generically has gapless collective excitations or soft modes. A soft
mode means that changes along particular directions in the space of order parameters
require no energy. The mexican-hat potential shown in Fig. 5.3 is a typical example,
in which the system can move freely along the bottom of the potential.

These emergent excitations characterizing the ordered phase are known as the
Nambu—Goldstone modes. Examples of these low-energy excitations include spin waves
in the XY model, as explained in Chapter 7 (because of the spontaneous breaking
of the spin rotational symmetry) and acoustic phonons in crystalline solids (because
of the breaking of the space translational symmetry). The existence of these low-
energy excitations is the essence of the Goldstone theorem. This theorem states
essentially that, whenever a continuous symmetry is spontaneously broken in a system
with short-range interactions, there exist modes with zero excitation energy and a
continuous spectrum above it. As will be exemplified later, this fact manifests itself

9

Fig. 5.3 A continuum of minima exists for the mexican-hat-type potential V. The system
can continuously change its lowest-energy state from one of the continuous minima of the
potential to another one without energy cost.
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in the behavior of a correlation function in the Fourier space where that correlation
function has a pole at zero wave number.

Let us present an example to understand the physics behind this theorem. A
more formal manipulation to show the zero-energy mode is given in Appendix A.6.5.
Consider eqn (5.37) with n = 2, a two-component system,

Ho = (V<Z51(7'))2 + (V¢2(T))2 + t(d1(r)* 4+ ¢2(r)?) + u(d1(r)* + ¢2(7")2)2- (5.57)

We have set K =1,A=¢B=wu and h; =0 in eqn (5.37). This system has the
mexican-hat potential

V = t(1(r)? + ¢a(r)?) + u(er(r)? + ha(r)?)?, (5.58)

as a function of (¢1, ¢2), as shown in Fig. 5.3 for ¢ < 0. The Hamiltonian is
Ho(®(r)) = /ddr Ho, (5.59)

with ®(7) = (¢1(7), p2(r)). This Hamiltonian displays an SO(2) symmetry that
involves transformations of the form

¢t (r)\ _ [ cos® sind\ [ ¢i(r) (5.60)
dh(r) ) \ —sinf cosf | \ ¢a(r) ’
leaving Ho(®(r)) invariant. As in the scalar case (n = 1), when ¢ > 0, the system is

in the disordered phase with ®(r) = 0. On the other hand, if ¢ < 0, the potential V'
displays a set of minima at

t
O(r)* = ¢1(r)? + 62(r)* = =5~ >0, (5.61)
signaling a broken-symmetry, i.e. an ordered phase. This solution is infinitely degener-
ate: Any state in the circle labeled by the angle 6 € [0, 27) is a possible and legitimate
physical solution. A way to select one of those possible solutions is to apply an external

field h = (hl, hg)
H(®(r)) = Ho(®(r)) — /ddr (h1¢1(r) + hg(bg(r))7 (5.62)

and choose, for instance, h = (h1,0) without loss of generality. This choice amounts
to selecting a corresponding direction in the order parameter space

B(r) = (G1(r), bo(r) = ( ';uo> = (@,0) (5.63)

among the possible solutions of eqn (5.61) for ¢ < 0.
We are interested in the stability of the state of broken symmetry of eqn (5.63).
To this end, we write

$1(r) = a+06¢1(r),  da(r) = da(r) (5.64)
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and expand Hy to second order in d¢; and d¢y. The former d¢p is used to
see the longitudinal stability because it is parallel to the vector order parameter
= (a,0), and the latter @2 is a transverse perturbation to ®. The result is

Ho = (V661(r))” + (Voos ()" +t((a+ 561(r))* + (362(r)))
+u((a+ 861 (1) + (9¢a(r))?)”
= ta® + ua* + (V661 () + (t + 6ua®) (6¢1(r))
+(V86a(r))” + (¢ + 2ua?) (36(r))

2
= —i*u + (Vo (r)” + 20| (561(r))” + (Vga(r))*. (5.65)

A first observation is that d¢; and d¢o are decoupled (no cross-term d¢1d¢2) and hence
the longitudinal and transverse modes can be analyzed separately. Secondly, a com-
parison with eqn (2.74) reveals that both fluctuations §¢; and d¢- are described by the
Gaussian model. Thus, the present Hamiltonian reads in the Fourier representation,
according to eqn (2.80),

d
1= [ G (@4 ) 691(@)351 () + *5in(@)6a(—a) (5.66)
where we ignored the trivial constant term in eqn (5.65). If we interpret the coeffi-
cient of 5¢~)i(q)5g51-(fq) as the excitation energy of the mode i for the wave number
(momentum) g, the longitudinal mode (i = 1) has a positive lowest excitation energy
2|t| for ¢ = 0. In contrast, the transverse mode has a zero excitation energy for ¢ = 0
and a continuum spectrum ¢2 above this zero-energy mode. Physically, the transverse
mode d¢py changes the broken-symmetry state ® = (a,0) to another ground state at
a slightly different position along the bottom of the mexican-hat potential. It is clear
that this change of the position costs no energy. The longitudinal mode, on the other
hand, has a finite excitation energy because the system should leave the bottom of the
potential if it tries to change the magnitude of the order parameter from P = (a,0)
along the first axis (i.e. keeping d¢o = 0).
These statements may be re-expressed in terms of the correlation functions

(2m)

G11(q) = (961(q) 61(—q)) = 0128 (5.67)
~ - ~ (27r)d

G22(q) = (002(q) 662(—q)) = o (5.68)
G12(q) = G21(q) = (061(q) 62(—q)) = 0, (5.69)

which have been derived using eqn (2.84) with 7' = 1. Equation (5.68) indicates that
the transverse correlation function in the Fourier representation has a pole at the
origin, which is an important characteristic of the Nambu—Goldstone mode, as stated
at the beginning of this section.
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If the interactions are not short ranged, the Hamiltonian is not expressed just by
the squared gradients of fields, and the above arguments do not apply directly.

5.8 Topological defects

Another consequence of the spontaneous breaking of a symmetry is the emergence
of defect structures such as vortices in superfluids, domain walls in ferromagnets,
dislocations in periodic solids, or disclinations in nematic liquid crystals. These topo-
logical defects are responsible for determining important properties of real materials,
such as strain hardening, which is the strengthening of a metal when subjected to
plastic deformation. Although the energy of a macroscopic system is minimized when
the symmetry is broken uniformly throughout the system, it turns out that the
symmetry may be broken differently in different parts of the sample due to a variety of
reasons. Under those circumstances, defects will appear, for instance, in the boundary
separating those spatial regions characterized by states or configurations with different
values of the order parameter ®. For example, in a ferromagnet a domain wall may
separate regions with different values or orientations of the macroscopic magnetization
as shown in Fig. 5.2.

In this section we will show how concepts borrowed from topology provide the
necessary tools to characterize, classify, and combine elementary defects. Let us start
from the concept of an order-parameter space U. Loosely speaking, this is the set of all
possible values of the order parameter ®(r) in a d-dimensional space, 7 € R%. A simple
example is the XY model in two spatial dimensions. Suppose that low-temperature
spin configurations in a subspace of R?, sometimes referred to as the ordered medium,
are mapped to a set of points in the space S (the unit circle) by the rule

o(r)

)] = (coso(r),sing(r)) € S', ¥r eI € R?, (5.70)

where I' is a closed loop in R2. See Fig. 5.4. In this case, S! is the order-parameter space.
Another familiar example is the Heisenberg model, in which the spin orientation at r €
R? is specified by a three-dimensional unit vector. The order-parameter space is then
U = S?, the surface of the unit sphere. Notice that the magnitude of the local (spin)
variable is ignored and only its direction is considered in the analysis of topological
defects. Examples of order-parameter spaces, S', S? and P?, are illustrated in Fig. 5.5

One of the reasons to introduce the order-parameter space is its advantage in the
classification of topological defects and their stabilities. Consider again the XY model
in two dimensions. As shown in Fig. 5.4, the existence of a vortex, a typical topological
defect, significantly influences the image in the order-parameter space. In panels (a)
and (b), there is no vortex surrounded by the loop T', and the images in S!, drawn
bold, are essentially the same in the sense that we can continuously deform the image
in (b) into a single point as in (a). In contrast, the images in (c¢) and (d) are equivalent
to each other but cannot be continuously reduced to a point as in (a) since those in
(c) and (d) wind the circumference of S'. We say in the latter case that the winding
number is k = 1. Also, in the real space R?, we can continuously change the spin
configuration of (b) into (a) and also (c) changes into (d), the latter by rotating each
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(a) (b)

Fig. 5.4 The spin configurations in the real space R? and the corresponding images in the
order parameter spaces S for the two-dimensional XY model. The angle of each arrow along
a loop T', shown dashed, in R? is mapped to the corresponding point on S*. In (a) and (b)
there is no vortex (topological defect) and the set of mapped points in (b) (drawn in bold)
can be continuously deformed to a single point in (a). In (c) and (d), the loop I' encircles a
vortex and the corresponding images wind the circumference of S'. The arrows in the order-
parameter space indicate the sense of motion of the images as one circles around the loop T’
in the real space.

spin roughly by 90°. Such a continuous rotation never succeeds in changing (a) to (c).
The two configurations (a) and (b) are said to belong to the same homotopy class.
Similarly, the homotopy class of (¢) and (d) is the same. In general, two configurations
are equivalent and belong to the same homotopy class if one of them can be deformed
continuously to the other.

The winding number, which is formally defined as

1
k= géw(r) -dr, (5.71)

quantitatively characterizes the homotopy class and is an example of a topological
invariant. The latter name comes from the stability of the winding number under
continuous deformation. Remember that we refer to the topological stability, not the
thermodynamics stability. Nevertheless, the former often leads to the latter, as will be
studied in detail in Chapter 7.

It is possible to create a vortex in the XY model with winding numbers other than 0
(no vortex) or 1 by the field configuration ¢(r) = k6 + const, where 6 is the polar angle
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s! s? P2

Fig. 5.5 The order parameter spaces S', S? and P? and images of closed loops in the real
space. The left and center panels represent the spaces for the XY and Heisenberg models,
respectively. The right panel corresponds to the nematic liquid crystal in d = 3, in which rod-
like molecules are oriented as in the Heisenberg model but without the sense of the arrows.
Thus, the up and down orientations are identified, and consequently only the upper half of a
sphere constitutes the order parameter space known as P2. Correspondingly, the two points
marked in black dots are identical and the curve drawn around the half sphere is a closed
loop.

of the position vector r» and k is an integer, k € Z. The image of spin configurations
in S! winds the circumference k times in this case. This fact is written formally as
71(St) = Z. The subscript 1 of 71 means that the loop T, a one-dimensional object,
is used to map the configuration in R? to S'. Thus, the homotopy class is classified
by the group Z, in which the usual rule of addition represents the multiplication as a
group. The addition (or the aggregation) of two vortices of winding numbers k; and ko
realizes a single vortex with winding number k = k1 + ko. This is one of the simplest
examples of the homotopy group.

These discussions can be generalized to arbitrary types of topological defects,
not just in spin systems but also in solids and liquid crystals. We, however, restrict
ourselves to spin systems for simplicity of presentation and consider next the XY
model in three spatial dimensions R?. The basic topological defect is a line of vortices
created by stacking vortices, each on a two-dimensional cross-section. We write dyg for
the dimensionality of the defect, and dy = 1 for a vortex line in R3. The previous case
of two dimensions has dg = 0 since a vortex is an isolated point in R2. In the case of
R3, the order parameter space is again S' because the orientation of a spin can be
specified by a point on S!. The homotopy group is also the same, 7 (S!) = Z, each
element being specified by the winding number counted along a loop surrounding a
vortex line.

The Heisenberg model has three components and its order parameter space is S?
as mentioned already. The basic topological defect is a hedgehog structure, and in its
most basic form, all spins point outward on the surface of S2. The topological invariant
is the wrapping number. The above-mentioned simplest hedgehog has the wrapping
number 1. The relevant homotopy group is mo(S?) = Z. The subscript 2 of 75 is meant
for the two-dimensional sphere that wraps the topological defect. If we choose a loop,
a one-dimensional object, to encircle a topological defect of the Heisenberg model, the
loop slips on the surface of the order parameter space S? to eventually shrink to a
point as depicted in Fig. 5.6. This fact is written as m(S?) = 0,
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Fig. 5.6 A loop around a two-dimensional sphere slips on the surface by a continuous
deformation and shrinks to a point.

Suppose in general that we surround a topological defect by an m-dimensional
object I'™ (m < d) and consider an m-dimensional spherical closed surface S™. To
surround a dy-dimensional defect, one needs a sphere of dimension

m=d—dg—1. (5.72)

In the previous example of a vortex with dyg =0 in a d =2 ordered medium, the
surrounding object was a loop of dimension m =1. If d =3, for a loop to con-
tinue being the relevant surrounding object, the vortex should constitute a line
defect, i.e. dg = 1. Similarly, a dg4 = 0 hedgehog defect in a three-dimensional ordered
medium requires a surrounding object of dimension m = 2. In general, for a defect
of dimensionality d4q to be topologically stable in a d-dimensional ordered medium,
the mth homotopy group should not be trivial, m,, () # 0. The fundamental group,
which means 71 (U), may be non-Abelian, but m,, () with m > 1 is known to be
always Abelian. A little more formal introduction to homotopy theory is found in
Appendix A.8. Table 5.1 summarizes the discussion above.

When these ideas are applied to an ordered medium with an n-component order
parameter ® = (¢, -+, ¢y), it is easy to imagine that & = S"~! and we find

Tm(S™) =Z, m(S™) =0 (I <m). (5.73)

The latter relation for [ < m implies that an [-dimensional closed object on S™ with
| < m can always be shrunk to a point, which is a generalization of 7 (S?) = 0. We

Table 5.1 Types of defects, e.g. point defects,
that may appear in a physical system of a
given spatial dimensionality d. Textures refer to
smooth d-dimensional configurations with fixed
constant boundary conditions.

d—dg—1 0 1 2 3
d=1 point texture
d=2 line point texture

d=3 surface  line point texture
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conclude that, in order to have a topologically stable defect of dimension dy, the
relation

dd =d—n (5.74)
must be satisfied as eqn (5.72) with m = n — 1 suggests. Table 5.1 shows the types of
defects.

In the case of an ordered medium with a discrete symmetry group, such as the Z,
symmetry of the Ising model, topological defects have the dimensionality dgy = d — 1.

They are always generalized domain walls separating regions with different values of
the order parameter ®.



6
Conformal field theory

We have seen that a statistical system is scale invariant at criticality. Physical
properties remain the same if we change the length scale by a constant factor. It
is then natural to generalize the hypothesis of global scale invariance to an invariance
under a coordinate-dependent local scaling factor. It turns out that this approach
is enormously successful in two dimensions and produces a number of remarkable
results. The present chapter is an introductory account of the basic concepts and
important consequences of conformal symmetry, i.e. the invariance under local scale
transformations, in field theories characterizing critical behavior. The goal is to catalog
universality classes as a list of possible values of critical exponents and to find
restrictions on the functional forms of correlation functions. From a mathematics
standpoint, conformal symmetry applies to continuum theories, and therefore its
obvious application to critical phenomena is formulated in the language of field theory.
In this chapter, we do not discuss the microscopic model that gave origin to a particular
continuum field theory, or in other words, that belongs to the same universality class.
We will assume that such a statistical field theory exists and will study the physical and
mathematical consequences of that theory being conformally invariant in the critical
regime.

6.1 From scale invariance to conformal symmetry

In Chapters 1 and 3 we discussed the remarkable fact that scale invariance emerges
close to a critical point. A scale transformation is mathematically represented as a
dilation, i.e. a coordinate transformation » — v’ = b~ !r with b a positive number. The
hypothesis of scale invariance leads to many conclusions, for instance, that all critical
exponents can be expressed in terms of a few scaling parameters, typically y; and
yn. Then, it seems natural to think that at criticality (a point of self-similarity) more
symmetries could emerge: One may wonder whether in the critical region a coordinate-
dependent scale invariance is possible, i.e. » — ' = b(r)~! r, which would certainly
have further implications. This is the extension of scale invariance to conformal
invariance. The hypothesis of conformal invariance appears to be quite generally true
in critical equilibrium systems as a result of the essential locality of the underlying
statistical field theory. We will assume conformal invariance of critical field theories
throughout this chapter.

The predictive power of the use of conformal symmetry depends on the dimen-
sionality d of the system under study. For d > 3, conformal symmetry fixes possible
functional forms of some of the correlation functions. In two dimensions, much stronger
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results can be derived because the set of conformal transformations includes analytic
functions of complex numbers and there are infinitely many of them. Conformal field
theory then becomes an exercise in the theory of complex variables and analytic
functions. As a consequence, a number of remarkable results emerge such as a list of
possible critical exponents, admissible forms of correlation functions at criticality, and
constraints on finite-size effects. Our discussions in the present chapter will therefore
be focused on the two-dimensional case.

6.2 Conformal transformation

Conformal transformations are special coordinate mappings. A conformal transfor-
mation (conformal mapping) is an invertible map r — 7' of the space R? (or part of
it) into itself (or part of it) that preserves angles between any two vectors but not
necessarily their length scales.!

For d > 3 the conformal group, the set of conformal transformations, is composed
of a finite number of elements, i.e. the following transformations,

Translation by a constant vector a : r — r + a (6.1)

Rotation by a matrix R : » — Rr (6.2)

Dilation (dilatation) by a scale factor b : r — b 'r (6.3)
r + ar?

Special conformal transformation : r — 55
1+4+2a-r+a*r
The special conformal transformation is a combination of space inversion, translation,
and another inversion,

T

— ta

I R (6.5)

po 2
(7+a)
Equations (6.1) to (6.4) constitute global conformal transformations, which means
mapping the whole space onto itself. In Appendix A.9 it is shown that these global
mappings exhaust the possible conformal transformations for d > 3.
The two-dimensional case d = 2 is special in that an additional set of transforma-
tions are conformal because all analytic (holomorphic) functions of complex variables

preserve local angles, as is known in complex analysis. Let us therefore introduce a
complex coordinate,

z=rl4+ir?, z=r! —ir? (6.6)

where 7 = (r!,r?) is the Cartesian coordinate. The two complex numbers z and % are

considered independent variables because the degree of freedom has originally two,

L If we write guv(r) for the metric tensor of the d-dimensional space under consideration, a
conformal transformation is formally defined as a mapping that leaves the metric tensor invariant
up to a scale, gy, (r") = Q(7)guv (r). Thus conformal transformations change the actual geometry of
space.



130 Conformal field theory
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Fig. 6.1 Examples of conformal mappings in two dimensions. These maps correspond to the
transformations f(z) = z,/z and z? from left to right, respectively ((r',r?) € [~2,2]).

r! and r2 components. Then, any analytic function f(z), such that f’(0) # 0, defines
holomorphic and antiholomorphic transformations

Z—>f(2’) ) 2_>f7(2)5 (6.7)

which are conformal around the origin z = 0. Similarly to z and 2z, f and f are
independent functions. For example, f(z) = z* is analytic, while f(z) = |z|2* is not
and thus does not represent a conformal map. See Fig. 6.1 for other examples.
Dilations and rotations are given by z — b1z, 2 = b7 'z, and z — €2, z — 717,
respectively.
In two dimensions, for flat space, the angle-preserving condition is well known to
be rewritten as the Cauchy—Riemann equations
2 /1 /1 /2
aL:,aL7 aL:aL, (6.8)
ort or? orl or?
where we have written f = "' 4+ ir’2, and the equivalent equations for antiholomorphic
functions. In terms of complex coordinates, the Cauchy—Riemann equations (6.8)
become

0:f(2,2) =0, (6.9)

where 0z =0/0zZ = (0p1 +10,2)/2 and 0, =0/0z = (01 —i0,2)/2. This is the
mathematical statement that the conformal mapping must be holomorphic since
f(2,2) = f(z) without z dependence. Similarly, we find 9, f(z, Z) = 0, which implies
F(2,2) = F(2).

Holomorphic and antiholomorphic functions define local conformal transformations
in the sense they are not analytic in the whole complex plane except for the trivial
case of a constant, as is well known in complex analysis.

In two dimensions the global conformal transformation of eqns (6.1) to (6.4) is
summarized in a compact form

az+b

which reproduces any one of eqns (6.1) to (6.4) by an appropriate choice of the
coeflicients a, b, c and d. The condition ad — bec = 1 comes from invertibility of the map,
ad — be # 0, which can be reduced to ad — bc = 1 by an appropriate normalization of

(ad—bc=1, a,b,e,d € C), (6.10)
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the constants. Equation (6.10) for a global conformal mapping is called a projective
mapping or a Mdbius mapping.

EXERCISE 6.1 Confirm that eqn (6.10) can be reduced to any one of eqns (6.1)
to (6.4).

Since the number of holomorphic/antiholomorphic functions is not limited, there
exist an infinite number of local conformal transformations in two dimensions. This fact
makes conformal symmetry a very powerful tool to analyze and characterize critical
behavior in two dimensions: More symmetries impose more constraints. It ultimately
provides a classification of all possible critical theories, as will be seen later in this
chapter.

The decoupling between holomorphic and antiholomorphic coordinates is charac-
teristic of conformal field theories in two dimensions. Let us consider infinitesimal
conformal transformations

22 =fz)=z2+€z), 2— 7 =f(Z) =z+¢€7), (6.11)

where €(z) and €(z) are holomorphic and antiholomorphic functions. We think of these
functions as infinitesimal, although we have to keep in mind that it is not possible for
them to be globally small unless they are constant. We will write them as Laurent
expansions around z = 0

e(z) = Z en2" T E(2) = Z Enz" L. (6.12)

n=—oo n=—oo

It is illuminating to associate an algebra to such an infinitesimal transformation by
noticing that

o0

fz+€() = f(2) = f(2) + €(2)0:.f(2) = f(z) = = D enluf(2), (6.13)

and similarly for the antiholomorphic part, using the generators of local conformal
mappings
by =—2"T10, | 0, = —z"110;. (6.14)
These generators form an infinite-dimensional Lie algebra called the loop algebra,?
Uy bn] = (M = 1) lmin s [los ln] = (M — 1) lmin 5 [bm,ln] =0, (6.15)

as can be checked from eqn (6.14). This is infinite dimensional because n and m run
from —oo to co. The holomorphic and antiholomorphic parts decouple due to the last
commutation relation of eqn (6.15).

The subalgebra generated by the subset with m,n = 0,+£1 is closed, as one can
verify by inserting n,m = —1,0,1 in eqn (6.15). This subalgebra is a set of generators
of the global conformal mappings (6.1) to (6.4). The reason is that eqn (6.14) is

2 See Appendix A.7 for the concept of Lie algebra.
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non-singular at z = 0 if and only if n > —1 and, additionally, non-singular at z — oo
if and only if n <1, as seen from the inversion z — 1/z. The same holds for the
antiholomorphic part. This implies that a global mapping is possible if and only if
—1<n < 1. Indeed it will be shown in the next section that ¢_; and ¢_; generate
translation, ¢y and £ are for rotation and dilation, and ¢; and ¢; generate the special
conformal transformation.

6.3 Primary and quasi-primary operators

As already mentioned, the two-dimensional case is special from the standpoint of
conformal symmetry since the local conformal group is isomorphic to the group of
analytic transformations on the complex plane and thus it contains an infinite number
of generators {---,0_1,0_1,0,0g,---}. A conformally invariant theory satisfies an
infinite number of constraints called the conformal Ward identities. These identities
are written as differential equations for correlation functions. It is thus sometimes
convenient to characterize the behavior of a theory by the transformation properties
of its correlation functions rather than by the specific action S (which corresponds
to the Hamiltonian in classical statistical mechanics) of the system. In the following,
we will illustrate and demonstrate how these fundamental facts lead to very strong
consequences.

The local field operators that transform under a global conformal mapping z —

f(2),2 = [(2) as
6(2,2) = &£, ]) = (9.£) 7" (9:F) M9 (2, 2) (6.16)

are called quasi-primary operators or quasi-primary fields.? The real numbers hj, Bj
are named the conformal weights of the operator ¢;. Correlation functions of quasi-
primary operators thus satisfy

(91(21, 21)ha(22,22) -+ ) = (H(%ﬁ')hi (551-1?1‘)51') (81 (1, F1)P5(f2s f2)---), (6.17)

K2

where the expectation value is defined by the weight e~

[Poes
(o)=L (618)

/D¢>e*5 ’

with S being the action or the effective Hamiltonian. As an example, a simple rescaling
f(z)=b"1z, f(2) = b~z gives

& (f, F) = bty (z, 2), (6.19)

102,72 — e 19z leads to

whereas a rotation z — e

3 Notice that the prime on ¢; is not a derivative.
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& (f, f) = e =m0, (2, 7). (6.20)

Equations (6.19) and (6.20) make it possible to identify the sum and difference of the
conformal weights with the scaling dimension x; and the spin s; of the operator ¢;,
respectively,

Ij = hj + Bj 5 Sj = hj — Bj. (621)

If ¢; transforms like eqn (6.16) for both global and local mappings, it is called a
primary operator. Thus, a primary operator is quasi-primary but the converse may
not necessarily be the case. Local scaling fields (operators) that do not transform as a
primary are called secondary operators. Secondary operators may or may not be quasi-
primary. The origin of these names, primary, quasi-primary, secondary operators, will
become clearer in Section 6.7.

Let us next study the consequences of invariance of correlation functions under
global conformal mappings. The infinitesimal transformations of eqn (6.11) induce a
change in quasi-primary fields. According to eqn (6.16),

= —(e(2)0 + &(2)0)p;j(2,2) — ¢;(2,2) (h;Oe(2) + h;0€(2)), (6.22)

where 0 =0, and 9 =0s. If we now impose the condition of conformal invari-
ance by global mappings on the n-point correlation function of quasi-primary
operators,

(56g<¢1 (Zl, 21)¢2(22, 22) cee qbn(zn, En)> =0, (623)

a differential equation results,
n
Z (€:0; + hiOi€; + €0; + hi0i;) (p1(21, 21)P2(22, Z22) -+ P (2n, Zn)) = 0, (6.24)
i=1
where €; = €(z;), 0; = 0,,, and similarly for the antiholomorphic parts.

For global (projective) conformal mappings, the Lie algebra (the loop algebra of
eqn (6.15) in the present case) is generated by {£_1, o, ¢1} and its antiholomorphic
counterpart, as was described in the final paragraph of the previous section. The
corresponding infinitesimal transformations are identified as e = € = 1 for translation
generated by ¢_1,/_1, ¢ = z,& = z for rotation and dilation ({y, {y), and € = 2%, € = 22
for special conformal transformation (1, ¢;) as can be verified from eqns (6.1) to (6.4).
For example, a rotation is z — z +i§ - 2 = (1 +10)z ~ €%z (and similarly for z) with
4 a small real number.

EXERCISE 6.2 Show that e = €
tion and dilation, and € = 2%, e =
mation.

1 represents translation, e = z, € = Z is for rota-

z2 corresponds to the special conformal transfor-

We then have a set of projective Ward identities for n-point correlation functions of
quasi-primary operators, using eqn (6.24) for € = 0,
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n

Z 0; <¢1 (Zlv 21)(152(227 22) T (bn(zna én» =0, (6'25)
i=1
Z(zﬁi + hi)(¢1(21, 21)$2(22, 22) - - - du (20, Zn)) = O, (6.26)
> (270; + 2hizi)(d1 (21, 21)d2(22, Z2) -+ bn(2n, Zn)) = 0, (6.27)

i=1
and a similar set of equations for the antiholomorphic variables, since both are
independent.

Equations (6.25) to (6.27) fix the functional form of two-point correlation functions.
Equation (6.25) reads

(01 + Da) (d12) = 0, (6.28)

where (¢p1¢2) = (¢1(21, Z1)P2(22, Z2)). According to eqn (6.28), (¢1¢2) should depend
on z; and 2z only as their difference z; — z3(= 212) (and similarly for z; and Z»). This is
simply a consequence of translation invariance as implied in € = € = 1. Equation (6.26)

(2101 + 2202 + h1 + ha) (¢162) = 0 (6.29)
and its antiholomorphic counterpart fix the correlation function as
1
(9192) = (212)P1 T2 (z1g )P 2 (6.30)

as can be verified by insertion of eqn (6.30) into eqn (6.29). We have fixed the
normalization of ¢; and ¢o to reduce the numerator of the right-hand side to unity.*
It is left as an exercise to show that eqn (6.27) for (¢1¢2) demands hy = ha(= h) and
h1 = ha(= h).

EXERCISE 6.3 Show that eqn (6.27) for a two-point correlation function requires
that the conformal weight hi be equal to he (and similarly for the antiholomorphic
counterparts) if the correlation function is not to vanish.

We therefore have the explicit form of the two-point correlation function at critical-
ity as
1

(212)211(212)2}1 ’

This equation suggests a relation between the conformal weights and critical expo-

nents. For example, if ¢; and ¢ are both usual spin operators and h = h, then
eqn (6.31) will be

(p162) = (6.31)

1

(7“12

(S(r1)S(r2)) =

i (6.32)

4 Tt is possible to leave the normalization arbitrary and write the numerator as C, but it does not
change the essence of the theory.



Energy—momentum tensor and the Ward identity 135

because z12Z12 = 7“%2. This relation is consistent with the identification of the scaling
dimension x with 2h as in eqn (6.21). Equation (6.32) is to be compared with the
generic critical form of the critical spin—spin correlation function

(S(r1)S(rs)) o< ri27m, (6.33)

In two dimensions, we therefore have 4h = 1. In particular, the two-dimensional
ferromagnetic Ising model is known to have n = 1/4, from which we infer h = 1/16.

Similar arguments lead to constraints on n-point (n > 3) correlation functions.
The functional form of the three-point correlation function is fixed by conformal
invariance. It is possible to write explicitly the four-point correlation function only
in two dimensions.

6.4 Energy—momentum tensor and the Ward identity

An infinitesimal transformation z — z + ¢(z) cannot be holomorphic everywhere on
the complex plane unless it is a trivial constant. Suppose that €(z) is holomorphic
inside a region D that includes the origin but not necessarily holomorphic outside D.
Let us consider an n-point correlation function of primary operators,

(Xn) = {¢1(21,21) -~ D20, Zn)), (6.34)

with all its arguments zq,Zz1,--:,2n, 2, inside D. The change in this correlation
function 6.:(X,,) involves an infinitesimal change in the action 4.5 because, for € not
necessarily conformal, §. applied to (X,) affects not only X, but also e~ 5. The
energy-momentum tensor 1), also known as the stress tensor, is defined as the rate
of change in the action,

68 = f% / d?r 01" Ty, (1), (6.35)
where the integral is over the region outside D.® The indices p and v are for the two-
dimensional Cartesian coordinates. A summation is implicit in the repeated indices,
that is, the integrand is summed over g and v both from 1 to 2. In Appendix A.10,
it is shown, using eqns (6.22) and (6.35), that invariance of the correlation function
under the change z — z + €(z) and z — Z + €(Z) leads to the following equation,

— Z (Ezaz + h;0;€; + giéi + ﬁzglgl) <X7L>

i=1
= L dwe(w) (Tw)X,) - — j'{ dw &(w) (T(w)X,,) (6.36)
om Jo € "o J nl '

where C is the boundary of D, which means that the points z1,--- , 2z, lie inside C

and €(z) is holomorphic inside C. The operator T'(w) and the antiholomorphic T'(w)
are defined in terms of the Cartesian components of 7},,,

5 The prefactor 1/27 is for simplicity of later equations and is not essential.
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T(w) = %(Tn(w) — Too(0) + 2iT12(w)). (6.38)

Equation (6.36) indicates that the energy—momentum tensor is the generator of an
infinitesimal transformation of operators, which may be written symbolically as
0ceXp = ! dw e(w) T(w) X, — i dw &(w) T(w)Xp,. (6.39)
27 2mi Jq
Notice that eqn (6.36) is a generic equation satisfied by (X,,), whereas eqn (6.24) is a
consequence of the projective mapping €(z) for which the integral over C on the right-
hand side of eqn (6.36) vanishes because C can be chosen to be infinitely far away.
Hereafter, we will often write only the holomorphic parts of the theory explicitly for
simplicity, as long as no confusion is expected. The antiholomorphic parts will have
the same expressions.
For € = 0, eqn (6.36) is equivalent to

1 h;
(T(w)X,) = Z (w 0 Zi)2)<Xn>, (6.40)
as one can verify by multiplying both sides of eqn (6.40) by e(w) and integrating along
C to reproduce eqn (6.36) for € = 0. This equation suggests that the product T'(w)X,,
is a meromorphic function® of w with singularities at zy, 2o, - - - , 2,. Equations (6.36)
and (6.40) are called the conformal Ward identities.

Since eqns (6.36) and (6.40) are valid for arbitrary product of primary operators
X, and arbitrary e(z) which is holomorphic inside C, we may write symbolically, for
w close to z,

T 7 hi z L 96,22 | 4
(w)pi(z,2) = m@(z, zZ) 4+ P di(z, Z) + regular, (6.41)

where the symbol ‘regular’ stands for terms analytic in w that do not contribute to the
integral of eqn (6.36). This is an example of the operator product exzpansion (OPE),
which expresses the product of operators as a series expansion in terms of a complete
set of operators.
The energy—momentum tensor is expanded in a Laurent series, known as the mode
expansion,
= L
T(z)= Y ZT:Q (6.42)
n=-—o00
using the operators L,, called conformal generators, acting on the space of all fields.
This expression can be formally inverted to give

L, =53 ?{ dz 2" (2 (6.43)

6 A function that is holomorphic in a region, except at isolated poles.
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where C surrounds the origin. It is useful to define here 7' as the operator acting on
X, on the right-hand side of eqn (6.36) for € = 0,

7oL dw e(w)T(w) = i €mLm, (6.44)

m=—0o0

where we used eqns (6.12) and (6.42). Then, one can rewrite the right-hand side of
eqn (6.36) for e =0 as

oo

(TX,) = > em(LmXa), (6.45)

m=—0oo

with the end result that the conformal generators must act as

(L Xp) = =) ("0 + hi(m + 1)2") (Xn). (6.46)

-

i=1

Since the energy—momentum tensor 7" plays a crucial role in the following develop-
ments, it is useful to formulate the OPE of T with itself. If T" were a primary operator,
the OPE of T' with itself would have an expression as eqn (6.41) with ¢;(z) replaced
by T'(z). Equation (6.40), however, suggests that the OPE of T'(w)T'(z) should have
an additional term proportional to (w — z)~*. To see this fact, it helps to replace X,
in eqn (6.40) with T'(2)X,, and expand (T'(z)X,), appearing in place of (X,,) on the
right-hand side, once again using the same eqn (6.40). It is therefore reasonable to
assume that the following expression is the correct OPE,”

c 2 T(:)+

2(w—z)4+(wfz)2 w—z

T(w)T(z) = 0T (z) + regular. (6.47)
The first term on the right-hand side with a coefficient ¢, known as the central charyge,
is absent in eqn (6.41) for a primary operator and is often referred to as the conformal
anomaly. The value of the central charge depends upon the particular conformal field
theory under study and is an important number to classify critical field theories.
Critical systems with real Boltzmann factors have real-valued central charges, as will
be exemplified later.

The OPE of eqn (6.47) implies that, under an infinitesimal conformal transforma-
tion, the energy—momentum tensor 7'(z) transforms as

0.T =53 j{dw e(w) T(w)T(z)
= c(2)0T(2) +2(9e(2)) T(2) + 750%(2), (6.48)

7 Remember that eqn (6.40) is valid for X,, that is the product of primary operators. If X,, here
is replaced by T'(z)Xn, there is no guarantee that the same equation holds since T'(z) X, may not
necessarily be primary. Thus, the argument in the text is heuristic at best. The justification of the
OPE of eqn (6.47) is better expressed by its consistency with the non-infinitesimal transformation
developed later in this section.
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which is to be compared with eqn (6.39) with é =0 for primary operators. The
existence of the third term of conformal anomaly is specific to the energy—momentum
tensor, which is not primary, and vanishes for an infinitesimal projective conformal
mapping represented as a second-order polynomial of €(z). This observation suggests
that the energy—momentum tensor is quasi-primary but not primary.

Justification of the OPE of eqn (6.47) lies in its consistency with the non-
infinitesimal version of the transformation. It is useful to rewrite the infinitesimal
transformation (6.48) as a finite map,

T(z) = (@:1°T() + 13 {f. 2}, (6.49)
where
O 3O
{f.2}= 0.f §(azf) (6.50)

is called the Schwarz derivative or Schwarzian. It is not difficult to check that eqn
(6.49) reduces to eqn (6.48) for an infinitesimal transformation.

EXERCISE 6.4 Show that eqn (6.49) reduces to eqn (6.48) for an infinitesimal
transformation.

In solving Exercise 6.4, one notices that the coefficient 2 of (w — z)~2 on the right-
hand side of eqn (6.47) comes from the square (9,f)? on the right-hand side of
eqn (6.49). This square, in turn, reflects the fact that the energy—momentum tensor
has two coordinate indices pr and therefore should be multiplied by a factor of
(0.f)? under the map z — f(z). This explains the conformal weight h =2 of the
energy—momentum tensor. It is also instructive to notice that eqn (6.50) satisfies
the consistency condition that two successive transformations z — f(z) — u(f) are
equivalent to a single transformation z — wu(z).

EXERCISE 6.5 Confirm that a transformation of T by z — wu(z) is reproduced by
two successive transformations z — f(z) — u(f) using eqn (6.49). For this purpose,
first show that the following relation is satisfied by the Schwarzian,

{u, 2} = {u, f} (‘3{2)2 {f, ) (6.51)

Then, verify that eqn (6.49) applied to two successive transformations z — f(z) —
u(f) reproduces the relation for the single transformation z — wu(z).

These arguments make it clear that eqn (6.49) is the legitimate finite extension of
the infinitesimal transformation (6.48). In other words, eqn (6.49) is equivalent to eqn
(6.48) and hence to eqn (6.47). This justifies the OPE of eqn (6.47).

We notice that the Schwarz derivative of a global conformal mapping (6.10)
vanishes. Hence, we again confirm that the energy—momentum is a quasi-primary
operator, though it is not primary.
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EXERCISE 6.6 Show that the Schwarz derivative of a global map vanishes.

6.5 Virasoro algebra

The algebra of the operators {Ln,in}n, called the Virasoro algebra, is of central
importance in conformal field theory. To find the commutation relation of these
operators, we first define the integral representation of the product of two L,s as

d d
L,L, = f = zm+1jlé SOt T(2)T(w), (6.52)
|z|>w 27 C 27

where C surrounds the origin and the integral over z runs on a contour surrounding
w. Then, the commutator is

dw dz
LmLy, —LyLyp = ¢ —w" ™t ¢ == 2T (2)T )
7!0 o w ]{U 5t z (2)T(w), (6.53)

as can be seen from Fig. 6.2.
We therefore have

dw dz c 9 1
L., . L,|= il e n+l_ m+1 T T
(Lo, Ll j{;?wi}i?wi wes (Q(wa)zl + —w)p? (w) + sza (w))

:7{ a w (S (m o Dm(m = D™ 24 2(m + 1w T(w)+ 0™+ 9T (w))

2mi 12

C
c 2 dw m+n-+1

= —m(m® — 1)6msno0+2(m+1)Lyyn — ¢ — (Mm+n+2)w T(w)
12 c 2mi

- %m(nﬂ — 1)dmimo + (M — 1) Linsn. (6.54)

The same relation holds for the antiholomorphic part. The Virasoro algebra is thus
summarized as

[Lyns Ln] = (m — 1) Lynsn + %m(wﬂ — 1Domino (6.55)
[Los Ln] = (m — 1)Ly + 1—02m(m2 — Ddmino (6.56)
(L, Ly] = 0. (6.57)
z
W Z

Fig. 6.2 The difference of the two integral contours for L., L, and L, L.
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This is called the central extension of the loop algebra of eqn (6.15). For n = 0, %1,
the final terms involving ¢ and ¢ vanish and the Virasoro algebra reduces to a simple
loop algebra independent of the central charges ¢ and ¢.

Any conformal field theory is characterized by ¢ and ¢, which are not necessarily
equal. It is an important problem to identify the value of the central charge for a given
field theory.

6.6 Gaussian theory

The abstract formalism developed so far may be better digested through a simple
example. The Gaussian theory is best suited for this purpose since everything can be
worked out explicitly.

The action of the critical d = 2 Gaussian theory is

S = / &’r (Vo) +ag®) (a—0), (6.58)

which is the same as eqn (2.74). This is the same quantity as the generalized Landau
free energy F' in eqn (2.74) with b = 1. Also, the inverse temperature [ in Section 2.9
is to be replaced by 1 because the Boltzmann factor is e here, whereas it was e ¥
in Section 2.9. The condition a = 0 ensures criticality and justifies the application of
the conformal field theory methodology.

The two-point correlation function has been evaluated in Section 2.9. According
to eqn (2.85) and Exercise 2.12, its explicit form for a > 0 is

(@lra)o(ra)) = 5 [t o —wKa(Var) (r=lm - ral),  (6.50)

where Ko(z) is the modified Bessel function of the second kind. The asymptotic form
of Ko(y/ar) for small a gives

((r1)e(ra)) = —mlog(Var) (Va<1). (6.60)

We drop log v/a as it does not play a role in the analysis of the r dependence of the
correlation function. This is an elementary instance of the process of regularization, in
which one subtracts a diverging constant. In order to simplify some of the expressions
appearing below, we multiply the field ¢ by an appropriate factor to yield

(¢(r1)¢(r2)) = —logr. (6.61)

This rescaling of ¢ is allowed because it does not affect the criticality condition a = 0
and hence all the universal properties are kept intact. In terms of complex variables,
eqn (6.61) reads

(62, )olaw, @) = — log(z — w)(z — ), (6.62)

where we have chosen r = |z — w|. Taking the derivatives with respect to z and w, we
have

1 1

<8¢(Z,2)3¢(’w77i})> = _§m (6.63)
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Comparison of this equation with eqn (6.30) suggests that 0¢(z,z) is a primary
operator with the conformal weights h =1,h = 0.8 The field ¢(z,%) itself is not
primary as the correlation (6.62) is not of the form of eqn (6.30). Similarly, the
antiholomorphic 0¢(z, ) is primary with h =0,h = 1. We hereafter suppress the
antiholomorphic variables z,w to simplify the notation.

In Appendix A.11 it is shown that the holomorphic part of the energy—momentum
tensor of the Gaussian theory can be chosen as —(9¢)?. Since this expression involves
a divergence, as one sees in eqn (6.63) in the limit z — w, we subtract the trivial
divergent constant, which does not affect the essence of the theory® and is another
case of regularization. We therefore define

T(z) = = lim (0¢(2)00(w) — (9¢(2)0p(w))) = — :9¢(2)0¢(2) . (6.64)

The last expression with colons on both ends is named the normal order.
Since the primary operator d¢ has h = 1 as mentioned above, the OPE of T" and
0¢ is, according to eqn (6.41),

1

el + ﬁ@ng(z) + regular. (6.65)

T(w)d¢(z) =

To determine the central charge, we take the expectation value of eqn (6.47),

c

(T(2)T(w)) = m,

(6.66)
where we have used (T'(z))=0. See the footnote of page 152 and Exercise 6.7 for this
relation. We therefore evaluate (9¢(z)0¢(2)0¢p(w)d¢p(w)). This expectation value of
the product of four operators is decomposed into the product of two-point correlation
functions in the Gaussian theory, since all higher-order cumulants vanish, other
than the second order one, as discussed in Appendix A.4. To express the four-point
correlation function in terms of products of two-point functions, there are two ways
to combine the first z in the product 9¢(2)0¢(2)0d(w)dP(w) with w: The first z
can be combined with the third w as well as with the fourth w, giving two identical
contributions. 9

This is a part of the general result under the name of Wick’s theorem. The reader
may feel convinced by the following simple example of a Gaussian integral,

1 > (522 —6a 2
(o)) = 5z [ dady faye O 0o, (6.67
One easily verifies the relation numerically

(wryy) = (2*)(y?) + 2(zy)? (6.68)

8 The normalization is achieved if we multiply d¢ by iv/2.

9 Such as the conservation law of the energy-momentum tensor, eqn (A.169), and the tracelessness,
eqn (A.171).

10 If we combine the first z with the third w, the second z automatically combines with the fourth
w. The combination of the first z with the second z drops by regularization.
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by inserting the results of direct calculations, (z%y?) = 43/16, (2?) = (y*) = 5/4 and
(wy) = 3/4. The term corresponding to (z2)(y?) drops in our Gaussian theory problem
due to regularization.

Then, we find by using eqn (6.63)

(T(2)T(w)) = 2(0¢(2)d¢(w))* = (6.69)

2(z —w)*’

This implies ¢ = 1.

6.7 Operator formalism

We now rewrite the formulation developed so far in terms of operators. This is
necessary to develop a representation theory of the Virasoro algebra in the next
section, from which strong constraints can be placed on the possible values of the
central charge. In the operator formalism, a primary field is replaced by a state or
a vector in a vector space and the conformal generator L, acts on those states.!'!
Notice that we write the formulas only using the holomorphic part of the variables.
The complete expressions should include the antiholomorphic parts.

6.7.1 State and operator
Let us start with the vacuum state |0), which corresponds to the identity field at the
origin,

10) —— 1(z = 0). (6.70)

This means that the quantity on the right-hand side is rewritten as in the left-hand
side, though they represent essentially the same content. According to eqns (6.43) and
(6.41), L, (n > —1) acts on 1(z = 0) as

1
L,1(z=0)= 7% dww" ™ T (w)1(0) =0 (6.71)
2mi C
because the conformal weight of 1(z = 0) is 0: The identity does not change under
conformal transformations. This relation is translated into the operator formalism as
L,I0)=0 (n>-1). (6.72)

Equivalently, the requirement of regularity at z = 0 of the following expression

oo

T(2)0)= > z{j_ﬁz 0) (6.73)

n=-—oo

11 The function ¢;(z), primary or not, has so far often been called an operator. This ‘operator’
has actually been a classical quantity and will be called a ‘field’ in this section. The role of such a
field is played by a state (or a vector) in the operator formalism, as will now be seen. An operator in
the present section refers to, typically, T'(z) and Ly, which are considered to act on the states.
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leads also to eqn (6.72). Actually, L1]0) = L3|0) = 0 is sufficient for L, |0) = 0 with
n > 1 as one is convinced by induction: Using the Virasoro algebra (6.55), we find

L3|0) = [Lo, L1]|0) =0 (6.74)

if L1|0) = L3]0) = 0 and similarly for L, |0) with n > 4.
The state vector |h;) is defined as a quantity corresponding to the primary ¢;(z)
with the conformal weight h; in the limit z — 0,

() s lim ¢;(2), (6.75)
or equivalently
|hj) = il_% ;(2)]0). (6.76)

An important property of this state is
Lolhj) = hjlhj), Lylhj) =0 (n>1). (6.77)

It is straightforward to prove these relations from eqns (6.43) and (6.41), for n > 0,

Lulhy) ¢ Loty(0) = 5 dew”“T(wm(w
_ 1 wnt! h
= j¢j( )60
— hj|hj>§n,0' (678)

Similarly to the case of L, |0), the relations Lq|h;) = Lo|h;) = 0 automatically guar-
antee L, |h;) =0 for n > 3. We note in passing that L_; can be identified with the
differential operator,

L_1¢j(0) = 27n f d’LUT qu

2mi

= a¢j(0). (6.79)

35 .0 (er00 )+;8¢j(0))

6.7.2 Conformal family

We next define a set of states generated from |h;) by repeated operations of
L—laL—Qv"'a12

|mamg - - -mp;hy) = LT L™3 --- LT |hy). (6.80)

12 Remember that the action of L,, with n > 1 onto |h;) gives a trivial vanishing result.
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This state is called a descendant of |h;) or a secondary state derived from the primary
|h;). This is an eigenstate of the operator Lo,

Lo‘mlmz M hJ> = (h] + Z kmk> |m1m2 My hJ> (681)
k=1

This equation is a consequence of the Virasoro algebra [Lo, L_x] = kL_j (k > 1). To
see it, we first note that the Virasoro algebra leads to

LoL™f = L™} Lo + km L™}, (6.82)
which can be shown by induction, for example,

LoL_j = L_yxLo+ kL_y, (6.83)
LoL?, = (L_yLo+kL_g)L_y

= L_p(L_yLo+kL_g) +kL*,

= L%, Lo+ 2kL?,, (6.84)

and similarly for higher powers of L_j. Equation (6.82) makes it possible to push Ly
to the right of the product of L™} in eqn (6.80) multiplied by Lo from the left, yielding
finally eqn (6.81).

The set of secondary states (or secondary fields) derived from a primary is called
the conformal family or the conformal tower. Also, the name Verma module is used.
The conformal family includes the derivatives of the primary, as L_1 is the derivative,
as well as fields not expressed as derivatives of the primary.

The conformal family in its state-vector representation is somewhat analogous to
the bases of the representation of angular momentum. The primary |h;) corresponds
to the state |¢) with the largest value of the z-component of the angular momentum
operator. The raising operator ¢4 annihilates |¢), whereas the lowering operator ¢_
generates other states with smaller values of the z-component |[¢ — 1), |¢ — 2),---. The
operation £ |¢) =0 corresponds to Ly|h;) =0 for n > 1. The lowering operator ¢_
corresponds to L_,, with n > 1. The state |h;) is called the highest weight state
from this analogy. An important difference is that the conformal family is infinite
dimensional as it includes infinitely many states, whereas the angular momentum is
represented in a finite-dimensional vector (Hilbert) space.

A few additional remarks will be useful for later developments of the representation
theory of the Virasoro algebra. The descendants of a primary |h;) are classified by their
levels. The level N of the state of eqn (6.80) is defined as Y, _, kmy. For instance,
descendants at levels 1, 2 and 3 are

Level 1: L_qlh;) (6.85)
Level 2: L_s|h;), L?,|h;) (6.86)
Level 3: L_s|h;), L_1L_s|h;), L?|h;). (6.87)
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Clearly, the number of states at level N is the number of ways P(N) to divide N into
a sum of natural numbers. For example, P(3) = 3 as 3 can be divided in three ways
as 3,1+ 2,1+ 1+ 1, corresponding to the three states in eqn (6.87). The P(N) states
at level N are not necessarily all independent. This important fact will be elucidated
further in the next section.

The descendants of the vacuum have special properties:

Level 1: L_4]0) =0 (6.88)
Level 2: L_5|0) = T(0)|0), L?,]0) =0 (6.89)
Level n: L_,|0) = 0" 2T(0)|0),--- (n > 3). (6.90)

The first relation is due to 91 = 0. The relations for L_5|0) and L_,|0) come from
eqn (6.43). It is seen from the second relation that the energy—momentum tensor is
not primary but a descendant of the vacuum.

6.7.3 Conjugate state
We have to introduce conjugate states to define the inner product. For a primary
field ¢,(z, %), we define the conjugate field gb;(z,é) by way of the global mapping
w=-1/z,w=-1/z,

(2, 2) = w @ §;(w, w). (6.91)

Correspondingly, the conjugate state is defined as

(hjl = lim (0]¢}(2,2) = lim_(0]¢;(w, @)w" 0™, (6.92)

W, W— 00
Then, the inner product has the desirable property,

(hylhg) = lim  lim (0|¢;(w, @)w?" @2 ¢y (2, 2)|0)

w,w—o00 z,Zz—0

= lim ’LU2hj1l_)2hjw72hj’u_}72hj(5hj7hk = (5h].’hk, (693)

W, W— 00

where we used eqn (6.30) and the result of Exercise 6.3.
The conjugate operator of L,, is defined as

LI =L_,. (6.94)

Then, the operation of L], to the left is derived by conjugation. For a primary |h;),
we have from Lg|h;) = h;|h;) and L,|h;) =0 (n > 1),

(hi|L = (hjlhy, (hj|LY, =0 (n < —1). (6.95)

Using the definition of the conjugate state, we can show that the vacuum expecta-
tion value of the energy—momentum tensor vanishes, (0|7(z)|0) = 0. Since L,|0) =0
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for n > —1, we find

(0|T(2) Z 27" 72(0|L,|0) = Z 27"72(0|L,|0) = Z 2(0]L_,|0).
- (6.96)
According to the Virasoro algebra (6.55), LoL_,, — L_,Lo = nL_, (n > 2), and thus
|
(0T (2)]0) = 2" "= (0|LoL_p — L_yLo|0) =0, (6.97)
n=2 n

because of Lg|0) = 0 and (0|Ly = <O|Lg = 0.

EXERCISE 6.7 Use the Virasoro algebra to prove

c

OIT (w)T'(2)[0) = Nw =) (6.98)
This provides a way to compute the central charge c.
EXERCISE 6.8 Use the Virasoro algebra to show
(0|L2L_»|0) = % (hj|L1L_1|h;) = 2h;. (6.99)

These equations imply ¢ > 0 and h; > 0 if the norms are to be non-negative.

6.7.4 Correlations of secondary fields

An interesting consequence of the classification of fields in terms of primary and
secondary fields is that the correlation functions of secondary fields are completely
specified by those of primary fields. To illustrate this important statement, consider
the correlation function

(Lond)()X) = § FR s (T}, ()X, (m 1), (6:100)

where X, is the product of primary fields ¢;(wy)d2(wz) - - ¢n(wy), each with the

weight h;. The contour C, closely encircles z such that the points wy,ws,- - ,w, are
not included. Using eqn (6.40), we rewrite T'(w)X,, and change the integral contour
to encircle wq,ws, -+ ,w, in the opposite direction, as in Fig. 6.3,

(Lmj)(2)Xn)
B _Z% 27T1 7Z)m 7 (95( )((whzwz)qul(wﬂ + w 1wi8¢i(wi))>

m<¢j(2) Xn)s (6.101)
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TNy O )

Fig. 6.3 The contour of the integral is changed from a circle around z to those around
w1, w2, -+ in the opposite direction. The large contour surrounding all points, shown as
dotted, does not contribute as the integrand decays sufficiently rapidly.

with the differential operator

Lom=) ((m = Dhs _ ! m_lawi). (6.102)

(w; —2)™  (w; — 2)

6.8 Unitary representation of the Virasoro algebra

The unitary representation of the Virasoro algebra is constructed in the vector space
defined in the previous section. The requirement of unitarity of the representation
leads to strong constraints on the values of the central charge and conformal weight.
A part of such constraints has already been discussed in Exercise 6.8, in which the
conditions ¢ > 0 and h; > 0 were derived from positive semi-definiteness of the norms
of L_5|0) and L_1|h;). The result h; > 0 is natural also from the physics point of view
that the two-point correlation function should not increase as the distance between
two points increases, see eqn (6.30).

It is known that we can catalog the possible values of the central charge and
conformal weight by studying the condition for the existence of states with van-
ishing norm, called the null states, in the Verma module. Since the proof is highly
involved and beyond the modest scope of this book, we just present the results
and refer the interested reader to more advanced books listed at the end of the
volume.

Let us start with the trivial case of the vacuum |0) as a primary. The descendant
of the vacuum at level 1 is L_1]0). This state vanishes because L_; is a differential
operator. The state L_1|0) = 0 is thus a null state, and all its descendants vanish.

A non-trivial example starts from level 2 of a non-vacuum primary |h;). There
are two independent basis vectors at level 2, Lo|h;) and L?,|h;), from which we may
construct a null state as

L_s|hj) +aL?,|h;) =0 (6.103)
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by appropriately choosing the coefficient . The requirement of the existence of a null
state leads to constraints on ¢ and h; as follows. Let us apply L; to eqn (6.103) from
the left. Using eqn (6.77) with n = 1 and the Virasoro algebra (6.55), we have

LiL_s|h;) + aL L2 |hy) = [L1, Ls]|hy) 4+ oLy, L2 ] |hy)
= (3+2a(2hj + 1)) L_1|h;) = 0. (6.104)

Since L_1]h;) # 0 except for the trivial case of the vacuum (h; = 0), we conclude
a = —3/(4h; + 2). Similarly, the application of Ly to eqn (6.103) from the left yields

(Lo, L_o]|h;) + o[La, L2 ]|hy) = (4hj + g + 60chj> Ih;) = 0. (6.105)
Hence, the central charge satisfies
2h; (5 — 8hy)
= —4h; 2) =2 97 1
c (3 +2) oh; + 1 (6.106)
Therefore, the conformal weight satisfies, given the central charge c,
16h% +2(c = 5)hj + ¢ =0 (6.107)

if we require the existence of a null vector at level 2. This equation relates the central
charge with the conformal weight. As will be mentioned later, the two-dimensional
Ising model has a central charge ¢ = 1/2, and consequently the conformal weights are
hj =1/16 and 1/2.

For general level A/, the problem is reduced to the analysis of a determinant in
P(N) dimensions. The conclusion of detailed studies is that the Virasoro algebra has
a non-trivial, irreducible, unitary representation with a finite number of primary fields
if the central charge is expressed as

6
:1—7 — 4 cee 6.10
c D) m = 3,4,5, (6.108)

The corresponding primary fields have conformal weights characterized by two integers
p and g,

((m +1)p— mq)2 -1
dm(m + 1)

hp.q=Rm—pmti—q = (1 <p<m-—-1,1<¢q< m). (6.109)
The field theories having these values of ¢ and h are called minimal models. Also, the
case ¢ > 1,h > 0 has a unitary representation but with an infinite number of primary
fields.

Minimal models correspond to common statistical models. The Ising model is
known to have ¢ =1/2,m = 3. Other examples include the tricritical Ising model
m =4 (¢ =7/10) and the three-state Potts model m =5 (¢ = 4/5).

We have concentrated on the representations of the holomorphic part of the
Virasoro algebra. The representations of the antiholomorphic components are built
in the same fashion. The overall representations of the algebra are the tensor products
of the holomorphic and antiholomorphic representations.



Ising model 149

The value of ¢ alone does not define a unique model. In general, there may
be more than one model for a given ¢ < 1, each with different (p,q) and different
physical significance of the field ¢, ;. Most importantly, unitary theories with ¢ <1
can be completely classified, which means that one can catalog all fixed points and
thus determine all possible universality classes. This goal has been achieved not by
solving all models explicitly but by symmetry arguments coming from conformal
invariance.

6.9 Ising model

The simplest non-trivial minimal model has m = 3 (¢ = 1/2), which is considered to
correspond to the Ising model at criticality for the following reason. The primary
fields of the theory are described by the conformal weights (h;, ;). According to eqn
(6.109), the possible conformal weights of primary fields for m = 3 are

hii1=0,h _ 1 h 1 (6.110)

11 =0, =2, hon =5 .

All other h,, are equal to one of these three cases due to the symmetry h,, =
hm—p,m+1—q- The associated primary fields are

p11=1, ¢12, P21, (6.111)
1

16> = ¢1,210) , ;> = ¢21

In the full theory with holomorphic and antiholomorphic parts, the primary fields are
of the form @, 4(z, Z) = ¢p q(2)Pp.q(Z). These results are summarized in the following
table.

and the states are written as

0) 0). (6.112)

Operator  hj(=h;)

P11 0 0

1 1
d)l,Q Tﬁ g
$2,1 i 1

We need next to identify the field operators ¢, , with the scaling operators of the
critical Ising model. It is known from the exact solution of the two-dimensional Ising
model that the spin—spin and energy—energy correlation functions at the critical point
behave as

(SoSh) o rin . (Ean(0) Ban(r) o M% (6.113)

with critical exponents n = 1/4 and v = 1, where Ey,(r) = S, Sr+1. See eqns (3.80)
and (3.82). The energy—energy correlation function is a four-point correlation in terms
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of spins. On the other hand, from the expression for the two-point correlation function
of primary fields, eqn (6.31),

1 1
<¢172(2’;5)¢172(070)> = YISV - T
(P21(7 2)922(0,0)) = 21121 - riz (6.114)

These equations justify the identification of ¢, with the Ising spin field S and
¢2,1 with the energy density field Ey,. In this way, the conformal field theory with
m =3 (c=1/2) is considered to represent the Ising model at the critical point.

6.10 Finite-size effects

One of the most remarkable applications of the conformal field theory to critical
phenomena is found in the analysis of finite-size effects. One can extract information
on the scaling dimension and conformal charge from finite-size computations. This
method provides a very useful practical tool to identify the universality class of a
model system out of numerical data of finite-size systems.

The idea starts from the conformal transformation

L
z— f(2) = o log z, (6.115)

which maps the whole complex plane to an infinitely long cylinder of circumference
L. If we write z = re'?, then the new coordinate on the cylinder is

L Lo
= iv=—1 i—. A1
f=u+iv o ogr+12ﬂ_ (6.116)
The range 6 : 0 — 27 is mapped to v : 0 — L with v being understood to be periodic
with period L. We apply this mapping to the two-point correlation function. If we
write h, h for the conformal weight of a primary operator ¢,

h _ h _ _
(@1, 2)8(2, 2)) = ((0:-1)(=)(0:0)(z2)) (0:H)E)O)(22)) (D1, F)6(for Fo))-
(6.117)
Using the explicit form of the mapping of eqn (6.115) and also eqn (6.31) for the
left-hand side, the above relation is rewritten as

(@(f1, f1)O(f2, f2))
2 2h+2h (leg)h(,?le)ﬁ
(T)

:(%>2h+2h<smh (fi - fg))—%(smh (h-F) . (6118)
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For a large separation of z; and zo along the infinitely long direction of the cylinder,
u1 — ug > L, the above form of the correlation function reduces to

2rx

(d(uy,v1)P(uz,v2)) & (QL”)Q exp (L(u1 - UQ)), (6.119)

where we have written z = h + h for the scaling dimension of ¢ and have assumed that
the spin vanishes, s = h — h = 0. It is natural that the correlation function decays
exponentially for a finite-size cylinder as it is essentially a one-dimensional system.
A remarkable point of eqn (6.119) is that the correlation length is related directly to

the scaling dimension,
f=—". (6.120)
This formula allows us to estimate the scaling dimension = from the correlation length
¢ for a finite-size system.
Another application concerns a finite-size correction to the free energy. We again

use the transformation (6.115) and consider a small change (u,v) — (u + eu,v). Then,
the free energy as a function of the linear size, F'(L), changes as

o~ F(L+3L) _ /D¢e—5—557 (6.121)

where dL = eL. Expanding both sides to first order in §, we obtain

o F(L) <1 _5Lglz) = /Dqse*S — /D¢5Se*5, (6.122)
or
aF  (6S)
T (6.123)

We can express (6S) on the right-hand side of this equation as, using eqns (6.35),
(6.37) and (6.38) and noticing 9#€” # 0 only for p = v = u,

65) =~ [ av(n) == [Cawrm ey a2

The expectation value of the energy—momentum tensor is

= =-5 () - (6.125)
because, according to eqn (6.49),

(0= )T (F)) + —{f, 2} = (T(2)) = 0, (6.126)
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and the mapping (6.115) yields {f, 2} = 1/(22%).'> We thus arrive at

oF e
9L~ 602 (6.127)
which leads to
T
F=F ——. .
0~ 5L (6.128)

The integration constant Fy actually corresponds to the bulk part of the free energy
proportional to L. Equation (6.128) shows that the correction of the order of L~ has a
universal coefficient —me/6, which can be used to evaluate ¢ from finite-size numerical
calculations.

13 Remember that (T'(z)) = 0 due to eqn (6.40) with X,, = 1, which has h; = 0. The expectation
value of T for the restricted geometry (T'(f)) does not vanish.



7
Kosterlitz—Thouless transition

As the spatial dimensionality d decreases, fluctuations become larger and the stability
of the low-temperature ordered state deteriorates. Consequently, for instance, the Ising
model in one dimension does not display long-range order at finite temperatures, i.e.
does not have an ordered phase. If the basic variables and symmetries are continuous
as in the XY and Heisenberg models, the (long-range) ordered state at any finite
temperature disappears already in two dimensions. The XY model, nevertheless,
undergoes an unusual phase transition without an onset of long-range order in two
dimensions, which is known as the Kosterlitz—Thouless transition. We describe the
theory of such interesting behavior in this chapter. Also elucidated is Elitzur’s theorem
for the absence of spontaneous symmetry breaking in lattice gauge theories.

7.1 Peierls argument

Mean-field theory correctly describes conventional critical phenomena above four
dimensions (the upper critical dimension). As the spatial dimensionality d decreases,
the effects of interactions between a spin and its neighbors become weaker due mainly
to the decrease in the number of neighbors, and eventually long-range order disappears
at finite temperatures below a certain dimension. This borderline dimensionality is the
lower critical dimension dj.. Systems with discrete degrees of freedom such as the Ising
model have di. = 1 and systems with continuous symmetries have typically di. = 2. In
the present section we introduce an argument that makes clear the difference, as far
as long-range order at finite temperatures is concerned, between the one- and two-
dimensional ferromagnetic Ising models. The argument can generically be applied
to other systems such as the antiferromagnetic Ising and Potts models. Indeed, it
constitutes a very useful tool to argue for the existence of long-range order at finite
temperature in cases where no exact solution is available. The following sections will
discuss the conditions for the existence and absence of long-range order in the XY
model.

The first example is the one-dimensional Ising model, for which we develop a
physical picture for the absence of long-range order not by solving the model explicitly
(see Section 9.1) but by comparing the energy and entropy contributions to the free
energy. Let us fix the left-most spin in the up (or + ) state in the Ising model on
a chain with length L. The right-most spin remains free. The ground state to be
realized at T = 0 has all spins up because of our particular boundary condition. As
the temperature increases from zero, excited states appear, in which some spins have
the opposite direction (down or —) as in the left panel of Fig. 7.1. A parallel pair of
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Fig. 7.1 Spin configurations where some spins are reversed from the ferromagnetic (all +)
ground state in one dimension (left), and two dimensions (right).

spins (++ or ——) have energy —.J and antiparallel pairs (+— or —+) have energy J,
with J > 0. Thus, the energy to reverse the state of a pair from the lower (parallel) to
higher (antiparallel) energy configuration is +2J. The number of locations where such
a reversal may happen is L — 1 & L, for large L, which implies an entropy of log L. It
follows that the free-energy increase due to the spin reversal is

AF =2J —TlogL. (7.1)

This formula shows that, for a fixed value of J, the free energy decreases AF <0
by the reversal of spin pairs for a sufficiently large system (L > 1) and arbitrary
finite temperature (7> 0). The perfectly (long-range) ordered state with all spins
up is therefore easily destroyed by any small but finite temperature. Thus, a simple
argument consisting of a comparison between the energy and entropy contributions
to the free energy in the Ising model reveals the absence of long-range order in one
dimension at finite temperatures.

A two-dimensional version of this argument proceeds as follows. Consider a config-
uration of spins such as the one shown in the right panel of Fig. 7.1. Suppose that an
island of down (—) spins with perimeter I' emerged in the Ising model of N sites with
a boundary condition consisting of all spins up (+), as in the right panel of Fig. 7.1.
This boundary condition, which destroys the up/down symmetry of the model, i.e.
Zs, favors a particular ground state (the one with all +), and mimics an infinitesimal
magnetic field. The continuous line separating the + spins from the — spins in the
island is called a domain wall. In general, the latter is not a closed polygon and it
can be open, but the chosen boundary condition forces the domain walls to be closed
polygons.

The energy to generate such an island is 2JI'. The corresponding entropy is
evaluated by counting the number of different ways to generate an island with
perimeter I'. This is the number of paths that return to the original position after
T steps (the lattice spacing is the unit of length) with the constraint to pass through
a single bond only once. On the square lattice, a single step to go from a site to the
next has three possibilities because three bonds out of four are allowed to be chosen
to avoid going back onto the same bond as in the preceding step. We therefore have
roughly 3'N possibilities for I' steps. The factor N results from the fact that there
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are at most NN sites to start from.! Then, the entropy is log(3' N), and the free energy
cost to generate an island of reversed spins is

AF =2JT — TT'log3 = I'(2J — Tlog 3), (7.2)

if we choose an island such that 3" > N. For temperatures lower than T, = 2.J/log 3 =
1.8J, the island of reversed (—) spins costs a positive free energy (AF > 0) and
consequently is unlikely to happen, implying the stability of ferromagnetic long-range
order. At high temperatures T' > T, on the other hand, many islands can exist and the
long-range order is destroyed. We therefore conclude that the two-dimensional Ising
model undergoes a phase transition around 7, = 1.8J, which is fairly close to the exact
solution 2.2J. These ideas constitute the Peierls argument to show the existence of a
phase transition in the two-dimensional Ising model. The Peierls argument is not a
rigorous proof for the existence of long-range order. It, nevertheless, gives us a lucid
physical picture that the existence of long-range order is determined by the balance
between energy and entropy. A more formal mathematical proof of the existence of
long-range order (ferromagnetic phase at finite temperature) can be developed based
on the Peierls argument, see Appendix A.12.

The above argument applies to models with short-range interactions. If the system
has long-range interactions, such as J;; = J/|i — j|'*, which decays in a power of
the relative distance between two sites, a one-dimensional model can have a phase
transition at a finite tempera‘cure.2 We, nevertheless, concentrate ourselves on short-
range interactions throughout this book unless otherwise stated explicitly (as in the
infinite-range model of Section 2.5) because they represent typical situations.

7.2 Lower critical dimension of the XY model

Long-range order of systems with continuous degrees of freedom and symmetries, such
as the XY model (n = 2) and Heisenberg model (n = 3), is vulnerable to instabilities
due to thermal fluctuations and is actually absent at finite temperatures in two
dimensions. Order is fragile in these systems and can be destroyed more easily than in
systems with discrete degrees of freedom. Let us study in some detail how the lower
critical dimension becomes two.

The following XY model on a hypercubic lattice as introduced in Section 1.5 will
be discussed as a concrete example,

H=—-J cos(¢; — ;). (7.3)
(i)

This model has been used to study the critical behavior of the superfluid to normal
phase transition in liquid *He and displays a global U (1) symmetry, which amounts to a
change ¢; — ¢; + « on every site, with « a real number. Suppose that the temperature
is very low and neighboring spins are aligned almost parallel to each other. Then, the

I This simple evaluation fails to take into account the avoidance condition of overlaps with more
than a few steps before. A more accurate estimate leads to al’ N possibilities with a slightly less than
3, which, however, does not affect our conclusion qualitatively.

2 There are examples of classical systems with short-range interactions, such as Kittel’s zipper
model, that display true thermodynamic phase transitions in d = 1. Typically, these short-range
models include hard-core interactions.
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Fig. 7.2 The stable spin configuration with the left and right boundaries fixed.

argument ¢; — ¢; of the cosine is very small compared to 7, and it would be a good
approximation to expand the cosine to second order. Since we are interested in the
behavior of the system over a large spatial scale, we are allowed to ignore discreteness of
the spatial coordinates of the lattice. We therefore construct an effective Hamiltonian,
valid at low temperatures, by using a Fourier representation as

1 d <
-0 3 (1= 000 3 [arer = 5 [ % #é@it-a). 1)
(i5)

where we have dropped an additive constant that does not play a role, and considered
the gradient along the spatial directions of the lattice ¢; — ¢; — (r; — ;) - Vo((r; +
r;)/2) with ¢(r) a continuous function. This is the spin-wave approzimation around
an assumed ordered state, a quadratic Hamiltonian, which is expected to be valid
at low temperatures. In this approximation no phase transition may occur, as seen
in the Gaussian model with ¢ =0 in eqn (2.80). In general, effective Hamiltonians
such as the one of eqn (7.4) with an analytic expansion, in terms of gradients of a
slowly varying hydrodynamic (i.e. phenomenological) variable, characterize generalized
elasticity problems. In the case of magnetic systems the parameter of rigidity J is
known as the spin-wave stiffness or the helicity modulus, and it is proportional to the
superfluid density in the case of superfluids, the latter being discussed in Section 7.4.
To understand what type of spin configurations are stable under the spin-wave
approximation, we adopt the variational principle with respect to a local angle variable

(or a scalar field) ¢(r), 6H/d¢(r) = 0, to find the following Laplace equation,

V24 =0. (7.5)

We solve this Laplace equation under the boundary condition that the left boundary
(z = 0) has ¢ = 0 and the right (x = L) has ¢ = ¢y, along the chosen z-direction. The
solution is the uniformly rotated state, ¢ = x¢y/L, as depicted in Fig. 7.2. Then, the
energy of this configuration has the value

J

E = SL172, (7.6)
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as can be verified by inserting Vo = (¢o/L,0,0,--) to the intermediate expression
of eqn (7.4), assuming that the volume of the system is L?. This result shows that
energy increases indefinitely as L — oo for d > 2. A very large energy is needed to
twist both sides of the system by a finite angle, suggesting that the system is robust
against the change of boundary conditions. The information on the specific state that
one end has propagates through the system to the other end. The system is thus
considered to have rigid long-range order. If d < 2, the twist energy (7.6) does not
increase with system size and the effects of the boundaries do not propagate deep
into the system. Hence no long-range order exists. This simple argument therefore
illustrates that the stability of the long-range order in the XY model changes when
the dimension of the system is d = 2. The case d = 2 is marginal and needs more careful
scrutiny.

So far, the theory was just developed for the susceptibility of the energy against
a change of boundary conditions and did not include the effects of temperature. We
therefore must evaluate the behavior of the system at finite temperatures to confirm
the validity of the conclusion that d = 2 is the borderline dimensionality, i.e. the lower
critical dimension. The goal is to calculate the fluctuation of the relative orientation
of two spins as a function of their distance. The fluctuation of the relative orientation
is written as, using the Fourier representation,

(0= 0(0)") = [ TR )T ) (@)dla). (1)

The expectation value of Fourier-transformed angle variables in the integrand is to be
calculated from the Hamiltonian (7.4). Since eqn (7.4) is a quadratic form of ¢(q), i.e.
a Gaussian theory, it is straightforward to apply the computations of Section 2.9 with
t=0and b= J/2 to find

(2m)T

(d(qy)d(ay)) = T%(S(ql +q,). (7.8)

We then have

(o) =00)") =7 [ A e D [ s )

where the upper limit of the integral, the largest allowed wave number, has been
replaced by the largest absolute value of the wave number, which is proportional to
the inverse of the lattice constant a~—'. The lower limit of the integral is chosen to be
the inverse of the distance, r—!, because the integrand in the middle expression is very
small for ¢ < 771, i.e. /9" & 1.3 For d > 2, the last integral of eqn (7.9) is

ﬁ(a%d — 7279, (7.10)

3 A more rigorous evaluation of the integral leads to the same conclusion that the lower critical
dimension of the XY model is two.
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Since 2 — d < 0, this expression converges to a finite value for large r. This suggests
that fluctuations of the angle difference stay finite and long-range order is not destroyed
because two spins far apart share essentially the same angle. If the dimensionality is
exactly two, the integral (7.9) yields a logarithmic term, logr, which diverges as r
tends to infinity. Fluctuations grow indefinitely as the distance increases. Therefore,
the two angle variables ¢(7) and ¢(0) become uncorrelated in the limit » — oo as long
as the temperature is finite. We conclude that long-range order does not exist at finite
temperatures in the two-dimensional XY model. The same is true for d < 2.

We have used several approximate estimates in the above discussion. It is possible
to derive the same result rigorously by using Schwarz inequalities, as will be shown in
the next section.

7.3 Mermin—Wagner theorem: Absence
of spontaneous magnetization

The Mermin—Wagner theorem states that two-dimensional short-range interacting
systems with continuous degrees of freedom and symmetries do not have spontaneous
magnetization at finite temperatures. More generally, it is a statement relating the
dimensionality of a system with continuous symmetry with the existence of the
phenomenon of spontaneous symmetry breaking. We have made use of the spin-wave
approximation in the previous section, and the same conclusion is derived rigorously
in the present section. The original theorem was given in the context of quantum spin
systems, but we explain here a classical version since it is slightly simpler and does
not need the introduction of quantum spin operators. A common physical mechanism,
related to symmetry and fluctuations, lies behind the formal proofs both for quantum
and classical systems. The quantum version of the theorem is proved in Appendix A.13.
Although illuminating, the reader who is not interested in the details of the proof can
skip this section.
The Hamiltonian of the XY model in the presence of a finite external field h is

H=-J) cos(¢; — ¢;) —h > _cos ;. (7.11)
(i) i

The sum in the first term on the right-hand side runs over nearest-neighbor pairs on
the square lattice. The starting point of the proof is the following Schwarz inequality
that holds under very general conditions,

2
(AB*)|
AA*Y > |7 12
aan > il (712)
where A and B are functions of angle variables (¢;,¢;) and (- -) denotes the thermal
average with respect to the canonical ensemble Boltzmann weight e™## with 8 = 1/7T.
The crux of the proof is to choose A and B as follows,

1 g, 1 o OH
A:N;e 73 sin ¢, B:N;e 4 la—qsl. (7.13)
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Here, g is a wave vector and r; and r; are position vectors. We insert these definitions
into the Schwarz inequality (7.12) and sum both sides over g for a finite-size system
with periodic boundary conditions. The left-hand side is bounded as

; (AA") = =Nz ZZ ~ia(i =73 (sin ¢, sin @) = NZ sin? ¢;) < 1. (7.14)

The numerator of the right-hand side of eqn (7.12) is

Tm
AB*) = — 1
() =7, (7.15)
where m is the magnetization per spin. To derive this identity, we first note that
(AB™) =3z Ze_‘q ri=ri) <sm b 90n > (7.16)
whose last expectation value is rewritten, after integration by parts, as
1 27 27
E/o H dgie P sin gbj 3(/5 / H de; e PH cos ®; 015, (7.17)
where we used e #HOH /0¢; = —ﬂ_lae_'BH/8¢l. It then follows
Tm
(AB™) =z Z cos ¢;) = N (7.18)

The denominator of the right-hand side of eqn (7.12) is upper-bounded as (¢ = |q|)

2
(BB*) gT(Jq +h>. (7.19)
N
To understand this inequality it is useful first to insert the definition of eqn (7.13),
1 ; OH 0H
BY) =) e lammm) 7.20
= e (For 5. (7.20

We next use e PHIH/0¢; = —f~10e=PH |0¢; to rewrite the expectation value on the
right-hand side, after integration by parts, as

I OHOH T (" 0*H
- e AH — —PH : 2
z ), [Ldoe50 56, = 7 [[dee 5055, (20

The second order derivative appearing here is evaluated according to the combination
of indices.

e For [ =j.
0’H  0°H
0pi0p; 0P}

JZcos ¢ — d146) + hcos¢. (7.22)
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Here, 6 is the vector to the nearest-neighbor site on the square lattice. There
are four of them.

¢ For neighboring [ and j.

0%H
m 8 a <JZsm — ¢jts) + hsin %) = —Jcos(¢; — ). (7.23)

* Otherwise, it is 0.

Combining these three cases, we have

B(BB*)
- % Z (J Z(cos(qbl — ¢iv6)) + h(cos ¢ ) - Ze ig- 5 (cos(d1 — d1+5))
] 5

= % D (4= e %) (cos(dr — diys)) + % > (cosé), (7.24)
l [ l

where <cos(¢l — ¢l+5)> respects the symmetry of the square lattice in the sense that
it is independent of §. Now, note that the sum over vectors to neighboring sites gives*

Ze_iq"s = 2c0s g, + 2cos gy. (7.25)

Using the trivial inequality 1 — cos ¢ < ¢?/2, which can be verified by graphical means,
and another trivial relation (cos(---)) <1, we can rewrite the final expression of
eqn (7.24) as

N

J, o o h  (J@+h
N(qz+qy)+N—( ) (7.26)

B(BB*) = % 2(4 —2c08 g, — 2cos qy)<cos(¢l — ¢51+5)> + ﬁm
!

IN

This is eqn (7.19).
Replacement of the relations (7.14), (7.15) and (7.19) into the corresponding
expressions in the Schwarz inequality (7.12) gives

1
2
. 7.27
" Zq: J@?+h (7.27)
In the thermodynamic limit N — oo the sum becomes an integral,

1>T 2
m/27r2Jq 24+ h’ (7.28)

In two dimensions, for any 7" > 0, this integral diverges as h — 0 due to the singularity
at the origin (infrared divergence). The inequality is satisfied only if m — 0 as h — 0,

4 We normalize the lattice constant to unity, i.e. a = 1.
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i.e. no spontaneous symmetry breaking can occur. This ends the proof that there is no
spontaneous magnetization in the XY model at finite temperatures in two dimensions.®

The square of the wave number ¢? in the denominator of eqn (7.28) represents
essentially the same long-range processes as in the evaluation of the energy of a spin
wave in eqn (7.4). In the spin-wave approximation this ¢ leads to the power of d — 3
in eqn (7.9) for the fluctuation of relative angles, and as a result, the integral diverges
in two dimensions. The same mechanism is seen to work to give a diverging integral
as h — 0 in eqn (7.28). We would like to mention that the general Mermin—-Wagner
theorem of this section and Appendix A.13 can be applied to other classical or quantum
models with short-range interactions. Indeed, the original formulation was applied to
the classical Heisenberg model to prove that ferromagnetism (or antiferromagnetism)
cannot be present in d < 2. When applied to other models, the starting point is
always the inequality of eqn (7.12) with appropriately chosen functions A and B
depending on the model. Notice that the theorem does not exclude the possibility
to have spontaneous symmetry breaking at T' = 0. Indeed, at exactly T" = 0 the two-
dimensional classical XY model has long-range order.

EXERCISE 7.1 Generalize the proof of this section to an arbitrary dimension d and
show that there is no spontaneous magnetization for d < 2 and that it is impossible
to show the same result for d > 2.

7.4 Kosterlitz—Thouless transition

We have seen that the two-dimensional XY model has no spontaneous magnetization
(long-range order) at finite temperatures and consequently has no ordinary (Landau-
type) phase transition. This system is, nevertheless, known to have a special type
of phase transition without long-range order. The low-temperature phase does not
display long-range order but has clearly different correlation properties from the high-
temperature paramagnetic phase. While correlation functions decay exponentially in
the paramagnetic phase, they slowly decrease as a power law in the low-temperature
phase (except at exactly T'=0 where there is long-range order). This power-law
correlation is reminiscent of what happens at the critical point. An important
difference from the usual critical point, though, is that this power-law behavior
extends over a finite temperature range. Sometimes this phase is referred to as a
low-temperature critical phase. Systems with power-law decay of (potential) order
parameter correlation functions are said to have quasi-long-range order. The XY
model is at the lower critical dimension in two dimensions, and this fact causes such
singular behavior. This special transition from quasi-long-range order to disorder is
known as the Kosterlitz—Thouless (KT) transition, and the critical phase is called the
Kosterlitz—Thouless (KT) phase.®

Let us calculate the correlation function using the spin-wave approximation, which
is valid at low temperatures, to verify its power-law behavior. The correlation function

5 Rigorously speaking, long-range order is not identical to spontaneous magnetization, the former
being defined by the limiting value of a correlation function as discussed at the end of Section 5.6.
We, however, often use these two names interchangeably in this book because they are physically
equivalent.

6 J. M. Kosterlitz and D. J. Thouless, J. Phys. C 6 (1973) 1181. A similar idea was proposed by
V. L. Berezinskii in Sov. Phys. JETP 34 (1972) 610.
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of the XY model is expressed as

(cos(p(r) — ¢(0))) = <ei(¢(T)_¢(O))>. (7.29)

Note that the imaginary part of the right-hand side vanishes due to the symmetry
of global reversal of angle variables, ¢(r) — —¢(7) Vr, under which the Hamiltonian
remains invariant. The goal is to evaluate the expectation value on the right-hand
side using the spin-wave Hamiltonian (7.4). Since this Hamiltonian is quadratic in
the angle variables, the corresponding Gibbs—Boltzmann distribution is Gaussian. We
therefore use the fact that the cumulants of order higher than the second order vanish
for the Gaussian distribution (see Appendix A.4) to find

(cos(p(r) — $(0))) = (lPM=2ODy — o 3 ((8(1)=0(0)%) (7.30)
The expression in the exponent can be evaluated as in the integral (7.9) for the case
d=2,

2 S S |
(o) =00 = 5 [ = o

a=?t ™
— (2 7;2J/ @ /2 (2 _ eiqrcosé _ e—iqrcos«9>d9
m 0 q Jo
T

_ a71 @ m — 47 T

= (27T)2J/0 P (4 dmJo(qr))

T % dg T [T dy

=27 ?(1 — Jo(gr)) = TTJ/O m (1= Jo(y))

T 1 1—J r/a d r/a J
_T / o(y)dy+/ g_/ o(y)dy
mJ \Jo y 1Y 1 y

%log (C) , (7.31)

a

Q

where Jo(gr) is the Bessel function. The first term of the line above the last is
independent of r, the second term is log(r/a), and the third term approaches a
constant in the limit » — oo. In that limit, the first and third terms can be neglected
in comparison with the second one, therefore leading to the final result.

Inserting this result into eqn (7.30), we have (r = |r|)

(cos(op(r) — ¢(0))) = p T/ (7.32)
Usually, correlation functions do not decay with distance if long-range order exists
and decay exponentially in the paramagnetic phase. Equation (7.32) shows a slow,
power-law decay in between, which is characteristic of systems exactly at the critical
point. However, the exponent n = T'/27J is not universal since it explicitly depends on
T and J. Remarkably, this result holds for any temperature as long as the spin-wave
approximation is a justified assumption. We conclude that the system is critical for
a finite temperature range. This may also be understood as if there exists a fixed
line, i.e. a set of fixed points, under the renormalization group. Thus, this behavior is
called quasi-long-range order. The relative angle of the spin variables does not have
(long-range) order but changes slowly.



Kosterlitz—Thouless transition 163

PN N N LR
P AR R I N A IS RN
N N/ ) TN~ PR N NN
N X //l\\ oW \\l//

Fig. 7.3 Vortices with n =1,1,—1,—1 and ¢ = —n/2,0,7/2, 7 from left to right, respec-
tively, where n and c are defined by ¢(r) = nf + c.

EXERCISE 7.2 Calculate the correlation function (7.29) for general d(# 2) and
confirm that d =2 is the borderline dimension of stability, the lower critical
dimension.

The spin-wave quadratic model is critical and it displays no phase transition.
However, at sufficiently high temperatures we would expect the XY model to be
in a paramagnetic phase with exponentially decaying relative angle correlations.
As the temperature increases from the low-temperature limit, it must happen that
the angle variables change more drastically than those expressed in the spin-wave
approximation. The Laplace equation V?¢ = 0 admits, besides the uniform solu-
tions ¢ = const. studied above, non-uniform singular solutions. Topological vortex
solutions (see Section 5.8) are inhomogeneous states that cannot be described by a
continuous function such as the smoothly varying spin waves. In particular, vortex
configurations, not taken into account in the spin-wave approximation of the XY model,
gradually affect the state of the system, eventually destroying the quasi-long-range order.

To express configurations with vortices, we write the angle field variable ¢(r)
as a function of the angle § measured from the z-axis as ¢(r) = nf + ¢, with n an
integer known as the winding number (a topological invariant) and ¢ a constant,
Fig. 7.3. Then, the derivative of the angle variable V¢ appearing in the spin-wave
Hamiltonian (7.4) has as radial and azimuthal components as

o 0, (Vo) = 90 = (7.33)
An excitation with a positive winding number is a vortex and one with a negative
value of n is also known as an antivortex. Then, the energy needed to create such a
vortex configuration is, according to eqn (7.4),

J 2 R
E=— / 2 rdrdg = n?mJlog — + Fg. (7.34)
2) r? 70

Here, R is the linear size (radius) of the system, rg is the radius of the vortex core (the
lower bound of the integral and the short-distance cutoff), and F¢ is the vortex core
energy. We have assumed that the upper bound of the integral is R, the lower bound ry,
and the contribution below the lower bound r < r¢ gives a finite energy Ec. Thus, the
total energy of a vortex has two contributions, the first term in eqn (7.34) represents
the elastic energy, while the energy Ec is a microscopic contribution associated with
the destruction of the uniform order at the core of the vortex. The entropy of a single
vortex S is given by the logarithm of the number of ways to place the center of the
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vortex in the region having a radius between r¢ and R. This number of ways is expected
to be proportional to the relevant area of the region. We thus have

S =log { <7‘R;>2 . const} . (7.35)

The combination of these estimates of energy and entropy leads to the following free
energy needed to create a vortex with winding number n =1,

AF = (rJ — 2T) log R + const. (7.36)

For the temperature range T > Tkt = w.J/2, the creation of vortices causes a
free-energy decrease. We therefore conclude that a phase transition takes place at
T. = TxT, above which a large number of vortices proliferate and the spin-wave
approximation breaks down. For T' > Tk, the angle variable around a vortex changes
very quickly, invalidating the spin-wave approximation, and the relative angle between
spins far apart are correlated only very weakly. Then, the quasi-long-range order is
destroyed and the system becomes paramagnetic. This is the Kosterlitz—Thouless
(KT) transition. The low-temperature region below Tkt with quasi long-range order
is the KT phase.

In the KT phase the creation of a vortex increases the free energy, and a single
vortex is not stable. Nevertheless, a pair of vortices with different signs of their winding
number n may be stable if the distance between them is not too large. To show this
result we assume that several vortices exist around the origin. Then, the angle field
far from the origin is written as, instead of eqn (7.33),

) 10 ; T
(Vo =L =0, (voy =120 2 (7.31)

The energy corresponding to eqn (7.34) is

2
R
FE = (Z n> 7J log -~ + Eq, (7.38)

where Fg is the total vortex core energy. We may therefore conclude that several
vortices may exist even in the low-temperature KT phase as long as the condition
of neutrality >, n; = 0 is satisfied. In particular, a pair of vortices having the same
absolute value but opposite signs of their winding numbers, +n, are allowed to exist.

Since at low temperatures vortices can be bound in pairs, the Kosterlitz—Thouless
transition is physically associated with the unbinding of vortices. The simple and
heuristic energy—entropy argument developed in this section neglects interactions
between vortices that will be studied in the next section. A more sophisticated
renormalization group analysis, to be developed in a later section, shows that this
qualitative picture is the correct description of the transition.

EXERCISE 7.3 Draw vortex configurations with n =2 and n = —2 similarly to
Fig. 7.3.

EXERCISE 7.4 Derive the condition for the term ), cos(p¢:) with p a natural
number to be relevant in the sense of renormalization group for the XY model. It
will be useful first to estimate the scaling dimension z, from the calculation of the
corresponding correlation function <cos (qu('r') — p¢(0))> generalizing the discussions
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in the first half of the present section. The result will reveal the condition for the
exponent y, to be positive. In particular, show that the term ), cos(p¢;) is relevant
if p is larger than a threshold po and the temperature is lower than some 7},. This
implies that this term is irrelevant in the temperature range 7, < T' < Tkt where
the KT phase is realized. On the other hand, this term is relevant for 7" < T}, and
the system has the same properties as the clock model in which the angles assume
only discrete values ¢; = 2wk/p (k=0,1,2,--- ,p—1).

A few words are in order on the superfluid transition of liquid helium. The kinetic
energy of a thin film of superfluid helium is written as

2
_ b [ 2 qpay =L (1 2
E = 5 /vs dzdy = 5 (m) /(Vw) dzdy, (7.39)

where p;s is the superfluid density per area and v, is the superfluid velocity, and we
have used the Landau—Ginzburg relation v, = (h/m)V. Comparison with eqn (7.4)
or eqn (7.48) in the next section reveals the relation J = psh?/m?. Tt follows that the
ratio of ps to T at the transition point T, = Tkr(= 7J/2) assumes a universal value
independent of experimental details,

ps 2m?

TKT 7'('77/2 '

(7.40)

Since ps = 0 above the transition due to the absence of superfluidity, ps/T jumps
from the above finite value to zero at the transition. This is called the universal jump
of the superfluid density (stiffness) and has been confirmed experimentally. Also, the
problem of a roughening transition of equilibrium crystal surfaces displays a universal
jump in the smoothness parameter and has also been confirmed experimentally.
Equation (7.40) represents a quantity proportional to the ratio of J and T'. This
turns out to lead to the fact that the critical exponent 7 assumes a specific number
n(Tkr) = 1/4 at the transition point. The reason is that eqn (7.32) implies that
n =T/2wJ, proportional to the ratio between T and J, has the value 1/4 at the
transition point because Tkt = 7J/2. The relation n(Tkr) = 1/4 is often used to
check if a transition belongs to the same universality class as the KT transition.

7.5 Interaction energy of vortex pairs

We have learned that a vortex pair can exist in a stable manner around the origin
if the neutrality condition is satisfied. The physical properties of vortices are better
understood when we study the energy of vortices in their general configurations. In
the following we will establish a connection between the XY model and a neutral
Coulomb gas in two dimensions with charges n;, such that >, n; = 0.

The angle variable or field for a single vortex with winding number n = 1 located
at the origin is written as

(Vo) =0, (Vo)o= (7.41)
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Let us integrate the field v = V¢ around the vortex, along a closed circuit,

27
7{0 -dr = / = rdf = 2m. (7.42)
O T

Then, the Stokes theorem implies that (curlw), = 27d(r), where the z-direction is
perpendicular to the two-dimensional xy plane. For a more general configuration with
many vortices, we have

(curlw), = 27 Z n;6(r —r;) =27 N(r), (7.43)
where 7; is the position of the vortex i, i.e. the location of its core.

Now, the Cartesian components of the vector field v = V¢ for a single vortex with
n =1 are, according to eqn (7.41),

09 Y 0p =
r = — = ——, = — = —, .44
Y = O 2 oy r? (744)
If we introduce a new scalar field ¢ = —log(r/rg), the above components are
expressed as
0 0
_% __% (7.45)

Uy = , Uy =
T oy Y Oz

In a superfluid the real physical vortices can be described by these variables, in which

case v is called the superfluid velocity, ¢ the velocity potential, and 1 the stream

function. For a generic case with many vortices, we generalize ) = — log(r/rg) to

|r — 7]

Y(r) = — Z n; log . (7.46)

To

It is instructive to verify the validity of this generalization. From eqns (7.45) and
(7.46), we find
Ovy  Ov, 0%y 0% 9
which is consistent with eqn (7.43).
The total energy of a (neutral) system with many vortices is therefore

E= J /(vf + vi)dxdy _J /(Vz/})2da:dy

2 2
J 2
= -5 [ WVP)dady
ri — 7l
=—nJ in;log —— + Fc. 7.48
s Zn n; log - + Ec ( )

i#]
This equation can be interpreted as the total energy of a set of charged vortices (with
charge n;) interacting via a two-dimensional Coulomb potential having a logarithmic
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dependence on the relative distance. Notice that the energy of a pair of vortices
with opposite charges, n;n; < 0, is minimized when they are close to each other,
i.e. tightly bound. At low temperatures two vortices with different signs (such as
n = +1) are bound together, creating a gas of vortex—antivortex pairs or molecules,
and the system may be regarded as a dielectric. Above the KT transition point
those pairs are destroyed (melted) by thermal fluctuations and single vortices freely
move around, forming a plasma-like state. Unbound vortices correspond to free or
mobile charges. In this sense, the physics of the KT transition is equivalent to the
statistical mechanics of a two-dimensional Coulomb gas. Equation (7.48) suggests
that the coupling constant J is related to the dielectric constant € by wJ = 1/e. The
effective interaction energy between vortices (7.48) will be rederived in Section 10.3.4
without the ad hoc introduction of vortex degrees of freedom.

7.6 Renormalization group analysis

An analysis of the KT transition by the renormalization group method is a prominent
example in which the real-space renormalization works very successfully.

7.6.1 Renormalization group equation to describe the KT transition

Let us first identify the variables that determine the critical behavior of the present
system. Physical intuition is useful to find the relevant variables, and we eventu-
ally write renormalization group equations for these variables. The temperature is
clearly the most important variable. The corresponding scaling field z is chosen
as ¥ =2 — wK(= 2 — mJ/T) such that it vanishes at the fixed point.” The variable
z is actually not relevant but marginal. In conventional critical phenomena, the
temperature variable is relevant and renormalizes toward zero if the initial value is
below the critical point, as illustrated in Fig. 1.5. However, in the KT transition, there
is no isolated fixed point and all temperatures below the critical point are attracted
to corresponding points on a fixed line, which represents a set of fixed points. The
KT transition point does not correspond to an unstable fixed point characteristic
of a relevant scaling field. Nevertheless, the temperature is not irrelevant but is
marginal.

Another important variable to take into consideration is the number of vortices. If
there are few vortices, the spin-wave approximation describes the system qualitatively
faithfully and the system is in the KT phase. As the number of vortices increases,
the slow and smooth change of angles, as assumed in the spin-wave approximation,
is not respected and the angles vary quickly near vortices, eventually leading to the
KT transition into the paramagnetic phase. It is therefore reasonable to introduce as
a relevant variable the chemical potential p of vortices, which controls the number
of vortices, or equivalently the fugacity obtained by exponentiating the chemical
potential, yo = e~?*. For small 3, (large chemical potential) the number of vortices

7 Strictly speaking, a fixed point should be distinguished from a critical point. Thus, K appearing
here is not the interaction constant before renormalization K = J/T (bare coupling) but is the
variable after many steps of renormalization (renormalized coupling). The difference between these
two concepts will be explained in more detail later.
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is small and the system is in the KT phase, whereas the paramagnetic phase has a
large yo with very many vortices. This means that we have to see whether the fugacity
increases or decreases under a renormalization group transformation.

A more quantitative analysis is facilitated by the energy

71 — 73]

E(rqy,r2) = 27J log + Eq, (7.49)

To

which describes a pair of vortices with opposite winding numbers n = +1, located at
r1 and 7. This equation is derived from eqn (7.48) when we set ny = —ng = lorny =
—ng = —1 with all other n;s vanishing. The chemical potential for two vortices is 2u,
and the corresponding fugacity is y3. Then, the probability for the above configuration
of a pair of vortices to appear should be proportional to the following expression

P — 7o —21K

—BE(T1,T2) 2 ,—BEc

y2e = yRe (7.50)

To

The correlation function of vortex variables (|n(r1)n(rs)|) is calculated from con-
tributions of non-vanishing values of |n(r1)| and |n(rz2)| and hence is proportional
to the probability of eqn (7.50) when there are only a small number of vortices
(In(r1)], |n(r2)] = 0 or 1). This observation leads to two interesting facts. First, the
distance-independent part of the above equation, y2e #Fc  implies that the fugacity
yo always appears as a product with e #Fc/2. We may thus adopt y = yge PFc/2
as a basic scaling field instead of yy. Secondly, the scaling dimension of a vortex is
vy, = 1K.8

We are now ready to write the renormalization group equation for y, which controls
the number of vortices, using the relation between the scaling dimension v, and
the renormalization group exponent v, vy, = d — v,. The relation y’ = b"v y with the
scaling factor b reduces in the limit of an infinitesimal scaling factor b = 1 + dl to

% =v,-y=(2—-v)y=(2—-7K)y = xy, (7.51)
if we notice that b ~ 1 4 v,dl. This is the differential renormalization group equation
for y.

To derive the renormalization group equation for the scaling field z, we assume
that the system is close to the KT transition point (Jz| < 1). Moreover, we are
interested in whether or not the number of vortices increases by a renormalization
group transformation. These aspects justify keeping only the lowest-order term in the
Taylor expansion of the right-hand side of the renormalization group equation (beta
function) in powers of x and y. Since vortices show up as pairs in the KT phase, the

8 The scaling fields of the two-dimensional XY model are often written as = and y for historical
reasons. This notation may be confused with the scaling dimension or the exponent of the renormal-
ization group eigenvalue. In this book we write v, and vy for the scaling dimension and exponent,
respectively, of the vortex numbers. Do not confuse this notation with the Cartesian components of
the velocity field v of the previous section.
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second-order term is the lowest-order one in the variable y. As will be shown later, the
renormalization group equation for z is readily written only in terms of this effect,®

i—? = a%y? (7.52)
Since the presence of vortices disorders the system, x should increase by the effects of
y, and the coefficient on the right-hand side is chosen to be positive, a?. Let us confirm
that no other additive terms including a constant and a low-order term in x appear. It
is first clear that a constant term does not exist because * = y* = 0 is a fixed point.
A term proportional to x represents an instability of the fixed point z* = 0 since a
temperature lower than the critical one renormalizes to still lower temperatures, see
Fig. 4.4, which is in conflict with the physical picture that the KT phase corresponds
to a fixed line, not an isolated fixed point. Similarly, 22 increases the temperature with
x < 0 toward z = 0, and the KT transition point x = 0 becomes a stable, isolated fixed
point, again incompatible with our physical intuition. Similar considerations exclude
all terms written as functions of = on the right-hand side of eqn (7.52). We therefore
conclude that eqns (7.52) and (7.51) are the right renormalization group equations to
describe the KT transition. They are called the Kosterlitz equations.

7.6.2 Solving the Kosterlitz equations

To solve the Kosterlitz equations, it is useful to note that the scale variable [ can be
eliminated by taking the ratio between both sides of eqns (7.52) and (7.51),

da?
din = a2 . (753)

The result is an equation for x and y, and its analytic solution is a hyperbola

z? — a?y* = const. (7.54)
Since the KT transition point is at =y = 0, the solution corresponding to the
transition point has a vanishing constant on the right-hand side of eqn (7.54). This
means that the line y = 4+ /a should go through the transition point on the zy plane.
The renormalization group flow is drawn in Fig. 7.4. Within the KT phase, the spin-
wave approximation captures the essence of the relevant physics and vortices do not
play an essential role, irrelevant in the renormalization group sense, and hence y is
renormalized to 0. This is the situation to the left of the line y = —z/a in Fig. 7.4.
In the paramagnetic phase y renormalizes to larger and larger values, as in the region
to the right of the line y = —xz/a. These considerations lead to the renormalization
group flow illustrated in Fig. 7.4. On the low-temperature side, the KT phase, y is
renormalized to 0 and x is to a finite value that corresponds to the initial (bare) value,
and the system is attracted to the fixed line y* = 0,2 < 0. On the high-temperature
side, the paramagnetic phase, y increases indefinitely and more and more vortices are
created as the renormalization group process goes on. The line y = —z/a separates
these two phases and is known as a separatriz.

9 Do not confuse the constant a of this section with the lattice constant.
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Fig. 7.4 Renormalization group flow of the Kosterlitz equations. The dashed line represents
the bare XY model before renormalization. The small black dot on this line is the KT
transition point written in terms of the bare coupling.

We have seen that the scaling field y is related to the fugacity yo and the chemical
potential y for vortices by the relation y = yge #Fc/2 = ¢=Pr=BEc/2 These quantities,
fugacity and chemical potential, have been introduced artificially to study the situation
with a small number of vortices and do not exist in the original XY model. The original
problem corresponds to p = 0 or yg = 1, and hence the bare couplings lie on the curve
y = e APc/2 drawn as a dashed line in Fig. 7.4. This figure shows that the value of z
increases toward a slightly larger value on the line y = 0,2 < 0 after renormalization
even within the KT phase (to the left of the line y = —z/a). Correspondingly, the
temperature is also renormalized to a larger value. The fixed line is reached after many
steps of the renormalization group transformation, and the dashed line of the original
system itself is not invariant under renormalization. It should also be noticed that the
fixed-point condition z* = 0 (T' = Tkt = 7J/2) representing the KT transition point
is to be described by the renormalized temperature. The transition temperature in
terms of the original variable is at the crossing point of the line y = —z/a and the
dashed curve, the small black dot in Fig. 7.4. Since this crossing point has z < 0, the
KT transition temperature in terms of the original variable is smaller than 7.J/2.

We next study the singularities of physical quantities near the transition point
using the solution of the Kosterlitz equations. Since z? — a?y? = 0 at the transition
point, we will have z? — a?y*> = —ct (t = (T — Tkr)/TxT,c > 0) slightly above the
transition point. Then, the solution to the Kosterlitz equation

d
2= a’y? =2+t (7.55)
dl
is
1 T
l=lp+ —= arctan —. (7.56)

Vet Vet

Equation (7.55) indicates that z increases with [ (z # 0) independent of its sign,
meaning that the renormalization flows to the right in Fig. 7.4.

EXERCISE 7.5 Confirm that the Kosterlitz equation near the transition point
(7.55) has the solution (7.56).
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Now, suppose that [ (essentially the same as the scale b of renormalization) has reached
the size of the system after many renormalization steps. If we write {; for this [ and
set the value of arctan on the right-hand side of eqn (7.56) to its largest possible value
/2, we have

zf=10+\2 (szﬁ) (7.57)

We will later use the fact that vortices cease to exist in pairs when [ reaches [; since
almost all degrees of freedom have been traced out. In order to connect this Iy with
the correlation length, we notice that the correlation length & measured from the
standard of the renormalized system of scale b is related to the correlation length é
in the original scale as é’ = §~ /b. Then, the renormalization group equation for the
infinitesimal scaling b = 1 4+ dl is
d¢ ~

- &. (7.58)
This equation is solved as €  e~!. The value of £ obtained by integration of eqn (7.58)
is the correlation length measured in the standard after renormalization. If this value is
A, the correlation length measured in the unit of the unrenormalized system is ¢ = Ae'.
We therefore conclude that the limit length for a vortex pair to exist, measured in the
original scale (standard of length) is, from eqn (7.57),

~ Iy ~ k)
&~ el ~exp (\/i . (7.59)
The correlation length diverges exponentially, with a non-universal coefficient k, as the
temperature approaches the transition point from above. An exponential divergence is
very strong. For example, when t = 1072, eqn (7.59) gives £ ~ 2 x 10° if k is unity. It
is therefore necessary to take sufficient care in numerical studies of the KT transition.

In order to check the singularity of the free energy, we note that the scaling
law f(t) = b=4f(b¥t) can be rewritten as f = b~%g(b/€) because we have f(b¥'t) =
f((b/t=7)vt) = g(b/€) from & =¥ = t=1/¥, This expression f =b~%g(b/€) for the
scaling function is valid even when the correlation length diverges exponentially, not
polynomially, because the argument is written as the ratio of b and £ without reference
to a power of ¢ explicitly. Let us set b= ¢ in f = b~%g(b/€) and apply eqn (7.59) to
find

—d - 2k
F=etgy = e (-2, (7.60)
which expresses the essential singularity of the free energy. This equation shows that
the free energy has a very weak singularity that is differentiable arbitrarily many times.
Consequently, the same is true for the specific heat. The essential singularity in the
specific heat at Tk is very weak and unobservable experimentally and in numerical
simulations. Indeed the specific heat has a broad non-universal peak slightly above
the transition point and has no sign of singularity.

Those peculiar exponential singularities in the correlation function and spe-
cific heat reflect the lower critical dimension (two) of the XY model. As seen in
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Section 3.6.3, similar exponential singularities are shared by the Ising model at its
lower critical dimension d = 1 near the transition point 7' = 0.

7.7 Lattice gauge theory and Elitzur’'s theorem

In this section we digress from the main topic of KT transition and discuss the absence
of spontaneous symmetry breaking in systems with local (gauge) symmetry. The
theorem of Mermin and Wagner claims that continuous global symmetries do not
break down spontaneously in two or lower dimensions. The same is true for discrete
global symmetries in one dimension. We show in the present section that there exist no
spontaneous symmetry breaking in any dimensions for local symmetries. This result
contrasts the difference between global and local symmetries.

For this purpose we analyze the lattice gauge theory, which has been introduced to
understand the mechanism of confinement of quarks. Although the physical motivation
is different, some models in the lattice gauge theory show phase transitions, whose
properties are controlled by the symmetry and dimensionality of the system, similarly
to conventional spin systems.

7.7.1 Lattice gauge theory

Symmetries of a physical system can be classified into global or local (gauge) depending
on the character of the transformation realizing the mathematical mapping.'? For
example, in the conventional Ising model, one needs to change the sign of all spins
(S; — —S;, Vi) to realize the global Zs discrete symmetry of the model. The same
happens in the XY model, where all angle variables need to be transformed by the
same amount (¢; — ¢; + a, Vi) to realize the global U(1) continuous symmetry.!! On
the other hand, there are models where transforming only some degrees of freedom is
enough to achieve invariance. A gauge theory is defined by a Hamiltonian or action,
classical or quantum, that is invariant under a local or gauge transformation. It can be
defined on a lattice or in the continuum, e.g. as a field theory. According to the gauge
principle adopted widely in field theory, all fundamental physical interactions in nature
arise from actions or Hamiltonians that are invariant under local transformations. The
primary motivation to study lattice gauge theories is to provide a non-perturbative
approach for the standard theory of strong interactions in high-energy physics, also
known as quantum chromodynamics, and thus to attempt to explain the phenomenon
of quark confinement. This is well beyond the scope of this book, and we will only
concentrate on some of the aspects of critical phenomena in classical models of the
lattice gauge theory.

An example of a classical model that displays discrete gauge symmetries is the
7o lattice gauge theory, also known as the Zs gauge theory or the Ising lattice gauge
theory. Consider Ising spins S; = £1 that reside on the bonds 4,'* and not on the
vertices (sites), of a three-dimensional cubic lattice. Then, the Hamiltonian of the Z5

10 Sometimes, a gauge symmetry is referred to as a gauge structure instead of a symmetry since
two states related by this gauge transformation are the same state but with a different label.

11 The group U(1) is composed of rotations on the complex plane.

12° A bond is often called a link in gauge theories.
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Fig. 7.5 The product of four spins on bonds around a plaquette constitutes the basic
interaction B in the Zs gauge theory.

Fig. 7.6 The signs of spin variables on bonds emanating from a site Z are changed. This is
a local, gauge transformation and keeps the Hamiltonian invariant.

gauge theory is defined as

H=-J]Y Bg, (7.61)
O

where the sum spans all possible square plaquettes [ on the lattice each containing four
spins and, as we will see, is invariant under the G = Z5 gauge group. The interaction
term comprises the product of these four spins, as depicted in Fig. 7.5,

Bo =[] s: (7.62)
e

In addition to the global Zy symmetry, S; — —S; (Vi), this Hamiltonian has a Z
gauge symmetry, which consists of the following transformation (see Fig. 7.6): Select
any vertex Z of the lattice shared by six bonds (four bonds for d = 2 as in Fig. 7.6),
flip the sign of the spins on these six (four) bonds, S; — —S; if ¢ emanates from Z.
Since each plaquette connected with vertex Z has two spins flipped, their product B,
and thus the overall Hamiltonian, remains invariant.

Notice that, while the lowest-energy state in the usual Ising model is two-fold
degenerate, the ground-state degeneracy is much more enormous in the Zs gauge
theory. For example, if the configuration on the left panel of Fig. 7.6 is a ground state,
the one on the right panel is also a ground state. This gauge transformation that
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P A, @

Fig. 7.7 Allocation of variables on a plaquette to generate a gauge transformation in the
U(1) gauge theory.

generates another state with the same energy is applicable to any vertex. Consequently,
there exist a large number of degenerate states (exponential in the system size).

Another example of a classical model of gauge theory is the U(1) gauge theory
(U(1) lattice gauge theory) with a continuous local symmetry

H=-J])Y Ap, (7.63)
O

where the plaquette interaction Ap is defined in terms of elements of the group U(1),
i.e. complex fields ¢; = ¢4 with gauge variables —m < A; <7 defined on the bonds
j, as

Ag = % (6507 O + G Gididm) = cos (Aj + A — Ay — Ap), (7.64)

with j, k, [, m bonds belonging to the plaquette O as in Fig. 7.7. We assume that those
plaquette interaction terms are defined on a general hypercubic lattice.

The following U(1) gauge transformation is a symmetry of the Hamiltonian of
eqn (7.63),

Aj = Ajtog —om (7.65)
Ap = A+ ok — g (7.66)
A — A+ 9ok — o (7.67)
Ay = Ay +0r — oM, (7.68)

with arbitrary c-number functions ¢ 7 defined on the vertices J of the lattice as
indicated in Fig. 7.7. It is straightforward to check that equns (7.65) to (7.68) keep
eqn (7.64) invariant. This transformation is Abelian because the group U(1) is Abelian;
two successive changes of angles are equivalent to the changes in the other order and
are thus commutable. There are several non-Abelian generalizations of these models.

7.7.2 Elitzur’s theorem

The presence of local (gauge) invariance has important physical consequences. One
of those consequences is Elitzur’s theorem, which states that non-gauge-invariant (or
gauge-variant) local physical quantities cannot exhibit spontaneous breaking of gauge
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Fig. 7.8 An example of a sublattice C;, which includes bond i, is shown as a dashed contour.

symmetries, discrete or continuous, in any dimensions. This does not imply that a
phase transition, signaled as a singularity in the free energy, cannot occur, as we will
see in the example of the three-dimensional Z5 gauge theory below. Therefore, the
expectation value of a gauge-variant quantity cannot be used as a Landau-type local
order parameter to describe such a phase transition. Since symmetry breaking of local
quantities is precluded, differences in the behavior of correlation functions in different
phases have to manifest themselves in non-local quantities written in terms of the
original local degrees of freedom.

We now prove Elitzur’s theorem. The essence of the proof is as follows. Consider
the absolute value of the average of any local quantity f(¢;) (involving only a finite
number of fields or variables {¢;} like S;), which is bounded and non-invariant under
a gauge symmetry group G of a Hamiltonian H (such as Zs in the Z5 gauge theory).
This |{f(¢;))| is shown to be bounded from above by the absolute mean value of the
same quantity computed for a zero-dimensional Hamiltonian H (i.e. it involves a finite
number of degrees of freedom) which is globally invariant under G and preserves the
range of the interactions. This upper bound is shown to vanish in the zero-field limit
after the thermodynamic limit due to the local character of the symmetry.

More explicitly, to determine if spontaneous symmetry breaking occurs, we evaluate

(f(¢)) = lim lim (f(di))n,n, (7.69)

—0 N—oo

where (f(¢:))n.n is the average value of f(¢;) calculated on a finite lattice of IV sites
and in the presence of a symmetry breaking field h. Simple examples of f(¢;) are
S; for the Z, gauge theory and e'® for the U(1) gauge theory. Since the lattice A is
formed out of the union of smaller finite sublattices, A = |J,C;, the bond ¢ belongs at
least to one subset (see Fig. 7.8).

It is convenient to rename the fields in the following way: ¢; =+, if | ¢ C; and
¢; = n; it i € C;. Then, we can separate the variables to write (f(¢i))n,n as

2 (o) F(dp)e P (HEoD+R T, 01)

(f(®i))n,n (7.70)

o o B(HEAaD+R T, 61)
l

—Bh
gy 2re R g ()
Yy Zppe et

(7.71)
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where

3 oA (Hwen ) +h Sice, ms). (7.72)
{ni}

Ay =

and

. —ﬂ(H({wz,m})ﬁ-hziECi m)
g{i}) = 2gny F(nie |

(7.73)
Z{y}

From eqn (7.71), since z{w}efﬁh Yige; M1

as follows

is positive definite, (f(¢;))n,n can be bounded

[{f@Dnn| < [g({on})], (7.74)

where {¢;} is the particular configuration of fields v; that maximizes g({¢;}) in
eqn (7.71). The quantity H({v;,n;}) is a zero-dimensional Hamiltonian in that it
involves only a finite number of bonds as far as the field variables 7); are concerned.
This zero-dimensional Hamiltonian H ({t;,7;}) is invariant under the global symmetry
group of transformations G over the fields n;, e.g. S; — —S; (Vi) in the Zy gauge
theory.

Let us define H({n;}) = H({t1,7n;}). The range of the interactions between the
n-fields in H({n;}) is clearly the same as the range of the interactions between the
¢-fields in the original Hamiltonian H({¢;}). Since H({n;}) is a zero-dimensional
Hamiltonian with only a finite number of variables, g({t;}) is an analytic function of
h for any N including the thermodynamic limit. The exponential in the numerator
of eqn (7.73) is invariant under the global transformation G in the limit A — 0 after
N — oo but the function f(7);) changes the sign in the Z5 gauge theory, e.g. f(n;) may
be S;, which changes as S; — —S5;. In the case of the U(1) gauge theory, the phase
changes like f(1;) = e'® — €l(®+9) Thus, g({1;}) = —g({th}) for the Ising (Z) case
and g({¢i}) = e?g({ah}) for the U(1) gauge theory, any one of which is satisfied only
if g({¢1}) = 0. This completes the proof.

Notice that the frozen variables 1 act like external fields in H ({n;}), which do not
break the global symmetry group of transformations G. From a physics standpoint, a
gauge symmetry involves a few degrees of freedom and it costs only a finite amount
of energy to change a stable state to another one, which is in marked contrast to the
case of global symmetry depicted in Fig. 5.2. This is the essence of the above proof.

7.7.3 Phase transitions in the lattice gauge theory

The three-dimensional Z5 gauge theory of eqn (7.61) is dual (i.e. essentially equivalent)
to the three-dimensional Ising model, as explained in Section 10.2. The latter has a
phase transition at finite temperature. This means that the free energy of the Z, gauge
theory shows the same singularity at the critical temperature T, as the conventional
Ising model. However, the phase transition in the Zs gauge theory does not manifest
itself as a spontaneous symmetry breaking in the local spin variables due to Elitzur’s
theorem; the Z5 gauge theory does not have a Landau-type local order parameter.
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Fig. 7.9 A Wilson loop consists of the product of variables along a closed path I' (thick
lines). In this figure the variables on I" are denoted in black squares. A gauge transformation
of variables around a vertex Z on I' keeps Wr invariant.

To characterize the low- and high-temperature phases, one must use a correlation
function that is gauge invariant. A well-known physical quantity used to characterize
the phases of gauge models is the Wilson loop, constructed for the Zs gauge theory,

for example, as
Wr = < I1 S> (7.75)
iel
where ¢ runs over the bonds forming a closed path or loop I' as in Fig. 7.9. This
quantity Wr is gauge invariant. For example, if one changes the signs of S;s connected
to a vertex Z located on I', two of the S;s on bonds emanating from Z and on I' change
the sign and thus Wr remains invariant.

From the dependence of Wr on T in the limit of large loops, one can determine
the nature of the phases of the model. In the high-temperature phase, the Wilson
loop has an exponential decay controlled by the area of the loop, an area law Wt =
el (¢ > 0), where |A] is the size of the area surrounded by T' (shown in gray in
Fig. 7.9). At low temperatures, it is controlled by the length of the loop, a perimeter law
Wr =~ eIl (¢ > 0), where |T| is the length of T'. The temperature at which there is
a change in the asymptotic behavior of Wr defines the transition point Tt.

The two-dimensional version of the Zy gauge theory is trivially solvable by a high-
temperature expansion, as elucidated in Section 10.2. It displays no finite-temperature
phase transition, and the lower critical dimension of the Zs gauge theory is djc = 2.
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Random systems

Real materials always contain randomness that cannot be expressed by idealized simple
model systems. For example, some of the magnetic atoms carrying spins may be
replaced by impurities without spins or the strength of interactions between spins
may change from bond to bond due to irregularities in the crystal structure. In the
present chapter we study the effects of randomness on phase transitions and critical
phenomena. At the initial stage of studies on randomness, some people believed
that randomness may obscure singular behavior such as the divergence of physical
quantities at the critical temperature. It is now established that well-defined phase
transitions continue to exist as long as randomness is not too strong, but the critical
behavior may get modified with respect to the pure sample. We will show what phase
transitions exist under the influence of randomness.

8.1 Random fields

Hamiltonians describing phase transitions and critical phenomena usually consist of
interaction and field terms. These are competing relevant terms, in the sense of
renormalization group, that determine the values of the exponents y; and y,. The
most basic model does not have other relevant operators. It follows that the effects of
randomness can be studied by its influences on those two terms. The present section
treats the field term with randomness. The randomness in interactions will be discussed
in the next section.
The Hamiltonian with randomness in the field term is written as

H=-J> 85— hiS;. (8.1)
(i) i

For simplicity, we analyze only the Ising model in this chapter, unless stated otherwise.
The value of the external field is assumed to depend on the site index h;, reflecting
randomness. Since in most cases it is virtually impossible to identify the values of
randomness h; at each site ¢ from experiments, it is customary to adopt a model dis-
tribution function of random fields {h;}. Typical examples are the following Gaussian
and binary distributions,

1 h?
P(h;) = N exp <_2h(2)> (8.2)

P(h) = %5(@- —ho)+ %5@ + ho). (8.3)

1 The standard deviation of the Gaussian distribution is usually denoted as ¢ but we write instead
ho so that the notation is the same as the one used in the binary distribution.
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We assume that randomness at different sites is not strongly correlated and thus accept
independence of the distribution of randomness at different sites.

The random-field Ising model of eqn (8.1) may not directly represent realistic
magnetic materials unless much milder distributions than those in eqns (8.2) and (8.3)
are used, mild in the sense that the variance is small. It is usually considered impossible
to realize site-dependent fields that change the sign from site to site. It, nevertheless,
turns out that a randomly diluted antiferromagnet under uniform field and fluids in
random, porous media in their lattice-gas representation are examples that are well
described by the random-field Ising model.

8.1.1 Quenched system and self-averaging

The time scale for the change of randomness in fields is usually much longer than
that of thermal fluctuations. For example, when randomness comes from the random
mixture of magnetic and non-magnetic atoms, the positions of atoms do not change
within the experimental time scale but the orientation of spins changes quickly. The
corresponding theoretical framework is first to generate a set {h;} from the distri-
bution function P(h;) and then apply the usual statistical-mechanical prescription
to calculate the free energy and other physical quantities for the given fixed values
of {h;}. Randomness with this property is called quenched randomness, and the
corresponding system is named a quenched system. In contrast, if the degrees of
freedom of randomness change in a similar time scale as that of microscopic degrees
of freedom, the system is called an annealed system.? We treat quenched systems that
correspond to most experimental situations.

It is difficult to calculate the free energy explicitly as a function of the quenched
randomness of {h;}, i.e. N variables hq,---,hy. Fortunately, it turns out, in the
thermodynamic limit N — oo, that many physical quantities including the free energy
do not depend upon the values of fields {h;} themselves but only on the distrib-
ution function P(h;) as eqns (8.2) and (8.3). This fact is called the self-averaging
property.

To understand the self-averaging property let us divide a system into subsystems,
as depicted in Fig. 8.1. The size of the whole system is L& and that of a subsystem
is L¢, where d is the spatial dimension. We assume Lo >> L; > 1, that is, the whole
system and the subsystems are both very large and in addition the former is much
larger than the latter. From L; > 1, the size of the interface between subsystems (the
surface of a subsystem) L‘li_1 is much smaller than the size of the subsystem itself L¢,
as we have L‘lifl/Ld = Lfl <& 1. Then, the sum of the free energy of each independent
subsystem Fyy,p, is very close to the free energy of the total system Fiq,

M
Foo =3 (F) +0(1471)) = ZFSgg L O(LALTY). (8.4)
j=1

2 ‘Quenching’ means to quickly cool the system and freeze the degrees of freedom of randomness.
‘Annealing’ means to slowly cool the system down to a low temperature and thus the atoms
(randomness) have time to reach their equilibrium locations.
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Fig. 8.1 It is useful to divide the system into subsystems to understand the self-averaging
property.

Here, j is the index labeling the subsystem and M is the number of subsystems
(Lo/L1)%(> 1). The last term of O(-) corresponds to the surface free energy related
to the interface between subsystems. If we divide both sides by the total number of
spins N = Lg to find the free energy per spin fior = Fiot/N, we have

1 L1 1 &
fror = 37 O TaFan + O ~ 32 00 (8.5)
j=1"1 j=1

The right-hand side is the average of the free energy of many (M > 1) independent
systems, each with different values of random fields {h;} generated from the same
distribution function P(h;). The left-hand side is, in contrast, the free energy of a
single large system with given values of random fields {h;}. Equation (8.5) suggests
that the free energy as a function of a fixed set of random fields {h;} (left-hand side)
coincides with the same free energy averaged over the distribution function (right-
hand side) in the limit of a sufficiently large system.?® The term self-averaging reflects
this property that the value of the free energy coincides with the average of itself.

The self-averaging property allows us to calculate the free energy averaged over
randomness instead of the free energy for a given set of random fields {h;}, the latter
being directly correlated to experimental situations. Since the former average is easier
to evaluate than the latter, we hereafter discuss the former quantity. The average over
randomness is termed the configurational average.

The self-averaging property is shared by many extensive quantities including the
internal energy, specific heat, magnetization, and magnetic susceptibility if they are
divided by the system size to give their values per spin. The reason is that these
quantities are obtained by differentiation of the free energy with respect to appropriate
variables.

The above discussions equally apply to randomness in the interactions, not just
randomness in the external fields.

3 A more accurate statement is that both sides of eqn (8.5) coincide with probability one. The
distribution function of fiot approaches a delta function that has a peak at the average value.



Random fields 181

8.1.2 Mean-field theory

Let us first apply the mean-field theory of Chapter 2 to the problem of a phase
transition in the presence of random fields. We would like to know how a uniformly
ordered ferromagnetic phase at low temperatures is affected by random fields. The
order parameter is the usual magnetization per spin m. From the self-averaging
property, the magnetization is expressed as

1 N
m = (8 = [(8i)]. (8.6)

Here, the square brackets [---] denote the configurational average.* An application
of the mean-field theory described in Section 2.1 leads to the following mean-field
Hamiltonian,

H = NgJm?—JmzY_ Si— Y hiS;. (8.7)

The free energy F' = —T'[log Z] is then straightforward to evaluate,
F = NgJm® — TN [log 2 cosh 8(Jmz + h;)]. (8.8)

The right-hand side is averaged over randomness using the self-averaging property.
Minimization of the free energy with respect to m leads to the self-consistent equation,
i.e. the equation of state,

m = [tanh B(Jmz + h;)]. (8.9)

We expand the right-hand side to third order in m to check the condition for
ferromagnetic order to exist m # 0 following the discussions in Section 2.2,

m = (Jz[1- tanhQ(ﬁhi)} m
- %(ﬁJz)B [1 — 4tanh®(Bh;) + 3 tanh*(Bh;)] m®. (8.10)

We have dropped odd powers of h; because the symmetric distribution of h; means a
vanishing configurational average for odd powers.

Let us proceed with the binary distribution (8.3) as an explicit example. The
configurational average of even powers like tanh?((h;) is obtained simply by replac-
ing h; with hg in the case of the binary distribution. Then, the equation of state
reads

m = BJz(1 — tanh®(Bhg)) m — é(ﬁjz)?’(l — 4tanh?(Bho) + 3 tanh*(Bhe)) m>.

(8.11)

The coefficient of the first-order term, m, on the right-hand side is small in the high-
temperature region 8J < 1 and is large at low temperatures 5J > 1. Therefore, the

4 Equation (8.6) shows that the configurational average (right-hand side) is equivalent to the spatial
average (middle expression).
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Fig. 8.2 The mean-field phase diagram of the ferromagnetic Ising model in the presence of
random fields with a binary distribution. The transition is second order above the tricritical
point drawn as a blank circle and is first order below. The constant J is chosen to be unity.

system undergoes a second-order transition at the temperature where the coefficient
is unity

BoJz(1 — tanh®(Beho)) = 1, (8.12)

and spontaneous magnetization exists below this temperature. This transition tem-
perature (8.12) agrees with the conventional mean-field value T, = Jz when hg = 0.

Equation (8.12) shows that the transition temperature decreases as hg increases.
Random fields gradually destroy the ferromagnetic phase. Simultaneously, the coef-
ficient of the third-order term, m3, in eqn (8.11) decreases from the value (3Jz)3/3
at ho = 0 and eventually vanishes at tanh?(8hg) = 1/3. The coefficient of the third-
order term of the equation of state is the coefficient of the fourth-order term of the
Landau free energy. Vanishing of this coefficient means a tricritical point as elucidated
in Section 2.4. A further increase of hy beyond the tricritical point causes a first-order
transition. The condition to determine the tricritical temperature Ti. is that the first-
and third-order coefficients vanish in eqn (8.11),

ﬁtCJz(l — tanhQ(b’tCho)) =1, tanh® (ﬁtcho) = % (8.13)
The phase diagram on the hoT" plane has thus been determined as depicted in Fig. 8.2.
As the strength of randomness hg increases, the temperature for the second-order
transition decreases and changes over to a first-order transition beyond the tricritical
point drawn as a blank circle.

For a Gaussian distribution of randomness (8.2), there is no tricritical point and
the second-order transition continues to zero temperature. The mean-field theory thus
predicts that qualitatively different types of transitions happen depending on the type

of distribution function of random fields.
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Fig. 8.3 A cluster of inverted spins of linear size L appears under the influence of random
fields.

EXERCISE 8.1 Show that the random-field Ising model with a binary distribution
has a first-order transition when ho/Jz = 1/2 at T = 0 according to the mean-field
theory, as shown in Fig. 8.2.

EXERCISE 8.2 Show that there exists a second-order transition at hoc =
\/2/m Jz at zero temperature for the Gaussian distribution function of random
fields (8.2). It will be useful to take the zero-temperature limit in the equation of
state and then expand the result in powers of m.

8.1.3 Lower critical dimension

It is interesting to estimate the lower and upper critical dimensions to check when the
mean-field theory is applicable to random-field problems. The lower critical dimension
is known to be dic =2 for the Ising model and di. = 4 for continuous spins. The
physical argument to derive these results is known as the Imry—Ma argument, which
is analogous to the Peierls argument of Section 7.1.

Suppose that a cluster of down spins of approximate linear size L appears under
the influence of random fields in the sea of up spins as illustrated in Fig. 8.3. Such an
inversion of spin orientation causes the increase of interaction energy at the surface of
the cluster, roughly of the order of JL4~! in the Ising model. In the case of continuous
spins the increase would be about JLY 2.5 As for the energy due to random fields,
an all-up spin cluster has — >, h;S; = — >, h;, the average of which vanishes and the
variance is

S ohi| | =) [n] =n2LY, (8.14)

i

5 The increase in energy in the continuous spin case is smaller than the one in the Ising model
because the slow change of spin orientation spans the length scale of L from the center of the cluster
to the boundary (surface). The change of orientation of neighboring spins A is of the order of L =1
since the orientation changes by 7 in the length L. Then, the increase in the interaction energy from
the perfectly ferromagnetic state A = 0 is —J cos A + J cos 0 = O(L~2) for a neighboring pair of
spins. This energy increase exists approximately uniformly over the area of L%, giving the total energy
increase O(L4~2).
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where we have used that [h;h;] = [h;][h;] = 0 for i # j. The same average and variance
are shared by an all-down cluster. For the Gaussian distribution (8.2), h? is 02, whereas
the binary distribution (8.3) has h? = h3. Equation (8.14) indicates that fluctuations
of field energy with a standard deviation of the order of +hL%? can well happen. Thus,
a cluster with inverted spins as in Fig. 8.3 may exist under the influence of fluctuations
in random fields, with an energy gain (decrease) of hL%?. The total energy change is
therefore

JLY — pL/? (8.15)

for the Ising model. The second term dominates if d <2, and then large-scale
inversions of spin orientation due to random fields happen at many locations and
the ferromagnetic state breaks down. When d > 2, on the other hand, the increase
of the interaction energy is the dominant term, and the ferromagnetic state is sta-
ble against spin inversion by random fields. We therefore conclude that the lower
critical dimension is dic = 2. A similar analysis leads to di. = 4 for continuous-spin
systems.

The Imry—Ma argument is an intuitive, qualitative conjecture based on the stability
analysis of a perfectly ferromagnetic state. Actually, it has been proved rigorously that
the three-dimensional random-field Ising model has finite ferromagnetic order at low
temperatures as long as the strength of randomness is not too large.

8.1.4 Upper critical dimension

We need an additional tool to evaluate the upper critical dimension. It is necessary to
take the configurational average of the free energy —T[log Z], which is apparently
a difficult task because the dependence of logZ on random fields {h;} is quite
complicated. It is useful to remember here that each h; appears exponentiated as
exp(3)_, hiS;) in the partition function Z. The same is true for Z", where n is a
natural number. We then use the identity

[1ogZ] = lim [Z"]7—17

n—0 n

(8.16)

which allows us to first calculate the configurational average of Z™ and then take the
limit n — 0. This technique is called the replica method since Z™ means to prepare n
identical copies (replicas) of the partition function.

The operation of the limit n — 0 for a quantity evaluated in terms of a natural
number n may raise questions on the validity of such an ‘analytical continuation’.
It, nevertheless, turns out that most of the results obtained in this way for random
systems have been proved or conjectured to be true. Most physicists in this field believe
the validity of the replica method.

Let us recall here the derivation of the upper critical dimension d,. = 4 for non-
random systems discussed in Section 2.10. The Ginzburg criterion for consistency of
the mean-field theory is written as G(r = &) < m?2. For a non-random ferromagnet,
the Fourier transformation G(q) of G(r) is 1/(kt + bg?), and hence the correlation
function for r = £ is, when t = £72,
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_ ig¢ 1 _ 2 el 2-d
G(g)—/eq [ dg=¢ /k+b(q€)2dqo<§ . (8.17)

We have multiplied the integral variable ¢ by 1/¢ in the final step. This relation
leads to the condition £27¢ < m? or equivalently (d — 2)v > 23 for the validity of the
mean-field theory. With the mean-field exponents, this condition reduces to d > 4.

It is clear in the above analysis that the g dependence of é(q) at t =0, i.e. g2,

determines the upper critical dimension four. If this dependence turns out to be ¢—4,
the same discussion leads to G(£) o< €47, and d > 6 is the condition for the validity
of the mean-field theory. The random-field Ising model has this property.

We therefore study the behavior of the system in the Fourier space by taking
the configurational average using the replica method. In particular, it is necessary
to check the wave-number dependence of the Gaussian effective Hamiltonian (free
energy), which is simply é(q)_l. Using the same notation as in Section 2.9, the n-time
replicated partition function is

7" = / (H f[ dw(r)) exp {—; (kt/dr (¢*(r))”

r a=1
+ b/dr (Vg™ (r))? +/dr qﬁo‘(r)h(r))}. (8.18)

Here, « is the replica index. We average Z™ over the distribution of random fields
following the prescription of the replica method. Using the Gaussian distribution (8.2)
for each h(r), the random-field part of the above equation is squared,

7= | (H I dw(r)) exp {— > (i far (o2

r a=1 a=1

2 n
+ b/dr (w)a(r))Q) + %/dr > e (r)ef(r) o (8.19)
a,B=1
The representation in the wave number by Fourier transformation is

b [ o i a)
% oy )

PR ACICHCT IS (8:20)
a,B=1

The exponent on the right-hand side is the effective free energy —F that corresponds

to eqn (2.80).
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In order to confirm that G(q) diverges as ¢~* at t =0, we have to study the
coefficient of ¢(q)#(—q), which is now an n x n matrix with index {a} for each g. Let
us write the matrix as G/(g)~! using the same notation as in Chapter 2. Then, at the

critical point ¢t = 0, we have
~ 0'2
Gla)™ =b¢* = S F, (8.21)

where the first term on the right-hand side is the n x n unit matrix multiplied by bg?
and the second term is the matrix E with all elements unity multiplied by —o? /2. This
equation (8.21) is a generalization of the denominator of the integrand of eqn (2.85)
with ¢ = 0. Thus, the diagonal element of the inverse of the above matrix, Goe (q),
gives the Fourier transformation of the correlation function G**(r) = (¢*(r)¢*(0)),
for which we check if it diverges as ¢~* in the limit n — 0. If we notice the relation
E? = nE, it is straightforward to see that the inverse matrix is written as

Gla) = (bcﬁ - fE) B

oo 2 7
=)' 1+ (J> W E
(bq?) JZ::I 272

. a2 (8.22)
Cbg?  bg?(2bg% — no?)’ '

We therefore conclude that the leading divergence as ¢ — 0 is proportional to ¢~* in

the limit n — 0.

8.1.5 Systems in finite spatial dimensions

It is still actively studied what type of critical behavior the random-field Ising
model has between the upper and lower critical dimensions, in particular in three
dimensions.% Problems of interest include (i) whether the structure of the mean-
field phase diagram, Fig. 8.2, remains qualitatively the same in three dimensions,
in particular the existence of a tricritical point, (ii) critical exponents of the second-
order transition for weak random fields, and (iii) difference between the Gaussian
and binary distributions. We avoid discussing these difficult, unsolved problems here
and check only the relevance of random fields as a perturbation to a non-random
system.

The relevance of random fields in the sense of renormalization group between the
upper and lower critical dimensions can be verified by calculating the renormalization
exponent y of the final term of eqn (8.19) as a perturbation to the other terms
representing a non-random system (o = 0). It is useful for this purpose to evaluate
the scaling dimension of the correlation function of the operator ¢®(r)¢?(r) at the

6 Continuous-spin systems have djc = 4 and no interesting physics exists in three dimensions.
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critical point ¢ = 0. Since different replicas are decoupled in a non-random system, as
seen in eqn (8.19) with o2 = 0, this correlation function behaves as

(9%(0)67(0)¢* (r)¢” (1)), o (™ (0)¢*(r)) (0" (0)6° (7)),
= (6(0)(r))g oc T4, (8.23)

Here, (---)o is the expectation value for the non-random system and x; is the
scaling dimension of ¢(r) for the non-random system, ($(0)¢(r)) o< 7=22+. Thus, the
scaling dimension of the random-field term ¢®(r)¢®(r) of eqn (8.19) is 2z, and the
corresponding renormalization exponent is

y=d—2x,=d—2(d—yp) =2yp — d. (8.24)

This y is positive for a ferromagnetic system, as can be verified from the relation
v = (2yn, — d)/y: > 0, and the random field term is a relevant perturbation to the
non-random system. It thus follows that the critical behavior between paramagnetic
and ferromagnetic phases is qualitatively different in the presence of random fields
from the non-random system if the ferromagnetic phase survives in the presence of
random fields.

8.2 Spin glass

Let us next investigate the effects of randomness in the interactions. Interactions
between spins sometimes may change sign or disappear at some places due to the
randomness in the constitution of the magnetic materials. The present section will
discuss the spin glass system in which the signs of the exchange interactions change
from bond to bond.

For a spin pair with a ferromagnetic interaction, the two spins tend to align parallel,
whereas they are likely to be antiparallel when the interaction is antiferromagnetic.
Then, a randomly ordered phase (spin glass phase) may exist, in which there is no
spatially uniform ordering as in the ferromagnetic phase but spins are apparently
random in space. The spin glass phase is, nevertheless, an ordered state because the
orientation of a given spin does not change significantly with time. We may therefore
view a spin glass phase as a state ordered in time but random in space. Notice that
the paramagnetic phase has neither temporal nor spatial order.

The goal of the spin glass theory is to clarify the conditions under which such a
strange state may exist as a stable thermodynamic phase. The standard theoretical
model for this purpose is the Edwards—Anderson model,

H=-> J;SiS;i—hY_ S, (8.25)
(i) i

in which the interactions are quenched random variables. Experimentally, the set

of interactions {J;;} is fixed (quenched) for a given sample. Correspondingly, we

assume in theoretical analyses that these interactions are generated from a distribution

function and fixed. It is known that a spin glass phase indeed exists within the
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mean-field approximation and the same is likely to be true in the three-dimensional
Edwards—Anderson model with Ising spins.

We mainly give an account of the mean-field theory in the present section with some
comments on finite-dimensional cases in the last part. The discussions on quenched
randomness and self-averaging properties of Section 8.1.1 also apply to spin glasses
without modifications.

8.2.1 Sherrington—Kirkpatrick model

The Sherrington—Kirkpatrick model (SK model) is the infinite-range version of the
Edwards—Anderson model, and a mean-field theory of spin glasses has been developed
for the SK model. Since the infinite-range model is known to give the same results
as the mean-field theory for the ferromagnetic system, we expect that the SK model
may be regarded as the mean-field model of spin glasses, since for the latter a direct
mean-field approximation is not easy to formulate.

The SK model has the following Hamiltonian,

H==> 1788 —hY_S, (8.26)

1<J

where the spins are of the Ising type and the sum in the first term on the right-
hand side runs over all different pairs of spins.” The number of terms in the first
contribution on the right-hand side is N(N — 1)/2, the number of combinations to
choose two out of V. The interaction J;; is a quenched random variable following the
Gaussian distribution function

1 [N N Jo\?

which is common for all pairs (ij). This probability distribution has the average and
variance,

J2
ﬁ7

gl = 22, (AT = (8.28)
both of which are proportional to 1/N. The first relation corresponds to the factor
1/N in front of the interaction in the non-random infinite-range model (2.34). The
second relation for the variance is necessary for extensive physical quantities, such as
the free energy and its derivatives, to become proportional to IV, as will be shown
below.

It takes lengthy calculations to evaluate the free energy of this model. The details

are given in Appendix A.14. The result is

62 J2
4

—Bf = (1—q)*— %ﬁJomQ + \/% /8_22/2 log (2cosh BH (7)) dz,  (8.29)

7 Notice that i< is equivalent to (1/2) 37, .
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where H(z) = J\/qz + Jom + h and the range of integration is from —oo to oo. The
variable m is the magnetization that characterizes the ferromagnetic phase,

m = [<5i>}, (8.30)
and ¢ is the spin glass order parameter that describes a randomly frozen state,

q=[(S)?]. (8.31)

If the spin state is frozen randomly, the thermal average (S;) remains finite (which
is the definition of a frozen state) but its value and sign change randomly from site
to site due to the spatial randomness of the frozen state. It thus follows that the
configurational average (spatial average) [---] in eqn (8.30) gives a vanishing value
m = 0 due to cancellation of plus and minus signs. The average of the square in
eqn (8.31) remains finite because the sign is always positive (S;)? > 0. Hence, the set
of parameter values ¢ > 0 and m = 0 characterize the spin glass phase with a randomly
frozen state. Both of these order parameters are finite in the ferromagnetic phase.

We next derive the equations of state from the extremal condition of the free
energy (8.29) following the strategy of the Landau theory. Extremization of the free
energy with respect to the variable m gives

1
S Ver

This is the equation of state for the ferromagnetic order parameter m. Comparison
of eqn (8.32) with the equation for the magnetization of a single spin in a field, m =
tanh Bh, suggests that the effective field H (2) distributes according to the Gaussian
distribution because of randomness in the interactions.
The extremal condition of the free energy with respect to ¢ gives
2 J? 1 2 - J
ﬂT(q— 1)+E/e z /Q(tanhﬁH(z)) f\/azdz:Q (8.33)

m /e_zz/2 tanh SH (z) dz. (8.32)

which is rewritten by integration by parts as
1 2 ~ 1 2 ~
=1- e * /2 sech?BH () dz = —/e*z /2 tanh? BH () dz. 8.34
’ / B (z)dz = BH(z)dz (334)

8.2.2 Phase diagram of the SK model

The solution of the equations of state (8.32) and (8.34) is determined by the values of
the temperature T' and the center of the distribution of randomness Jy. We assume
that there is no external field, h = 0.

When the distribution is symmetric, Jy = 0, we have H(z) = J\/qz and tanh BH (z)
is an odd function of the argument. Thus, the magnetization is clearly zero m = 0 from
eqn (8.32). There is no ferromagnetic phase. The free energy is

—Bf = iﬂ2J2(1 —q)? + \/% /6_22/2 log (2 cosh(3J/qz)) dz. (8.35)
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To study the behavior of the system when the spin glass order parameter ¢ is close to
zero, we expand the right-hand side in powers of g,

L oo B>J? 2 72 2 3

Bf = =307 —log2 = ——(1 - )" + O(c°). (8.36)

The Landau theory suggests that the critical point is obtained by the condition that

the coefficient of the quadratic term ¢® vanishes. We then have 3J = 1 as the transition
point between the paramagnetic and spin glass phases.

If the distribution of J;; is not symmetric but the average is positive (Jy > 0),

there is a possibility for a ferromagnetic solution (m # 0) to exist. We expand the

right-hand side of eqn (8.34) in powers of ¢ and m and keep the leading order to find

q=B*T%q+ B*Jim? (8.37)

If Jy = 0, the critical point is where the coefficient 32J?2 reaches unity, and the result
agrees with the prediction given by the expansion of the free energy. When Jy > 0 and
m > 0, eqn (8.37) suggests ¢ = O(m?). We expand the right-hand side of eqn (8.32)
with this fact in mind and keep only the leading-order terms to have

m = BJom + O(q). (8.38)

This equation indicates that the ferromagnetic critical point is at G.Jy = 1 or T, = Jj.

We have obtained the boundaries between the paramagnetic and spin glass phases
(8J =1) and between the paramagnetic and ferromagnetic phases (G.Jo = 1). The
boundary between the spin glass and ferromagnetic phases can be evaluated by
numerically solving eqns (8.32) and (8.34). Figure 8.4 is the phase diagram thus
obtained. There exists a spin glass phase for Jy smaller than J (0 < Jy/J < 1).
Numerical solutions of eqns (8.32) and (8.34) show that the spin glass phase lies
below the ferromagnetic phase in the region Jy/J > 1, as shown by the dashed line in
Fig. 8.4. This strange behavior is called the re-entrant transition.

This result has been derived under the assumption of a symmetry between different
replicas and is called the replica symmetric solution, as detailed in Appendix A.14.
The re-entrant transition on the dashed line in Fig. 8.4 is actually an artefact of
the replica symmetric solution and disappears if we correctly take into account the
symmetry breakdown in the abstract replica space. A very intricate setup is needed to
reveal this aspect and therefore we only mention here that the dashed line is actually
replaced by two full lines to distinguish the ferromagnetic, mixed and spin glass phases,
as drawn in Fig. 8.4. The mized phase, which does not exist in the replica symmetric
solution, has features both of the ferromagnetic and spin glass phases in the sense that
the ferromagnetic order parameter is finite although very complicated spin states are
realized there.

Failure of the replica symmetric solution at low temperatures can be verified by
calculating the entropy from the free energy (8.29) for Jy = 0. It turns out that the
entropy is negative at low temperatures. The entropy is the logarithm of the number
of possible states and should be positive or zero in systems with discrete degrees of
freedom like the Ising model with or without randomness.
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Fig. 8.4 Phase diagram of the SK model. The dashed line is the erroneous boundary between
the spin glass and ferromagnetic phases suggested by the replica-symmetric solution. The
correct phase boundaries are drawn in full lines.

8.2.3 Systems in finite spatial dimensions

Let us estimate the upper critical dimension to confirm how far the mean-field
predictions can be trusted in more realistic systems in finite spatial dimensions. We
assume Jy = 0, and consequently m = 0, to exclude the effects of ferromagnetic order
to focus our attention on the spin glass phase.

Expansion of the free energy (8.29) in powers of ¢ has a third-order term, as sug-
gested in eqn (8.36). This is in contrast to the infinite-range model of the ferromagnetic
system or the Landau theory, in which the next term to m? was m*. The symmetry of
the free energy with respect to the inversion of magnetization, f(m) = f(—m), meant
that f(m) is an even function and does not have odd powers in its expansion. The
spin glass order parameter, on the other hand, is the average of the square of (S;)
and is always positive, and consequently the operation of sign inversion of the order
parameter is not a proper symmetry of the system. Thus, there exist odd powers of q.

The above symmetry consideration holds irrespective of the replica method, and
the problem of replica symmetry breakdown does not change the conclusion. It is
therefore necessary to evaluate the renormalization-group exponent of the third-order
term of the order parameter to study the stability of the Gaussian fixed point, which
gives the mean-field exponent, following the prescription described in Section 4.2.1.
It turns out that the same invariance argument as in Section 4.2.1 applied to the
third-order term leads to the exponent y, = 3 — d/2 for the coefficient v of the third-
order term. This result means that the third-order term is irrelevant for d > 6 and the
mean-field description given by the Gaussian model is stable against the non-Gaussian
perturbation. This suggests that the upper critical dimension is six.

EXERCISE 8.3 Confirm that the value of the exponent of the third-order term is
Yo = 3 — d/2 from invariance of the Hamiltonian under a change of scale.

The lower critical dimension is much harder to estimate than the upper critical
dimension. There is no known simple theory like the Imry—Ma argument because the
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stability criterion of a spatially uniform ordered state does not apply to the spin glass
problem. It is, nevertheless, believed mainly from numerical calculations that the lower
critical dimension is somewhere between two and three.

The relevance of randomness as a perturbation to a non-random system can
be studied following the method of Section 8.1.5. To see the relevance of random
interactions, it is useful to separate the Hamiltonian into a non-random term Hy and
a random-interaction term Hq,

Hy=—Jo Y _ S:iS;, (8.39)
(i5)

Hy = —% 3 Zéj TrrssSeSrrs = — 3 J(r)E(r), (8.40)

where we assume J(7) to be a quenched Gaussian variable with vanishing mean and
variance J2, and § is the vector to a neighboring site. If we take the configurational
average of the n-time replicated system, the perturbation to the non-random system
due to randomness is written as, like the last term of eqn (8.19),

= / dr ;EQ(T)EB(T). (8.41)

The scaling dimension of this term is evaluated as 2x:(= 2(d — y;)) because at t =0
we have, using eqn (3.82),

(E*(0)E°(0)E*(r)E” (7)), o <E"(0)E“(’r)>(2) o r i (a# ), (8.42)

where (---)o is the average with respect to the weight of the non-random system.
It has been used that different replicas decouple in the non-random system. Thus,
the renormalization-group exponent that determines the relevance of the random-
interaction term is

2 —
y=d—2z; =2y —d= de- (8.43)

This relation indicates that the random interaction is not a relevant perturbation for
2 < dv and the critical exponents remain unchanged. This result is called the Harris
criterion. If we apply the hyperscaling 2 — dv = « to this relation, the Harris criterion
is restated by saying that the random interaction is not relevant if the critical exponent
of the specific heat is negative, a < 0.

We may interpret the Harris criterion intuitively as follows. The Harris criterion
measures the effects of the response of the system to a random perturbation to the
coefficient J(r) of the local energy term E(r). Since J(r) always appears in the
Boltzmann factor as a product with the inverse temperature 8 = 1/T, the perturbation
in J(7) may be regarded as a perturbation in the local temperature. The rate of change
of the energy (E(r)) with respect to temperature is the specific heat, which diverges
at the critical point if a > 0. Such a divergence suggests that the system is unstable
against local temperature changes when a > 0. Therefore, the perturbation is expected
to affect the critical behavior.
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The Harris criterion applies not just to spin-glass-type perturbations with positive
and negative signs but to general cases of quenched random interactions added to
a non-random system. For example, we may apply this criterion to the randomly
diluted ferromagnet discussed in the next section. The idea is to write the effective
Hamiltonian using the replica method, in which the leading term due to randomness
is quadratic in the local energy and the above argument applies. Higher-order terms
have smaller exponents of the renormalization group.

8.3 Diluted ferromagnet and percolation

In the previous section we studied the effects of random interactions with both positive
and negative signs. There exist other types of randomness in which some of the
interactions or some spins vanish. For instance, some of the magnetic atoms may be
replaced by non-magnetic atoms because of the effect of artificial mixing of magnetic
and non-magnetic materials. These substances are called diluted ferromagnets. We
explain the case of site dilution in the first part of this section, most of which applies
to bond dilution as well. In the former case, spins in some of the sites disappear, whereas
in the latter there are no interactions on some of the bonds. The bond dilution case will
be described in the last part of this section. Phase transitions in diluted ferromagnets
at zero temperature will be shown to be related to the geometrical phase transition
called percolation.

8.3.1 Diluted ferromagnet

A diluted ferromagnet has a ferromagnetic phase as its only ordered state at low
temperatures, in contrast to spin glasses.® Let us be more concrete and assume
that a given site is occupied by a spin (magnetic moment) with probability p and
unoccupied with probability 1 — p, independently of other sites. As p decreases from
unity, the ferromagnetic phase become unstable and disappears completely below a
critical value p., as depicted in Fig. 8.5. The Harris criterion applies to the present
case. The randomness, dilution, is relevant in the renormalization group sense if the
specific heat exponent is positive, a > 0, for the non-random (non-diluted) system
(p =1). Then, the critical behavior changes from the non-random case.

The renormalization-group flow of parameters is shown schematically in Fig. 8.5.
The critical point of the non-random system at (p=1,T7 =T.) is unstable along
the temperature axis. If a > 0, the same point is also unstable along the horizontal
direction that decreases p from unity. In this case, there exists a random fized point that
controls the critical behavior of the diluted ferromagnet at some intermediate values
of p and T, as indicated by a blank square in Fig. 8.5. To state it more accurately,
more and more new types of parameters emerge as the renormalization steps proceed,
and consequently the renormalization flow cannot be drawn on the two-dimensional
phase diagram. The random fixed point is located in a multidimensional space away
from the plane of Fig. 8.5, which is projected onto this figure as a blank square. There

8 There exists the possibility of a special phase called the Griffiths phase, which is hard to detect
experimentally due to its very weak singularity.
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Fig. 8.5 Phase diagram of a diluted ferromagnet. The probability that a site is occupied by
a spin is denoted as p. Arrows represent the flow of parameters by the renormalization group.
The blank square is the projection of the random fixed point onto the two-dimensional p—T'
plane, which controls the critical phenomena along the phase boundary.

is no special critical point on the plane of Fig. 8.5 itself. This is a feature different
from the tricritical point of Fig. 8.2.

The structure of the diagram of Fig. 8.5 suggests that there can be another unstable
fixed point at zero temperature. The point marked p. on the p-axis is this fixed point.
The transition at this point along the p-axis is called the percolation transition, which
is a geometric transition. Ising spins all align parallel in the ground state and do not
play a role in the determination of the system properties. The percolation transition,
nevertheless, happens because the size of the clusters drastically changes at p.. A
cluster is a set of occupied sites connected by bonds. Assume that a bond exists
between neighboring occupied sites. In Fig. 8.6, there are four small clusters and a
single large cluster percolating from the top end of the system to the bottom.

v ]

Fig. 8.6 An example of percolation. Occupied sites are denoted by black circles. Four small
clusters are encircled by dotted lines. Another large cluster percolates from the top to the
bottom.
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Fig. 8.7 A cluster of size four in one dimension. Occupied sites are drawn in black and
unoccupied sites in white.

When the probability p of site occupancy is larger than the threshold p., large
clusters of macroscopic size connect boundaries of the system. Strictly speaking, a
cluster percolates if and only if it is of infinite size. For p smaller than p., only finite-
size clusters can exist. A percolation transition occurs at the point where a drastic
change between these different states takes place.

Ising spins on clusters all point to a single direction, up state (S; = 1), at zero
temperature under infinitesimally small but positive field. Thus, the sum of sizes of
clusters is given by Z; S;, where the sum runs over all occupied sites. This means that
the magnetization of a diluted ferromagnet at zero temperature is closely related with
the sizes of the clusters. In the thermodynamic limit, where the system size tends to
infinity, finite-size clusters do not contribute to the magnetization per site. Therefore,
the magnetization per site agrees with the probability P that a site belongs to an
infinite-size cluster. The probability P decreases as p decreases and vanishes for p < pc.

As will be shown below, many other quantities also show singular behavior at
pe. This phenomenon can be analyzed in a theoretical framework similar to the one
developed in previous chapters if we replace T'— T, by p — pc.

Percolation is a geometrical concept related to configurations of sites and bonds,
independent of magnetic properties of spins on occupied sites. The theory of percola-
tion has been applied to many fields including the spread of forest fire and the search
for crude oil in strata.

8.3.2 Scaling in a percolation transition

The number of finite-size clusters, with the size variable denoted as s, plays an
important role in the theory of percolation transitions. As a simple example, let
us consider the probability that a cluster of size four exists in one dimension, as
in Fig. 8.7. The probability that four consecutive sites are occupied is p*, and the
probability that sites neighboring to the left and right of the four-site cluster (shown
in white in Fig. 8.7) are both unoccupied is (1 — p)?. The number of ways to place
this cluster on a one-dimensional chain of size L is equal to the number of ways
to put the left-most site on the chain, which is approximately L. If we ignore the
boundary effects by considering an asymptotically infinitely long chain, the above
number is indeed L. Then, the total number of size-four clusters is Lp*(1 — p)?,
which we write as n4(p) = p*(1 — p)?, where n4(p) is the number of size-four clus-
ters divided by the number of sites L. Clearly, for general s, we have the cluster
number density n4(p) = p*(1 — p)? = (1 — p)2e~*/%0, where the characteristic cluster
size, so = —1/logp, diverges for p — p. = 1 as sg ~ (p. — p)~ /7 with o = 1.7

9 The critical probability p. for a general Bethe lattice with coordination number z is given by
pe = 1/(z — 1), which becomes unity when z = 2, i.e. for the one-dimensional case.
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The probability that a given site belongs to a cluster of size s is sn(p) since the
site under consideration may be any one of the s occupied sites in a cluster.

It is difficult to write the expression of ns(p) for arbitrary s in higher dimensions.
Various types of clusters may exist, and it is impossible to list all of them for large s.
We therefore do not try to derive the explicit form of ns(p) and instead estimate its
asymptotic form for large clusters s > 1 as these large clusters should play dominant
roles in the critical phenomena around p = p..

Our goal is to reveal the asymptotic behavior of ns(p) for p close to p. and very
large s. An analogy with the usual thermal critical phenomena suggests to assume the
following scaling law,

ns(p) = s~ f((p — pe)s?). (8.44)

This implies that the dependence of ns(p) on s and p is described essentially as a
single-variable function of the combination (p — p.)s®.

We investigate the behavior of important physical quantities near p. using
eqn (8.44). The first target is the probability P that an occupied site belongs to an
infinite cluster, i.e. the percolating cluster. As was mentioned in the previous section,
P is essentially the zero-temperature magnetization of a diluted ferromagnet, which
is positive (non-vanishing, to be more accurate) when p > p. and zero for p < p.. Let
us write 3 for the power by which P approaches zero toward pe,°

P~ (p- pc)ﬁ (p > pe)- (8.45)

We recall here that the probability for a site to be occupied is the sum of the
probabilities for the site to belong to an infinite cluster and that to a finite cluster.
Accordingly, we have the following relation,

o0

P+ Z ns(p)s = p. (8.46)

s=1

This equation may be rewritten as, using ) ns(pc)s = pe (since P =0 at p = p.),
P =3 (ns(pc) = ns(p)s + (p = pe)- (8.47)

If we assume that critical phenomena are dominated by the behavior of n,(p) for very
large s, we may ignore the discreteness of s, As = 1, compared to the magnitude of s
itself. Then, the sum in the above equation can be replaced by an integral. Using the
scaling law (8.44), eqn (8.47) now reads

P~ /ds sTTHHF0) = f((p—pe)s”)] + (p — pe)- (8.48)
We can ignore the second term on the right-hand side, p — p., for the purpose of
investigating the singularities of P. The change of the integral variable from s to

2= (p— po)s” yields, for p > p,

10 One dimension is special. In that case, P =0 for p <1 and P =1 at p=p. = 1 with 8 = 0.
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Poc(p—po)7 27 /dz 2B (£(0) - £(2)). (8.49)
Since the left-hand side is proportional to (p — p.)?, it is concluded that
T—2
= . 8.50
p=" (5.50)

Let us next consider the average size of finite-size clusters. The probability for a
site to belong to a cluster of size s is sns(p), and hence the expectation value of the
size of a finite-size cluster, S, is

S = Zns(p)s2 ~ /ds s2ns(p). (8.51)

Assuming p < p. and changing the integral variable to z = (p. — p)s? using eqn (8.44),
we rewrite the above equation as

S (pc 7p)(‘rf3)/o'/dz f(iz)zfl+(3f‘r)/a. (852)

As p increases toward p. from below, larger and larger clusters emerge and the average
size of clusters S should diverge. If we define the exponent of this divergence as -y, the
above equation implies

7= (8.53)

The same relation as above holds also for p > p. if we consider finite-size clusters
only, excluding infinite clusters, and see the rate of divergence of the size of finite
clusters.

We write « for the exponent of the divergence of S because S is proportional to
the susceptibility of a diluted ferromagnet in the low-temperature limit. When the
temperature is close to zero, almost all Ising spins in a cluster are oriented in the same
direction and so a cluster can be regarded as a single isolated spin that takes values
+s. Thus, the magnetization of a cluster of size s is stanh(8sh) if the external field
h is of the same order of magnitude as the temperature (so that Gh is of order one).
The total magnetization of the system is the sum of these contributions from clusters.
For p < p, all clusters are of finite size, and the magnetization is

m= Z ns(p)stanh(Bsh). (8.54)
The susceptibility is therefore
om
X= 5 = ﬁz s2ns(p) = BS. (8.55)
h—0 s

This expression shows that x is proportional to S, apart from the p-independent
factor .12

1 In one dimension S is determined exactly as S = p(1+p)/(1 —p) = p(pc +p)/(pc —p) and
diverges as (pc — p)~ 7 with a universal exponent v = 1.
12 This B is 1/T, not a critical exponent.
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The total number of clusters My = > ns(p) also shows a singularity at p.. If we
write the singular part of My as (p. — p)?~, it is possible to derive the following
relation in a similar way to that for 8 and -,

T—1

2—a= (8.56)

o

Equations (8.50), (8.53) and (8.56) show that the exponents 7 and o defined
in (8.44) determine the other exponents, a similar situation to the conventional critical
phenomena. It is sometimes useful to remember that the exponents «, 3 and ~ satisfy
the following scaling relation,

a+28+y=2. (8.57)
EXERCISE 8.4 Derive eqn (8.56).

8.3.3 Fractal dimension and hyperscaling

The scaling law (8.44) may look similar to the finite-size scaling (3.98) of conventional
critical phenomena. The variable t = (T' — T,)/T. corresponds to p — p. and the length
scale L would correspond to the cluster size s. This identification, however, is not
necessarily correct. The size s is the number of sites in a cluster, which is different
from the linear size of a cluster. As the typical linear size of a cluster is the correlation
length &, it is necessary to relate the correlation length with the size s.

The starting point of the discussion is the definitions of the correlation function
G(r) and the correlation length £. The correlation function is the probability that a
site B at a distance r from a given occupied site A belongs to the same cluster as A.
A very simplified example is that all sites are occupied inside a circle of radius a from
site A and all sites are unoccupied outside of the same circle. Then, the correlation
function from A is G(r) =1 for r < a and G(r) =0 for r > a. This example should
be sufficient to convince the reader that the expectation value of the size of a cluster
S is the sum of G(r) over all r,

S=3 G(r). (8.58)

Let us assume p < p., which allows us to consider only finite-size clusters. The
above equation is of the same form as the relation between the susceptibility and the
correlation function in spin systems. Since all clusters are of finite size, G(r) decays
exponentially beyond the length scale £, the correlation length,

G(r) ~r=%e /¢, (8.59)

As p approaches p., larger and larger clusters appear, and eventually the correlation
length diverges at p.. The critical exponent v characterizes the rate of this divergence,

§oc(pe—p)". (8.60)
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It is, by the way, natural to assume that the borderline size

so ~ (pc —p) M7 (8.61)

between the regions of large and small z(= (p — p.)s?) in eqn (8.44) is related to the
length ¢ at which the correlation function G(r) starts to decay significantly. Indeed,
the change of s from values giving |z| = |(p — pc)s?| smaller than unity to values giving
large |z| has the same effect on ng(p) as the change of p (with fixed s) from values near
Pe to values far from p.. The system then moves from a region close to the critical point
to a region far from criticality, the borderline being at |z| & 1. If we observe a cluster
with a much smaller length scale than the correlation length &, this correlation length
looks very large and the system seems as if it were in the critical region (|z] < 1). If, on
the other hand, the standard of length to observe the cluster is much larger than the
correlation length &, the finiteness of £ is clearly recognized and the system is regarded
as being outside the critical region (|z| > 1). Consequently, the sy corresponding to
|z| =1 would be identified with the cluster size (the number of sites in the cluster)
where such a qualitative change of the system behavior takes place, namely the size
of a cluster of linear length &.

At pe, a finite-size cluster has a very complicated structure, very different from
a simple sphere, characterized by a fractal dimension D. Discussions in the pre-

vious paragraph indicate that sy has a linear size £ with a fractal dimension D
defined by

s0 o< £P. (8.62)

A simple structure like a sphere has D equal to the spatial dimension d. In the case of
more complicated cases, fractal structures, the increase of occupied sites s as & grows
is slower than in simple sphere-like structures and thus D < d holds.'® In general,
if we observe a cluster from a length scale L smaller than the correlation length &,
the system may look critical (because the correlation length looks very long) and the
cluster looks fractal-like s o« L. As L — &, s approaches s.

Equations (8.60), (8.61) and (8.62) lead to the following relation,

so o< P (Pe —p)_D” x (pe — p)_l/”. (8.63)
It then follows that
Dvo = 1. (8.64)

We have thus related the critical exponent v with the fractal dimension D. Is
it possible to further establish relations between the fractal dimension D and the
spatial dimension d and hyperscaling that relates critical exponents with the spatial
dimension? The answer is yes with the relation

p

D=d-". (8.65)

13 In one dimension D =d = 1.
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By eliminating D using Dvo = 1, we find a hyperscaling relation. Equation (8.65)
shows how much the dimension decreases from the spatial dimension d to the fractal
dimension D, expressed in terms of two critical exponents.

In order to understand eqn (8.65), suppose that p is fixed to a value slightly larger
than p. and we count the number of occupied sites M (L) in a finite system of linear
length L(> &). We divide the system into subsystems with linear length £. The number
of such subsystems is (L/¢)?. Since the number of occupied sites in a subsystem is
¢P according to eqn (8.62), the total number of occupied sites in the whole system
is (L/€)%¢P = ¢P=4L4. This number is identified with PL? from the definition of P,
and then we obtain eqn (8.65) from P o< (p — pc)P.

If we eliminate D from Dve = 1 and D = d — /v and use the relation §+~v = 1/o
(which comes from eqns (8.50) and (8.53)) as well as the scaling relation (8.57), we
arrive at the hyperscaling

28+y=dv=2-q, (8.66)

which is the same expression as in conventional critical phenomena. Hyperscaling holds
below the upper critical dimension as before. The upper critical dimension is six for
the problem of percolation, as will be explained in the next section.

8.3.4 Bond process and Potts model

It has been shown that the scaling analysis is useful to understand some aspects of
critical phenomena in percolation. A direct relation between spin systems at finite
temperature and percolation will further help us clarify the situation. This program
is realized through the Potts model with the number of states tending to unity.

We have so far treated the site process of percolation in which each site is occupied
or empty independently of the other sites. It is actually the bond process, in which each
bond is occupied randomly with probability p independently of the other bonds, that
has a direct correspondence with the Potts model. We will therefore consider the bond
process in the present section. It should be noticed that the scaling theory developed
in the previous sections applies without essential changes to the bond process since the
concepts of a cluster and the cluster size (the number of occupied bonds in a cluster)
can be defined essentially in the same way as in the site process.

Let us analyze the g-state Potts model on a lattice

H=-J]) 655, (8.67)
(i)
introduced in Section 1.5, where S; is a Potts spin assuming the values 1,2,--- ¢
at site . We will now show that critical phenomena of this model as a function of
temperature are equivalent to critical phenomena of percolation if we take the limit
q— 1.
The partition function for the Hamiltonian (8.67)

Z=3 e | KD s, | = JLe" (8.68)

{S:i} (ij) {S:} (id)
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Fig. 8.8 An example of a term in the partition function of a bond process. The bold lines
represent occupied bonds.

Kés

can be rewritten, using the relation ™55 =1 + (ef — 1)ds;,s;, as

Z=> J[(+uds.s,) (u=e-1). (8.69)
{54} (is)

The expansion of the product on the right-hand side of this equation gives the factor
1 or udg, s, for each bond. This fact suggests that we can express the polynomial of
u, obtained from the expansion of the right-hand side, graphically as follows. If the
term udg, s, is chosen for a bond (ij), we take it as an occupied state of the bond
(i), and 1 is understood as an unoccupied bond. Then, each term of the expansion is
represented by a graph showing the set of occupied bonds, as illustrated in Fig. 8.8.

An occupied bond has the constraint g, s,, that is, spins at sites 7 and j take the
same value. Thus, all sites in a cluster of occupied bonds have the same spin state.
Spins belonging to different clusters are uncorrelated. Consequently, the expansion of
Z as a polynomial of u is written as follows,

Z =" ¢"u. (8.70)

config

Here, the sum runs over all possible configurations of occupied bonds, i.e. all possible
ways to draw graphs like Fig. 8.8. . is the number of clusters in a given config-
uration of occupied bonds, and NV}, is the number of occupied bonds in the given
configuration.

In the bond process of percolation, the probability Peonsig for a given configuration
of bond occupation is p™¥* (1 — p)Ne=M where Np is the total number of bonds,
occupied and unoccupied. We use this probability to rewrite eqn (8.70) multiplied by
(1 — p)Ve | writing p/(1 — p) for u, as

Ny
Zgp)=1-pNrZ=>1-p" Y ¢ ( p> =Y 0" Peonig.  (8.71)

config config

In the limit ¢ — 1, Z(q, p) represents the sum of probabilities of all configurations of
occupied bonds. This suggests a close relationship between the Potts model in the
limit ¢ — 1 and percolation.
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We need to be a little more careful because the simple substitution of ¢ =1
in Z(q,p) yields the sum of all possible cases, which is unity trivially. The leading
correction to the limit ¢ — 1, ¢ = 1 + € for small €, gives the non-trivial relation

Z(1+€p)=1+€ Y  NePeonfig = 1 +¢(Nc) (8.72)
config

for the expectation value of the number of clusters. Using the notation of the previous
sections, we have, from dq = de,

gqlogém,p) = (N = S na(p) = My, (8.73)

qg—1
Thus, M is given by the ¢ — 1 limit of the free energy of the g-state Potts model, and
the ¢ — 1 limit of the critical exponent « of the Potts model is the critical exponent
a of percolation. Other critical exponents satisfy similar relations.

Critical points of the two systems satisfy the relation

lim efe — 1 = ,
q—1 1 — Pe

(8.74)

where K. is the critical point of the Potts model and we have used u = p/(1 — p).
For example, the critical point of the g-state Potts model on the square lattice is
effc = /@ + 1 as will be shown in Exercise 10.2. Then, the above relation gives the
critical probability of the bond process on the square lattice as p. = 1/2.

Let us now consider the upper critical dimension and the mean-field theory for
percolation. It is useful to check the relevance of non-quadratic terms of the Landau
free energy, generalized to have a spatial dependence of the order parameter, around
the Gaussian fixed point. The Potts model does not have a symmetry under inversion
of spin variables except for the special case of the Ising model with ¢ = 2. Hence,
the Landau free energy has both even and odd terms. Consequently, a correction
to the quadratic term begins with a cubic term, for which the borderline dimension
of relevance is six, as was discussed for the spin glass problem in Section 8.2.3. We
conclude that the upper critical dimension is six for percolation.

The mean-field critical exponent for d > 6 can be estimated easily from the
properties of the Gaussian fixed point. As was mentioned in Section 4.2.1, critical
exponents for the Gaussian fixed point satisfy

d—2

d 1
0[22—5,6—7,’7—17V—§, 7]70 (875)

By inserting the value of the upper critical dimension d = 6, which is the limiting
dimension for the hyperscaling to be applicable, we find the mean-field exponents as
follows,

1
a:—l,ﬁ:l,fy:l,y:i,nzo. (8.76)

These values coincide with the direct solution of the percolation problem on the Bethe
lattice, a lattice with special structure on which the Bethe approximation gives the
exact solution.
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The final remark is on the order of the transition. The Potts model with ¢ > 2
has a first-order transition in the mean-field theory since the Landau free energy has
a cubic term. The order changes at ¢ = 2 because the coefficient of the cubic term
changes the sign there, and consequently the problem of percolation corresponding to
q — 1 undergoes a second-order transition.

EXERCISE 8.5 Let us confirm that the correlation function of the Potts model
reduces to the correlation function of percolation in the limit ¢ — 1. We first recall
the definition of the correlation function of the Ising model, G(r) = (SoSr), which
decays exponentially to zero as r — oo in the paramagnetic phase. Physically, this
behavior reflects the fact that each spin takes both values S; = 1 and S; = —1 with
equal probability, leading to the vanishing average. This observation suggests that
the correlation function of the Potts model is to be defined in terms of the product
of 6s,,1 — ¢~ ' (for which the simple average vanishes),

G(r) = (3501 — ¢ )(0spa — a7 ")) (8.77)

We now reinterpret this quantity in terms of percolation by using the correspondence
explained in this section. (1) Show that the average of (dsy,1 — ¢ ')(6sp.1 — g™ ")
vanishes if site 0 and » belong to different clusters. (2) Show that the average
of (8sg,1 —q )(6sp1 —q ') is (¢ —1)/q¢® if site 0 and = belong to the same
cluster. (3) Set ¢ = 1 + € and show that the coefficient of € of the expansion of the
correlation function of the Potts model G(7) coincides with the correlation function
of percolation.
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Exact solutions and related topics

Only a limited number of models of phase transitions and critical phenomena can be
solved exactly. These examples, nevertheless, play important roles in many aspects
including the verification of the accuracy of approximation theories such as the mean-
field theory and renormalization group. Also, mathematical methods to solve such
examples are interesting in their own right and constitute an important subfield of
mathematical physics. In particular, the exact solution of the two-dimensional Ising
model occupies an outstanding status as one of the founding studies of the modern
theory of phase transitions and critical phenomena. We elucidate in the present chapter
simple but typical examples of exact solutions such as the one-dimensional classical
spin system, the spherical model, the one-dimensional quantum XY model and the
two-dimensional Ising model. An account of the Yang—Lee theory on the zeros of
the partition function will also be given as a set of basic rigorous results on phase
transitions.

9.1 One-dimensional Ising model

We have already studied the one-dimensional Ising model in the context of a real-space
renormalization group. It is, nevertheless, illuminating to explain the well-established
method of its solution here partly because the solution of the two-dimensional Ising
model is closely related to some aspects of the one-dimensional solution. Also, it is one
of those exactly solvable models where the independence of thermodynamic quantities
on the boundary conditions, in the thermodynamic limit N — oo, can be rigorously
established. We will study the free and periodic boundary conditions cases.

9.1.1 Free boundary condition

The Hamiltonian of the one-dimensional Ising model at zero field, h = 0, under free
boundary conditions reads

N—-1
H=-=>J88i. (9.1)
i=1

The interactions are considered to depend on site index i for later convenience. A
superscript (F) for the partition function Z will denote the free boundary condition,

N-1
Z8 =3 0 % exp (52Jisisi+1>7 (9.2)
i=1

S1==+1 Sy==%1
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where § = 1/T is the inverse temperature. We first carry out the sum over Sy, the
spin on the edge, to evaluate Z$)~ If we separate the part that includes Sy, we have

ZI(\]/?) — § eﬁJISISQ“F"'+ﬂJN—QSN—2SN—1 . E e,@JN,lsN,lsN. (93)
51,82, ,SN-1 Sy==+1

The sum over Sy can be performed easily to yield a factor

Z ePIN=1SN-18N — 9 cosh(BJIN_1SNn_1) = 2cosh(Bn_1). (9.4)
Sny==%1

We have used here that cosh is an even function and thus cosh(8Jy_1Sn_1) is
independent of Sy_1(= £1). We therefore have a recursion relation

Zy) =2cosh(BIn-_1) - 2§, (9.5)

between Zj(\f) and ZJ(\FEI. Repeated applications of this recursion relation leads to

N-1
ZJ(\F) = 2cosh(BJn_1) - 2cosh(BJN_2)---2cosh(BJ;) -2 = 2N H cosh(K;), (9.6)
i=1

where the final factor 2 comes from the sum over S; and K; = (3.J;. This is the solution
for the partition function.

Equation (9.6) immediately gives physical quantities such as the free energy F,
energy F, and specific heat C' from the logarithm and its derivatives. The entropy is
S = (—F+ E)/T. For a uniform system J; = J, for which ZJ(P = 2(2cosh K)V—1,

F=-T(log2+ (N —1)log(2cosh K)) =~ —T'N log(2 cosh K) (9.7)
E=—J(N —1)tanh K ~ —JN tanh K (9.8)

K%(N —1) K2N
C= 2 ~ 2
cosh” K cosh” K

(9.9)

where we have taken the large-N limit to replace N —1 by N and chosen to ignore
log 2 in comparison with N log(2cosh K). The dependence of the energy and specific
heat on the temperature is shown in Fig. 9.1. The specific heat in the low-temperature
limit (K >> 1) is given as, using cosh® K ~ K /4,

C ~4NK?e 2K, (9.10)

This function vanishes exponentially as K increases (1" decreases).
Next, the correlation function is defined as

ZS s SiSi+r eB(J18182+ -+ JINv_1Sn-15N)
(8iSiqr) = —H—2F ) . (9.11)
ZN
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0.5
C/N
0
-0.5¢ E/N
_1 1 1 1 1 ]
0 1 2 3 4 5
T

Fig. 9.1 Energy and specific heat per spin for the one-dimensional Ising model. The unit of
energy is set to J = 1. The specific heat has a peak around T = 1.

The numerator can be expressed as a derivative of the denominator Z](\E): Using sz =1
and eqn (9.6), we rewrite the above equation as follows,

(S:Sisr) - 24

= Z (SiSit1) - (Six1Siy2) -+ (Sipr_1Siy,) P roSattIy-1Sn-15n)
81, SN

0 0 0 (F)

—0(B) 0(BTia) OB igr)

= (2cosh 3.y - 2cosh BJ - - - 2cosh BJ; 1)
-(2sinh 8J; - 2sinh BJ;41 - - - 2sinh BJ; 1)

+r—1
{(2cosh By 2cosh Bly_1) 2= 2y ] tanhK;. (9.12)
Jj=t

Thus, the correlation function for the case of uniform interactions (J; = J) is
(8iSi4r) = (tanh K)" = exp(—r(—log tanh K))), (9.13)
which is independent of ¢ and IN. The correlation length is then

1

&= logtanh K

(9.14)
In the low-temperature limit, the correlation length diverges exponentially since
¢ ~ e?(5/2 from tanh K ~ 1 — 2e 2K,

The evaluation of the susceptibility starts from its expression in terms of the sum
of correlation functions as described in Appendix A.2,
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20

X/N

10 1

Fig. 9.2 Susceptibility of the one-dimensional Ising model with the energy unit fixed to
J = 1. It diverges exponentially as T — 0.

X =8 (S:S;). (9.15)

4,J=1

We first notice that the correlation function (S;S;) depends only on the distance
between the two sites, |i — j|, as seen in eqn (9.13), not on ¢ and j separately. If we
simplify the discussion by ignoring boundary effects (justified in the limit of large N),
we may replace the above equation with the following,

N
% -3 (1 + 22<5isi+k.>> . (9.16)

k=1

Here, the first term on the right-hand side comes from the terms with ¢ =j in
eqn (9.15). The factor 2 on the second term comes from the two cases of j(= i+ k)
larger than ¢ (k > 0) and smaller than ¢ (k < 0) in eqn (9.15). The double sum over ¢
and j in eqn (9.15) is replaced by a single sum over k in eqn (9.16) with the factor N
(the number of possible is) extracted to the outside, and the sum over j in eqn (9.15)
is rewritten in terms of the sum over & in eqn (9.16). We now insert eqn (9.13) into
eqn (9.16) and carry out the sum to find

X 1+ tanh K

=0 —. 9.17
N—oco N 1 —tanh K ( )

This susceptibility shows a strong exponential divergence proportional to Se?X at low
temperatures, as depicted in Fig. 9.2. This feature reflects the fact that the lower
critical dimension is one with T, = 0.

9.1.2 Periodic boundary condition

A periodic boundary condition does not allow us to trace out spin variables from the
boundary site one by one as in the free-boundary case. It is, nevertheless, possible to
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evaluate the partition function by a powerful technique called the transfer matriz
method. The transfer matrix method is a common tool in many contexts and is
used also in the solution of the two-dimensional Ising model, and so we explain this
technique in some detail.

Let us first write the definition of the partition function for the uniform system in
the presence of an external field h,

Z¢ = > exp(KSiSy+hSi+ KSySs +hS + -+ KSyS1 +hSy), (9.18)
Sl,»--,SN

where the superscript (P) denotes a periodic boundary. It is useful to introduce the
following notation,

(9.19)

T(S1,S2) = exp (KSng + h(Sl_’_SQ))

2
Then, eqn (9.18) is written as follows,

Zy) = 3" T(S1,82)T(S,85)T(S5,84) - T(Sn—1,S3)T(Sn, 51).  (9.20)

We note here that T'(.S;, S;+1) takes four values depending on S; and S;11, and is thus
regarded as a 2 X 2 matrix (the transfer matriz),*

_( T(,1) T(,-1) \ _ [efth =K
T= (T(l,l) T(—-1,-1)) — \ e ¥ eK-h )- (9.21)
Then, the sums over Sy to Sy in eqn (9.20) (excluding the sum over S;) may be
identified with the diagonal element TV (S, S1) of the product of N matrices T%,

N(S1,81) = Z T(S1,92)T(S2,S3)T(S3,S4) - T(Sn -1, Sn)T(Sn, S1)-

The final sum over S; is equivalent to the trace of the matrix TV, 022
AR Y (9.23)
Consequently, we have, by writing A for the two eigenvalues of T,
ZE = AN £ AN, (9.24)
The eigenvalues of T" are easily calculated as
e efHh oK —h 4\ [(eF+h  ¢K—F)2 — 42K 1 4e—2K' (0.25)

2

This completes the evaluation of the partition function.
In the thermodynamic limit N — oo, we expect the present result to agree with the
corresponding result for the free boundary condition, eqn (9.7), because the boundary

1 Do not confuse temperature 7" with the transfer matrix 7.
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effects may be neglected. Since Ay > A_, we have

N
ZE) N {1 N (t) } S, (9.26)

from which the free energy per spin in the absence of fields (h = 0) is

F
lim N = —Tlog Ay = —Tlog(2cosh K). (9.27)

N—o0

This agrees with eqn (9.7). The derivatives of the free energy, i.e. energy and specific
heat, also do not depend on the boundary condition.

We next write the definition of the correlation function to evaluate it under
the periodic boundary condition, assuming h = 0 for simplicity. To be concrete, the
example of the correlation between Sy and S; will be explained,

(S2S4)- 2y = D T(S1,5)
Sly"'ﬂsN

-Sy - T'(S2,53)T(S3,54) - S4 - T(S4,S5)---T (SN, S1). (9.28)

As already mentioned, the trace over spin variables can be regarded as the trace
of the product of transfer matrices. We therefore calculate the expectation value of
the product from T'(S1,S52) to T(Sn, S1) in the summand of the above equation, the
expectation value being taken with respect to the eigenvectors of T'. The normalized
eigenvectors for h = 0 are

+) = % <i11> (9.29)

where the signs correspond to the two eigenvalues A1. We first take the expectation
value of the summand of eqn (9.28) over |+). The application of |+) from the right
leads to simple multiplication by A} as each of T'(Sy,S1) to T'(S4,S5) is applied to
|+). Similarly, (+| applied to T'(S1,S2) from the left yields Ay (+|. Consequently,

24 =

(+IT(S1,8) - 8>+ T(S2, $3)T (S5, 54) - Sa - T(S1, 85) -+ T(Sn» 1) |+)

= At (+]S2T(Sa, S3)T(S3, Sa) Sal+)AY 2. (9.30)

Next, we notice that T'(S3,S4)S, is obtained from T(Ss3,S) by changing the sign of
the second column, and therefore

K oK 1 (1 A1
T(Ss,S4)Sa |[+) = (ee_K s ) NG (1) = (_1> —A_|-). (931)
Similarly, one finds

e —e

(+]S2T(S2, S5) = %(1 1) (_efK e‘i) e
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Then, it follows that
zp = AV AN (9.33)

The expectation value z_ obtained by using |—) can be evaluated in a similar fashion.
Simple replacements of Ay by A_ and |+) by |—) are sufficient. The result is

o= AV72N0 (9.34)
We therefore arrive at the following relation, using eqn (9.24),

AN-2)2 | N2y

S9854) = 9.35
From A, > A_, the correlation function in the thermodynamic limit is
A 2
lim (S58,) = <‘> = tanh? K. (9.36)
N—oo )\Jr

It is straightforward to apply the same method to an arbitrary correlation function.
The result is, for r < N/2,

A

A+> = (tanh K)". (9.37)

(siSu) = (
This expression coincides with eqn (9.13) for a free boundary. We therefore conclude
that the correlation function does not depend on the boundary condition in the
thermodynamic limit.
It is interesting to notice here that eqn (9.37) can be rewritten as

SiSitr) = exp —7“10g)i . 9.38
A

The correlation length is written in terms of the logarithm of the ratio of two
eigenvalues of the transfer matrix,

1

PV
1 _
GO

€= (9.39)

It is established in higher dimensions as well that the correlation length can be
expressed as a function of the ratio of the two largest eigenvalues of the transfer
matrix.

EXERCISE 9.1 Evaluate the partition function of the three-state Potts model in
one dimension,

BH =—K» 5(Si,Si11) (Si=0,1,2) (9.40)
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Fig. 9.3 A two-leg ladder.

with a free boundary condition. Solve the same problem also for a periodic boundary
condition. Confirm that the free energy per spin does not depend on the boundary
condition in the thermodynamic limit N — oo.

EXERCISE 9.2 Evaluate the partition function of the two-leg ladder Ising model,

N N

N
BH = —K; Z 5155141 — K1 Z S52:52i41 — Ko Z S1i52i (9.41)

i=1 i=1 i=1

with periodic boundary conditions, i.e. Sin+1 = S11, and San+1 = Sa1, see Fig. 9.3.
Write also the correlation function (S1;S1i4r) in terms of the transfer matrix. Hint:
The transfer matrix is a 4 X 4 matrix.

9.2 One-dimensional n-vector model

The n-vector model is a system of coupled spins {S;}, where S; is an n-component
classical vector at site i, S; = (531, Si2, -+, Sin), normalized to unity, |S;| = 1. The
components of S; can take continuous values as long as the normalization condition
|Si| = 1 is satisfied. It is also called the O(n) model. The Hamiltonian is, in the absence
of external fields,

H=-J S;-S;. (9.42)
(i5)

This model includes the Ising model when n = 1 and the XY and Heisenberg models
for n =2 and n = 3, respectively. The n-vector model with n = 4 does not directly
represent real physical systems. It is, nevertheless, often useful to discuss general-n
cases for theoretical analyses. In particular, the limit n — oo is known as the spherical
model, for which the exact solution can be derived in any dimension, as will be shown
in Section 9.3.

The mean-field theory for the n-vector model yields critical phenomena (critical
exponents) independent of n. This result is not applicable to dimensions lower than
the upper critical dimension, where the critical exponents depend on n. In the present
section we solve the one-dimensional n-vector model under a free boundary condition
and discuss its properties.
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Let us start with the definition of the partition function of the n-vector model in
an N sites chain with free boundary,

N
ZI(VF) = /HdSi exp (K(51 -So+855-S35+--+Sn-1- SN))- (9.43)
i=1

The integration is carried out constrained to the normalization condition |S;| =1 for
each i.

Now, we first perform the above integration for S and then for Sy_1, following
the prescription for the Ising model. The part involving Sy is extracted for this
purpose,

N-1
Z](\],?) :/ H dSl exp (K(Sl 'SQ+S2'S3+"'+SN,2'SN,1))
=1

/dSN eXp(KSN_1 . SN) (944)

The range of integration for Sy is over the unit sphere of the n-dimensional space.
Since the unit sphere is isotropic, we may choose any direction as the first axis of the
Cartesian coordinate. We therefore choose the direction of the vector Sy_; as the first
axis because this facilitates the calculation significantly. The product Sy_1 - Sy then
has only the first component Sy1, and the Sy-integral of eqn (9.44), to be denoted
as G(K), is written as

G(K) = / Sy eKSn

/ dSny---dSnn 5<(SN1)2 + (Sn2)®+ -+ (Swn)?* — 1) KON (9.45)

— 00

This integral can be carried out as a Gaussian integral if we use the Fourier represen-
tation of the delta function as detailed in Appendix A.15. The result is

1-n/2
G =c() sl (9.46)

where c is a trivial constant and I,/ (K) is the modified Bessel function of the first
kind.

The partition functions (9.43) and (9.44) thus satisfy the recursion relation ZJ(\?) =

GK)- ZZ(VFll. Repeated applications of this recursion relation lead to the following
solution,

ZJ(P = G(K)N~! - const. (9.47)
We can now calculate the free energy and its derivatives. The energy per site is

E . d o Iap(K)

L1 (K) (9.48)
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Fig. 9.4 The energy and specific heat of the one-dimensional (classical) Heisenberg model.
J is set to unity.

where the final equality was derived using the following identities satisfied by the
modified Bessel function,

3 1 () 4+ L1 (K)), LK) = o (T a(K) ~ L a(K)) . (9.49)

As an example, let us choose n = 3 corresponding to the Heisenberg model. The
modified Bessel functions applicable to this case can be written, in terms of elementary
functions, as

2 2
Lyjao(K) = \[ = (cosh K — K™'sinh K), 11p(K) = | sinh K. (9.50)

The energy per site Fy and its temperature derivative, the specific heat per site Cy,
are

I, (K) =

1 1 1 1
Ey=J|=—-—— Co=K?—-——]. 9.51
0 (K tanhK) r 0 (K2 sinth) (6-51)
These functions are drawn in Fig. 9.4. The low-temperature limit of the specific heat is
Co = (1 — 4K?%e %K), (9.52)

which approaches a finite value at T" — 0, a behavior significantly differently from the
Ising model, see Fig. 9.1. This qualitative difference originates in the symmetry; the
Ising model has a global discrete Z, symmetry, whereas the model with n > 2 has
a continuous symmetry, i.e. an invariance of the Hamiltonian under a simultaneous
rotation of all spins by the same angle.

To understand this behavior, it is helpful to differentiate the free energy with
respect to temperature to obtain the entropy. The entropy of the classical Heisenberg
model turns out to behave as S ~ logT in the low-temperature limit and diverges
toward —oo. This is the same phenomenon as observed in the entropy of a classical
ideal gas. In a classical ideal gas the low-temperature entropy behaves unphysically due
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to the continuous translational invariance of the Hamiltonian. The same mechanism
works in the classical Heisenberg model. In real materials with continuous symmetries,
quantum effects come into play at low temperatures, preventing physical quantities
from diverging. Such an example will be shown in Section 9.4.

9.3 Spherical model

The n-vector model can be solved exactly in any spatial dimension d if we take the
limit n — oo. The result shows a finite-temperature phase transition for d > 2, and the
low-temperature phase has finite spontaneous magnetization. The critical exponents
are functions of d in the range 2 < d < 4, whereas the same exponents take the mean-
field values above four dimensions d > 4. At d = 4 critical exponents coincide with the
mean-field results but with logarithmic corrections. The n-vector model in the limit
n — oo has been studied in detail due to these notable properties expected for more
conventional systems with finite n, which include the existence of upper and lower
critical dimensions and the d dependence of critical exponents between the upper and
lower critical dimensions.

The free energy of the n-vector model in the limit n — oo is known to be identical
to a model called the spherical model. Spins {.S;} of the spherical model take arbitrary
real values under the constraint Zfil S? = N, where N is the number of lattice sites.
The Hamiltonian has the conventional expression

H=-JY S8 —h>_ S (9.53)

(i) i
We can choose an arbitrary spatial dimension and lattice structure. The Ising model
also satisfies the constraint Zfil SZ = N, but a spin of the spherical model S; can
take values other than +1. The constraint Zf\;l SZ = N represents an N-dimensional
sphere, from which the name comes. In the present section we derive the solution of
the n-vector model in the n — oo limit, which is often also called the spherical model.

9.3.1 Partition function and free energy

The Hamiltonian of the n-vector model in the presence of an external field reads
BH=-K>» 8;-S;—h-»_S;
(ig) @

n

=K SiaSja—hY Zn: Sia (Zn: 52 =n, w) , (9.54)
1 a=1

(ij) a= i a=1

where S; is a vector with n components. In order to have a non-trivial result in the
limit n — oo, we normalize S; as |S;|> = n, not as |S;| = 1 employed in the previous
section. The external field h is assumed to be applied along all axes with the same
amplitude. For simplicity, we consider the d-dimensional hypercubic lattice and the
interactions only exist between nearest neighbors. Periodic boundaries will be assumed
for translational invariance.
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The partition function of this model is written as

:[ HdS exp KZZSZGSJa+hZZSza

<z] a=1 i a=1
N n
119 (n - Zsfa) . (9.55)
i=1 a=1

From the Fourier representation of the delta function, we find

7= [oo Edsz . (27Ti)N [ioo HdZi

i=1
-ﬁeXp KY SiaSja+hY S+ Y z(1-53) ]| (9.56)
a=1 (i5) i i

It is convenient to perform the integration over S; first. The integral over S; can be
performed independently over each component, a = 1,2, - -+ , n, and the result does not
depend on the index a. Thus, we may simply raise the integral over a single component
to the nth power,

ico IV

27“ /_mll_lldzl{/_ooljd&
cexp | KY SiSi+hY Si+ Y z(1—57) . (9.57)
(i) i i

The multiple integral over {S;} is a Gaussian integral and can be evaluated explicitly.
The result is a function of {z;}, which we have to further integrate over {z;}. A
significant simplification takes place here in the limit n — oo since the integral over
{S;} is raised to the nth power, which allows us to apply the saddle-point method
to the z-integral. The result of the integral over {z;} is simply the maximum of the
integrand. This is why the spherical model can be solved exactly. This program will
be carried out explicitly.

Since all sites are equivalent, we may assume that the saddle point of z; is
independent of i. We therefore set z; = z and focus our attention on the evaluation of
the integral

IE/OO [[dSiexp | K> S5iS;—2> S7+h> S |. (9.58)
-0 g (ig) i i
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This is the multiple Gaussian integral detailed in Appendix A.16, where the following
formula is derived,

o] N/2
(§]

— 00

Here,  and q are N-dimensional vectors and C is an N x N matrix. We choose C in
this equation as follows,

Cii = 2z (diagonal), C; ;16 = —K (nearest neighbor), other C;; =0, (9.60)

and set ig = *(h, h,--- , h) to express eqn (9.58). Then, we can apply eqn (9.59) to the
present problem if we appropriately evaluate various quantities in this equation. We
start with the determinant of C' in the denominator by writing the eigenvalues of C,
which can be obtained following the method of eqn (A.263),

C(k) = 2z — 2K \(k Z cos kj. (9.61)

This leads to
det C = 2K)V [ (2 - A(k)), (9.62)

where Z = z/K. The quadratic form of ¢ in the exponent of eqn (9.59) can be rewritten
as follows, using the translational invariance of the lattice Green function G(= C~1),
ig ="t(h,h,--- ,h), and eqn (9.61),

2 2
*% ZQnQZGnl = %ZGM = % ZGnl
n,l n,l l

_ h2N h2N
5 NGk =0)= 2C(k=0) 4(z— Kd)' (9.63)

We are ready to use eqn (9.59) to write the result of the integral (9.58) explicitly,
h2

tIKG=d (9.64)

1
N logI— 10g27r— — logQK— — Zlog Z—A

The free energy per spin f is then written as, using the saddle point zo (or Zp —d =
20/K —d =),

h2
Bf(u) = —NgrBOON—nlogZ =—= logE ~iKa " (Ku+ Kd)
1 2m
—_— 1 - .
+2(27r)d /0 og(u+d— Ak))dk (9.65)

in the limit N,n — oco. We further need the explicit properties of the saddle point z
(or u = z9/K — d), which will be analyzed in the next section.
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9.3.2 Solution of the saddle-point equation and critical exponents

The minimization condition of f as a function of u is

H(u) = ! Qﬂ ! dk U 2K 9.66
(“)_(%)d/o u+d—Nk) oKwz (9.66)
Let us investigate the condition for this equation H(u) = 2K to have a solution in the
case of h = 0. We first note that H(u) is a monotone decreasing function of u, as can
be verified by differentiation. The function H(u) has three different types of behavior
around v = 0 depending on the dimensionality d as follows.

(i) d<2. The behavior of H(u) as u — 0, whether it diverges or not, is
determined by the properties of the integrand around the origin k = |k| ~
0. We may therefore adopt the approximation, using (k) ~ d — k%/2,

kdfl
H(u) ~ /0 Py dk, (9.67)
where the upper limit is omitted as it has no relevance for the divergence
at the lower limit. This integral diverges as u — 0 if d < 2. The other
limit u — oo gives H(u) — 0. Consequently, H(u) takes all positive
values, which means that the equation H(u) = 2K always has a solution
for arbitrary K (> 0). It is also clear that H(u) has no singularities at
any positive u. Hence, u as the solution of H(u) = 2K is an analytic
function of K and f(w) is not singular as a function of K. Thus, the
system does not undergo a phase transition for d < 2.

(i) 2<d<4. Asseenineqn (9.67), H(u) tends to a finite value as u — 0
for 2 < d < 4. The first-order derivative of H(u), however, diverges as
u — 0. To see this, we set k = v/2ux and rewrite eqn (9.67) as

H(u) ~ d/Q—l/Ld d/2-1 t. 9.68
(u) = u Tia? T XU + cons (9.68)

This equation shows that the first-order derivative diverges as u%/2~2 for
2<d< 4.

The function H(u) thus behaves as H(u) ~ H(0) — cu®/?~! for u ~ 0.
It also monotonically decreases from H(0) at w =0 to H — 0 as u — oc.
Accordingly, the saddle-point equation H(u) = 2K has a solution in
the high-temperature region satisfying K < H(0)/2 = K. but not in
the low-temperature region K > K.. The free energy therefore changes
drastically at K, a phase transition.?

2 No saddle point exists for K > K. in the sense that eqn (9.66) does not have a solution and
f(u) is not stationary anywhere. We may, nevertheless, consider that the stationary point stays at
u = 0 since f(u) is minimum at u = 0, that is, the argument of the parentheses {-} of eqn (9.57) is
maximum at u = 0.
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An expansion of the saddle-point equation (9.66)(h = 0) near the
transition point yields, using H(0) = 2K,

2K, — cu/?™! = 2K, (9.69)

from which we have AK = K. — K o« u%?~1. Since the integral in the
free energy (9.65) is given as the w-integral of H(u), the singular part
is proportional to u®/? from H(u) ~ H(0) — cu®?~'. Thus, the singular
part of the free energy is

focu®’? oc (AK) (=2, (9.70)

A comparison of this equation with the definition of the critical exponent
a, f~ (AK)?~%, yields
d d—4
o= d—2+2_d—2' (9.71)
Consequently, the specific heat does not diverge for 2 < d < 4 since
a < 0. The exponent « diverges as d — 2 and tends to vanish as d — 4.
It is interesting to remember that oo = 0 is the mean-field value.

Since u stays constant for K > K., the temperature dependence of
the free energy (9.65) exists only in the terms explicitly dependent on
K. The second-order derivative of this equation with h = 0 then shows
that the specific heat is a constant. We therefore conclude that the
specific heat has the temperature dependence as depicted in Fig. 9.5. A
notable feature is that the specific heat stays finite as T'— 0, similarly
to the one-dimensional n-vector model, a problem specific to continuous
classical systems.

The susceptibility is the second-order derivative of f with respect to
h and is therefore divergent, as follows according to eqn (9.65),

x o u ! o (AK)Q/(d*Q). (9.72)

The exponent is then v = 2/(d — 2).% The limiting behaviors are v — oo
asd — 2 and v — 1 as d — 4, the latter reproducing the mean-field result.

These two critical exponents are sufficient to fix the other values from
the scaling relation,

d—4 1 2 d+2 1
a_m7/6_7 ’Y—d7275—di2aV—d7277l—0 (973)

Expansions of these expressions to second order in € with 4 —d =€
agree with the e-expansion results of Section 4.2.2 in the limit n — oo.
All these exponents approach the mean-field values as d — 4. Exponents
other than B and 7 diverge as d — 2, indicating that the rate of
divergence is larger than power laws at the lower critical dimension. This

3 Ineqn (9.65) u is also a function of h through eqn (9.66) but this dependence can be ignored in the
evaluation of the derivative in the limit A — 0. This fact can be confirmed if we take the second-order
derivative of eqn (9.56) with respect to h, set h — 0 and reproduce the following argument.
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Fig. 9.5 A qualitative description of the temperature dependence of the specific heat of the
spherical model for d > 2.

is in agreement with the strong exponential divergence observed in the
two-dimensional XY model and the one-dimensional Ising model.

(iii) d > 4. Since H(u) = H(0) —cu as u=0 above four dimensions, we
can apply the discussions for 2 < d < 4 to the present case simply by
setting d — 4. It of course means that the mean-field theory gives the
exact values for the critical exponents. At d = 4, logarithmic corrections
appear, reflecting the logarithmic divergence of physical quantities.

EXERCISE 9.3 Show that the spherical model does not have a phase transition in
any dimension if h # 0. A finite field erases a phase transition, as in Fig. 1.3. It will
be useful to check if the saddle-point equation (9.66) has a solution for arbitrary K
and if the solution has a singularity.

EXERCISE 9.4 Evaluate the spontaneous magnetization of the spherical model
near the transition point for 2 < d < 4. Differentiate eqn (9.65) with respect to h
and eliminate u using eqn (9.66).

9.4 One-dimensional quantum XY model

The present book discusses topics of phase transitions and critical phenomena in
classical statistical mechanics. A main reason is that phase transitions and critical
phenomena are macroscopic phenomena involving very many degrees of freedom and
quantum effects, which usually appear prominently in microscopic length scales, do
not play significant roles. Quantum fluctuations, nevertheless, become dominant at
low temperatures, where thermal fluctuations become irrelevant, and phase transitions
caused by quantum effects sometimes appear.

We do not discuss quantum phase transitions in general. Nevertheless, one of the
simplest examples of quantum spin systems, the one-dimensional quantum XY model,
will be studied in the present section. This model is interesting not just because the
exact solution can be derived by relatively straightforward calculations but also since
the solution has common aspects with the two-dimensional Ising model to be discussed
in the next section.
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The Hamiltonian of the one-dimensional quantum XY model is

N
H=-J> (S7S7,, +5YSY,)) Z (9.74)
j=1

where S; is a spin-1/2 quantum operator, whose algebra was already presented in
Section 4.3.1, and a field h is applied along the z-axis.* The boundary condition
is periodic. The set of spin-1/2 operators along a one-dimensional chain, {S,}, can
be written in terms of Fermionic operators {aj,a;r-} by means of the Jordan—Wigner
transformation explained in Appendix A.17. The raising and lowering operators of
spins

:l: _ ” . Yy
S =57 £157 (9.75)
and the z-component S7 have the following expressions in terms of a;, and a;,

S =(1—2n1)(1 —2ny) -+ (1 —2n;_1)a}
ST = (1 — 2’111)(1 — 2’[12) cee (1 — 2nj_1)aj

n
R
Il
S]

Ta; — 2. (9.76)

Here, n; = a;aj is the number operator of Fermions with eigenvalues 0 and 1. From
the trivial relation (1 — 2n;)? = 1, we obtain the following Fermionic representations
of the products of neighboring spin operators,

S;-FS’;H = aj-(l - 2nj)a;r+1 = aT ;L'+1

S8 = a;(1—2nj)aj41 = —ajaj41 = aj10;

SF S5 = aj(l = 2n))aj41 = afaji

S5 Sjﬂ =a;(1— an)a;r-+1 = —aja;H = a;Haj. (9.77)

Rewriting the z- and y-components of the spin operators in the Hamiltonian (9.74) by
eqn (9.75) and using the above equations, we find the representation of interactions
in terms of Fermionic operators,

1
878741 = q(afal 1 + ajia; + alaji +alay)

1
atal L+ ajria; — a}ajﬂ - a;r-Haj). (9.78)

SySy = 4(JJ+

Jj+1

4 An application of fields along the z- or y-axis precludes the model to be exactly solved. Try it.
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The Hamiltonian is therefore®

N

N
J 1
H= -3 g (a;[ajﬂ + a;(Haj) —h E (a;aj - 2). (9.79)
i=1 i=1

This Hamiltonian represents a set of free Fermions (i.e. Fermions without interactions)
hopping from a site to a neighboring site, for which we can derive the eigenvalues by
using translational invariance.

It is useful to change the basis from the real-space representation to the space
of wave numbers by Fourier transformation, as is usually done in the analysis of
translationally invariant systems. We then define

1 s 1 .
a; = —— eYay, al = — e gl 9.80
D Do ow

where the operators {a,, a} } are also Fermionic. The Hamiltonian (9.79) is transformed
into
hN

H= —Z(Jcosq+h)aj1aq+ - (9.81)
q

Here, each wave number ¢ is independent, i.e decoupled, and thus the problem has
been solved. Since the eigenvalues of a];aq are 0 and 1, the partition function is

7 = e PMNETT (14 &P cosathny, (9.82)
q

The free energy and energy per spin in the thermodynamic limit are calculated from
this partition function as

h T (™ ]

f= 5 %/ log (1 + eﬁJCONHﬁh) dg (9.83)
h [ Jcosq+h

E°:§*§/ﬂrmdq~ (9.84)

This is the exact solution of the one-dimensional quantum XY model.

Let us investigate the properties of this quantum system at zero and low temper-
atures, where the system behaves quite differently from the corresponding classical
system due to quantum fluctuations. The zero-temperature limit of the energy for
the case h = 0 is derived by setting h = 0 in eqn (9.84) and taking the limit § — co.
The cos g term in the denominator of the integrand has positive and negative values

5 The periodic boundary condition of spin operators does not directly correspond to the periodic
boundary of Fermionic operators. However, if we are interested only in the macroscopic quantities such
as the energy and magnetization in the thermodynamic limit, the boundary condition does not affect
the result. We therefore do not go into the details of the problem of boundaries. See Appendix A.17
and Section 9.5.2 for more details.
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Fig. 9.6 Specific heat of the one-dimensional quantum XY model with the unit of energy
J=1.

depending on the range of q. Owing to the denominator in eqn (9.84), only the positive
range contributes to the zero-temperature limit and we have

J /2

J
Ey = cosqdg = —— (9.85)
T

2m —7/2

as the exact ground-state energy per spin. Non-trivial quantum effects manifest
themselves as the factor w. The specific heat per spin in the absence of external field

/62J2 ™ C082 qefﬂJ cos q
2 /ﬂ' (1 + e—ﬁJcosq)Z

C = dq (9.86)

behaves in the limit 7" — 0 as

T
C — 37 (9.87)

and thus approaches 0 linearly in temperature.

EXERCISE 9.5 Derive eqn (9.87) by taking the low-temperature limit of the
specific heat C, eqn (9.86).

The specific heat of the quantum XY model vanishes at T'= 0, in contrast to the
classical n-vector model, although the quantum system share the same invariance
properties under uniform rotation of the spins as the classical case. The temperature
dependence of the specific heat (9.86) is shown in Fig. 9.6.

The ground-state energy expression for non-vanishing h depends on whether A(> 0)
is larger or smaller than J. The result is

h
—3 (h>J)

(9.88)
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Fig. 9.7 Ground-state magnetization along the z-axis for the one-dimensional quantum XY
model. The unit of energy is chosen as J = 1.

EXERCISE 9.6 Derive eqn (9.88) by taking the low-temperature limit of
eqn (9.84).

The magnetic susceptibility along the z-axis is obtained by differentiation of the
free energy with respect to —h. The final answer for T' = 0, derived in a manner similar
to the ground-state energy, is

1 1 h
m=-3 + — arccos <_J>’ (9.89)

for h < J. This function is plotted in Fig. 9.7. When h > J, all spins align in the
z-direction and the interactions in the XY plane become ineffective. For h < J the
interplay between the field and the interactions determines the spin state, which may
be understood classically that the spin orientation gradually becomes parallel to the
XY plane as the field along the z-axis is reduced. Actually, quantum fluctuations
make the system state more complex.

We may regard the sudden change of the state at h = J as a quantum phase
transition. Any finite temperature, however small, destroys this singularity.

EXERCISE 9.7 Evaluate the partition function of the following Fermionic Hamil-
tonian chain,

N—-1 N—-2 N
BH = —4K1 Y nynji1 — 4Kz Yy mynjpo +4(Ki + K2) > ny, (9.90)

j=1 Jj=1 Jj=1

with a free boundary condition. Here, n; = a;aj is the number operator with the
eigenvalues 0 and 1. Since this Hamiltonian is actually written only in terms of the
classical numbers {n;}, it is convenient to map this Hamiltonian to a next-nearest-
neighbor Ising chain (up to an irrelevant constant and boundary terms)

N-1 N—-2

BH =—K1 Y SjSjp1— Ko Y ;S0 (S =+1). (9.91)

j=1 j=1
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Compute the partition function of this equivalent Ising chain. Determine also the
correlation function (S;S;41) in the thermodynamic limit N — oo.

9.5 Two-dimensional Ising model

The next example is the two-dimensional Ising model. The exact solution of the two-
dimensional Ising model is considered an outstanding milestone in the theory of phase
transitions and critical phenomena. There have been a number of methods of solution
proposed. In this section we explain the one that uses Majorana fields because it
involves a relatively smaller amount of computation than other methods.

9.5.1 Construction of the transfer matrix

It is convenient to reanalyze the transfer matrix method used for the one-dimensional
Ising model as a preparation for the two-dimensional case. Equation (9.21) shows that
the transfer matrix from site 7 to site ¢ + 1 is, in the absence of external fields,

efl e K
T(S;,8i41) = (eK ok > . (9.92)

The effect of this matrix is to add an interaction between spins S; and S;1; and
extend the length of the one-dimensional system, see Fig. 9.8. This transfer matrix T
is represented by a Pauli matrix (see Section 4.3.1), using the fact that the diagonal
element is e and the off-diagonal e=¥ in eqn (9.92), as

T=eX +e XKo" =ef(14+e250")
= e (1 4 tanh K*0%) = X (cosh K*) ek 7"
= g(K)eK 7", (9.93)

Here, K* is a function of K defined by e 2% = tanh K* and discussed in Chapter 10
in relation to duality. Also, we defined g(K) = ¥/ cosh K* = (2sinh 2K)'/2.

We now consider the two-dimensional case in which the process of extending the
system size, by adding columns one by one as in Fig. 9.9, is expressed by the operations
V1 (for the addition of interactions between two columns) and V5 (for the addition of
interactions within a column). We first notice that the addition of interactions between
columns represented by horizontal dashed lines in Fig. 9.9 can be performed at each
site independently of other sites. This operation of adding the interaction to the site
neighboring to the right of a given site is exactly the same as in the transfer matrix for

Fig. 9.8 The transfer matrix of the one-dimensional Ising model adds a spin to the existing
system.
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4

Fig. 9.9 The process to add columns by the operation of the transfer matrix. There are M
columns and L rows, both of which have periodic boundaries.

the one-dimensional model in Fig. 9.8. For the jth site (j = 1,2, -+, L), the operation
is expressed as g(K)eX 77 according to eqn (9.93). The total operation of this type
then amounts to

L
Vi=g(K)lexp | K ZO’;-U . (9.94)
j=1

The next operation of adding interactions within a column is written as follows
using the Pauli operator o7,

L
Va=exp | KY ooy, |. (9.95)
j=1

Alternate operations of V7 and Va5, M times, and then taking the trace reproduce the
partition function with periodic boundary conditions,
7=V, = (v, Py )M = v (9.96)

Here, we have introduced the symmetric operator V = V21/ 2V1V21/ ? because of its
useful properties such as the diagonalizability and its real-valued eigenvalues. Given
the structure of V4 and V5 this transformation realizes a classical-quantum mapping
from a classical d = 2 Ising model to an effective d = 1 quantum problem.

The problem has now been reduced to the evaluation of the largest eigenvalue of
the transfer matrix V. This matrix has a very large dimension 2¥ x 2 but can be
diagonalized as described in the following sections.

9.5.2 Representation in terms of Majorana fields

The transfer matrix V' can be diagonalized by the Jordan—Wigner transformation,
which rewrites spin operators in terms of Fermionic operators, as we showed in the
one-dimensional quantum XY model. We adopt here a related but slightly simpler
approach that uses Majorana fields. Let us first define a set of operators 1 (j),
Y2(j) as
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. 1 X T xT
P1(j) = /31 10710 (9.97)

. 1
V2(j) = /2 0703 05 _10;. (9.98)
These 11(j),1%2(j) are Hermitian operators because they are defined by the x-, y-,
z-components of the Pauli operators. It is straightforward to verify that they satisfy
the following anticommutation relations, using the commutation relations of the Pauli
operator,

[Ya(5) ¥p(1)] . = Ya(5)¥s(D) + Up(1)Pa(i) = ba,pdj1- (9.99)

The set of operators satisfying these properties are Majorana fields. The matrices V3
and V5 in eqns (9.94) and (9.95) are expressed as follows in terms of Majorana fields

L
Vi = g(K)"exp [ 20K 1 (j)tba()) (9.100)
j=1
L
Vo =exp | 21K Y v (i)a(i+1) |, (9.101)
j=1

as can be confirmed by rewriting 11 and v, in these equations using eqns (9.97)
and (9.98).

Here, a comment on the boundary condition is in order.® The product of Majorana
fields at boundary sites reads

P1(L)a(l) = % oy -- 010107, (9.102)

according to eqns (9.97) and (9.98). Correspondingly, if we want the boundary term
0% 0% appearing in the Pauli-operator representation of V3, eqn (9.95), to be expressed
as in eqn (9.101), we have to impose an antiperiodic boundary condition 9(L +
1) = —92(1) in the subspace U, where opod = 0 ---0f results to be +1. In the
subspace U_ with opoq = —1, in contrast, a periodic boundary (L + 1) = tb(1) is
appropriate. Consequently, the wave number ¢ after Fourier transformation has the
following different sets of values according to the sign of €4l (= £1),

3 L-1

m
q=*—,+—,--- .+ 1
Upig=+T 270 5 (9.103)
2w L—-2
U_ tq = O,if’ e ,Zl:Tﬂ',ﬂ', (9104)

where L has been assumed to be even. This subtle difference of the two subspaces
is essential for the evaluation of correlation functions as the difference between the

6 The reader may skip this paragraph on first reading.



Two-dimensional Ising model 227

largest and second largest eigenvalues of the transfer matrix is related to the difference
of these two subspaces. This is the same situation as in the one-dimensional model
described in Section 9.1.2, where the ratio of the largest and second largest eigenvalues
was directly related to the correlation length. However, if we are interested only in
the free energy per spin in the thermodynamic limit, this subtlety does not come into
play, which is indeed the case in the following discussions.

9.5.3 Fourier representation in terms of Fermionic operators

The system is translationally invariant due to periodic boundary conditions. We thus
use Fourier transformation to represent the Majorana fields in terms of the Fermionic
operators C1(q), C}L (¢), Ca2(q), C;(q) for positive q,

1 1 iqj . —iqg .
1/’1'(]):@;(@ Cilg) +e79C(g)) (1=1,2). (9.105)

Here, the sum runs over all non-negative ¢ in eqn (9.103) or eqn (9.104). It is not
difficult to confirm that ;(j) is a Hermitian operator satisfying the anticommutation
relation of the Majorana field (9.99). Now, V; and V5 in eqns (9.100) and (9.101) can
be rewritten in terms of the Fermionic operators as’

Vi = g(K)" exp [ 2K Y (Ci(0)Ci(a) +Cl@)Ca(0) | (9.106)
q=>0
Vo =exp |2K Y (e7C1(9)C(a) + €Cl(0)Ca(a) ) | (9.107)
q>0

The quadratic forms in the exponents commute with each other for different ¢, and

thus we can decompose the transfer matrix V' = V21/ % V21/ ? into a product of matrices
for different g as

V=gE)"T[ V(). V(g =Va(@)/*Vi(q)Val(e)*/>. (9.108)
q20

Here, Vi (q) and Va(q) are the exponential matrices obtained by removing the summa-
tion symbols in the exponents of eqns (9.106) and (9.107), respectively. The problem
has been reduced to the diagonalization of V(q).

9.5.4 Eigenvalues and the free energy

It is convenient to adopt the states |nins), which are eigenstates of the number
operators C|(¢)C1(q) and Cl(q)Cs(q), as the basis to diagonalize V(g). ni(=0,1)

7 The number of Fermions is conserved in this representation because C' and Ct appear in pairs.
This is in contrast to the conventional method using the Jordan—Wigner transformation, which makes
the problem slightly more complicated than in the present formulation.
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is the eigenvalue of the first Fermion number operator CJ(¢)C1(q), and ny(= 0,1) is
for C}(a)Ca(0).

Consider the two-dimensional space spanned by [00) and [11)(= C](¢)C1(¢)|00)).
The operators in the exponents of eqns (9.106) and (9.107) for V1(q) and V5(g) have
only a vanishing eigenvalue in this subspace,

C1(q)C3(q)[11) = C](q)Ca(q)[00) = 0. (9.109)

Hence, |00) and |11) are both eigenstates of Vi (¢) and Va2(q) with eigenvalue 1, and
consequently of V(gq). The matrix V(q) has a doubly degenerate eigenvalue 1 in this
two-dimensional subspace.

Next, we study the subspace spanned by |+) = [01)(= C}]00)) and |-) = [10)(=
C71100)). The operators satisfy

~Ci(q)CH(g)|+) =0, —Ci(q)Cl(a)|-) = |+), (9.110)

which allows us to regard —Cl(q)C;r(q) as a raising operator from state |—) to state
|+). Consequently, we can rewrite —C;(¢)C}(g) using a new Pauli operator 7,
7% 4 i7Y

5 (9.111)

—C1(q)C3(q) =7+ =

Therefore, the operators Vi (q) and Va(q), obtained by restricting Vi (q) and Va(q) in
eqns (9.106) and (9.107) to the present two-dimensional subspace, are expressed as

f/l(q) = exp (QiK* (rt — 7'_)) = exp(—2K*1Y) (9.112)
Va(q) = exp (- 21K (e 19 — T*eiq)) = exp (2K (1Y cosq — 7% sing)). (9.113)

1/2

To facilitate the diagonalization of VQ(q) , it is useful to rotate the spin space by an

angle ¢ around the z-axis,

Vi(q) = exp (— 2K* (¥ cosq + 7" sing)) (9.114)
Va(q) = exp(2K7Y). (9.115)
We further apply a rotation by 7/2 around the z-axis, (7%, 7Y,7%) — (7%, —7%,7Y),
Vi (q) = exp (2K* (7% cosq — 7 sin q)) (9.116)
Va(q) = exp(—2K77). (9.117)

Then, the exponential in V;(g) is expanded using (7% cosq — 7% sing)? = 1 to derive
the following matrix representation,

Vi(g) = C* + (7% cos g — 7% sin q)S*

_(C’*—i—cosqS* —sing S* >

—singS* C* —cosqS* (9-118)

Va(q)/? = <G_OK e%) , (9.119)
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where C* = cosh 2K*,5* = sinh 2K*. The resulting two-dimensional matrix is there-
fore written explicitly as

~ ~ ~ e 2K (C* + cosq S* —sing S*
Va(@)'/2Vi(q)Va(g)'/? = ( (_qus*q )ezK(O* _%osqs*)) (9.120)

The characteristic equation of this two-dimensional matrix reveals that the product
of the two eigenvalues is 1 and their sum is 2 cosh 2K cosh 2K* — 2 cos g, according to
the relation between the solutions and coefficients of an algebraic equation of second
order. The two eigenvalues can be expressed as e<(@5) gince their product is unity.
Their sum e“(¢5) 4 e=<(¢.K) gatisfies

cosh e(q, K) = cosh 2K cosh2K* — cos g = cosh 2K coth 2K — cosq. (9.121)

The four eigenvalues of V(g) have been evaluated as 1,1,e*¢(%5) The partition
function is therefore

Z = g(B)M [T (V)™

= g(K)"™M T (2 +eMe(@K) 4 e‘Me(q’fﬂ). (9.122)
q>0

Since €(q, K) > 0, only the eigenvalue eMe(e.K) survives in the large-M limit in the

above parentheses, and the free energy per spin is

. 1 1 . 1 [
-Bf = L,%}[gm M log Z = 3 log(2sinh 2K) + 2—/0 e(g, K) dg, (9.123)

™

where ¢(g, K) is the positive solution of eqn (9.121). This is the exact solution of the
two-dimensional Ising model.
Equation (9.123) can be rewritten in a more transparent form using the identity

/ log(2 coshe — 2cosz)dz = e (9.124)
0
as

—0f = % log(2sinh 2K)

1
4

—2/ dq/ dx 10g(2005h6(q,K)—2cosx)
27T 0 0

1
=3 log(2sinh 2K)

1 s ™
_|_272 dg / dz log (2 cosh 2K coth2K — 2cosq — 2cos x)
™ Jo 0

= log(2 cosh 2K)

1 s T
+-— / dwy / dwo log(l — k? coswy cos wg), (9.125)
2m2 /o 0
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where
o 2sinh2K
~ cosh?2K’

This last expression appears more often than eqn (9.123) in the literature.

(9.126)

9.5.5 Logarithmic divergence of the specific heat

The celebrated logarithmic divergence of the specific heat is derived in this sec-
tion from eqn (9.123). Let us write the right-hand side of eqn (9.121) as u(q, K)
to have

e(q, K) = log (u(q,K) + Vu(g, K)? — 1). (9.127)

u(q, K) assumes its minimum as a function of K at K., which is the solution of
K = K*. As shown below, this is the transition temperature with the value K. =
0.4407 or T, = 2.269 according to e~ 2¥¢ = tanh K, which comes from K = K*. The
expansion of v under the condition K =~ K.,q =~ 0 is

2
u(g K) ~ 1+ % +8(AK)?, (9.128)
where AK = K — K. The singular part of €(q, K) is therefore /¢? + 16(AK)2. The

insertion of this relation into eqn (9.123) and performing the integration yields the
following expression for the singular part of the free energy,

/ V¢ + 16(AK)%dg

0

1 T
3 [q\/qg +16(AK)2 + 16(AK)? log ‘q +V@E+ 16(AK)2HO

= —8(AK)*log |AK| + (regular part). (9.129)

We see clearly that the specific heat, the second-order derivative of the free energy
with respect to temperature, has a logarithmic singularity at AK = 0. It is concluded
that the two-dimensional Ising model has a phase transition with a logarithmically
divergent specific heat and a critical exponent oo = 0. Equation (9.129) shows that the
critical amplitudes have the same value above and below the transition temperature.
Figure 9.10 depicts the temperature dependence of the specific heat.

EXERCISE 9.8 Solve the one-dimensional transverse-field Ising model defined by

L L
H=-JY ojoi,—hY of, (9.130)
j=1 j=1

where ¢’%* are Pauli operators. The method to diagonalize the transfer matrix of
the two-dimensional Ising model applies to this case almost without modifications.
Derive the expressions of the free energy and ground-state energy. From the latter,
show that the system undergoes a zero-temperature phase transition at h = J.
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9.6 Zeros of the partition function

The following theorems are the central results.

THEOREM 9.1 Suppose that the partition function of the Ising model with
uniform (i.e. bond independent) interactions as a function of the complex field
h is free from zeros, Z(h) # 0, in a region R that contains a segment of the
real axis. Assume also that the thermodynamic limit is taken appropriately
such that the number of sites on the surface is kept sufficiently smaller than
the total number of sites N. Then, N~ log Z converges to a limit f uniformly
in R as N — 0o0. As a consequence, the free energy per spin f is not singular
i R in the thermodynamic limat.

THEOREM 9.2[Circle theorem] Consider the Ising model with two-body
ferromagnetic interactions. Zeros of its partition function all lie on the imag-
inary axis in the complex field h plane, or equivalently, on the unit circle in
the plane of z = e=20",

231

Fig. 9.10 Temperature dependence of the specific heat of the two-dimensional Ising model.
The energy unit is J = 1.

This section discusses the Yang—Lee theory of phase transitions. This theory relates
singularities of the free energy as a function of the field h with zeros of the partition
function in the complex field plane, often termed the Yang—Lee (or Lee—Yang) zeros.
The partition function Z is usually positive as it is a sum of exponentials but can vanish
if we consider complex values of the field h. The vanishing of the partition function is
directly reflected in the singularity of the free energy F' = —T log Z as can be realized
from the fact that the logarithmic function is singular only at the origin. The Yang—Lee
theory rigorously justifies this intuition and provides a unique point of view on phase
transitions for the Ising model and related problems such as gas—liquid transitions.
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Fig. 9.11 Distribution of zeros of a finite-size ferromagnetic Ising model in the complex-z
plane (left panel) and complex-h plane (right panel).

A proof of Theorem 9.1 is given in Appendix A.18. A proof of Theorem 9.2 is more
complicated and we refer the interested reader to the original paper.® Theorem 9.1
justifies the naive conjecture that the singularity of the free energy is caused by the
zeros of the partition function. Theorem 9.2 holds only for models with two-body,
ferromagnetic interactions, but the interaction strengths need not be translationally
invariant in Theorem 9.2, as long as they are ferromagnetic.

To see the significance of Theorem 9.2, it is convenient to write the partition
function Z as a function of z = e~ 2°" to see that Z is essentially a polynomial of z,

Z=e"NZ =" exp | KY SiS;+phY (Si—1)
{S:} (ig) i
= Zo—i-ZZl +ZQZ2+"'+ZNZNa (9131)

where Zj. stands for

2= "exp [E3 8.8, |. (9.132)
(s} (i)

Here, the summation is over the spin configurations with & down spins. Since Zr > 0,
Z cannot vanish for real, positive z and hence the zeros or roots of Z all lie away from
the positive real axis in the complex-z plane as long as the system size N is finite,
as illustrated in Fig. 9.11. The number of roots increases with N. The zero closest to
z =1 (h =0) approaches z =1 (h = 0) as the system size grows if the temperature is
lower than the critical value.

EXERCISE 9.9 Find the locations of the zeros of the partition functions for the
single-spin and two-spin Ising models,

H= —hSl, H=-J515 — h(Sl + SQ) (9133)

8 C. N. Yang and T. D. Lee, Phys. Rev. 87 (1952) 404 and 410.
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g()

Fig. 9.12 Density of Lee—Yang zeros of the ferromagnetic Ising model along the imaginary
axis on the complex field plane. 6. is the edge of the density above the critical temperature.

in the complex-z plane.

As there are N zeros on the unit circle in the complex-z plane, according to
Theorem 9.2 and eqn (9.131), the partition function is expressed as

N
Z =N I (z = ). (9.134)
k=1

Correspondingly, the free energy per spin is written as

r_ —h — x Z log(z — €!%) — —h — T/ log(z — €'%)g(0) db, (9.135)

—T

where the thermodynamic limit has been taken in the last step, and the density of
zeros in this limit has been denoted as g(6). This function is normalized as

/ g(0)de = 1. (9.136)
Using the symmetry g(6) = g(—8), which comes from the symmetry Z(h) = Z(—h),
we can rewrite the above equation as

f=—-h— g/ log(1 — 2z cos 0 4 z2)g(0) do. (9.137)

—T

The magnetization is then

4 z —cosf
:1— _—
m(h) 2'2/7, 1—2zcosf + 229(9) d0

" 9(0)

——d6. 1
- cosh2Bh — cos @ (9.138)

= sinh 26h /
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The spontaneous magnetization is therefore

m(04) = / 276(0)9(60) 40 = 27(0), (9.139)
where we used the relation
. sinh x
zli%l+ coshz —cos 2m0(6). (9.140)

This last relation can be verified by the expansions of sinh x and cosh x for small x and
cos @ for small 6. Equation (9.139) indicates that the density of zeros at the origin in the
complex field plane is directly proportional to the spontaneous magnetization. Thus,
9(0) is finite for T' < T, whereas it vanishes for T' > T. In the latter high-temperature
region, the density g(6) vanishes for § < 6., where the threshold value 6. is called the
edge of the density. The edge approaches the origin # = 0 as the temperature decreases
toward the critical point, . — 0+ as T'— T, + 0. The overall qualitative behavior of
the density is depicted in Fig. 9.12.

In general, the Yang-Lee theory provides a framework to characterize a phase
transition but does not establish analytically the presence or lack of a singularity in
the partition function in the thermodynamic limit.

EXERCISE 9.10 Show that the density of zeros g(0) behaves as 6'/° near the origin
0 = 0 at the critical point T' = Tc. For this purpose, first expand sinh(-), cosh(-) and
cos(+) in eqn (9.138) for their small arguments assuming that the singular behavior
of m for small h is dominated by the values of the integrand at small 6 as this is
where the integrand becomes largest. Then, insert the functional form g() = 6* to
the integrand and verify that m h'/? results only when a = 1/§.
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Duality

Exact solutions of model systems are the most reliable source of information in the
theory of phase transitions and critical phenomena, as typically exemplified in the
two-dimensional Ising model. However, there are not many model systems that can be
exactly solved and, consequently, many approximate schemes have been developed. It
is sometimes possible, though, to extract exact information without directly solving
those model systems. In two dimensions in particular, arguments using duality trans-
formations make it possible to derive the exact location of the phase-transition point
and the exact value of the energy at the transition point. These remarkable results
can be obtained by much simpler arguments than the direct solutions. Duality not
only determines the exact location of the transition point of the two-dimensional Ising
model and related models but also is useful to rewrite the XY model into a different
form, which reveals new physical aspects of the system.

10.1 Classical duality

Duality in classical statistical mechanics usually means a transformation that relates
the partition functions of two distinct model systems under the replacement of the
value of temperature by another value. When the two model systems involved are the
same, the duality transformation is known as self-duality. Self-dualities are mappings
between the high- and low-temperature phases of the model that allow us, for instance,
to determine the location of the phase transition point when there is a unique
singularity in the free energy.

It is convenient to write the partition function, a function of K = J/T', as Z(K).
If we write the conclusion first, the duality for the two-dimensional Ising model on the
square lattice with periodic boundaries without external field means that the partition
function satisfies the following relation

Z(K)  _ Z(KY)
2N (cosh K)2N — 2e2NK*’

(10.1)

or, equivalently,’

Z(K) Z(K*)
(sinh 2K)N/2 ~ 2(sinh 2K*)N/2° (10.2)

L The factor 2 in the denominator of the right-hand side introduces a sort of asymmetry in the
self-dual relation, and is related to the particular periodic boundary conditions used in both spatial
directions. Boundary effects play no role in the thermodynamic limit, N — oo.
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Fig. 10.1 The dual coupling K™ as a function of the original coupling K. The value of the
partition function at some K, K; for example, is equal to the value of the partition function
at K» apart from a trivial factor.

Here, N is the number of lattice sites, 2N is the number of bonds (equal to the
number of nearest-neighbor interactions), and the dual coupling K* is a monotonically
decreasing function of K defined by

e 2K — tanh K. (10.3)

See Fig. 10.1. This is indeed an example of a self-dual mapping since it relates the
same Ising model, i.e. the partition function of the same Ising model at two different
temperatures.

The duality transformation of the coupling (interaction strength), eqn (10.3),
transforms the high-temperature region (small K) to the low-temperature region (large
K*) and vice versa. Thus, the duality relation (10.1) implies that the values of the
partition function are essentially equal at high and low temperatures, apart from the
trivial factors in the denominators. For example, two systems, one with coupling K
and the other with Ks(= K*(K7)) of Fig. 10.1, have essentially the same partition
function. This fact leads to important consequences for the singularity of the free
energy.

Let us take the logarithm of both sides of eqn (10.1) and divide the result by the
number of spins,

%log Z(K) = %log Z(K*(K)) + (regular part). (10.4)

In the thermodynamic limit N — oo, the function log Z/N has a singularity at the
phase transition point as this quantity is essentially equal to the free energy. Equa-
tion (10.4) indicates that, if the left-hand side is singular at K, so is the right-hand side
at K*(K.). Then, if it happens that K, # K*(K.), the function limy_, log Z(K)/N
is singular at K. and K*(K_.), two different singular points. Therefore, we conclude
that K. = K*(K_.) as long as the system is singular at a unique transition point. The
transition point of the two-dimensional Ising model is therefore given by

e 2Ke — tanh K, (10.5)
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which is eqn (10.3) with K = K* = K.. This relation is solved for e 2K¢ as e72Kc =
V2 — 1, in agreement with the direct exact solution in Section 9.5.

The duality relation allows us to evaluate the energy at the transition point. The
logarithm of both sides of eqn (10.1) divided by N is

1 1
NlogZ(K) —log2 — 2logcosh K = NlogZ(K*) —2K*, (10.6)

where the additional term —(1/N)log2 has been ignored as it vanishes in the ther-
modynamic limit. A differentiation of this equation with respect to K yields

1 Z'(K) 1 Z/(K*) dK*
N AT —2tanh K = (N 0 —2) T (10.7)

Since the logarithmic derivative of the partition function Z'(K)/Z(K) is equal to
minus the energy —E(K)/J(= —NEy(K)), we have

dK*
dK
If the fixed point of the duality, the self-dual point, coincides with the transition point,
K = K* = K., and if the energy is a continuous function of K at this point, then
Ey(K) and Eo(K™*) in the above relation should share the same value Fy(K.) = Eqc.
At the fixed point we have tanh K. = v/2 — 1 and dK*/dK = —1 from eqn (10.3).
These relations together with eqn (10.8) lead to Eog. = —v/2, in agreement with the
exact solution, as can be verified from the exact free energy given in Section 9.5.

It is also possible to prove from duality that the specific heat is either divergent
or continuous at the transition point, which excludes the possibility that the specific
heat has a jump, as in the mean-field theory of Chapter 2. A further differentiation of
eqn (10.7) with respect to K leads to

1| z2"(K) (Z’(K) ) 2 2
N | Z(K) Z(K) cosh? K
N\ Z(K~) Z(K*) dK N Z(K) dK2 "
The quantity in curly brackets {- - - } appearing on both sides is the K- or K*-derivative
of the energy per spin (the minus sign of it, strictly speaking) and is equal to the specific

heat per spin Cp (the T-derivative of the energy) multiplied by T2. We collect those
quantities related to the specific heat in the left-hand side,

—Eo(K) - 2tanh K = (- Eo(K*) - 2) (10.8)

T2Co(K) — (T*)2Co(K") (dK*) _ 2 LS

= —(2+ Ey(K* . 10.1
dK cosh? K (24 Eo(K) dK? (10.10)

The quantities on the right-hand side have the following values at the transition
point, cosh? K, = (1 4+ v/2)/2, Eo(K.) = —v/2 and d>K* /dK? = 2+/2. Thus, the right-
hand side vanishes. The quantity (dK*/dK)? on the left-hand side is unity at the
transition point. Therefore, as the temperature approaches the transition point, there
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exist two possibilities, either Cy(K) approaches Co(K*) (continuous specific heat)
or both diverge. It is forbidden that Cy(K) and Co(K™*) approach different values
from both sides of the transition point, as in the mean-field theory or the Bethe
approximation.

It is impossible to determine the value of the critical exponent from the duality
relation. We are, nevertheless, able to show that the critical exponents and critical
amplitudes at both sides of the transition point coincide. According to eqn (10.4) the
singular part of the free energy per spin f; is an invariant quantity under the duality
transformation,

fs(T) = fs(T*(T)) + (regular part), (10.11)

where T* is J/K*. Let us assume that this singular part behaves near the transition
point (T'~T.+ct (t=(T—-1T.)/Tc)) as

fo(T) = Apft)? =, (10.12)

Here, A4 and a4 are the critical amplitudes and critical exponents of the specific
heat above and below the transition point, respectively. The dual temperature behaves
around the transition point as

T(T) ~T*(T. + ct) = T, + c(T*).t, (10.13)

where (T™)L. is the derivative of T*(T') at T, and it is —1 according to eqn (10.3). From
equs (10.13), (10.11) and (10.12) we find

ALt = At (10.14)

assuming ¢ > 0. This equation shows A} = A_ and ooy = a_.

Therefore, as has been shown, duality is an important mathematical tool to obtain
information on the system properties. In the rest of this chapter we prove the duality
relation (10.1) and its generalization to models other than the Ising model. The next
section will introduce a graphical discussion on the derivation of duality using high-
and low-temperature series expansions. More general arguments will be developed in
later sections. The last section introduces duality relations in quantum systems.

10.2 High- and low-temperature series expansions

The technique of series expansions can be applied to arbitrary discrete spin models,
and together with fast computers, it is a powerful means to study critical phenomena.
The main idea behind those expansions is to start from an exactly known limit and
expand in terms of graphs around that limit. The low-temperature series expansion
starts from the ground state and includes the low-energy excitations, while the high-
temperature series starts from the totally disordered state. The high-temperature
series expansion can also be easily applied to continuous-spin systems. In that case,
one basically expands the partition function in powers of 3

(BH)? >

Z:TreBH—Tr<1—ﬁH++

5 (10.15)

or, similarly, the expectation value of any arbitrary physical quantity.
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In this section we are interested in applying the series-expansion technique to the
Ising model but in the context of deriving the self-duality of the two-dimensional
model, eqn (10.1).2 The latter duality relation can be derived by the correspondence
between high-temperature and low-temperature expansions of the partition function.
A more general framework will be developed in the next section, based on the
technique of Fourier transforms, in which the result of the present section is included.
It should, nevertheless, be useful to learn the basic knowledge of series expansions.
Also, the present graphical derivation is easier to understand intuitively than the
formal algebraic discussions.

The first topic is the high-temperature expansion of the partition function. Since
S;S; = £1 for Ising spins, the identity

5% = cosh K + S, sinh K (10.16)
holds, from which the following expression of the partition function results,

Z(K) = Z ol 2 (jy SiSi
{S:i}

= Z H(COShK +5;5; sinh K)
{Si} (i5)

= (cosh K)*M ¥ " T (1 + 88, tanh K). (10.17)
{S:} (i)

We have used [,y cosh K = (cosh K 2N in the final equality since we assume periodic
boundary conditions on the square lattice, where the total number of bonds (ij) is
2N. The expansion of the product over nearest-neighbor pairs in the final expression
of eqn (10.17) yields either 1 or S;S;tanh K for each pair (ij). Let us draw a bold
line between site ¢ and site j in the latter case for S;S; tanh K and do nothing in the
former case of 1. Then, each term of the expansion of the product is expressed as a
combination of bold lines, as in Fig. 10.2. Each bold line carries the weight tanh K,
and we may order the graphs by the number of bold lines in the graphs, which results
in a series expansion of the partition function in powers of tanh K.

Another factor to consider is the sum over spin configurations, (s;}> I
eqn (10.17). If a term in the expansion has an even power of S;, it does not vanish since
S§2n =1, with n an integer, and hence (5} S2" is positive. A term of odd power,
in contrast, vanishes since Sf”“ =.5; and Z{Si} S; = 0. For example, all terms but
the Oth order in Fig. 10.2 have a factor S5; at the end of a bold line and thus vanish.
Non-vanishing contributions come only from closed graphs, as illustrated in Fig. 10.3,
in which each spin S; appears an even number of times (none, twice, or four times).

The series expansion in powers of tanh K is the high-temperature expansion
because smaller K (higher temperature) corresponds to smaller tanh K. Any S;
appears an even number of times in a closed graph and contributes with unity, giving

2 Hereafter, high- and low-temperature series expansions will be called high- and low-temperature
expansions for simplicity.
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2nd 3rd 4th

Fig. 10.2 A graphical representation of some of the terms appearing in the expansion of the
partition function of the Ising model. A bold line is for the factor S;S; tanh K. All graphs
drawn here but the 0th order do not contribute to the high-temperature expansion. The order
of the expansion is given by the power of tanh K.

Fig. 10.3 Closed graphs that contribute to the high-temperature expansion of the partition
function. A bold line expresses the factor tanh K.

> (S} 1 = 2. Hence, the high-temperature expansion is symbolically written as

21\](52}11{])()2]\[ :_Z (the number of closed graphs with 2n bold lines)(tanh K)2".
n=0,2,3,---

(10.18)
The term n =1 is missing in the summation because any closed graph has more
than two bold lines. For example, the coefficient of (tanh K)? is the number of ways
to draw unit squares (plaquettes) on a square lattice. Since each unit square can be
represented by the site on the left-lower corner, the number of unit squares is equal
to the number of sites N.?

3 Corrections are necessary if we use free boundary conditions. The number of unit squares is
slightly smaller than the number of sites in such a case. We do not go into those details because we
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Fig. 10.4 Representation of the low-temperature expansion by closed graphs. Each bold line

separates neighboring antiparallel spins and carries the factor e 2.

We next consider the low-temperature expansion of the partition function. To
write the result first, a graphical representation of the low-temperature expansion
has exactly the same set of graphs as in the high-temperature expansion. This makes
it possible to find a one-to-one correspondence between the terms of the two types
of series expansions. We can then equate the partition functions written in terms of
tanh K (high-temperature expansion) and of e~2% (low-temperature expansion), the
latter being the small parameter of the low-temperature expansion, leading to the
duality relation of eqn (10.1). To show this result, it is useful to choose an appropriate
order in taking the summation in the definition of the partition function

Z(K) =" xS (10.19)
{S:}
NK

)

Let us first pick the all-up configuration (S; = 1, Vi), whose contribution is e?
corresponding to the upper-left graph of Fig. 10.4. The correct factor is indeed twice
this, 22N because the all-down configuration (S; = —1, Vi) gives the same factor.
These are ground-state configurations. The next configuration to be considered in the
sum of eqn (10.19) is a state with a single spin flipped from the all-up state, the
upper-middle graph of Fig. 10.4. The inverted spin has the interaction energy raised
from —J(=—-J-1-1)to J(=—J-1-(—1)) for each bond, and there are four of them
around a site on the square lattice. Thus, the factor e =42 multiplies the ground-state
Boltzmann factor. Since there are N ways to flip a single spin, the first two terms of
the low-temperature expansion are?

Z(K)=2eNE(1 4 Ne 8K ... (10.20)

will be interested in the system behavior in the thermodynamic limit, N — oo, in which boundary
effects are expected to play no role.

4 The overall factor 2 is the one responsible for the asymmetry in eqn (10.2).
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Each term inside the parentheses has its corresponding term in the high-
temperature expansion of eqn (10.18). A graphical expression of the low-temperature
expansion helps us understand this correspondence. A term of the low-temperature
expansion is expressed as a graph with inverted spins surrounded by up spins.
If we draw bold lines between neighboring antiparallel spins, we obtain a set of
closed graphs, as in Fig. 10.4. It should be clear that a graph in Fig. 10.4 has
its unique counterpart in Fig. 10.3. Then, if we replace e”?X with tanh K in each
term of the low-temperature expansion of Z(K)/(2e2VX), eqn (10.20), we obtain the
high-temperature expansion of Z(K)/(2"(cosh K)?V), eqn (10.18). This completes
the proof of the duality relation (10.1) and the law of change of the temperature
parameter (10.3).

Series expansions are often formulated not for the partition function but for its
logarithm, the free energy, and its derivatives like the susceptibility. Although it
is often difficult to evaluate the coefficients of high-order terms of an expansion,
methods to extrapolate the result of finite-order calculations to infinite order have
been developed and have turned out to be powerful tools to estimate the critical points
and critical exponents. Types of graphs in these expansions of the free energy and its
derivatives are known to be a little different from the present case of the partition
function.

EXERCISE 10.1 Determine the coefficient of the sixth-order term (tanh K)® in
the high-temperature expansion of the partition function of the Ising model on the
square lattice.

We next apply these techniques to the Z, lattice gauge theory introduced in
Section 7.7, again in the context of duality.” The Hamiltonian is the sum of four-
spin interactions,

H=-7Y 5;585nm (10.21)
g
with each Ising spin residing on a bond, as depicted in Fig. 7.5. The lattice may not

necessarily be the square lattice. The summation extends over all plaquettes (unit
squares) of the lattice. The partition function can be expanded as in eqn (10.17),

Z(K) _ Z eKZD S;SkS1Sm
{Si}
= (cosh K)™» > " T](1 + S; Sk, tanh K), (10.22)
{s:} O
where IV, is the total number of plaquettes. Similarly to the high-temperature expan-
sion of the usual Ising model, the spin variables should appear an even number of

times if the summation over the spin values {S; = £1} is to give a non-vanishing
contribution. Since spins are located on bonds, this constraint for finite contributions

5 This part can be skipped on a first reading unless the reader is interested in the generalization
of duality techniques to systems with many-body interactions in higher dimensions.
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S .__7:/_ _________ 7!/ _____

Fig. 10.5 Two leading-order graphs of the high-temperature expansion of the three-
dimensional Z> gauge theory. A bold line represents a bond where spin variables appear twice
to give unity, 5’72 = 1. A shaded plaquette corresponds to a bond drawn bold in Fig. 10.3 and
carries the weight tanh K.

requires any bond to appear an even number of times in the expansion of the product
of eqn (10.22). In two dimensions, the expansion of eqn (10.22) can be expressed
by graphs of the type of Fig. 10.3, where each plaquette inside the closed bold lines
represents a factor S;555;5, tanh K. Spin variables are located on all bold lines of the
diagrams and thus the summation over their values, +1, gives zero. Spin variables on
bonds inside a closed graph (written as thin lines in Fig. 10.3) appear twice, yielding
5]2- = 1, because a bond on the square lattice is shared by two neighboring plaquettes.
In this way, any graph in Fig. 10.3, except for the trivial one at the upper left corner,
vanishes. Therefore, the partition function of the two-dimensional Z5 gauge theory is
trivially given by

Z(K) = (cosh K)Nv . 22V (10.23)

The corresponding free energy has no singularity and the system does not have a phase
transition at finite temperature.

In three dimensions, non-trivial contributions exist in the high-temperature expan-
sion. The leading term comes from the product of four-spin interactions over six
plaquettes surrounding a unit cube, as depicted in the left graph of Fig. 10.5. The
next term is the right graph of Fig. 10.5, in which ten plaquettes form a product
over two unit cubes. The essential difference from the two-dimensional case is the
possibility to generate closed objects surrounded by plaquettes. They are analogous
to the closed polygons in the high-temperature expansion of the usual Ising model
illustrated in Fig. 10.3. The weight of the left graph of Fig. 10.5 is (tanh K)®
since there are six plaquettes surrounding the unit cube. The right graph has a
weight (tanh K)10.

Each of these graphs in the high-temperature expansion of the three-dimensional
Z5 gauge theory has its counterpart in the low-temperature expansion of the usual
Ising model in three dimensions. The left graph of Fig. 10.5, for instance, corresponds
to a down spin at the center of the cube surrounded by up spins everywhere else (dual
lattice). In general, the sites of the dual Ising model are located at the centers of the
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cubes. The right graph, similarly, has two down spins inside the closed object in the
corresponding low-temperature expansion of the Ising model. The analogy with the
correspondence between the high- and low-temperature expansions of Fig. 10.4 should
be clear. We thus conclude that the partition functions of the three-dimensional Zs
gauge theory and of the usual Ising model are related by a duality relation similar
to eqns (10.1) and (10.3) but with different partition functions on the two sides of the
equality and with 3N bonds. In other words, the Ising and Z5 gauge theory models in
three dimensions are not self-dual models. Since the three-dimensional Ising model has
a phase transition at finite temperature, i.e. a singularity in the free energy, it readily
follows that the three-dimensional Z; gauge theory also undergoes a phase transition
at finite temperature.

10.3 Duality by Fourier transformation

The graphical derivation of duality relations is intuitively appealing and relatively
easy to understand, but it is not straightforward to generalize to models other than
the Ising model. Another formulation based on Fourier transformation, albeit a little
abstract, is more suitable to apply systematically to a wide class of model systems
including the Ising model. We explain this method in the present section.

10.3.1 General form of the partition function

Suppose that a spin variable & (=1,2,---¢q) is assigned to site i. The Boltzmann
factor u(;, ;) for the neighboring pair (ij) will be assumed to be a function only of
the difference between ; and £; and periodic with period g,

u(i, &) = u(& — &) (mod q). (10.24)
The partition function is written as
Z=> TJuwé&-¢). (10.25)
{&} (ig)
As an example, the g-state Potts model
H=—-J) §¢.¢) (10.26)
(i)
has u(0) = e and u(& — &) =1 (& — & # 0). The g-state clock model

H=—J3" cos(6; - 6;) (9 = 27;&‘) (10.27)
(i)

has the Boltzmann factor u(&; — &;) = exp (K cos(2m(&; — &;)/q)). Both of these mod-
els reduce to the Ising model when ¢ = 2. Equation (10.25) is therefore a generalization
of the Ising model.

Duality of the partition function (10.25) is derived by the Fourier transformation
of the Boltzmann factor at each bond. As a preparation, it is convenient to Fourier
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Fig. 10.6 The sign of the difference of spin variables & — &; is determined by the sense of
arrows pointing up and right.

transform w(&; — ;) using its periodicity as

Ly S5 A
u(& — &) =y Z exp 27nTv7w A(1ij)- (10.28)

ni;=1

An outstanding advantage of this expression is that the dependence on £ is very simple
on the right-hand side and we can sum the Boltzmann factor over spin variables easily.
The partition function can then be written as a product of As after summation over
¢, and this turns out to be simply the duality transformation.

10.3.2 Duality transformation

To be concrete, let us consider the case of the square lattice to illustrate the procedure
and consequences of the summation over £. For a given 4, the variable & appears in the
Boltzmann factors for interactions with four neighboring sites. As shown in Fig. 10.6,
we choose the sense of arrows as up and right, and assign the sign such that ¢ is at the
head of an arrow and j is at the tail in & — fj.6 Then, & appears as follows according
to eqn (10.28),

exp %{(gi—ki —&Mivai + (& — Sica)Misiva

H(Eirg — Ei)Mitgi + (& — fiﬂ))nz’,iﬂ)}’ (10.29)
where & and ¢ are the unit vectors along the 2- and y-axes, respectively.” This
expression permits us to take the sum over §;(= 1,2, - - , q) easily to give the constraint

—Nita,i + Niji—g — Mitgyi + Nii—g =0 (mod q). (10.30)

If all the Fourier variables n satisfy this constraint, the sum over &; for a given i is
just the sum of 1 over §; = 1,2,--- , ¢, which gives ¢, and the total result is the factor
¢". Consequently, the partition function is represented as the sum of the product of

6 Tt is not essential how to choose the sense of arrows. Nevertheless, it is useful to assign the sense
systematically in order to keep the discussions transparent.
7 The lattice constant is chosen to be unity.
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Fig. 10.7 New spin variables are defined on dual lattice sites shown in black dots and the
original variable 7n;; is written in terms of the difference of neighboring spins on the dual
lattice, which is also a square lattice.

A(7:;) with the restriction of eqn (10.30),

Z =gV 2NN T Ay (10.31)
{nis} (ig)

The term —2N in the exponent of ¢ comes from the factor 1/q on the right-hand side
of eqn (10.28), applied to all 2N bonds.® The prime (') denotes the restriction that
the sum over 7 includes only those terms satisfying eqn (10.30) for all i.

Figure 10.6 allows us to present a transparent interpretation of the set of 7 variables
satisfying the constraint of eqn (10.30). 7;; is a bond variable with the sense from site
i to site j. Equation (10.30) indicates that the sum of incoming 7;; is equal to the sum
of outgoing n;;. If we regard 7;; as an electric current flowing along the bond (ij),
eqn (10.30) suggests that the current is conserved at each site and hence the field is
free of divergence. As is well known in vector analysis, a divergence-free field can be
represented in terms of the curl of another field. The present field is defined on lattice
sites and assumes only integer values. It, nevertheless, has similar properties to the
case of continuous fields.

To show this fact, we place a site of the dual lattice at the center of a plaquette (a
unit square) and define a variable p;(=1,2,--- ,¢q) there, see Fig. 10.7. The two sets
of variables 1 and p are chosen to be related as

Nitai = Hj — Hj—g, TMi+g, = Hji—2 — Hj»
Nii—g = Wj—& — Hj—z—g> Niji—g = Hj—2—g5 — Hj—g> (10.32)

all of which are valid modulus ¢. The sign of the difference of the variables y on the
right-hand sides is determined as follows. We first rotate the arrow of the original
bond n by 4+90° and subtract the p at the tail of the arrow from the p at the
head. It is straightforward to check that the divergence-free condition (10.30) is

8 We are assuming periodic boundary conditions.
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satisfied. Equation (10.32) implies that the curl of the two-dimensional field p gives the
field 7.9

The constraint on 7, eqn (10.30), is automatically satisfied if we rewrite 7 in terms
of p at all sites, and the partition function

Z=q MY T M - ) (10.33)

{mi} (i)

results.'? Here, (ij) stands for the neighboring pair on the dual lattice. The partition
function has thus been shown to have two different expressions, eqn (10.25) and its
dual eqn (10.33). This is the generalized form of duality.

It is possible to apply the above argument to two-dimensional lattices other than
the square lattice. We first place a dual lattice site at the center of a unit polygon
surrounded by bonds. After fixing the sense of bonds on the original lattice, we
determine the sense of dual bonds by rotating the original bonds by +90°. The
difference of dual variables is fixed by the sense of the bonds. The argument of the dual
Boltzmann factor A(n;;) is replaced by the difference y; — 1, and the total Boltzmann
factor of the dual system is represented by the product of local dual Boltzmann factors.
The partition function is the sum of this total Boltzmann factor over the dual variables
1, which coincides with the original partition function up to a trivial factor.

Apparently, in many instances, the essence of duality is the Fourier transformation
of the local Boltzmann factor. The lattice structure is arbitrary. Regular lattices like
the square, triangular and hexagonal lattices are of course included, and irregular
lattices with non-uniform coordination number are also allowed. It should, however, be
remembered that the lattice structure generally changes after a duality transformation.
The square lattice is one of the exceptions, in which the dual lattice is another square
lattice. The dual of the triangular lattice is the hexagonal lattice. The boundary
condition also changes after duality, except for the case of periodic boundaries. The
concept of duality applies also to other spatial dimensions. For example, in three
dimensions, a bond of the original lattice corresponds to a plaquette of the dual lattice.
As a consequence, the dual system is not the usual Ising model but the Z, gauge theory
as discussed at the end of the previous section.

10.3.3 Ising model

Let us confirm that the general duality relation

Z=> T[w&-&) =D [ (10.34)

{&} (ig) {ni} (ig)

9 Equation (10.32) indicates that the z-component of 7, Ni+#,i» is the difference of u along the
y-axis, pj — pj—g, and the y-component of 7, ;44 4, is the minus sign of the difference of y along
the z-axis, —(p; — p;j—z). This is the discrete, or lattice, curl in two dimensions, the continuum limit
of which is Oypu for the x-component and —0;u for the y-component of the vector m, and hence the
field is divergence free, Ozne + Oyny = 0.

10 The overall factor ¢~ ! is there to remove the extra degree of freedom in p to change all us
simultaneously by a constant according to eqn (10.32), which makes the sum over p in eqn (10.33)
redundant by the factor gq.
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reproduces the duality for the Ising model (¢ = 2) derived previously by the high- and
low-temperature series expansions.

The interaction between two neighboring spins takes the values +.J, and accord-
ingly the local Boltzmann factor results u(0) = e for the spin-parallel (S; = S;,
ie. & —¢& =0 (mod 2)) and u(l) =e X for the antiparallel cases (S;= —9;
& — & = 1(mod 2)). Application of the inverse Fourier transformation to eqn (10.28)

A(mig) = Z exp <_27Ti€;j77ij) u(&iz) (10.35)

&ij=1
for the Ising (¢ = 2) case gives
A0) = u(0) +u(l) =ef +e 5, A1) = u(0) —u(l) =ef —e XK. (10.36)

Thus, the dual Boltzmann factor A(0) for the same state of the neighboring dual
variables is e + e and A\(1) = eX — e~ & for different states. Since the ratio of the
Boltzmann factors for the two states of neighboring spins (parallel and antiparallel) is
u(1)/u(0) = e=2K on the original lattice, it is reasonable to define the dual coupling
K* by M(1)/A(0) = e 2K". Then, the relation e 25" = tanh K follows, which is the
duality relation of eqn (10.3).

Equation (10.1) for the partition function can also be derived from the general
framework. We first replace the mod 2 variable &; with the conventional S;(= +1) and
similarly for the dual variable, o;(= £1) instead of p;. Then, eqn (10.34) reads

DR R S = 91N N " ed iy (KT enes ), (10.37)
{Si} {oi}

The constant a comes from the ambiguity of a multiplicative factor in the dual Boltz-
mann factor that was defined only by the ratio of A(1) and A(0), A(1)/A(0) = e 25",
To specify this constant we note that A(0) = eX + e~ ¥ is equal to ek +a 11

2cosh K
e = % (10.38)
Then, eqn (10.37) is rewritten as
5 . L (2cosh K\™®
57 58 g N S B e (2R g4
{S:} {oi}

where N} is the number of bonds on the dual lattice.

The above discussion applies not only to the square lattice but also to arbitrary
lattices. In particular, the square lattice is self-dual and has N = 2V, from which
we conclude that eqn (10.39) reduces to eqn (10.1). The self-duality manifests itself
as the same function Z on both sides of eqn (10.1). Non-self-dual lattices such as the
triangular lattice will have a different function Z* on the right-hand side from Z on the
left-hand side. The duality relation holds in such cases as well but it relates different
functions,

11 This also means that A(1) = e — e~ ¥ is equal to e~ X"+,
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Fig. 10.8 The triangular and hexagonal lattices are mutually dual.

(2 cosh K)Ne

Z(K)= QI+ NoNeK*

Z*(K™). (10.40)
It is therefore impossible, from eqn (10.40), to identify the unique transition point
using the argument of Section 10.1.

A similar theory can be developed for the Potts model to derive the transition
point on the square lattice.

EXERCISE 10.2 Apply the general theory of duality to the Potts model and derive
the duality relations corresponding to eqns (10.1) and (10.3). Identify the transition
point on the square lattice.

EXERCISE 10.3 Derive a relation between the critical exponents above and below
the transition point, a4, for the three-state Potts model on the square lattice. Also,
derive a relation of the same type for the critical amplitudes A+.

EXERCISE 10.4 Consider Ising models on the triangular and hexagonal lattices.
Derive a relation between the critical exponents above and below the transition
temperature, o+, the former for the triangular lattice and the latter for the hexag-
onal lattice. Do the same for the critical amplitudes, A+. Notice that the triangular
lattice is dual to the hexagonal lattice and vice versa. See Fig. 10.8.

EXERCISE 10.5 Let us determine the transition point of the Ising model on the
triangular lattice by the introduction of a star—triangle transformation in combina-
tion with the duality relation. If Z(K) on the left-hand side of eqn (10.40) is the
partition function for the triangular lattice, then Z*(K™) on the right-hand side is
the partition function for the hexagonal lattice. Since the function Z is different
from Z*, the duality relation (10.40) is insufficient to identify a unique singularity.
We can, nevertheless, reduce the Ising model on the hexagonal lattice to the Ising
model on a triangular lattice by taking a partial trace, as depicted in Fig. 10.9, from
which the (dual) partition function for the Ising model on the hexagonal lattice
is transformed to the partition function of another Ising model on the triangular
lattice, Z(K). In combination with the duality relation, we then have a relation
connecting the Ising models on triangular lattices, which allows us to apply the
argument in Section 10.1 and identify the fixed point with the singularity.

Now comes the problem: The central black spin Sp in Fig. 10.9 has interactions
with neighboring white spins with the Boltzmann factor B = e S0(51452+85)
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Fig. 10.9 Trace over alternating spins on the hexagonal lattice, shown in black dots,
generates two-body interactions between the remaining spins (marked white), effectively
realizing a new triangular lattice.

Suppose we perform a trace over spin So and write the result as a set of interactions
between white spins as Ae’(5152+5293+9351) Thig is the star—triangle transforma-
tion. Write K explicitly as a function of K*. Use this result to find the transition
point of the Ising model on the triangular lattice from the fixed-point condition
K =K.

10.3.4 Villain model and roughening transition

The concept of duality applies also to systems with continuous degrees of freedom
like the XY model. As elucidated in detail in Chapter 7, the two-dimensional XY
model has two physically relevant types of excitations, the spin wave that represents
a slowly changing state and the vortices that correspond to rapid changes of the spin
orientation around specific points. The existence of vortices is intimately related with
the periodicity of the system manifested by a Hamiltonian invariant under a rotation
by 2m. We therefore often treat the Villain model, whose local Boltzmann factor is
a periodic version of the spin-wave Boltzmann factor o~ Kvi;/2 (which is derived by
expanding the cosine interaction of the original Boltzmann factor e’ 0S¥ (Yij =
bi — ¢5),
o0

exp (Vi) = Y exp (- %(u}ij —27m)?). (10.41)

m=—0o0

This is the sum of the spin-wave Boltzmann factors with period 27 and is sometimes
called the periodic Gaussian model. The Villain model has both vortex and spin-wave
excitations and consequently has a KT phase similarly to the XY model. Since the
Villain model is essentially the same as the XY model in its properties concerning the
phase transition, but is easier to analyze than the XY model itself, the theory of
the KT transition is often developed for the Villain model instead of the XY model.
The second half of Chapter 7 was essentially for the Villain model.
We first write the partition function to study the duality of the Villain model,

Z = /0 %Hd@ exp(%vwi —</>j))- (10.42)
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The initial step of a duality transformation is to Fourier transform the local Boltzmann
factor, which in the present case consists of multiplying eqn (10.41) by e~/%# and then
integrate the result over 1);; from 0 to 27. The integration range of v;; then expands
from —oo to co due to the infinite sum over m, and we can carry out integration easily.
In this way, we have the Fourier series expression

1 - 12
exp (V(vi;)) = ok Z exp ( “aor T ilwij)~ (10.43)
l=—o00

Similarly to the case of discrete degrees of freedom explained in Section 10.3.2, we
give a sense of arrow to each bond and collect the factors of the form eilis(#i—%;)
involving ¢; for each i. Then, the integration over ¢; from 0 to 27 shows that [ is a
divergence-free field. This field is next expressed by the curl of a field p on the dual
lattice. Equation (10.32) remains valid for the square lattice, the only difference being
in the absence of a constraint of modulus ¢. Equation (10.33) is now replaced by

oo
Z=const- »  exp ( - % 3 (i — uj)Q). (10.44)
{ni=—o0} (ig)

The sum over p; runs over all integers, from —oo to oo, which is different from
eqn (10.33) where p; = 1,2, - -+, ¢. This is the dual representation of the Villain model.
Since eqn (10.44) is written in terms of discrete variables in contrast to the original
representation of the Villain model (10.42) or the XY model, the system is not

self-dual even on the square lattice.

The dual representation of the Villain model (10.44) may be regarded as a solid-on-
solid (SOS) model of roughening transitions, in which the surface of a solid suddenly
changes its smoothness at a transition temperature. Suppose that u; atoms stack up at
lattice site ¢ on the surface of a solid. It is reasonable to assume that a site with a higher
stack is unstable. This fact is expressed by writing the energy as (u; — uj)Q, which
is higher for larger differences of neighboring heights. The partition function (10.44)
corresponds to this model.

The Villain model has a KT transition and the free energy shows a singularity there.
The dual representation (10.44) implies that there exists a roughening transition in
the corresponding model of solid surfaces. For small K, the system is dominated by
states with small (u; — ,uj)2 and the surface is smooth. As K grows, larger differences
of height are likely to appear due to thermal fluctuations,'? and the surface suddenly
roughens at the transition temperature.

Let us return to the XY model. The dual representation of the Villain
model (10.44) is of the same form as the spin-wave approximation discussed in Sec-
tion 7.2, if we disregard the discreteness of u;. By taking into account this discreteness,
we can derive the energy of vortices (7.48) of Section 7.5 as follows.

12 Here, K is identified with the temperature, not the inverse temperature, since it appears in the
denominator of eqn (10.44).
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The Poisson summation formula

oo

> glw) = i /

n=—00 n=-—oo "

(oo}

¢ g() deh (10.45)

is useful to replace the discrete variable p; with a continuous counterpart ¢;. See
Appendix A.19 for the derivation of this formula. Using this formula, we can rewrite
eqn (10.44) as

Z = i /O:o H dg; exp (QmZ din; — % = ¢j)2) (10.46)

{nj=—occ} "™ (i4)

up to a trivial constant. This multiple Gaussian integral over {¢;} can be performed
as detailed in Appendix A.16 to give the result

o0

z= 3 exp(—27r2Kanan(j—l)> (10.47)

{nj=—o0} Jil

up to a trivial multiplicative factor. Here, G(j — ) is the lattice Green function,

Gli—1) = — /7r R (10.48)
J -~ 2(2m)2 J_ . 2 —cosq, — cosqy, Gy, '

where we have recovered the vector notation for two-dimensional vectors. It should be
remembered that the neutrality condition 3°;n; =0 applies to {n;} in eqn (10.47)
as in Section 7.4. The asymptotic behavior of the lattice Green function for large
|7 — | = r is analyzed in Appendix A.16 with the result

1
G(0) — G(r) ~ o log 7. (10.49)
Then, the partition function (10.47) may be written as

Z=3 exp (WKannl log |5 — l|). (10.50)

{nj} J#l

This is in accordance with the energy of vortices in eqn (7.48). We have reached
the same expression from a more systematic approach than in Section 7.5, where an
intuitive argument assuming the dominant role of vortices was employed.

EXERCISE 10.6 Let us study the roughening transition using the dual represen-
tation of the Villain model (10.44). We write T; for K and call it the temperature
since K appears in the position of temperature in eqn (10.44). In the limit of low
temperature, (u; — [Lj)Z takes only the smallest possible value, 0, and hence all pu;
assume a common value to be denoted as k. This corresponds to a perfectly smooth
surface. As the temperature rises, some of the variables become deviated from k to
k £ 1. This is an Ising-like discrete excitation, and therefore long-range order exists
at low temperatures, a smooth phase. In the limit of high temperature, on the other
hand, we may approximate the discrete variable p; by continuous values since the
minimum change of (u; — p;)*/(21;) is very small.
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Problem: Show in the high-temperature phase that fluctuations of p; diverge in
the long-range limit, which implies a rough surface. It will be useful to evaluate the
expectation value of (t; — pi+r-)? and analyze its large-r limit.

10.4 Quantum duality

It has been shown in Exercise 9.8 that the transverse-field Ising model in one dimension
undergoes a quantum phase transition, i.e. a qualitative change of the ground-state
correlations, as the field strength h is varied. The critical properties of this transition
are identical to those of the two-dimensional classical Ising model where the control
parameter is the temperature T'. This fact suggests an essential equivalence between
these two model systems. This is indeed the case, as can be shown by a quantum-
classical mapping. Quantum dualities are unitary mappings between quantum Hamil-
tonians that preserve the quasi-local character of their interaction terms. In some
cases, known as quantum self-dualities, those mappings also conserve the form of
the Hamiltonian operator. Physically, through this mapping one relates the weak-
coupling phase of the model to its strong-coupling phase. Our goal in this section is
first to prove a quantum duality, indeed a self-duality, relation for the one-dimensional
transverse-field Ising model, from which we can locate the quantum phase transition
point. Secondly, we show how classical and quantum dualities are simply related by a
quantum-classical mapping.

10.4.1 Duality in the transverse-field Ising chain

Let us consider the transverse-field Ising model on a chain with free boundary
conditions,

N-1 N
H[Jh=~J] Y oioi, —hY of. (10.51)
j=1 j=2

Notice that the transverse field h is not applied to site 1. This special arrangement
makes it possible to formulate an exact quantum duality in a compact manner.
The dual spin operators are defined as follows,

67 = 0105, 65 = 0305, -+, X1 = o0k, TN = ok (10.52)
i} =0y, 65 =0i05, 65 =o0fo505, -+, 63 =olo505---0%. (10.53)
These dual operators satisfy the usual anticommutation relations for Pauli operators,
(10.54)

The reason is that 67 and 67 have a common site index only in o7 and o7. Hence, the
anticommutation relation of the dual operators reflects that of the original operators.
The y-component of the dual operator is constructed by the usual rule, e.g.

o) = —igio] = —0¥03. (10.55)
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This set of dual operators {57, ] , 07} are themselves Pauli operators.
The exchange interaction term of the Hamiltonian (10.51) can be expressed in
terms of the dual operators as

N—-1 N—-1
—IY ojoi=—T)Y &, (10.56)
j=1 j=1
while the field term becomes an exchange interaction,
N-1
—hZU ~h Y 5567, (10.57)
j=1

Therefore, the total Hamiltonian is rewritten as

N—-1

HJH =Ty

with the dual parameters defined as J = h and h = J. This hermitian operator is of
the same form as the original Hamiltonian (10.51) with a slight difference in the
site index; the site without field is j =1 in eqn (10.51), whereas it is j = N in
eqn (10.58). This difference can be eliminated by the change of site numbering back-
ward, (1,2,-+- ,N) — (N, N — 1,---,2,1). Thus, the form of the original Hamiltonian
and its dual is the same and the present duality becomes a self-duality.

The transformation of the Hamiltonian eqn (10.51) into the dual eqn (10.58)
preserves the eigenvalue spectrum and is unitary. Mathematically, a quantum self-
duality corresponds to'?

N-1
5i65 —h Y &7 (10.58)
j=1

H[J,h) = UHh, JJUT, (10.59)

where U is the unitary operator performing the duality. This, in turn, means that the
eigenvalues F, of the Hamiltonian and its dual are related by

En(J,h) = Ep(h, J). (10.60)

Then, it readily follows that the quantum critical point, if a singularity exists in the
ground-state energy, should be located at the fixed point of the duality, h = J, in
agreement with the direct solution.!* The quantum critical point is known as the
self-dual point of the duality mapping.

Notice that the exact quantum duality mapping can be performed over a finite-
N chain. Care must be exercised when one performs the transformation in the
thermodynamic limit, N — oo, since appropriate boundary terms must be kept. For

13 A general quantum duality corresponds to H[J, h] = UH*[h, JJUT, where H* is the dual Hamil-
tonian.

14 1f there is more than one singularity and the model is self-dual, the phase transition point does
not necessarily coincide with the self-dual point. This is the case in the p-clock model when p > 5,
and the self-dual point is in-between the two transitions. See Exercise 7.4 in which the existence of
an intermediate phase, and thus of two phase transitions, is shown.
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instance, if we consider the same Hamiltonian of eqn (10.51) but with an additional
boundary term, h of, i.e.

N-1 N
H=-J]) oioi, —h) ol (10.61)
j=1 j=1

then there is no exact quantum self-duality.
The transformation of eqns (10.52) and (10.53) can be systematized so that it is
applicable to more general problems, which is, however, beyond the scope of this book.

10.4.2 Relation between classical and quantum duality

A natural question that emerges is whether there is any relation between the quan-
tum and classical dualities, i.e. relations between the partition functions that were
presented in previous sections. The answer is affirmative and the result is that both
are two sides of the same coin. To address this issue we will illustrate the main ideas
with the transverse-field Ising model. However, the reader must keep in mind that the
above is a very general and deep statement.

The main idea consists in finding a representation of the trace of the exponential
of the quantum Hamiltonian operator H[J, k] of eqn (10.51)

Tr e~ HILR] o Z e BHcLJh] (10.62)
{oi}

in terms of a sum over classical configurations {o; } with weights that can be associated
to a classical model system with energy function H.[J, h] and fictitious temperature
T = 1/3. Let us start by rewriting the quantum Hamiltonian

H[J,h) = H. + H,, (10.63)

where H, represents the exchange interaction, which is diagonal in the o*-basis, and
H, is the transverse-field component. Notice that

e HIIR o o= Hag=He (10.64)

since these two operators do not commute, i.e. [H,, H;] # 0. However, one can use
the Suzuki—Trotter—Lie decomposition of an exponential, whose argument is the sum
of two bounded operators,

1 1
e_(Hz+Hm) — lim [e_ﬁHze_ﬁHw

— 00

N N
} = lim [e—%Hme—%Hz] . (10.65)
It is not difficult to understand this formula by taking the leading-order contribution
of O(1/N) on the right-hand side as

N H, H\Y
lim [e*ﬁHIe*ﬁHz} = lim (1/\/./\/) = o~ (HatHa) (10.66)

— 00 — 00
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Therefore, the trace can be rewritten as

1 1 1 1 1 1
Tr e HIIA = Jim E (or|le mHeem Nz o7 N Hagmw He .o N Heem N e g
N—oo
0'1}
1 1 1 1
= lim g (o1]e N Hee= N He|gp N oprle ™ N Heem N x| g, )
N—>OO
(o on}

ce <O-2|efﬁHIefﬁHZ |g'1>

=lim Y (oufe FHlop)e HHON gy lem R ey Yo R Helows)
N —o0

{o1,on}
e N H92) (g |em R He | gy Yo M H=(0D) | (10.67)

withl=1,2,---,N, and where we have intercalated A/ — 1 resolutions of the identity

1= |ou){ol. (10.68)

o]

This sum over o; represents a sum over the complete set of 2V configurations of the
one-dimensional transverse-field Ising model in the o?-basis. One such configuration is,
for instance, | —1—1+141--- — 1+ 1), which is an eigenstate of ¢ with eigenvalue
—1, and of o3, with eigenvalue +1. Thus, the index [ labels an eztra dimension. Note
that because of its origin in a trace, eqn (10.67), the boundary condition in that extra
dimension is periodic, while the boundary condition in the other direction is free.

Since we have chosen the eigenstates of o® as the basis, it implies that the
exponential of the exchange interaction term H, becomes diagonal since

(o1] €775+ |oy) = &7 (D) caioient, (10.69)

with K#(J) = J, and classical Ising spins ¢;; = £1. It only remains to compute the
matrix elements of the exponential of H, in that basis. This is simple to accomplish
because of the mathematical identity

(o141] €7 |0y) = (0141](cosh h 4 sinh h o}) loi) = A(h) CQIERLEREEN G 1 (0)
where
1 1
K*(h) = —ilogtanh(h), A(h)? = 5smh(2h). (10.71)

The validity of eqns (10.70) and (10.71) can be checked by setting o; = 0y41 in
eqn (10.70) (in which case coshh = A(h)eX ™) and o; = —0y41 (in which case
sinhh = A(h)e= 5 "(M). Finally, we have accomplished the task to effectively map
the original quantum transverse-field Ising chain in d =1 into a classical statistical
mechanical problem in d = 2 dimensions

Tr e HIH = /\/l’l—r>noo A(KZ)N(N_D {z:} e BHCSh] (10.72)
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where the classical energy function is given by
N N-1
—ﬁH J h Z Z (K§ 0j,105+1,1 + Ky Uj’loj,l+1)7 (10.73)
=1 j=1

and corresponds to a classical Ising model with couplings K3 = K*(J/N), and K} =
K*(h/N'). We have thus managed to relate the trace of e of a quantum problem in
d dimensions with the partition function of a classical statistical-mechanics problem
in d 4+ 1 dimensions
Z(K3, Kyp) =Y e PHLIN, (10.74)
{o}
The quantum-classical mapping described above allows us to derive the self-duality
of the two-dimensional classical Ising model. The quantum self-duality, which is
basically a unitary mapping, i.e. H[J,h] = UH|[h, J|UT, implies

Tr e B — Ty e~ HIWIgt = Ty e~ HIRT], (10.75)

because of the cyclic invariance of the trace operation and the fact that UTU = 1.
This equality, eqn (10.75), in turn leads us trivially to the classical self-dual relation'®

Z(K5.Kp) 2K} K3)

A(KGND ARG NN
By identifying K, = K%, K, = K}, and K} = K7, K} = K7, and using eqn (10.71),
one arrives at the relation for the dual couplings

—2KI — tanh K, e 2K = tanh K, (10.77)

(10.76)

or, more symmetrically,
sinh 2K, sinh2K} =1, sinh 2K, sinh 2K =1, (10.78)

which correspond to the dual relations for the d = 2 anisotropic Ising model case. In
the isotropic case, K, = K, eqn (10.77) reduces to eqn (10.3),

e 2K — tanh K, (10.79)

and the quantum self-dual point, h = J, corresponds to K} = K,. We have in this
way shown that quantum and classical dualities, which seem to have a different origin
and physical interpretation, are mathematically related and represent two sides of the
same entity.

15 Compare to eqn (10.2) and note the lack of the factor 2. This is because of the use of different
boundary conditions.
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Numerical methods

This short chapter introduces a few typical numerical methods used in modern studies
of phase transitions and critical phenomena in spin systems. The first section describes
the dynamics of a generic system with discrete degrees of freedom following the master
equation. This section serves as a theoretical basis for the method of Monte Carlo
simulations explained in the second section. Another useful numerical technique is
the transfer matrix method, described in the last section, and that is applied for
numerically exact evaluation of the free energy and related physical quantities.

11.1 Master equation

Monte Carlo simulations are realized as the numerical implementation of stochastic
dynamics, which is conveniently represented using the master equation. We first
introduce the master equation and analyze the properties of its solutions in order to
establish a theoretical basis for Monte Carlo simulations that reproduce equilibrium
expectation values of physical quantities by stochastic dynamics.

We often use notations for the Ising model in the present chapter but in principle
the discussions here apply to arbitrary systems with discrete degrees of freedom. The
Ising model is a classical spin system for which there is no intrinsic dynamics, such as
a Newton or Schrodinger equation of motion, which determine the time evolution of
microscopic degrees of freedom. We, nevertheless, think it natural that each spin flips
from time to time under the influence of thermal agitation from the environment. The
master equation is a useful way to formulate this idea in terms of stochastic changes
of spin configurations. This stochastic dynamics, built on concepts of probability
theory, represents a fictitious dynamics that, as we will see, allow us to study the
thermodynamic properties of the model.

Let us denote a spin configuration by an alphabet, e.g. a« = {1,—1,—1,--- ,1}.
We describe the state of a system using the probability that the system has a
configuration a at time ¢, P(a,t). The Ising model with N spins has the total number
of configurations 2V and hence we have a complete stochastic description of the system
at time t if we know the 2%V values of P(a,t) for all possible as. The master equation
describes how this set of probabilities evolves with time.

Suppose that the configuration changes from a to b with the transition proba-
bility w(a — b)At (>0) in a small time interval At.! Then, the probability that
the system has the configuration a decreases by w(a — b)At - P(a,t) because the

1 The transition probability w(a — b) is a conditional probability.
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system was in a with probability P(a,t) and then has changed to b with probability
w(a — b)At. Similarly, the probability that the system is in configuration a would
increase by the amount w(b — a)At - P(b,t) if there is an influx of the configuration
from b(# a). Thus, the net change of the probability should be the balance of these two
contributions,

P(a,t + At) — Pla,t) = = Y w(a — b)P(a,t)At+ Y w(b— a)P(b,t)At.

b(#a) b(#a)
(11.1)
This is the master equation.

Implicit in the above discussion is the concept of a Markov process, where the
state of the system at the next time step ¢t + At is determined only by the present
state at time ¢ and is unaffected by the previous states at t — At,t — 2A¢,---. This
is a reasonable assumption, although it is usually hard to deduce rigorously from
more fundamental rules, and we follow the convention to adopt this assumption here.
Also, it is sometimes useful to take the continuous-time limit At — 0 and write the
master equation as a differential equation. In the present section we use the discrete
representation with an application to Monte Carlo simulations in mind.

It is convenient to rewrite the master equation in a compact form as

Pla,t+At) = (1— > wla— b)At)Pla,t) + Y w(b— a)At- P(b,t)
b(#£a) b(#a)

= LaP(b,1), (11.2)
b

where

Log=1-— Z w(a — b)At, Lagp =w(b— a)At (b# a), (11.3)
b(£a)

or, in a matrix-vector notation,
P(t+ At) = LP(t). (11.4)

The ath component of vector P(t) is P(a,t). Suppose that the stochastic matriz L
has right eigenvectors and corresponding eigenvalues,

Le, = M, €eq,. (11.5)

If the set of eigenvectors {e,} is complete, we can expand the probability P(t) as
P(t) =) calt)ea, (11.6)

and the time evolution (11.4) is expressed as

P(t+ At) = an )Lea = ca(t)Aaea. (11.7)
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After n steps of time evolution from the initial state ¢ = 0, the probability becomes

P(nAt) = an(O))\Zea. (11.8)

The behavior of the probability as a function of time step n is therefore dictated by
the eigenvalue spectrum {A,}.

The requirement of the conservation of probability, " P(a,t) = 1, places a strong
constraint on the eigenvalue spectrum. Since the sum of all components of the left-hand
side of eqn (11.8) is unity, so is the right-hand side,

ZCQ(O))\Z Zea(a‘) =1, (119)

where e, (a) is the ath component of e,. This relation holds for arbitrary n. For the
left-hand side of eqn (11.9) to be independent of n, the largest eigenvalue Ay should
be unity, with the corresponding eigenvector satisfying > eo(a) =1, and all other
eigenvectors must satisfy > eq(a) =0 (a # 0). It is further necessary that co(0) = 1
and |Aq| <1 for oo # 0. This latter condition on the eigenvalues A, comes from the
observation that the probability P(a,nAt) should not grow indefinitely with n. Since
all matrix elements of £ are positive semi-definite,? the Perron—Frobenius theorem?
guarantees that the eigenvector for the leading eigenvalue )\ is non-degenerate, as long
as the matrix £ is irreducible (which means that any configuration can be reached from
any other configuration after a finite number of steps). This irreducibility condition is
satisfied in Monte Carlo simulations by standard choices of the transition probability,
as will be explained in the next section.

We conclude that the system evolves toward a unique equilibrium distribution eq
as n — 0o,

P(nAt) = eg + c1(0)e m1oe Mg, 4. (11.10)

with the relaxation time 1/|logA1|, where A;(< 1) is the second largest eigenvalue
of L. Tt is in this sense guaranteed that the stochastic dynamics under the master
equation eventually realizes the equilibrium distribution eg.

Discussions in this section are very general and apply to any choices of the
transition probability and matrix £ as long as the latter is irreducible and positive
semi-definite. Accordingly, the equilibrium distribution ey may not necessarily be the
Gibbs-Boltzmann distribution e /Z. We study in the next section the conditions
that the transition probability must satisfy for the Gibbs-Boltzmann distribution to
be realized as the equilibrium distribution.

2 The diagonal element Lg, in eqn (11.3) should be positive semi-definite because it is the
probability that the system stays in the present configuration a.

3 This theorem states that an irreducible square matrix with positive semi-definite elements has
its largest (in magnitude) eigenvalue positive and the corresponding eigenvector is non-degenerate
with all its components being positive.
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11.2 Monte Carlo simulation

It is necessary to choose appropriate transition probabilities in Monte Carlo simula-
tions so that the equilibrium distribution is of the Gibbs-Boltzmann form P(a,t) =
e PH(@) /7 = Pyy(a). Suppose that an equilibrium has been achieved in the master
equation (11.1) with P(a,t) = Peq(a). Then, the left-hand side vanishes and conse-
quently

> w(a —b)Peg(a) = Y w(b— a)Peg(b). (11.11)
b(#a) b(#a)

This relation constrains the possible form of the transition probability. A sufficient
condition for the above relation to hold is to equate both sides term by term,

w(a — b)Peg(a) = w(b — a)Peq(b). (11.12)

This relation is called the detailed balance condition. If we use the Gibbs—Boltzmann
distribution for Peq(a) in the above equation, the ratio of the transition probabilities
satisfies

wa—b) s @)
wa=b _ @), 11.1
w(b— a) ¢ (11.13)

Common choices of the transition probability that satisfy the detailed balance condi-
tion are the heat-bath method

e~ BH(b)
w(a — b) = @) § o P (11.14)
and the Metropolis method
w(a — b) = e PHO—H(@)+ (11.15)

where (f)y+ = f if f > 0 and 0 otherwise.

EXERCISE 11.1 Confirm that the heat-bath and Metropolis methods satisfy the
detailed balance condition.

We next have to determine what types of transitions are allowed, that is, what
combinations of @ and b would have w(a — b) > 0. The process of a single-spin flip is
often used in Monte Carlo simulations of the Ising model, in which only a single spin
is flipped in a given time step. We choose site ¢ and decide whether to flip S; to —5;
according to the probability w(a — b), where

U/:{517SQ,"',S7;7"',SN}, b:{51752,"'7_57;"',5]\[}. (1116)

The transition probabilities for all other processes are considered vanishing. It is clear
that any configuration {Sy, S2,---, Sy} can be reached from any other configuration
{51,855, -+, SN} by successively flipping spins at sites where .S; # S;. Thus, this choice
of the transition probability generates an irreducible matrix £. For the single-spin flip
process, the heat-bath and Metropolis methods are written as
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e—BH(=S) o BAE;
w(S; — =8;) = e—BH(Si) 4 ¢—BH(=Si) - 1 4+ e~ BAE;’ (11.17)
and
w(S; — —8;) = e BB+ (11.18)

respectively. Here, AE; = H(—S;) — H(S;) and the dependence of H on spins other
than S; has been suppressed for simplicity of notation.

Equations (11.17) and (11.18) are particularly useful if we notice that AFE; can be
written by the local spin configuration around site 7. Suppose that the Hamiltonian
has the following expression

H=H+H ==Y J;SS;+ H, (11.19)

J

where H' is the part that does not include S;, and J;; = J for a neighboring pair (ij)
and 0 otherwise in the summation. Then, the change of the energy by a single-spin
flip is

AE; = H(=8;) — H(S;) =2 Ji;5:5;. (11.20)
J

This quantity is easily calculated numerically and can be inserted into eqn (11.17) or
eqn (11.18) to evaluate the transition probability.

EXERCISE 11.2 Consider a simple two-spin system with H = —JS1S2. There
are four possible configurations of spins, a = {1,1},b={1,—-1},c¢={-1,1},d =
{—1,—1}. Write the transition probabilities between these four configurations using
the heat-bath method under the single-spin flip process. Write, further, the matrix
L and evaluate its right eigenvalues and eigenvectors. Confirm that the largest
eigenvalue is unity with the corresponding eigenvector being the Gibbs—Boltzmann
distribution. Observe that other eigenvectors have both positive and negative com-
ponents and satisfy Y eq(a) =0 (a # 0).

In Monte Carlo simulations one regards the calculation of the expectation value of
a physical quantity O as an average over the configurations generated by the stochastic
dynamics. Assume, for instance, that we want to evaluate the magnetization m of the
Ising model in the Gibbs-Boltzmann ensemble

m = (m)p, = % <Z Si> = Pela) (;7 ZS) (11.21)

PE
where the sum is performed over all 2"V configurations. Monte Carlo methods choose
a subset of configurations according to the stochastics dynamics generated by the
transition probabilities w. One then constructs an estimator of m by choosing a number
of sampled configurations, e.g. M configurations,
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me = %Zm(a), (11.22)

where the M configurations @ are sampled according to Feq, a probability measure
on the space of configurations. The estimator mg has the property that it becomes
a more accurate estimate of m as M grows larger. That means that for a sufficiently
large number of sampled configurations one can come arbitrarily close to the desired
expectation value. Indeed, the strong law of large numbers guarantees that

1 ~ ~
Prob {Iv}iinoo i Z O(a) = <(’))peq} =1, (11.23)
a

i.e. it converges with probability 1.

The sequence of statistically independent sampled configurations {a} constitutes
a random walk. The initial probability distribution P(a,t = 0) and the transition
probability w(a — b) characterize the random walk. If the equilibrium distribution
exists, under the hypothesis of ergodicity,? then the random walk converges to Peg,
irrespective of the initial distribution P(a,t = 0). Since an infinite random walk cannot
be simulated in practice, the natural question that arises is: What is the error involved
if the random walk is of length M7 The answer to that question is provided by the
central limit theorem, which states that for large M the estimator Op = 1/M > . O(a)

-~

becomes normally distributed about (O)p,, with variance

1 o2

var{(On,} = = (@n, - O},) = T (11.24)
if the M random variables a are statistically independent. So, the central limit theorem

allows us to assign numerical confidence limits to our best estimate of the value of a
physical average

(O)p, ~ Op + (11.25)

/M )
where the uncertainty in the estimate represents a main contribution to the statistical
€error.

In practice, the structure of the algorithm is as follows. Notice that we choose
At = 1.

1. Initialize the spin configuration {S;}, typically to a random configuration
or a perfectly ferromagnetic state.

2. Choose site ¢ for flip trial.
3. Calculate the energy change AFE;.

4. Generate a uniform random number r between 0 and 1 and compare it with
w(S; — —85;). Execute the flip S; — —S; if r < w(S; — —5;) and keep 5;
unchanged if r > w(S; — —5;). In this way, the transition takes place with
the designated transition probability.

4 Ergodicity is the requirement that our Markov process can reach any configuration of our system
from an arbitrary configuration, if we run it long enough.
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5. Calculate the physical quantities of interest for the present configuration
{Si}.

6. Repeat 2 to 5 until sufficient statistics has been collected.

Sample codes are listed in Appendix A.20.

There are a number of points to be noticed in the actual implementation of
the algorithm. For example, the effects of the initial condition should be discarded
because it takes some time, 7 = 1/|log A1|, for the system to equilibrate, as discussed
in the previous section. Measurements of physical quantities are also to be performed
at some intervals of Monte Carlo steps, not at each single step, since consecutive
spin configurations are correlated, which prevents us from collecting data drawn
independently from the equilibrium distribution. If these conditions are satisfied, spin
configurations thus generated are considered to be drawn independently from the
Gibbs—Boltzmann distribution, and hence the simple averages of physical quantities
as in eqn (11.22) are usually reliable approximations of the canonical average. Also, as
is always the case in data analysis, statistical and systematic errors must be properly
estimated, the former as in eqn (11.25) and a typical example of the latter being the
finite-size effects. The method of finite-size scaling is useful for this purpose.

11.3 Numerical transfer matrix method

The numerical transfer matrix method is another popular technique to numerically
evaluate physical quantities especially in two dimensions. According to the transfer
matrix method described in Chapter 9, we introduce a 2 x 2 transfer matrix for the
one-dimensional Ising model and diagonalize it to obtain the partition function in the
thermodynamic limit using the largest eigenvalue. The two-dimensional case is similar
in spirit but is much more complicated in practice because a large 2F x 2 matrix,
where L is the linear length of a finite-size square lattice, should be diagonalized. The
numerical transfer matrix method is used instead to evaluate the partition function of
a long strip of size M x 2%, where M can, in principle, be chosen as large as we wish.

Suppose that we have successfully evaluated the partition function numerically up
to the [th row indicated by circles in Fig. 11.1, starting from the bottom row and
tracing out all spin variables shown in black dots. The result is stored as 2% numbers,
2(5W 880 o sy for (S = £1, 80 = 41, , SV = £1}. We next evaluate the
effects of the interaction between Sil) and SilH), the latter being the spin just above
SY) in the next row, as

Z(Sy—i_l)ﬂsél)f" ,Sg)) = Z eKS?)Serl)Z(Sgl)aSél)a"' 7Sg)) (1126)
5P =+1

S§l+1)

Then, the interaction between Sél) and is taken into account as

Z(S§l+1)’sél+1)7._. 7Sg)) = Z eKSél)Sél+1)Z(S§l+l)7Sél)u"' 7Sg)) (1127)
S =+1
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Fig. 11.1 The numerical transfer matrix method evaluates the partition function row by
row for the two-dimensional lattice.

The interaction between S;Hl) and Sélﬂ) will be considered later. By repeating similar

processes, we obtain the values of Z(Silﬂ), Sélﬂ), e ,S(Ll+1)). The transfer from the
Ith row to the (I + 1)th row completes by adding horizontal interactions within the
row, assuming periodic boundary conditions, as

141 141 141 (+1) gU41) | (41 g(+1) | g(+1) g(141)
Z(S§+)7S§+)7~-~,52+ )):eK(s1 B ) S e SR S A S|

x Z(SUHD gl L iy, (11.28)

It is straightforward to reach the final Mth row by repeating this procedure to have
Z(S§M), S’§M)7 e 7S(LM)). Assuming a free boundary at the final row, that is, there is
no (M + 1)th row, the total partition function is the sum of Z(S§M), SéM), e ,S(LM))

over all possible values of SZ(M) = 41 (V). The initial value is the Boltzmann factor
for the horizontal interactions,

Z(SW, ... 51y = K (58040504t s() (11.29)

A clear advantage of this method is that we do not have to directly diagonalize a
large matrix and the computational cost is linear in M. The memory and computa-
tional cost in terms of L is exponential, 2%, which limits the actual size somewhere
between L = 10 and L = 20.

Since the partition function and its logarithm can thus be obtained numerically,
physical quantities are evaluated by numerical differentiations with respect to the
temperature or the external field.

Although the simple two-dimensional Ising model has an exact solution and thus
does not need to be analyzed by numerical methods, the method of numerical transfer
matrix is useful for more general cases, such as random systems and non-Ising models.
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Appendix A

A.1 Saddle-point method

Suppose that a function f(z) has a maximum at x = z( as illustrated in Fig. A.1l.
Then, the integral

I :/ N @) dg (A1)

is evaluated asymptotically in the limit N — oo as
I~ eNf@o), (A.2)

which simply amounts to keeping the maximum value of the integrand. This is the
result of applying the saddle-point method or the method of steepest descents.

The expansion of f(z) around ¢ starts from the quadratic term since its first-order
term vanishes at the maximum =z,

£(&) = flao) + 3@ — 202" (w0) (" (x0) < 0). (A3)

Cubic and higher-order terms become non-negligible for larger |« — x¢|, where f(x) is
significantly smaller than f(z¢). In the integrand of eqn (A.1), f(z) is multiplied by N
and is exponentiated, which leads to overwhelmingly smaller values of e/ (*) for 2 # x
compared to e¥f(0) for large N. As a concrete example, if Af = f(x) — f(zg) = —1
and N = 10, then r = eN/(@) /eNf(@0) = 45 x 1075, For the same difference of the
functional values Af = —1, N = 100 gives r = 3.7 x 10744, and r = 5.1 x 10743 for
N =1000. It should be clear that the leading contribution comes only from the
immediate neighborhood of z( in the limit N — co. We may therefore ignore the cubic
and higher-order terms in the expansion of eqn (A.3).

The asymptotic expression can be evaluated by the Gaussian integral using
eqn (A.3),

I~ /Z dx exp (Nf(xo) — g(l‘ — 560)2|f"(950)|)

= exp <Nf(xo) + %log 21 — ;log(Nf”(;vo)D). (A.4)

Since the term N f(x) is much larger than the other terms in the exponent, we often
keep only eV/(#0) as the asymptotic form. This is eqn (A.2).

The name ‘saddle-point method’ comes from the behavior of the function in the
complex plane: The function f(z), an analytical continuation of f(z) to the complex
plane, is maximum at z = xo along the real axis but is minimum along the path
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J)

I
X0 X

Fig. A.1 The function f(x) is assumed to have a maximum at zo.

parallel to the imaginary axis, as can be verified from eqn (A.3). See also Fig. A.2.
This method is also called the method of steepest descents since the integration runs
along the path where the change of the functional value is largest.

Let us comment on the higher-order terms for those readers who are curious about
how the higher-order terms affect the result. For simplicity, choose o = 0 and assume
that f(x) is an even function. We expand f(z) around z = 0 and keep terms up to
the fourth order. Then, the integral I to be evaluated has the following form,

o N
I~ N0 / exp (—anQ + bNx4) dez, (A.5)

— 00

where b should be negative since the integral diverges otherwise. As f(z) is maximum
at © = 0, a should be positive. Set z = t/vaN to have

e/ (O) oo 2 bt
I~ T exp <2 + aQN> dt. (A.6)

A naive next step consists of ignoring the fourth-order term in the limit N — oo as
its coefficient has the factor N~!. This corresponds to the saddle-point result (A.4).
This argument applies to any higher-order terms not just the fourth-order one.

Let us evaluate the effects of corrections due to the fourth-order term in a more
careful way. The fourth-order term in the exponent prevents us from performing the
integral directly, so we expand e?t'/a*N around t = 0. The nth-order term of the
expansion is proportional to t4"/(n!N™). Its integral

Fig. A.2 The path in the integral is chosen along the arrow such that the function becomes
largest at the saddle point.
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00 t4n t2
[m N <P <2> dt (A7)
is proportional to (2n)!/(nIN™) for large N. Since (2n)! > n!, the coefficient of the
expansion is larger for higher-order terms and consequently the expansion does not
converge. Thus, this is not a Taylor expansion but it is an asymptotic expansion.

An asymptotic expansion does not converge and is anomalous in this sense. It
is, nevertheless, useful to terminate the expansion at an appropriate finite order and
then take the limit of a very small parameter value N !, in which case the difference
between the approximate value using the asymptotic expansion and the correct value
can be reduced arbitrarily. In the present example of eqn (A.6), the correction of the
first term (n = 1) gives

/oox r 1+Lt4 dt = V2 1+i ~ V21 ex 3 (A.8)
P 2 a?N - ven 2N ) TVITEP 2y ) ’

— 0o

Then, the asymptotic expansion of the integral to first order reads

1 1 3b

I =~ exp <Nf(0) t3 log 27 5 log(aN) + aQN)' (A.9)
This value is close to the correct integral value for large V. For the quartic function
f(x) = —x2/2 — 2*, for instance, the direct integral value I; and the value I of the
formula (A.9), in their logarithmic form, are compared as log Iy = —0.3860, log I =
—0.5324 for N =10, logl; = —1.4099,log I = —1.4137 for N =100, and logl; =
—2.5379,log I, = —2.5379 for N = 1000. This example shows the numerical accuracy
of the asymptotic expansion for sufficiently large V.

A.2 Expressing the susceptibility in terms of correlation functions

The magnetic susceptibility, a thermodynamic quantity, can be written in terms of
correlation functions. We show this fact for a model with Ising variables by starting
from the definition of the magnetization of a system with Hamiltonian Hy and external
field h,*

Z{Si}(gl RS SN) e BHo+BhY,; Si

M = Z{sv} e—BHo+BRY,; S;

(A.10)

The susceptibility is the h-derivative of M in the limit h — 0. If we write x for the
susceptibility per spin, we have

AL R D S
(s (S1+ o+ Sx) e OHo Y’
-8 S pectin . (A.11)

I Notice that the factor 8 = 1/T is not absorbed in the definition of the Hamiltonian.
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The first term on the right-hand side is a sum of correlation functions and the second
term is the square of the spontaneous magnetization,?

Nx =8 (S:S;) - pM>. (A.12)

ij=1
If the system is translationally invariant,

_M
N

(8i55) = (SoSr)  (r=1li—jl), (Si) =m (Vi), (A.13)

and we may rewrite the susceptibility as

X =8 ((SoSi) = (So)(S1)). (A.14)
l

This equation shows that the susceptibility is the sum of connected correlation
functions (defined by the quantity in the parentheses on the right-hand side) and
connects the divergence of x at the critical point with the two-point correlation
function. This relation holds not only for the Ising model but also for other systems
and is known as the static susceptibility sum rule. In the paramagnetic (disordered)
phase, the second term on the right-hand side of eqn (A.14) vanishes because there is
no spontaneous magnetization.

This sum rule is a consequence of the linear response theory and is a special
example of the fluctuation—dissipation theorem. Consider an arbitrary system whose
Hamiltonian H, is modified because of the presence of an external inhomogeneous
field B(r) (a magnetic field being an example) as

H = Hy - /drO(r)B(r), (A.15)

where O(r) is the system variable that linearly couples to the external field (the
magnetization being an example). The free energy of the system is F = —3~!log Z in
terms of the partition function

Z = Trexp ( — BHy + ﬁ/dr O(T‘)B(T)). (A.16)
Let us define a generalized isothermal susceptibility
2F
N ——————— Al
XT) = = SR B ) (A.17)
as the second-order functional derivative of the free energy with the result
A~ 1 /1 82z 1 62 1 6z
N i L= Al
x(rr) =5 (Z SB(r)0B(r)  ZoB(r) ZOoB(r) (A-18)
= 8((0@m)o@) ~ (0m)(0)) = BG(r, 1), (A.19)

2 Rigorously speaking, it is necessary to take the thermodynamic limit N — oo first and then the
limit h — 0 to evaluate the spontaneous magnetization. See Section 5.6.
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If the system is translationally invariant, G(r,r’) = G(r — '), and we have

X = /drx ﬁ/er (A.20)

This is a very profound result that explains why a divergent x is associated with the
increase in the range of the two-point correlation function. In the case of a fluid, O(r) =
p(r) may represent the particle density and x = k is the compressibility. Therefore, a
divergent compressibility is correlated to the increase of both density fluctuations and
the range of the density—density correlation function. When the correlation length &
becomes comparable to the wavelength of light, the latter will be strongly scattered
by density inhomogeneities and the phenomenon of critical opalescence emerges.
Equation (A.20) connects the response x of the system to an external perturbation
B with the fluctuations G in equilibrium. It thus has a similar physical content to the
fluctuation—dissipation theorem explained in critical dynamics, eqn (2.115).

A.3 Rushbrooke’s inequality
We prove here Rushbrooke’s inequality
a_ +20+y- > 2. (A.21)

This inequality is related to the scaling relation o + 23 + v = 2, the difference being,
first that the equality is replaced by an inequality, and secondly that the critical
exponents a and « are restricted to those below the critical point. The present section
uses only a thermodynamic stability condition in contrast to the scaling theory in
Chapter 3.

The Helmholtz free energy F' of a gas is a function of temperature 7" and volume
V. Correspondingly, the Helmholtz free energy of a magnetic system is a function of T’
and m, the magnetization per spin. We define the heat capacity at fixed magnetization
m by the second-order derivative of F' with respect to T', corresponding to the heat
capacity at fixed volume for a gas,

oS 0’F
Cn=T =-T|—] . A.22
(o7), = (), 2
The entropy is also a function of temperature and magnetization, S(T,m). We now
consider the situation where m is determined as a function of the external field h and
temperature 7' and replace m in S(T,m) by m(h,T) to have S(T,m(h,T)), which

we express by the same symbol S(T,h) for simplicity. The T-derivative of S(T h)
corresponds to the heat capacity at constant pressure for a gas,

wor(B2) (o(59). o

where G is the Gibbs free energy. Using the relation between S(T,h) and S(T,m),
that is S(T, h) = S(T,m(h,T)), we have

(55 - (55) (5, (), o
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Then, if we write x for the susceptibility Om/0h, we find

wo-(3) 1) (). e

We use here the relation to be derived later,

FLE-G e

to obtain
Ch—cmy =1 (I i (A.27)
X\Chn m) = oT . . .
Now, the internal energy F satisfies
oS ok

and F is a monotonically increasing function of 7" due to the thermodynamic stability
of a macroscopic system.® This implies C,,, > 0, and hence from eqn (A.27),

werl(m) ), ns

We take the limit h — 0 and substitute the definitions of critical exponents below
the critical point, x o (T, — 7)™ 7=, Cy  (Te — T)~%=,0m /0T o (T. — T)P~1 to get
Rushbrooke’s inequality (A.21).

It remains to show the identity (A.26). First, the following relation is derived,

@),

For this purpose it is useful to note the functional relation f(h,m,T) = 0 for some f
(not to be confused with the free energy), which shows that two variables among h, m
and T determine the value of the remaining one. An equivalent expression is h(m,T).
Let us thus differentiate f(h(m,T),m,T) = 0 with respect to m to have

of ( Oh of
Similarly, from f(h,m(h,T),T) =0,
of (om of
and from f(h,m,T(m,h)) =0
of (0T of
87 ((%)m + % =0. (A.33)

3 Otherwise, the system heats up (AT > 0) as its energy decreases (AE < 0).
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These three relations immediately lead to eqn (A.30). We now apply the Maxwell

relation
as oh
=) == A.34
(5e), == (57),. .
derived by differentiation of

to eqn (A.30) to prove (A.26).

A.4 Cumulants

The nth moment of a stochastic variable x with the probability density function P(z)
is defined as

(z") = /dzx"P(:c). (A.36)

The average of e** can be expanded in terms of the moments as

n

(eihey = 3 B oy (A.37)
n=0 .

the exponentiation of which defines the cumulant (™).,

> “fi?" (a") = exp (Z (ign <w">c>. (A.38)

n=0

For example, the first cumulant is equal to the average (the first moment) and the
second cumulant is the variance, as can be easily verified from the above definition,

(@e=(2), (2% = (2%) — (x)*. (A.39)

The Gaussian distribution has the special property that (e!**) can be evaluated
explicitly to give

2
(e*?) = exp <1k<x> - Z<m2>c> (A.40)

This shows that all higher-order cumulants than the second-order one vanish. This
is a very convenient property of cumulants in comparison with moments, the latter
being non-vanishing to higher orders for the Gaussian distribution.

A.5 Renormalization group equations from the ¢ expansion

In this appendix we derive the differential renormalization group equation, eqns (4.56)
and (4.57), from the € expansion in a d-dimensional system.



Renormalization group equations from the € expansion 275

The basic strategy is to start from the ¢* model (4.40) and carry out the processes
of coarse graining (integration of short-range degrees of freedom), rescaling of length
and renormalization of the spin degrees of freedom (i.e. fields) by using a perturbative
expansion in powers of the quartic term. As we will see below, a main mathematical
tool is the Gaussian integration.

It is convenient to write the basic Hamiltonian (4.40) with h =0,

H= /dr {(V¢(r))2 +to(r)? + u¢(r)4} , (A.41)

in the Fourier-transformed (wave-number) expression, often called the momentum
space representation following the convention of field theory,

A
¢<r>:ﬁ / g é(q), (q) = / dre 7 (), (A42)

as in eqn (2.75). Here, we have used the same symbol ¢ both for the original and
Fourier-transformed variables to simplify the notation. The integral over momentum
is cutoff at the absolute value of momentum |q,,,.| = A, so that we have approximated
the volume of integration to a hypersphere of radius A. Singularities are expected to
come from the long-wavelength (small-¢) modes, and therefore the cutoff is supposed
not to affect the results, which is indeed the case, as is shown in Section 4.2.2.
The momentum cutoff A is proportional to the inverse of the shortest length scale,
the lattice constant a, which will be gradually increased (i.e. coarse grained) as the
renormalization group proceeds. This means that A will be gradually decreased by
successive elimination of the large-q (short-length) degrees of freedom.
The Hamiltonian (A.41) is written as

A
1= [ G+ oo
A

" # /0 dq; ---dgy(2m)"8(gy + - + 44)0(a1)D(d2)(a3)B(a4), (A.43)

as can be verified by using
1
@n)’

The quartic term in eqn (A.43) will be denoted as V' in this appendix, i.e. H = Hy + V.
We will consider perturbations in powers of V.

/dr eI = §(q). (A.44)

A.5.1 Gaussian model: zeroth-order contribution

The zeroth-order contribution is the Gaussian model because the quartic term V'
is absent, i.e. H = Hp. Although we have already analyzed the Gaussian model in
Section 4.2.1, it is instructive to formulate the momentum-space renormalization group
for this model to illustrate the basic ideas used in higher-order calculations. As in
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the real-space renormalization group approach, one needs to perform two steps. The
first consists of integrating out (partial trace) the large momenta (short-wavelength)
degrees of freedom while the second step is concerned with the rescaling of (momen-
tum) variables and spin fields.

Let us introduce separate notations for spin variables with |g| smaller and larger
than A/b,

S(g) 0<lql <A/b
= - , A45

o0 ={ 28 sl 24 (A.45)
where b is the scaling factor to be chosen slightly larger than 1. Notice that the spatial
rescaling by b corresponds to the momentum (wave number) rescaling by 1/b as they
are dimensionally inverse to each other. The Gaussian Hamiltonian is separated into
two parts, H = Hg + H,, where

A/b d 9 A d 2
Hs = / oy 4)S(@)S(-a). Hy = y Gyt )r@o(-a)
(A.46)

Correspondingly, the partition function is the product of two parts, Z = ZgZ,, where

Zs = / [ as@e s, 2, = / [ do(g)e (A.47)

IqI<A/b A/b<|gI<A

If one wishes to be mathematically more rigorous, one should define the system over
a finite volume 2, and then perform the thermodynamic limit. In that case one needs
to replace integrals over g by sums, as indicated in Section 2.9, and the measure of
integration in eqn (A.47) should include a factor 27'/2 per mode q. The final result
is the same.

At the Gaussian level there is no coupling between S and ¢ variables. Following
the spirit of coarse graining of the short length scales, we perform the integration only
over the o variables, i.e. a partial trace, and study what happens to the remaining
part Hg. This process is equivalent to eliminating fluctuations at length scales a <
|r| < ba, i.e. to trace out the spin degrees of freedom within a region that corresponds
to a block in the real-space language. The integral over o is the Gaussian integral
discussed in Section 2.9 and gives just a regular function of ¢ and A, independent

of S
1+d/2
Z,= ] <(2”)2 /t T 2), (A.48)
A/bLIqI<A ta

which contributes to the free energy but not to the critical phenomena. Thus, the part
of Hg in Z is trivially kept intact by this process. This feature is characteristic of the
Gaussian model.
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The rest of the renormalization group calculation consists of rescaling the momen-
tum space variables and renormalizing the spin degrees of freedom (rescaling of
momenta and spin fields)*

a, =bq, (q,) =((b)7'S(q). (A.49)

The renormalized Hamiltonian for S now reads

A
Hs= /0 (g:)bd b=t +b7267)CPd(a) o (—ay)- (A.50)

This has the same form as the original Gaussian Hamiltonian, eqn (A.43) with u = 0,
if we choose

b=a72¢2 =1, t, =b"4C% (A.51)

The spin-renormalization factor is therefore fixed to ¢ = b*+t%/2_ and the renormalized
t satisfies

ty = b’t, (A.52)
in agreement with eqn (4.43).

A.5.2 First-order contribution

We next consider the effect of the quartic term V' perturbatively. For this purpose we
again separate the partition function into S and o parts,

Z:/ H dS(Q)/ H dg(q)e—Hs—Ha—v(s,g)

1qI<A/b A/b<|GI<A
:/ [T as(@e "z, (V) (A.53)
1gI<A/b

where V' depends explicitly on both S and o variables, and

Z, = / I do(ge " (A.54)
A/bL|GISA
1
—V(8,0) L —H, ,—V(S,0)
(e Vo = ZU/ [ dol@e e . (A.55)
A/b<IqI<A

The expectation value (e~"), in eqn (A.53) is rewritten as a cumulant expansion,

Z:Z(,/ [ dS(g)e s e WVetvo-2)/240(v%), (A.56)
Iqi<A/b

4 Rescaling of the spin field in real space is different. See eqns (3.7) and (4.42). They are related

by the Fourier transformation in the following way c(b) ™! = b4¢(b) 1.
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To evaluate the various contributions, it is necessary to separate the S- and o-
variables in the Hamiltonian. We write the quartic term V' (S,0) as

A
V(S,0) = / dqy -~ dqy (2m)96(qy + -+ .)6(a1)B(a) H(as)(as)

(2m)

w A/b
~ 2m) {/ dg, -++dgy (2m)"(ay + - + 44)5(91)5(42)5(a5) S(q4)

A/b A
+/ dq,dq,dgs /A/ dg,(2m)%6(q, + -+ a4)S(q,)S(q,)S(a3)o(qy)
0 b

A
+/ dql---dq4(2ﬂ)d5(q1+-~-+q4)0(q1)0(q2)0(q3)0(q4)}
AJb

= 5555+ 45550 + 65500 + 4So00 + oooo, (A.57)

the latter expression having an obvious interpretation. For example, 45550 stands for

w A/b A
o {/0 dq,dq,dqs /A/b dq,(2m)%6(q, + -+ + q4)5(q1)S(q2)S(g3)0(q,)

A/b A

+/ dq,dq,dq, /A/b dgy(2m)5(qy + -+ + q4)S(a,)S(az)o(as)S(ay)
0
A/Jb A

+/ dq,dqzdq, /A/b dgy(2m)%6(qy + -+ + a4)5(q1)o(a,)S5(g5)S(q,)
0

A/Jb A
+/ dqqugdq4/ dql(%)dﬁ(ql+-~-+q4)0(q1)5(Q2)5(q3)5(q4)}- (A.58)
0 A/b

Similar abbreviations have been used for the other terms in eqn (A.57). Our goal is to
determine the renormalized Hamiltonian in terms of the long-wavelength variables S.
We will proceed in a way similar to the block-spin method of Section 4.1.2. Therefore,
the integral in the partition function is to be carried out only over the o-variables, as
in the zeroth-order (Gaussian) case.

Our task in this section is to evaluate the first-order contribution, i.e. (V),,

(V) =85S8S5 +4555(0)s + 655(00)s + 45(c00)s + (0000),, (A.59)

where the long-wavelength variables S have been kept intact, according to the defini-
tion of (---),. The first term SSSS is the unchanged quartic term for |g| < A/b and
will be rescaled later. The odd-order terms (o), and (co0), vanish identically as H,
is even in o in the definition of the integral, eqn (A.55). The final term in eqn (A.59),
(co00)s, gives an additive constant and plays no role in the calculation of parameter
changes under a renormalization group transformation (but contributes to the regular



Renormalization group equations from the € expansion 279

part of the free energy). Thus, only the term 65S5(c0), yields a non-trivial correction
of O(V) to the renormalized Hamiltonian.
Let us write SS(o0), explicitly as

A/b A
u/o Cad, S(‘h)S(‘b)/ Nt (2m)*0(qy + - + 44){0(g5)(q4))o

(2m)2d A (2m)2d
M dgydg, Aag 1
= u/o (2m)2d S(a1)5(a2)(2)*8(q, +q2)//\/b(27r)‘12(t+(12)’ (A.60)

where we have used

1

)] o (A.61)

(0(g3)0(qs))o = (2m)"6(qs + q4)

as in eqn (2.84).° The last integral in eqn (A.60) will be denoted as I; /2 hereafter,

A
dq 1
I = — . A.62
1 /A/b<2w>dt+q2 (A.62)

We now rescale ¢ and renormalize S as
qQy; =bq;, d(q,,;) = ¢(b)~'S(q;) (i=1,2). (A.63)
Then, eqn (A.60) becomes

a

u¢?b=* /A s D(qy1)P(—qp )b - = (A.64)
0 (27T)d b,1 b,1 2 3
where we have used
5(qy + q2) = b%6(qy 1 + p2)- (A.65)

This result (A.64) represents a correction to the SS term in the Hamiltonian, the
g-independent part, as

I
ty =%+ uC? - 6- 51 = bt + 3uly), (A.66)
where the first term on the right-hand side is the Gaussian contribution, eqn (A.51).

The factor 6 comes from 655 (00),. For ¢ = b'+%/2 as required from the invariance of
the ¢-dependent part of the quadratic term, we find

ty = b2(t + 3uly). (A.67)

5 Notice that the factor of temperature T in eqn (2.84) is absorbed in the definition of the
Hamiltonian in this section.
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The remaining SSSS term in eqn (A.59) needs just rescaling of g and renormal-
ization of S,

A/Jb
u
SSSS = W/O dg, ---dq, (2m)%6(q, + -+ q4)S(qy) - S(qy)
u<4b74d+d

- (27T)4d

A
~ / dgy 1 dgy 4 @0 (qus + -+ 0)0(@s1) - Saps).  (AGS)

Thus, the renormalized value of u is
up = ¢ 3% = b, (A.69)

as has been found already in eqn (4.43).

A.5.3 Second-order contribution
The renormalization group equation for ¢, eqn (A.67), has a non-trivial correction term
3ul; that may possibly yield to a non-Gaussian fixed point, t* # 0,u* # 0. Equation
(A.69) for u, in contrast, has yet no correction to the simple Gaussian evaluation, eqn
(4.43), and the only fixed point is u* = 0. Therefore, we need to calculate the next
order correction only for the coefficient u of the quartic term.

To find non-trivial contributions to the second-order correction, (V2), — (V)2 see
eqn (A.56), it is useful to write (V2), and (V)2 explicitly as

(V)4 = (515253854 + 451528304 + 651820304 + 451090304 + 01090304)
- (85865758 + 455565708 + 655560708 + 4S5060708 + 05060703)) (A.70)
(V)2 = (8152538, 4 451525304 + 651520304 + 481090304 + 01020304),
- (55865758 4+ 455565708 + 655560708 + 455060708 + 05060703),.. - (A.71)

From the argument in the preceding paragraph, we look for S55S-type terms in eqn
(A.70), i.e. quartic in S, since these are the terms contributing to the renormalized w.
A generic term such as S7.55535405060708 means

Mb dq,dg,dg,d
5182835404050607 = u2/0 %S(%)S(%)S(%)S(%)

A
' /A/b WU(%)U(%)U(%)U(%)

- (2m)*%5(qy + g5 + g5 + 44)5(q5 + g6 + @7 + qg)- (AT2)

Thus, the following classes of second-order corrections to the quartic term result:

(1) S15253S4<0'50'6070'8>U.
In (V2), — (V)2 this term cancels with the same term in eqn (A.71).
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(11) 515253<O'4O'607O'8>US5.
This term vanishes for the following reason. We first notice that
(04060705)s = (0(q4)0(qs)0(a7)0(qs))s vanishes unless gy, qg, q7 and gg
are paired as (¢4 = —qg. 97 = —Gs); (94 = —q7, 96 = —qg), or (g, =
—gs,qg = —q7) due to the quadratic structure of H, in eqn (A.46).5 For
example, if g, is independent of g4, g, and gg, then the integral over o(q,)
will be decoupled from the others,

(0(qs)o(g6)o(q7)o(gs))e = (0(q4))(0(g6)0o(q7)0(gs))0,  (A.T3)

which vanishes as H, is even in o. In other words

(04060708) 5 = (0406)(0708) 6 + (0407) 5 (0608) s + (0408)5(0607) -
(A.74)

The constraint g, + gz = 0,7 + g3 = 0 is incompatible with the other
constraint g; + ¢, + g5 + g4 = 0,¢5 + g5 + g7 + g5 = 0, which comes from
expressions such as eqn (A.58). The reason is that g; + g5 =0 and g5 +
g + g7 + g3 = 0 mean g5 + gg = 0, which together with q, + gg = 0 leads
to g4 = g5. This is impossible since |g4| > A/b (g, isin o) and |g5| < A/b (g5
is in .S). Similar analyses apply to the combinations (g, = —¢7,gs = —g5g)
and (g4 = —4gs,96 = —9q7)-
(111) 5152<0'30'4070'8>US5SG.

This gives a non-trivial contribution. As noticed above, the four-body
expectation value breaks up into three terms,

(03040708) 5 = (0304)(0708) 6 + (0307)5(0408) 5 + (0308)5(0407) 5.
(A.75)

The first term on the right-hand side represents S1.52(0304)5S556(0708) 0,
which cancels with the same term in (V)2 of eqn (A.71). Thus, only the last
two terms in eqn (A.75) contribute, both of which give the same value. We
then evaluate the second term and double its contribution,

M dq,dq,dgsdygg g

25555 S0(oaor)o i), = 2t [ S 5(g,)5(g,)5a5)5 a)
A dq.dg A dq,dq
| et [ R earta)
{(2m)°6(qy + a> + 45 + 44)3(a5 + 46 + g7 + gs)- (A.76)

6 The evaluation of these correlation functions constitute an application of the general Wick’s
theorem, which can be straightforwardly understood as a consequence of simple Gaussian integration.
See also Section 6.6.
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The factor after the integral over q5 and g; (second and third lines in eqn
(A.76)) is evaluated as

A A
dgsdgy d 1 / dgq,dgs d 1
2m)*5(q5 + q 2m)%6(qy + qg) =———
o o om0 a0) g | e a0 g
{(2m)*76(q1 + go + 43 + 44)0(q5 + 46 + g7 + G5)
_ /A dgs, 1 /A dg, 1
Az 2m)% 2(t+a3) Jag (2m)4 2(t + qF)
(2m)*76(q1 + g0 + 43 + 44)0(q5 + 95 — 93 — )
A
dg, 1 1 d
= 2m)*6(q, + g2+ g5 +q
Jop s T A T @ g OOt
I, + O(qs,q
= X Oso) (oryi5(q, + g, 1 g5+ o) (AT
Here, the integral over g, with g5 and g4 set to 0, has been defined as I,
A
dg 1
I, = —_—. A.7T8
= |, G (AT
Then, the present contribution (A.76) reads
22 A/b
W»/O dq,dq,dq;dqsS(q1)5(q2)S(a5)S(ge)
I + O(qs,q
(20)5(qy + 45+ @5 + ) - 2D ( 79)

4

The correction term O(qs,qs) will be neglected hereafter since it corre-
sponds to spatial derivatives of S, and thus is not relevant to the renor-
malization group evaluation of the simple quartic term. Rescaling of g and
renormalization of S change eqn (A.79) into

1

_ Iy A
2u2p~ddtdct. 1 W/o dq, 1dq, 2dg, 5dg, 6

'(27r)d5(%,1 + Qo+ Q5+ 26)0(251)0(ap2)0(ay5)(a,6).  (A80)

This shows that the O(V?) correction to the coefficient u of the quartic term
is, with ¢ = b'+9/2 taken into account,

1 1
§u2b4_d12 x6x6x 3 = 9up*=41,, (A.81)

where 6 x 6 comes from the corresponding numerical coefficients in eqn
(A.70), and the final 1/2 is due to the factor in front of (V2), — (V)2 in the
exponent of eqn (A.56).
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(iV) Sl<0'20'3040'8>gS5S6S7.
This vanishes for the same reason as in (ii).

(v) (01020304)5555657Ss.
This also vanishes for the same reason as in (i).

We have exhausted all possibilities and have the following renormalization group
equations for ¢ and u according to equs (A.67), (A.69) and (A.81),

ty = b2(t + 3uly) (A.82)

uy = b4 (1 — July), (A.83)

where the minus sign of 9uls is due to the difference in the sign in front of (V), and

((V?), — (V)2)/2 in the exponent of eqn (A.56).

A.5.4 Differential form of the renormalization group equation

The integrals I; and I are simplified in the limit of b close to 1, or 1 —1/b=1 < 1
(b~ 1+1), corresponding to an infinitesimal renormalization group transformation.
In that limit we can approximate the integrals in eqns (A.62) and (A.78) as (n = 1,2)

A
L= [ T ~ AL (A.84)
A1)
with
S 1
T.(q) = -1 A.

where S is the surface area of the unit sphere in the d-dimensional g space (not to be
confused with the spin field).” Then,

L= (1;:;8; t+1A2 = t+dA2 (A.86)
I = (tfjw (A.87)

Therefore, for small I, eqns (A.82) and (A.83) reduce to
At =t —t =~ (14 2l) <t+t_?_cj\2u>—t%2lt+tici2u, (A.88)
Au=up,—u=(l+e)u (1 - (ticj\)?u> —u R~ elu — (ticj\)zuz, (A.89)

7 The surface area of a unit sphere S can be computed in the following way

o0 (224t d/2 e d-1_.-a? _ 5
/ dgy - dog e~ Bt +20) = 74/2 = S/ de 297 e™® = 3 I'(d/2),
oo Jo

so that S = 27x%/2/I'(d/2), where I'(z) is the gamma function.
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where € = 4 — d. We finally have the desired differential equations with db =1

dt 3c

T 2+ —— Azt (A.90)
du 9c 9

e — — 2, 91
B = (t+A2)2u (A.91)

A.6 Symmetry and Noether’s theorem

Symmetry plays important roles in physics and is often related to conservation
laws. For instance, invariance of the Lagrangian under time displacement implies
the conservation of energy. Noether’s theorem is a formal mathematical statement
about the consequences of a field theory having continuous symmetries: To every
continuous group of transformations that leave the action invariant corresponds a
conserved charge. We assume in the present appendix that the reader has some basic
knowledge of the concepts and notation of geometry or general relativity such as
covariant and contravariant tensor quantities and an implicit summation over repeated
indices, known as Einstein summation.®

A.6.1 Principle of stationary action

Consider a classical field theory whose action is given by
= / dr £(®,0,®), (A.92)
r

with the Lagrangian density £ containing only up to first-order derivatives of the
fields ¢;, collectively denoted by ®(r) = {¢1(r),- - }. This ensures that the equations
of motion for the fields, the field equations, are second-order differential equations in
the time variable, as will be shown later. Notice that the Lagrangian density does not
depend explicitly on the coordinates 7, where u =1, ...,d.

To write down the field equations we need to apply a variational principle, by
considering variations of the action 65[®] ~ S[® + 6®] — S[®], such that variations of
the field §® are zero on the boundary JI' of the volume I'. The explicit form of the
variation is

d d oL
5S[®] = /d r0L(P,0,P) = / d%r ( 0p; + ————0 6¢2> (A.93)
r r 8¢2 ( u¢z)

Integrating the second term by parts and remembering that d¢; = 0 on the boundary
OI', we obtain

5S[] = / dr (gqi %(3(221,)))5% (A.94)

8 There exists a version of the theorem for classical discrete systems but we are going to discuss
only the field-theory formulation.
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From the stationarity condition that 6S[®] = 0 for arbitrary 6@ (satisfying the van-
ishing boundary condition), this expression leads to the following equation of motion
of the field, the Fuler—Lagrange equations, one for each field ¢;,
oL oL
(aa,07) =

% - 3(8#@)

This is a set of partial differential equations for the fields. When one of the variables
is time, this equation is a second-order differential equation of time ¢ when the
Lagrangian density is quadratic in 0;¢;, as is usually assumed.

(A.95)

A.6.2 Symmetries and conserved charges

A sufficient condition for a transformation to be called a symmetry transformation of
the theory is that it either preserves the functional form of the Lagrangian density or
it only changes the Lagrangian density by the addition of a divergence. Then, under
the mapping ®(r) — ®'(r'),

L@ ('), 0,8 (r') = L(P(r'), 0, (1)) + 8,0 (r'). (A.96)

This preserves the Euler—Lagrange equations of motion since the last divergent term
is rewritten as a surface contribution after integration using Gauss theorem and hence
does not affect the variational calculations leading to eqn (A.94).

Suppose that one performs a transformation that affects both the coordinates and
the fields, i.e. » — " (" = Akr”) and ®(r) — &'(r') = F(P(r)). Then, the action
changes to

S'[@] = / d%r’ £(®',0,9) = /Fddr I(r) L(F(®),A™ - 8F(®)), (A.97)
where J(7) is the Jacobian of the transformation.
As a simple example, consider a scale transformation » — b~1r, ®(r) — &' (')

d

b2®(r), with A the scaling dimension of the field and with the Jacobian J(r) = b
Then, the transformed action is
S'[@'] =b¢ / ddr L2, 0112)9, ). (A.98)
r

If the Lagrangian density corresponds to a real scalar field ¢(7)
L(,0,0) = 0,0 0" ¢ + Ap", (A.99)

with A a coupling constant and n an integer, the action is scale invariant S[®] = S’[®]
only if A=d/2—1,and n =d/A =2d/(d — 2).
We now reflect on the effect of infinitesimal coordinate transformations on the
action of the form
or# 0F
o o a Timd\ a
rt=rt 4 e%—  O(r')=®(r)+¢
tetsg, YY) =)+t
where {¢%} is a set of infinitesimal, coordinate-dependent, parameters characterizing
the continuous mapping. For example, a simple uniform translation has r'# = r# 4 e#

(r), (A.100)
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with a constant vector €. To first order in %, the Jacobian matrix and its inverse
transform as

or'v N L 0T or? N aOTUN L . Ort
W—5u+au<€ @) s W—(S‘u—au(é: @), J(r)—1+aﬂ(€ @)(Alol)
Then, the transformed action becomes

"' = dp 3 aé—]: vo_ ‘167“7” aéi
S[@]_/de(r)c(q>+a 56@,(% 0, (e 56&))ay(c1>+g 55a)>' (A.102)

Let us evaluate 65 = S’ — S, which does not vanish in general. For this purpose, we
expand the Lagrangian in the integrand of eqn (A.102) as

JOF JOF Lo
L (¢+5 @,8'“@"'8“(5 @) 8;“'(5 5€a)3,,(13>
LOF OC
= ﬁ(@, 5'/L<I>) +e @87@
0F, 0L or oL
¢— — @ P . Al
(=" 52) 5,0 52 5.9 (A.103)

Here, since ® represents a collection of fields {¢; }, the above expression assumes a sum-
mation over the field index; for instance 9L£/(0(9,®))0, P means 0L/(0(0,¢;))0.¢;.
With the Jacobian contribution of eqn (A.101) taken into account, the change in the

action is
OF 0L 1) oL
5S:/ddr (5“ FOL g (e f)i
r

5e4 9@ HY ger’ 9(0,P)
orY oL ort
— *—)0, P ——— 4— . A.104
0(e" F)0.b G+ 0 &a)z:) (A.104)

Notice that the action is invariant, 65 = 0, if €* is a constant independent of the
coordinates, i.e. a global symmetry. This means that for a coordinate-dependent €%, §.5
involves only the first-order derivative of e* with respect to the coordinates. We there-
fore drop terms involving £* without derivatives. Equation (A.104) therefore becomes

68 = — / ddr J* 9, (A.105)
T
with
oL or oL OF
B S —HL)— — ——— .
Ja (a(aucp)a” L) S 9(0,) 5= (A.106)

where J! is called the canonical current associated with the transformation.
Integration by parts yields

58 = / ddr (0, J") . (A.107)
T

If 05 = 0 for arbitrary small 2, the divergence of the current should vanish,

9, I = 0. (A.108)
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This is a conservation law because, if the zeroth coordinate is time and the other
coordinates are spatial, this equation can be written as

dp

5t +V.-J=0, (A.109)
where p is the =zeroth component of the current vector, JY, and
J=(JYJ?, 7%, ...,J%. The subscript a plays no role in this example. This is
the well-known charge—current conservation. The emergence of a conservation law,
eqn (A.108), as a consequence of symmetry (or invariance 45 = 0) is the statement
of Noether’s theorem.

We point out that there is some freedom in the definition of the current. One may
add to the canonical current the divergence of an antisymmetric tensor, BY* = —B&Y,
Jt — Jt 4 0,BY", and still eqn (A.108) is satisfied.

In classical field theories, time ¢ plays the role of a coordinate and is typically
associated with the zeroth component of 7#, i.e. 7 = t. One can then define a charge
associated with the current J? in the following way

Qa :/ dtr J2, (A.110)
14

with the integral performed over the spatial coordinates in volume V. Now, consider
its time derivative, using eqn (A.108),

aoQaZ/ d'r angz—/ d=tr 900 = — [ dS'JL (A.111)
14 |4 ov

This vanishes, dyQ, = 0, if the current becomes zero sufficiently rapidly towards the
surface. Therefore, under these conditions, Noether’s theorem also implies the (time)
conservation of a charge associated with a conserved current.

A.6.3 Energy—momentum tensor

The energy—momentum tensor or the stress tensor is the conserved current associated
with translational invariance and, therefore, Noether’s theorem can be used to derive
it. Its preponderant role in conformal field theory compels us to look at its properties
in more detail.

For a translationally invariant system, the Lagrangian density must be invariant
under the transformation r’# = r# + ¢#. The corresponding conserved canonical cur-
rent is, according to eqn (A.106),

u . OL o
Th = 7(9(%@)8,,(1) oL L, (A.112)
which satisfies 9,7} =0, see eqn (A.108). The four-momentum is the conserved
charge, using eqn (A.110),

P :/ d?1y 7%, (A.113)
14
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where the doubly contravariant energy—momentum tensor has been used,

oL

KV — aPVTTH —
= = 50,9)

9"® — g L. (A.114)

The energy density corresponds to the component T3 = T% of the tensor and the
total energy is P, which defines the Hamiltonian. For a real scalar field ¢(r) with
Lagrangian (in the Euclidean space-time),

1
L(¢,0u0) = 5(8u¢3“¢+m2¢2), (A.115)
the doubly covariant energy-momentum tensor (T),, = g,,17) is

Ty = 0.0 Ovd — gﬁwﬁu (A.116)

and turns out to be symmetric 7),, = T,,. For an arbitrary field theory, though, it
is not necessarily true that the conserved canonical current produces a symmetric
tensor. We have seen in the previous section that there is some freedom in the
definition of the conserved current. By adding the divergence of an antisymmetric
tensor, BP* = —BFPY to the conserved canonical current, one can generate another
conserved current T* — T*" 4 9,B°*", since 0,,0,B”"" = 0. The important fact is
that this addition does not alter the conservation law. In field theories with rotation
(Euclidean) or Lorentz (Minkowski) invariance, T*” can be made symmetric. See also
Appendix A.10.°

A.6.4 Generators of symmetry transformations

It is instructive to show the relation between the canonical current and the generators
of infinitesimal transformations. These generators {g,} are defined as

' (r) = (1 —ie%g,) P (7). (A.117)

If € is coordinate independent, the transformation defines a global symmetry. From
eqn (A.100), we may rewrite the fields in terms of the transformed coordinate to lowest
order in €

0F ort OF
oo\ a _ N _.a / I a /
'(r')=®(r) +¢ Sea (r)y=o(r")—¢ Sea 0,®(r") +¢ Sea (r"), (A.118)
and thus identify
. ort 0F
190,@(7‘) = @8;1,@(7') - @(T). (A].].g)

The conserved canonical current of eqn (A.106) in terms of the generators can be
written as
oL or?

Jh =i g, ® — 5P L. A.120

9 One can define a symmetric energy-momentum tensor in an alternative way, as in eqn (6.35). In
other words, it can be defined as the functional derivative of the action with respect to the metric.
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As an example, consider the case of an infinitesimal translation by a vector e# = g#,
ie. r'* =t + e Then, 6F/det =0, and dr#/de” = §%, which leads us to the well-
known generator of translations

9o = P, = —i0,. (A.121)

Another example of great interest for conformal transformations is the case of an
infinitesimal homogeneous Lorentz transformation in Euclidean space-time

P =t gyt (A.122)
where e8! = whfg,, = w,,g*, with an antisymmetric tensor w*” = —w"* and the flat
space metric g, = diag(1,1,---,1). This implies, using ¢"?g,, = 6% and g, = gu,

ort 1
= —(gPrY — g'FrP). A.123
= 5l = ) (A123)

Similarly, the effect of the Lorentz transformation on the field & is

F(@) = (1 %wpl,S””)(I), (A.124)
with a Hermitian matrix S*¥. It follows that
OF i

= ——SP"P. A.125

dwpy 2 ( )

By inserting eqns (A.123) and (A.125) into eqn (A.119), we find the generators of the
Lorentz transformation as

200 = LP” =i(1P0" — 17 9°) + S, (A.126)

A.6.5 Goldstone theorem

The Goldstone theorem states that there exists a massless (zero-energy) mode if a
continuous global symmetry is spontaneously broken. To formulate it more precisely,
consider a Lagrangian density

1
L(P,0,P) = 5@@8“@ +V(®), (A.127)
where ®(7) = (¢1(7), - , dn(r)) is an n-component vector field. We may define the
mass matrix as
0?V
M?);; = A.128

because, for a simple single-component Gaussian field theory,
1 1
L(9,0u9) = 50,00"d + 5 m*¢?, (A.129)

the parameter m is called the mass in field theory. Suppose that, under a global
symmetry operation g, (see Appendix A.7), the field ® (representing a broken
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symmetry state) changes into another state go® = e ¢"9:®(# ®). Here, g, is the
generator of an infinitesimal transformation,

' (r) = (1 —ie%gq)®(7). (A.130)

Since the system has the symmetry under g, the potential V is invariant under an
infinitesimal transformation,

— _— = —]1— a@ ; — A.]. ].

9 |y 00,  0e7 |.u_y 13¢j (9a®); =0 (A.131)

for generic ®. Then, by differentiating this last equation with respect to ¢;, we obtain
0 <av ) 0?V AV 0(g.®);

—(9a®); | = =——(9,®P); + — ———= =0. A.132

If we restrict ourselves to the state of broken symmetry, ® = ®, the derivative of the
potential vanishes by definition, 0V/0¢,|s—5 = 0, and therefore the mass matrix has
a massless mode,

(M?)ij(ga®); = 0. (A.133)

A.7 Basics of group theory and Lie algebras

A minimum amount of basic knowledge, mainly the definitions and notations, is
summarized in this appendix for the group theory and Lie algebra.

A.7.1 Group and its representations

Symmetries may be classified as external or space-time (e.g. the Lorentz group,
the group of Lorentz transformation) and internal. The latter refers to the set of
transformations that leave the Hamiltonian or action invariant and act on the fields
but not on the coordinates; these are the symmetries of the physical laws. The set of
transformations forms a group G and is written as

G =1{08a} (A.134)

with group elements g,: A group is a non-empty set of elements, which is closed
under an associative product (gq - g3) - 8y = ga - (93 - ), contains an identity, e, and
all of its elements are invertible, i.e. g, - g, = ¢. The number of elements of the
group defines its order, which may be finite, denumerable infinite (discrete), or non-
denumerable infinite (continuous). In general, groups of symmetries in physics are
either finite or non-denumerable infinite (known as Lie groups, see below). Besides,
a group G may be Abelian, in which all its group elements commute g, - gor = ga’ -
g, Va, @', or non-Abelian. A group representing symmetries of a physical system may
be local (also called gauge), meaning that the symmetry applies to subsystems of the
original physical system, or global, where all the degrees of freedom are involved in the
transformation. Invariant physical observables, O, are those physical quantities that
remain invariant under the symmetry group G.

Table A.1 shows representative examples of physical models displaying different
kinds of symmetries. For instance, the Heisenberg Hamiltonian without external field
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Table A.1 Examples of models displaying different
kinds of symmetries. The group (or subgroup) of
symmetries involved is written in parentheses. BCS
stands for the Bardeen-Cooper—Schrieffer model of

superconductivity.
Symmetry Discrete Continuous
Ising [Z2] XY [SO(2)]
Global
p-clock [Zy) Heisenberg [SO(3)]
Z3 gauge [Z2] U(1) gauge [U(1)]
Local

BCS [hidden SU(2)]

is invariant under all the geometric symmetries of the lattice as well as under the
group SO(3) that applies to the spin space (the Special Orthogonal group in three
dimensions, which is non-Abelian). This means that, if we rotate all spins through
an arbitrary angle about a fixed axis in three dimensions, the Hamiltonian remains
invariant because the interaction is written as the inner product of two spins, S; - S.
Similarly, if one considers the ¢* field theory model of eqn (5.23) and performs the Zy
mapping ¢(r) — —¢(r) at all r, the Hamiltonian (or action) remains invariant. The
Abelian group Z, is composed of p elements, each of which corresponds to the rotation
in a two-dimensional space by an angle that is a multiple of 27 /p. The p-clock model
has the same expression as the XY model

H=-J cos(¢; — &), (A.135)
(i)

the difference being in the values of the angle variable; ¢; is an integer multiple of
27 /p. This Hamiltonian clearly has the global symmetry of Z,, ¢; — ¢; — 27k/p (Vi)
with an integer k. The XY model is recovered in the limit p — co. Some accounts are
given on the lattice gauge theory listed in Table A.1 in Section 7.7.

With each group element g, there is an associated matrix that will be denoted as
Oq = O(g,) satisfying the same group relations. The set {O,} forms a representation
of the group G. A representation is a homomorphic mapping of the group G onto
a set of matrices O such that: O(e) =1 and 0,0 = O(g.93). The dimension of
the representation, dim(Q), is the dimension of the (vector) space on which it acts.
In this book, by a representation we simply mean a non-singular dim(Q)xdim(O)
matrix representation. A representation is irreducible if its invariant subspaces under
the action of all the elements of the group are only the empty space and the full space.
A completely reducible representation can be written as a direct sum of irreducible
representations, known as irreps.

Consider the Hamiltonian of a quantum system, H, which commutes with O,
i.e. [H,O4] = 0. The set of eigenstates {|¥,)} with the same eigenvalue FE,, form an
invariant subspace
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HO|W,) = O, H|U,) = E,04]T,,). (A.136)

This implies that |U]) = O,|¥,,) is also an eigenstate with the same eigenvalue.
When the dimension of this invariant subspace is larger than one, the energy eigenvalue
E,, is degenerate. The dimension of the degenerate subspace is equal to the dimension of
the representation of G associated with the eigenstate |¥,,). If the group G is Abelian,
all the irreps are one-dimensional and there is no degeneracy induced by G. It is
important to emphasize that symmetry does not always imply degeneracy.

A.7.2 Lie algebra

An interesting case, because of the physical consequences, is realized by the presence
of continuous symmetries, such as SO(3). We have already seen that the set of
continuous transformations forms a group, known as the Lie group. Lie groups play
a fundamental role in physics. In the Lie group, a notion of continuity or closeness
should be defined such that a finite transformation of the group can be generated by
a series of infinitesimal ones. A simple example is the group of spatial translations, for
which a finite amount of translation is achieved by the accumulation of infinitesimal
translations.

For a one-parameter continuous group, a representation of its elements can be
written as

0,(0) = &¥%u, (A.137)

where 6 is a continuous parameter and the X,,s are the generators of the Lie group.'?
The representations of the group elements are defined such that § = 0 represents the
identity operator 1 and an infinitesimal transformation 6 is expressed as

0,(60) =141 60 X,,. (A.138)

The generators form a Lie algebra: A real/complex Lie algebra £ is a linear space
over real/complex numbers, where a Lie product [, | is defined that satisfies the
following rules, (a,b,c € £ and «, 5 € R or C):

[aa + Bb,¢] = afa, ] + B[b, ¢]
[a,b] = —[b, q]
0= [a,[b,c]] + [0, [c,a]] + [c, [a, b]]. (A.139)

An example of a Lie product is the commutator [a, b] = ab — ba. The Poisson bracket
used in classical mechanics also satisfies the above condition. The Lie algebra is
required to be closed by the Lie product, i.e. [X,, X,] € L,

(X, X,] =iC), X,, (A.140)

where an implicit summation over the repeated index « is assumed (Einstein summa-
tion). The coefficient ('}, is called the structure constant of the algebra. The relation
of eqn (A.140) is also often called the Lie algebra in the physics literature.

10 Precisely speaking, a generator is defined by the differentiation of an element of the Lie group

near the identity e, not necessarily by using the representation of the element. We, nevertheless, refer
to an element and its representation interchangeably in this book as long as it causes no confusion.
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A.8 Basics of homotopy theory

We formulate the theory of homotopy described in Section 5.8 in a little more formal
way. Let X and ) be two topological spaces and consider the set of maps F = {f;}
from closed curves in X to ). In the example of the XY model in two dimensions
given in Section 5.8, X is R? and ) is S'. Two maps fy and f; are homotopic if
they can be continuously deformed into each other. For example, any loop I' on the
surface of a sphere is homotopic to a point since I' can be continuously deformed
to a point, as shown in Fig. 5.6. On the other hand, the surface of a doughnut has
loops that can be shrunk to a point while other loops, e.g. the ones wrapping the main
circumference, cannot be. This equivalence relation defines an equivalence class known
as the homotopy class. Mathematically, let I be the interval [0,1] and x¢ a point in
X. Then, a loop is defined as a continuous map

''Isz—T(x)eX, (A.141)

with T'(0) = T'(1) = x¢. The product of two loops I';,I's based at zy is another loop
I'yoI's : I — X such that

' (22 0<x<1/2

Ty o Ts(z) = {FQEQI)_ b 1ass S/l , (A.142)
while the inverse of a loop I is [ "1(x) = I'(1 — z) that corresponds to traversing the
loop in the opposite direction. The product or composition of loops is associative, i.e.
' o(Ty0lg) = (I'; 0 'y) o I's. The loops by themselves do not have a group structure,
but the equivalence classes of loops form a group (see Appendix A.7).

Let us start by defining the equivalence relation ‘homotopic to’. Two loops I'y and
I's based at zy are homotopic, symbolically written I'y ~ I'y, if there is a continuous
map T, called the homotopy,

YT:Ix1I>(z,t)— Y(x,t)eX, (A.143)

such that Y(z,0) =Ty (z), T(x,1) =Te(x), Vo € I, and Y(0,t) = T(1,t) = o, Vt € I.
As anticipated, the relation ~ defines an equivalence relation with the class of loops
homotopic to a representative loop I' denoted as [[']. The product or composition of
homotopy classes is defined by [I'1] o [T's] = [I'; o I's]. The first homotopy group or the
fundamental group, w1 (X, xo), is the set of homotopy classes of loops based at z¢ € X.
If the topological space X is arcwise connected,!! then two groups based at different
points xg and x; are isomorphic, m (X, zo) = w1 (X, z1), which means that we can
simply write 71 (X') for the fundamental group. In our example of the XY model, the
fundamental group is 7 (S!) = Z, the group of integers under addition.

The first homotopy group classifies classes of loops in a given topological space X .
One may sometimes wish to assign other groups to X. Indeed, it is possible to define
homotopy classes of n-dimensional (n > 1) spheres S” in X’ with the property that they
realize higher homotopy groups, m,(X). As before, if X is arcwise connected, one does
not need to specify the base point. The n-loop based at zy € X is a continuous map

1 X is arcwise connected if, for any o and x1 € X, there exists a path joining these two points.
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r:1"saz” -T'") e, (A.144)
and the homotopy is defined in terms of the unit n-cube interval
YT:I"xI>(z"t)— YT(a"t) e X. (A.145)

Although the fundamental group may be non-Abelian, higher homotopy groups
(n > 1) share the property of being always Abelian.

We would like to emphasize that homotopy groups classify maps, or specifically in
our XY model example, classify spin configurations. Homeomorphisms between the
topological spaces X and ) categorize those spaces into equivalent classes. The fact
that homotopy groups can be defined gives a real intrinsic value to homotopy theory
since that same group structure provides the laws for the combination of defects and
the rules for their characterization and classification.

A.9 Restrictions on the type of conformal mappings

We show in this appendix that translation, rotation, dilatation and the special confor-
mal transformation exhaust the list of possible conformal transformations for d > 3.
Also shown is that the Cauchy—Riemann equations emerge for d = 2, which means that
holomorphic transformations are allowed as conformal mappings in two dimensions in
addition to the above-mentioned transformations. It is assumed also in the present
and next appendices that the reader is familiar with the notations of geometry or
general relativity. We consider an infinitesimal transformation of the Euclidean metric,
9uv = O, where 9, is Kronecker’s symbol, and consequently we do not distinguish
between covariant and contravariant quantities, i.e. upper and lower indices.

Let us consider an infinitesimal coordinate transformation r'# = r# + ¢*(r). This
induces local variations of the metric as (0, = 0/0r*")

g;u/ = gMV - (aﬂel/ + allep,) = gu,z/ + 69;},1/ (A146)

because of the definition

Jr, Orx
/ ! K
I (1) = 5 5y I=A(T), (A.147)
and its consequence for an infinitesimal transformation TZL =7, + €,
or,
Py = 0w — Oucn. (A.148)

According to eqn (A.146), the requirement of local angle preservation for conformal
mappings

G (r") = Q(7) gy (1) (A.149)
implies

Ou€w + 0vey = f(1) g (A.150)
for some f(r). Summing it over p = v, we find

20"c,, = f(r)d, (A.151)
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so that eqn (A.150) becomes

O + O,y = %g,w (0¢). (A.152)

Now, let us apply 0k to eqn (A.150) as
8H8;L6V + 8naue,u, - g;u/a/{fa (A153)

and write two equivalent equations obtained by the changes of indices pu < x and
vV K,

0u0key + 0,06 = Gr O f (A.154)
00,6 + 0,0k€) = 9urOu f. (A.155)
If we sum eqns (A.153) and (A.154) and subtract eqn (A.155) from the result, we reach
20,0k€0 = g Onf + v Opf — gurOu f. (A.156)

Summation of this equation over p = x results in
20%¢, = (2 —d)0, f, (A.157)

or, by a further differentiation,
2006, = (2 — d)0,0, f. (A.158)

Notice that this equation holds if we exchange p and v since the right-hand side is
symmetric with respect to p and v. An application of 9% to eqn (A.150) yields

9*(Ouey + Ovey) = g, 0% f, (A.159)
the left-hand side of which coincides with the left-hand side of eqn (A.158) because of
the symmetry of this latter equation under the exchange of i1 and v. We then arrive at

(2= d)8.0,f = guwdf. (A.160)
Summation of both sides over p = v yields
(2—d)0*f = dd*f. (A.161)

If d+#1,2, we conclude 9?f =0 and thus 9,0, f =0 according to eqn (A.160).
Consequently, f is at most linear in coordinates, and ¢, is therefore at most
quadratic according to eqn (A.151). As discussed in Sections 6.2 and 6.3, infinitesimal
transformations of at most quadratic order correspond to translation, rotation,
dilatation and the special conformal transformation. This is what we planned to show.

In two dimensions, d = 2, we have the additional result that eqn (A.152) yields the
Cauchy—Riemann equations. Let us write the right-hand side of eqn (A.152) explicitly
as

G (0%€s) = 6 (0'e; + 8262). (A.162)
Then, the diagonal case p = v =1 of eqn (A.152) is
20'e; = 0'e; + 9%, (A.163)
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and the off-diagonal case p =1,v =2 is
8162 + (9261 =0. (A164)

These are the Cauchy-Riemann equations, 0'¢; = %€y, O'ey = —0%,. We thus
conclude that any holomorphic function represents a conformal mapping in two
dimensions.

A.10 Properties of the energy-momentum tensor

In this appendix we derive eqn (6.36) and discuss a few important properties of the
energy—momentum tensor in two dimensions.

Since a coordinate transformation z — z + €(z) does not change the value of a
correlation function (X,,) and since the partition function does not change by the
same transformation, the numerator of the definition

/ Do X,e™?
(Xp)y="—F—"— (A.165)
/ Dpe™?
also remains invariant,
/D(b 5X /D¢X (55’) (A.166)

or more explicitly,

Z<¢1(21, z1) Oeedi(ziy Zi) - dnl(2n, Zn))

1
+%/Dd2T8/L6V<TMV<r)¢1(Zl’21)...d)n(Zn’Zn»:07 (A167)

where D is the region outside D defined in Section 6.4. We rewrite a part of the second
term by integration by parts as

1 2 1 A 1 2
o / d*r 0#€" T, (r) = gjidr,\w He' Ty (r) — %/Dd re’0*T,,(r), (A.168)
where the first term on the right-hand side is the surface (indeed, line) contribution
and w™ is an antisymmetric tensor w'? = —w? =1, W' = w? = 0. Since €’ can be
chosen arbitrarily in D and the final result should not depend upon this choice, we
conclude from the second term that the energy—momentum tensor satisfies

0T, = 0. (A.169)
The integrand of the first term on the right-hand side of eqn (A.168) can be rewritten

in terms of complex variables

w=r'4+ir’ w=r'—ir?, e(w) =€ +ie?, €w) =€ —ie?, (A.170)
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and using the following properties of the energy—momentum tensor, to be proved later,
T =To1, T11 + T =0, (A.171)

it results
dry wMe' T, = idwe(w)T (w) — idw é(w)T(w), (A.172)

where we have used the definition of T(w) and T(w) in eqns (6.37) and (6.38). We
insert this equation into eqn (A.168) and then into eqn (A.167) and use eqn (6.22) for
deetp; to complete the derivation of eqn (6.36).

It remains to be shown that the energy—momentum tensor is symmetric and
traceless, eqn (A.171). For a conformally invariant theory, the action is invariant under
rotations

z4e(z)=e%2~ (1-i0)z (A.173)

This means €' = 0r?, €2 = —Or!, which leads to 9%¢! =0, 0'e¢> = —0 with other
derivatives being zero. Then, the definition of the energy—momentum tensor, eqn
(6.35), becomes

58 = —% /er (Toy — Ty2) =0 (A.174)

for arbitrary (but small) 6, from which we conclude T12 = To;. Analogously, invariance
under dilatations, z + €(z) = (1 + a)z, leads to 8'¢* = §%¢2 = a and other derivatives
vanish. It then follows that T7; + T2 = 0 from a similar argument as above.

Strictly speaking, the left-hand side of the definition of T"and T in eqns (6.37) and
(6.38) should include both w and w in the arguments as T'(w,w) and T'(w,w). We
show that T actually depends only on the holomorphic variable and T only on the
antiholomorphic variable, which justifies the notation of eqns (6.37) and (6.38), i.e.

0:T(2,2) =0, 0.T(z,2) = 0. (A.175)
To show this result, let us take the derivative of T'(z, z) with respect to Zz,

1

1 . .
0:T(z,2) = 5(al +10s) Z(T11 — Thy — 2iTy3). (A.176)

By using eqns (A.171) and (A.169), this expression is easily seen to be zero. Similarly
for 0,T(z,z) = 0.

A.11 Energy—-momentum tensor of the Gaussian theory

We show in this appendix that the energy-momentum tensor of the two-dimensional
critical Gaussian theory may be chosen as T(z) = —(9,¢(z))?, which is used in
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Section 6.6. It is illuminating to use the Cartesian coordinates and write the
Lagrangian density as

L= 2016 + 5(020)" (A7)
According to eqn (A.116), the energy—momentum tensor has the components
T = (019)? — £ = (010 — 5(0:0)° (A178)
Top = (020)" — L= —5(010)" + 5(020)” (A.179)
T2 = (010)(020) = To. (A.180)

These results satisfy the generic properties of eqn (A.171), T11 + Toe = 0, T12 = To;.
The holomorphic component of the energy—momentum tensor is, using eqn (6.37),
1

T(z) = Z(Tu —Tyy — 21 T15) = i((@lcb)Q — (029)* — 21 (019)(029)). (A.181)

This is rewritten as T(z) = (9.¢)?, as can be verified by the relation

0.6 = (016~ 1020). (A.182)

It is customary to choose the energy—momentum tensor with the opposite sign,
T(2) = —(9.4)%. Such a change of the sign is allowed as long as it does not affect the
important properties of the energy—momentum tensor such as the symmetry 7o = T
and tracelessness 171 + Too = 0.

A.12 Existence of spontaneous magnetization
in the two-dimensional Ising model

This section proves the existence of spontaneous magnetization in the Ising model on
the square lattice at sufficiently low temperatures by a sophisticated version of the
Peierls argument discussed in Section 7.1.

Consider the ferromagnetic Ising model on the square lattice of finite size N. All
spins on the boundary are in the up state (S; = +1) as depicted in Fig. 7.1. No external
field h is applied. This boundary condition breaks the global inversion (Zs) symmetry
in a finite-size system. The effects of boundaries diminish as the system size increases,
and the present boundary condition is considered to be equivalent to an infinitesimally
small external field in the thermodynamic limit. The average magnetization per spin is

(A.183)

where Ny (N_) is the total number of up (down) spins in a given configuration of
spins and satisfies N = N + N_. Our goal is to obtain an upper bound to (N_) as

11—«

(N} < =

N, (A.184)
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where « is a positive constant independent of N. If eqn (A.184) is proved, it readily
follows that

m>a>0, (A.185)

according to eqn (A.183). In other words, there is a non-vanishing spontaneous
magnetization.

To prove eqn (A.184), we first fix the configuration of spins and draw a (vertical or
horizontal) line segment between two neighboring spins if they are antiparallel (+— or
—+) as in Fig. 7.1. It is evident that such line segments form closed polygons (domain
walls) because all spins on the boundary are up and hence no line segment exists
between two spins that lie on the boundary. For a given polygon of length I', the total
number of down (—) spins the polygon encloses, Nr, is at most (I'/4)%, Np < (T'/4)?,
since the area that the domain wall encloses is maximal when the polygon is a square,
i.e. Ng= (I'/4)2. Notice that the lattice spacing is the unit of length. Thus, for a
given (fixed) configuration of spins, the total number of down spins is bounded as

2 v(I)

No<> (Z) ; X7, (A.186)

>4

where XI]; = 1 if the jth polygon of length I' is present in the spin configuration and
X{. = 0 otherwise. The quantity v/(T) in eqn (A.186) is the total number of possible
polygons of length T in the system. We provide a bound on v(T') below. The sum
over I' starts at four because a closed polygon has at least four edges, and includes
only even numbers since we are dealing with a square lattice. The average over spin
configurations of eqn (A.186) is

2 v(T)
Ny <> <£) ZF: <X§'>. (A.187)
>4 j=1

The next step is to estimate an upper bound for (Xll> The thermal average of Xfé
is calculated as'?

J o—BH / —-BH
<X%> - 2{57} XFe = Z{Si}e 9
Z{Si} e~ fH Z{Si} e Pt

where the sum Zi{si} in the numerator is restricted to those spin configurations

(A.188)

{C} in which the jth polygon is realized (Xll = 1). An upper bound for <Xf@>, eqn
(A.188), is obtained by restricting the sum over {S;} in the denominator to some
special configurations of spins {C*}. Especially convenient configurations to be left
in the denominator are the following ones. For each configuration C of spins in the
numerator of eqn (A.188) we associate another configuration C* obtained from C by
reversing all spins inside the jth polygon of length I". Since a pair of spins neighboring
across a line segment are antiparallel to each other in C' and parallel in C*, we find a
relation between the energies of the two configurations

12 Notice that the factor 3 = 1/T is not absorbed in the definition of the Hamiltonian.
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H(C*)=H(C)-2 Y J=H(C)-2JT. (A.189)

domain wall

By restricting the sum over {S;} in the denominator of eqn (A.188) to {C*}, we have
an upper bound as

) 2:{0} efﬁH
J < ==X @ = —26JT
<XF> S =l (A.190)

because all other factors coming from H(C') in eqn (A.189) cancel each other between
the numerator and denominator. Therefore, we have

>4

We next provide an upper bound for the number of polygons of length T, i.e. v(T').
It is upper-bounded by 3" !N for the following reason. Consider drawing a closed
polygon of length I" by starting from a given site of the present finite square lattice
system. There are at most N sites to start from, and we draw a line segment (a step
in the polygon) in any one of them. Then, we have at most three choices of paths to
go a step further, if we exclude the previous path. Thus, the total number of possible
closed polygons is upper-bounded by 3'~'N, where the —1 in the exponent comes
from the condition to reach the starting point at the final step, i.e. v(T') < 3T~1N.
This is essentially the same discussion as in Section 7.1, except that we have taken
into account the fact that the number 3" !N is a rigorous upper bound, not just an
approximate estimate.

It is evident from eqn (A.191), with v(I") replaced by 3"~ N, that (N_)/N can be
made arbitrarily small independently of N if 3 = 1/T is large enough. Let us quantify
this last statement. One can rewrite the right-hand side of the inequality (A.191) as

F2 r j2 )
> R = > T (A.192)

I'=4,68, - §=2,3,4,---
where ¢ = 3¢72%7 x = ¢%, and evaluate this series in the following way
N-1
. dR d’°R
> j2xﬂx<d°+xd201>, (A.193)
i=2.3.4,- . o
where
N-1 4 1— ,’L‘N
Ro= Yool = — (A.194)
§=0,1,2,-

If one assumes that < 1, in the thermodynamic limit (N, ) — oo, it results that

0 2
I T
J T =

7=2,3,4,--
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For sufficiently large 5 one can always fulfil the condition ¢ < 1, and therefore the
inequality is written as, denoting (m_) = limy_.oc (N_) /N,

4

<m»giﬂfégﬁu—3f+¢m (A.196)

and the right-hand side can be smaller than 1/2, implying m > « > 0. This completes
the proof of eqn (A.184) and hence of eqn (A.185).

Throughout the above proof we treated the Ising system with a particular boundary
condition, all spins up in the boundary, in the absence of an external field h. The
spontaneous magnetization is actually defined as

hlgﬁo ]\}gnoo m(h), (A.197)

where the system has free or periodic boundary conditions. Intuitively, these two types
of spontaneous magnetization are equivalent since both conditions (all spins up in the
boundary, and the application of an infinitesimal external field k) select one out of the
two degenerate states reflecting the Zo symmetry. This equivalence has indeed been
rigorously established.

A.13 Quantum version of the Mermin—Wagner theorem

In this appendix we prove the Mermin—Wagner theorem for the absence of spontaneous
symmetry breaking for the quantum Heisenberg model in two and lower dimensions.
For this purpose we first derive a few inequalities and then prove Bogoliubov’s
inequality. The latter inequality is used to prove the main theorem in the final section.

A.13.1 Quantum inequalities

Consider arbitrary quantum operators A and B, not necessarily Hermitian. The
expectation value of the commutator

|(w][4T, B][W)| = [{[A!, B))| = |(AB — BAT)| = |(A!B) — (BAT)| (A.198)
over an arbitrary quantum state |¥) can certainly be bounded as
(A", B]))| < [(A'B)| + [(BAT)], (A.199)

as a result of the triangle inequality. The expression (A B) represents a scalar product.
By using the Schwarz inequalities

[(ATB)| < /(ATA)(BIB) , |(BA")| < \/(AAT)(BBT) , (A.200)

eqn (A.199) can be written as

(47, B])| < \/(ATA)(BIB) + \/(4AT)(BBY). (A.201)

This implies, after noting, for example, that (\/(ATA) — \/(BTB))? >0 or (ATA) +
(B'B) > 2/ TATAV(BTB),

2[([A7, B))| < ([A", Als) + ([B", B]+), (A.202)
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with [AT, A], = ATA + A AT, etc., representing anticommutators.
Another quite useful relation results after squaring inequality (A.201) and noticing
that (AtA)(BBY) + (AA")(B'B) > 2./(ATA)(BTB)(AAT)(BBY),

(4T, BY)[* < (47, 4] )([BT, B],), (A.203)

which represents a generalized Heisenberg uncertainty relation for arbitrary quantum
operators. Notice that in the particular case where A = A and B = B are observ-
ables, i.e. Hermitian operators, the inequality above reduces to the standard Heisen-
berg uncertainty relation. The inequalities derived above are not used in the proof of
the Mermin—-Wagner theorem but are sometimes useful to discuss the properties of
long-range order in quantum systems.

We have so far not taken into account the temperature. The standard generalization
of the Mermin—Wagner theorem to quantum systems concerns finite temperatures. To
this end we need to define a scalar product of two arbitrary operators A and B that
involves the temperature T'= 1/(. A standard scalar product of this kind, sometimes
known as the Duhamel two-point function, is

(A, B) —1/ﬁd Tr [pA'(z)B] (A.204)
) p—ﬂ o xT p. xT s X

where p = e PH /Z represents the density matrix of the canonmical ensemble!® and
Af(z) = e ATe=2H_ Tt is straightforward to prove that (A,B), is a legitimate
scalar product. In other words, it satisfies: (i) (4,B+C), = (A4,B),+ (4,C),,
(ii) (A,AB), = A\(4, B), with A a complex number, (iii) (4, B), = (B, A); with *
meaning complex conjugation, and (iv) (A4, A), > 0, and vanishes iff A = 0. One can
then use the Schwarz inequality

(A4, B),|” < (A, A), (B, B),, (A.205)

where the equality is satisfied whenever A and B are linearly dependent. This equation
(A.205) constitutes the quantum version of the classical inequality (7.12).

A.13.2 Bogoliubov’s inequality

Note that one can re-express eqn (A.204) in terms of the energy eigenvalues E,, and
orthonormal eigenvectors, H|m) = E,,|m), as

~BEn _ o—BE,
) , (A.206)

(4.3, = 5 S ol el (=5

where the last factor for the case F, = F,, is defined by the limit F,, — E,,. This
factor for general n and m is bounded as

e BEm _ g—BEn Jé]
< 2 (¢ BEm 4 o—BEn _
0<( B EL )_2(e +e PPny, (A.207)

13 Notice that the factor 8 = 1/T is not absorbed in the definition of the Hamiltonian since it is
explicitly needed for integration.
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because of the inequality

eV —e™ ¥ 1
< Z(eu —v A2
0< p— _2(e +eY), (A.208)

the second inequality being a consequence of concavity of the exponential function.
Equations (A.206) and (A.207) lead to the following inequality

(A,4), < %Tr [p[AT, A4 ] = % ([AT, A]}) . (A.209)

p

Similarly, one can generically define B in terms of another operator C as B = [C, H]
and insert it into eqn (A.206) to obtain

B(A,B), = <[CT,AT]>p , B(B,B), ={[C",[H, an,- (A.210)

The relation known as Bogoliubov’s inequality is obtained by combining eqns (A.205)
and (A.209)

(et am), | < S (1t A1), (ot 1y, (a211)

A.13.3 Proof of the Mermin—Wagner theorem

The absence of spontaneous symmetry breaking can be proved for quantum spin
systems with continuous symmetry in two and lower dimensions by using Bogoliubov’s
inequality. We show the example of the spin-1/2 ferromagnetic Heisenberg model on
the square lattice with nearest-neighbor interactions.

The Hamiltonian

H=—JY (S7S7+8YSY+878:)—hy _ S; (A.212)
(i4) i

is first rewritten in terms of the raising and lowering operators Sjj-[ =57+ iS]y as

1 1
. + o— —Qt+ z Qz z
H=—JY (55587 +5S7S5 +887) —hY_ S (A.213)
(i5) i
It will be convenient to further rewrite it using the Fourier variables
1 ig-r; —ig-r;
sjzﬁzewsq, Sg=) e 4mig; (A.214)
q J
as
2J | oz
H= =223 70(5 5555, + 5 5757, + 8252, ) — hSo, (A.215)
a
where
1 iq-5 1 )
Y=g Z e = i(cos 4z + cOs qy), (A.216)

4
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with & being the vector to neighboring sites on the square lattice, as in eqn (7.25). We
have suppressed vector notations for subscripts for simplicity (g — q).

The following commutation relations will be used in the evaluation of various terms
in Bogoliubov’s inequality (A.211),

+ @z + _
(S5, Sa]=FS5 s [S7,S,1=25 4, (A.217)
which are consequences of the relations in the real space,
=+ z + + -1 z
[Sj , S5 = F55, [Sj ;851 =25;. (A.218)

It is the crux of the proof to choose the following operators as A and C' in Bogoliubov’s
inequality,

Al=Cc=5-,, A=cC'=S} (A.219)
Then, the left-hand side of eqn (A.211) is
(et AT = (1S5, S=,1)]° = 12(55)1 = 4N?m?, (A.220)

where m is the magnetization per site along the z-axis. The subscript p for (---), has
been omitted for simplicity.
Next, the first factor on the right-hand side of eqn (A.211) is bounded as

(JAT, AlL) = ([S™ SH4) =2(5%,57 + 5Y,5Y)

g
<2(8%,S7 +58Y,5Y +52,52) =2(S_4-S,). (A.221)
The summation of both sides over q yields
D (AT, A1) <2 (S, S, NZ (S§3)=N?S(S+1) (A.222)
q q
with S =1/2.
The commutation relation of H and C on the right-hand side of eqn (A.211) is
calculated as, using (A.217),
2J

[H,C) = =57 D (v = Yar—a) (S5r— 87y + 87 85—g) + hSZ,. (A.223)
q/

Then we find, again using eqn (A.217),
1 5 1 "8 z Qz _ _
([C1,[H,01) = 5% Z Z @0)e'a"9 (157,52 + %, Sy + 87,55 ) + 2hNm..

(A.224)
The expectation value of spin operators in the above equation is upper-bounded by
4(Sy - S_g) as before, and we therefore obtain

([CT,[H,C])| < %Z D 1 —€90)(Syr - S_y)+2hNm. < ING*S(S + 1)+2hNm..
)

(A.225)
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Bogoliubov’s inequality (A.211), with both sides divided by ([CT,[H,C]]) (> 0) and
summed over g, reads

1 | CJr AT] >]
5 > (A ) > Z o (A.226)
q q
If we insert eqns (A.220), (A.222) and (A.225) into this inequality, we obtain
N2S(S+1) _ 4TN?m? 1
> . A22
2 - N zq: J@2S(S+ 1)+ 2hm, ( 7

This is essentially equivalent to eqn (7.27) for the classical case and hence we can
conclude m, — 0 as h — +0 after N — oco. The case of d <2 can be discussed
similarly.

A.14 Replica symmetric solution of the SK model

This section derives the replica symmetric solution of the SK model, eqn (8.29), for
the Ising spin glass with random infinite-range interactions.

A.14.1 Replica average of the partition function

Suppose that the interaction with quenched randomness in the Hamiltonian

H=-Y J;SiSi—h)_S; (A.228)

i<j

obeys the following distribution function,

1 [N N Jo\’
P(Ji5) = 7 %QXP{—QJQ (Jij - Z\?) } (A.229)

We use the replica method to evaluate the configurational average of the free energy.
The first step is to take the configurational average of the partition function raised to
the power n,*

n N n
[Z"] = / [Td7:;P(5) | Trexp [ 8> Ji; > SESe+Bh> Y S|, (A.230)

1<j 1<j a=1 =1 a=1

14 Notice that the factor 8 = 1/T is not absorbed in the definition of the Hamiltonian, eqn (A.228).
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where Tr stands for the sum over all spin variables and « is the replica index. The
integral over J;; can be carried out independently for each (ij) using eqn (A.229) to
give the result

Tr exp %Z ;ﬂZJZ;S?SfoSf+BJOZS?Sf +BhY D ST

i<j
(A.231)
up to a trivial constant. We rearrange the sum over ¢ < j in the exponent as

2
n 2 2n 2J2 «
[Z"] = N AT exp N > <§ S Sf)

a<lf i
8J ’
0 o @
+ o E@ <§ :sl.) + 6h % §a S (A.232)

for sufficiently large V.

A.14.2 Reduction to a single-body problem

The trace over S¥ in eqn (A.232) would be able to be taken independently at each
1 if the quadratic forms in the exponent were linear. Thus, we apply the Gaussian

integral formula to the exponential of (ZZ S?S’f )2 with integral variable ¢,g and to

the exponential of (Zz Sf‘)2 with integral variable m, to derive

n 22, N32J? NBJ
[z7] = VB M/quag/ndmaexp - qiﬁ— 5 OZmi

a<f a<f «a
CTrexp [ 8202 qas > SES) 4B (Joma+h)Y S (A.233)
a<f i «@ 7

If we denote Tr also for the sum ) ¢. of a single site, the expression after Tr in the
above formula is

N
Trexp | 52J? Z GapS®SP + 6Z(J0ma + h)Se = exp (N log TreL) ,
a<f a
(A.234)
where
L=pJ"Y" qusS*S? + 8 (Joma + h)S°. (A.235)

a<f @
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We now have

[Zn] _ eNﬂ2J2n/4/ H dqaﬁ/Hde

a<f

NB2J? NpJ
62 qiﬁ - % Z m?2 + Nlog Tre | (A.236)

a<f «

cexp | —

A.14.3 Saddle-point evaluation

The exponent of the integrand of the above equation is proportional to N, and we can
use the saddle-point method to evaluate the integral. In the limit N — oo,

N32J? N N
[Z"] = exp | — ﬁQ J qiﬁ — gjo E m? + N log Trel + ZﬁzJQTL
a<p «
ﬁ2J2 2 BJo 2 1 L 1 2 712
~1 — - — E — log Tr -
+ Nn in Qo o my, + - og Tre™ + 4ﬁ J

a#B e’

Here, we have taken the limit n — 0 with N kept large but finite. It is necessary
to insert into gog and m, the saddle-point values to extremize the expression inside
()

The free energy is now written as, according to the replica method,

s [Zn]—l__ 62J2 )
TAf =l N T T 2 e
aZp
BJo o Lo 1 L}
—— E m;, + —p°J° + —log Tre™ » . (A.237)
2n ~ 4 n

The saddle-point condition that the free energy is extremum with respect to the
variable ¢og(a # () yields
1 9] TrS«S8ek

—log Trel =

e — a of
8 = 73 0 S = (5087, (A.238)

where (---) is the average with respect to the weight e”. The extremum condition
with respect to m,, can also be written as
TrS%el _

log TreX = Tool = (S L. (A.239)

Mq

190
o ﬁJo(r“)ma

A.14.4 Replica symmetric solution

Further progress in the evaluation of eqn (A.237) is possible only if we know the
explicit dependence of go3 and m, on the replica index «, 3. A naive guess is that
the physics should not depend on these indices because replicas have been introduced
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as a mathematical trick to take the configurational average. This idea suggests to
assume replica symmetry, or independence of the parameters on the replica indices,
dop = ¢ (@ # B) and mqy = m.

If we accept this replica symmetry, the free energy (A.237) reduces to, before the
limit n — 0,

5J )¢} -

—Bf = nm + — 1ogTre + 52J2 (A.240)

The third term on the right-hand side can be evaluated using the definition of L
(A.235) and the Gaussian integral as

[32 12
log Trel’ = log Tr pJ q/dz
27

- exp _@22“"621]2(]225@_EBZJQC]"‘ﬂ(Jom—‘rh)ZSQ
2 a 2 o

= 1og/Dz exp (n log 2 cosh(8J\/qz + BJom + Sh) — %ﬂ2J2q>

= log <1 + n/Dz log 2 cosh BH(z) — gﬂszq + O(nz)). (A.241)

Here, Dz = dz exp(—22/2)/v/2n and H(z) = J\/qz + Jom + h. We insert eqn (A.241)
into (A.240) and take the limit n — 0 to find

522

—pf = (1—q)?— %ﬂJgTrﬁ + /Dz log 2 cosh BH (z). (A.242)

This is the replica symmetric solution of the free energy of the SK model.

A.14.5 Order parameters
The integral variables g,3 and m, introduced artificially for the Gaussian integrals

are indeed order parameters as in the ferromagnetic model of Section 2.5. To confirm
this fact, we notice that eqn (A.238) can be written as follows,

TrS¢ S e 720

qap = [<S?Szﬁ>] = Tre_ﬁsz”

, (A.243)

where H, is the yth replica Hamiltonian,

ij 7 .
==Y JyS]S] - th7 (A.244)

i<J

We can show the equivalence of eqns (A.238) and (A.243) almost in the same way
as in the previous sections. First, notice that the denominator of eqn (A.243), Z

approaches unity in the limit n — 0 and can thus be ignored. The numerator is
expressed by inserting SZ‘-"S%B after the Tr symbol in the expression of [Z"]. If we
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follow the calculation of Section A.14.1 with this fact in mind, we obtain the following
in place of eqn (A.234),

(TreL)N_1 -Tr(SO‘SBeL). (A.245)

The term log Tre® is proportional to n as eqn (A.237) suggests, and consequently Tre”
should approach unity as n — 0. Hence, eqn (A.245) reduces to Tr(S*S”el) for n — 0.
Noting that the denominator approaches unity in eqn (A.238), we conclude that eqn
(A.245) coincides with eqn (A.238). This completes the proof that eqn (A.243) and
eqn (A.238) agree with each other. We find similarly that

ma = [(S7)]. (A.246)

Equation (A.246) shows that m is the conventional ferromagnetic order parameter.
The other quantity g3 represents the spin glass order parameter. To understand the
latter interpretation, we notice that the trace operations for replicas other than « and
0 appear in exactly the same way in the denominator and numerator in eqn (A.243),
which causes cancellation of these common factors to give

TrSfe AHa TrSZ-ﬁe_ﬂHﬁ o\ ) o
Qef = |\ "Tye—BH.  TreBHs | [(S2)(SP)] = [(53)°]

q. (A.247)

In the high-temperature paramagnetic phase, (S;) vanishes at any site ¢ and hence
m = ¢ = 0. In the ferromagnetic phase, most spins align in the same direction (to be
taken to be positive for example), (S;) > 0, and we have m > 0 and ¢ > 0.

The spin glass phase has randomly frozen spins at most sites, in which (S;) takes
a site-dependent sign and absolute value. (S;) changes randomly from site to site but
this spatially random pattern does not change with time, and is frozen in this sense.

The randomly frozen spin state changes if the configuration of interactions {J;;}
changes because the environment of each spin changes drastically. This suggests the
interpretation that the average of (S;) over the distribution of {J;;} is equivalent
to the average over the possibilities of (S;) > 0 and (S;) < 0, and we may well have
m = [(SO] = 0. On the other hand, ¢ is the configurational average of a positive
quantity and does not vanish, implying the possibility of a phase characterized by
m = 0, ¢ > 0. This is the spin glass phase and ¢ is the spin glass order parameter.

A.15 Integral for the partition function of the n-vector model

The integral used in the calculation of the partition function of the one-dimensional
n-vector model of Section 9.2

n

G(K) :/ doidas - -de, 6(22 + 22 + - 4+ 22 — 1) ™ (A.248)

— 00

is evaluated in this section. The Fourier representation of the Dirac delta function
yields

1 oo oco+ie . R
G(K)=— / daydzy - - - day, / (@it el — D+ K g, (A.249)

—oo+ie
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N

[ R

Fig. A.3 The path is changed from the dashed line to the full line to have the integral
representation of the modified Bessel function of the first kind.

The integral over each x; can be performed as a Gaussian integral.'® The result is

co+tie 1K2

GK)=a- / exp (iu + > uw? du, (A.250)
—oo+ie du

where a trivial constant has been written as a. A change of integral variable as u =

—iKt/2 gives, with b another trivial constant,

G(K) =b- (K)ln/z /iOH exp <—I§(t+t1)> (=) "2t (A.251)

2 —ico—e

The integration path starts from —ioco and extends to ico, always staying to the left of
the imaginary axis. We deform the path so that it runs under the real axis, goes around
the origin clockwise and returns to oo above the real axis, as shown in Fig. A.3. Then,
the integral coincides with an integral representation of the modified Bessel function
of the first kind, up to a constant, to give

1-n/2
G(K) = <I;> L o1 (K). (A.252)

A.16 Multiple Gaussian integral and lattice Green function

We show how to integrate the exponential of a quadratic form of N variables,

o0
Fo(q) = / e 3 wCati'ea gg (A.253)
—0o0
where C is a real, positive definite symmetric matrix and ‘@ = (21,22, - ,zy) is the

transpose of vector . Let us write U for the orthogonal matrix that diagonalizes C'
and write U~!CU = D (diagonal matrix) and U~ 'x = y,U~'q = r. Then,

15 We have introduced a small imaginary part ie in u such that iu has a negative real part in order
to guarantee the convergence of the integral. The conventional Gaussian integral formula applies in
spite of the complex coefficient in front of x? by analytic continuation.
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> 1t -1 —1 .t —1
FC(‘D _ / e~ 3 2zUU~ " CUU™ "x+i"z2U-U 9 dx
— 00

oo
= / e 3 'y Dyti'yr dy. (A.254)
—o0

Since D is diagonal, the final integral can be easily carried out as a single-variable
Gaussian integral for each component of y separately. The result is an exponential of
a quadratic form of . We write dy,ds, - -+ ,dy for the diagonal elements of D (namely
the eigenvalues of C') and express the result of the Gaussian integral in terms of the
components of q using U~ 'q = r,

(271_)N/2 71
Feo(q) = et 12" mt dn @Gt (A.255)
where det C' =[], d;, and G, is a matrix defined by
Upm (U1
Gu=Y" y. (A.256)

It turns out that G is the inverse matrix of C. To confirm it, we notice C = UDU !
to have

GO 1]*ZG1ZOZJ*ZZ lm _ leUln n nj

= Zm B nj Z(U_l)mlUln

m,n l

= Z Ui (U™ ) mj = i 5. (A.257)
To summarize, the multiple Gaussian integral (A.253) is evaluated as
@mN? i ct
Fo(q) = 2 201 00 (C7 Dt A.258
C(q) (det 0)1/26 ( )

Let us now apply this result to eqn (10.46). We first scale the variable from ¢; to
VK ¢; to remove the coefficient K. This leaves V'K in the linear term. Comparison
with eqn (A.253) reveals that the matrix C has the following non-vanishing elements
in the present problem, with all the rest vanishing,

Cnn = 47 Cn,n-i—é = -1 (A259)

The first equation is for diagonal elements and ¢ in the second equation is a vector
connecting neighboring sites. We need the inverse C~! = G to apply the result (A.258).
This goal is achieved by Fourier transformation because the system is translationally
invariant and consequently C,,,, depends only on the difference of indices G, =
G(n —m). By setting
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1 LR

Coum = e C(k)e'F(m=m) g (A.260)
1 LISy

Grm = e G(k)e* (m=m) q, (A.261)

we have G(k) = C(k)~'.1® The reason is that the following quantity

(CG)nm = Z C”nlc;’lm
l

= —21 2 [ Clk)Glhp) ) et (n=htika(=m) g, dg,
@m)* J_x l
= (2%)2 / C(E)G(k)e* =™ dk (A.262)

is equal to 8, ,,, which means C(k)G(k) = 1. Thus, we have G, from eqn (A.261)
if we find C'(k). C(k) can be evaluated as the inverse Fourier transformation of Ci,,.
We set the lattice constant to unity and have, from eqn (A.259),

() = 3 e * 0y

=4 — (e e felke 4 omihy 4 olkn)

=4 —2cosky — 2cosky. (A.263)

Hence,
G = G LTt A.264
nm = G(n —m) = 2(2m)?2 /W2—coskm—cosky ' (4.264)

This matrix G of eqn (A.264), the inverse of C of eqn (A.259), is the lattice Green
function.

Let us return to the evaluation of eqn (10.46). By setting ¢; = QW\/ETLJ' in eqn
(A.253) in consideration of eqn (10.46) after scaling of the integral variable, we have
the integral result from eqn (A.258)

7 — 2K Y, nmGli-l). (A.265)

The trivial multiplicative factor has been dropped. This is eqn (10.47).

It should be noted here that G(0) diverges because of the contribution coming from
|k| — 0 (the short-wavelength or large-system-size limit) according to eqn (A.264).
Then, the term j =1 diverges in eqn (A.265) and consequently we have a senseless

16 k and n,m, § are actually two-dimensional vectors k,n,m, § and k- (n —m) stands for the
inner product k- (n —m). We do not use the vector notation here for simplicity of notation. The
integral [ dk is also the two-dimensional integral [ dkedky.
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result Z — 0. The neutrality condition ) ;=0 helps us avoid this difficulty because
this condition allows us to add (Z] nj)QG(O)(: 0) to the exponent,!”

7 — o2 K3 nym{G(0)~G([-D} (A.266)
Hence,
60~ 60 = gz | 5o s M (4.267)
YT o0n)? ) 2= cosky —cosky, Y ‘

does not diverge as k — 0.

The remaining task is the evaluation of G(0) — G(r) as r — oo. We notice to this
end that, as k - 7 in the exponent of the numerator of eqn (A.267) approaches 0, the
numerator almost vanishes since e/*” ~ 1 and thus does not contribute to the integral.
This implies that the significant contribution comes from the range where |k| is larger
than ¢/r with ¢ some constant. We thus write the integral in polar coordinates as

1 ! °r 1
G(0) — G(r) = 3002 /C/T =y kdk /0 dby, ~ 7 log r 4 const. (A.268)

We have used here the fact that e/*" does not contribute to the integral for large
because e'*" moves rapidly on the unit circle in the complex plane as k changes and
hence 1 — e*" ~ 1. Equation (A.266) in that limit is finally

7 — oKX nymilog \j—l\7 (A.269)

where the term j = is excluded due to the condition |j — [| > 1. This is eqn (10.50).

A.17 Jordan—Wigner transformation

Spin-1/2 operators on a one-dimensional chain can be expressed in terms of Fermionic
operators on the same chain as follows,

St =(1—2n1)(1 —2n2) - (1 - 2n;_1)al (A.270)

S7 = (1—2nm)(1—2n2) -+ (1 —2nj_1)a, (A.271)
st 1

87 =ala; — 3. (A.272)

where n; = a;aj and Sji =57+ iSjy. This is the Jordan-Wigner transformation. To
prove the validity of this transformation, it is sufficient to show that the inverse
transformation from spin to Fermion

a} = (—2)1528z .. Sz .St (A.273)

aj = (=2)"7187S5 - 87157 (A.274)

17 We first keep the system size finite so that G(0) stays finite with Zj n; =0 and take the
thermodynamic limit in the end. In this way (Z] nj)QG(O) always stays 0.
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satisfies Fermionic commutation relations. The equivalence of eqns (A.273) and
(A.274) to eqns (A.270)—(A.272) can be verified by insertion of the latter to the right-
hand sides of the former.

Let us first recall a few properties of spin-1/2 operators. All components commute
with each other at different sites, that is, if j # [,

[S9, Slb] =0 (a,b=u,y,2). (A.275)
On the same site, different components anticommute,
[s7.87], = [50.85], = [55.83], =0, (A.276)

where [A, B|;+ = AB + BA represents the anticommutator. The spin size S is 1/2 and
consequently the square of any component is 1/4, e.g. (Sj)2 =1/4.

These properties lead to anticommutation relations for the set {a;, a;r-} at different
sites. For example,
= [S (—2)5:S7 ] [S SZ] ST (A.277)

LT
[ai’aj+1]+ Jjo J~7+1 P54+ 1

Similarly, it is straightforward to show [aj,a;r]+ = [a]—, al]+ = [a;f, al]+ = 0 for arbi-
trary j # [. On the same site, proper anticommutation relations can be verified, for
example, as

[al,a;], = [S],S7], = [SF +iSY,S7 —i8Y], =2(S7)* +2(S¥)> =1. (A.278)

+ = [QI’GHJr
are sufficient to confirm that {a;,a ]} are Fermionic operators.

Attention is needed to the boundary condition. If we impose a periodic boundary
condition to the spin variable in a given Hamiltonian, products such as S% ST and
S%SY may appear as in the Hamiltonian of the XY model, eqn (9.74). To rewrite
these terms using the Fermionic operators, we notice

Other relations [aj,aj] = 0 are similarly easily checked. These results

SEST = (1 —2n1)-- (1 —2ny_1)aka
=(1—=2n1)--- (1 =2ny_1)(1 = 2nn)(1 — 2ny)akay

= —(—1)Ma§\,a1, (A.279)
where the parity operator is given by
(1 = (1= 2m) (1 = 2nx_1)(1 - 2ny), (A.280)
or equivalently
N
U=> n;. (A.281)
j=1

Similarly, we find
SyST = (-1)ayal. (A.282)
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It is appropriate to impose an antiperiodic boundary condition ayy; = —aq, a}r\, 1=

fai for U even and a periodic boundary condition ayy1 = a, a}f\,ﬂ = a{ for U odd
because, then,

SYST+ SYSY = S(SEST + Sy 57)

_1)4
= —( 2) (a}L\,al — aNaI)
Lot t
= 5( NON+1 + Ay aN). (A.283)

This is of the same form as the other terms with j =1,---, N — 1 in eqn (9.79). The
difference in the boundary condition according to the parity of U affects the wave
numbers as in eqns (9.103) and (9.104) in the context of Majorana fields.

A.18 Proof of Theorem 9.1

To prove Theorem 9.1 we first introduce the following theorem.

THEOREM A.l [Existence of the thermodynamic limit] Consider the
Ising model with uniform interactions. The free energy per spin

F T

converges to a limit as N — oo if the number of sites on the surface of the
system is sufficiently smaller than the total number of sites N.

This theorem is valid irrespective of the sign of the interactions. It also holds for a
model with many-body interactions. For simplicity, however, we present here the proof
for the more restricted case of ferromagnetic, two-body, nearest-neighbor interactions
only,

H=-JY SS;—h> S (J;h>0). (A.285)
(i5) ¢
It will also be assumed that boundary conditions are free, although Theorem A.1 can

in fact be proved for periodic boundaries as well. The thermodynamic limit will be
taken by multiplications of system size by four or other appropriate integers.

Proof of Theorem A.1 under restricted conditions. It is useful to consider a
slightly more general Hamiltonian than eqn (A.285),

H=-> 788 —hY_Si (A.286)
(i5) @

where J;; is an adjustable parameter in the range 0 < J;; < J. The free energy

corresponding to eqn (A.286) is a monotone decreasing function of an arbitrary
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Fig. A.4 A system composed of four subsystems and the bonds connecting them.

interaction Jg;,

oF

The last inequality, called the first Griffiths inequality, can be verified by the expansion
of the Boltzmann factor, '

Z - (SpSi) = Z S8y € 2= iy i SiSi B2 S

{s:}
= SkS) i % > JSiSi+hdY S| =00 (A288)
{Si} n=0 (i) i

The final inequality holds because any term obtained by the expansion of the nth
power is a product of J, h and S and the summation over S gives either 0 or a
positive value.

Now, suppose that the system is composed of several identical subsystems con-
nected by interactions at interfacial bonds as depicted in Fig. A.4. For example, if
there are four subsystems,

H=Hs+Hp+ Hc + Hp + Hiy, (A289)

where interactions within H4, Hg, Hc and Hp are uniform, whereas interfacial bonds
are kept arbitrary as in eqn (A.286). If F' represents the free energy of the total system
with uniform interactions also at interfacial bonds, the monotonicity of the free energy,
eqn (A.287), implies

FL<Fa+Fp+ Fo+ Fp=4F4 (A.290)

because F' is obtained from F4 + Fg + Fo + Fp by increasing the values of interfacial
bonds from 0 to J. The final equality comes from the fact that all subsystems are
identical. Then, the free energy per spin is monotone decreasing with system size,

8 Notice that the factor 8 = 1/T is not absorbed in the definition of the Hamiltonian since it is
formally needed for a Taylor expansion.
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F _Fa
NNy

where Ny = N/4. Since the free energy per spin is bounded from below, as will be
shown as Lemma A.2, the free energy per spin is concluded to converge to a limit in
the thermodynamic limit. Although we have illustrated the idea for the case with four
subsystems, the argument clearly holds for more general cases. j

(A.291)

Lemma A.2 The free energy per spin of the system of eqn (A.285) is uniformly
bounded from below for real values of the parameters.

Proof. It is helpful to use the notation of the lattice gas. The translation n; =
(1-3S;)/2 (=0,1) applied to eqn (A.285) yields!?
H=—4J) nin; + (2Jc + 2h) an (A.292)
(if)

up to a trivial additive constant, which we ignore for simplicity, and c is the coordi-
nation number. The partition function is

7 ZG4KZ<”>n in;—2B(Jeth) 32, ni Zy Qr(K (A.293)
{ni}
where y = e=26(Jeth) and
Z e4KZ (i) i (A294)
{ni}

The summation with a prime runs under the constraint ), n; = k. Since there exist
k non-vanishing n;s and each of them has at most ¢ non-vanishing neighboring n;s,
the sum in the above exponent is bounded as

> nin; < ck. (A.295)
(i5)

Taking into account the number of combinations to choose k£ non-vanishing n;s out of
N of them, we find

Qr(K) < (2{) etk (A.296)

We insert this bound into eqn (A.293) to have

N
N
k 4K ck 4Kc\N
Z<yy <k> = (14 yeiEe)N, (A.297)
k=0
Hence, the free energy per spin is uniformly bounded from below as
F
~ = ~Tlog(1 +yetfe) g (A.298)

19 The correspondence rule n; = (1 — S;)/2 is different from n; = (1 4 S;)/2 in Section 1.5 just by
the exchange of up and down states of all the Ising spins.
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Proof of Theorem 9.1. We use the lattice gas representation, eqn (A.293). The
difference between z = e 26" and y = e 26(/¢th) can be adjusted by a simple shift of
the real axis in the complex-h plane. The free energy per spin for general complex y

N
=g <k§_j ykczkm)) (A.299)

is analytic in the region R according to the assumption Z # 0 of the theorem. The
same quantity is also uniformly bounded from above inside a circle with its center
somewhere on the real axis in R,

\N] < Lrog (Dy Qi >>
N

< %log (Z Tka(K)>
k=0

< Tlog(1 + re*fe). (A.300)

Here, r is the largest absolute value of y in the circle under consideration, and we have
used the bound (A.296) for Q(K). In consideration of Theorem A.1, we conclude that
F/N converges uniformly to a limit within the above-mentioned circle due to Vitali’s
theorem stated below. The region of validity can be extended to the whole region R
by repeating the discussion with the center of the circle shifted elsewhere inside the
previous circle. g

THEOREM A.3[Vitali’s theorem] Consider a region D and a series of
points A C D accumulating to a point in D. If a series of regular functions
defined in D and uniformly bounded in D converge to a limit on A, then the
series of functions converge uniformly in D.

A.19 Poisson summation formula

The Poisson summation formula replaces a sum of functional values over integers by
an integral,

o

pI0) Z/ 2N £ () deg. (A.301)

l=—0o0 n=-—oo

To prove this relation it is sufficient to show that the sum over n on the right-hand
side leaves only integer values of ¢ in the integral, i.e.

i emion — i 5(p—1). (A.302)

n=-—oo l=—00
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For this purpose we first make use of the Fourier series of a periodic function g(z)
with period 1,

g(x) = Z 2™ G (m). (A.303)

m=—0o0

The Fourier coefficient has the following expression with ¢ an arbitrary real number,

c+1
§(m) = / g(y)e2mm dy. (A.304)

Insertion of this formula into eqn (A.303) yields

oo c+1 ) c+1 [e%s} )
g(z) = Z / g(y)e%”"("”_y)dy:/ 9(y) Z ezmm(w—y)dy. (A.305)

m=—0oo m=—0o0

A necessary and sufficient condition for the above equation to hold for arbitrary z
and c is that the part of summation in the integrand is a Dirac delta function that is
non-vanishing only for integer x — vy,

oo

Z eZﬂinL(I—y) — i 6($ —y— l) (A306)

m=—o00 l=—0o0

This is eqn (A.302).

A.20 Sample codes for Monte Carlo simulation
of the Ising model

Here are the sample codes of Monte Carlo simulations of the two-dimensional Ising
model on the square lattice. The codes in this section are written as illustrations of
the theory explained in Section 11.2. It is necessary to optimize the codes when the
reader uses them for practical purposes.

A.20.1 Code in Fortran

Note that ‘ran(iran)’ is a random number generator between 0 and 1 and should be
prepared appropriately.

! Monte Carlo simulation of the two-dimensional Ising model
! Metropolis method. Ferromagnetic interaction, J=1.

integer,parameter: :L=40 ILinear size
integer,parameter: :mcs=100000 !Total MC steps (per spin)
integer,parameter: :discard=500 !'# of steps to remove initial

effects
integer,parameter: :measure=10 !Measurement interval
integer: :mcprocess,i,j Variables to control loops

integer::il1,i2 !Site index for flip trial
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integer: :spin(L,L) !Spin configuration
integer::ip(L),im(L) !Table of right and left neighbors
integer::iran 'Random number seed
real,parameter: :T=2.0 !Temperature
real::delta_E,energy !Energy change and energy
real::ecurrent 'Local energy
real::field 'Local field
real: :denominator 'Measurement normalizer
- Initialization----————----------————-
! Table of nearest-neighbor sites for periodic boundaries
do i=1,L
ip(i)=i+1 ! Right (upper) neighbor
im(i)=i-1 ! Left (lower) neighbor
end do
ip(L)=1 ! Right (up) of L is 1.
im(1)=L ! Left (bottom) of 1 is L.
! Initial configuration. All up.
spin=1

! Random number initialization
iran=991963

energy=0.0
Main_loop: do mcprocess=1,mcs*L*L

il=ran(iran)*L+1 !'Randomly choose a site for flip trial.
X coordinate.
i2=ran(iran)#*L+1 !Same for y coordinate.
field=spin(ip(il),i2)+spin(il,ip(i2))+spin(im(il),i2)
+spin(il,im(i2))
'Sum of spin states around spin(il,i2)
delta_E=field*spin(il,i2)*2.0
'Energy change caused by the flip of
spin(il,i2).
!Execution of the Metropolis method----———---------——-——-——-
if (delta_E<0)then
spin(il,i2)=-spin(il,i2) !Flip if energy decreases.
else if (exp(-delta_E/T)>ran(iran))then
spin(il,i2)=-spin(il,i2) !Probabilistic flip for energy

increase.
end if
e Measurement -----—-—-——-—-——-————————
Stat: if (mod (mcprocess,measure*L*L)==0)then ! Measurement at some
interval
if (mcprocess>discard*L*L)then ! Skip until the system

equilibrates.
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ecurrent=0.0
do i=1,L
do j=1,L
field=spin(ip(i),j)+spin(i,ip(j))+spin(im(i),j)
+spin(i,im(j))
ecurrent=ecurrent+spin(i, j)*field
end do
end do
ecurrent=-ecurrent/2.0
'Divide by two since each bond is counted twice.
energy=energy+ecurrent
end if
end if Stat
e End of the Monte Carlo loop ——————-—-----
end do Main_loop

denominator=(mcs-discard) /real (measure)*real (L*L)

'Number of data points divided by the system size
energy=energy/denominator

! Simple average approximates the canonical average.

write(6,200)energy
200 format(’ Average energy per spin :’,f12.6)
end

A.20.2 Codein C

Note that ‘genrand()’ is a random number generator between 0 and 1 and should be
prepared appropriately.

K m
Monte Carlo simulation of the two-dimensional Ising model
Metropolis method. Ferromagnetic interaction, J=1.

—————————————————————————————————————————————————————————————————— */
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <time.h>
#define 1s 40 // linear size of the system
int main(void){
int mcs=100000; // total MC steps (per spin)
int discard=500; // # of steps to remove initial effects
int measure=10; // measurement interval
int i,j; // variables to control loops

int i1,i2; // site index for flip trial
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int mcprocess; // current Monte Carlo step

int spin[ls][1s]; // spin configuration

int ip[1s],im[1s]; // table of right and left neighbors
double t=2.0; // temperature

double delta_E,energy; // energy change and energy

double ecurrent; // local energy

double field; // local field

double denominator; // measurement normalizer

double genrand(void); // random number generator

Y Attt Initialization------------——————————-

// Table of nearest-neighbor sites for periodic boundaries
for (i=0;i<1ls;i++){

iplil=i+1; // right (upper) neighbor
im[i]=1i-1; // left (lower) neighbor
}
ip[1s-11=0; // right (up) of 1s-1 is 0.
im[0]=1s-1; // left (bottom) of 0 is 1s-1.

// Initial configuration. All up.
for (i=0;i<1ls;i++){
for (j=0;j<ls;j++){
spin[i] [j1=1;

}
}
srand ((unsigned) time (NULL)) ; // random number initialization
Y e S Main loop -—---————-—-————————-—-——
energy=0.0;

for (mcprocess=1;mcprocess<=mcs*ls*ls;mcprocess++)q{
i1=(int) (genrand () *1s) ;
// Choose a site for flip trial. x coordinate.
i2=(int) (genrand () *1s) ;
// Same for y coordinate.
field=spin[ip[i1]] [i2]+spin[i1] [ip[i2]]+spin[im[i1]] [i2]
+spinfi1] [im[i2]7;
// Sum of spin states around spin[il] [i2]
delta_E=field*spin[il] [i2]%2.0;
// Energy change caused by the flip of spin[il1][i2].
// Execution of the Metropolis method------------——————————-
if (delta_E<0){
spin[i1] [i2]*=-1; // Flip if energy decreases.

}
else{
if (exp(-delta_E/t)>genrand()) spin[il] [12]*=-1;
} // Probabilistic flip for energy increase.
/)= Measurement ——-—-———————————————————

if (mcprocess’,(measure*ls*1s)==0){



Sample codes for Monte Carlo simulation of the Ising model

if (mcprocess>(discard*ls#*1ls))//Skip until the system
equilibrates.
{
ecurrent=0.0;
for (i=0;i<ls;i++){
for (j=0;j<1s;j++){
field=spin[ip[i]] [jl+spin[i]l [ip[j]l1+spin[im[i]] [j]
+spin[il [im[j1];
ecurrent+=spin[i] [j]*field;
}
}
ecurrent/=-2.0;
//Divide by two since each bond is counted twice.
energy+=ecurrent;

}
}
Y S End of the Monte Carlo loop -—---——-----
¥
[/——————— Avereage-————-——-———————————————-

denominator=(mcs-discard)/(double)measure*ls*ls;

//Number of data points divided by the system size
energy/=denominator;

// Simple average approximates the canonical average.

printf ("Average energy per spin :%f\n",energy);
return 0;
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Appendix B
Solutions to exercises

Chapter 1
1.1

Let S; = 1 correspond to 0; = —1 and S; = 2 to 0; = 1. Then, we have

1 1 1 o;
05,5, = 3 + 3095 05,1 = 5~ 51 (B.1)

This relation shows that the two-state Potts model is equivalent to the Ising model.
To be more explicit, we can rewrite eqn (1.19) as

J h
H = -3 ; 005 + ) Z o; + const. (B.2)
] g

Chapter 2
2.1

According to the mean-field approximation of eqn (2.5), the Hamiltonian is reduced
to

H~ ZHl = —(Jmz+h) ZS’" (B.3)

where S; =-S5, -5 +1,---,5—1,5, with S an integer or a half-odd integer. The
total partition function is Z = [, Z;, where

S sinh ((S+ %)ﬁ(sz—i—h))

Z;, = eﬁ(J?rLz-‘rh)Si —
SFZ_S sinh g(sz +h)

(B.4)

is the single-spin partition function. The magnetization is defined as

S
me =g X st R (s e (1)) —yen (3),
b Si=—58
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with z = B(Jmz + h). At h = 0, the slope of the right-hand side of eqn (B.5) at m =0
is greater than 1 when

SS+1
820 % > 1, (B.6)
and therefore the critical temperature is
1
T.=2J % (B.7)

Note that the Ising model in this notation corresponds to S = 1/2, and if one wishes to
recover eqn (2.6) from eqn (B.5), the following changes must be applied to eqn (B.5),
2m, J/4,h/2 — m,J, h.

2.2
Differentiation of both sides of the equation of state with respect to h and setting
h — 0 give the following equation,

om

)
S = sech’(8Tmz) (5&5}? + 5). (B.8)

When the system is very close to the transition point, m is very small and we are
allowed to expand sech?(3.Jmz) in the above equation to second order in m. Then,
we can write the susceptibility as

6(1 - (ﬂsz)Q)

=1z BJz(1— (8Jmz)?) (B.9)
Below the transition point, eqn (2.7) gives
2_3(ﬁJZ—1)_ _z
(BJmz)* = ~hn 3 ( Tc>7 (B.10)
and therefore
ﬁ(l 73(1 *T/TC)) (B.ll)

X1 87:(1=3(1 - T/To))

The second term in the numerator, the term with the prefactor 3, is much smaller
than the first term and can be ignored. By rewriting the denominator we have

1

X = ATo —T)’ (B.12)

from which " = 1 is concluded.

2.3

From eqn (2.4) the total partition function is

7 — o~ BNBJm? (2 cosh (8(Jmz + h)))N7 (B.13)
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and the average energy per spin is, if we remember that m = tanh(8Jmz),

1 OdlogZ _Jz Jz 2

T =—— — — h = —— B.14
e(T) N o5 |,_, "2 m? — tanh(3Jmz)Jzm = 5 M ( )
On the other hand, the specific heat (h = 0) is defined as, using T, = Jz,
de(T) , Om <TC>2 m?
T) = =Jz == . B.15
o) oT gm 86 T ) cosh? ((TC/T)m) -T./)T ( )

Note that e(T) =0,¢(T) =0, for T > T¢, and e(T) = 3(T —T,)/2, ¢(T) = 3/2, for
T — T . In other words, the specific heat is discontinuous at T = T..

2.4

We set S; = m + §5; and use the approximation that neglects quadratic terms in 6.S;
as in Section 2.1 to obtain

H = NgJm® — (Jmz+h)»_ S (B.16)

Here, it has been assumed that m has only a z-component. The partition function is
then written as

N
7 = e NoBIm? U dse5<sz+h>Sz] . (B.17)

The integral is performed over the unit sphere |S| = 1. Since the magnetization m is
the average of 5%, we have

/(H dSz> Size_ﬁH /dsszeﬁ(sz+h)Sz

m = =

) I

(ﬁh) log (/ ds eﬁ(']mZJrh)Sz). (B.18)

The integral here can be evaluated as follows using polar coordinates in three dimen-
sions. S% is the projection of the unit vector onto the z-axis and is cosf. Thus,

U 27
/dseﬂ(sz-‘rh)Sz :/ Singdg/ d¢eﬂ(sz+h) cos
0 0

! 47 sinh B(Jmz + h)
o dp eBUmzt+h)n B.19
/,1 e B(Jmz + h) ( )

The log-derivative of this equation with respect to Bh

1

m = coth 8(Jmz + h) — Fma T h)

(B.20)
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is the self-consistent equation. We expand the right-hand side in powers of m with
h = 0 in order to determine the critical point and critical exponent,

BImz  (BJmz)3
m & - .
3 45

The critical point is found to be T, = Jz/3 from the condition that the coefficient of
the linear term on the right-hand side is unity. Since the coefficient of the third-order
term of the right-hand side is negative, we conclude that the critical exponent 3 is
1/2 by using the same reasoning as in Section 2.2.

(B.21)

2.5

The magnetization vanishes above the transition point m =0, and hence from
eqn (B.9) we have x = 1/(T —T;). Comparison of this result with eqn (B.12) for
the low-temperature side of the transition point reveals 1/2 for the ratio of critical
amplitudes, a universal value independent of the details of the system. The Landau
theory also gives 1/2 from eqns (2.22) and (2.23) for the susceptibility above and
below the transition point.

2.6
As is well known in the van der Waals theory, the critical point (T" — T¢) is defined from
the equation of state as the inflexion point of the function P(v) = T/(v —b) — a/v?
OP(v)  0*P(v)
v Ov?

=0, (B.22)

or equivalently

T, P T, 3
T % T S B.23)
(ve =02 V3 (ve—1b)3 v
which gives the critical volume v, = 3b and the critical temperature T, = 8a/(27b).
By replacing these critical values in the equation of state, we obtain P. = a/(27b%).
The ratio between these critical parameters is a universal number
P.v. 3

=2, B.24
.~ 3 (B.24)

Let us compute some critical exponents directly from the equation of state. Rewrite
the latter in terms of the reduced variables p = (P — P.)/Pe,t = (T — T.)/T. and V =
(v — ) /v as

C8(t+1) 3
T3V -1 (V+1)2

p+1 (B.25)

By setting ¢t = 0 (the critical isotherm) and expanding near V = 0, one finds

p= f;V?’ x —V°, (B.26)
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which means § = 3. Similarly, one can compute the isothermal compressibility

Tv 2a\ " 4b _
- ((u—z))? — v2> ~ g(T — T, (B.27)
T

1 ov
Kp = —— —

v OP

implying v = 1. As we will see in Chapter 3, to determine the critical behavior we
only need to compute two exponents since the others are related by scaling relations.
Therefore, we conclude that the critical behavior of the van der Waals fluid is of the
mean-field type.

2.7

First, notice that the free energy is not Zs-symmetric, ie. f(m)# f(—m). To
determine the equilibrium value of the magnetization we differentiate the Landau
free energy and set the result to zero, Of(m)/Om = 2am + 4bm> + 3em? = 0. The
solutions are

=3¢+ V9c% — 32ab
- % )

m=0, mg (B.28)
A non-vanishing physical solution must satisfy 9c? > 32ab. If a = kt, this implies that
t <t=9c¢*/(32kb)(> 0). This means that the non-vanishing physical solution is still
valid for temperatures larger than T, (¢ =0). When ¢ > ¢, m = 0 is the equilibrium
solution. At 0 <t =t; = ¢?/(4kb) <, when ¢ < 0(c > 0), the solutions m = 0 and
m4 (m_) have the same free energy, i.e. both are stable. For ¢ < 1, the non-vanishing
solution is the equilibrium one (global minimum of the free energy). Therefore, at
t = t; the magnetization (order parameter) jumps discontinuously, indicating a first-
order transition. The addition of a cubic term to the free energy clearly leads to a
first-order transition within the Landau framework. If the jump in magnetization at
the transition point is not small, then the Landau expansion is not necessarily accurate.
It is important to remember that fluctuation effects over the mean-field may change
the order of the transition.

2.8

The equation indicating that the free energy is equal to 0 (the value at the origin)
should have non-vanishing multiple solutions when the magnetization jumps from 0 to
a non-vanishing value. The non-vanishing solution to the equation am?/2 + bm* /4 +
emb/6 = 0is m? = (—=3b £ v/9b2 — 48ac) /4c. Hence, the condition for a multiple solu-
tion is 9b* — 48ac = 0 or a = 3b/16c.

2.9

The application of the mean-field approximation to the Hamiltonian (1.18) with h =0
leads to

H = NgJm® - Jzm»_ S;—DY S} (B.29)
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Since each spin is independent in this equation, we can take the sum over S; = —1,0,1
at each site, and the free energy per spin is derived as

Jm2z

f==

Here, K = #J, and we have used Ny = zN/2. Expansion of the logarithm to sixth
order in m gives, with e”P written as u,

- Tlog(eszJ“ﬁD +1+ eszmJ“ﬁD). (B.30)

Jm?z w(Kz)2 5 u(l—4u)(K2)* ,
= —T | log(1l+2 —_
== (Og( 2 T T T 1 202
u(l — 26u + 64u2)(Kz)6m6
360(1 + 2u)® ‘

(B.31)

The coefficient of the fourth-order term changes sign at u = 1/4. This condition, e’? =
1/4, has a solution if D is negative. It is straightforward to check that the coefficient
of the sixth-order term is positive when u = 1/4.

2.10
Since my = mq, we equate eqn (2.63) to (2.64),
M (2 cosh(K + Bh + Bh1))” — e " (2 cosh(~K + Bh + Bhy))”
= e”"(2cosh(K + Bh + Bh1))” tanh(K + Bh + Bhy)
+e (2 cosh(—K + Bh + Bhy))” tanh(—K + Bh + Bhy). (B.32)

By collecting the terms with e on the left-hand side and those with %" on the
right-hand side, we have

P (cosh(K + Bh + Bh1))” (1 — tanh(K + Bh + Bhy))
= ¢ "M (cosh(—K + Bh + Bh1))" (1 + tanh(—K + Bh + Bh1)), (B.33)
which is equivalent to
(cosh(K + Bh+ Bhy))* e XM — (cosh(—K + Bh+ Bhy))* e K+ (B.34)

This is the desired relation.

2.11

The second term of the right-hand side of the self-consistent equation (2.66) is much
smaller than the first term and can be neglected. Then, the self-consistent equation in
the presence of an external field is

26hy

z —

2tanh K - (Bhy + Sh), (B.35)

from which we have
h1 tanh K 1

h~1/(z—1) tanhK T T,

(B.36)
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We next study the relation between this ratio h;/h and the susceptibility with m =
mo = my in mind. The expansion of eqn (2.61) for small ~ and h4

Z+ = (2cosh K)*(1 + Sh & zsinh K - (Bh + Bhy)) (B.37)
is inserted into eqn (2.63) to give
mo = Bh + zsinh K - (Bh + Bhy). (B.38)
Differentiation of both sides with respect to h leads to

Ome om
Xfﬁ_ﬂ—i—ﬁzsmhf( <1—|— ah). (B.39)

Since the final term on the right-hand side diverges as 1/(T — T¢) as in eqn (B.36),
we conclude that the susceptibility also diverges with the same rate, and so v = 1.
To evaluate J it is useful to rewrite eqn (2.66) with an external field added as
2sinh K
3cosh® K

where the condition has been used that the system is exactly at the transition point.
Combination of this and the relation

2tanh K - Bh = (Bh1 + BR)3, (B.40)

m — Bh
h hf = ——— B.41
Ph+ B zsinh K ( )
that results from eqn (B.38) yields
2sinh K [ m— Bh\°
2tanh K - Bh = . B.42
an h 3cosh® K (2 sinh K) ( )

This equation is not satisfied in the small-A limit unless m is proportional to h'/3.

2.12

The integral is immediately separated by (a) as

o0 d o0
g(r) = / due™ [ / dg; e vai T, (B.43)
0 =17 —©

Gaussian integration of this expression easily leads to eqn (2.90). This integral is
written in terms of the modified Bessel function of the second kind as

9\ 4/2-1
g(r) = 7¥2a%22 () Kq/a—1(ar). (B.44)

ar
The asymptotic form of the modified Bessel function of the second kind in the limit
of large r gives g(r) oc r~(@=1)/2¢=9" The original problem (2.85) has kt/b for a® in
eqn (2.88), and we have & = y/b/kt in the exponent of e~ = e~ "/¢,
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Chapter 3
3.1
Equation (3.15), to be written as Zjocal, is
Ziocal = e (S1452485+54) | o =K (S1452+55+54) (B.45)

Since the simultaneous inversion of all four spins S; — —5; (Vi) does not change Zjocal,
it should be expressed in terms of even products of Sy, - - - , Ss. The logarithm log Zocal
should also have the same property, and hence we can write

Ziocal = AeXp{K{(Sng + 5153 + 515,
+5953 + 5954 + 5354) + K5515253S4)}. (B46)

Other fourth-order terms like S?S3 and higher-order terms such as S;.555254 reduce
to the above form because of the identity S? = 1. As eqn (B.45) includes Sy, -+, Sy in
a symmetric way, eqn (B.46) is also written in a form symmetric under the exchange
of any pair of spins.

We next have to fix the values of A, K|, K} as functions of K by comparison of
eqns (B.45) and (B.46). This problem turns out to be relatively easy if we equate those
two equations at specific values of Sy, ---,S4. Since we need only three equations to
determine the three parameters A, K|, K}, we write the relation that eqn (B.45) is
equal to (B.46) for three cases, the first for all S; to be unity, the second S; = —1 and
all others 1, and the third S; =S, = —1 and S3 =5, =1,

2cosh4K = AePKiT52  2cosh 2K = Ae 52, 2 = Ae 2K1HHK:, (B.47)

7

By taking the ratio of these relations, we find the explicit expressions for K| and K}
as

1 1 1
K| = 3 logcosh4K, K= 3 log cosh4K — 3 log cosh 2K. (B.48)
The nearest-neighbor spins after renormalization, S155,5253,53S54, 5451 (see

Fig. B.1), acquire the same renormalized interaction K from the adjacent block
of spins, and thus the renormalized neighboring coupling is K’ =2K]. The

4

Fig. B.1 A single step of renormalization produces a system with interactions among four
spins S1,- -+, S4.
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next-nearest-neighbor interactions, 5153 and 5554, do not have such contributions
and the interaction remains K}, and so does the four-spin interaction K.

3.2

The scaling law of the free energy is written as, with the lattice constant a included
as a variable,

f(t,h,a) = b= f(bYt, b h, bYa). (B.49)
After renormalization by the scale b, the lattice constant should be multiplied by 1/b,
and the exponent is y, = —1. Hence, a is irrelevant.
3.3

Since the correlation function does not decay as a power law, eqn (3.55) implies y =
yn = d.

3.4
Let us equate eqn (3.59) with eqn (3.60) and insert +1 into S; and S5 to have
Q2K+h | o =2K—h _ goK'+2m (B.50)
oh +e—h — Ae_K/ (B51)
e—2K+h 4 2K—h _ g K'~2h1 (B.52)

The ratio of eqns (B.50) and (B.52) gives
ot cosh(2K + h)

= 7 B.53
cosh(2K — h) ( )
Hence,
2h
oh' _ ohtah, _ © cosh(2K + h) B.54
¢ ¢ cosh(2K — h) ~ (B-54)
This is eqn (3.63). Next, from the ratio of eqns (B.50) and (B.51),
2K 2hy _ cosh(2K + h) B.55
¢ coshh (B.55)
Further, from the ratio of eqns (B.52) and (B.51),
2K’ —2n, _ Cosh(2K — h) B.56
¢ coshh ~ (B-56)
Multiplication of these two equations leads to eqn (3.62),
K cosh(2K + h) cosh(2K — h) (B.57)

cosh? h
Lastly, from eqn (B.51), we have eqn (3.64),

A* = "' (2cosh h)* = 16 cosh? b cosh(2K + h) cosh(2K — h). (B.58)
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3.5

The scaling relation for the specific heat is derived from the scaling law of the
free energy by differentiation of the latter twice with respect to ¢, the scaling field
corresponding to the temperature. The discussions for the one-dimensional system
had this ¢ replaced by z = e *X. As mentioned in Section 3.6.3, the dependence on
the original temperature variable in the limit K — oo is recovered only after the
correction of z2. The field is also replaced by y = e~2", but the fixed point of our
interest is at h = 0, which reduces the correction factor to unity, i.e. y = 1.

3.6

We just repeat the same procedure as in the case of b = 2. The quantity to calculate
is

Z oK (5182452834 455p41) (B.59)
S2,83,+,5%

To perform the sum over all spins simultaneouly will complicate the situation, and so
we start with S = +1,

Z eK(S1 S2+52S53)
Sa

= cosh® K' ) (1 + S18; tanh K)(1 + 5555 tanh K)
Sa

o 14 5155 tanh? K. (B.60)
The next sum to be taken is over S3. Similarly to the above,

> (1 + 813 tanh® K)(1 + S35, tanh K) o< 1 + 5155 tanh® K. (B.61)
S3

The same process for Sy gives

Z(l + 514 tanh® K)(1+ S4Sstanh K) o< 1+ 5155 tanh? K. (B.62)
Sa
It is now apparent that the result of consecutive summations over Sy to S is 1+

S1Sp41 tanh® K =1 + S18p1u/, which gives the desired result v/ = u®.

3.7

We insert the scaling law of magnetization (3.76) and a = kt to the Landau free energy
f=am?+bm* — hm, (a = kt) to have

f=1{kg(ht=3/%)% 4 bg(ht=3/*)* — ht=3/2g(ht=3/%)}. (B.63)

This is of the form of the general scaling law (3.38) with the mean-field exponents,
d/ys =2 —a=2,yn/y: = B0 = 3/2.
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3.8

It cannot be written. If we assume that m and h are small around the critical point
and expand the hyperbolic tangent to third order in m, we obtain essentially the same
equation as the equation of state of the Landau theory, eqn (3.74), and the scaling
law is satisfied. A general m, not necessarily small, does not satisfy the scaling law
because this law is valid only near the critical point.

3.9
We choose b = ¢t~/ =t~ in the finite-size scaling (3.96),

F(t hy L7 = td (1, ¢ /vep =V L7, (B.64)

Comparison with eqn (3.103) suggests that L~! corresponds to D and hence the
crossover exponent of L~ is v.

Chapter 4

4.1

The fixed-point equation is eqn (4.29) with K = K’ = K*, which is solved to
give e*” =14 2v/2, or numerically K* = 0.336. We next linearize the parameters
around the fixed point as K’ = K* + €/, K = K* + ¢. Insertion of these relations into
eqn (4.29) and expansion to first order in € give

;214 et (41 4+ 4K )etKT + 8K 4+ 3)

€ = (@K 1 3)5 - €. (B.65)

The coefficient of € on the right-hand side is the renormalization eigenvalue A = b'/7.
From e*5" =1+ 21/2, the eigenvalue is numerically A = 1.624, and consequently v =
1.13 from b = /3.

4.2

The same dimensional analysis as in Section 4.2.1 will give the desired result under
the assumption that the sixth-order term is renormalized as v — bY*v. Invariance of
the Hamiltonian, in particular the sixth-order term, leads to y, = 6 — 2d. Since the
quartic term has y,, = 4 — d, the exponent of the sixth-order term is smaller for d > 4
and is more irrelevant.

4.3

The scaling law for magnetization at ¢ = 0 around the Gaussian fixed point is
m(u, h) = b= 2m (b=, b1+, (B.66)

If we choose b such that the h dependence disappears from the right-hand side, we
have

m(u, h) = hd=D/ (@42 (p(2d=8)/(d+2)y, 1), (B.67)
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The u dependence of m(u,h) can be revealed by the mean-field theory. The equation
of state of the Landau theory for the Gaussian model at ¢ = 0, 4um? — h = 0, suggests
m o u~ /3, and hence m on the right-hand side of eqn (B.67) depends on the first
argument with power —1/3. Consequently,

m(u,h) — h(d*Q)/(d%f?) . (h(2d78)/(d+2)u>_1/3 x h1/3. (B68)

Chapter 5

5.1
If the interaction S; - S; is decomposed into components, Sfl)Sj(l) + 51(2)5](2) +--+

SZ-(n)Sj(-n), the process of the Hubbard—Stratonovich transformation in the text can be

applied separately to each component. The differences from the single-component case
are, first, that the variable o has n components (O'i( ), 1(2), = ,UE")) for each site i

and, secondly, that the summation in eqn (5.17) is replaced by the integral

({0'(])} /(HdS) 5(87 - 1) exp( Za ) (B.69)

The result of this integral is independent of the direction of the vector o) but
depends only on its magnitude (0'(]‘))2 because of the rotational symmetry of the
integration weight 6(S7 — 1). Therefore the effective Hamiltonian in terms of ¢ should
be rotationally invariant, i.e. a function of the magnitude of the ¢-field, 37, ¢;(r)?.
The expansion of this isotropic potential gives the second and third terms on the
right-hand side of eqn (5.25). The first term proportional to the gradient emerges just
as in the case of a single component.

5.2

One can use the ansatz ¢(r) = ¢gcos(g - r) to compute the free energy in the two
cases ¢ = 0, i.e. no modulation, and q # 0. The result of this simple calculation for
the effective Hamiltonian per volume is

M= td% + udy (B.70)
= (Cq + Dq* + 1) ¢o+ ¢07 (B.71)

where we have used the fact that the averages over the peI‘IOdIC functions are

V/ddrbm q-r) /dd’I‘COb q-r)= 2, V/dd'rcos (g-7)= % (B.72)

If ¢ >0, it is energetically favorable to have a homogeneous phase, i.e. q = 0.
Therefore, if ¢ < 0 then the stable solution is the ordered phase ¢y # 0, while for ¢ > 0
the disordered phase ¢y = 0 is more stable. The phase transition is second order.

On the other hand, when ¢ < 0, one needs to consider all the three phases and
determine which one has minimal free energy in the (A,T) plane. Let us start by
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looking for the modulation that minimizes ™. By taking the derivative of cq? + Dq*,
we find that the modulation is given by

0 =1\ 57 (B.73)

and the minimal free energy for the modulated phase is

; 1 c? U
finh = 5 (t - 4D> o5+ %gbé. (B.74)
When the coefficient of the quadratic term is positive, i.e. ¢ > ¢?/(4D), the paramag-
netic phase is favorable, while for 0 < ¢ < ¢2/(4D) the modulated phase is stable. The
transition between the disordered and spatially modulated phases is second order.

It remains to analyze the case t <0 and ¢ < 0. The competing phases are the
spatially homogeneous and inhomogeneous states. At the minimum, as shown by the
minimization of eqns (B.70) and (B.74) with respect to ¢o, the two free energies are
given by

2 : 1 2 2
h inh
tl + — B.
fo 4o 70 6u < | 4D) ’ ( 75)

which indicates that for ¢t < ¢ the stable phase is homogeneous, while for ¢ > £ it is
modulated for some t. This boundary value is determined by equating the two free
energies f1(f) = fih(#) and is given by

_ c? 3 -

and represents a first-order transition. The point ¢ = 0,¢ = 0 is a Lifshitz point. The
resulting phase diagram is shown in Fig. B.2.

One can define general (d, n) Lifshitz points, where n is the number of components
of the order parameter field ¢(r). The present problem describes a (d, 1) Lifshitz point.

H

Fig. B.2 Phase diagram with a Lifshitz point at the origin. D, H and M stand for the
disordered, homogeneous and modulated (inhomogeneous) phases, respectively.
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Chapter 6

6.1

Translation is reproduced by a =1,¢=0,d =1 and finite b. Rotation has b =0,
c¢=0,d =1 and complex a = e with real 4. Similarly, dilation corresponds to b =
0,c=0,d =1 and real positive a. The special conformal transformation of eqn (6.5)
is rewritten by using a complex number z as

W +a
flz) =L (B.77)
# +a

By multiplying the denominator and numerator by |z|4, we find

12]2(z + al|z]?)  2(1 +a2) z
= = = B.78
F&) = e e 1tas (B.78)
where Z stands for complex conjugate. This is of the form of eqn (6.10).
6.2
The case € = € = 1 is, according to eqns (6.11) and (6.12),
fx)=z+e -1, f(2)=z+e-1, (B.79)

where we have arbitrarily introduced infinitesimal constants e_; and €_;. This is a
translation. Next, when € = z, € = z, the transformation reads

f(z)=z+ez f(B)=Z+&:z. (B.80)

This is a dilation if ¢y and €y are real. It is a dilation and a rotation for complex ¢

and & since the latter includes the change of the phase. Lastly, we discuss ey = z2.

The antiholomorphic part will have the same behavior and is omitted for simplicity.
The transformation is

f(z)=z+ a2 =x+4c¢ (332 — yz) —2coxy +i(y + 02(332 — y2) +2c12y), (B.81)

where we have written z = = + iy, €; = ¢1 + ico with real x,y, ¢1, co. The special con-
formal transformation of eqn (6.4) is rewritten for infinitesimal a as

r—=r+ar’—2a-r)r. (B.82)

By writing r = (x,y) and a = (—c;,¢2), the two components of this transformation
are

r—=x+ cl(ch — y2) — 200y, Y — Y+ 02(562 - y2) + 2¢12y, (B.83)
which agree with eqn (B.81).

6.3

Only the holomorphic part is written explicitly here for simplicity. The application
of the differential operator (220; + 2h121 + 2302 + 2ha2s) to the right-hand side
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of eqn (6.30) yields an expression with the denominator z{%"‘hﬁlég"‘ﬁ? and the
numerator

—(h1 + hQ)Z% + 2h12’1(21 — 222) + (h1 + hg)Z% + 2h222(21 — 22) = (Zl — 22)2(h1 — hQ)
(B.84)
This can vanish for z; # 2o only when hy = ho.

6.4

Using f(z) = z + ¢(2) and taking only the leading order of €, we easily see that the
Schwarzian is { f, 2} = d3¢. Then, the right-hand side of eqn (6.49) minus 7'(2) becomes

((1 92T (2 + ) + %aﬁ‘e) ~T(2) = 2(0)T(2) + edT(2) + 1%536. (B.85)

6.5

Straightforward applications of the definition of the Schwarz derivative show that both
sides of eqn (6.51) are equal to

A

5 (Ou 2 70fF\%
(57) (%)

3 4 2 2 4
A= oQuu (0N g (O7uNT (OF
of 0f3 \ 0z af? 0z
ou\>of o f ou\? (92f\°
2| — ) = =—5 — — — ] . B.87
* (8f) 9z 02 3<8f> (fh?) (B.87)
The second half of the problem is solved by successive applications of two transforma-
tions,

(B.86)

where

7~ () 10+ St

((g;) T(w) + & fu. f}> s

(5)
<g:)2T(u) + %{u,f} (gi)z + %{faz}
(5)

ou c
== | T — . B.
") T+ S z) (B.59)
6.6
The projective mapping of eqn (6.10) yields
3 2 2 2
of _ 6  O%f_ 2% (B.89)

d.f  (cz+d)? 0.f  cecz+d
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from which the Schwarzian is easily seen to vanish.

6.7

If the correlation function is written in terms of the conformal generators

OT(w)T(2)]0) = > w ™ 227" "*(0| Ly, L, |0), (B.90)

m,n=—o0

we notice that n actually runs only for n < —2 and m runs for m > 1 because of
eqns (6.72), (6.94) and (6.95). We thus have

(0|7 (w Z Zw*m 227 =2(0| Ly L_,|0). (B.91)

m=1n=2

Using the Virasoro algebra

c
[Lma L—n] = (m + n)Lm—n + Em(m2 - 1)6m—n,Oa (B92)
and the fact that from [Lg, Ly] = —kLy it results (0]Lj|0) = 0, we rewrite the above

expression as

(0|7 (w)T'(2)]0) = 12 wan 22" 2pn? - 1) = 125}23;n(n—1)(n—2) (%)n,

(B.93)
where we have rewritten n — n — 1 in going from the second to the third expression.
We can confirm that this expression is equal to ¢/2(w — 2)* by taking the third-order
derivative of the series expression

1 1 n
S (3) (B.94)
-z w w
n=0
by z.
6.8
The following consequences of the Virasoro algebra
c
[La, L_o] = 4Lo + >
and the relations L, |0) =0 (n > —1) lead to the desired results.

[L1, L1] = 2L (B.95)

Chapter 7

7.1

The calculations remain the same for an arbitrary d up to the second line of eqn (7.24).
In the third line, (4 — Y 5e7'9%) is changed to (2d — Y 5e7'9'%). The right-hand
side of eqn (7.25) is now 2cosq; +2cosga + -+ + 2cos ¢4, and accordingly in the
final expression of eqn (7.26) ¢ + qi is replaced by ¢} +¢3 + -+ ¢ =q¢* The
integral (7.28) has (27)? in place of (27)2 and the other factors and the integrand
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remain the same. This integral diverges as h — 0 if d < 2, and m — 0 follows as long
as T > 0. When d > 2, the integral is finite, and no inconsistency arises with finite m.

7.2

We evaluate the equivalent of integral (7.31) for general d by using eqn (7.9). The r
dependence of the result of integral (7.9) is —r2~¢/(d — 2) if d # 2. When d > 2, the r
dependence vanishes in the large-r limit, and the correlation function (7.30) converges
to a finite value, which means the existence of long-range order. For d = 2 we have
already shown the power law decay of the correlation function. In the case of d < 2,
the integral diverges to 400 as r — oo and the correlation function vanishes. These
analyses show that d = 2 is the lower critical dimension.

7.3
Shown in Fig. B.3.

7.4
Let us multiply ¢(r) and ¢(0) by p in eqn (7.30). Then, the correlation function is

(cos (v{or) = 0(0)))) = exp =5 {(01) — 0(0))") ). (B.96)

Thus, the final expression of the correlation function is eqn (7.32) with the power of r
multiplied by p?. This means that the scaling dimension z,, is ¥, = Tp? /47 J according
to eqn (3.80). Then, y, = d — x, = 2 — Tp?/4n.J, and the relevance condition y, > 0 is
T < 8r.J/p* = T,,. It should be noticed here that the temperature 7}, should be lower
than Tt (= 7J/2) in order for the above argument based on the spin-wave theory
to make sense. We therefore have 7.J/2 > 87.J/p? or p >4 = py. In conclusion, the
angle variable ¢, tends to take discrete values 27k/p in the low-temperature range
0 <T < Ty(< Tgr) when p is larger than four.

7.5
We collect the = dependence of eqn (7.55) to the left-hand side and integrate,

dx
— = [ dlL B.
/ x2 +ct / (B.97)

NV PR b\ N
N e <.

A S>Te XN Tt o LD O N I BN
tot t t > —-—- t 1 e
R e P L i R W W SRR s
T NT RN N} ¥ IR

Fig. B.3 n=2,2,—2, -2 from left to right.
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The integral is simplified by the change of variable z = v/ct tan 6,

de
—— = [ dl =1+ const, B.98
ol (B.%8)
from which we find
0 1
l=1lp+ —= =lp+ —= arctan =z (B.99)

Vet Vet Vet

Chapter 8
8.1

The zero-temperature limit 3 — oo of the equation of state (8.9) has the solutions
m =0 and m =1 for hg < Jz and only m =0 for hg > Jz. The zero-temperature
limit of the free energy (8.8), on the other hand, is F'(0) = —Nhg and F(1) = —NJz/2
for m = 0 and m = 1, respectively, because of Ng = zN/2. Comparison of these two
values reveals the transition point hg = Jz/2 at which F(0) and F(1) match.

8.2

The equation of state (8.9) for the Gaussian distribution reads

1 X —h2an
m = e o tanh 3(Jmz + h) dh. B.100
o / ) B ) (B.100)

In the zero-temperature limit 5 — oo, the factor tanh 5(-) in the integrand is either
+1 or —1 according to the sign of Jmz + h,

1 = —h?/2h3 L /_sz —h?/2h3
m= e " /2ho dqp, — e " /2ho dp, B.101
vV 2mhyg /_sz V2mhy J -0 ( )

We rewrite the right-hand side in terms of the error function using the notation h =

\/§h0$a1

2 oo

m=1—-—
ﬁ sz/\/ﬁho

2 Jmz
e de=Erf [ — |. B.102
(\/iho) ( )

Expansion of the error function to third order of its argument gives

2 Jmz 1/ Jmz

m=— (ﬁho -3 (ﬂh0)3>' (B.103)

Since the coefficient of the third-order term is negative, we conclude the existence of
a second-order transition when the coefficient of the first-order term becomes unity,

hoyC:\/ﬁg]Z/\/’/’iT.

T

1 The error function is defined as Erf(z) = % Io et dt.



342 Solutions to exercises

8.3

It suffices to closely follow the discussions of Section 4.2.1. We replace ¢(7) by the field
of the spin glass order parameter ¢(r) and u¢(r)* by vqg(r)3. After the change of scale
this third-order term is multiplied by b~%t¥»+3(d=vr) TInvariance then implies —d +
Yo + 3(d — yn) = 0, from which we find y, = 3 — d/2 using the result of invariance of
the first term, y, = d/2+ 1. This argument is valid irrespective of the presence of
replica indices in g as go3. Only the existence of the third-order term matters.

8.4

We follow the processes for 5 and . In the following expression,

My =3 n(p) = [dssH (0 p)s7), (B.104)

the integration variable is changed as z = (p. — p)s?,

My o (pe _p)(T—l)/U /dzf(_z)z—wu—f)/a’ (B.105)
from which 2 — a = (7 — 1) /o is derived.

8.5
1. When site 0 and r belong to different clusters, variables ds,1 —¢~" and
8sp1 — g " are independent of each other. Since all values of S; contribute
with the same weight in a cluster, Y3§ _1 (05,10 — ¢ ") = 2% _1 (35,1 —

) =0.

2. Two sites are in the same cluster. Let us call the summation over spin
variables within a cluster the ‘spin summation’ and consider the spin sum-
mation of terms appearing in the expansion of (ds,1 — ¢ )(ds..1 — g™ ")
by noting Sp = S, within a cluster. The spin summation of dg, 10s,. 1 is
1, those of ¢~ 1dg,1 and ¢ 'ds,. 1 are both ¢!, and that of ¢=2 is ¢~ .
Then, the spin summation of (6s,1 — ¢ 1)(ds.1—¢ 1) is 1 —q~

1

1 and
consequently the expectation value is obtained by dividing this by ¢ as
(¢—1)/¢*

3. For g=1+¢, (g—1)/q*> = € + O(¢?). The solutions to the previous two
problems indicate that coefficient of the term e in the expansion of the
correlation function of the Potts model represents the probability that
0 and r are in the same cluster, which is the correlation function of

percolation.
Chapter 9
9.1
For a free boundary, the partition function is written as
Z](\F) — Z eK{‘S(Sl752)+6(S2»SB)+"'+5(SN—11SN)}. (BlOG)

{si}
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We follow the method for the solution to the Ising model and first sum over the variable
Sy as

Zl(\f) _ Z oK {6(51,52)+8(52,83)++6(Sn—2,58-1)}
S1,,SN-1
ST NS = 7 (oK 4 2). (B.107)
Sn=0,1,2

This is a recursion relation for the partition function, which we repeatedly use to
obtain the partition function as ZZ(\F) = 3(eX +2)N~1. The free energy per spin in the
thermodynamic limit is

1
Bf =~ lim —log Z{) = —log(eX +2). (B.108)

N—o0

For a periodic boundary, the transfer-matrix method applies. The transfer matrix
for the three-state Potts model has the elements T'(S;,S;y1) = eK0(8i:5i41)  More
explicitly,
e 1 1
T=1|1¢e51|. (B.109)
1 1 ef
The eigenvalues are e 4+ 2,ef —1,eX —1 with the corresponding un-normalized
eigenvectors *(1,1,1), t(1,e>7/3 e4i/3) (1 e=271/3 e=47/3) regpectively. The par-
tition function is then

Z8) = (X +2)N 4 2(e% — )N, (B.110)
Since e 4+ 2 > e — 1, the free energy per spin in the thermodynamic limit is
1
Bf =— lim —logZ{) = —log(e® +2), (B.111)
N—oo N
which agrees with the free-boundary result (B.108).

9.2

The partition function is given by
Z& =1r TV, (B.112)

where the transfer matrix is the 4 x 4 matrix

e2Ki+K> 1 1 e 2Ki1+ K>
1 eQKlfKQ ef2K17K2 1
T= 1 e 2K1—Kz o2K1-K> 1 ) (B~113)

e—2K1+K2 1 1 62K1+K2
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with matrix elements 7'(S11,S21, 512, S22) = K151 812+ K1 821 500+ Ko (5119214512822 /2

and basis vectors [S1;S2;)

1) = 1—1) = | —11) = -1-1)= (B.114)

o O o
o o= O
O = O O
o O O

The eigenvalues of the matrix T are:

Ao =2 (cosh(ZKl) cosh(Ky) + \/ 1 4 sinh?(K>) cosh2(2K1)>, (B.115)

A\3.4 = 2sinh(2K et X2, (B.116)
and, therefore, the partition function is given by
ZE = AN AN AN . (B.117)

Since A; is the largest among the four eigenvalues, only this term remains in the
thermodynamic limit.
To compute the correlation function (S7;51;+,), one needs to observe that

(S1j-182j-1[T'514]51552;) = (S1j-152-1/15[51552;), (B.118)
where
100 O
o100
=100t 0 | (B.119)
00 0 —1

because of the choice of the basis as in eqn (B.114). Then, the correlation function is
given by

(1,814 Z8) = Te (TI ' 6 T" e TN+ = Tr (6 T" 5 TN™").  (B.120)

9.3

The expression

h2

Hi(w) = H(w) + 57—,

(B.121)
which appears in the saddle-point condition, is a monotone decreasing function, diverg-
ing as © — 0 in any dimension if A # 0 and approaching 0 as u — oco. Consequently,
the saddle-point condition Hp(u) = 2K has a solution for any K. Since any derivatives
of Hp(u) do not diverge for u > 0, this function is not singular. This implies that the
solution u of the saddle-point condition is not singular as a function of K. Thus, the
spherical model has no phase transition when h # 0.
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9.4

Differentiation of eqn (9.65) with respect to h gives —m. Hence,

h

= —. B.122
m 2Ku ( )

The relation between uw and h is determined by eqn (9.66). Since the solution u of
eqn (9.66) vanishes as h — 0, u should be small for small h. Then, eqn (9.66) is
written as

h2
d/2-1 _
H(0) — cu®/? ! + sz = 2K (B.123)
Since the second term on the left-hand side ©%/2~! is smaller than the other term, we

neglect it and use H(0) = 2K to rewrite the above relation as

h2

w

This equation is solved for h/u and we insert the result into eqn (B.122) to have

K.
=4/1 - — B.125
m e ( )
9.5

Let us evaluate the integration part, named I, of the general equation (9.86). We write
BJ = K and have

I 2/71- COSQqe—Kcosq dq
0 (1+67Kcosq)2

_, /2 Cos2qe—Kcosq 4 ) ™ COSQqe—Kcosq 4
- 0 (1+echosq)2 q+ x/2 (1+67Kc0sq)2 q

_, /71'/2 cos? qe—Kcosq o+ 2/71'/2 cos? qucosq 4
- 0 (1_|_e—Kcosq)2 q 0 (1_|_eKcosq)2 q
/2 COS2 qe—Kcosq
=4 ————dg. B.126
/0 (1+echosq)2 q ( )

For large K, contributions from small cos ¢ dominate the integral. We thus change the
variable as x = m/2 — ¢ so that the behavior of the integrand around ¢ = /2, where
cos q is small, is easier to see,

/2 Sin2$e—Ksinac
I=4 ———dx. B.127
A (1+67K51nm)2 z ( )
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Since the leading contribution as K > 1 comes from the range of small z, we
approximate sinz ~ x to find

w/2 2 —Kzx
Iw4/ de
o

1+ 67K1)2
wK/2 t2 —t
=4K~ / dt
(I+e1)?
t2 —t 27.(_2
~ 4K~ dt = . B.12
/ 1+e7t)2 3K3 ( 8)

Multiplication of this result by the factor in front of the integral of eqn (9.86) yields
eqn (9.87).

9.6

When h > J, the denominator of the integrand of eqn (9.84) is unity in the low-
temperature limit because the exponent appearing in the denominator is always
negative. We thus find

h 1 [T
E0:§

h
~ 5 _W(Jcosq—&—h)dq: -

5 (B.129)

as the ground-state energy. For h < J, the denominator of the integrand is unity when
the absolute value of ¢ is smaller than ¢y defined by Jcosqy = —h. Otherwise, the
exponential function in the denominator grows indefinitely and the integral vanishes.
Thus,

h 1 q0

2
2 _}2
= h_yI-R Earccos (—h) (B.130)
7r J

is the ground-state energy.

9.7

The mapping from the Fermionic to the Ising spin Hamiltonian is realized by the
relation S; = 2n; — 1. We disregard the boundary terms in the resulting spin Hamil-
tonian since we are only interested in the thermodynamic limit. Hence, our starting
Hamiltonian is eqn (9.91).

Consider now a map between spin variables and bond variables

S;Sj+1=S;. (B.131)
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Clearly there are N — 1 variables 5j = +1, while there are N spins S;. Thus, let us
keep Sy, and the (N — 1) S; as our new variables. In terms of these new variables the
Hamiltonian reads

N—
BH=-K Y S;—K, ZSS (S; = +1), (B.132)

which corresponds to an Ising chain with N — 1 sites in a longitudinal field K;. The
partition function is

2§ =3 et =N oAl (B.133)

S1 {55} {5;}

We will use the transfer-matrix technique of Section 9.1.2 to determine Z](\}F), but
notice that now we are dealing with free boundary conditions as opposed to periodic
boundary conditions. The trick consists of using the same periodic boundary condition
technique but with the last bond treated differently, i.e. we set K5 = 0 in the last bond.
The bulk transfer matrix is

efetKL oK A O _
T = ( T eK?Kl) - U( + A_) U1, (B.134)

with the 2 x 2 matrix U given by (UU' =U"'U =1)

e K2 e K2
efQKQ + >\ _ eK2+K1 2 672K2 + A_ _ eK2+K1 2
U= \/ )\+ _( e}2+Kl ) \/ A _( K2+ Ky ) ’ (B135)
\/672K2 + (>\+ _ eK2+K1)2 \/672K2 + (>\7 _ eK2+K1)2
A — ef2tEL e K2
B o 2Ka 1 (\_ —oKatEKi1)2 \Jo 2Kz 1 (\_ — oRK2tK1)2
U 1 _ \/ )\+ 7(eK2+K1 ) \/ (e*K2 ) , (B.136)

Ve 2K2 1 (A, — eRatKi)2 B Ve 2K2 1 (A, — eKatKi)2

and eigenvalues (eqn (9.25))

Ko+K; Ko—K; :t Ko+ K,y Ko—Ki1)2 _4 2K 4 —2Ko
Ay = 8 te Ve 2+e JPodete £ 4T gy

= (Cosh(Kl) + |/ cosh?(K;) — 202Kz sinh(2K2)). (B.138)

Therefore, the partition function is given by

K1 N-2 K1
F o (e 1 A 0 1 (e 1
Z}V>:2Tr(TN 2( ) eKl)):z%(( +0 ANz)U 1( ) eKl)U)

(B.139)
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In the thermodynamic limit N — oo, since (A_/A;)" — 0, we obtain

F
lim = ~TlogAs. (B.140)

N—oo

The correlation function in the same limit is translationally invariant and is given by
1 Odlog ZJ(\}:) sinh(K7)
o

(S;Sj+1) = (S))
N 0K, \/coshz(Kl) — 2e~2K2 sinh(2K5)

(B.141)

9.8

We closely follow the method to solve the two-dimensional Ising model. First, we
replace the variables as K* — fh, K — ($J in eqns (9.94) and (9.95) and ignore the
factor g(K). Since the density matrix has the Hamiltonian operator in the exponent,
we do not have to make a product, like the product of V; and Vs, and write the
partition function simply as

Z=Trexp|BJY oioi, +BhY ol |. (B.142)
] J

J

The representation by Majorana fields and the Fourier transformation apply similarly
to lead to

Z=Tr [[T(a) (B.143)
q2>0

T(q) = exp [216J (e‘iqcl(q)CE(Q) + eiqCI(q)@(q))

~2i6h (C1(0)CY(@) + Cl@)C2(@))]- (B.144)

The eigenvalues of T'(¢) in the two-dimensional space spanned by |00) and |11) are
two degenerate unities. The projection of T'(¢) onto the space spanned by |01) and
|10) is, corresponding to eqns (9.116) and (9.117),

T(q) = exp(2Bh(r* cos q — 7" sinq) — 2BJ77). (B.145)

The quantity in the outer brackets on the right-hand side is written as a matrix as

hcosq—J —hsing
Qﬁ( —hsing —hcosq—|—J>7 (B.146)

whose eigenvalues are +20 \/ h2 + J? — 2hJ cos q. Thus, the partition function is

Z = H (2 + 2cosh 26/h2 + J2 — 2hJcosq)
q2>0

= H (2coshﬂ\/h2+J2 thJcosq>2. (B.147)

q20
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The free energy per spin is

1 v
—Bf = — / log (2 coshﬂ\/h2 + J2 + 2hJ cos q) dg, (B.148)
™ Jo

where the variable has been changed as ¢ — m — ¢. This is the exact solution for the
free energy.

The zero-temperature limit 5 — oo of the free energy f is the ground-state energy.
For h > 0, the zero-temperature limit of the above solution is

1 s
E():—*/ \/h2+J2+2hJcosqdq
™ Jo

w/2
:,M/ \/1—k?sin?w dw
7T 0

2(h+ J)E(kl) P )

. i (B.149)

where E(k;) is the complete elliptic integral of the second kind. This function is
known to have a singularity at k&y = 1 (h = J). To confirm it, we set h/J = 1 + € and
use k% ~ 1 — ¢2/4. We notice in eqn (B.149) that the singularity could emerge when
the integrand vanishes and so rewrite the right-hand side as

w/2 2
fg/ \/1<1€)c0s2wdw
e 0 4
w/2 2 2
—g/ \/1—<1—6)(1—w>dw
™ 0 4 2
/2 2
—\%‘]/ VJw? + % dw. (B.150)
™ Jo

This is the same expression as eqn (9.129) and behaves singularly as —e? log |¢| around
€ = 0. The singularity appears as a function of the transverse field, not as a function
of the temperature.

Eq

Q

Q

Q

9.9

For the single-spin case,
Z =& p e Ph = P14 2%) =0, (B.151)
which means z = +i. The two-spin system has

7 = XK 4 o720t K 4 90K — . (B.152)
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This gives z = —e 2K +iy/1 — e=4K | whose absolute value is unity, as expected.

9.10

The integral expression of magnetization (9.138) is approximated as
T 90)
=4p8h ————d4. B.153
m = 4f /,7, A32h2 + 62 (B-153)

Inserting g(f) = 6* and changing the integral variable as § — h¢, we find

. w/h d)a . oo ¢a
m = 46h /ﬂ/h g 10— 4 /m e (B.154)

where the last expression is valid in the asymptotic limit of A — 0. Since the integral
part is now independent of h, the correct behavior m oc h/9 results only if a = 1 /0.

Chapter 10

10.1

The upper right and lower left graphs of Fig. 10.3 represent the sixth-order term of the
high-temperature expansion, and no other contributions exist of this order. There are
N ways to locate either one of these graphs on the square lattice because such a number
is identical to the number of ways to locate the lower-left corner of a graph. Hence,
the total number is 2N, which is the coefficient of the sixth-order term according to
eqn (10.18).

10.2

We need the original Boltzmann factor u(§; — &;) and its Fourier transform A(;;) to
apply the theory of Section 10.3. The former is already written in the text for the
Potts model, u(0) = e®, u(1) =--- = u(qg — 1) = 1. The latter is obtained using the
inverse transformation (10.35) with «(0) = u(q) taken into account as,

q ) g—1 - K B _
A(n) = ;e—%f"/%(é) =u(0) + ;e—%lfn/q _ {EK J_F‘ll 1 EZ . 83 . (B.155)

Since the ratio of the two different Boltzmann factors is u(1)/u(0) = e~ ¥ for the
original system, the dual ratio is used to define the dual coupling as A(1)/A(0) = e~ K",

K
_K* et —1
=\ B.156
¢ el +q-1 ( )
The uniqueness assumption of the transition point allows us to identify the transition
point with the fixed point of the duality, K = K* = K., in the case of a self-dual
lattice like the square lattice, leading to e¥c =1 + Va.
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As for the duality relation of the partition function, we notice that the following
relation holds, as in eqn (10.37),

Z(K) = ZeKZW) 0(&i—&5) — g N Z e <ij>(K*5(ui—#j)+a)7 (B.157)
{&} {mi}
where a is determined by A(1) = e — 1 = e®. Therefore, we have
Z(K) = ¢ 7N (X —1)Nez(K¥). (B.158)

This is the duality relation of the partition function.

10.3

The same discussion applies as in the Ising model given in Section 10.1 with the neces-
sary modification being the evaluation of (T*). From e =14 /3 and eqn (B.156)
we find (T*)/ to be —1 as in the Ising case. Accordingly, the relations for the critical
exponents and critical amplitudes, oy = v~ and A, = A_, remain intact.

10.4

The argument developed in Section 10.1 applies. If the left-hand side of eqn (10.11)
represents the singular part of the free energy for the triangular lattice, the right-hand
side is for the hexagonal lattice. Hence, eqn (10.14) relates critical exponents and
amplitudes of the Ising models on the triangular and hexagonal lattices. If we denote
these quantities for the triangular lattice by AY , o', and those for the hexagonal lattice
by A%, ok, the obtained relations are A% = A% and of, = alt.

10.5

Let us take a trace over Sy in the Boltzmann factor B,

Z eK*So(Sl+Sz+S3)

So==#1
Z cosh® K*(1 4 SpS; tanh K*)(1 4 SpSy tanh K*)(1 + SpS3 tanh K*)
So==%1
= 2cosh® K* (1 + (5155 + S253 + S351) tanh® K*). (B.159)
We define K such that the above expression is equal to Aek(sls2+5253+53sl),
Aek(5152+3253+5351)
= Acosh® K(1 4 815, tanh K)(1 4 S5S3 tanh K)(1 + S3; tanh K)

K(
= Acosh® K (1 + tanh® K + (5152 + S955 + 5351)(tanhl~( + tanh? K))
K(

= Acosh® K(1 4 tanh® K)

( tanh K + tanh? K

I tanh?’ (5152 + 5555 + 5351)> . (BIGO)
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Hence,

tanh K + tanh? K _ tanh K
1+ tanh® K 1 — tanh K + tanh® K’

is the desired relation. K is a function of K through K*.

The system with interaction K is the Ising model on a triangular lattice with the
same number of sites as in the original Ising model on the triangular lattice.? Thus,
the partition function of the system we just obtained is identical to the partition
function of the original system up to a trivial prefactor, Z(K) « Z(K). We eliminate
K* using eqns (10.3) (or its equivalent e™2% = tanh K*) and (B.161) to establish a

relation between K and K,

tanh? K* =

(B.161)

(@5 —1)(eE —1) = 4. (B.162)

This equation shows that K is a monotone decreasing function of K. Therefore, we may
identify the fixed point of this relation with the unique singularity of the free energy.
From the fixed-point condition K = K, we finally obtain e*®c = 3 as the transition

point.

10.6

When p; is a continuous variable, the Boltzmann factor e (#i—# )?/2T+ has the same
form as the spin-wave approximation discussed in Section 7.2. It has already been
shown there that the expectation value of (u; — pu;)? diverges in two dimensions as
log r when r grows. This means that the height variable y; is uncorrelated with another
height variable at a far-away place, and hence the surface is rough.

Chapter 11

11.1

The heat-bath method trivially satisfies the detailed balance condition. As for the
Metropolis method, if H(b) > H(a), w(a — b) = e PHO=H(@) and w(b — a) = 1.
Then, their ratio is easily confirmed to satisfy the detailed balance. When H(b) <
H(a), w(a — b) = 1 and w(b — a) = e~ PH@=H®)) which is also seen to be compat-
ible with the detailed balance condition.

11.2

Energies of spin configurations are H(a) = H(d) = —J and H(b) = H(c) = J. With
the mnotation u=e % /(2coshK) and v=eX/(2coshK), where K = (3J, non-
vanishing transition probabilities are w(a — b) = w(a — ¢) = w(d — b) = w(d — ¢) =
vand w(b — a) = w(b — d) = w(c — a) = w(c — d) = v. The corresponding matrix is

1—2uAt oAt vAt 0
uAt 1 —20At 0 u\t
L= uAt 0 1—20At  uAt ' (B.163)
0 vAL vAt 1 —2uAt

2 There is a small correction due to boundary effects, which is irrelevant to the singularity and is
therefore ignored here.
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Notice that Lgp =w(b— a)At (b# a). The right eigenvalues are 1,1 — 2uAt,
1 —2vAt, 1 — 2uAt — 2vAt and their corresponding un-normalized eigenvectors are

v -1 0 1
U 0 -1 -1
Sl P el PO el O (B.164)
v 1 0 1

The first eigenvector is the equilibrium distribution after proper normalization. The
components of each of the other eigenvectors sum to zero.
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Bethe—Peierls approximation, 36
binary alloy, 13

binary distribution, 178

block Hamiltonian, 100

block variable, 112

block-spin transformation, 8, 56, 85, 92, 112
Blume—-Capel model, 29, 79
Bogoliubov’s inequality, 303
Boltzmann constant, 18

bond dilution, 193

bond process, 200

Brownian motion, 47

C

canonical current, 286
canonical dimension, 75
Cauchy—Riemann equations, 130, 294
cavity bias, 39

cavity field, 39

cavity method, 39

central charge, 137

central extension, 140

central limit theorem, 263
chemical potential, 13

circle theorem, 231
classical-quantum mapping, 225
clock model, 165, 244, 254, 291
cluster, 194

cluster method, 89

clustering, 120

coarse graining, 8, 52, 55, 56, 85, 105, 111, 275

codimension, 62

coexistence curve, 5

collective excitation, 120

configurational average, 180

conformal anomaly, 137

conformal family, 144

conformal generator, 136

conformal invariance, 128

conformal mapping, 129

conformal tower, 144

conformal transformation, 129

conformal Ward identity, 132, 136

conformal weight, 132

continuous transition, 3

coordination number, 17, 32, 317

correction to scaling, 95

correlation function, 6, 40, 65, 81, 108, 119, 132,
134, 187, 206, 270

correlation length, 7

Coulomb gas, 167

coupling constant, 13

critical amplitude, 12, 25

critical exponent, 6

critical fixed point, 57

critical index, 6

critical manifold, 62

critical opalescence, 6, 272

critical phase, 161

critical phenomena, 1

critical point, 1, 4

critical slowing down, 50

critical surface, 62, 97

critical temperature, 4

criticality, 4

crossover, 79

crossover exponent, 80

crossover temperature, 80

cumulant, 87, 274, 277

cusp, 3

cutoff, 76, 96, 109, 113, 163, 275

D

dangerous irrelevant variable, 64, 67, 94
decimation, 68

descendant, 144

detailed balance, 261

diffusion constant, 47

dilatation, 129

dilation, 128, 129



diluted ferromagnet, 193
dimensional analysis, 75
discontinuity fixed point, 67
domain wall, 154, 299

dual coupling, 236

dual lattice, 243, 246

duality, 235

Duhamel two-point function, 302
dynamic correlation function, 81
dynamic critical exponent, 50
dynamic critical phenomena, 46
dynamic scaling law, 82

E

edge of Lee—Yang zero, 234

Edwards—Anderson model, 187

effective field, 18

effective Hamiltonian, 42, 108, 111, 113, 132,
156, 185, 193

Einstein’s relation, 47

Einstein’s summation, 284

elasticity theory, 107

Elitzur’s theorem, 174

elliptic integral, 349

emergent excitations, 120

energy—momentum tensor, 135, 287, 296

equal-time two-point correlation function,
40

equation of state, 18

ergodicity breaking, 24, 119

error function, 341

essential singularity, 171

estimator, 262

Euclidean space, 107

Euler—Lagrange equations, 285

exchange interaction, 13

exponential complexity, 19

F

ferromagnetic interaction, 13

field equations, 284

finite-size scaling, 77, 81, 150, 264

first-order transition, 3

fixed line, 162

fixed point, 9, 10, 54, 57

fixed-point Hamiltonian, 57, 93, 113

fluctuation, 5, 16

fluctuation—dissipation theorem, 48, 82, 271

Fourier transform, 41, 113, 185, 244, 275, 303,
311, 319

fractal, 199

fractal dimension, 199

fugacity, 167

functional integral, 42, 108, 109, 112

fundamental group, 126, 293

G
gauge principle, 172
gauge symmetry, 172, 290
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gauge theory, 172

Gauss theorem, 285

Gaussian distribution, 178, 183, 188, 274, 305

Gaussian fixed point, 93

Gaussian integral, 275, 306, 308, 310, 330

Gaussian model, 41, 48, 75, 122, 140, 156,
191, 275

Gaussian noise, 47

Gaussian theory, 140, 157, 297

generalized elasticity, 156

generalized Heisenberg uncertainty relation,
302

generalized homogeneous function, 63

generalized rigidity, 120

generalized susceptibility, 271

generating current, 108

generating functional, 107

Gibbs free energy, 272

Gibbs—Boltzmann distribution, 260

Ginzburg criterion, 17, 44

global conformal transformation, 129

global symmetry, 23, 172, 290

Goldstone theorem, 120, 289

Griffiths inequality, 316

Griffiths phase, 193

group, 290

H

Harris criterion, 192

heat-bath method, 261

Heisenberg model, 15, 213, 303

helicity modulus, 156

Helmholtz free energy, 272

hierarchical lattice, 91

high-temperature expansion, 239

higher homotopy groups, 293

highest weight state, 144

holomorphic function, 129

holomorphic transformation, 130

homotopic maps, 293

homotopy, 293

homotopy class, 124, 293

homotopy group, 125, 293

Hubbard—Stratonovich transformation,
109

hypercubic lattice, 32

hyperscaling, 67

I

Imry—-Ma argument, 183

infinite-range model, 30, 45, 110, 118, 155, 188,
191

infrared cutoff, 109

infrared divergence, 160

interaction constant, 13

inverse temperature, 18

irreducible, 291

irrelevant, 60

Ising lattice gauge theory, 172



356 Index

Ising model, 12, 148, 149, 204, 224, 243, 247,
249, 315, 319

Ising model, critical exponents, 46

Ising model, triangular lattice, 85

J

Jordan—Wigner transformation, 220, 223, 225,
313

Josephson scaling relation, 67

K

Kosterlitz equations, 169

Kosterlitz—Thouless transition, 4, 153, 161,
164, 251

Kronecker’s symbol, 15

KT phase, 161, 164

L

Lagrange multiplier, 33

Lagrangian, 107, 116, 284, 287

Landau expansion, 23

Landau free energy, 23

Landau theory, 22

Landau—Ginzburg approach, 113

Landau-Ginzburg-Wilson model, 92

Langevin equation, 47

latent heat, 3

lattice constant, 63

lattice gas, 13

lattice gauge theory, 172

lattice Green function, 252, 310

Lee—Yang zero, 231

level, 144

Lie algebra, 292

Lie group, 292

Lie product, 292

Lifshitz point, 116, 336

linear response theory, 271

link, 172

local conformal transformation, 130

local field theory, 114

long-range order, 119, 161, 302

loop algebra, 131

loop expansion, 116

Lorentz transformation, 289

low-temperature expansion, 241

lower critical dimension, 46, 72, 153, 155, 157,
161, 171, 177, 183, 184, 186, 191, 207,
214, 218

M

Mobius mapping, 131
magnetic susceptibility, 5
magnetization, 2
Majorana field, 225
marginal, 60

Markov process, 259
master equation, 258
Maxwell relation, 274

mean-field approximation, 16
Mermin—-Wagner theorem, 158, 301
meromorphic function, 136
metastable state, 27

metric tensor, 129, 294

metric tensor, flat, 289

Metropolis method, 261

Migdal-Kadanoff renormalization group, 90

minimal model, 148

Minkowski space, 107

mixed phase, 190

mode expansion, 136

molecular field, 18

molecular-field theory, 18

Monte Carlo simulation, 7, 261, 319
multiple Gaussian integral, 216, 252, 310

N

Néel temperature, 35
Nambu—Goldstone modes, 120
nearest neighbor, 17

Noether charges, 287
Noether’s theorem, 116, 284
non-Abelian group, 290
non-Gaussian fixed-point, 280
normal order, 141

null state, 147

numerical transfer matrix, 264

O

operator product expansion, 136
order of group, 290

order parameter, 2, 22

order parameter space, 123
ordered medium, 123
Ornstein—Zernike formula, 42

P

partition function, 4, 53, 235, 238

Pauli matrices, 99

Peierls argument, 155, 298

percolation, 15, 194, 195

perimeter law, 177

periodic Gaussian model, 250

Perron—Frobenius theorem, 260

phase, 1

phase boundary, 1

phase diagram, 1, 62

phase transition, 1

Planck constant, 14, 99

plaquette, 55, 240, 242, 246

Poisson summation formula, 252, 318

polynomial complexity, 19

Potts model, 14, 148, 200, 210, 244, 249,
343

primary operator, 133

principle of stationary action, 284

projective mapping, 131

projective Ward identity, 133



quantum duality, 253

quantum inequalities, 301

quantum phase transition, 15, 99, 219
quantum self-duality, 253

quantum spin systems, 15, 99, 219, 303
quantum XY model, 219
quantum-classical mapping, 253
quasi-long-range order, 161, 162
quasi-primary operator, 132
quenched randomness, 179

quenched system, 179

R

random fixed point, 193

random walk, 263

random-field Ising model, 179

re-entrant transition, 190

real-space renormalization group, 52, 68

recursion relation, 57

reduced temperature, 24

reducible, 291

regularization, 109, 140, 141

relaxation time, 50, 82

relevant, 60

renormalization, 9

renormalization group, 9, 53

renormalization-group equation, 10, 57

renormalization group for quantum systems,
98

renormalization-group flow, 57

renormalized coupling, 167

replica method, 184

replica symmetric solution, 190, 308

representation, 117, 291

rescaling, 9

response function, 48, 82

rigidity, 156

roughening transition, 165, 251

Rushbrooke scaling law, 7

Rushbrooke’s inequality, 65, 272

S

saddle-point method, 31, 268, 307
scalar product, 302

scale invariance, 57

scaling, 52

scaling dimension, 54, 75

scaling field, 59

scaling function, 63

scaling law, 7, 63

scaling relation, 65

Schwarz derivative, 138

Schwarz inequality, 158, 302
second-order transition, 3
secondary, 144

secondary operator, 133
self-averaging property, 32, 179, 180
self-consistent equation, 18, 38, 39, 118, 181
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self-dual point, 254

self-duality, 101, 235

self-similarity, 57

semi-group property, 54

separatrix, 169

series expansions, 238

Sherrington—Kirkpatrick model, 188,
305

shift exponent, 78

sine-Gordon model, 107

single-spin flip, 261

sinks, 62

site, 12

site dilution, 193

site process, 200

soft mode, 120

SOS model, 251

source term, 108

spherical model, 211, 214

spin glass, 187

spin glass order parameter, 189, 309

spin-wave approximation, 156, 158, 161, 169

spin-wave stiffness, 156

spontaneous magnetization, 5, 19, 117, 301

spontaneous symmetry breaking, 24, 117, 158,
303

square lattice, 13

staggered magnetic field, 36

staggered magnetic susceptibility, 36

staggered magnetization, 35

star—triangle transformation, 249

static susceptibility sum rule, 271

statistical field theory, 106

steepest descents, 31, 268, 269

stiffness, 40, 120

stochastic differential equation, 47

stochastic matrix, 259

strain hardening, 123

stress tensor, 135, 287

strong law of large numbers, 263

structure constant, 292

sublattice susceptibility, 35

superfluid density, 156

surface magnetization, 104

surface of unit sphere, 283

Suzuki-Trotter—Lie decomposition, 255

symmetry transformation, 285

T

TDGL equation, 49
thermodynamic function, 1
thermodynamic limit, 4, 315
thermodynamic scaling relations, 65
thermodynamic stability, 273
topological defects, 123
topological invariant, 124
torsion pendulum, 106
transfer matrix, 208, 224
transition point, 4



358 Index

transition probability, 258 Virasoro algebra, 139
translation symmetry, 17 Vitali’s theorem, 318
transverse-field Ising model, 99, 230, 253 vortex, 124, 163
triangle inequality, 301
tricritical point, 27 W
triple point, 1 Wick’s theorem, 141, 281
trivial fixed point, 57 Wilson loop, 177
two-sublattice system, 34 winding number, 123, 163
wrapping number, 125

U
ultraviolet cutoff, 109 X
universal jump, 165 XY model, 15, 72, 98, 123, 155, 293
universality, 11, 22, 60, 61
universality class, 11, 23, 46, 51, 72, 89, Y

106, 111, 113, 149, 150, 165 Yang-Lee theory, 231
upper critical dimension, 32, 45, 46, 98,

111, 184, 186, 191, 200, 202, 214 Symbols

€ expansion, 96, 274

\'%2 A transition, 4
van der Waals fluid, 26 ¢* model, 92, 111, 275
variational method, 32 n-vector model, 15, 211, 309
variational principle, 33, 156, 284 O(n) model, 211
Verma module, 144 U(1) gauge theory, 174

Villain model, 250 Zo gauge theory, 172, 242







































