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Statistical Mechanics of Disordered Systems

Our mathematical understanding of the statistical mechanics of disordered systems is going
through a period of stunning progress. This self-contained book is a graduate-level intro-
duction for mathematicians and for physicists interested in the mathematical foundations of
the field, and can be used as a textbook for a two-semester course on mathematical statistical
mechanics. It assumes only some basic knowledge of classical physics; on the mathematics
side, the reader should have a good working knowledge of graduate-level probability theory.
Part I gives a concise introduction to thermodynamics and statistical mechanics, which
provides the tools and concepts needed later. The main topics treated here are the classical
ensembles of statistical mechanics, lattice gases and spin systems, the rigorous setting
of the theory of infinite-volume Gibbs states (DLR theory), and cluster expansions for
high- and low-temperature phases. Part II proceeds to disordered lattice models. It presents
the general theory of random Gibbs states and metastates in the spirit of Newman—Stein
and the random-field Ising model. Part III is devoted to disordered mean-field models. It
begins with the random energy model as a toy example and then explains in depth the
geometric structures arising in the description of the infinite-volume limit of the Gibbs
states in the generalized random energy models. Finally, it presents the latest developments
in the mathematical understanding of mean-field spin-glass models. In particular, recent
progress towards a rigorous understanding of the replica symmetry breaking solutions of
the Sherrington-Kirkpatrick spin-glass models, due to Guerra, Aizenman-Sims-Starr, and
Talagrand, isreviewed in some detail. The last two chapters treat applications to non-physical
systems: the Hopfield neural network model and the number partitioning problem.

ANTON BOVIER is Professor of Mathematics at the Technische Universitit Berlin and
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Preface

Statistical mechanics is the branch of physics that attempts to understand the laws of the
behaviour of systems that are composed of very many individual components, such as
gases, liquids, or crystalline solids. The statistical mechanics of disordered systems is a
particularly difficult, but also particularly exciting, branch of the general subject, that is
devoted to the same problem in situations when the interactions between these components
are very irregular and inhomogeneous, and can only be described in terms of their statistical
properties. From the mathematical point of view, statistical mechanics is, in the spirit of
Dobrushin, a ‘branch of probability theory’, and the present book adopts this point of view,
while trying not to neglect the fact that it is, after all, also a branch of physics.

This book grew out of lecture notes I compiled in 2001 for a Concentrated Advanced
Course at the University of Copenhagen in the framework of the MaPhySto programme and
that appeared in the MaPhySto Lecture Notes series [39] in the same year. In 2004 I taught
a two-semester course on Statistical Mechanics at the Technical University of Berlin within
the curriculum of mathematical physics for advanced undergraduate students, both from the
physics and the mathematics departments. It occurred to me that the material I was going
to cover in this course could indeed provide a suitable scope for a book, in particular as the
mathematical understanding of the field was going through a period of stunning progress,
and that an introductory textbook, written from a mathematical perspective, was maybe
more sought after than ever. I decided to include a considerable amount of basic material
on statistical mechanics, in order to make it reasonably self-contained.

Thus, Part I gives a brief introduction to statistical mechanics, starting from the basic
notions of thermodynamics and the fundamental concepts of statistical mechanics. It then
introduces the theory of lattice spin systems, the Gibbsian formalism in the spirit of
Dobrushin, Lanford, and Ruelle, as well as some of the main tools for the analysis of
the Gibbs measures, including cluster expansions.

Part II of the book deals with disordered spin systems on the lattice. It starts out with a
comprehensive introduction to the formalism of random Gibbs measures and metastates.
Then I discuss the extensions and limitations of the methods introduced in the first part. The
bulk of this part is devoted to the random field Ising model and the question of how unique-
ness and non-uniqueness can be analyzed in this case. I present the proof of uniqueness in
d = 2 due to Aizenman and Wehr. A large section is also devoted to the renormalization
group approach of Bricmont and Kupiainen, used to prove non-uniqueness in d > 3. only
comment briefly on the issue of spin-glasses with short-range interactions.
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Part III is essentially devoted to mean-field models of spin-glasses. I basically treat two
classes of models: Gaussian processes on the hypercube, and models of the Hopfield type. I
will go to great lengths to explain in all detail the case of the random energy model (REM)
and the generalized random energy model (GREM), which will give us an idea what a
complete solution of such models could look like. Then I will briefly expose the deep
ideas of F. Guerra and their reformulation by Aizenman, Sims, and Starr, that show how
GREM-like structures can be used to provide bounds, at least for free energies, of general
mean-field models in terms of hierarchical structures, essentially explaining the nature of
the Parisi solution. Talagrand’s proof that this bound is exact will not be given here. Finally,
I discuss some of the simpler aspects of the nature of the Gibbs measures in the p-spin SK
models. Much more on the SK models can be found in Talagrand’s recent book [239].

The last two chapters deal with models that demonstrate the relevance of statistical
mechanics beyond the classical ‘physics’ applications. The Hopfield model of neural net-
works has played a rather important role in the history of the subject, and I try to give a more
elementary and to some extent complementary presentation to the one that can be found in
Talagrand’s book. The final chapter is devoted to the number partitioning problem, where
a rather charming connection between a problem from combinatorial optimisation and the
REM arises.

My original intention for this book had been to give full proofs of all the main results
that are presented, but in the end I found that this was impracticable and that at some places
the reader had to be referred to the original literature. So the practice in the book is that
full proofs are given when they are reasonably easy, or where I feel they are essential for
understanding. In other cases, they are omitted or only outlined.

References are given primarily with the intention to help the reader find a way into the
original literature, and not with the ambition of completeness. Overall, the selection of
references is due largely to my limited knowledge and memory. More generally, although
I do make some comments on the history of the subject, these are by no means to be taken
too seriously. This book is intended neither as an encyclopedia nor as an account of the
history of the subject.

I have tried to keep the prerequisites for reading as low as reasonable. I assume very
little physics background, apart from a rudimentary knowledge of classical mechanics.
On the mathematics side, the reader should, however, have a good working knowledge of
probability theory, roughly on the level of a graduate course.

There are a great number of very interesting topics that have been left out, either because
they are treated elsewhere, or because I know too little about them, or simply for no good
reason. One of these are short-range spin-glasses. A good source for this remains Newman’s
book [185], and at this moment I have nothing serious to add to this. Another topic I skip are
Kac models. Kac models make a charming link between mean-field models and finite-range
models. There has been a great deal of work concerning them in the context of disordered
systems, both in the context of the random field Ising model [73, 74], the Hopfield model
[46, 47], and very recently in spin-glasses [38, 104], and it would be nice to cover this.
There is a beautiful new book by Errico Presutti dealing with Kac models [209], which
does not, however, treat disordered systems.

I want to thank Ole E. Barndorff-Nielsen and Martin Jacobsen for the invita-
tion to teach a course in Copenhagen in the MaPhySto programme, which ultimately



Preface xi

triggered the writing of this book. I am deeply indebted to my collaborators, past and
present, on subjects related to this book; notably J. Frohlich (who initiated me to the sub-
ject of disordered systems more than 20 years ago), V. Gayrard, U. Glaus, Ch. Kiilske,
I. Kurkova, M. Lowe, D. Mason, 1. Merola, B. Niederhauser, P. Picco, E. Presutti, A. C. D.
van Enter, and M. Zahradnik, all of whom have contributed greatly to my understanding
of the subject. Special thanks are due to Irina Kurkova who kindly provided most of the
figures and much of the material of Chapter 10.

I am very grateful to all those who read preliminary versions and pointed out errors,
misprints, and omissions, or made other comments, notably J. Cerny, V. Gayrard, B. Gentz,
M. Jacobsen, 1. Kurkova, M. Lowe, E. Orlandi, and T. Schreiber, but in particular Aernout
van Enter, who has relentlessly read various versions of the manuscript, and has provided
a wealth of suggestions and corrections. I also want to thank my Editor at Cambridge
University Press, Diana Gillooly, for suggesting this book project, and for constant help
during the writing and production. Finally, I thank Christina van de Sand for her help in the
production of the ISIEX version of the typescript.
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Part I

Statistical mechanics






Introduction

L’analyse mathématique, n’est elle donc qu’un vain jeu d’esprit? Elle ne peut
donner au physicien qu’un langage commode; n’est-ce pas la un médiocre
service, dont on aurait pu se passer a la rigueur; et méme n’est il pas a craindre
que ce langage artificiel ne soit un voile interposé entre la réalité et I’ceil du
physicien? Loin de 1a, sans ce langage, la pluspart des analogies intimes des
choses nous seraient demeurées a jamais inconnues; et nous aurions toujours
ignoré I’harmonie interne du monde, qui est, nous le verrons, la seule véritable
réalité objective.!

Henri Poincaré, La valeur de la science.

Starting with the Newtonian revolution, the eighteenth and nineteenth centuries saw with
the development of analytical mechanics an unprecedented tool for the analysis and pre-
diction of natural phenomena. The power and precision of Hamiltonian perturbation theory
allowed even the details of the motion observed in the solar system to be explained quanti-
tatively. In practical terms, analytical mechanics made the construction of highly effective
machines possible. Unsurprisingly, these successes led to the widespread belief that, ulti-
mately, mechanics could explain the functioning of the entire universe. On the basis of this
confidence, new areas of physics, outside the realm of the immediate applicability of New-
tonian mechanics, became the target of the new science of theoretical (analytical) physics.
One of the most important of these new fields was the theory of heat, or thermodynamics.
One of the main principles of Newtonian mechanics was that of the conservation of energy.
Now, such a principle could not hold entirely, due to the ubiquitous loss of energy through
friction. Thus, all machines on earth require some source of energy. One convenient source
of energy is heat, obtainable, e.g., from the burning of wood, coal, or petrol. A central
objective of the theory of thermodynamics was to understand how the two types of energy,
mechanical and thermal, could be converted into each other. This was originally a completely
pragmatic theory, that introduced new concepts related to the phenomenon of heat, fem-
perature and entropy, and coupled these to mechanical concepts of energy and force. Only
towards the end of the nineteenth century, when the success of mechanics reached a peak,
was Boltzmann, following earlier work by Bernoulli, Herapath, Joule, Kronig, Claudius,

' Approximately: So is mathematical analysis then not just a vain game of the mind? To the physicist it can only
give a convenient language; but isn’t that a mediocre service, which after all we could have done without; and,
is it not even to be feared that this artificial language be a veil, interposed between reality and the physicist’s
eye? Far from that, without this language most of the intimate analogies of things would forever have remained
unknown to us; and we would never have had knowledge of the internal harmony of the world, which is, as we
shall see, the only true objective reality.
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and Maxwell, able to give a mechanical interpretation of the thermodynamic effects on the
basis of the atomistic theory. This kinetic theory of gases turned into what we now know as
statistical mechanics through the work of Gibbs in the early twentieth century. It should be
mentioned that this theory, that is now perfectly accepted, met considerable hostility in its
early days. The first part of this book will give a short introduction to the theory of statistical
mechanics.

It is not a coincidence that at the same time when statistical mechanics was created,
another new discipline of physics emerged, that of quantum mechanics. Quantum mechanics
was concerned with the inadequacies of classical mechanics on the level of microscopic
physics, in particular the theory of atoms, and thus concerned the opposite side of what
statistical mechanics is about. Interestingly, quantum mechanical effects could explain some
deviations of the predictions of statistical mechanics from experimental observation (e.g.
the problem of black body radiation that was resolved by Planck’s quantum hypothesis). The
basic principles of statistical mechanics can be well reconciled with quantum mechanics
and give rise the the theory of quantum statistical mechanics. However, in many cases, a
full quantum mechanical treatment of statistical mechanics turns out to be unnecessary, and
much of classical mechanics applies with just some minor changes. In any case, we will
here consider only the classical theory. Before approaching our main subject, let us have a
very brief look at thermodynamics.

1.1 Thermodynamics

A mechanical system is characterized by essentially geometric quantities, the positions and
velocities of its components (which are points of mass). If solid objects are described, the
assumption of rigidity allows us to reduce their description to essentially the same kind of
coordinates. Such a description does not, however, do complete justice to all the objects we
can observe. Even solids are not really rigid, and may change their shape. Moreover, there
are liquids, and gases, for which such a description breaks down completely. Finally, there
are properties of real objects beyond their positions or velocities that may interfere with their
mechanical properties, in particular their remperature. In fact, in a dissipative system one
may observe that the temperature of a decelerating body often increases. Thermodynamics
introduces a description of such new internal variables of the system and devises a theory
allowing us to control the associated flow of energy.

The standard classical setting of thermodynamics is geared to the behaviour of a
gas. A gas is thought to be enclosed in a container of a given (but possibly variable)
volume, V > 0. This container provides the means of coupling the system to an external
mechanical system. Namely, if one can make the gas change the volume of the container,
the resulting motion can be used to drive a machine. Conversely, we may change the volume
of the container and thus change the properties of the gas inside. Thus, we need a parameter
to describe the state of the gas that reacts to the change of volume. This parameter is called
the pressure, p. The definition of the pressure is given through the amount of mechanical
energy needed to change the volume:?

dEmech = —PdV (1.1)

2 The minus sign may appear strange (as do many of the signs in thermodynamics). The point, however, is that
if the volume increases, work is done by the system (transfered somewhere), so the energy of the system
decreases.
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Pressure is the first infensive variable of thermodynamics that we meet. Clearly, the
relation (1.1) is not universal, but depends on further parameters. An obvious one is the
total amount of gas in the container, N. Originally, N was measured in moles, which could
be defined in terms of chemical properties of the gases. Nowadays, we know that a mole
corresponds to a certain number of molecules (~ 6 x 10%3), and we think of N as the number
of molecules in the gas. It is natural to assume that, if V(N) = Nv, then p = p(v) should
not depend on N. Hence the term infensive. By contrast, V is called extensive. It follows
that E is also an extensive quantity. Like V, N can be a variable, and its change may involve
a change of energy. This may not seem natural, but we should think of chemical reactions
(and the possibility of having several types of molecules). By such reactions, the number
of molecules will change and such a change will create or diminish a reservoir of external
chemical energy (e.g. energy stored in the form of carbon). Again, we need a parameter
to relate this energy change to the change in mass. We call this the chemical potential, 1.
Then

dEchem = ndN (1.2)

Now comes heat. Contrary to the two previous variables, volume and mass, heat is a less
tangible concept. In fact, in this case the intensive variable, the temperature, T, is the more
intuitive one. This is something we can at least feel, and to some extent also measure,
e.g., using a mercury thermometer. However, we could abstract from this sensual notion
and simply observe that, in order to have energy conservation, we must take into account
a further internal variable property of the gas. This quantity is called entropy, S, and the
temperature is the coefficient that relates its change to the change in energy. An important
assumption is that this quantity is always non-negative. Traditionally, this thermal energy
is called heat and denoted by Q, so that we have

dQ = TdS (1.3)

The principle of conservation of energy then states that any change of the parameters of the
system respect the first law of thermodynamics:

dEmech + dEchem + dQ =dE (14)
respectively
dE = —pdV + pudN 4+ TdS (1.5)

Moreover, for closed systems, i.e. for any processes that do not involve exchange of energy
with some additional external system, dE = 0.

The main task of thermodynamics is to understand how the total energy of the system can
be transformed from one type to the other in order to transform, e.g., heat into mechanical
energy.

We will postulate that the state of a thermodynamic system (in equilibrium!) is described
by giving the value of the three extensive variables V, N, S. Therefore we can assume
that the thermodynamic state space is a three-dimensional manifold. In particular, the total
energy,

E= Emech + Echem + Q (16)
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will be given as a function, E(V, N, S). Such a function defines the particular thermody-
namic system. It then follows that the intensive variables (in equilibrium!) can be expressed
as functions of the extensive variables via

v
VLN ) AE(V, N, S)
IN
dE(V, N, S)
T(V.N.§)= —— == (1.7)

These equations are called equations of state.

Remark 1.1.1 The statements above can be interpreted as follows: Suppose we fix the
intensive variables p, T, u by some mechanism to certain values, and set the extensive
variables V, §, N to some initial values Vj, Sy, No. Then the time evolution of the system
will drive these parameters to equilibrium, i.e. to the values for which equations (1.7) hold.
Such processes are called irreversible. In contrast, reversible processes vary intensive and
extensive parameters in such a way that the equations of state (1.7) hold both in the initial and
in the final state of the process, i.e. the process passes along equilibrium states of the system.
Note that this statement contains the formulation of the second law of thermodynamics.

One of the main pleasures of thermodynamics is to re-express the equations of state in
terms of different sets of variables, e.g. to express V, N, § as a function of p, N, T, etc. To
ensure that this is possible, one always assumes that E is a convex function. The function
E(V, S, N) is usually called the internal energy. Then, the desired change of variables can
be achieved with the help of Legendre transformations.

In the example mentioned, we would like to express the energy as a function of p, T, N
and to introduce a new function G with the property that 0G/dp = V. That is, we must
have that

dG(p, T, N) = +Vdp — ST + pndN
= +d(Vp) — d(ST) — pdV + TdS + ndN (1.8)
=d(Vp — ST + E)

Thus, we get
G(p,T,N)=pV(p,T,N)=TS(p,T,N)+ E(V(p,T,N),N,S(p, T,N)) (1.9)

where the functions V and S are obtained from inverting (1.7). However, this inversion
often need not be done, since an expression of the energy in the new variables is readily
available. The important observation is that the fundamental function, whose derivatives
provide the equations of state, is not always the energy, but its various Legendre transforms.
All these functions carry interesting names, such as internal energy, free energy, enthalpy,
free enthalpy, etc., which are difficult to remember. The importance of these different
forms of these thermodynamic potentials lies in the fact that one is interested in processes
where some parameters of the system are changed, while others are fixed. Computing the
resulting changes is most easily done with the help of the corresponding natural potential,
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which typically corresponds to the conserved energy when its variables are kept fixed while
the others are varied.

The function G is called the Gibbs free energy. Other potentials whose name it is useful
to remember are

(i) the Helmbholtz free energy,

F(T,V,N)=E—-TS (1.10)
(ii) the enthalpy,

H(p,S,N)=E + pV (1.11)

Let us note that thermodynamics, contrary to what its name suggests, is not a theory of
dynamics, but rather one of statics, or equilibrium. For example, the values that the inten-
sive parameters take on when the extensive ones are fixed are equilibrium values. When
performing thermodynamic calculations, one always assumes that the system takes on these
equilibrium values, which is perhaps a reasonable approximation if the motion is performed
very slowly. In reality, things are much more difficult.

At one point we said that the assumption of convexity allows us to invert the equations
of state and to express, e.g., V as a function of p, T, N. But this is not true. It is only
true if E is a strictly convex function. If in some region E depends linearly on V, then
p = 0E/dV = const. on that set, and we cannot compute V as a function of p; all we
know is that, for this value of p, V must lie in the said interval. In other words, V as a
function of p has a jump at this value of p. If something of this type happens, we say that the
system undergoes a first-order phase transition at this value of the parameters. Interestingly,
real systems do exhibit this phenomenon. If the pressure of, say, water vapour is increased,
while the temperature is not too low, at some specific value of p the volume drops down,
i.e. the vapour condenses to water. It is remarkable that the formalism of thermodynamics
easily allows the incorporation of such striking phenomena. If there is a phase transition,
then the equations of state represent discontinuous functions. This is an unexpected fea-
ture that we are not familiar with from mechanics. This seems to indicate that classical
dynamics and thermodynamics are quite different and should not have much to do with
each other, as it seems inconceivable that these discontinuities should result from motions
governed by Newton’s equations. Therefore, phase transitions are the most remarkable
phenomena in statistical mechanics, and they will be at the centre of our attention through-
out this book. Even today, they represent one of the most lively topics of research in the
field.

Jumps in the equations of state are the most severe singularities that are admitted in the
theory, due to the convexity assumption. There are milder forms of singularities that are
very interesting, where only higher derivatives of the equations of state are discontinuous.
According to the order of the discontinuous derivative, such phase transitions are called
second order, third order, etc. They are associated with interesting physical phenomena.

The main problem of thermodynamics is that we do not understand what entropy and
temperature are, which represents the main difficulty in understanding what the thermo-
dynamic potentials should be as functions of their parameters. In practice, they are often
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obtained empirically from experimental data. A derivation from first principles is of course
desirable.

The preceding discussion of thermodynamics is of course very cursory. There are numer-
ous in-depth presentations in the literature. A recent attempt to give an axiomatic foundation
of thermodynamics was made in a paper by Lieb and Yngvason [169], which also contains
a wealth of references.
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Qu’une goutte de vin tombe dans un verre d’eau; quelle que soit la loi du
mouvement interne du liquide, nous le verrons bientodt se colorer d’une teinte
rose uniforme et a partir de ce moment on aura beau agiter le vase, le vin et
I’eau ne paraitront plus pouvoir se séparer. Tout cela, Maxwell et Boltzmann
I’ont expliqué, mais celui qui I’a vu le plus nettement, dans un livre trop peu lu
parce qu’il est difficile a lire, c’est Gibbs, dans ses principes de la Mécanique
Statistique.

Henri Poincaré. La valeur de la science.

About 1870, Ludwig Boltzmann proposed that the laws of thermodynamics should be
derivable from mechanical first principles on the basis of the atomistic theory of matter. In
this context, N moles of a gas in a container of volume V should be represented by a certain
number of atoms, described as point particles (or possibly as slightly more complicated
entities), moving under Newton’s laws. Their interaction with the walls of the container is
given by elastic reflection (or more complicated, partially idealized constraint-type forces),
and would give rise to the observed pressure of the gas. In this picture, the thermal variables,
temperature and entropy, should emerge as effective parameters describing the macroscopic
essentials of the microscopic dynamics of the gas that would otherwise be disregarded.

2.1 The ideal gas in one dimension

To get an understanding of these ideas, it is best to consider a very simple example which
can be analyzed in full detail, even if it is unrealistic. Consider N particles, all of mass
m, that move on a one-dimensional line R and that absolutely do not interact with each
other; in particular they penetrate each other freely upon impact. We denote the position and
momentum of particle i by ¢; and p;. Assume further that they are confined to an interval
[0, V].

When reaching the boundary of this interval, they are perfectly reflected. Now let the top
boundary of the interval (the piston) be movable; assume that a constant force f is acting on

! Approximately: Let a drop of wine fall into a glass of water; whatever be the law that governs the internal
movement of the liquid, we will soon see it tint itself uniformly pink and from that moment on, however we
may agitate the vessel, it appears that the wine and the water can separate no more. All this, Maxwell and
Boltzmann have explained, but the one who saw it in the cleanest way, in a book that is too little read because
it is difficult to read, is Gibbs, in his Principles of Statistical Mechanics.
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Figure 2.1 Weight on the piston exerting a force f on the piston.

this piston, as shown in Fig. 2.1. Then the container has energy E. = fV, if the piston’s
position is V. At some initial time O let the momenta of the particles be p; such that

1 &
. ZI: pP=E 2.1
The total (conserved) energy of the system is then
H=fV+E 2.2)

We will now assume that the dynamics of the system is such that (after a long
time) it runs uniformly over all configurations that are compatible with the constraint
that the energy of the system is constant (this is probably not the case in our system,
but ...). Since the kinetic energy of the particles, E, is non-negative, the position of the
piston can only range over the finite interval [0, Vx|, where Vinox = H/f. Then, the total
available state space of our system is [0, Vipax] X [0, VIV x S\A/IW#V)’ where Sﬁv denotes
the (N — 1)-dimensional sphere of radius r. Our assumptions correspond to saying that we
start the process initially at random on any point of this set with equal probability, and
that we will find ourselves, in the long run, uniformly distributed on this set (this distri-
bution is called the micro-canonical distribution of our system). As we have explained,
thermodynamics is concerned with the macroscopic observables only, and in our case this
is the position of the piston, V. Finding the equilibrium position of this variable amounts
to computing the probability distribution of the parameter V, to wit

dv [ dpy---dpy [y dgi---dgy
P[V c dV] = — VI H=VN V (23)
maxqy [ dp,---d dg;---d
fo fsm P1 PN fo q1 gn
Now fOV dg; - --dgy = V¥, and the surface area of the (N — 1)-dimensional sphere being
1S¥| = FZ(NTN//;FN_I, we have that
v
8 v, 0

N/2

N 27m _ (N=1))2
—vV F(N/z)(Zm(H V)
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Using this expression, we get that

dVexp(NInV + Y= In2m(H — fV))
Jy™xav exp(NInV + =L in2m(H — fV))

PV edV] = (2.5)

When N is large, the integrand is sharply peaked around the value, V*, that maximizes
the exponent, NIn V + NT’I In2m(H — fV) (more precisely, it can be evaluated using the
saddle-point method). Ignoring terms of order 1/N, V* is found by solving the equation

1 f 1

O=—c——7—+— 2.6
2H—- fV* i % (26)
which yields
2H
Vi=—-— 2.7)
3f

To elaborate on this, let us introduce the number of particles as a parameter, and introduce
the rescaled variables v = V/N,e = E/N,and u = H/N. Then

dvexp(N Inv + Y= In@m(u — fv)))
Jo™™ dvexp(N Inv + L In@m(u — fv)))

Pu’f,]v[v € dv] = (28)

where we used that the extra terms of the form N In N cancel between the numerator and
the denominator. We now introduce the quantity

s(u,f;v)zlnv+%ln2m(u — fv) 2.9)

so that (up to negligible terms)

dvexp(Ns(u, f;v))
Jom dvexp(Ns(u, f;v))

P, snlv € dv] = (2.10)

In standard probabilistic terms, (2.10) is a (strong) form of a large deviation principle.
One says that the family of probability measures P, v, indexed by N, satisfies a large
deviation principle with rate function —s(u, f;v) (where s is considered as a function of
v, parametrized by u and f). We will say more about large deviations later.

For the moment we observe the appearance of a function that is related to a probability
measure that has been instrumental in determining the distribution of energy between the
mechanical energy and heat. This function has no purely mechanical interpretation. It is
called the entropy function, and its value, computed at the equilibrium value of v, is called
the entropy. In our setting the entropy appears parametrized by u and f,

s(u,f):s(u,f;%%)=%ln§um+ln32—b; (2.11)

but since f and u determine the equilibrium value of v, and hence e, we can re-express it
in the (natural) variables e and v, to get

s(e,v) = ln(v (Zem)l/z) (2.12)
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In this form, s(e, v) is the inverse of e(s, v), and hence

ds(e, v) 1 1
786 = 36;?,1)) = ? (213)

From here we get an expression for the temperature as function of energy and volume,

T =2e (2.14)
Similarly, we can compute
o= (2.15)
e(s,v) = —— .
vZ 2m
and hence the pressure
de(s, v)
p=———"=2¢/v (2.16)
av

Comparing with (2.7), we see that everything is consistent, since, in equilibrium, p = f;
that is, the thermodynamic pressure, p, equals the external force, f, acting on the piston.

Thus, in our simple example, we understand how the equations of thermodynamics
arise, and what the meaning of the mysterious concepts of entropy and temperature is. The
equilibrium state of the system is governed by the external force, and the intrinsic probability
of the system to find itself in a state with a given value of the macroscopic parameter
(volume). The properties of this probability distribution give rise to some effective force
(the pressure) that competes with and has to be equilibrated against the external macroscopic
force.

On the other hand, in our simple example, it is also easy to understand the pressure as the
average force that the gas molecules exercise on the piston when they are reflected from it.
Namely, each time a molecule i is reflected, its velocity changes from v; to —v;. Hence

t t
d
1! Y =" | dY — it 2.17
/Of() /0 > mu) (2.17)
t_l

i ()=V

2mu;
i:q;(t")=V ,'€[0,1)
It remains to compute the average number of hits of particle i at the piston. But the time
between two hits is 2V /v;, so the number of hits is roughly rv; /2V, whence

t N
1imf1/ )dt = 2/y =2E/V 2.18
it () ;mv,/ / (2.18)

This yields a mechanical explanation of formula (2.16). Now we understand better why, in
the constant volume ensemble, the conserved energy is the kinetic energy of the gas, whereas
in the constant pressure ensemble (which we studied first), it is the sum of mechanical and
kinetic energy, Eyi, + pV. This also explains the appearance of the Legendre transforms
of thermodynamic potentials when variables are changed.

Exercise: Repeat the computations of the example when the state space is a three-
dimensional cylinder with a piston movable in the z-direction.



2.2 The micro-canonical ensemble 13

2.2 The micro-canonical ensemble

In our first example we have seen that we can derive thermodynamic principles from prob-
abilistic considerations, and in particular from the assumption that the state of the system
is described by a probability distribution, more precisely the uniform distribution on the
submanifold of the phase space where the energy function takes a constant value. The idea
that the state of a physical system with very many degrees of freedom should be described
by a probability measure on the phase space of the underlying mechanical system is the
basis of statistical mechanics. Such a probability measure will depend on a finite number of
parameters, representing the thermodynamic variables of the system. Thus, each thermo-
dynamic state, say (V, S, N), corresponds precisely to one probability measure oy s, x) on
the state space. The rationale behind such a description is the underlying assumption that
the long-time means of the dynamics (with suitable initial and boundary conditions) should
converge to the ensemble averages with respect to these measures.

The micro-canonical ensemble is the most straightforward class of such thermodynamic
states. First of all, we assume that the measure is concentrated on a subset of constant value
for the energy. This is reasonable, since we know that for (conservative) mechanical systems
the energy is conserved. Moreover, it follows from Liouville’s theorem that the Hamiltonian
time evolution conserves phase space volume, and thus the uniform measure is invariant
under the time evolution. If &, is the Hamiltonian flow on phase space, and A a measurable
subset of the phase space P, then

[ o= o= [ opan (2.19)
A ®,(A) A

where the last equation defines ®; as the ‘pull-back’ of the flow &, i.e. its action on
measures. Hence ®}p = p, if p is any measure that is uniform on invariant subsets of the
flow ®,. Of course, the fact that p be invariant is a necessary requirement for it to be ergodic,
i.e. to ensure that for any bounded measurable function g on the support of p,

t

1 1 [
lim — | (®7g)(xo) = lim — / 8(®r(x0)) = / g(x)p(dx) (2.20)
ttoo ' Jo ttoo t Jo

but it is not sufficient at all. What we would need to prove in addition would be that the
system is metrically transitive, i.e. that the energy surface does not contain further invariant
subsets. There are mechanical systems for which additional conserved quantities exist (e.g.
the one-dimensional ideal gas treated above), in which case we cannot expect (2.20) to
hold. In the micro-canonical ensemble we take as the two other conserved quantities the
volume (inasmuch as we talk about confined systems) and the number of particles. All
other possible conserved quantities are ignored. There is not very much point in arguing
about this. While certainly it would be nice to have a complete and rigorous derivation
of ergodic theorems to justify this approach, thus providing a solid link between classical
and statistical mechanics, we have to accept that this is not possible. There are very few
examples where such a derivation can be given. These concern the motion of one or few
hard spheres in closed boxes (‘Sinai billiards’) [68, 69, 225]. Worse, even if an ergodic
theorem were proven, it is quite unclear why essentially instantaneous observations of a
system should be related to long-term time averages. A more detailed discussion of these
issues can be found in the book by Gallavotti [109]. For a philosophical discussion of the
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probabilistic approach taken by statistical mechanics, we refer for instance to the recent text
by Guttman [135]. The important observation is that for all practical purposes, statistical
mechanics seems to work marvelously well, and we will focus on the mathematical analysis
of the consequences of the theory rather than on its derivation.

We can now define what we understand by a thermodynamic system.

Definition 2.2.1 A thermodynamic system involves:

(i) A parameter N € N called the particle number,
(i) a measure space P, and its product space PV,
(iii) a Hamiltonian function Hy : PV — R,
(iv) constraints depending on macroscopic parameters, such as V.

Remark 2.2.2 In the context of a gas, the space P is the phase space of a single gas
molecule, Hy is the interaction, and the constraint is the indicator function that the position
of all molecules should be within the container of volume V.

Definition 2.2.3 The micro-canonical ensemble of a thermodynamic system is the collec-
tion of all uniform probability distributions, pg v, x, on the sets

Qryn={xeP":Hy(x)=E,x eV} (2.21)

where by x € V we understand that, if x = (py, ¢, ..., pn,gn), then g; € V, for all i.
Note however that we can in general consider different types of constraints, and V can
represent different subsets of the phase space. The micro-canonical partition function is the
function®

1
= / AxS(E — Hy(x) ey (2.22)
where & denotes the Dirac delta-function® on R. This choice of the measure ensures its
invariance under the Hamiltonian flow.* The entropy is defined as
S(E, V, N)EII’IZE’V’N (223)

Note that the factor 1/N'! is introduced to take into account that particles are indistin-
guishable and ensures that S is proportional to N.

The micro-canonical partition function is the normalizing constant that turns the flat
measure,

1
PEv.N(dx) = ﬁdXS(E — Hy(x)) ey (2.24)

into a probability measure, i.e.

pE,v.N(dX) = PE,v,N(dX) (2.25)

ZE,V,N

2 In the physics literature one introduces an additional normalizing factor (24", where & is Planck’s constant.
This is done to make the classical and quantum entropies comparable. I will choose & = 1.

3 The delta function is defined such that for all smooth test functions ¢, f dEP(E)S(E — a) = ¢(a). It follows
that, if @ is a function on PV, then [ dE [ dx8(E — Hy(x)Px)P(E) = [ dxD(x)p(Hy (x)).

4 In many physics textbooks, one uses a soft version of this measure, namely the Lebesgue measure of the set
{x € PN : |Hy(x) — E| < €}. Forall practical purposes, this yields the same results.
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It may look surprising that such a normalizing constant can have physical significance,
since after all it depends on the choice of the initial unnormalized measure, that is largely
arbitrary. This significance will arise from the parameter dependence of this constant, as
we will see shortly.

We will assume henceforth that S(E, V, N) is a differentiable function. This is certainly
the case for classical systems where Hy(x) = Z,N: 1 2% + ®(g) at any energy E > min(P)
(see, e.g., [131]). Then the derivatives of S determine the parameters pressure, temperature,

and chemical potential® via

IS(E,V.N) _
OFE h
IS(E,V.N) _
v -
IS(E,V.N) _
AN N

1
=

(2.26)

Tl= N N-=

Thus, computing the entropy of the system allows us to engage the full thermodynamic
formalism and to compute all kinds of interesting quantities.®

In particular, if we want to couple the gas to a mechanical source of energy (e.g. through a
movable piston at which a fixed force of strength f acts), passing to the conserved quantity
H = E + fV, we can derive the distribution of the position of the piston as

dVexp(S(V,H — fV,N))

BV e dV) = ) exp(S(V, H = FV, N))

(2.27)

from which the equilibrium piston position results as the value of V with maximal entropy,
and in particular the solution of the equation

dS(V,H — fV,N)

dv B

0 (2.28)

(with H and f fixed), as in the example treated above. We see that

dS(V,H — fV,N) 3S
( fV.N)y _9S _f_p_f (2.29)
dv ov T T T

so that indeed in the equilibrium position, the thermodynamic pressure p is equal to the
external force f acting on the piston.

Let us look back at what precisely we have done here from the point of view of probability
measures. Our underlying assumption is that the a-priori probability distribution of the
system with movable piston is given by the uniform measure on the available state space,

5 I set Boltzmann’s constant, k, equal to 1. In physical conventions the first equation of (2.26) reads
WSEVN) _ L _ g

6 9E kT =P . . . . o
It is a somewhat annoying feature of thermodynamics that the intensive variables are defined as the derivatives
of the energy when the extensive quantities, in particular the entropy, are kept fixed. This leads to the fact that
the inverse temperature, which appears as the derivative of the entropy, is often a more natural quantity to
consider than the temperature itself. It would probably be more rational to consider the entropy as the most

fundamental thermodynamic potential and to consider its derivatives as the natural intensive variables.
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Figure 2.2 Piston containing two gases separated by a wall permitting energy transfer.

including the position of the piston, i.e. by the probability measure

dVog_rv,v.n(dx)
S AV [ pu—sv,v,n(dx")
_dVzy_rv v npu—rv,v,n(dX)
N [dVzu_rvvn

exp(S(H — fV,V,N))
de exp(S(H — fV,V,N))

Pu pn(dx,dV) =

(2.30)

=dVpu_sv,v n(dx)

In particular, if we are only looking at the distribution of the internal degrees of freedom,
we obtain the distribution

exp(S(H — fV,V,N))
[dVexp(S(H — fV.V.N))

Pu, f.n(dx) = /dV,OH—fV,V,N(dX)

= [tV e aviou pvyian 2.31)

which can be seen as a mixture of micro-canonical distributions. We see that the entropy gov-
erns the probability with which we see a given micro-canonical distribution pg_ sy, v y(dx)
if V is allowed to vary.

In a similar way we can understand the physical significance of the temperature. To this
end we consider a cylinder with a fixed piston separating the cylinder into two volumes
Vi, V> (see Fig. 2.2). Assume that there are N, N, molecules in each partition (possibly
of different types of gases). Assume that the piston allows for energy to pass from one part
to the other. Then the total energy E = E| 4+ E; is conserved. We would like to know the
probability distribution of the value E;. According to our assumption that the distribution
of the atoms in the two containers, given the values E;, will be the uniform distributions,
PE;.v;.N;» on the sets H}\?(x) = E;, we get

dE; exp(S1(V1, E1, Ni) + S2(Va, E — Ey, N,))

P(E, e dE)) = (2.32)
del CXP(SI(VI» Elv Nl) + SZ(V2a E — Elﬂ Nz))
Thus, the probability distribution of E| has a (pronounced) maximum when
aS1(Vi, E\,N 0S5,(Va, E— Ej, N,
1(Vi, Ei, Ni)  95(V2 1, N2) _0 (2.33)

3E1 8El

In other words, the two systems are in equilibrium when the partial derivatives with respect
to the energy of their entropies, the inverse temperatures, are the same. This is sometimes
called the zeroth law of thermodynamics.
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Figure 2.3 A lattice gas configuration on a square lattice.

As in the preceding discussion, we could introduce the probability distribution of the
coupled systems as

PEV, voN.N, (dxy, dxa) (2.34)
_ /E dE. PGV, vy N + $5(Va, E = Ey, Vo)
o [dE exp(Si(Vi, E1, N\) + $2(Va, E — Ey, N2))
X g, v, N ([AX1)PE—E,, vo, N, (dX2)

Note that in the previous discussion we could have replaced the second system by some
artificial device with a fictitious entropy B E,. Such a device would then force the tem-
perature of any system that is energetically coupled to it to take the value T = 1/8. In
thermodynamics this would be called a thermostat.

Example: The ideal lattice gas In the course of this book we will soon concentrate on
simple systems in which the classical particles are replaced by particles with a discrete
number of degrees of freedom. The simplest such system is the ideal lattice gas. Here we
consider, instead of our usual phase space, a finite subset, A, of some discrete lattice 74,
We denote by V = |A| the number of vertices of this lattice. We consider a fixed number,
N, of particles, whose degrees of freedom are just their positions x; € A. A configuration
of particles is depicted in Fig. 2.3. We will assume that the particles can sit on top of each
other, and that the energy is simply proportional to the number of particles,

E=uN (2.35)

Then the micro-canonical partition function is simply the number of ways we can arrange
N particles on the V sites of the lattice,

VN
ZEV.IN = T =exp(NInV —InN!) (2.36)

so that the entropy is

S(E,V,N)=NInV —InN!~ N(lnv+1) (2.37)



18 Principles of statistical mechanics

Note that, due to the strict relation between energy and particle number, there are really
only two independent extensive variables in this model. We see that the pressure is

? —N/V =E/uV (2.38)

Exercise: Consider the lattice gas with the additional constraint that no more that one
particle can occupy the same site.

Interestingly, the micro-canonical entropy is equal to what one would call the entropy
of the measure pg v y. In fact, let p be any probability measure on the support of Qg v y.
Then the (relative) entropy of p (with respect to the uniform measure, pg = g vy, on this
set) is defined as

dp(x)
dpo(x)
Now let py be the (unnormalized) uniform measure on the phase space of N particles in
volume V and with total energy E.

Itis not difficult to see that the unique minimizer of this function is the uniform probability
measure on the same set, i.e. pg vy, and that

h(p. po) = / In dp(x) (2.39)

h(pev,n, po) = —S(E, V,N) (2.40)

Thus, we can say that the micro-canonical distribution is characterized by the fact that it
minimizes the relative entropy with respect to the uniform measure on the accessible state
space. This statement would appear even more profound if we had not been forced to make
an a priori choice of the measure py. Nonetheless, it gives an interesting interpretation of
the micro-canonical distribution. Moreover, it would appear that the dynamics of a gas,
started initially in any configuration (or any probability distribution concentrated on it) on
the energy shell, should have a tendency to evolve towards the uniform distribution, thus
increasing entropy. This fact appeared for quite some time an obstacle in accepting the basic
premises of statistical mechanics, as it appeared in contradiction to the reversible nature of
the Newtonian laws of classical mechanics.” Such a contradiction, however, does not exist.
This may be most easily understood in the example of our moving piston. For statistical
mechanics to be relevant, it must be true that, if this system is started with any position of the
piston, the piston’s position should evolve to its equilibrium position (rather fast), and then
be seen there (almost) all the time. Indeed, few people (of any minimal level of integrity)
claim to have seen huge motions of such pistons (unless someone was fiddling with the
equipment). So clearly the piston movement looks rather irreversible, although everything
is pure classical mechanics. Is there a contradiction? Clearly not, since our argument was
based on microscopically sound reasoning: the motion of the molecules is fully reversible,
and follows the laws of classical mechanics. The trajectories can, in principle, reach all
points in the energetically available phase space, including those where the piston is not
at its equilibrium position. However, the number of configurations where the piston is
not close to this position is so ridiculously small compared to those when it is, that the
occurrence of such instances is exquisitely rare if N is large. Thus, if only the motion of
the piston is observed, we get the impression that there is a preferred direction in time. But

7 This discussion is still not extinct today.
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this is not so. If we reversed time, we would observe exactly the same phenomenon. Only
by preparing very special, non-typical initial conditions, could we observe the system at a
given later time in a state where the piston is not in its equilibrium position, and that is not
going to be re-observed in a very very long time.

If one accepts the basic principles laid out above, we can use thermodynamics, provided
we can compute the micro-canonical partition function. Unfortunately, this is not in general
an easy task. In many ways, statistical mechanics is not so much a question of principles,
as a question of computational techniques.

2.3 The canonical ensemble and the Gibbs measure

The difficulty of the computations in the micro-canonical ensemble comes from the fact
that it always involves a constrained integral over some manifold Hy(x) = E in a space of
very high dimensions. It is simply a very difficult geometric problem to compute the area of
a very high dimensional manifold. We have been able to do this for the sphere, and we may
be able to do it for a few more examples, but in general this is hopeless. Even numerically,
this is a next to impossible task. A way to get to a more accessible expression is to change
ensembles, i.e. to consider a system where the energy is no longer fixed, but allowed to
vary, while the conjugate variable, the temperature, is fixed. We have already seen in the
previous section that this can be achieved by introducing a fictitious thermostat with which
the system can exchange energy. This leads us to introduce the distribution

JdEePEzp v npE v n(dx) _ ﬁeiﬂHN(X)dx

Gpv.n(dx) = = (2.41)
g f dEe*ﬁE f ,OE’V’N(dX) % f dxe*ﬂHN(X)
The denominator is called the canonical partition function
1
Zpyn = N1 / dxe PHNV@ (2.42)

where the combinatorial factor is introduced for the same reason as in the definition of the
entropy in the micro-canonical ensemble. Let us investigate the thermodynamic meaning
of these quantities. As we have already seen, this measure is concentrated where

= dS(E,V,N) (2.43)
= E .
and then
Zpyy = / dEe PEHSEVN) — / dEe PFTV-NE) (2.44)
where F is called the free energy functional
F(T,V,N,E)y=E — TS(E, V,N) (2.45)

F is an extensive quantity, and thus the integrand in (2.44) will be sharply concentrated
on the set of values of E around the equilibrium values of the energy, E*(V, T, N), at
temperature 8!, defined as a solution of (2.43). This suggests that

InZgyny~—BF(T,V,N) (2.46)
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where F is the thermodynamic free energy,
F(T,V,N)= F(T,V,N,E*(V,T, N)) (2.47)

Equation (2.46) gives an alternative connection between thermodynamics and statistical
mechanics, i.e. an alternative prescription for how to compute a thermodynamic potential
from a mechanical basis. We will have to investigate this relation a little more carefully.

Theorem 2.3.1 Assume for a statistical mechanical system that the micro-canonical
entropy satisfies

lim N7'S(E, V, N) = s(e, v) (2.48)
N1too

where limyyo V/N = v and limy,oo E/N = e, and s is a strictly concave, upper semi-
continuous function such that, for all 8 > 0,

f exp(N(s(e, v) — Be))de < CceMNe (2.49)
s(e,v)—pe<a

Define the function f(B, v) by

Bf (B, v) = min(ef — s(e, v)) (2.50)

(S(E,V.N)—EB)
’ N(s(eN,vN)—Be)
Then, for any B, such that s(e, v) has bounded derivatives in a neighbourhood of e*,

Assume further that convergence in (2.48) is such that, uniformly in e — 1.

o1
lim N InZsyn=—f(B,v) 2.51)

Remark 2.3.2 Bf is called the Legendre transform of s. If s is differentiable and strictly
concave, then

f(B,v) =e*(v, B) = B~ 's(e*(v, B), v) (2.52)

where e* is the unique solution of the equation

_ ds(e, v)

p de

(2.53)

Proof Basically, we have to show that the integral receives almost no contribution from val-
ues of e such that s(e, v) — Be < (s(e*, v) — Be™) — 6. Thisis ensured by assumption (2.49).
From the complement of this region, Ds = {e € R : s(e, v) — Be > (s(e*, v) — Be*) — 4,
it gets a contribution of the desired order, provided this set is neither too small nor too large,
which our differentiability assumptions imply. Our assumption of uniform convergence
ensures that, for large N, we can replace the integrand by its limit, since, for any € > 0,
there exists Ny € N such that for all N > N, for all e,

INT'[S(E, V, N) = BE] — (s(e, v) — Be)| < €ls(e, v) — Bel (2.54)
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Therefore, for such N,

/ deexp(—BeN + S(eN, V, N)) (2.55)
D

=< / exp(N(s(e,v) — Be) + [(S — BE) — N(s — Be)]) de
D,

¢
3

< / exp(N(s(e, v) — Be) + €|s(e, v) — Be|) de
Df

< Cexp(N[s(e*, v) — Be* + €|s(e*, v) — Be*| — §])

On the other hand, for N large enough,
/ deexp(—BeN + S(eN, V, N)) < Cexp(N[s(e*, v) — Be*](1 + €)) (2.56)
Ds

and, since the function s has bounded derivatives, on a set of size N ! the integrand cannot
vary by more than a constant factor, for some ¢ > 0,

/ e—ﬂeN+S(eN,V,N)de > CN—leN[S(e*,U)—,Be*](H-é) (257)
D;

Taking the logarithm and dividing by N, for any € > 0 (we chose the signs as if f were
negative, otherwise they have to be reversed), we obtain that

—Bf(B,v)(1 —¢€) < lil\rlr%inf% ln/deexp(—ﬂeN + S(eN, V,N))

1
< lim sup N ln/de exp(—BeN + S(eN, V, N))

Ntoo
= -Bf(B.v)1+¢€) (2.58)
which implies the assertion of the theorem. O

The measure defined by equation (2.41) is called the Gibbs measure or the canonical
ensemble. Theorem 2.3.1 is a (not very strong) formulation of the equivalence of ensembles.
As stated it justifies the use of the canonical ensemble to compute thermodynamic quantities
from the canonical rather than the micro-canonical partition function, i.e. it allows us to
define the free energy in terms of the logarithm of the partition function and to derive all
thermodynamic quantities (including the entropy) from it via Legendre transformation. It
is important to note that this equivalence holds in the limit of infinite particle number (and
in consequence, infinite volume, energy, etc.). Thus, we encounter, for the first time, the
notion of the thermodynamic limit. Then linking statistical mechanics to thermodynamics,
we are really only interested in understanding what happens when the size of our systems
tends to infinity. We will have to discuss this issue in far greater detail later on.

In the course of the proof of Theorem 2.3.1 we have seen (in spite of the fact that we have
been rather careless) that more is true than just the fact that the free energy can be computed
from the canonical partition function. Rather, we see that the Gibbs measure, even if it is
a-priori supported on all possible values of the energy, really is concentrated on those states
whose energy is very close to the preferred value e*(v, ). In fact, we should expect that

GB.V.N ™~ PE*B,V.N),V.N (2.59)
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in an appropriate sense when N tends to infinity. But to discuss such a question with some
precision requires a more profound understanding of the meaning of the limit N 1 oo for
measures on the phase space, a question that we will address only in Chapter 4.

The beauty of the equivalence of ensembles is that, computationally, it is much easier
(even though still hard enough) to work with the Gibbs measure than with the micro-
canonical measure. This should not be a surprise: working with constraints is always hard,
and the canonical ensemble allows us to get rid of one annoying constraint, namely to keep
the energy fixed. And the nice feature of the theorem is that it tells us that not fixing the
energy is fine, because this will be taken care of effectively automatically.

Example: The classical ideal gas Here the Hamiltonian is

N 2
pA
Hy(p.q)=) - (2.60)

Thus, the canonical partition function is

1 N Y N > P‘2
ZV,ﬂ,N = m/d pfo d lep —ﬂ ﬁ
: i=1

1 v p? N
=M |:/ dpf0 dg exp(—ﬂ%>} (2.61)
1

= V" 2rm/p1""

We see that this computation does not require knowledge of the formula for the surface area
of the N-dimensional sphere, which we used in the micro-canonical formula. Stirling’s
formula states that

N!~2xNe VNNV (2.62)
and so
f(B,v) = ;—1\1] InZy gy~ —p " In(ey/2rm/Bv) (2.63)

Exercise: Compute the entropy for the one-dimensional gas from this formula. Compute
the entropy directly from the micro-canonical partition function and compare. Do the same
for the three-dimensional ideal gas.

2.4 Non-ideal gases in the canonical ensemble

The remarkable simplicity with which we have computed the free energy in the ideal gas
could encourage us to look at non-ideal gases. Suppose we are given a Hamiltonian function

N 2

Hy() =) 5—}; +®(q1, .., qn) 2.64)
i=1
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where, reasonably, @ could represent a pair interaction potential of the form
N
(g1, ....qv) = Y _bgi — q;) (2.65)
i#]
The pair interaction, ¢, should incorporate at least some short-range repulsion, and possibly

some weak long-range attraction. The simplest choice would be a hard-core exclusion, that
just forbids the particles to penetrate each other:

he 0, if |g| > a
¢, (q) = } (2.66)
400, if|g| <a

What about the partition function in this case? We have

I N2
Zgv.N = NI /v dé]/dp CXP<—,3 Z m BP(q1, ---J]N)) (2.67)
: py

We may feel encouraged by the fact that half of the integrals can immediately be computed:

N 2 dN/2
/dp exp(— §—m> = (2”7’”> (2.68)
i=1

where d is the number of spatial dimensions, so that

1 (2zm\*N/?
ZgyNn =3\ —2 / dg exp(—BPn(q)) (2.69)
NI\ B v
which we could express as
1 (27m\*/? d
Zgy,N = N <—/3 ) Zgy N (2.70)

where the reduced partition function is

1
Zgy N = i f dg exp(—BPy(q)) 2.71)
s JV

We see that in the non-ideal gas, we can reduce the computation of the partition function to
that of a partition function involving only the positions of the particles. Of course, this gain
is limited, since we cannot compute even this reduced partition function, except in very
special cases.

One of these misleadingly simple cases is the one-dimensional hard-core gas. Here we
have

1 e,
Z5Yn =3 fv dgy - - - dgye ™ Lis 00 @=0)) (2.72)

Note that the integrand takes only two values: one, if all particles are at distance at least
a apart from each other, and zero else. Now in one dimension, it is easy to see how to
evaluate this integral. First, there are N! ways iy, ..., iy to arrange the particles such that
gi, < -+ < gi,, each of which contributes in the same amount to the partition functions.
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Then each distance between consecutive particles must be at least a. Thus

J v qn—a q3—a q2—a
Z/rse,V,N = / qu/ dgn1 / dg - / dqg; (2.73)
(N=)a (N=2)a a 0

Changing variables to y; = g¢; — (i — 1)a, this can be written as

d V—(N—-1a YN v3 2
Zgy n :/ dyN/ dnyl"'/ dyz/ dy,
0 0 0 0
N

V—(N—-1)a y 3
= / dyy / dyn—1 - / dy2y» (2.74)
0 0 0
V—(N-1a YN Y4 y32
=/ dyN/ dyN—l"'/ =
0 0 0o 2
_ /vuvna . yy-! _ (V—av —1)¥
A NN Z 1! N
Thus, with V = vN,
N'InZg$ y =InN@w—a(l —1/N)) = N"'InN! ~ In(v — a) + 1 (2.75)
and so the full free energy of the hard-core gas in one dimension is (in the limit N 1 co)
FBv) ==~ In(v —a) + 1) — 1 (2’””) (2.76)
, V) = — n(wv —a — —In| — .
28 p

We see that f has a singularity at v = a, which is natural, as we cannot pack too many
particles into too small a volume. Moreover, we see that

WBY) _ g 1 2.77)
v v—a
Now thermodynamically, the negative of this derivative is the pressure, i.e. the equation of
state is
1

vV—a

p=pB" (2.78)

Naturally, the pressure tends to infinity as the volume is filled up.

Not an exercise: Try to repeat the computations for dimensions larger than one.

2.5 Existence of the thermodynamic limit

When we introduced the canonical ensemble, we were assuming that the entropy per par-
ticle has a limit, as the size of the system tends to infinity. We have seen in the case of
the ideal gas (and also in the one-dimensional hard-core gas) that such limits do exist. An
important question for establishing the correspondence between thermodynamics and sta-
tistical mechanics is to what extent the existence of such limits is general. We will discuss
the issue of thermodynamic limits at length later. At this point we want to consider the
weakest version that relates only to the validity of the thermodynamic formalism.

Infact, in the preceding discussion we have been careless about the meaning of the variable
N. When we introduced thermodynamics, we mentioned that this variable represents the
amount of mass, measured originally in moles. At the same time we alluded to the fact that
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this number may also measure the number of molecules, and it was in this capacity that we
treated N as a large number as soon as we started to discuss thermodynamics. It is time to
make it clear that these two uses of the same variable are misleading, and that these two
notions of mass are quite different.

Let us first note that in thermodynamics the variable N is (as long as we consider sys-
tems containing a single type of molecule) redundant due to the assumptions that all
extensive quantities are homogeneous functions of degree one in the variable N. Thus,
e.g., E(V,S,N)=Ne(V/N,S/N)=e(v,s), S(E,V,N)=Ns(V/N,E/N) = s(e, v),
etc. The quantities v, e, s, ... are often called specific volume, energy, entropy, etc. By
this assumption, thermodynamics is really only concerned with these functions.

When introducing statistical mechanics, we had been defining entropy or free energy in
terms of logarithms of partition functions with a given number of particles. This was actually
imprecise. If we claim that S(E, V, N) = Inzg v n, even in the simplest example it is not
strictly true that this function will be strictly a homogeneous function in N. Therefore, the
true relation between statistical mechanics and thermodynamics stipulates such relations
‘to leading order in N’, where N is now really the number of particles. In other words,
the proper relation between the thermodynamic quantities and the objects of statistical
mechanics is more like

1
lim — In ZeN,wN,N = s(e, U) (279)
Ntoo N
respectively
lim — InZ = 2.
NITIEO BN nZg,nn = f(B,v) (2.80)

This formulation gives rise to a number of questions. The first is under which circumstances
can we expect such limits to exist? The second is related to the meaning of the volume
variable. When computing partition functions, we have to specify, in principle, not only
the value of the ‘volume’ of our system, but also its precise shape (e.g. a cylinder, a cube,
a sphere), as this may influence the result. On the other hand, thermodynamics does not
usually concern itself too much with such shapes. For this to make sense, the limits in (2.79)
and (2.80) should not be terribly dependent on the shape of the volumes of the systems along
which the limit is taken. In fact, for systems with short-range interactions, it can be shown
that this is true provided that the volumes are reasonable in the sense (of van Hove) that the
ratio of surface to volume goes to zero.

At this point we will present one of the earliest proofs in the context of non-ideal gases.
The idea goes back to van Hove [257] and the complete proof was given by Ruelle [213]
and Fisher [102].

The system we will consider is a gas with Hamiltonian of the form (2.64) with a pair
interaction of the form (2.65). We will consider a pair interaction with hard-core repulsion
and bounded, finite-range attraction, i.e. we assume that there are real numbers, 0 < ry <
b < 00, and € > 0, such that

+00, gl <ro
—e<¢@)=1<0, ro<lql<bh (2.81)
=0, lql>0b



26 Principles of statistical mechanics

Iy L,

Ly

Figure 2.4 Nested sequence of boxes Vi_1, Vi, Viq1.

Now consider a sequence of cubic boxes, Vi, of side-lengths L1 = 2Ly + 2r¢, as shown
in Figure 2.4. This allows us to place 2¢ boxes Vj into V| in such a way that their distances
from each other are r( and from the boundary are ro/2. We choose Ny, = 2¢N;.

We then have that

v, Vo 1 2r0\*
1imﬂznm—°]—[ 1+2%) =, (2.82)
ktoo Ni ktoo No 1_g L,

Here the last limit exists by monotonicity and the trivial observation that L; > 2L, so that
(using 1 +x <e¥)

k 2 o)
1_[ (1 + LL,O> < exp (Z 2ro/L02_l> < exp(4ro/Lo) (2.83)

=0 =0

The (reduced) partition function in the (k + 1)st step is then

1
2BV Nt = /V exp(—ﬂ > ¢(qi—q,->>dq1~-~dqm+l (2.84)
k+1

|
Newi! 1<izj<Nip)

The key idea is now to get a lower bound by restricting the integrals over the ¢; such that
the particles may only be in the 24 boxes, Vi, contained in Vi+1 and to insist, moreover,
that the number of particles in each one is equal to N;. There is an obvious combinatorial
number, Nj1!/ Ny 12 of possible arrangements of the particles in the different boxes. Note
that there is no positive interaction between the particles in the different sub-boxes, while
the negative (attractive) interactions only increase the value of Zg vy, ,,,, compared to
the situation when all interactions between these boxes are removed. These considerations
show that
d
Zred z (Z/r;,(:/k,Nk)z (2.85)

B Vir1,Niy1 =



2.5 Existence of the thermodynamic limit 27

and hence

1
g1 = InZ5y oy, = —InZES = a (2.86)

Nit1 Nk

Thus, the sequence of numbers ay is increasing and will converge, if it is bounded from
above. In fact, the only thing that might prevent this from being true is the possibility that
the potential energy, for some configurations, could go to —oo faster than C Nj. Namely,
the formula for the potential energy involves, in principle, N terms, ¢(g; — ¢;), and if all
of them contributed —e, we would be in rather bad shape. This could happen if there were
no repulsive part of the interaction, since then all particles might get very close to each
other. However, due to the repulsive hard core, particles cannot get closer than a distance
ro to each other, and thus the number of particles within the finite range b of the attractive
interaction is bounded by c(b — ro)?, so that

> (g —aq;) = —ce(b — ro)'N = —BN (2.87)

1<i#j<N

Thus
1
Zgy N, < Nl /V dgy - - - dg, e’ M (2.88)
IV
< eNka_Nk|Vk|NkeﬁBNk < e(ﬂB-‘rl)Nkak

and so

a <(BB+1)+Inv < o0 (2.89)

This proves the convergence of the free energy along the special sequences Ny. It is,
however, not very difficult to show that this implies convergence along arbitrary sequences,
provided the shapes of the boxes are such that volume dominates surface.

Also, both the hard-core and the finite-range conditions of the potential can be relaxed.
In fact it is enough to have (i) a uniform lower bound, (ii) an asymptotic lower bound
#(q) > Clq|=¢¢, for some € > 0, as |g| | 0, and (iii) an asymptotic upper bound |¢(g)| <
Clq|=?¢, for some € > 0, as |g| 1 oo. Note that these conditions are not satisfied if the
only forces present are gravity and the electrostatic forces. Fortunately, due to quantum
mechanical effects, the effective interactions between molecules are usually less danger-
ous. Still, the stability condition (2.87) is quite generally a problem when working with
interacting gases.

Convexity The proof of convergence outlined above yields almost as a by-product another
important property of the free energy, namely convexity. Convexity of thermodynamic
potentials was a postulate of thermodynamics, and is crucial for the equations of state
to define single-valued functions (as long as it is strict). Certainly, convexity should be a
consequence of statistical mechanics.

We will show that in our gas the free energy is convex as a function of v. To this end we
use the same partition of the volume V. as before, but this time we choose the number
of particles in the different cubes to be not uniform, but instead put into half of them
N, kl = p1 Ny and in the other half N, kz = po N; particles. By the same argument as before, we
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obtain that

Zred > Zred 241 Zred 241 2.90
B, Vis1.(p1+p2)Nk1/2 = ( ﬂstsplNk) ( ﬂ,Vk,psz) (2.90)
and hence
—Inz™ L In Z'4 + € In Z'%4 (2.91)
et 1 B Vis1,(p1+02)Ni1/2 = 2\ N, B Vi, p1 Nk N, B, Vi, p2 Nk '

Since we know that limy e le In Z;{%Nk,Nk = a(B, v) exists, it follows from (2.91) that

p1+ P2
2

In other words, the function g(p) = pa(B, v/ p) satisfies

a(B,2v/(p1 + p2)) = %a(ﬂ, v/p1) + %a(ﬁ, v/p2) (2.92)

1
8((o1 + p2)/2) = 7 (8(p1) + 8(p2) (2.93)

Thus, g is a concave function of its argument (the inverse volume, resp. the density).

Exercise: Show that the concavity of g implies that —a(B, v) is a convex function of v,
and that thus the free energy, f(B, v), of the class of gases considered above is a convex
function of the (specific) volume. Use a different (and simpler) argument to show that the
free energy is also a convex function of the temperature.

2.6 The liquid—vapour transition and the van der Waals gas

Convexity of the free energy implies that the pressure is a decreasing function of the volume.
As long as f is strictly convex, the pressure is strictly increasing, and thus the function
p(v, T') is uniquely invertible. We have already alluded to the fact that a first-order phase
transition occurs if thermodynamic potentials are not strictly convex, i.e. contain linear
pieces. In our case, if for some temperature the free energy is linear on an interval [vy, v,],
this would imply that the pressure p(v, T') is a constant pg as v is varied over this interval
and, as a consequence, the inverse function is not uniquely defined: for this value of the
pressure, v could be anywhere in [v;, v;]. Moreover, as p is varied over pg, the volume (resp.
the density) jumps suddenly from v; to v. This is what is actually observed in real gases:
at least if the temperature is sufficiently low, there exists a critical value of the pressure at
which the gas condenses, i.e. transforms itself into a considerably more dense phase, called
a liquid. Such singular behaviour is called a (first-order) phase transition. Phase transitions
are maybe the most exciting aspect of thermodynamics, since they are something quite
out of the ordinary from the perspective of classical mechanics. They represent something
totally new and specific to thermodynamic systems.

In the context of thermodynamics, it is easy to produce systems with phase transi-
tions: just choose appropriate thermodynamic potentials. It is an altogether more difficult
matter to reproduce phase transitions from statistical mechanics, and indeed the issue of
whether this was possible continued to be debated until about the middle of the twentieth
century.

So far, all the thermodynamic potentials we have computed have been strictly convex.
Neither the ideal gas nor the hard-core gas in dimension one show any sign of a phase
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transition. On the other hand, the van Hove gas we discussed above seems to incorporate
all the main features of a real gas, and thus it should show a phase transition. Unfortunately,
we cannot compute its free energy (well, we haven’t really tried, and we also have no idea
how we could do this. But many people have tried and there is no proof as of today that
there is something like a liquid—vapour phase transition in this gas®). The difficulties related
to classical non-ideal gases will soon lead us away to more manageable systems, but before
moving there, I will at least discuss one example of a non-ideal gas that shows such a phase
transition. This is the classical van der Waals gas.

The van der Waals gas was introduced in the thesis of that person in 1873 in the context of
thermodynamics. That is, he proposed to modify the equation of state of the hard-core gas
by adding an extra term that was to take into account the attractive part of the interaction,
writing

1 B )

ﬁp:v—a_zav

(2.94)

I do not know how he got his thesis accepted, because this equation violates one of the
basic principles of thermodynamics, the monotonicity of pressure. But, as we will see, it
can somehow produce a phase transition, and it can be obtained from statistical mechanics.

The derivation of the van der Waals equation was proposed by Ornstein in 1908, also in
his thesis. He suggested introducing a potential consisting of the hard-core repulsion we
have already discussed and a very long-range attraction,

2

1 N
cpatlr = __ 2 — —— 295
1 (g) v ;a/ 5 (2.95)

Since this term is totally independent of the configuration ¢, we get that

Zilviw _ grpaN/wzredie (2.96)
and so
o
SFeaw(v, B) = fue(v, B) — % (2.97)

At least in one dimension we can compute the free energy of the hard-core gas and thus, in
dimension one,

feaw(v. B) = =B~ (n(v — a) + 1) — ;‘—v - ﬂ”%ln (2”7’”) (2.98)

from which the van der Waals equation of state (2.94) follows immediately. The function
Jfvaw(v, B) is shown in Figure 2.5.

Indimensiond > 1 we cannot compute the free energy of the hard-core gas, but one might
accept that it will look similar to the one-dimensional case. Thus, the general conclusions
should remain valid.

One can easily check that the free energy, fy4w, is in general not a convex function of the
volume, and that the equation of state (2.94) does not give p as a monotone function of v.
Thus, we cannot invert this to obtain v as a function of p; in fact, there are values of p for

8 There is, however, a proof of the existence of such a transition in a very special situation which roughly
mimics such a gas, due to Lebowitz, Mazel, and Presutti [164] that dates from 1999.
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Figure 2.5 Free energy surface in the van der Waals gas.
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Figure 2.6 Subcritical and supercritical isotherms.
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Figure 2.7 Critical isotherm.

which there are three possible values of the volume (see Figs. 2.6 and 2.7). Moreover, the
pressure as a function of the volume will sometimes decrease. This is not something that
anyone has ever observed in a real gas. We have a problem ...

Maxwell, in 1874, just a year after van der Waals’ thesis, corrected the van der Waals
theory by stating (in a few more words) that the correct free energy should be taken as the
convex hull (the convex hull of a function f is the largest convex function that is less than
or equal to f; it can also be obtained as the twice iterated Legendre transform of f) of
the free energy fyqw. It took until 1963 for it to be understood (by Kac, Uhlenbeck, and
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Hemmer [147]) how this Maxwell construction can be derived from statistical mechanics
as well. For an in-depth treatment of this theory, see the recent monograph by E. Presutti
[209].

2.7 The grand canonical ensemble

Having seen the computational advantage in removing the constraint of fixed energy, it
is very natural to also remove other constraints in the same way and to replace them by
an exponential weighting factor. A popular ensemble that is obtained in this way is the
grand canonical ensemble, where the particle number is no longer fixed, and instead a
chemical potential is introduced in the definition of the partition function. We define the
grand canonical measure on the space

Q=u, PV (2.99)

as

e"PNGg v n(dx)

Gp.v.u(dx, N) = (2.100)
pr =N Zg
where the denominator is called the grand canonical partition function,
o
Zpvu=) PN Zpyy (2.101)
N=1

Clearly we will have an analogous statement to that of Theorem 2.3.1 that will affirm that the
logarithm of the grand canonical partition function is related to a thermodynamic potential.
However, this is a little tricky for two reasons. First, we sum over N, so it is not quite clear
at first how we should pass to the thermodynamic limit. Second, we have to be careful
in noting that we keep volume fixed while we sum over N. The second observation also
provides the answer to the first problem: We would think of the thermodynamic limit this
time as being related to letting the volume go to infinity, i.e. we will think of the volume as
V = vM, where M is taken to infinity, and of N as N = xM, where x = N /M runs from
1/M to infinity in steps of 1/M, as N is summed over. Thus, we write

o0

Zgomu = 9 exp(MB(ux — M~'F(B, vM, Mx))) (2.102)
x=1/M

The main contributions to the sum will come from values of x where the exponent has a
maximum. Assume that the thermodynamic limit of the free energy exists. Then, for v and
x fixed,

1

MF(’B’ vM, Mx) — xf(B,v/x) (2.103)

Thus, the leading part of the exponent has a maximum when

a
w==xf(B,v/x) = f(B,v/x)+ p(B, v/x)v/x (2.104)
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Note that this equation fixes x, and that x /v is the mean number of particles per volume in
the grand canonical ensemble. We arrive at the conclusion that

1
&1%10 ﬂ_V InZgy,=p (2.105)

i.e. the thermodynamic potential associated with the grand canonical ensemble can be
thought of as pressure as a function of the chemical potential, the volume, and the temper-
ature.

Exercise: Formulate a precise analogue of Theorem 2.3.1 that will yield the assertion
(2.105).

Exercise: Compute the pressure of an ideal gas in the grand canonical ensemble and derive
the ideal gas law.



Lattice gases and spin systems

It has long been known that iron, when raised to a certain ‘critical temperature’
corresponding to dull red heat, loses its susceptibility and becomes magneti-
cally indifferent, or, more precisely, is transformed from a ferromagnetic to a
paramagnetic body.

Magnetism, Encyclopedia Britannica, 11th edn.

Dealing with non-ideal gases brings a number of complications that are partly due to
the continuous nature of the configuration space, combined with the need for competing
interactions to account for fundamental features of realistic gases. The desire to create
models where these technical aspects are simplified has led to the introduction of the idea
of a lattice gas. The ideal lattice gas was already encountered in Chapter 2. We now turn to
the study of interacting lattice gases.

3.1 Lattice gases

We will now proceed to introduce a lattice gas that will take into account hard-core repulsion
as well as attraction. We fix a subset V C Z? of a d-dimensional lattice. The hard-core
repulsion will be taken into account by imposing the condition that each site of the lattice
can be occupied by at most one particle. For an allowed configuration of particles, we then
define the Hamiltonian

Hy(xi,...oxn) = Y ¢(xi, x)) 3.1)
i#j

where ¢ is some pair interaction. The canonical partition function is

1
Zpvn = > e 3.2)

Xy XN EV
xi#xj Vit]

The nice feature is that the constraint x; # x;, Vi # j, is easily taken care of by using a
different parametrization of the state space. Namely, each possible configuration of particles
satisfying this constraint is equivalent, up to permutation of the labels, to a function n,,
x € V, that takes the value 1 if a particle is at site x, and the value 0 otherwise. Moreover,
the energy of a configuration of particles corresponding to occupation numbers n can be
expressed as

Hy(m)= ) ¢(x, ynen, (3.3)

x#yeV
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Thus, the partition function can be written as

Zﬁ,V,N = Z e_ﬂﬁ"(”) (34)

nx€{0,1},xeV

Yyev nx=N
This formulation still involves a constraint, ), _,, n, = N, but this can be dealt with easily
by passing to the grand canonical partition function

Zpvu = Z e*ﬂl:lv(n)fu Dvev Nx (3.5)

n,€{0,1},xeV

This is the standard formulation of the partition function of a lattice gas. The most popular
version of it is the Ising lattice gas, where ¢(x, y) is taken as a so-called nearest-neighbour
interaction:

—J, iflx—yl=1

an (X, y) = 3.6)
¢ Y 0, otherwise

3.2 Spin systems

In his Ph.D. thesis in 1924, Ernst Ising! [144, 145] attempted to solve a model, proposed by
his advisor Lenz, intended to describe the statistical mechanics of an interacting system of
magnetic moments. I will not discuss the derivation of this model from quantum mechanics,
but present it as a heuristic model for magnetism. The setup of the model proceeds again
from a lattice, Z4, and a finite subset, V C Z¢. This time, the lattice is more justifiable
than before, since it is supposed to represent the positions of the atoms in a regular crystal.
Each atom is endowed with a magnetic moment that is quantized and can take only the two
values +1 and —1, called the spin of the atom. This spin variable at site x € V is denoted
by o,. The spins are supposed to interact via an interaction potential ¢(x, y); in addition, a
magnetic field & is present. The energy of a spin configuration is then

Hy(o)=— Z o(x, y)oxoy — h ZO‘X 3.7

x#yeV xeV

We will see that this model is mathematically equivalent to a lattice gas model. If we make
the change of variables n, = (o, 4+ 1)/2, we can express Hy (n) as a function of o,

- 1 1 ~
Hy(@+1D/2)= ) 100000+ o0 3 o) +7 ) dky) (8)
x#yeV xeV y#xeV x#yeV

We see that (up to the irrelevant constant term) this is exactly of the same form as the
Hamiltonian of the spin system. In particular, in the case of the nearest-neighbour Ising
lattice gas, we get

Hy(@+1/2)=- ) %axay —2dJ ) o, — J§|V| (3.9)

x,yeV,|x—y|=1 xeV

' An account of the life of Ising can be found in [151] and is definitely worth reading.
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where we only cheated a little bit with the terms next to the boundary of V, where the
number of neighbours is not quite 2d.

Since the lattice gas partition functions can be written as partition functions of the spin
system, from our point of view the two settings are completely equivalent, and we can work
in one or the other. We will mostly prefer the language of lattice spin systems, which quickly
will lead to a far richer class of models.

The spin system with Hamiltonian (3.7) with the particular choice

foeyy = {7 A= (3.10)
0, otherwise
is known as the Ising spin system or Ising model. This model has played a crucial r6le in
the history of statistical mechanics.

Magnetic systems have a different terminology than gases. We have already seen
that the parameter that corresponds to the chemical potential in the lattice gas is here
the magnetic field, h. The extensive variable conjugate to it is the magnetization, M =
> <y 0i, which from the lattice gas point of view corresponds to the particle num-
ber. Since magnetization times magnetic field is an electromagnetic energy, one likes
to think of 7 and M as the magnetic analogues of p and V, whereas the size of
the system, |V|, is the analogue of the particle number. Therefore, one usually thinks of
the setting we have described, with V fixed, as a canonical partition function, rather than
a grand-canonical one. The logarithm of the partition function is called the Helmholtz free
energy, which is strange, since as a function of the intensive variable /% it is more like a
Gibbs free energy.? Anyway, we will call

1
Fgnv = 3 InZg v (3.11)

the free energy of the spin system.

The Ising model represent a decisive turn in the development of statistical mechanics
in several ways. The most important one is that the model was invented with the clear
intention of understanding a phenomenon in material science, ferromagnetism, that was
very hard to understand from basic principles. This was quite a different ambition than
the justification, or possibly derivation, of thermodynamics. The second crucial turn was
the fact that the Ising model involved a considerable simplification on the level of the
description of the basic microscopic degrees of freedom, reducing the state of an atom to
a variable taking two values %1, and replacing all the complicated electromagnetic (and
quantum) interactions by a simple attraction between nearest neighbours on the lattice,
while still hoping to adequately reproduce the essential features of the a phenomenon that
is to be understood. Today, we would justify such modelling by a universality hypothesis,
claiming that the collective phenomena to be modelled are universal for wide classes of
models and depend only on a few parameters, such as dimensionality, global symmetries,
etc. This point of view has proven enormously successful in statistical mechanics, and

2 R. Kotecky has pointed out to me that the reason for this terminology is given in the textbook by E. Stanley
[229]. According to him, the terminology refers only to the classical thermodynamic variables, disregarding
the magnetic ones. Then one could still think that there is a volume apart from the number of atoms in the
lattice (think, e.g., of a magnetic gas or fluid), and what we now call volume remains a particle number.
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without it, and the simple paradigmatic models it provoked (such as the Ising model), most
of the progress of the last 80 years would not have been possible. Before we turn, in the
next chapter, to the rigorous probabilistic setup of Gibbs measures for lattice spin systems,
we will look at two singular situations that were studied in the early days of these models,
and that gave rise to some confusion. They are the exact solution of the Ising model in
one dimension, and the mean field version of the Ising model, the Curie—Weiss model of
ferromagnetism.

3.3 Subadditivity and the existence of the free energy

Let us first give an instructive proof of the existence of the limit of the free energy in the
Ising model. It will be useful to note that we can express the Hamiltonian in the equivalent
form

Av(@)= Y ¢(x, )0 —0,)* —h ) oy (3.12)

x,yeV xeV

which differs from Hy only by a constant. Now let V = V; U V,, where V; are disjoint
volumes. Clearly we have that

Zgy= Y > exp(—B[Hy(0)+ Hy(1)])

0y, XEV] Ty, yEV,

X GXp(—ﬁ 3> b y)o - ry)z) (3.13)

xeVy yevs
If ¢(x, y) > 0, this implies that
Zgyv = Zgv,Zpyv, (3.14)
and therefore
—Fgv < (=Fpv)+ (=Fpv,) (3.15)

The property (3.14) is called subadditivity of the sequence (—Fpgy). The impor-
tance of subadditivity is that it implies convergence, through an elementary analytic
fact:

Lemma 3.3.1 Let a, be a real-valued sequence that satisfies, for any n,m € N,
Aptm < ap + am (316)

Then lim, 4 n~'a, exists. If, moreover, nla, is uniformly bounded from below, then the
limit is finite.

By successive iteration, the lemma has an immediate extension to arrays:

Lemma 3.3.2 Let ay, p,...n, ni €N, be a real-valued array that satisfies, for any n;,
m; € N,

an1+m1 ..... nag+my S anl ..... ng + aml,..,md (317)
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Then limypoo(niny ..., ng) 'ay,,...
Ifa,(niny -+ ,ng)"'ay, . .n, = b > —00, then the limit is finite.

ng €XISIS.

Lemma 3.3.2 can be used straightforwardly to prove convergence of the free energy over
rectangular boxes:

Proposition 3.3.3 Ifthe Gibbs free energy Fg v of a model satisfies the subadditivity prop-
erty (3.15), and if sup, Hy(0)/|V| > C > —o0, then, for any sequence V, of rectangles,

lim |V, | "' Fgv, = f5 (3.18)
ntoo

exists and is finite.

Obviously this proposition gives the existence of the free energy for Ising’s model, but
the range of applications of Proposition 3.3.3 is far wider, and covers virtually all lattice
spin systems with bounded and absolutely summable interactions. To see this, one needs
to realize that strict subadditivity is not really needed, as error terms arising, e.g. from
boundary conditions can easily be controlled. Further details can be found in Simon’s
book [224].

3.4 The one-dimensional Ising model

The thesis of E. Ising consisted in solving the one-dimensional version of the Ising model.
The result was probably a disappointment for his advisor, for the solution failed to exhibit
a phase transition, and so Ising (prematurely) concluded that the model was inadequate to
explain ferromagnetism. It will be instructive, nonetheless, to go through this computation.

In the case d = 1, the Hamiltonian of the Ising model on a volume V = {1, ..., N} can
be written as

N N
Hy(0)=—1) oi0i1—h) o (3.19)
i=1 i=1

Actually, there is a small problem that we need to discuss. It concerns the spins at the
sites i = 1 and i = N. While all other spins have two neighbours, and both the terms
0;_10; and ;03,1 occur in the sum, for these indices one of these terms is missing. Thus,
the question arises of how to deal with these boundary spins properly. We will see in
the next section that this is a fundamental aspect of the problem, and we will introduce the
general framework to deal with it. At the moment, we will avoid this issue in the simplest
way by considering the model on a circle, i.e. we impose oy = o;. This is known as
periodic boundary conditions. We will interpret (3.19) in this way. The partition function
of the model then reads

N N
ZgnN = Z eXp(ﬂJZOiGiH + Bh Z%)
izl izl

N
HGXP(ﬂJUiUiH + Bhoy) (3.20)
01=:l:1 ..... 0N=:t1 i=1
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Figure 3.1 The free energy as a function of temperature and magnetic field.

Let us write, for s, s’ € {—1, 1},
L(s, s') = eP/ss'+Phs (3.21)

and think of it as the entries of a 2 x 2 matrix L (called the transfer matrix). Then we can
write

Zgan= Y.  LO1,0)L(03,03) L(oy_1,0n)Lioy, 01) = trL"  (3.22)
0'1::|:1 ..... O'N::tl

But the trace of the matrix LV is simply given by
LN =AY + Y (3.23)

where A1, A, are the two eigenvalues of the matrix L. The computation of the eigenvalues
of a2 x 2 matrix is a trivial exercise, and one gets

Al

ef’ cosh(Bh) + \/ €287 sinh?(Bh) + e~28/ (3.24)

*o = P’ cosh(Bh) — \/ezﬂf sinh®(Bh) + =287
Since Ay/A; < 1, one sees easily that

lim N™'Zg .y = Ink, (3.25)
Ntoo

=In (e’“ cosh(Bh) + \/ezﬂf sinh?(8h) + e—zf”)

=pBJ+In (cosh(,Bh) + \/sinhz(ﬁh) + e—‘“”)

that is, the free energy, as depicted in Fig. 3.1, is given by the expression

fBh)=—J —p'In <cosh(ﬂh) + \/ sinh?(Bh) + e—4ﬁf) (3.26)
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Figure 3.2 m(h) at B = 10. Second plot with better resolution.

We can compute the magnetization

L sinh(Bh) (3.27)

oh  \/sinh®(Bh) + e—*p7

which is a monotone and differentiable function of &, for any 0 < 8 < oo (even if a plot
with Mathematica will tend to look discontinuous if, e.g., 8J = 10, as shown in Fig. 3.2).

What this result suggests is that there is no spontaneous magnetization. For zero external
fields, the magnetization vanishes, even in the thermodynamic limit. It is not difficult to
arrive at the conclusion that perhaps spontaneous magnetization is just an experimental
error, and the appearance of a phase transition is misleading. The result also seems to
support the following argument, which was used against the possibility of explaining phase
transitions on the basis of statistical mechanics: in the Ising model, the partition function
is clearly an analytic function of all parameters. Moreover, for real values of B and £, it is
strictly positive, so its logarithm is also an analytic function, at least real analytic. Therefore,
no jump in the derivative of the free energy can occur. The problem with this argument is
that, in general, it does not survive the thermodynamic limit.

In any event, Ising drew the conclusion that something like a real phase transition, with
a magnetization having a real jump-discontinuity at the values 4 = 0, cannot occur in his
model.

3.5 The Curie—Weiss model

Already in 1907, Weiss [259], following the discovery of the critical temperature (Curie tem-
perature), above which ferromagnetism disappears, by Pierre Curie in 1895, had developed a
theory of ferromagnetism based on a spin system analogue of the van der Waals theory. This
Curie—Weiss model can be cast into the language of the Ising model in a very natural way.
All we need to do is to replace the nearest-neighbour pair interaction of the Ising model by
another extreme choice, namely the assumption that each spin variable interacts with each
other spin variable at any site of the lattice with exactly the same strength. In that case, the
actual structure of the lattice becomes irrelevant, and we may simply take V = {1, ..., N}.
The strength of the interaction should be chosen of order 1 /N, to avoid the possibility that the
Hamiltonian takes on values larger than O(N). Thus, the Hamiltonian of the Curie—Weiss
model is

N
HN(U):—% > sioj—h) o (3.28)
1

1<i,j<N i=
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At this moment it is time to discuss the notion of macroscopic variables in some more
detail. So far we have seen the magnetization, m, as a thermodynamic variable. It will be
reasonable to define another magnetization as a function on the configuration space: we will
call

N
my(@)=N">"o; (3.29)
i=1

the empirical magnetization. Here we divided by N to have a specific magnetization. A
function of this type is called a macroscopic function, because it depends on all spin vari-
ables, and depends on each one of them very little (we will make these notions more rigorous
in the next section).

Note that the particular structure of the Curie-Weiss model entails that the Hamiltonian
can be written as a function of this single macroscopic function:

N
Hy(o) = 5 [my ()] — hNmy(0) = NW,(my (o)) (3.30)

This can be considered as a defining feature of mean field models.

Digression Instead of considering the empirical magnetization one could study a closely
related object, namely a probability distribution on the set {—1, 1}, called the empirical spin
distribution,

1 N
PN = ﬁ E 8gi (331)
i=l

If we think of the o; as random variables distributed according to, say, the Gibbs distribution,
pn 1s a random probability measure. Clearly, we have that

my(o) = /,ON(dS)S = pn(+D) — pn(=D) (3.32)

so that m y determines py uniquely, and vice versa. This is, however, particular to the case
where the spin variables take only two values. If one considers more general models, the
empirical distribution contains more information than its mean value. The proper extension
of the notion of mean field models to that case is then to consider Hamiltonians that are
functions of the empirical distribution.

Let us now try to compute the free energy of this model. Because of the interaction term,
this problem looks complicated at first. To overcome this difficulty, we do what would
appear unusual from our past experience: we go from the ensemble of fixed magnetic field
to that of fixed magnetization. That is, we write

7712
Zoww =Y T, (3.33)
meMy
where My is the set of possible values of the magnetization, i.e.
My={meR:30 € {1, 1} : my(o) = m} (3.34)
={-1,-14+2/N,...,1=2/N, 1}
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and

im,N = Z HmN(a):m (335)
oe{—1,1}V

is a ‘micro-canonical partition function’. Fortunately, the computation of this micro-
canonical partition function is easy. In fact, all possible values of m are of the form
m =1—2k/N, where k runs from O to N and counts the number of spins that have the
value —1. Thus, the computation of z,, y amounts to the most elementary combinatorial
problem, the counting of the number of subsets of size k in the set of the first N integers.
Thus,

N N!
im,N = = (336)
N1 —m)/2 [N(1 —m)/2]'[N(1 +m)/2]!
It is always useful to know the asymptotics of the logarithm of the binomial coefficients
that I give here for future reference with more precision than we need right now. If we set,
form € My,

N7'Ing, v =1In2 — I(m) — Jy(m) (3.37)
where
14+m 1—-m
I(m) = In(1 + m) + In(1 — m) (3.38)
Then
Tn(m) 1 ! 1_m2+lnN+ln(2n)+ON’2 1 n 1 (3.39)
=—In —_—t+ — .
NV =N 4 2N T—m  1+m

Equation (3.39) is obtained using the asymptotic expansion for the logarithm of the Gamma
function. The function /(x) is called Cramer’s entropy function and is worth memorizing.
Note that by its nature it is a relative entropy. The function Jy is of lesser importance, since
it is very small.

Some elementary properties of I are useful to know: first, / is symmetric, convex, and
takes its unique minimum, 0, at 0. Moreover /(1) = I(—1) = In2. Its derivative, I'(m) =
arcth(m), exists in (—1, 1). While / is not uniformly Lipschitz continuous on [—1, 1], it has
the following property:

Lemma 3.5.1 There exists C < oo such that for any interval A C [—1, 1] with |A| < 0.1,
maxy yea [1(x) — I(y)| < CIA[[In[A]].

We would like to say that limy 4o ﬁ Inz, v = In2 + [(m). Butthere is a small problem, due
to the fact that the relation (3.37) does only hold on the N-dependent set M y. Otherwise,
Inz, y = —o00. A precise asymptotic statement could be the following:

Lemma 3.5.2 Foranym € [—1, 1],

1
lim lim — In ZmN =1In2+ 1(M 3.40
€l0 Ntoo N WLEMM%—W!I<E " ( ) ( )

Proof The proof is elementary from properties of z,, y and I(m) mentioned above and is
left to the reader. U
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In probability theory, the following formulation of Lemma 3.5.2 is known as Cramer’s
theorem. It is the simplest so-called large deviation principle [98]:

Lemma 3.5.3 Let A € B(R) be a Borel-subset of the real line. Define a probability measure
pn by py(A) =27V ZmGMNM Zm.N, and let 1(m) be defined as in (3.38). Then

. |
—r}lrelg I(m) < llmégfﬁ In py(A) (3.41)

1
< hmsup —Inpy(A) < — inf I(m)
Ntoo meA

Moreover, I is convex, lower semi-continuous, Lipschitz continuous on (—1, 1), bounded
on[—1, 1], and equal to +o00 on [—1, 1]°.

Remark 3.5.4 The classical interpretation of the preceding theorem is the following. The
spin variables o; = +1 are independent, identically distributed binary random variables
taking the values 1 with equal probability. m (o) is the normalized sum of the first N
of these random variables. py denotes the probability distribution of the random variable
my, which is inherited from the probability distribution of the family of random variables
o;. It is well known, by the law of large numbers, that py will concentrate on the value
m = 0, as N tends to co. A large deviation principle states in a precise manner how small
the probability will be that my takes on different values. In fact, the probability that m y
will be in a set A that does not contain 0 will be of the order exp(—Nc(A)), and the value
of c(A) is precisely the smallest value that the function /(m) takes on the set A.

The computation of the canonical partition function is now easy:

N m? N
P = 2 (N(l - m>/2> <Nﬁ <_ am )) <N(1 - m>/2> 42

and by the same type of argument that was used in the proof of Theorem 2.3.1 we get the
following:

Lemma 3.5.5 For any temperature 8~ and magnetic field h,

-1
l\lllgoﬁ—NanﬁhN méﬂ)fl]( m/2+hm B~ lIn2 — I(m))

f(B. ) (3.43)

Proof We give the simplest proof, which, however, contains some valuable lessons. We
first prove an upper bound for Zg 5, y:

Zpsw < N max exp(Np m—2+hm N (3.44)
phN ety P N( —m)/2 '

2
<N r?af( ]exp<N,3 (m— + hm) 4+ N(n2 — I(m) — JN(m))>
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Hence
1\7_1 In Zﬂ,h,N (345)
2
<N 'InN+ max (ﬁ ("% + hm> +In2—I(m)— JN(m)>
me|—1,
m2
<In2+ sup (5 (7 —|—hm> — I(m)) +N~'o@nN)
me[—1,1]

so that

2
limsup N™'InZg oy < B sup (’"— + hm — /3—'1(m)> +In2  (3.46)
Ntoo mel—1,11 \ 2

This already looks good. Now all we need is a matching lower bound. It can be found simply
by using the property that the sum is bigger than its parts:

Z > max exp<Nﬂ <m_2 +hm>) < N ) 347
BIN = My 2 N1 —m)/2 '

We see that we will be in business, up to the small problem that we need to pass from the
max over M y to the max over [—1, 1], after inserting the bound for the binomial coefficient
in terms of I(m). In fact, we get that

2
N~! InZgpny >In2+8 m/agl( (mT + hm — ,B_II(m)> — O(nN/N) (3.48)
meMy

for any N. Now, we can easily check that

m2
— 4+ hm— B 4
m?
- sup <—+hm—,3_ll(m)> <CInN/N
m'el0.11.lm'—m|<2/N \ 2
so that
liminf ——In Zs x> f~' In24+ s (m2 +hm — BV )) (3.50)
— u — +hm — m .
Nieo BN NN = me[—rl),l] 2
and the assertion of the lemma follows immediately. O

Remark 3.5.6 The function g(8,m) = —m?/2 — f~'(In2 — I(m)) should be rightfully
called the Helmholtz free energy for zero magnetic field (see above), since by our
calculations,

S| 5
lglfggllTHoloﬂ—Nln Z Zgn = (B, m) (3.51)

m:\m—m|<e

where

Zﬂaqu = Z eﬁHN(U)]Im,v(a):m (352)

oe{—1,1}V

for h = 0. Thermodynamically, the function f(B, k) is then the Gibbs free energy, and
the assertion of the lemma would then be that the Helmholtz free energy is given by this
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particular function, and that the Gibbs free energy is its Legendre transform. The Helmholtz
free energy is closely related to the rate function of a large deviation principle for the
distribution of the magnetization under the Gibbs distribution. Namely, if we define the
Gibbs distribution on the space of spin configurations

e—BHN(©)

upan(O) = ——— (3.53)
Zg h,N

and denote by pg ; n(A) = pgnn ({my(o) € A}) the law of my under this distribution,
then we obtain very easily:

Lemma 3.5.7 Let pg j, y be the law of m y (o) under the Gibbs distribution. Then the family
of probability measures pg j, v satisfies a large deviation principle, i.e. for all Borel subsets
of R,

1
— Inf(g(B,m) —hm)+ f(B, h) < lill\}thi)Efﬂ_N In pg.n,n(A) (3.54)

1
< limsup — In pg n n(A)
N1too ﬂN ’

We see that the thermodynamic interpretation of equilibrium emerges very nicely: the
equilibrium value of the magnetization, m(B, h), for a given temperature and magnetic field,
is the value of m for which the rate function in Lemma 3.5.7 vanishes, i.e. which satisfies
the equation

g(B, m(B, h)) — hm(B, h) = f(B,h) (3.55)

(which is the usual thermodynamic relation between the Gibbs and the Helmholtz free
energy). By the definition of f (see (3.43)), this is the case whenever m (g, h) realises the
infimum in (3.43). If g(B, m) is strictly convex, this infimum is unique, and, as long as g is
convex, it is the set on which % =h.

Note that, in our case, g(8, m) is not a convex function of m if 8 > 1, as can be seen in
Fig. 3.3.

In fact, g has two local minima, situated at the values :I:mz, where m:g is defined as the
largest solution of the equation

m = tanh Bm (3.56)

Moreover, the function g is symmetric, and so takes the same value at both minima. As a
consequence, the minimizer of the function g(8, m) — mh, the magnetization as a function
of the magnetic field, is not unique at the value 7 = 0 (and only at this value). For & > 0,
the minimizer is the positive solution of m = tanh(8(m + h)), while for negative 4 it is
the negative solution. Consequently, the magnetization has a jump discontinuity at 7 = 0,
where it jumps by 2m.

As in the van der Waals gas, the Curie—Weiss model exhibits a first-order phase tran-
sition, unlike the one-dimensional Ising model. But, also as in the van der Waals gas, the
basic hypothesis of thermodynamics, namely the convexity of the free energy (here g), is
violated. Ising could have argued that the fact that the interaction in this model has infinite
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Figure 3.3 The function g(8, m).

range (i.e. all spins interact with the same strength), which clearly is responsible for the
non-convexity, is also responsible for the appearance of the phase transition.

Before we turn to some further investigations of the Curie—Weiss model, let us discuss
the physical implications of the non-convexity problem. The usual argument against the
unphysical nature of non-convex g goes as follows. Given g, the magnetic field (as the
analogue of the pressure) should be

9g(B,m) _

m— B~ (m) (3.57)
om

h(m, B) =
This isotherm is not a monotone function of the magnetization, that is, there are regions of
the magnetization where the magnetic field drops when the magnetization increases, which
looks funny. Also, it is clear that this function is not invertible, so we could argue that we
cannot compute m as a function of the magnetic field. But from our more probabilistic point
of view, things are not so bad, after all. The equilibrium value of m (g8, h) as function of
B and A is the minimizer of the function g(8, m) — hm, which is uniquely defined, except
at h = 0. The values in the interval (—m*(8), m*(8)) are unphysical, i.e. for no value of
the magnetic field will the system attain an equilibrium magnetization in this interval. In
fact, Maxwell’s cure to replace the non-convex Helmholtz free energy by its convex hull
also works here. This then basically allows any value of the magnetization in that interval,
if h = 0. If one were to look more closely into the probability distribution of my in a
lattice model in dimension d, one would, however, discover that the intermediate values of
the magnetization are considerably less probable than the extremal ones, albeit only by a
factor of order exp(—N'~!/?). So from a thermodynamic point of view, the Curie—Weiss
model is not such a bad model after all. The main drawback appears if one wants to analyze
the behaviour of systems where the magnetization is forced by a constraint to lie in the
forbidden interval. Real physical systems will exhibit what is called phase separation, i.e.
the system will select a sub-volume, where the magnetization takes the value +m*, while
in the complement it will take the value —m™ in such a way that the total magnetization
has the enforced value. The precise details of phase separation have been understood from
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the point of view of mathematical statistical mechanics only very recently, in some models
(see [31, 75, 76, 88, 143]). Mean field models are inadequate to describe this phenomenon,
due to the absence of any geometric structure in the interaction.

More on the CW model Our solution of the Curie—Weiss model relied on the fact that
we could solve the combinatorial problem of counting the number of spin configurations
having a given magnetization m. There is a nice trick, called the Hubbard—Stratonovich
transformation [140, 230], that allows us to compute the Gibbs free energy directly, without
having to solve any combinatorial problem.

Recall that we want to compute

Zgaw = Y exp(BNmy(0)/2+ BNhmy(o)) (3.58)

oce{—1L1}V

The difficulty in performing the sum is due to the presence of the quadratic term in the
exponent. But there is a simple identity that allows us to solve this issue, namely

1 2 2
—— [ dzeTT P = /2 (3.59)
V2w /
Applying this yields
1 2
Zgww = Y —— /dze_z /2+(/NBz+BhN)m () (3.60)
ety V27

Z /M / dZe—,Bsz/Z-‘r(z-ﬁ-h)ﬁ Yo
2

oe{—1,1}V

— E/dze—Nﬁzz/2+Nln[2cosh(ﬂ(z+h))]
V 2

Lemma 3.5.8 For any 8, h,
1
lim — InZg, y = — inf(z?/2 — B~ Incosh B(z + h)) + ' In2 (3.61)
Ntoo BN ’ zeR

The proof of the lemma is very simple and will be skipped. Clearly, the variational
formula (3.61) must represent the same function as (3.43). In particular, the minimizer is
the solution of the equation x = g tanh 8(x 4 k) that has the same sign as £, i.e. is precisely

m(p, h).

Exercise: Critical behaviour in the CW model We have seen that a first-order phase
transition appears in the Curie—Weiss model for 8 > 8. = 1. Analyze the behaviour of the
thermodynamic functions in the vicinity of this critical point (see Fig. 3.4).

(i) Compute the spontaneous magnetization m*(f) as a function of g — B, as
BB N
(i) Compute the specific heat, c(h, T) = —T%ﬂgh), and its asymptotic expansion for
B > B.whenh = 0.
(iii) Compute the susceptibility, x = “ &2 ath = 0,for f < B and find its leading-order
behaviour in powers of . — B.
(iv) For B = B., compute the leading behaviour of m(B8., h) as h | 0.
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Figure 3.4 The function g(8, m) for values of B near the critical value 1.

Exercise: Fluctuations in the CW model We have seen that thermodynamic computa-
tions amount to proving large deviation principles for thermodynamic variables. One can
look at finer properties of the distribution functions of such variables. For instance, we know
that the value of the magnetization m y (o) will sharply concentrate on its equilibrium value
m(B, h).

Consider the family of random variables Xy = VN (my(o) —m(B, h)) distributed
according to the Gibbs measure g v.

(1) If B < 1, show that X converges in distribution to a centered Gaussian random
variable and compute its variance.

(ii) Do the same for 8 < 1 and & > 0.

(iii)) Compute the behaviour of the variance of Xy for h =0as 81 1, and for 8 =1 as
h 0.

@iv) For B =1 and h = 0, how should one rescale the magnetization to obtain a ran-
dom variable with a non-trivial distribution? Compute the distribution of the properly
rescaled variable as well as you can.

(v) If B>1 and h =0, try to formulate a limit theorem for the fluctuations of the
magnetization.

The Curie—Weiss model has proven to be an easily solvable model that exhibits a first-
order (and as shown in the exercise, a second-order) phase transition. However, the question
of whether long-range order can appear in a short-range model remains open.

The two-dimensional Ising model In 1944, Onsager [195] produced an exact solution
of the two-dimensional Ising model with zero magnetic field. From this solution, the exis-
tence of a phase transition could be concluded, and even the precise asymptotics near
the critical temperature could be inferred. The two-dimensional Ising model has been of
paramount importance in the theory of critical phenomena, resp. second-order phase tran-
sitions, because its exact solution provided an example that showed that, in general, critical
exponents are different from those found in the mean field model. Later, starting with the
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work of Lieb on the ice-model [168] and Baxter [20] on the eight-vertex model, it was
found that the Ising model is a special case of a much wider class of two-dimensional
models that permit exact solutions. Exact solubility of non-mean field models is, however, a
particular, and somewhat accidental property, and we will not discuss this topic in this book.
Note that more recently the two-dimensional Ising model has also played an important rdle
as the first model where a rigorous treatment of the phase separation problem could be
given [88].



The Gibbsian formalism for lattice spin systems

The word ‘statistic’ is derived from the Latin status, which, in the middle ages,
had come to mean ‘state’ in the political sense. ‘Statistics’, therefore, originally
denoted inquiries into the condition of a state.

Statistics, Encyclopedia Britannica, 11th edn.

We will now turn to the investigation of the rigorous probabilistic formalism of the statistical
mechanics of lattice spin systems, or lattice gases. The literature on this subject is well
developed and the interested student can find in-depth material for further reading in [125,
207, 208, 224, 226], and the classical monographs by Ruelle [214, 215]. A nice short
introduction with a particular aim in view is also given in the first sections of the paper [250].

4.1 Spin systems and Gibbs measures

As mentioned in the last chapter, the idea of the spin system was born in about 1920 in an
attempt to understand the phenomenon of ferromagnetism. At that time it was understood
that ferromagnetism should be due to the alignment of the elementary magnetic moments
(‘spins’) of the (iron) atoms, that persists even after an external field is turned off. The phe-
nomenon is temperature dependent: if one heats the material, the coherent alignment is lost.
It was understood that the magnetic moments should exert an ‘attractive’ (‘ferromagnetic’)
interaction towards each other, which, however, is of short range. The question was then,
how such a short-range interaction could sustain the observed very long-range coherent
behaviour of the material, and why such an effect should depend on the temperature.

Recall that the Ising model can be defined via a Hamiltonian, H, that assigns to each
configuration, 0 = {0, },ez¢, the energy

H(o)=— Z 0.0y — h Z oy (4.1)

x,yezd xezd

llx=yllp=1
In the last chapter we only considered systems that were confined to some finite volume A,
whose size would be taken to infinity when taking the thermodynamic limit. We will now
take a different point of view. In fact, our aim will be to define systems, or more precisely
Gibbs measures, directly in the infinite volume. This touches on an important fundamental
issue of statistical mechanics, which we will have occasion to discuss repeatedly. It is
tempting to formulate this as an (informal) axiom:
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A system composed of avery large number of degrees of freedom can be well approximated
by an infinite system.

We will have to see how to interpret this statement and what its limitations are later. I
would ask you to accept this for the moment and take it as an excuse for the otherwise
seemingly unreasonable struggle we will enter into to describe infinite systems.

The basic axiom of statistical mechanics is, as we have seen, that the (equilibrium)
properties of a system shall be described by specifying a probability measure on the space
of configurations, in our case {—1, +1 }Zd . From what we have learned so far, the appropriate
candidate for such a measure should be the Gibbs measure, as it is parametrized only by
intensive variables. We will therefore accept as another axiom that the proper measure to
choose is the Gibbs measure, which formally is given by

1
uﬂ&ﬂ=vzf%HWpuo) (4.2)

where Zg is anormalizing constant and p is the uniform measure on the configuration space.
Again, this expression makes no sense for the infinite system, but would make perfect sense
if we replaced Z? by a finite set, A, everywhere.'

We will see how to obtain a sensible version of (4.2) in the infinite-volume setting. We start
with the ‘a-priori’ measure, p, that is supposed to describe the non-interacting system. In
finite volumes, the uniform measure on the finite space {—1, +1}4 is the product Bernoulli
measure

pa(on =s1) =[] pelox =50 (4.3)
xXeA
where p, (0, = +1) = p,(0, = —1) = 1/2. There is a standard construction to extend this

to infinite volume. First, we turn S = {—1, +1}%' into a measure space by equipping it
with the product topology of the discrete topology on {—1, +1}. The corresponding sigma-
algebra, F, is then just the product sigma-algebra. The measure p is then defined by spec-
ifying that, for all cylinder events A, (i.e. events that for some finite set A C Z¢ depend
only on the values of the variables o, with x € A),

p(Ax) = pa(An) 4.4)

with p, defined in (4.3). In this way we have set up an a-priori probability space, (S, F, p),
describing a system of non-interacting spins. It is worth noting that this set-up is not totally
innocent and reflects a certain physical attitude towards our problem. Namely, the choice
to consider the system as truly infinite and to use the product topology implies that we
consider the individual degrees of freedom, or finite collections of them, as the main physical
observables, which can be measured. While this appears natural, it should not be forgotten

! Here we are touching a crucial point. The problem with a finite-volume description is that it appears to be
unable to reflect the very phenomenon we want to describe, namely the existence of several phases, i.e. the
persistence of magnetized states after the magnetic field has been turned off. The argument was brought
forward that a single formula could not possibly describe different physical states at the same time. The
question is indeed quite intricate and full understanding requires consideration of the dynamical aspects of the
problem. On the level of the equilibrium theory, the issue is however, as we will see, solved precisely and
elegantly by the adoption of the infinite-volume axiom.
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that this has important implications in the interpretation of the infinite-volume results as
asymptotic results for large systems, which may not in all cases be the most desirable ones.>

To continue the interpretation of (4.2), one might be tempted also to specify the measure
g by prescribing the finite-dimensional marginals, e.g., by demanding that pug s (doy) =
ZglA exp(—BHp(op))pal(doy), with Hp (o) the restriction of (4.1) to the finite volume A.
The problem with this, however, is the compatibility conditions that are required for such a
set of measures to specify a measure on (S, F); Kolmogorov’s theorem would require that
for A C A/, ug a(Ap) = up a(An). While in the case of the non-interacting system this
is trivially checked, this will not hold in the interacting case.

Exercise: Prove this fact. Check explicitly that the compatibility conditions do not hold in
the case when A,A’ consist of 1 resp. 2 points!

Since there appears no other feasible way to specify marginal measures, we need a better
idea. Actually, there are not too many choices: if we cannot fix marginals, we can try to
fix conditional distributions. This seems quite natural today from the point of view of the
theory of Markov processes, but it was only realized in 1968-9 by Roland L. Dobrushin
[93, 94] (and shortly after that by O. Lanford and D. Ruelle [161]), and is now seen as one the
cornerstones of the foundation of modern mathematical statistical mechanics. To understand
this construction, we have to return to (4.1) and give a new interpretation to this formal
expression. The Hamiltonian should measure the energy of a configuration; this makes no
sense in infinite volume, but what we could ask is: what is the energy of an infinite-volume
configuration within a finite-volume A? A natural definition of this quantity is

Hy(o)=— Y o0,—h) o (4.5)

xVyeA xeA
llx=ylly=1

Note that this expresssion, in contrast to the formula (4.1), contains the energy correspond-
ing to the interaction between spins in A with those outside A (which here involves only
spins in the boundary of A). The notion of finite-volume restriction given by (4.5) has the
nice feature that it is compatible under iteration: if A’ D A, then

(Hp)p (0) = Hy(0) (4.6)

Equation (4.5) will furnish our standard interpretation of a Hamiltonian function H; we
will always consider it as a function H : (A, o) — Hj(o) from the pairs consisting of finite
subsets of Z“ and configurations in S to the real numbers. This allows us to define, for any
fixed configuration of spins 1 € S and finite subset A C Z?, a probability measure

1 ,
pAldon) = ——e PNV, (doy) 4.7)
Zg
Equation (4.7) defines a much richer class of measures than just the marginals. The idea is
that these should be the family of conditional probabilities of some measure, (g, defined
on the infinite-volume space. The point is that they satisfy automatically the compatibility

2 For instance, it might be that one is interested in collections of variables that are composed of enormously
many local variables. It may then be that an appropriate description requires intermediate divergent
(‘mesoscopic’) scales in between the ‘macroscopic’ volume and the microscopic degrees of freedom. This
would require a slightly different approach to the problem.
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conditions required for conditional probabilities (see below), and so have a chance to be
conditional probabilities of some infinite-volume measure. Dobrushin’s idea was to start
from this observation to define the notion of the infinite-volume Gibbs measure, i.e. as the
proper definition for the formal expression (4.2):

A probability measure g on (S, F) is a Gibbs measure for the Hamiltonian H and
inverse temperature B if and only if its conditional distributions (given the configurations
in the complement of any finite set A\) are given by (4.7).

Two questions immediately pose themselves:

(i) Does such a measure exist?
(i) If it exists, is it uniquely specified?

We will see soon that there is a large class of systems for which the existence of such a
measure can be shown. That means that Dobrushin’s formalism is meaningful and defines
a rich theory. The second question provides all the charm of the Gibbsian formalism:
there are situations when the infinite-volume measure is not uniquely specified and when
several infinite-volume measures exist for the same Hamiltonian and the same temperature.’
This observation will furnish the explanation for the strikingly different behaviour of a
ferromagnet at high and low temperatures: if d > 2, the temperature is low, and 47 = 0,
there will be measures describing a state with positive magnetization and one with negative
magnetization, and the system can be in either of them; at high temperatures, however, there
is always a unique Gibbs measure.

Before we continue the investigation of these two questions in the Ising model, we will
provide a more general and more formal set-up of the preceding discussion.

4.2 Regular interactions
4.2.1 Some topological background

We will now describe the general framework of spin systems with so-called regular inter-
actions. Our setting will always be lattice systems and our lattice will always be Z<. A will
always denote a finite subset of Z“. Spins will take values in a set Sy that will always be
a complete separable metric space. In most of our examples it will just be the set {—1, 1}.
We equip Sy with its sigma-algebra generated by the open sets in the metric topology (resp.
the discrete topology in the case when Sy is a discrete set), Fo, to obtain a measure space
(So, Fo). To complete the description of the single-spin space, we add a (probability) mea-
sure py, the so-called a-priori distribution of the spin. This gives a single-site (probability)
space (So, Fo, 00)-

As discussed in the previous paragraph, we first want to furnish the setting for infinitely
many non-interacting spins. To do this, we consider the infinite-product space

S=8 (4.8)

3 This could be re-phrased as saying that the one (meaningless) formula (4.2) defines several (meaningful) Gibbs
measures. This resolves the (serious) dispute in the first half of the twentieth century on the question of
whether statistical mechanics could possibly account for phase transitions. See the very amusing citations in
the prologue of Ueltschi’s thesis [241].
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which we turn into a complete separable space by equipping it with the product topology.
This is done by saying that the open sets are generated by the cylinder sets B¢ A(0), defined
as

Bep(o) = {0/ €S ‘ma{i( loy —0) | < 6} 4.9)
xXe

where 0 € S, A C Z%, and € € R... The product topology of a metric space is metrizable,
and S is a complete separable metric space if Sy is. The Borel sigma-algebra of S, F, is
the product sigma-algebra

F=FF (4.10)
An important fact is Tychonov’s theorem [125]:

Theorem 4.2.1 If Sy is compact then the space S equipped with the product topology is
compact.

A particularly important consequence in the case when Sy is a compact, separable metric
space is that the same holds true for the product space, and hence any sequence in that space
has a convergent subsequence.

Exercise: Consider the space {—1, 1}¥. Show by direct construction that any sequence
o™ e {—1, 1}N has a convergent subsequence. (Hint: Show that {—1, 1} can be given the
structure of a partially ordered set, and use this order to construct a bounded, increasing
subsequence.)

We will use the notation Sy =S¢ and F = F¢* for the finite-volume configuration
space and the sigma-algebra of local events. Note that we identify F, C JF with the sub-
sigma-algebra of events depending only on the co-ordinates o,, x € A. We will call an
event that is measurable with respect to F,, for some finite A, a local, or cylinder, event.
A sequence of volumes, A} C Ay C--- C A, C --- C Z%, with the property that, for any
finite A’ C Z¢, there exists n such that A’ C A, will be called an increasing and absorbing
sequence. The corresponding family of sigma-algebras, F,, , forms a filtration of the sigma-
algebra F. Similarly, we write Sxc = SOZ A and F A = .7-'0Z A special role will be played
later by the so-called ‘tail sigma-algebra’ F' = Ny 74 Fac. The events in F' will be called
tail-events or non-local events.

We will refer to various spaces of (real valued) functions on S in the sequel. In the
physical terminology, such functions are sometimes referred to as observables. The largest
space one usually considers is B(S, F), the space of bounded, measurable functions. (A
function, f, from a measure space, S, into the real numbers is called measurable if, for
any Borel set B C B(R), the set A = {o : f(0) € B} is contained in F.)

Correspondingly, we write B(S, F,) for bounded functions measurable with respect to
Fa,i.e. depending only on the values of the spins in A. Functions that are in some B(S, Fu)
are called local or cylinder functions; we denote their space by

Bioc (8) = Uncze B(S, Fa) (4.11)

A slight enlargement of the space of local functions are the so-called guasi-local func-
tions, By (S); this is the closure of the set of local functions under uniform convergence.
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Quasi-local functions are characterized by the property that

lim sup |f(o)— f(c)| =0 (4.12)
ALY aotes
ap=o)
We also introduce the spaces of continuous, local continuous, and quasi-local continuous
functions, C(S), Cioc (S, F) = C(8) N Bioc (S, F), and Cyy = C(S) N By (S, F).
The reader should be warned that in general (i.e. under the hypothesis that Sy is just
a complete separable metric space), neither are all quasi-local functions continuous, nor
all continuous functions quasi-local (see, e.g., [250] for nice examples). However, under
stronger hypotheses on Sy, the different spaces acquire relations:

Lemma 4.2.2

(i) If So is compact, then C(S) = Cq(S) C Bu(S).
(ii) If Sy is discrete, then Bq(S) = Cq(S) C C(S).
(iii) If Sy is finite, then C(S) = By(S) = Cq(S).

Proof Left as an exercise. O

Remark 4.2.3 Since we are mostly interested in finite-spin spaces, quasi-locality will be
the essential aspect of continuity in the product topology.

We now turn to the space M (S, F) of probability measures on (S, F) and its topological
structure. There are several possibilities for equipping this space with a topology. The most
convenient and commonly used one is that of weak convergence with respect to continuous
functions. This topology is generated by the open balls

Bre(w) = {1 € My(S, P)|lu(f) — n(f")l < €} (4.13)

where f € C(S), e € Ry, u € M (S, F). The main advantage of this topology is that it
turns M (S, F) into a complete separable metric space, and moreover, if Sy is compact,
then M, (S, F) is compact.*

4.2.2 Local specifications and Gibbs measures

We now introduce a very large class of Hamiltonians for which the Gibbsian theory can be
set up. We first define the concept of an interaction.

Definition 4.2.4 An interaction is a family ® = {® 4}z« where ®4 € B(S, Fp). If all
®,4 € C(S, Fa), then the interaction is called continuous.
An interaction is called regular if, for all x € 72, there exists a constant ¢ such that

D lPallee ¢ <00 (4.14)

A>x

Remark 4.2.5 What we call ‘regular’ interaction is called ‘absolutely summable’ inter-
action in Georgii’s book [125]. In most of the standard literature one finds the stronger

4 Note that Georgii’s book [125] uses a stronger topology than the weak topology on measures. There, balls are
defined with quasi-local, but not necessary continuous functions. In this topology the space of probability
measures over S is not necessarily compact. However, if Sy is a finite space, the two notions coincide.
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condition that

@[]l = sup Z [Palloc <00 (4.15)

x€Z! A5y
With this definition the set of all regular interactions equipped with the norm ||| - |||
forms a Banach space, ), while the weaker condition we use makes the set of regular
interactions only into a Fréchet space [125]. In the case of translation-invariant interactions,
both conditions coincide. However, in the case of random systems, the stronger condition
(4.15) would introduce some unnatural restrictions on the class of admissible interactions.

Remark 4.2.6 Unbounded interactions occur naturally in two settings: in the case of non-
compact state space (e.g. ‘Gaussian models’, interface models) or as so called ‘hard-core’
exclusions to describe models in which certain configurations are forbidden (e.g. so-called
‘subshifts of finite type”). While some of such models can be treated quite well, they require
special work and we will not discuss them here.

From an interaction one constructs a Hamiltonian by setting, for all finite volumes A C
74,

Hp(o) = — Z ®4(0) (4.16)

ANA£D

If @ isin By, H, is guaranteed to satisfy the bound

[Halloo = C|A] (4.17)

for some C < oo. Moreover, it is easy to check that H, is a quasi-local function, and, if ®
is continuous, a continuous quasi-local function, for any finite A.

The Hamiltonians defined in this way share most of the nice properties of the Ising
Hamiltonian defined in Section 4.1, and we can proceed to use them to construct Gibbs
measures. We begin with the definition of local specifications:

Definition 4.2.7 A local specification is a family of probability kernels, { ,u(/'& placzd, such
that:

(1) Forall A and all A € F, ,u&)’ 5(A) is a Fjc-measurable function.
(ii) Forany n € S, “Z s 18 a probability measure on (S, F).
(iii) For any pair of volumes, A, A’, with A C A’, and any measurable function, f,

/ (o), Are) /
/ 1 5oy " o) f(On, Thnp M) (4.18)

= //’LWA’,ﬂ(dG/)f((U;\’v nae))

where we use the notation (o4, nac) to denote the configuration that equals o, if x € A,
and n,, if x € A°.

The most important point is that local specifications satisfy compatibility conditions
analogous to conditional expectations. Given a regular interaction, we can now construct
local specifications for the Gibbs measures to come.
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Lemma 4.2.8 If ® is a regular interaction, then the formula
e*ﬂHA((UA,ﬂAF))

77 Jf(oa,nae)) (4.19)
A.B

/M’f\,ﬂ(dff)f(ff)E/pA(dUA)

defines a local specification, called the Gibbs specification for the interaction ® at inverse
temperature B.

Proof Left as an exercise. The crucial point is that we have (4.6). O

We will use a shorthand notation for relations like (4.18) and symbolize this equation by
W Sy = 1, (420
As we mentioned, the notion of local specifications is closely related to that of condi-

tional expectations. Since this is fundamental in what follows, let us recall some standard
definitions (see, e.g., [78]).

Definition 4.2.9 Let (S, F, 1) be a probability space, f an F-measurable function (a ‘ran-
dom variable’), and G C F a sub-sigma-algebra. We call a function g = u(f|G) a condi-
tional expectation of f, given G, if and only if

(i) g is G-measurable, and
(ii) for any G-measurable function, A, it holds that

u(hg) = u(hf) 4.21)

In our setting, if F is a product sigma-algebra, and G = F,, then this means that p( f|Fp)
isobtained from f by integrating over all variables o, withx ¢ A while keeping the variables
o, with x € A fixed.

Conditional expectations are defined uniquely up to sets of measure zero; i.e. any G-
measurable function, g’, for which g’ = u(f|G), u-almost surely, is a version of the con-
ditional expectation.

Conditional expectations satisfy a compatibility condition.

Lemma 4.2.10 Let F D G' D G, and f a F-measurable function. Let g = u(f|G) and
g = n(f1G") be conditional expectations of f with respect to G and G', respectively. Then

n@'9) =g, n-as. (4.22)

Proof We just have to show that 1(g'|G) is the conditional expectation of f with respect
to G. Obviously it is G-measurable. It remains to show that the second defining property
holds. But, if % is G-measurable,

u(hu(g'19)) = u(hg") = whu(f16") = u(hf) (4.23)
which was to be shown. O

It is natural to associate to a conditional expectation the notion of a regular conditional
probability distribution.

Definition 4.2.11 Given two sigma-algebras F O G, a regular conditional distribution is a
function g, such that



4.2 Regular interactions 57

(i) foreachn € S, ,ug is a probability measure on F, and
(i1) foreach A € F, MZ(A) is a G-measurable function such that for almost all 1, ,ug(A) =

w(ll41G) ().

The existence of regular conditional distributions is ensured in all situations we will be
concerned with, in particular whenever the underlying probability spaces are Polish spaces
(see, e.g., [28, 78]).

We see that local specifications are ‘conditional expectations waiting for a measure’; thus
nothing is more natural than to define infinite-volume Gibbs measures as follows:

Definition 4.2.12 Let {M(}\), ,3} be a local specification. A measure g is called compatible
with this local specification if and only if, for all A C Z¢ and all f € B(S, F),

wp (FIFac) = 1 o(f).  mp-as. (4.24)

A measure g which is compatible with the local Gibbs specification for the regular inter-
action ® and a-priori measure p at inverse temperature j is called a Gibbs measure corre-
sponding to @ and p at inverse temperature S.

Remark 4.2.13 We see that the local specifications of a Gibbs measure provide an explicit
version of their regular conditional distributions, as they exist for all . One might be content
with a weaker notion of Gibbs states, where local specifications are defined only for almost
alln € S. The associated concepts of weaker notions of Gibbs measures are currently under
active debate (see, e.g., [92, 171]).

Theorem 4.2.14 A probability measure g is a Gibbs measure for ®, p, B if and only if,
forall A C Z¢,

uﬂu()\)ﬁ = 1g (4.25)

Proof Obviously, (4.25) holds if M(A) s() is the conditional probability pg( f | Fac), by def-
inition. We only have to show the converse. But the local specifications are by construction
F ac-measurable, so that property (i) of Definition 4.2.9 is satisfied. To show that property
(ii) holds, apply (4.25) with a function f'(n) = f(n)h(nac) where h is F.-measurable.
This shows that ,u(,'\), 5( f) satisfies the second requirement of a conditional expectation of f.
This proves the theorem. O

The equations (4.25) are called the DLR equations after Dobrushin, Lanford and Ruelle,
to whom this construction is due. We have now achieved a rigorous definition of what the
symbolic expression (4.2) is supposed to mean. Of course, this should be completed by an
observation saying that such Gibbs measures exist in typical situations. This will turn out
to be easy.

Theorem 4.2.15 Let ® be a continuous regular interaction and let /*(1'\), p be the correspond-
ing Gibbs specification. Let A, be an increasing and absorbing sequence of finite volumes.
If, for some 1 € S, the sequence of measures /LZ]\”. p converges weakly to some probability
measure v, then v is a Gibbs measure with respect to to ®, p, B.

Proof Let f be a continuous function. By hypothesis, we have that

wh, 5 () = v(f). asn 1 oo (4.26)
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On the other hand, for all A,, D A,
M?\n,ﬂM;),ﬁ(f) = pp, p(f) 4.27)

We would like to assert that ,u"A ﬁﬂ(zhx), ﬂ( f) converges to v ng) 5( f), since this would imme-
diately imply that v satisfies the DLR equations (4.25) and hence is a Gibbs measure. To
be able to make this assertion, we would need to know that V“S\), (/) is a continuous func-
tion. The property of a specification to map continuous functions to continuous functions
is called the Feller property.

Lemma 4.2.16 The local specifications of a continuous regular interaction have the Feller
property.

Proof We must show that, if n, — n, then u'j\ s( f)— ,ul, s( f). A simple consideration
shows that, since f is continuous, this property follows if

Hp(op, n,ae) = Ha(on, Nac) (4.28)

But H, is by assumption a uniformly convergent sum of continuous functions, so it is itself
continuous. Then (4.28) is immediate. O
The proof of Theorem 4.2.15 is now obvious. O

Exercise: Local specifications have even nicer properties than the Feller property. In par-
ticular, they are ‘quasi-local’, in the sense that they map local functions into quasi-local
functions. This is expanded on in [250]. Prove the quasi-locality of local specifications and
fill in the details in the proof of Lemma 4.2.16.

The constructive criterion of Theorem 4.2.15 now gives us a cheap existence result:

Corollary 4.2.17 Assume that Sy is compact and ® is regular and continuous. Then there
exists at least one Gibbs measure for any 0 < 8 < oo.

Proof By Tychonov’s theorem S is compact. The set of probability measures on a com-
pact space is compact with respect to the weak topology, and so any sequence MZ,,, 8
must have convergent subsequences. Any one of them provides a Gibbs measure, by
Theorem 4.2.15. O

Remark 4.2.18 There are models with non-compact state space for which no Gibbs mea-
sure exists.

Theorem 4.2.15 is of absolutely central importance in the theory of Gibbs measures, since
it gives a way to construct infinite-volume Gibbs measures. Physicists would even view this
as the definition of infinite-volume Gibbs measures (and we will have to return to this attitude
later when we discuss mean field models). The procedure of taking increasing sequences
of finite-volume measures is called ‘passing to the thermodynamic limit’. It is instructive
to compare the physical ‘approximation’ statement contained in the DLR equations and in
the weak limit construction. The DLR equations can be interpreted in the sense that, if we
consider a physical finite system, when we apply ‘boundary conditions’> and weigh these

3 In the formal discussion we fixed configurations in the entire complement of A. Of course for models with
short-range interactions, like the Ising model, the inside of a volume A depends only on the configuration on a
layer of width one around A. Thus it is physically feasible to emulate the effect of the exterior of A just by
boundary conditions.
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with the infinite-volume measure (g, then the finite-volume measure within A will look
exactly like the infinite-volume measure 5 g. On the other hand, the constructive criterion
of Theorem 4.2.14 means that there are suitable configurations 1 and suitable volumes A
such that, if we fix boundary conditions 7, the finite-volume measure looks, for large A,
very much like an infinite-volume Gibbs state v. It is experimentally not very feasible to
apply boundary conditions weighted according to some Gibbs measure, while the second
alternative seems a bit more realistic. But here difficulties will arise if the dependence on
the boundary conditions and on the volumes is too dramatic. Such situations will arise in
disordered systems.

Let us note that there is a different approach that characterizes Gibbs measures in terms of
a variational principle. Such characterizations always carry a philosophical appeal as they
appear to justify the particular choice of Gibbs measures as principal objects of interest.
Excellent references are again [125] and [224], but also [146], and the recent lecture notes
by Ch. Pfister [203]. Although several important notions linking statistical mechanics,
thermodynamics, and the theory of large deviations arise in this context, we will not pursue
this theme here.

4.3 Structure of Gibbs measures: phase transitions

In the previous section we established the concept of infinite-volume Gibbs measures and
established the existence of such measures for a large class of systems. The next natural
question is to understand the circumstances under which for a given interaction and a
given temperature there exists a unique Gibbs measure, and when this is not the case.
We have already seen that the possibility that the local specifications might be compatible
with several Gibbs measures precisely provides for the possibility of describing phase
transitions in this framework, and therefore this will be the case that we shall be most
interested in. Nonetheless, it is important to understand under what conditions one must
expect uniqueness. For this reason we start our discussion with some results on uniqueness
conditions.

4.3.1 Dobrushin’s uniqueness criterion

In a certain sense one should expect that, as a rule, a local specification is compatible
with only one Gibbs measure. But there are specific interactions (or specific values of
the parameters of an interaction), where this rule is violated.® However, there are gen-
eral conditions that preclude this degenerate situation; vaguely, these conditions say that
‘BH is small’; in this case one can see the Gibbs measure as a weak perturbation of the
a-priori measure p. There are several ways of establishing such conditions. Possibly the
most elegant one is due to Dobrushin, which we will present here. Our treatment fol-
lows closely that given in Simon’s book [224], where the interested reader may find more
material.

© The so-called Gibbs phase rule states that coexistence of several Gibbs measures should occur only on
submanifolds of lower dimension in the space of interactions. A precise mathematical justification, or even
formulation, of this rule is still missing (see [217] for a recent detailed discussion).
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Let us introduce the total variation distance of two measures v, i by

v — ull = 2 sup [v(A) — n(A) (4.29)
AeF

Theorem 4.3.1 Let ,u(/'\), p be a local specification satisfying the Feller property. Set, for
x,yeZ

pey=5 sup |, —ul,l (4.30)
nn'

Vzghiliz =N’

Ifsup,, s Pr.y < 1, then the local specification is compatible with at most one Gibbs
Pyezd 2.xezd Px.y P p
measure.

Proof For a continuous function f, we define its variation at x

3 (f) = sup Lf(n) — f(n)] (4.31)
VZ%ZVUU::W;
and the rotal variation
A=) 8:() (4.32)
xeZd

We define the set of functions of finite total variation 7 = {f € C(S)|A(f) < oo}. It is
easy to check that this set is a dense subset of C(S). The idea of the proof is:

(1) Show that A is a semi-norm and A(f) =0 = f = const.
(ii) Construct a contraction T with respect to A such that any solution of the DLR equations
is T-invariant.

Then it holds that, for any solution of the DLR equations, u(f) = w(Tf) = u(T" f) —
c(f), independent of which one we choose. But the value on continuous functions deter-
mines u, so all solutions of the DLR equations are identical.

To simplify notation we drop the reference to § in the course of the proof. Let us first

establish (ii). To construct the map T, let xy, x3, ..., X,, . . . be an enumeration of all points
in Z4 (this implies that x,, must disappear to infinity as n 1 00). Set
Tf = lim ul) ) (4.33)
atoo ,,

For any continuous function, the limit in (4.33) exists in norm. (Exercise: Prove this fact.
Hint: Check the convergence first on local functions!) This implies that T maps continuous
functions to continuous functions, which is a crucial property we will use.

It is obvious by construction that, if p satisfies the DLR-equation with respect to the
specification ;L(A), then

(T f) = pn(f) (4.34)
It remains to show that T is a contraction with respect to A, if
sup Y pey < <1 (4.35)

YEZ4 \c7d
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In fact, we will show that, under this hypothesis, A(T f) < «¢A(f) for any continuous
function f. We first look at 8, (e, (f)).

Lemma 4.3.2 Let f € T. Then
(i) Sx(ux(f) =0 (4.36)
(ii) For any y # x,

8x(y(f)) = 8:(f) + px,y8y(f) (4.37)

Proof Obviously, 8,(u,(f)) =0, since u,(f) does not depend on 7,. Now let x # y.
Then

iy (N = sup |wI(f)— 1l (f) (4.38)

n.n'
Votxnlz =n;

sup ‘f f(O'y, rly")/J/Z(de) - / f(ayv n;c)MZ(dU\)

nn
/
Vot 2=z

+ / f(oy. ) (w(doy) — MZ’M%))’

IA

sup / |f(0’y, leo) - f(a)” n/yc)

.’
Vet iz =1

py(doy)

b s [[ o))~ o)

n’
7
Vz#x nz=nz

Clearly,

sup / |f(ayv ny") - f(ay’ 77;5) [LZ(de) =< (Sx(f) (439)

n.n' ,
Vota 2=

To treat the second term, we take advantage of the fact that any constant integrated against
the difference of the two probability measures gives zero, so that

[ s - o) (440)

= / ‘(f(o'ya n;v) - igff(fy’ Mye )) (H«Z(do'y) - Mz/(ddy))

< sup [f)— f@)| sup sup |ul(A) — ] (A)|

' ' AeF
ooty iz =} Vaskx iz =1
= 3l = I,
= 5 luy =y (14
Combining the two estimates gives (ii). O

Lemma 4.3.3 Under the hypothesis sup,;. D ez Pxy <, foralln €N,

AS) - uQf) <a) 8.+ D 8 (4.41)
i=1

j=n+l1
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Proof By induction. For n = 0, (4.41) is just the definition of A. Assume that (4.41) holds
for n. Then

n
A(Mgl Mgfz'ugfjﬂ ) = Ol;&‘i (H’gnﬂ Z 8)‘/ Mxn+l (442)
=

j=n+1

<@ [8() + Lrmade O]+ D [86,() + poy s, 1()]
i=1

Jj=n+2
n+1
=a Z 8, (f)+ Z P xS (F) + 2;2 8, (f) <a Z 84 (f)+ 2;2&,(10
jzn jzn

so that (4.37) holds for n + 1. Note that the fact that 8, ,, (ux”+I f) = 0 was used crucially:
it allowed us to omit the term j = n + 1 in the second sum. This proves the lemma. O

Passing to the limit n 1 oo yields the desired estimate
ATf) = aA(S) (4.43)

It remains to be proven that A( f) = 0 implies that f = const. We will show that A(f) >
sup(f) — inf(f). Now, since f is continuous, for any € > O there exists a finite A and
configurations ™, @~ with . = w}. such that

sup(f) < f(@") +e, (4.44)
inf(f) = flw™) —€

But, using a simple telescopic expansion,

f@) = f@) <Y 8.(f) < A(f) (4.45)

xeA
Thus, sup(f) — inf(f) < A(f) + 2¢, for all €, which implies the claimed bound. This
concludes the proof of the theorem. O

For Gibbs specifications with respect to regular interactions, the uniqueness criterion in
Dobrushin’s theorem becomes

sup Z(IAI — D[Pa(0)]loo < B~ (4.46)
X€Z4 Aoy
Thus it applies if the temperature 8! is sufficiently ‘high’.
If we apply this criterion formally in the Curie—Weiss model, we get the correct conditions
B < 1foruniqueness. This can be turned in a precise argument by considering so-called Kac
interactions, where @, (o) = yip((y(x — ¥))o.0y, and ¢(u) is a non-negative, rapidly
decaying function, normalized such that f dduqb(u) = 1. In this case, Dobrushin’s criterion
again gives 8 < 1, and it can be shown that the condition is optimal in the limit y | 0 if
d>1.

Exercise: Compute the bound on the temperature for which Dobrushin’s criterion applies
in the Ising model (4.1).

The techniques of the Dobrushin uniqueness theorem can be pushed further to get more
information about the unique Gibbs measure; in particular it allows us to prove the decay
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of correlations. Since this is not of immediate concern for us, we will not go into it. The
interested reader is referred to the very clear exposition in Simon’s book [224].

4.3.2 The Peierls argument

Having established a condition for uniqueness, it is natural to seek situations where unique-
ness does not hold. As we mentioned earlier, this possibility was disbelieved for a long time
and the solid establishment of the fact that such situations occur in reasonable models like
the Ising model was one of the triumphs of statistical mechanics.

In contrast to the very general uniqueness criterion, situations with coexisting Gibbs
measures are much more evasive and require case-by-case study. There exist a number of
tools for investigating this problem in many situations, the most powerful being what is
called the Pirogov—Sinai theory [204, 205], but, even in its most recent developments, it is
far from being able to give a reasonably complete answer for a class of interactions as large
as, e.g., the regular interactions.” We will discuss this theory briefly in Chapter 5.

The basis of most methods for proving the existence of multiple Gibbs states is the Peierls
argument. We will explain this in the context in which it was originally derived, the Ising
model, and discuss extensions later.

The basic intuition for the large 8 (low temperature) behaviour of the Ising model is
that the Gibbs measure should in this case strongly favour configurations with minimal
H.If h # 0, one sees that there is a unique configuration, o, = sign (h), minimizing H,
whereas for & = 0 there are two degenerate minima, o, = +1 and o, = —1. It is a natural
idea to characterize a configuration by its deviations from an optimal one. This leads to the
concept of the contour. We denote by < xy > an edge of the lattice Z¢ and by < xy >* the
corresponding dual plaquette, i.e. the unique (d — 1)-dimensional facet that cuts the edge
in the middle. We set

(o) ={<xy>" oo, = —1} (4.47)

Note that I'(¢') forms a surface in R?. The following properties are immediate from the
definition:

Lemma 4.3.4 Let T be the surface defined above, and let 0T denote its (d — 2)-dimensional
boundary.

(i) 0T'(0) = @B forall o € S. Note that T' (o) may have unbounded connected components.
(ii) Let I" be a surface in the dual lattice such that dI" = (). Then there are exactly two
configurations, o and —ao, such that I'(c) =T'(—o) =T.

Any I can be decomposed into its connected components, y;, called contours. We write
y; € T if y; is a connected component of I". Any contour y; satisfies dy; = . That is, each
contour is either a finite, closed or an infinite, unbounded surface. We denote by int y the
volume enclosed by y, and we write |y| for the number of plaquettes in y .

7 Of course it would be unreasonable to expect such a theory in any general form to exist.
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Figure 4.1 A contour (solid line) and its interior and exterior boundary.

The following theorem goes back to Peierls [201]. Its rigorous proof is due to Dobrushin
[89] and Griffiths [130].

Theorem 4.3.5 Let g be a Gibbs measure for the Ising model (4.1) with h = 0 and p the
symmetric product measure defined in (4.3). Assume that d > 2. Then there is B; < 00 such
that for all B > By

(4.48)

| =

Mg [EI)/EI"(U):Oeinty] <
The proof of this theorem is almost immediate from the following:

Lemma 4.3.6 Let g be a Gibbs measure for the Ising model with h = 0. Let y be a finite
contour. Then

psly € D(o)] < 2! (4.49)

Proof We present the proof as an application of the DLR construction. Recall that y is
finite and thus closed. We will denote by y™ and y°" the layer of sites in Z¢ adjacent to y
in the interior, resp. the exterior of y, and call them the interior and exterior boundaries of
the contour (see Fig. 4.1).

Clearly we have

nply CI'(0)] = puloyow = +1, 0,0 = =11+ ugloyouw = —1,0,0 =+1]  (4.50)
The DLR equations give

pployon = +1, 0,0 = —1] = pgloyom = +1]M;§y’ﬁ[oym =—1] 4.51)
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But

bt gloym = —1] (4.52)

Eoiy VI —1)e_ﬁHi““V>(”imW\Vi"’_lvi"’HV"“‘)
YI\Y
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= int(y)\y
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In the last line we used the symmetry of H, under the global change o, — —o, to replace
the ratio of the two partition functions with spin-flip related boundary conditions by one. If
h # 0, this would not have been possible. The second term in (4.50) is treated in the same
way. Thus (4.49) follows. O

Proof (of Theorem 4.3.5). The proof of the theorem follows from the trivial estimate

1p [Byeroroamy] < Y uply € N(0)] (4.53)
y:0einty

and (roughly) counting the number of contours of area k that enclose the origin. Let
#Hy:0einty, |yl =k} =Cd, k) (4.54)

It is a simple exercise to show that C(2, k) < k3*. Obviously, any path y of length k can be
constructed as follows: choose a starting point within the square of side-length k centered
at the origin. Then build up the path stepwise, noting that there are at most three possible
moves at each step. Finally, note that each closed path constructed in this way is counted k
times, because each of the points it visits can be considered the starting point. Not taking into
account that the path has to be closed gives immediately the estimate above. This argument
can be improved, and extended to any dimension; in this way, Ruelle [214] obtained that
foranyd > 2,C(d, k) < 3% In high dimension, this has been improved by Lebowitz and
Mazel [165] to C(d, k) < exp(k641Ind/d).
Thus, using Ruelle’s bound,

o0
1 [Fyereroany] < Y e K (4.55)
k=2d
so choosing B a little larger than % In 3 we get the claimed estimate. O

Notice that Theorem 4.3.5 does not imply that there are no infinite contours with positive
probability.

Theorem 4.3.5 brings us very close to showing the existence of at least two Gibbs states.
Intuitively, it implies that, with probability greater than 1/2, the spin at the origin has the
same sign as ‘the spins at infinity’, which in turn could be plus one or minus one. Most
importantly, the spin at the origin is correlated to those at infinity, establishing the existence
of long-range correlation.
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Theorem 4.3.7 Consider the Ising model for parameters where the conclusion of
Theorem 4.3.5 hold. Then there exist (at least) two extremal Gibbs measures ,u; and I

satisfying ut(og) = —p " (og) > 0.

Proof LetA, 1 Z% be asequence of volumes such that the sequence of local specifications
pL; a, converges to a Gibbs measure ,u;r, where + stands for the constant configuration
Ny = +1, Vx € Z¢. Then for any n, MEA”(UO =-1)< ;L;;A @y : 0 €iny) < 1, uni-
formly in n, as the proof of Theorem 4.3.5 applies unchanged to ME A, On the other
hand, I,,—_; is a local function, so

+ : + . 1
Hg (op=—-1)< ;PT%; Hg A, (Elyew,) :0 € mt)/) < 5 (4.56)
which implies the theorem. O

On a qualitative level, we have now solved Ising’s problem: the Ising model in dimension
two and higher has a unique Gibbs state with decaying correlations at high temperatures,
while at low temperature there are at least two extremal ones, which exhibit spontaneous
magnetization. Thus, the phenomenon of a phase transition in ferromagnets is reproduced
by this simple system with short-range interaction.

I said earlier that the Peierls argument is the basis of most proofs of the existence of
multiple Gibbs states. This is true in the sense that whenever one wants to prove such a
fact, one will want to introduce some notion of contours that characterize a locally unlikely
configuration; one will then want to conclude that ‘typical’ configurations do not contain
large regions where configurations are atypical, and finally one will want to use that there
are several choices for configurations not containing large undesirable regions. What is
lacking then is an argument showing that these ‘good’ regions are equally likely; on a more
technical level, this corresponds to being able to pass from the one-but-last line in (4.52) to
the last one. In the Ising model we were helped by the spin-flip symmetry of the problem.
This should be considered accidental, as should be the fact that the ratio of the two partition
functions appearing in (4.51) is equal to one. In fact, they are equal because the parameter &
was chosen equal to zero. In a situation without symmetry, one should expect that there will
be some value of & (or other parameters of the model) for which the ratio of the partition
function is close enough to one, for all y. This is a subtle issue and at the heart of the
Pirogov—-Sinai theory [204, 205, 262, 263]. Most methods for analyzing such problems in
detail rely on perturbative methods that in statistical mechanics go by the name of cluster
expansions. Chapter 5 will be devoted to such methods.

Having seen that the non-uniqueness of Gibbs states does in fact occur, we are motivated
to investigate the structure of the set of Gibbs states more closely.

By the characterization of Gibbs measures through the DLR equations it is obvious
that, if g, ;/.}3 are any two Gibbs measures for the same local specification, their convex
combinations, pug + (1 — p)u%, p € [0, 1], are also Gibbs measures. Thus, the set of
Gibbs measures for a local specification forms a closed convex set. One calls the extremal
points of this set extremal Gibbs measures or pure states.®

The following gives an important characterization of extremal Gibbs measures.

8 The name ‘pure state’ is sometimes reserved for extremal translation-invariant Gibbs measures.
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Proposition 4.3.8 A Gibbs measure g is extremal if and only if it is trivial on the tail
sigma-field F', i.e. if, for all A € F', ug(A) € {0, 1}.

To prove this proposition, we need two important observations:
The first states that a Gibbs measure is characterized by its value on the tail sigma-field.

Proposition 4.3.9 Let g and vg be two Gibbs measures for the same specification. If, for
all A € F', vg(A) = pug(A), then vg = pug.

Proof Again we use the DLR equations. Let f be any local function. Since, for any A,
wp(f) = mp(us A () (4.57)
va(f) = vp (g s ()

the lemma follows if limy 47« ,ufs) A(f) is measurable with respect to 7'. But, by definition,

,u;,) A(f) is measurable with respect to Fc, and so limy4z¢ /L;,) A(f) is measurable with
respect to Ny4za Fac, ie. F'. O

The second observation is:

Lemma 4.3.10 Let u be a Gibbs measure, and A € F' with u(A) > 0. The conditioned
measure ((-|A) is also a Gibbs measure for the same specification.

Proof We again consider a local function f. Then
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A) = = =
MU= HA) H(A)
= u(uy(f)IA) (4.58)
for any A; so u(-|.A) satisfies the DLR equations. O

Proof (of Proposition 4.3.8). Assume that p is trivial on the tail field and u = pu’ + (1 —
p)u”, for p € (0, 1). Then, for any A € F', by Lemma 4.3.9,
pi/'(A) + (1 — p)u(A) € {0, 1} (4.59)

But this can only hold if ©'(A) = u”’(A) € {0, 1}, and so ' = .
To prove the converse, assume that w is not trivial on the tail field. Then there exists
A € F' with u(A) = p € (0, 1). So, by Lemma 4.3.10,

w = puClA) + (1 = p)u(-|A%) (4.60)
and, by Lemma 4.3.10, u(-|.A) and wu(:|.A°) are Gibbs measures, so u is not extremal. This
concludes the proof of the proposition. O

Tail field triviality is equivalent to a certain uniform decay of correlations, which is a
common alternative characterization of extremal Gibbs measures:

Corollary 4.3.11 A Gibbs measure u is trivial on the tail sigma-field if and only if, for all
AeF,

lim sup [u(AUB)— u(AuB) =0 (4.61)
ATZd BeFe
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4.3.3 The FKG inequalities and monotonicity

The Peierls argument gave us the possibility of proving the existence of more than one
Gibbs measure in the Ising model. Still, even this argument is not constructive in the
sense that it allows us to exhibit particular sequences of finite volume measures that will
actually converge to different extremal Gibbs states. Of course it is a natural guess that this
should be the case if we take, for instance, a sequence of increasing cubes, and choose as
boundary conditions the configurations 1, = 41 and 5, = —1, forall x € Z¢, respectively.
Strangely enough, this is not that easy to prove and requires the help of so-called correlation
inequalities, which in turn rely strongly on specific properties of the model at hand. The
FKG inequalities, named after Fortuin, Kasteleyn, and Ginibre [103] are amongst the most
useful ones. We will briefly discuss them and some of their applications. For more material,
see [84].

Definition 4.3.12 Let the single-spin space S be a linearly ordered set. We say that a prob-
ability measure 1 on S, for a finite A C Z¢ satisfies the FKG inequalities or is positively
correlated if, for all bounded, F, -measurable functions f, g that are non-decreasing with
respect to the partial order on S, induced by the order on S, it holds that

u(fe) = u(fHu(g) (4.62)

Remark 4.3.13 The assertion (4.62) is trivial in the case when the underlying probability
space is a completely ordered set, e.g. if A is a single point and Sy is a subset of R. In that
case one just observes that

w(fg) — n(fHu(g) (4.63)
1
=3 / j(do) f J(d) (F(@) = F(D) (g(@) — g(x)) = 0

where the last inequality follows since, if both f and g are increasing, then whenever o and
T are comparable the two factors in the integral have the same sign. But on a completely
ordered space, this is always the case.

Theorem 4.3.14 [103] Assume that the cardinality of Sy is 2, and consider a ferromagnetic
pairinteraction. Then any finite-volume Gibbs measure for this interaction satisfies the FKG
inequalities.

Proof We will give a proof following Battle and Rosen [17] as given in Ellis [98] for
ferromagnetic Ising models with the Hamiltonian

Hp(o) = — Z Jy,y0x0y — thox (4.64)

xVyeA xeA

where all J, , > 0 and sup, 3_ s
specifications, ;Lg)A, as functions of real-valued variables 7n,, x € A€, rather than only
{—1, +1}-valued variables. The proof then proceeds by induction over the size of the volume

A. Note first that if |A| = 1, the assertion

Jy,y < oo. It will be convenient to consider the local

MZ,{X}(fg) = M?}_{x}(f)ﬂg,{x}(g) (4.65)
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holds trivially, as we just remarked. Assume that the assertion holds for A C Z¢. Take any
y € A€ and set A’ = A U {y}. We want to show that the assertion follows for any u;’,,A,,
and any two non-decreasing, bounded and F,/-measurable functions f, g. Notice first that,
by the compatibility of local specifications,

wpa(fQ) =D whploy =n)(uh A(f2)) (4.66)
ny==x1
> > i oy = n) (b A)) (1h A (2)
ny==%1

where we used the induction hypothesis. Since the sum over 5, satisfies FKG trivially, we
only need to show that ,ug’ A(f) is a monotone function of the variable 5, if f is mono-
tone. Suppressing all variables except 1, in the notation, this task reduces to showing that
ME,]A(f(‘*‘l)) > ,UVE‘]A(f(—l)). Since f(—1) < f(41), we may as well show the stronger

AN ED) = 5 (FD) (4.67)
Recalling that , may be considered as a real variable, (4.67) follows in turn from

d , . , .
HMZ‘,A(f(H)) = 11y (f(+l) > Jzyoy) - u}’;,A( zyay> g (f(+1) =0
y ZEA ZEA

(4.68)

where the first equality follows from explicit differentiation, and the second inequality holds
because ) ___, J:,0, is a non-decreasing function since all J, are positive. This concludes
the argument. O

We will now show how the FKG inequalities can be used to prove interesting facts about
the Gibbs measures.

Lemma 4.3.15 Let “Z, A be local specifications for a Gibbs measure that satisfies the FKG
inequalities. Denote by + the spin configuration n, = +1,Vx € Z. Then

(i) Forany A C 7%, any n € S, and any increasing function f : Sy — R,

RGO EL IS (4.69)

(it) For any Ay D Ay, and any increasing function f : Sy, — R,

1A () < wha, () (4.70)

Proof For the proof we only consider the case where Sp = {—1, 1}. We first prove (i). Let
x € A€, and consider 7, as an element of [—1, 1]. We will show that “Z A(f)is increasing
in n,. If this is true, (4.69) is immediate. Now compute

d
—ugaf) = Z By (1 40y ) = i a (@)1 () (4.71)

01 e

Since all J, are positive, and since oy is an increasing function, by the FKG inequalities
the right-hand side of (4.71) is non-negative and (i) is proven.
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To prove (i), consider 1y ,, (41, f). By FKG,

M;Az(]l"'lAz\Mf) = MEAZ(]LHAZ\A])MEAZ(JC) 4.72)
Zg A
=exp| B Z Joy =B Z hs #M;Az(f)
xyen§ XEA\A B.A2
xVyeAr\Aq

where the equality uses the DLR equations. On the other hand, applying the DLR equations
directly to the left-hand side of (4.72), we get

AN
win (M ) =i Nexp [ B3 T =B 3o he| 55 @73)
x.yeA‘l' xeA\A B. A2
xVyeAs\Aq
and combining both observations we have (ii). O

An immediate consequence of this lemma is:
Corollary 4.3.16 Under the hypothesis of Lemma 4.3.15:
(i) For any increasing and absorbing sequence of volumes A,, C 7, the limit
limuf, =ut 4.74
Jm Kp.a, = B (4.74)

exists and is independent of the particular sequence.
(ii) The Gibbs measure ,u; is extremal.
(iii) Similarly, the limit

li A =g 4.7
anrglol’Lﬁ,An Hg (4.75)

exists, is independent of the sequence A, and is an extremal Gibbs measure.
(iv) For all Gibbs measures for the same interaction and temperature, and any increasing,
bounded, continuous function f,

w5 () < mp(f) < p(f) (4.76)

Proof Note that compactness and monotonicity (4.70) imply that, for all increas-
ing, bounded, continuous functions, for any sequence, A,, of increasing and absorbing
sequences, the limit /L; A, (f) exists. Let A,, A} be two such sequences. Since both
sequences are absorbing, it follows that there exist infinite subsequences n; and n), such
that, forallk € N, A, C A:;’k CA But this implies that

Ngg1*
. + _ . +
&ITIO% Hg A, = IPTI?O HB A, () 4.77)
. + _ . +
> ;3#?0 tp.n;, (f) = lerorl Mg ()
and
. + _ . +
31?1}01) Kg o, (f) = ;1#?0 Kg ., () (4.78)

< lim uf ,, = lim u} ,,
_lergloMﬂ,A f anroréuﬂvAn(f)

ng
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and so
. JF _ . JF
,PTTC Kp a, () = ,PT?Q g () 4.79)

Thus, all possible limit points of ,ug A coincide on the set of increasing, bounded, con-
tinuous functions. But then, by standard approximation arguments, the limits coincide
on all bounded continuous functions, which implies that the limiting measures exist and
are independent of the subsequences chosen. This proves (i). To prove (ii), assume that
,u,; is not extremal. Then there exist two distinct Gibbs measures p and v such that
,u; =oapug + (1 — a)vg, with > 0. In particular, for f increasing,

g (f) = app(f) + (1 = a)p(f) (4.80)

Now, by (4.69) and the DLR equations, for any local increasing function f, for all A so
large that f is FA-measurable, for any Gibbs measure vg,

ve(f) = v (i a () < 15 a(f) (4.81)
Since ;L]_; A converges to /L;, this implies that
ve(f) < 15 (f) (4.82)

Thus, (4.80) can only hold if both pg(f) and vg(f) are equal to /L;(f). But then, by the
same argument as before, we conclude that g = vg = ,ug, contradicting the assumption
that ug and vg are different. This proves (ii). (iii) is obvious by repeating all arguments
with decreasing functions, which also yields the complementary version of (4.82), which
implies (iv). O

As a final result we will show that in the presence of FKG inequalities, the uniqueness of
the Gibbs state can be tied to a so-called order parameter. If i is a Gibbs measure, we set

= hm m Z“( o) (4.83)

+

. . . . . . +
provided the limit exists. We will also use the notation my = mhe.

Proposition 4.3.17 Consider a translation-invariant system for which the FKG inequalities
hold. Then the two measures ,u; and |1y coincide if and only if mg =myg.

This result is due to Lebowitz and Martin-Lo6f [163] and Ruelle [213]. We give a proof in
the Ising case following Preston [207]. It is based on the following simple lemma:

Lemma 4.3.18 Consider a model with Ising spins for which the FKG inequalities hold.
Then for any finite sets A, B C A,

Wi (oaus = +1) — py (©0avs = +1) (4.84)
< pgloa=+1)—pg(oa =+ + pjlop = +1) — pgz(og = +1)
(where o4 = +1 is shorthand for V,cpo, = +1).

Proof Notice the set-equality

]IO'A:+1/\O'B:+1 = ]I(TA:+1 + ]I(TB:+1 - ]IHA:+1VUB:+1 (485)
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This implies that

Wi @avs = +1) — (15 (@avs = +1) (4.86)
= f(oa = +1) = pg(oa = +1) + uf(op = +1) — pp(op = +1)
+ug(oa=+1Vop=+1)—pujloa=+1Vop=+I)
But {o4 = +1 Vv op = +1} is an increasing event, and so, by (4.76),
ME(GA=—|—1VUB=+1)—M;§(GA=+1\/UB=+1)§O 4.87)

This implies the assertion of the lemma.
In the Ising model, all local functions can expressed in terms of the indicator functions
I,,—+1, for finite A C A. By repeated application of Lemma 4.3.18, we get

0<ufon=+D—uzon=+D <Y pflor =+ -z =+1)  (488)

XeA
Therefore, if, for all x, u;(ax =+ = pgz(or =+1), it follows indeed that M; = g
This concludes the proof of Proposition 4.3.17. O

The (macroscopic) functions m* are called order parameters because their values allow
us to decide (in this model) on the uniqueness, respectively co-existence, of phases. One
can generalize this notion to other models, and one may set up a general theory that is
able to produce interesting abstract results (see [125]). Recall that, after all, extremal Gibbs
measures are characterized by their values on the tail sigma-field, i.e. by their values on
macroscopic functions. The general philosophy would thus be to identify a (hopefully) finite
set of macroscopic functions whose values suffice to characterize all possible Gibbs states
of the system. We will not enter this subject here, but will have occasion to return to the
notion of order parameters in our discussion of disordered systems.

Remark 4.3.19 One would tend to believe that, in the Ising model, the Gibbs measures
,u§ should be the only extremal Gibbs states. However, this turns out to be true only in
dimension d < 2, as was proven by Aizenman [2] and Higushi [138] (see also [126] for
a simplified proof). In dimension d > 3, it is only true that these two states exhaust the
translation-invariant extremal Gibbs states. This was first proven for low enough temper-
atures by Gallavotti and Miracle-Solé [111], and only very recently by Bodineau for all
B # B. [30]. Dobrushin [90] (see also van Beijeren [243]) showed that in d > 3, for low
enough temperatures, there exist further non translation-invariant states (called Dobrushin
states), that describe states with an interface separating two half-spaces where spins are
predominantly positive, respectively negative in the corresponding regions. They can be
constructed with mixed boundary conditions (e.g. n, = +1, x3 >0, n, = —1, x3 < 0).
The full classification of extremal states in d > 3 is not known.



Cluster expansions

Derriere la série de Fourier, d’autres séries analogues sont entrées dans la
domaine de I’analyse; elles y sont entrées par la méme porte; elles ont été
imaginées en vue des applications.'

Henri Poincaré, La valeur de la science.

Most computational methods in statistical mechanics rely upon perturbation theory around
situations that are well understood. The simplest one is, as always, the ideal gas. Expansions
around the ideal gas are known as high-temperature or weak-coupling expansions. The other
type of expansions concern the situation when the Gibbs measure concentrates near a single
ground-state configuration. Such expansions are known as low-temperature expansions.
Technically, in both cases, they involve a reformulation of the model in terms of what is
called a polymer model. We begin with the high-temperature case, which is both simpler
and less model-dependent than the low-temperature case, and show how a polymer model
is derived.

5.1 High-temperature expansions

We place ourselves in the context of regular interactions, and we assume that § will be small.
In this situation, we can expect that our Gibbs measure should behave like a product measure.
To analyze such a situation, we will always study the local specifications, establishing that
they depend only weakly on boundary conditions. The first, and in a sense generic, step
consists in computing the partition function

Zyp Z/dpA(UA)eXP B Z D 4(0n; M) (5.1)

ANA£D

The basic idea of the high-temperature expansion is to use the trivial formula

exp (B Y. Paton,na)) = [] exp(BPalon, nao)) (5.2)
ANAFED ANAFED
= [] a+expBPaton,na)—1)
ANA#£D

! Approximately: After the Fourier series, other series have entered the domain of analysis; they entered by the
same door; they have been imagined in view of applications.
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to think of e#®4(a-11¢) _ | a5 being small, and consequently to expand the product over the
A’s into a sum

1_[ (1 + ePPalonsine) _ 1) — Z 1_[ (eﬁch(UA,nAC) _ 1) (5.3)

ANA#D GeGy AeG

where G, is the set of all subsets of the collection of all finite sets A C Z¢ that intersect A
(without repetition). Of course, in concrete examples, this set can be reduced to those sets
A for which ® 4 # 0. The elements of the set G, will be called polymers.

Example: In the case of the Ising model with zero magnetic field, the only relevant sets
A are pairs of nearest-neighbour bonds < x, y >. The sum is then over all collections of
subsets built from such bonds. These are nicely interpreted as graphs on the lattice. In this
case, the collection of possible polymers intersecting A is finite.

Definition 5.1.1 If G = (A, ..., A,) is a collection of sets, we call G = U!_, A; the sup-
port of G. We say that a polymer G C G, is connected if it cannot be decomposed into
two subcollections, whose supports are non-intersecting, i.e. if, for any decomposition
G =(g,¢), gNg #@. Two connected polymers are called non-intersecting if their sup-
ports have err?pty_intersection.

Remark 5.1.2 Note that in this definition the constituent sets A that make polymers are
considered connected.

Lemma 5.1.3 Any polymer G € A can be uniquely decomposed into a collection of mutu-
ally non-intersecting connected polymers gy, . .., g such that G = Uf;l gi.

Proof Any G € G, is of the foom G = (Ay, ..., A,), where the A; are subsets of /i
that intersect A. If G is connected, we are done and G = g. Otherwise, we may pick A,
and look for the largest subset (A; = A;,, ..., A;) that is connected. Call this connected
polymer g;. Now all other subsets A; € G do not intersect any of these A;, . Then pick any
of the remaining A; and form the maximal connected set g, etc. In the end we obtain a
decomposition G = (g1, ..., g) into connected polymers such that, for any g;, g; in the
collection, the supports of g; and g; do not intersect. We have to verify that this decom-
position is unique. Thus assume that there are two different ways to decompose G, say
G=(g1...,8)and G = (g} ..., g)- If these decompositions are different, there must be
one g’, say g, such that g] is not equal to any of the g;; in particular, there mustbe a g; # g}
such that g} N g; # @. Still there must be B that is an element of the symmetric difference
giAg) = (g U g\ (g N g). Assume without loss of generality that this set B € g;. But
now B C g} for some j # 1, while it is not in g} > A. But there is a connected cluster in
G containing both A and B, namely g;, and so it follows that g} and g} are intersecting,
contradicting the hypothesis that they are maximally connected components. O

Definition 5.1.4 Let g be a connected polymer. We define the set g = UacgA to be the
support of g. Then the activity w’, (g) is defined as

wy\(g) — /dlogﬁAo'gﬂA 1_[ (eﬁq)A(UAmAJIAmAf) _ 1) (5.4)
Aeg
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Figure 5.1 A compatible collection of polymers.

Lemma 5.1.5 Let G = (g1, . - ., gu) be a polymer with connected components g;. Then
/ dpa(on) [T (ePPrrnmand — 1) = [Tw} (i) (5.5)
AeG i=1

Proof This formula follows from the simple observation that, by the definition of con-
nectivity, different components g; involve integrations only over spin variables on disjoint
sets g. ]

Remark 5.1.6 Note that w,(g) depends on nuc only if g is a connected component of G
that intersects the complement of A.

A simple consequence of Lemma 5.1.5 is:

Theorem 5.1.7 (Polymer representation.)  With the definition above

00

n
Z?\,ﬂ = Z % Z ]Ivi#jgifgj 1_! w?\(gi) (5.6)

n=0 81,82+-++8n i=

where the sum is over connected polymers and g + g’ means g and g’ are not connected.

Remark 5.1.8 The factor 1/n! takes into account the fact that relabeling the connected
polymers gives the same polymer G. One frequently expresses the sum in (5.6) as a sum
over compatible collections of connected polymers, where compatible just means that all
elements of the collection are mutually disconnected. A compatible collection of contours
is depicted in Fig. 5.1.

The formulation of the partition function given by Theorem 5.1.7 can be seen as a
particular instance of a more general class of sums where connected polymers are elements
of certain sets endowed with a compatibility relation, and with certain weights, called
activities. The question one wants to pose then is: under what conditions can these sums
be evaluated through convergent series? Thus, before continuing our investigation of high-
temperature expansions, we will address this general question in an abstract context.
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5.2 Polymer models: the Dobrushin—Kotecky—Preiss criterion

Abstract polymer models are constructed as follows. Assume that there is a countable set
I" endowed with the structure of a simple,? loop-free® graph G. Of course, without loss of
generality, we can take I" to be the set of natural numbers or a subset thereof. Moreover, we
will assume that N is endowed with the structure of an infinite graph, G,, once and for all,
and any subset, I C N, is naturally endowed with the induced graph. We say that g ~ g, if
and only if (g, g’) is an edge of G. Otherwise, we write g #* g’. Let, furthermore, w : ' — C
be a complex-valued function on I'. We define a function Zr = Zr((w(g), y € I')) on CT
through

o0 1 n

Zr=)Y — My qre, | [w(gi) (5.7)

n=0 """ gi,..., g, Cl i=1
Clearly (5.6) is a special case of such a function. It will be useful to think of the sum in
(5.7) as a sum over all completely disconnected subsets of I". To make this notion precise,
we will say that G C I is completely disconnected if the subgraph induced by G on G has
no edges. Let us denote the set of completely disconnected subsets of I" by Dr,

DFEUQO {(g1,....80) CT: Vigjr 8 # 85} (5.8)

Then (5.7) can be written as

Zr=Y [Jwe® (5.9)

GeDr geG

Our aim is to show under which conditions it is true that the logarithm of Z- can be written
as a convergent power series in the (complex) variables w(g). Here the logarithm of a
complex number z = a + ib with a > 0 will be understood to be In(a + ib) = % In(a® +
b?) + i arcth(b/a). We will make sure in the course of the proof that we need compute
logarithms only on this domain of the complex plane.*

That is, we will seek to write

InZr =Y Kc[]w (5.10)

CceC geC

where the sum should run over a suitable set C and the K. are constants. Stated as such,
both expressions (5.9) and (5.10) will be infinite most of the time when I is infinite. If T’
is finite, the expression for the partition function is necessarily finite, but it will most likely
diverge as the size of I" tends to infinity. But even if I is finite, we will need conditions
for the logarithm to be representable as a convergent series.> What we really would like to
obtain is a condition that allows us to write (5.10) as a (possibly infinite) sum of expressions
that are under suitable conditions finite all the time, and that suffice to compute the free
energy per volume as a finite expression in the limit as A goes to infinity.

2 T.e. each edge appears only once. 31e. (g, g) is not an edge of G.

4 That means, in particular, that we will identify a domain in C!T! in the variables w(g), containing the origin in
the variables w(g), on which the real part of the partition function does not vanish.

5 Already if I' = {1}, we have Z = 1 + wy, but In Z = In(1 4+ w;) will be an absolutely convergent series in w;
only if jw;| < 1.
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A natural candidate for an expression that may remain finite is a sum over connected
sets® containing a given element. It remains to guess what could be a candidate for the
set C. Since taking the logarithm involves power series, it is natural to guess that we will
end up finding sums over terms where the elements of I" can occur arbitrarily many times.
Thus we consider the set of all collections of elements of I" with repetition, such that the
induced graph of this set is connected. Formally, we think of these sets as multi-indices
n = (ny, ..., nyr)), where ng counts the number of occurrences of g. Frequently, one refers
to multi-indices as clusters. Thus, we can define

Ci={neNy: {geTl: n, > 1} is connected} (5.11)

Theorem 5.2.1 Let I be any finite subset of N, and let a : N — R be chosen arbitrar-
ily. Let PE C CU be the set of complex numbers w(g), g € T, such that, for any g € T,
lw(g)|e®® < 1, and

> (- (1= @)le)) < ate) (5.12)
§'~8

Then, on Pf, In Zr is well defined and analytic. In particular, there are constants K,, such
that

InZr =Y K, []w) (5.13)

neCy g'ell
and forany g € T,
1Kl [T lw(ehl™ < —In(1 — Jw(g)le“®) (5.14)

neCing>1 g'el’

Remark 5.2.2 Note that the sets Pf, for any choice of a, are non-empty and contain a
neighbourhood of the origin, In general, Pf is a poly-disc. Moreover, if w € Pg, then any
of its projections to C" will be in Pg.

Remark 5.2.3 Equation (5.13) is called a cluster expansion or Mayer expansion.

Our first observation is that the constant K, is independent of I" and depends only on n.
Lemma 5.2.4 Let n € Cy, and let Ty, denote the subset of N on which n is non-zero, i.e.
Fhn={gel:n, >1} (5.15)

Assume that T, is finite, and that all |w(g)| are so small that In Zr has a convergent
expansion of the form (5.13). Then, for allT D T,

1 §2gera Mg
- In
nge[‘,, I’lg' ngr,, 9 gw(g)

Proof Considering Zr as a polynomial in the variables w(g), g € I, the identity (5.16),
with Zr, replaced by Zr, follows from Taylor’s formula, with a-priori I'-dependent K,,.

Ky = (5.16)

Zr,

n

w(g)=0, Vgel'

% We say that a subset C C I is connected if the induced graph on C is connected.
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But now write

zZr= Y [Jweo+ > JJwe =2z, +z (5.17)
eG

GeDr, geG GQ(GI‘E\?;)#W g
where
zZir= Yy [Jwe (5.18)
GeDr  geG
GN(T\Tp)#0
Thus
I
Zyp
InZr =InZr, +1In (1 + ) (5.19)
Zr,
But

¢
z 2 (1)t [z
In[1+ 22 ) = r (5.20)
(%)= (%
and, expanding further, all terms appearing contain some factor w(g) with g € I'\T",. None

of the differentiations in (5.16) removes such a factor, and thus, setting w(g) = 0 in the end,
all terms vanish, so that

9T sern s ( ZF”) 0 5.21)
ngl",, 3 gw(g) Zrn w(g)=0, Vgel'
so that we get (5.16). This proves the lemma. O

Remark 5.2.5 The estimate (5.14) implies that the functions

Y Ka]Jwey (5.22)
neCiing>1 g'el’
are convergent series for any I' C N whenever the variables w(g) satisfy the hypothesis
(5.12). Thus, these functions are holomorphic functions of the |I"| complex variables in the
respective poly-disc. Due to the observation of the preceding lemma, we can also define these
functions for I' = N and obtain, due to the uniformity of the estimates (5.14), convergent
sums.

Corollary 5.2.6 Assume that there is a function a : N — R such that for any g € N,

Y (= In(1—Jw(ghle’®”)) < ale) (5.23)

Nag'~g

Then, for any function w : N — C such that w(g’) satisfies condition (5.23), forany g € N,
the series

F@y= Y, Ki]]w)™ (5.24)
neCying>1 g'eN

where K, is defined by the right-hand side of (5.16), is absolutely convergent, and rep-
resents an analytic function of any of the variables w(g"). Moreover, if w(g) = w,(z) are
holomorphic functions of a complex variable z, and if D C C is a domain such that, for
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all z € D, (5.12) is satisfied for all g € N, then the series F(g), as a function of z, is
holomorphic on D.

Proof (of Theorem 5.2.1) The theorem will be proven by induction over the cardinality
of the sets I, i.e. we will assume that the theorem holds for all sets of cardinality |['| = N
and then deduce it for all sets of cardinality N + 1.

It is already instructive to verify the theorem for the case N = 1. Here the hypothesis is
void, while the assertion states that

Z |Kyw(1)'| < —In(1 — [w(D)]) (5.25)
n=1

where In(1 + w(1)) = Z;’OZI K,w(1)". Clearly, in this case K, = % which implies
(5.25) with equality.

The key identity that will allow us to carry through the induction is a formula similar to
(5.17). Let 'y be any set of cardinality N,andlet g & I'y. Set 'y+; = 'y U {g}. Then any
G € Dr,,, is either a completely disconnected set of elements taken only from I'y, and
thus is an element of Dr,,, or the collection G contains g, and is completely disconnected
in " U g. Thus

Zro,o= Y, [Twehr+ Y. J]we) (5.26)

GeDr,, g'cG GeDry, | ¢'€G
geG

Zry +w(g)Zry
Here we have defined

My={gely:¢#¢g (5.27)

the subset of elements of I" that are not connected to g. The first equality in (5.26) is obvious.
To see the second one, note that for any G in the second sum, one of its elements is g. Thus
we can write G = (g, G’). Since g can occur only once in G, G’ is made from elements of
I"y. Moreover, since G € Dr, ,,, none of these elements may be connected to g, so in fact G’
is made from elements of l"fv. Moreover, these elements must be completely disconnected,
which means that

o JJwehr= > we [] we)=2Zrywe (5.28)

GeDry ., g'eG G'eDg g'eG’
geG N

Now the nice thing is that both Iy and I'§; are sets of no more than N elements, and thus
the induction hypothesis can be applied to both partition functions on the right-hand side
of (5.26). We want to write

Zrs
InZyr,,, =InZr, + 1n<1 +w(g) le:N> (5.29)
N
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Z.e
To be able to do so, we must ensure that the term |w(g)%| is strictly smaller than one.
N

But (with the abbreviation W, =[], w(g")"),

ZI‘§

- =exp D KaWa— Y KW, (5.30)
Ty neC neCy,
N
=exp| — Z K,W,
neCiy\Ciy

where we used the fact that, if I C T, then Cf, C Cf. The set CI’EN \Cl’ig is obviously the set
N
of all connected multi-indices that contain at least one element that is connected to g,
Cr, \Cr. {ne Cr,.3g el g ~g Ang > 1} (5.31)

rs =

This allows us to bound

Zps

<expl+ Y IKallWl (5.32)

N\ O
neCy, \(,’ri]

Ty

Now

AN A D S AA (5.33)

neCfiN\Cl’jg g/el“,g/~gneCIfN,z1g/zl
N
= Y (1= twele®)| < ate)
g'ely, g'~¢

where the last-but-one inequality uses the induction hypothesis, and the last inequality uses
the condition (5.12). Equation (5.33) implies in particular that, on Pf

I'nvUg?
Zs
lw(@)] || < lw(@)le”® <1 (5.34)
Zr,
Under these conditions, we can write, using (5.29),
InZr,, = Y KiWy (5.35)
neleN

k

= (1)
- Z w(g)exp| — Z K, Wy

k=1 neCiy\Ciy

Expanding the powers in the second term, it is manifest that we will obtain an expression

that is a polynomial in w(g’), where each monomial will involve at least one power of w(g),

and where the corresponding multi-index belongs to Cr, |
Now write the obvious formula

InZry, = > KaWat > KiW, (5.36)

neC neCk
TNt1 TN41
ng=0 ng=1

.
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Since the set
{necy,. . ng=0}=Cp, (5.37)

we recognize the first term in (5.36) as the logarithm of the partition function Zr, , and thus
deduce that

Zr}ﬁ’v
Z K,W, =In( 1+ w(g)
Zyr

neC;
'n

) (5.38)

N
+1
ngzzl

Inserting the expansion (5.33), we see that
k

D Kl Wal

neC
N1
ng:Zl

IA

lw(g)lexp| D IKullWal

N
neCrN \Crfv

1=

00
k=1

—In[ 1—|w(glexp| Y [KullWil

N\ O
neCy, \Criz

IA

—In(1 — w(g)[e“®) (5.39)

which is indeed the assertion of the theorem for I'y ;. Since the foregoing argument holds
for any g ¢ I, the inductive step is concluded and the theorem proven. O

Remark 5.2.7 The first proof of the convergence of the high-temperature expansion in
a lattice model, due to Gallavotti, Miracle-Solé and Robinson [110, 112], did not use
polymer models but was based on the Kirkwood-Salsburg equations [149]. The notion
of a polymer model was introduced by Gruber and Kunz [132]. The idea of the Mayer
expansion was introduced in the physical literature, probably by Mayer [175], in the study
of interacting gases. Convergence of the Mayer expansion in polymer models was first
proven for repulsive gases by Rota [212], and later by Cammarota [70]. These proofs were
based on combinatorial bounds on the coefficients K,, which were represented as sums
over connected graphs (controlling the possible connectivity structure of the multi-indices
n). The key observation was that these sums could in turn be bounded by sums over trees, of
which there are sufficiently few to achieve convergence. These techniques were simplified
and stream-lined in works of Battle [15], Glimm-Jaffe [129], Federbush [16, 99], Brydges
[65,67], V. A. Malyshev [172], and others. A good exposition of this combinatorial approach
is given in Simon’s book [224]. A formulation of the convergence condition similar to that
of our Theorem 5.2.1 appeared in 1984 in a paper by R. Kotecky and D. Preiss [155],
and their analogue of the condition (5.12) is known as the Kotecky—Preiss criterion. Their
proof makes use of the so-called Mobius inversion formula, which allows us to express the
logarithm of a sum over disconnected sets as a sum over connected clusters. This was the
first major step towards a reduction of combinatorial efforts in the convergence proofs.
The present form of Theorem 5.2.1 was first proven by R. L. Dobrushin [91], who
also initiated the idea of proving convergence by induction over the set of polymers. The
observation of Lemma 5.2.4 is also due to him. The main difference between his proof and
the one presented here is that he used the Cauchy integral representation for the coefficients
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Figure 5.2 A connected cluster of polymers.

K, to obtain bounds and to prove convergence. The idea of proving the estimates necessary
for convergence directly by induction is due to M. Zahradnik, and was first used in a paper by
F. Nardi, E. Olivieri, and M. Zahradnik [181], with a different form of the hypothesis (5.12)
(that gives slightly worse estimates on the domain of analyticity). Independently, S. Miracle-
Solé [180] gave a very similar proof. This was further elaborated in the paper [61], where
we observed that the method of proof can also yield the conditions in Dobrushin’s form, i.e.
Theorem 5.2.1. The first purely inductive proof of the theorem in this form is, however, due
to A. Sokal [228]. An extensive discussion, dealing with more general models, and making
connections to Lovasz’ Lemma in graph theory, can be found in a recent paper by Scott and
A. Sokal [219]. A concise exposition that also covers the case of continuous state space is
given by Ueltschi in [242].

5.3 Convergence of the high-temperature expansion

We will now use the general convergence criterion for the polymer model to obtain a conver-
gence criterion for the high-temperature expansion. The polymers are now the connected
polymers g from Section 5.1, and the graph on this set is derived from the connectivity
defined in Definition 5.1.1. A connected cluster of such polymers in shown in Fig. 5.2. All
we need to do is to establish criteria for the interaction under which in this context (5.12)
holds.

First, we will use the bound

|w7\(g)| < H (eﬂuquum _ 1) = l‘[ v(A) (5.40)

Aeg Aeg

We will choose a(g) = ZAeg a(A) withd(A) = c|A|, and ¢ to be determined later. We will
assume that, with this choice, v is such that there exists K < oo such that, for all k > 0,

sup » v(A)e" WAl < k1K (5.41)

X€Z4 A5y

Lemma 5.3.1 Assume that the temperature and activities are such that (5.41) is satis-
fied with a(A) = % |A|. Assume that © is a translation-invariant interaction. Then the
polymer activities satisfy the Dobrushin—Kotecky—Preiss criterion (5.12).
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Proof To simplify the argument, we will use that, for0 < x < 1/2, —In(1 — x) < 2x, and
show that the stronger condition

> 20(ghe™®) < a(g) (5.42)

g'~g

holds for suitable choices of a (where v(g) =[] Acg v(A)). The key idea of the proof is
to use the fact that, if g’ = (A, ..., Ay) is a connected polymer, then there exists a tree’
on the set {1, ..., k} such that, if (i, j) is an edge of the tree, then A; N A; # (. While
there are several ways to assign a tree to a polymer, it is possible to choose a rule that
makes this assignment univalent. Moreover, if g’ is connected to g, then (at least) one of its
components intersects g. Without loss of generality, we can assume that this component is
Aj. We will single out the vertex 1 of the tree and consider it to be its root. In the sequel,
all trees appearing will be understood to be rooted in the origin. Next observe that, if ® is
translation invariant, then so is v(A). Thus we get the first simple estimate

> " 2u(ghe" < |g] > 2v(ges” (5.43)

g~g 830

From this estimate it is clear that we will need to choose a(g) > |g|. On the other hand, we
will succeed if we can show that

Z 20(g")e"®” < const. (5.44)

830

Now

sz(g’)e“g’):; 1)'2 Z 21_[v(A )ed (A0 (5.45)

g/30 A] Ao, i=1

The idea is to sum over the sets A; starting from the leaves (= vertices of coordination
number one that are not the root) of the tree and to use (5.41). Note that a vertex £ to which
¢ — 1 leaves are attached produces a factor

c—1
|Agl*! (Z v(A)W ) < AT K (5.46)
As0

This explains the necessity of having the conditions (5.41) with k > 0. It also shows that it is
important to keep track of the coordination numbers of the vertices of the tree 7. Therefore we
will sum first over the possible assignment of coordination numbers,? ¢y, . .., ¢, (satisfying
Zf:] ¢; = 2(k — 1)), and then over all trees with these coordination numbers:

Z Z 2]_[U(A)e“<f“— Z Z Z 2]_[v(A)e”<A> (5.47)

Ap,A, e A i=1 Clyeees ck tici(t)=c; A1A2. Ak i=1
1A, Ak) 1 HAY, .y Ap)=t

7 A tree is a graph that is connected and contains no loop.
8 I learned this from a lecture given by Jiirg Frohlich at the ETH Zurich in 1982/3, of which there are
handwritten lecture notes by Giovanni Felder. I am not aware of any earlier publication of this trick.



84 Cluster expansions

Summing successively over all A;, starting from the leaves, then the leaves of what is left,
and finally over the root, we get the estimate

Z ZHU(A el < chu]_[(c Y (5.48)

Al Ay A =1
HAL, . Ap)=t

Finally, we must count the number of trees that have given coordination numbers. This is a
classical formula, due to Cayley [21], and it states that

Z = e (5.49)
tici (1)=¢; (cir = D! (e = D!

Remark 5.3.2 The proof of this formula is simple and uses induction over the number of
vertices. It can be found in Simon [224].

It follows that

Z Z 21_[v(A yed (4

Ap,Ags e A i=
HA] s A=t
k —2)! L
=2 Kfei! | (e = D!
]Zk (cr = D! (e — D! ll:!
> ej=2(k—1)
=2 > ak-2k* (5.50)
Zt,:év(k )]

Finally, we use that ¢; < k — 1, and that

Y= (2(]‘]: 1)) <2k (5.51)

to see that
Yty X% 2w 552
k= ) ApAg A =
HA],.. Ak) 1
o0
<) 20QK) = 5.53
< X:: @K =% (5.53)
Thus, we can choose a(g) = ZAeg 2% |A| and impose as a condition on v(A) that
> Iv(A)IlAl"e%‘A' < Kk! (5.54)
A30
O

Exercise: Assume that Y., _y [®allec < Ce™, with § > 0. Show that there exists
Bo > 0 such that, for 8 < By, the DKP criterion is satisfied.

We will now show a few implications of Lemma 5.3.1 . The first is, naturally, the existence
of a convergent expansion for the free energy.
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Theorem 5.3.3 Assume that we are given a regular, translation-invariant interaction ®,
and assume that the hypothesis of Lemma 5.3.1 is satisfied. Assume that A\, is an increasing

and absorbing sequence of subsets of Z¢ and lim, 400 l“)[i\ "‘l = 0. Then, foranyn € S,
1
lim — In Z} K w s 5.55
ging>

Here we have set n = Ugin,>18-
Proof Under our assumptions, for any given A, it holds that

nZj,= Y K [[ (wh(e)™ (5.56)

neCy, ging>1

where I", are all connected polymers that can be constructed from sets A intersecting A.
It will be convenient to split this set into those polymers that are contained in A, and those
that intersect both A and its complement. Note that, if g is contained in A, then its activity
does not depend on either A or 7, so that

nzj,= > Ko [| Wi@)“+ Y Ku [] (g (5.57)

nEC* gng>1 neC* ging>1
nﬂ/\"#[ﬂ nCA

The second sum can be written as

> K [T ey =3 Z - T wer (5.58)

nect, ging>1 XENA neCf gn >1
nCA )encA
L
=2 2 i [T =37 37 o0 [T wer
XeEA necr |H| ging>1 XEA necr | | ging>1
‘E" rénm\‘#w
K
=AY =[] - >0 K [] ey
necﬁzd |—| ging>1 necl*i/\ ging>1
Oen nNA#PARNAC AP

Note that the addition or subtraction of clusters that are not contained in A produces a
term that is fully translation invariant and that yields the desired expression for the infinite-
volume free energy density in terms of a convergent series, while the second sum involves
only clusters that cross the boundary of A and thus will be seen to give a contribution that
vanishes in the infinite-volume limit. We still have to show that the coefficient of |A| in
(5.58) is uniformly bounded. But, using the assertion of Theorem 5.2.1,

>t 'K' I rweeor

Z H (w(g)™| <
neCii = ging>1 g':g'20 neCiEWd = gmng>1
Oeg ”g{]
< Y (—In(1—|w(@)le®))
g':g'20
<a(0) (5.59)

where the last inequality is obtained by identifying 0 with the support of a one-site polymer
situated at the origin.
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It remains to show that the first term in (5.57) and the second summand in (5.58) tend to

zero when divided by |A|. But this follows easily, since these sums only involve clusters
that intersect the boundary of A. Thus we get, using the same arguments as before, e.g.

> Z H(w(g))” > Z Al “ T wen| < 19Ala0)

XEA ne(‘* = ging>1 XEIA | neCf: 4 ging>1
renﬁAL #Vl xen
(5.60)
which tends to zero when divided by |A]. O

From the computation of partition functions we can easily pass to computing correlation
functions, i.e. expectation values. It will be enough to compute probabilities of events of the
form {0, = 1., x € D}, D C Z¢, and these can be expressed as ratios of partition functions
z; A, and Zj o,»where A} = A, \ D.Applying the cluster expansion in both the numerator
and denominator, we see that there is a huge cancellation of terms, and only multi-indices
that intersect D will survive:

T =exp| D Kn( [T (i @)= T1 (wx,xg))”g) (5.61)
A

g necfi/\ ging>1 ging>1
nNDAD
Since the respective sums converge absolutely, we can take the limit n 1 co and obtain
expressions that do not depend on the boundary conditions 7, except for 7p,
n

lim
ntoo Zﬁ,A,.

=exp| ) Kn( [T @he@) - 1 (w,s(g))”g)

neLer gng>1 ging>1

= up (02 = 1., x € D)) (5.62)

nNDE)

Note that (5.62) gives an alternative proof of the uniqueness of the Gibbs measure for regular
interactions at high temperatures, since the explicit expressions for marginals of the Gibbs
measure in the thermodynamic limit are independent of the sequence of volumes and the
boundary conditions.

The explicit expressions for these correlations may look quite horrible, but they are not
as bad as they appear. After all, all sums are rapidly converging, and computing a few terms
already tends to give reasonable approximations. Explicit computation to high orders (say
20) is, however, a tedious task, to which a large number of people have devoted a great deal
of work. The objective of such computations has often been to try to get information beyond
the regime of high temperatures where convergence is assured, and even to use analytic
extrapolation ideas (e.g. Padé approximants) to guess the nature of the singularities of the
partition function at second-order phase transitions.

Example: The Curie-Weiss model Although the cluster expansion is not the tool of
choice for doing computations in mean field models, it may be interesting to see it in action
in amodel where we already know everything, namely the Curie—Weiss model. We recall the
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that the partition function (we set 7 = 0) is (with a slight modification from the convention
of Chapter 3)

Zgy=2" 3 efZiow (5.63)

ce(—1,1}¥

We will now use some special features of Ising spins, in particular the fact that
ePoioi/N = cosh(B/N)(1 + o;0; tanh(B/N)) (5.64)

which allows us to write

Zsn = [cosh(B/N)]" = Zyn (5.65)
with
Zgn=2"" " T] [] (oio;tanh(8/N)) (5.66)
oe{—1,1}V GeGy (i, j)eG
where Gy is the collection of all subsets of pairs (i, j), i, j € {1,..., N}, withi # j, i.e.

the collection of all simple, loop-free graphs on N vertices. The reduced partition function,
Zﬂ, ~, can be written in the form (5.6), with

wy(g) = [tanh(B/N)I"®27 3™ T oi0; (5.67)

ai,ieg(i,j)eg

and where the sum runs over connected graphs g on N vertices and b(g) denotes the number
of edges in the graph g. It is easy to see that the sum over o in (5.67) vanishes unless all
vertices i in y have a coordination number that is even, in which case the sum is equal to
2181, Thus

wN(g) = [tanh(ﬂ/N)]b(g) ]I{g has only even coordination numbers} (568)

We can now check the DKP criterion. We can take a(g) = c|g|, and so we only have to
bound )_ . [wn(g)le!®! to find c. To control this sum, we note that any g containing 1
can be obtained by performing a walk on {1, ..., N} starting at 1 that does not trace back
immediately, and that in the last step returns to 1. Thus, summing over all such walks
certainly gives us an upper bound. We get, using that |g| < b(g) and that the shortest closed
g has three edges,

N(N—1)/2
Y lweles < Y (N — DF ' [tanh(8/N)TFe (5.69)
g31 k=3
< tanh(B/N)e* Y~ N* tanh*(8/N)e*
k=2
N?tanh’(B/N)

< tanh(B/N)e™

1 — N tanh(8/N )e¢
For large N, N tanh(8/N) < B, so that

. a1
Y lw(g)les! < g INT! g e (5.70)
g~g
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so that the condition for ¢ becomes

N*153e30; <c (5.71)
1—Bec —
which can be satisfied for any 8 < 1 withc¢ = ¢'/N, ¢’ ~ 1/(1 — B). Thus we see that the
convergence of the high-temperature expansion is ensured whenever 8 < 1, in agreement
with the exact results. Note also that all terms in the expansion will be of order 1/N, in
agreement with the fact that in the Curie—Weiss model, with our normalization, the free
energy is equal to zero for B < 1.

Remark 5.3.4 The fact that we can control the DKP criterion right up to the critical point
B =1 is quite atypical. It is due to the fact that the activities of all high-temperature
polymers are a factor of 1/N smaller than the inverse of their number, since only loops
contribute. This allowed us to choose a(g) ~ N~!|g|. As soon as we add a magnetic field to
the Hamiltonian (i.e. break the spin-flip symmetry), this feature disappears and we get more
restrictive conditions for the convergence of the high-temperature expansion. Of course, if
we are careful enough with the combinatorics, we should be able to recover a domain of
convergence of the form 8 < 1 — O(h) if h is small.

5.4 Low-temperature expansions

The ideas developed for high-temperature expansions, together with what we observed in
the Peierls argument, suggest that it should also be possible to develop systematic convergent
expansions for the free energy (and hence expectation values) in the limit of low tempera-
tures. In fact, the Peierls representation of the Ising model at low temperatures suggests that
we should write the partition function as a sum over geometric entities — contours separating
regions of positive and negative values of o — that are connected, mutually disjoint, and
have small activities, just as for the polymers of the high-temperature expansion.

5.4.1 The Ising model at zero field

Let us first focus on the Ising model with zero magnetic field. It is convenient to write the
Hamiltonian in a slightly different form as

Hyo)= Y Ty, (5.72)

<x,y>NA#)

We will for simplicity only consider constant +1 or —1 boundary conditions outside of A.
Then the Hamiltonian is just the volume of the set

Flo)={<x,y>NA#0:0, #0,} (5.73)

The partition function can then be written as
Zga=y_ > el (5.74)
I' o:I'(c)=T

The set I' can be decomposed into connected subsets y1, . . ., ¥, that are called contours. In
the Ising model we can think of them (see Section 4.3.2) as closed loops on the dual lattice
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separating domains of spins with constant sign, which is the reason for the name ‘contours’.
Thus,

00 k
Zpa = /;1 % yz > e (5.75)

Loees Vi 0:0(0)=(Y1,5 0, 1) €=1
1 k
— Z a Z 1_[ Ly, He—ﬁlw\
k=0 "y i =1

where we used that the spin configurations are uniquely determined (for a given sign of
the boundary conditions) by the contours, and that all configurations of mutually disjoint
loops are compatible with some spin configuration. We see that the form of this partition
function is the same as that of the high-temperature expansion in Theorem 5.1.7. Moreover,
the activities are small if 8 tends to infinity, so that we can analyze this partition function
in exactly the same way as the high-temperature expansion, using the general theory of
polymer models. It is thus easy to show that, for large enough values of 8, we obtain an
absolutely convergent expansion for the free energy per site, and it is also easy to show the
existence of two Gibbs states, as was already proven using the Peierls argument.

However, this example is misleadingly simple. In particular, the perfect symmetry of the
interaction is used to remove all reference to the spin configurations. Already when we add
a magnetic field term to the Hamiltonian, this symmetry is lost and it is impossible to obtain
such a simple representation, since we need to keep track of the sign of the spins outside the
contours. Nonetheless, low-temperature expansions using the concept of contours are the
basis of the most powerful machinery for analyzing the phase diagrams of spin systems at
low temperatures, the Pirogov—Sinai theory [204, 205]. I will not give a detailed exposition
of this theory here, because an excellent pedagogical exposition is being written by Ch.
Borgs and R. Kotecky [37], which the interested reader should consult. I will only explain
the general setup of contour models and outline the main ideas in an informal way.

5.4.2 Ground-states and contours

In the zero-field Ising model, the contour representation can be seen intuitively as an expan-
sion around the obvious ground-states of the model, namely the configurations that are
constant, either +1 or —1. This notion of ground-states requires, however, a bit more care,
since we are dealing with infinite systems. The standard definition reads [6]:

Definition 5.4.1 Let ® be a regular interaction, and H, the corresponding finite-volume
Hamiltonians. A configuration n € S is called a ground-state for @ if and only if for all
finite A C Z¢

Ha(n) = airelg Hp(oa, na<) (5.76)

Examples: In the Ising model with zero field, the states that are constant are two obvious
ground-states in the above sense. But they are not the only ones. Another example is

1, ifx; >
S 5.77)

-1, ifx;<a
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as the reader can easily verify. In fact, the set of ground-states is typically extremely rich.
Below we will be mostly concerned with translation-invariant ground-states, which form a
small subset of all ground-states.

The basic idea of low-temperature expansions is that, for large 8, one should be able to
construct Gibbs states that are essentially supported on perturbations of the ground-states; at
least one would expect this for the translation-invariant ground-states. It may be surprising
that this turns out to be not exactly true.

The idea of a contour representation is to assign to a configuration n € S a partition of
74 into regions where the configuration looks locally like one of the translation-invariant
ground-states, and regions where it does not. The latter are called confours (by analogy
with the Ising example). They should carry considerable excess energy, and therefore their
appearance in the Gibbs measure should be suppressed. The precise implementation of
this general idea is unfortunately model dependent, and can be very cumbersome. In the
following we will consider only a relatively simple context, where we assume the following
to be true:

(i) The state space Sy is finite.
(i1) The interaction is finite range, i.e. there exists R < oo such that &, = 0 whenever
diam(A) > R.
(iii) There exists a set Q@ C Sy such that the constant configurations o, = ¢, q € Q, are the
only periodic ground-states of .

In this setting, we can decide whether, locally at x € 74 a configuration o ‘looks like’
one of its ground-states by looking only at a finite neighbourhood of radius R of x.

We define c(x) = g if n, = ¢ for all z such that |x — z| < R. One sometimes calls such
points g-points. Otherwise, c(x) is undefined. We set

F={zeZ :Iy:lz—y|<R:c(y) & 0} (5.78)

and

Ag(m) ={z € L) A c(x) = g} (5.79)

Observe that the actual non-g-points are surrounded by large layers of g-points. This
is done to avoid any interaction between different connected components of contours.
Figure 5.3 depicts a collection of contours and the sets of g-points.

Let us assume that Hx(g) = 0, and introduce the Hamiltonian with additional fields,

Hy(0) = Hy(0) + ) eglls (5.80)
xXeA

The important observation is that we can represent the energy of a configuration o in the
form

Ha(0) = Hanre)(0) + ZeqlAql (5.81)
q€0

where for lighter notation we write A, for A N A,. Moreover, by construction, given I'(o),
H Anr(o)(0) depends only on the configuration on I". If (Z R Zn) are the connected
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Figure 5.3 A collection of contours in a model with four colours.

components of ", then

Hrnro)(©0) = ) Hany 0)(0) (5.82)

i=1

This allows us to represent the partition function in the form

Z) =By, [[e /% e @ [T efeuld] (5.83)
i qeQ

1
- i Hany. VN
= D oy Mny o [ Je772 @ T eberltl
r i

qe0

= Z Eo, I (o aec)=r 1_[ w(y;) 1_[ ehealtal
T i

qeQ

where the w(y;) can be thought of as activities of the contours. We say that contours satisfy
a Peierls condition if

Eo Ip )=y w(y) < exp(—=Cly|) (5.84)

i.e. when their activities are exponentially suppressed.

The representation (5.83) looks similar to that of a polymer model, and we might hope that
the Peierls condition, with large enough C, would ensure convergence of the expansion for
the logarithm. However, there is an important difference: the configurations on connected
components of the boundaries of the supports of contours may have different constant
values, and a configuration of connected contours can arise only if these values can be
matched. For example, in the Ising model, we can think of an annulus-shaped contour that
is constant +1 outside and constant —1 inside. In the interior of the annulus we can then
only have contours that at their outer boundaries are —1. In cases where there are more
ground-states, the situation is similar and more complicated.

In the Ising model with zero magnetic field, this problem did not seem to be important
because we did not need to keep track of whether a contour separated 4+ from — or vice
versa, since there was perfect symmetry between the two. As soon as this symmetry is
broken (either in the weights or by the presence of the fields ¢, ), the task of controlling
the expansion becomes much more difficult. To get an idea of what is going on, recall
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the estimate (4.52) in the proof of the Peierls argument. Right before the last step we had
obtained

zeh
bl gloyn = —1] < e~ vt (5.85)

(+1)
Zin )\yin

Then we used the symmetry of the Hamiltonian under spin flip to deduce that the ratio of
partition functions is equal to one. What if this symmetry is broken, e.g. by a magnetic
field? Clearly, if the field is positive, we would expect the partition function with minus
boundary conditions to be smaller than the one with plus boundary conditions, and so the
estimate is only strengthened. But if the magnetic field is negative, the converse is true, and
the ratio of partition functions spoils our estimate. In fact, at low temperatures, the spins
have the option of following the sign of the boundary condition, in which case we would
get a bound of the type

Zinipe

(+1)
int (y)\y™

~ exp (+2Bh]int(y)]) (5.86)

or they flip to —1 within y, in which case we get a bound

S
int ()\y "
(E)

Zint vy

~ exp (+281yD) (5.87)

which may or may not offset the exponentially small prefactor. In the case where 4 |int(y)| <
|v1, the estimate (5.86) suggests that the contour y is still unlikely. This happens when y
is small. The reason is that flipping the spins cannot produce enough energetic gain from
the magnetic field to offset the cost paid for the resulting interaction energy. But it may be
advantageous to create a large contour, whose interior is large compared to its surface, to
take advantage of the corresponding gain in magnetic field energy. It is thus possible that,
under plus boundary conditions, the system likes to create an enormous contour right near
the boundary, so that in the inside it looks just the same as the system with minus boundary
conditions. In this way phase coexistence is destroyed by a magnetic field term.

Example: A three-state model To get an intuitive feeling for what happens at low temper-
atures in the absence of symmetries, the following model serves as a standard example (see
[64]). We consider spin variables o; € {—1, 0, 1}, and a Hamiltonian with nearest-neighbour
interaction

Hyo)= ) lox =0y (5.88)

<x,y>f A#

Clearly, this model has three translation-invariant ground-states, c = +1 and ¢ = 0. Thus,
we have three candidates for low-temperature Gibbs states. We must ask whether all of
them will exist at low enough temperatures. Let us make a formal computation of the
free energies associated to these states by expanding in perturbations about the constant
configurations. We will only keep track of the smallest perturbations, which consist of
having the spin at one site taking a deviant value. The crucial observation is that, in the case
of the £1 configurations, there are two such contributions with excess energy 2d and 4d,
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respectively, whereas in the zero configuration there are two contributions both having
energy 2d. Thus, to leading order

AT InZg, ~ e et (5.89)
whereas
A7 InZj ) ~ 2e7 (5.90)

Thus, in a —1 phase, it may be advantageous to create a large contour flipping to the
zero configuration, since the ratio of the partition functions inside will produce a factor
exp(|int y|(e~>% — e¢~*F)) that can compensate for the price in contour energy exp (—B|y |).
In fact, in this model, at zero external field, there is a unique phase corresponding to a
perturbation of the zero configuration. It may look paradoxical that this phase is stabilized,
because of a larger number of low-energy perturbations, i.e. because it is less rigid than the
other ground-states.

It should be clear that arigorous analysis of the preceding discussion is rather complicated.
The key observation of the Pirogov—Sinai theory is that even the equality of all ground-state
energy densities e, does not ensure that there will be a Gibbs state that is a perturbation
of the corresponding ground-state. Rather, in the absence of symmetries, to ensure the
coexistence all phases it will in general be necessary to fine-tune the values of e, in a
temperature-dependent way. In fact, what has to be done is to adjust the values of the ¢,
(by adding a magnetic field) in such a way that the metastable free energies corresponding
to these phases become equal. The definition of the concept of metastable free energies is
subtle. Roughly, it corresponds to computing the free energy in a low-temperature expansion
around a given ground-state while suppressing the contributions from large contours (that
might lead to divergences). One can understand that, if these metastable free energies are
all equal, one has artificially restored a symmetry between the phases, in the sense that the
ratios of partition functions as in (5.85) are all almost equal to 1 (and, in particular, not
significant against the exponential preceding it). Therefore, in such a situation, contours are
again unlikely, and the different phases can coexist. One way to make this rigorous is to use
recursive partial summation of contours starting from small and moving up to larger scales.
As this procedure, and even the precise statement of the results, is quite involved, we will
not enter further into the details of this method. A good exposition can be found in [37],
see also [263]. We will have occasion to revisit low-temperature expansions and iterative
methods of a similar kind in the analysis of the random-field Ising model later on.
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Disordered systems: lattice models






Gibbsian formalism and metastates

Longtemps les objets dont s’occupent les mathématiciens étaient pour la plus-
part mal définis; on croyait les connaitre, parce qu’on se les représentait avec
le sens ou I’imagination; mais on n’en avait qu’une image grossiére et non une
idée précise sur laquelle le raisonnement piit avoir prise.'

Henri Poincaré, La valeur de la science.

We now turn to the main topic of this book, disordered systems. We split this into two parts,
treating in turn lattice models and mean-field models. From the physical point of view, the
former should be more realistic and hence more relevant, so it is natural that we present the
general mathematical framework in this context. However, the number of concrete problems
one can to this day solve rigorously is quite limited, so that the examples we will treat can
mostly be considered as random perturbations of the Ising model. In the second part we
will be able to look, in a simplified setting, at more complex, genuinely random models,
that rather surprisingly will turn out to produce fascinating mathematics, but also lead to
applications that are beyond the standard scope of physics.

6.1 Introduction

We have seen that statistical mechanics is a theory that treats the dynamical degrees of
freedom of a large system as random variables, distributed according to the Gibbs measure.
The basic rationale behind this idea is that, on the time-scales on which the system is
observed, the dynamics relaxes to equilibrium and, in particular, forgets the details of the
initial conditions. Such an assumption can of course not always be satisfied, as it requires
the microscopic degrees of freedom to vary sufficiently fast. A typical example where this
would fail are solid alloys. Assume that we have a material made of a mixture of two types
of atoms, say gold and iron, that at low temperatures forms a crystalline solid. Then some
lattice sites will have to be occupied by iron atoms, while the others are occupied by gold
atoms. If we melt or just heat the system, the atoms become mobile and quickly change
places, so that we might describe the system by some Gibbs distribution. However, at low
temperatures, the motion of atoms between different sites is strongly suppressed (for reasons
that we will not discuss here), and, over large time-scales, the microscopic realization of

' Approximately: For a long time the objects that mathematicians dealt with were mostly ill defined; one
believed one knew them, because one represented them with the senses and imagination; but one had but a
rough picture and not a precise idea on which reasoning could take hold.
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the gold—iron mixture will not change. One says that the positions of the atoms are ‘frozen’,
and the system will not be in thermal equilibrium.

However, the positions of the atoms are not the only degrees of freedom of the system. The
iron atoms have magnetic moments, and we might be interested in the magnetic properties
of the system. But the orientations of the magnetic moments are not ‘frozen’, and their
behaviour could be very well described by a Gibbs measure. However, the description of
this system must take into account the positions of the iron atoms, as the interaction between
them depends on their mutual distances. Thus, assuming that we knew the positions, x;,
of the iron atoms, we could write a (formal) Hamiltonian for the spin degrees of freedom
of the form

H(o;x) ==Y 0i0;¢(x;. X)) (6.1)

iJ
Again, given the positions x;, we would then write the Gibbs measure

e BH(0:x)

mp(esx) = m (6.2)

where the partition function also depends on the positions x. We would call such a system
spatially inhomogeneous, or disordered. The point is that it would be fairly impractical to
study all possible systems for all possible arrangements of the x;; thus we should hope
that the microscopic details of these arrangements do not matter too much, and that only
certain statistical properties are relevant. In other words, we would like to model the spatial
inhomogeneity by a random process, i.e. model a disordered system as a random model,
by introducing some probability distribution, PP, on the space of possible realizations of
the iron positions. This new type of randomness is often called quenched randomness, a
term derived from the idea that the solid alloy has been produced by rapid cooling through
immersion in water, a process that in metallurgy is called quenching. One should be well
aware that this new type of randomness is conceptually very different from the randomness
we have encountered previously. When dealing with the dynamical variables, we hope that
time averages will converge to averages with respect to the Gibbs measures, whereas for
quenched randomness we cannot expect such a thing to happen.

What we may hope — and we will learn to what extent this is justified — is that certain
properties of our materials depend little on the microscopic realizations, and are the same
for almost all realizations of the disorder (essentially through a spatial effective averaging).
Thus, a first reflex is to consider averages with respect to the disorder. Here there are two
notions conventionally used in the physics literature that we need to clarify from the outset:

* Quenched average. This is the proper way to average: one computes for fixed disorder
variables thermodynamic quantities, such as the Gibbs measure of the free energy, and
then performs an average over the disorder; e.g. the quenched free energy is given as

F = BB, In Zp A (x) 6.3)

* Annealed average. One computes the average of the partition function and the unnor-
malized averages of the dynamical variables first and normalizes later. This yields, e.g.,
the annealed free energy

Fyneted = B InE, Zg A (x) (6.4)
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Upon reflection, this procedure corresponds to treating the disorder variables as dynam-
ical variables on an equal footing with the other degrees of freedom and thus disregards
the fact that they do not equilibrate on the same time-scale. Thus this is inappropriate in
the situations we want to describe. Of course, one can always try and see whether this
will yield by accident the same results anyway.

After these preliminary discussions we will now proceed to a rigorous setup of the
Gibbsian formalism for quenched random models.

6.2 Random Gibbs measures and metastates

We will now give a definition of disordered lattice spin systems. This will not be as general
as possible, as we allow disorder only in the interactions, but not in the lattice structure
or the spin spaces. As in Chapter 4, we consider a lattice, Z¢, a single-site spin space,
(So, Fo, vo), and the corresponding a-priori product space, (S, F, v). As a new ingredient,
we add a (rich enough) probability space, (€2, B, P), where Q2 will always be assumed to
be a Polish space. On this probability space we construct a random interaction as follows:

Definition 6.2.1 A random interaction, @, is a family, {®4}4cz¢, of random variables
on (2, B, P) taking values in B(S, F,), i.e. measurable maps ®4 : 2 > w - Dylw] €
B(S, F4). A random interaction is called regular if, for P-almost all w, for any x € 74,
there exists a finite constant ¢, [w] such that

Dl alellleo < exlw] < oo (6.5)
A>x
A regular random interaction is called continuous if, for each A C A, ®4 is jointly contin-
uous in the variables 1 and w.

In the present section we discuss only regular random interactions. Some interesting
physical systems do correspond to irregular random interactions. In particular, many real
spin-glasses have a non-absolutely summable interaction, called the RKKY interaction. See
[107, 108, 249, 264] for some rigorous results.

Remark 6.2.2 In most examples one assumes that the random interaction has the property
that ® 4 and @ p are independent if A # B, or, atleast, if AN B = (. In fact, in all examples
of interest, €2 is a product space of the form Q = E Zd, where E C R,

Given a random interaction, it is straightforward to define random finite-volume Hamil-
tonians, Hx[w], as in the deterministic case. Note that, for regular random interactions, H
is a random variable that takes values in the space B (S), i.e. the mapping @ — Hj[w] is
measurable. If, moreover, the ® 4 are continuous functions of w, then the local Hamiltonians
are also continuous functions of w.

Next we need to define the random analogue of local specifications. A natural definition
is the following:

Definition 6.2.3 A random local specification is a family of probability kernels,
{ug? aslwl}acze, depending on a random parameter, w, such that:

(i) For all A Cc Z% and A € F, ufg) A(A) is a measurable function with respect to the
product sigma-algebra Fpc X B.
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(ii) For P-almost all w, foralln € S, u%)ﬁ [@w](do) is a probability measure on S.

(iii) ForP-almost all w, the family {/Lfé? Alwl} acze 1s a Gibbs specification for the interaction
®[w] and inverse temperature .

(iv) The random local specification is called continuous if, for any finite A, '“73, Alow] is
jointly continuous in 1 and .

A regular random interaction should naturally give rise to a random Gibbs specification.
In fact, we have:

Lemma 6.2.4 Let O be a regular random interaction. Then the formula

uyloldo) = e NI (50 )8,, (dOnc) (6.6)

ZZ, alol
defines a random local specification, called a random Gibbs specification. Moreover; if ©
is continuous, then the Gibbs specification is continuous.

The important point is that the maps w — ,ug‘\). plw] are again measurable in all appropriate
senses.

We now feel ready to define random infinite-volume Gibbs measures. The following is
surely reasonable:

Definition 6.2.5 A measurable map, ug : 2 — M,(S, F), is called a random Gibbs mea-
sure for the regular random interaction @ at inverse temperature § if, for P-almost all w,
pplw] is compatible with the random local specification {ug? Alwl} acze for this interaction.

The first question one must ask concerns the existence of such random Gibbs measures.
One would expect that, for compact state space, the same argument as in the deterministic
situation should provide an affirmative answer. Indeed, it is clear that, for almost all w,
any sequence, u}@, A, [@], taken along an increasing and absorbing sequence of volumes,
possesses limit points, and, therefore, there exist subsequences, A (.1, such that /LZ’ A, o] [w]
converges to a Gibbs measure for the interaction ®[w]. The only open question is then
whether such limits can provide a measurable map from €2 to the Gibbs measures? This
is non-trivial, due to the fact that the subsequences A,[w] must in general depend on the
realization of the disorder!

This question may at first sound like some irrelevant mathematical sophistication, and
indeed this problem was mostly disregarded in the literature. To my knowledge, it was
first discussed in a paper by van Enter and Griffiths [251] and studied in more detail by
Aizenman and Wehr [8], but it is the merit of Ch. Newman and D. Stein [183, 185, 186,
187, 188, 189, 190] to have brought the intrinsic physical relevance of this issue to light.
Note that the problem is solved immediately if there are deterministic sequences, A, along
which the local specifications converge. Newman and Stein pointed out that, in very strongly
disordered systems such as spin-glasses, such deterministic sequences might not exist.

In more pragmatic terms, the construction of infinite-volume Gibbs measures via limits
along random subsequences can be criticised by its lack of actual approximative power.
An infinite-volume Gibbs measure is supposed to approximate reasonably a very large
system under controlled conditions. If, however, this approximation is only valid for certain
very special finite volumes that depend on the specific realization of the disorder, while
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for other volumes the system is described by other measures, just knowing the set of all
infinite-volume measures is surely not enough.

As far as proving existence of random Gibbs measures is concerned, there is a simple way
out of the random subsequence problem. This goes by extending the local specifications to
probability measures, K Z A»0Nn £ x S, in such a way that the marginal distribution of K g A
on 2 is simply P, while the conditional distribution, given B, is u(") [w]. The measures K 4 ]
are sometimes called joint measures.

Theorem 6.2.6 Let ® be a continuous regular random interaction. Let Ké") A be the corre-
sponding measure defined as above. Then

(i) If, for some increasing and absorbing sequence A, and some n € S, the weak limit
lim,; 40 Kg A =K Z exists, then its regular conditional distribution K g (-|B x 8), given
B, is a random Gibbs measure for the interaction ®.

(ii) If S is compact, and if P is tight in the sense that Ve > 0, 3Q, C 2, which is compact,
and P[Q2.] > 1 — €, then there exist increasing and absorbing sequences N\, such that
the hypothesis of (i) is satisfied.

Proof The proof of this theorem is both simple and instructive. Note first that the existence
of aregular conditional distribution is ensured if 2 and S are Polish spaces. Let f € C(S, F)
be a continuous function. We must show that, a.s.

KJ(f1B x S)w] = K} (1§, [0](NIB x S)[w] (6.7)
Setg(w,0) = ug’i\ [w](f(w, 0)). Let By, k € Nbe afiltration of the sigma-algebra 3 where
By is generated by the interaction potentials ®,4 with A C Ay with A, some increasing
and absorbing sequence of volumes. The important point is to realize that, for continuous
functions 2 on 2 x X,

Kg(h|B x S)lw] = I}lgglor}lgo% Kg o, (f1Be x Slw] (6.8)

But for any fixed A, and n large enough,
E[ug’y, (N]Be x T]iw] = E[ufy (164 (N)]Be x Z]iw]
= E[ugs (1 s [0]() | Be x ][]
+ B[ (152 (F) = 1 A [01(5) B x B]l] (6.9)

The first term converges to K (u(”) [@](NHB x S)[w], while for the last we observe that,
due to the continuity of the local speaﬁcatlons in w, uniformly in n,

E[1fh, (1900 = nfil01(h)] (6.10)

< sup sup |l [o1) — )] 4 0

w'eB[w] nesS

as k 1 oo. Here By [w] denotes the set of all ' € 2 that have the same projection to 3; as
, more formally

Bilo]l = {0 € Q| Vacpiwea : 0 € A} (6.11)
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This proves (i). To prove (ii), fix any € > 0. If f is a bounded, continuous function on
Q x S, then

[ Knatdo. dors@.0) = [ upatol@o .o 6.12)

_ElL, / ppa[0)(do) f(@. o) + Ellg, / ppal0]do) f(@, o)

The second term is by hypothesis bounded by Ce, i.e. as small as desired, while the firstis (up
to a constant) a sequence of probability measures on the compact space 2. x S, and hence
there are subsequences A ¢ such that Kf\nZ (f)=Elg, [ I8, A [wl(do) f(w, o) = Kg(f).
Now take a sequence €; | 0. By successively thinning out subsequences, one can find a
sequence A, such that Kf\‘n( f) converges, for any k. Then (6.12) implies that

limsup/ Kg a,(dw, do) f(w, o) — lirrTlinf/ Kg a(dw,do) f(w,0)| < € (6.13)
ntoo ntoo
for any k. Thus, f Kg A, (dw, do) f(w, o) converges, and (ii) is proven. O

Remark 6.2.7 There has recently been some interest in the question as to whether the joint
measures K 2 can themselves be considered as Gibbs measures on the extended space S x Q2
[159, 160, 245]. The answer turns out to be that, while they are never Gibbs measures in
the strict sense, in many cases they are weakly Gibbsian, i.e. there exists an almost surely
absolutely summable interaction, for which the K g  are local specifications.

Theorem 6.2.6 appears to solve our problems concerning the proper Gibbsian setup
for random systems. We understand what a random infinite-volume Gibbs measure is and
we can prove their existence in reasonable generality. Moreover, there is a constructive
procedure that allows us to obtain such measures through infinite-volume limits. However,
upon closer inspection, the construction is not fully satisfactory. As can be seen from the
proof of Theorem 6.2.6, the measures Kg(-|B x §) effectively still contain an averaging
over the realization of the disorder ‘at infinity’. As a result they will often be mixed states.
Such states then do not describe the result of the observations of one sample of the material
at given conditions, but the average over many samples that have been prepared to look
alike locally.

While we have come to understand that it may not be realistic to construct a state that
predicts the outcome of observations on a single (infinite) sample, it would already be more
satisfactory to obtain a probability distribution for these predictions (i.e. a random proba-
bility measure), rather than just a mean prediction (and average over probability measures).
This suggests the extension of the preceding construction to a measure-valued setting. That
is, rather than consider measures on the space 2 x S, we introduce measures IC;; A on the
space 2 x M (S), defined in such a way that the marginal distribution of ICZ’ A On isagain
P, while the conditional distribution, given B, is SM?A (o]’ the Dirac-measure concentrated
on the corresponding local specification. We will introduce the symbolic notation

/CZ’ A=P x4 L

BA [w]

(6.14)

One has the following analogue of Theorem 6.2.6:
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Theorem 6.2.8 Let ® be a continuous regular random interaction. Let Kg’)  be the corre-
sponding measure defined as above. Then:

(i) If, for some increasing and absorbing sequence A, and some n € S, the weak limit
lim 400 ICZY A, = IC?3 exists, then its regular conditional distribution ICZ(~|B x §), given
B, is a probability distribution on M(S), that, for almost all w, gives full measure
to the set of infinite-volume Gibbs measures corresponding to the interaction ®[w] at
inverse temperature 3. Moreover,

KJ(IB x 8) = K}(ulB x 8) (6.15)

(ii) If S is compact and P is tight, then there exist increasing and absorbing sequences A,
such that the hypothesis of (i) is satisfied for any .

Remark 6.2.9 The regular conditional distribution
Kg = ICZ(~|B x §) (6.16)

is called the Aizenman—Wehr metastate (following the suggestion of Newman and Stein
[187]).

Proof The proof of this theorem is even simpler than that of Theorem 6.2.6. Note that
assertion (i) will follow if for any bounded continuous function f : & — R, and any finite
A C Z¢, we can show that

E / kpdwll|n(f) — (1 ALl (£))] =0 (6.17)

Let us set h(w, n) = |u(f) — M(/‘vg.)/\ [w](f))]. We need to check that % is a continuous
function on 2 x M (S). By definition of the weak topology, 1(g) is a continuous function
of w if g is continuous. By Lemma 4.2.16, '“/Z,A [w]( f)1is jointly continuous in 7 and w. Thus,
both u(f) and M(,u;? Alwl(f)) are continuous in p, and hence 4 is a bounded continuous
function of p and w. But then,

K(h) = Jim Ko () =0 (6.18)

by the compatibility relations of local specifications. But %, being non-negative, must be
Zero ICg-almost surely, so (6.17) holds, proving (i). Assertion (ii) follows exactly as in the
proof of Theorem 6.2.6. O

Apart from the Aizenman—Wehr metastate, Newman and Stein propose another version of
the metastate that they call the empirical metastate as follows. Define the random empirical
measures k5" (-)[w] on (M(5%)), to be given by

N

1
N Olol = 4 > ol (6.19)

n=I

In [187] it was proven that, for sufficiently sparse sequences A, and subsequences Ny, it is
true that almost surely

Ilg Ky, Olo] = k()] (6.20)
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Newman and Stein conjectured that in many situations the use of sparse subsequences
would not be necessary to achieve convergence. However, Kiilske [157] has exhibited
some simple mean-field examples where almost sure convergence only holds for very
sparse (exponentially spaced) subsequences. He also showed that, for more slowly growing
sequences, convergence in law can be proven in these cases.

Illustration At this stage the reader may rightly pause and ask whether all this abstract
formalism is really necessary, or whether, in reasonable situations, we could avoid it com-
pletely? To answer this question, we need to look at specific results and, above all, at
examples. Before turning to the difficult analysis of metastates in specific spin systems,
it may be worthwhile to transplant the formalism developed above to the more familiar
context of sums of i.i.d. random variables.

Let (2, F, P) be a probability space, and let { X; };cry be a family of i.i.d. centered random
variables with variance one; let 7, be the sigma- algebra generated by X, ..., X, and
let F = lim,;yo0 F,. Define the random variables G, = \/_ Yo' X;. We may deﬁne the
joint law, K,,, of G, and the X;, as a probability measure on R ® 2. Clearly, this measure
converges to some measure K whose marginal on R will be the standard normal distribution.
However, we can say more, namely:

Lemma 6.2.10 In the example described above,

(i) limyy00 Ky = P x N(O, 1), where N(0, 1) denotes the normal distribution, and
(ii) the conditional measure k()[w] = K(-|F)[w] = N(0, 1), a.s.

Proof All we have to understand is that indeed the limiting measure K is aproduct measure;
then (ii) is immediate. Let f be a continuous function on 2 x R, where we identify 2 with
RN. We must show that K,(f) — ExE, f(X, g), where g is a standard Gaussian random
variable, independent of X . Since local functions are dense in the set of continuous functions,
it is enough to assume that f depends only on finitely many coordinates, say X, ..., Xy,
and G,. Then

1 n
Kn(f):]E’f(xlv-"sxkan)zEf(Xls'-"Xk’ﬁzxi>
i=1

1 n
=Ef[X,....X ) |: <X17---»st_ Xi)
( 1k+1 ﬁ;

+
- f(Xl, . ¢ )} (6.21)
—k+1

1 n
liTm Ef(Xl,...,Xk, > x,«> =EE, f(X1,..., X, 8) (6.22)

n—k .53,

Clearly, by the central limit theorem,

while the remaining terms tend to zero, as n 1 oo, by continuity of f. This proves the
lemma. U
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Let us now look at the empirical metastate in our example. Here the empirical metastate
corresponds to

1 N
VOOl = ) 36,10 (6.23)
n=1

We will prove that the following lemma holds:

Lemma 6.2.11 Let G, and «5"(-)[w] be defined above. Let B;, t € [0, 1] denote a stan-

dard Brownian motion. Then the random measures k3" converge in law to the measure
em 1

K- = fO dtﬁ,—l/zgr.

Proof We will see that, quite clearly, this result relates to Lemma 6.2.10 as the Invariance
Principle does to the CLT, and, indeed, its proof is essentially an immediate consequence
of Donsker’s theorem. Donsker’s theorem (see [136] for a formulation in more generality
than needed in this chapter) asserts the following: Let 7, (z) denote the continuous function
on [0, 1] that, for t = k/n, is given by

1 &
k/n)= — X; 6.24
mik/m = —= ; ; (6.24)
and that interpolates linearly between these values. Then n,(#) converges in distribution to
standard Brownian motion, in the sense that, for any continuous functional F : C([0, 1]) —

R, it is true that F(n,) converges in law to F(B). We have to prove that, for any bounded
continuous function f,

1 & 1 &
5 2061 = 5 Y fnn/N)//n/N) (6.25)
n=1 n=1

1 1
—>/0 dtf(Bf/«ﬁ)E/O dts , i (f)

To see this, simply define the continuous functionals F and Fy by

1
Fap = /O NGOG, (6.26)
and
1 N
Fy() =+ 3 f(n/N)/V/n/N) (6.27)
n=1

We have to show that in distribution F(B) — Fy(ny) converges to zero. But

F(B) — Fn(ny) = F(B) = F(nn) + F(ny) — Fn () (6.28)

By the invariance principle, F(B) — F(ny) converges to zero in distribution while
F(ny) — Fy(ny) converges to zero since Fy is the Riemann sum approximation to F.
B, is measurable with respect to the tail sigma-algebra of the X;, so that the conditioning
on F has no effect. U
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Exercise: Consider the random field version of the Curie—Weiss model, i.e. the mean-field
model with Hamiltonian

1 N N
Hy(@)lo] = =+ > 6ioj =8 hilwlo; (6.29)
i=1

ij=1
where the 4; are i.i.d. random variables taking the values =1 with probability 1/2.

(i) Introduce the random sets A [w] = {i : h;j[w] = +1} and A_[w] ={1,..., N}\
Ailw]. Define the (empirical) magnetizations of these two sets, my(o) =
‘A—li‘ > iea, 0i- Express Hy(o) in terms of these quantities.

(i) Compute an expression for the distribution of the variables m(o) = (m (o), m_(0))
under the canonical Gibbs measure.

(iii)) Showthat,if§ < 1,thereisacritical value 8. = B.(8) suchthat,for 8 < B, thereexist
two distinct points m*, m* € [—1, 117, with (m%,m*) = (—=m*, —m?), such that for
any € > 0, limyqoo g, v ({Im(o) — m*| < €} v {|m(o) —m*| < €}) =1, as.

(iv) Show that for almost all w there exists a random subsequence Ni[w] such that
limgqoo g v, [w1[@] ({Im(0) — m*| < €}) = 1. Are there also subsequences such that
the limit is 1/2?

(v) Now consider gy = gy ({Im(c) —m*| < €}) as a sequence of random variables.
What is the limit of its distribution as N 1 co? Use this result to formulate a result
on the convergence in distribution of the Gibbs measures g5 v
(vi*) Give an expression for the Aizenman—Wehr metastate.
(vii*) Consider the empirical distribution of the random variables gy, i.e. % Z;V:l 34, - What
is the limit of this probability measure as N 1 oo?

All the concepts introduced above have been worked out explicitly for two non-trivial
disordered models, the random field Curie—Weiss model and the Hopfield model with finitely
many patterns (see Chapter 12), by Kiilske [157, 158]. Explicit constructions of metastates
for lattice models are largely lacking. The only example is the two-dimensional Ising model
with random boundary conditions that was studied in [246, 247].

6.3 Remarks on uniqueness conditions

As in the case of deterministic interactions, having established existence of Gibbs states,
the next basic question is that of uniqueness. As in the deterministic case, uniqueness con-
ditions can be formulated in a quite general setting for ‘weak’ enough interactions. Indeed,
Theorem 4.3.1 can be applied directly for any given realization of the disorder. However,
a simple application of such a criterion will not capture the particularities of a disordered
system, and will therefore give bad answers in most interesting examples. The reason for
this lies in the fact that the criterion of Theorem 4.3.1 is formulated in terms of a supre-
mum over y € 74 in a translation-invariant situation, this is appropriate, but, in a random
system, we will often find that, while for most points the condition will be satisfied, there
may exist rare random points where it is violated. Extensions of Dobrushin’s criteria have
been developed by Bassalygo and Dobrushin [14], van den Berg and Maes [244], and Gielis
[128]. Uniqueness for weak interactions in the class of regular interactions can be proven
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with the help of cluster expansion techniques rather easily. The best results in this direction
are due to Klein and Masooman [150], while the basic ideas go back to Berretti [22] and
Frohlich and Imbrie [106].

It should be pointed out that the most interesting problems in high-temperature disordered
systems concern the case of non-regular interactions. For example, Frohlich and Zegarlinski
[107, 108, 264] have proven uniqueness (in a weak sense), for mean zero square integrable
interactions of mean zero, in the Ising case.

6.4 Phase transitions

The most interesting questions in disordered systems concern again the case of non-
uniqueness of Gibbs measures, i.e. phase transitions. Already in the case of deterministic
models, we have seen that there is no general theory for the classification of the extremal
Gibbs states in the low-temperature regime; in the case of disordered systems the situation
is even more difficult. Basically, one should distinguish between two situations:

(1) Small random perturbations of a deterministic model (whose phase structure is known).
(2) Strongly disordered models.

Of course, this distinction is a bit vague. Nonetheless, we say that we are in situation (1) if
we can represent the Hamiltonian in the form

Hlwl(o) = HY(0) + H"[o](0) (6.30)

where H© is a non-random Hamiltonian (corresponding to a regular interaction) and H"
is a random Hamiltonian corresponding to a regular random interaction, that is ‘small’ in
some sense. The main question is then whether the phase diagram of H is a continuous
deformation of that of H®, or not. In particular, if H® has a first-order phase transition,
will the same be true for H?

There are situations when this question can be answered easily; they occur when the
different extremal states of H® are related by a symmetry group and if, for any realization
of the disorder, this symmetry is respected by the random perturbation H"[w]. The classical
example of this situation is the dilute Ising model. The Hamiltonian of this model is given
(formally) by

Hlolo)=— Y Jjloloio; = HS™ @)+ Y (1—J;lwlso; (6.31)
li—jl=1 li—jl=1
where J;; are i.i.d. random variables taking the values O and 1 with probabilities p and
1 — p, respectively.? If p is small, we may consider this as a small perturbation of the
standard Ising model. We will show that the Peierls argument (Theorem 4.3.5) applies with
just minor modifications, as was observed in [12].

Theorem 6.4.1 Let g be a Gibbs measure for the dilute Ising model defined by (6.31)
and assume that d > 2. Then there exists py > 0 such that, for all p < po, there exists

2 The precise distribution of the J; 7 plays no role for the arguments that follow; it is enough to have EJ;; =
Jo > 0, and var(J;;) < Jo.
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B(p) < oo such that, for B > B(p),

P [:u'ﬁ [ayel“(cr):OGimy] < %] >0 (6.32)

Proof Define the random contour energy E(y) by
Ey)y= Y T (6.33)

<ij>*ey

Repeating the proof of Lemma 4.3.6 mutatis mutandis, one gets immediately the estimate
pslolly € T(o)] < e PEID (6.34)

By the law of large numbers, for large y, E(y) will tend to be proportional to |y |; indeed
we have that

PIE(y) =x|yll= < ||y||>(1 p)*r! pd=olyl (6.35)

for x|y| integer. Now define the event
A= {3y0einy  E@) < I71/2} (6.36)

Clearly, P[A] < Zy:OEinty P[E(y) < |y|/2], and, by the crudest estimate, using (6.35),
PlE(y) < |y]/2] < 2l pv1/2, Recalling (4.54), we get that

_ 36p)
P 3kokp=H/2 < ( 6.37
[Al = Z T 6/ (6.37)
if p < 1/36.But, if v € A,
uploll3yeroroeny] < Y pplolly €@l < Y e (638
y:0einty y:0einty

which is smaller than 1/2 if B is large enough. Thus, for such B,

P[up[3yerioyoeiny] < 3] = PIATP [11s [3yereyocing | < 3] [A°

36p)?
SR CL) i (6.39)
- 6«/?
which can be made as close to 1 as desired if p is small enough. O

From Theorem 6.4.1 we can deduce the existence of at least two distinct random Gibbs
states.

Corollary 6.4.2 [n the dilute Ising model, for any d > 2, there exists py > 0 such that, for
all p < po, there exists B(p) > 0 such that, for all B > B(p), with probability one, there
exist at least two extremal random Gibbs states.

Proof Theorem 6.4.1 implies, by the arguments put forward in Section 4.3, that there
exist at least two extremal Gibbs states with positive probability. However, the number of
extremal Gibbs measures for a given random interaction (with sufficient ergodic properties
which are trivially satisfied here) is an almost sure constant ([185], Proposition 4.4). The
argument goes in two steps: first, one shows that the number of extremal Gibbs states for
given values of the temperature is a B-measurable function. Next, it is clear that the number
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of extremal Gibbs states, for a given realization of the disorder, is a translation-invariant
quantity (where the translation group Z? acts on Q in such a way that, for x € Z¢ and
w € Q, Tyw is defined such that, for all A C Z¢, ®4[Tyw](c) = ®4_,[w]). Butin all cases
considered, the measure P is stationary and ergodic under the group of translations Z¢, and
thus, by the ergodic theorem (see, e.g., Appendix A3 of [125]), any translation-invariant
function is almost surely a constant [78]. O

Remark 6.4.3 In the dilute Ising model, since all couplings J;; are non-negative, the FKG
inequalities hold, and thus, according to Corollary 4.3.16, we can construct two random
Gibbs measures, ujﬂt[a)], as limits of local specifications with pure plus, resp. pure minus
boundary conditions along any deterministic sequence of increasing and absorbing finite
volumes A,. These two states will be distinct if there exists x € Z¢ such that ,ug[a)] [oy =
+1] > 1/2. Thus, if the translation-invariant, 3-measurable event {Ix € VAR ,ug[a)] [o, =
+1] > 1/2} occurs, then these two measures are distinct. But if this event has strictly positive
probability, by the ergodic theorem, its probability is 1, and so the two extremal states, u?,
are then distinct, almost surely. This provides a simple alternative proof of the corollary.

Exercise: Improve the estimates on 8(p) obtained above. Show in particular that the theorem
holds with any py > 1/3.

The Peierls approach indicated here does not give optimal results (but has the advantage
of clarity and robustness). It is known that S(p) is finite if and only if p is larger than
the critical value for bond (in d > 3 plaquette) percolation. This has been proven first by
Georgii [123] in d = 2 and in more generality in [3, 124]. The latter papers also obtain
precise results on the dependence of B(p) on p. These results are all based on profound
facts from percolation theory, a subject that we will not develop here.

Situations where the random perturbation respects the symmetries of the unperturbed
interaction, for any realization of the disorder, is exceptional. In general, the perturbation
H®[w] will break all symmetries of the model for typical w and thus will render the standard
Peierls argument inapplicable. The simplest example of such models is the random-field
Ising model, whose Hamiltonian is

Hlwlo)=— Y oioj—€ Y hilolo; (6.40)

li—jl=1 i

with i; a family of i.i.d. random variables (say of mean O and variance 1). The issue of the
RFIM is one of the first occurrences where profound probabilistic thinking has entered the
field. I will devote the following chapter to the analysis of this model.

6.5 The Edwards—Anderson model

If in the Hamiltonian of the dilute Ising model we replace the random variables J;; by
i.i.d. random variables that are uniformly distributed on the interval [—1, 1], we obtain the
Edwards—Anderson model of a spin-glass [10]. This model has proven to be one of the most
elusive and difficult models to analyze, from both the analytical and the numerical points of
view. Consequently, the amount of rigorously known facts about this model is frighteningly
small. Even on a heuristic level, there are conflicting opinions on the nature of the expected
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phase structure in various dimensions. I will not discuss this model in any detail (refer to
Newman’s book [185] for a thorough discussion), but only indicate some basic features.

The basis of the difficulties encountered with this model lies in the fact that it is highly
non-trivial to say something sensible about its ground-states. The reason is that the couplings
take both signs, thus favouring alignment or non-alignment of the spins. Worse, it is clearly
impossible to satisfy the demands of all couplings: to see this, consider in dimension two,
say, the four sites surrounding one plaquette of the lattice. It is not unusual to find that
out of the four couplings around this plaquette, an odd number will be negative, while the
remainder are positive. It is then impossible for the spins on the corners to be arranged in
such a way that all four couplings have their way: one says that the plaquette is frustrated.
If the couplings are Bernoulli distributed (£1 with equal probability), we would find four
arrangements contributing equal amounts of energy; one can show that this implies that the
ground-states in this case must be infinitely degenerate. In fact, the number of ground-state
configurations in a given volume, A, is in this case of the order C'*! [12]. But even in the case
of continuous distributions, we encounter plaquettes where four configurations give almost
the same contribution to the energy. This allows the possibility that, on a larger scale, there
can be numerous spin configurations whose energy is very similar; in particular, ground-
state configurations can be very sensitive to boundary conditions and vary dramatically as
the volume varies.

As aresult, none of the available techniques for analyzing low-temperature phases (Peierls
arguments, low-temperature expansions, Pirogov—Sinai theory, etc.) is applicable, and even
the most basic questions concerning the low-temperature phases of this model are wide
open. Itis largely believed that in two dimensions there is a unique Gibbs state at all positive
temperatures, while in dimension three and higher, there should be at least two extremal
states. There are several schools that predict different pictures in higher dimensions: Fisher
and Huse [100, 141] predict the existence of just two extremal states in any dimension, while
the school of Parisi [179] suggests a very complex picture based on mean-field theory (see
Chapter 11) that would imply the existence of infinitely many extremal Gibbs states in high
dimensions. This latter suggestion is mainly based on numerical simulations, which are,
however, very difficult to interpret and do not provide unambiguous predictions. Newman
and Stein have analyzed a variety of scenarios and checked their compatibility with basic
principles. A very recent account summarizing the current state of understanding can be
found in [191, 192]. This fascinating problem still awaits new ideas.



The random-field Ising model

Quand les physiciens nous demandent la solution d’un probléme, ce n’est pas
une corvée qu’ils nous imposent, c’est nous au contraire qui leur doivent des
remerciments.’

Henri Poincaré, La valeur de la science.

The random-field Ising model has been one of the big success stories of mathematical
physics and deserves an entire chapter. It will give occasion to learn about many of the more
powerful techniques available for the analysis of random systems. The central question
heatedly discussed in the 1980s in the physics community was whether the RFIM would
show spontaneous magnetization at low temperatures and weak disorder in dimension three,
or not. There were conflicting theoretical arguments, and even conflicting interpretations
of experiments. Disordered systems, more than others, tend to elude common intuition.
The problem was solved at the end of the decade in two rigorous papers by Bricmont and
Kupiainen [63] (who proved the existence of a phase transition in d > 3 for small €) and
Aizenman and Wehr [8] (who showed the uniqueness of the Gibbs state in d = 2 for all
temperatures).

7.1 The Imry-Ma argument

The earliest attempt to address the question of the phase transition in the RFIM goes back to
Imry and Ma [142] in 1975. They tried to extend the beautiful and simple Peierls argument
to a situation with symmetry breaking randomness. Let us recall that the Peierls argument in
its essence relies on the observation that deforming one ground-state, +1, in the interior of a
contour y to another ground-state, — 1, costs a surface energy 2|y |, while, by symmetry, the
‘bulk energies’ of the two ground-states are the same. Since the number of contours of a given
length L is only of order C*, the Boltzmann factors, e >#L, suppress such deformations
sufficiently to make their existence unlikely if 8 is large enough. What goes wrong with
the argument in the RFIM is the fact that the bulk energies of the two ground-states are no
longer the same. Indeed, if all o; in int y take the value +1, then the random-field term
gives a contribution

Epn(y) =+€ Y hilo] (7.1)

ieinty

! Approximately: When the physicists ask us for the solution of a problem, it is not a drudgery that they impose
on us, on the contrary, it is us who owe them thanks.
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while it is equal to minus the same quantity if all o; equal —1. Thus deforming the plus
state to the minus state within y produces, in addition to the surface energy term, a bulk
term of order 2€ ), ;. hi[®] that can take on any sign. Even when the random fields, 7;,
are uniformly bounded, this contribution is bounded uniformly only by 2¢|int y | in absolute
value and thus can be considerably bigger than the surface term, no matter how small € is,
if |y| is sufficiently large. Imry and Ma argued that this uniform bound on Ey(y) should
not be the relevant quantity to consider. Namely, by the central limit theorem, the ‘typical’
value of Eyyk(y), for large y, would be much smaller,

Epuk(y) ~ Ley/|inty| (7.2)

Since by the isoperimetric inequality on Z¢ |inty| < 2d|y| d%l, this means that the typical
value of the bulk energy is only Epy(y) ~ :I:e|y|ﬁ, which is small compared to |y| if
d > 2. Otherwise, it is comparable or even larger. This very simple consideration led Imry
and Ma to the (correct !!) prediction that the RFIM undergoes a phase transition in d > 3
and does notind < 2.

Remark 7.1.1 This argument is meant to work only if € < 1; if € is not small, then even
in small contours the bulk energy can dominate the surface energy. In particular, it is easy
to see that, if € > 2d, and h; take the values %1, then there is a unique random ground-state
given by o; = signh;.

It is likely that this argument would have been considered sufficient by the standards
of theoretical physics had there not been a more fancy argument, based on field theoretic
considerations (due to Parisi and Sourlas [196]), that predicted that the RFIM in dimension
d should behave like the Ising model without random field in dimension d — 2. This dimen-
sional reduction argument would then predict the absence of a phase transition in d = 3,
contrary to the Imry—Ma argument. The two arguments divided the community.?

Admittedly, with an alternative option in mind, the Imry—Ma argument looks rather shaky,
and anyone would be excused for not trusting it. We will thus distance us a bit from Imry
and Ma and try to repeat their reasoning in a more precise way. What we would obviously
want to do is to reprove something like Theorem 6.4.1. When trying to re-run the proof of
Lemma 4.3.6, all works as before until the last line of (4.52). One obtains instead the two
bounds

z
piht, ployn = —1] < e72PlvI il (7.3)
inty\y™,p
zH
Minty ployn = +1] < e 2Py Xl
inty\y™",p

Hence, the analogue of Lemma 4.3.6 becomes:
Lemma 7.1.2 In the random-field Ising model, for any Gibbs state jig,

+1 -1
/,Lﬁ [y € F(U)] = exp(_zﬂh/' + |1n Zimy\y"‘,ﬁ —1In Zimy\yi“

4 (7.4)

2 And rightly so. Even though in the RFIM dimensional reduction was ultimately shown to make the wrong
prediction, in another application of similar reasoning, namely in the problem of critical behaviour of branched
polymers, Brydges and Imbrie [66] recently proved rigorously that dimensional reduction is correct!
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At this point, one may lose all hope when facing the difference of the logarithms of the
two partition functions, and one may not even see how to arrive at Imry and Ma’s assertion
on the ‘typical value’ of this bulk term.? However, the situation is much better than might be
feared. The reason is the so-called concentration of measure phenomenon that will continue
to play an important role in the analysis of disordered systems. Roughly, concentration of
measure means that in many situations, a Lipschitz continuous function of i.i.d. random
variables has fluctuations that are not bigger than those of a corresponding linear function.
This phenomenon has been widely investigated over the last 30 years, with culminating
results due to M. Talagrand. We refer to [167, 231, 232] for a detailed presentation and
references. We will use the following theorem, due to M. Talagrand, whose proof can be
found in [232]:

Theorem 7.1.3 Let f : [—1, 11V > Rbea function whose level sets are convex. Assume
that f is Lipschitz continuous with uniform constant Cryp, i.e. forany X, Y € [—1, v,

|f(X) = f(YV)] < Cripll X = Y2 (7.5)

Then, if Xy,...Xn are i.i.d. random variables taking values in [—1,1], and Z =
f(X1, ..., Xy), and if Mz isa median® of Z, then

2

. Z
16C7;,

P[1Z —Mz| = z] <4exp (7.6)

Remark 7.1.4 In most applications, and in particular when Cy, is small compared to 22,
one can replace the median in (7.6) by the expectation EZ without harm.

Remark 7.1.5 If X; are i.i.d. centered Gaussian random variables with variance 1, the
conclusion of Theorem 7.1.3 holds even without the assumption of convex level sets, and
with the median replaced by the mean, and both constants 4 and 16 replaced by 2 (see
[167]). There are many other situations where similar results hold [167, 231].

Remark 7.1.6 Physical quantities satisfying such concentration inequalities are often called
self-averaging.

Theorem 7.1.3 allows us to prove the following lemma:

Lemma 7.1.7 Assume that the random fields have a symmetric distribution® and are
bounded® (i.e. |h;| < 1), or their distribution is Gaussian. Then there is a constant C < 00
such that, for any z > 0,

2
+1 -1 <
]PH In Zinty\yi“,ﬂ —1In Zimy\yi",ﬁ| > Z] < Cexp(—m) (77)

3 This had been considered to be the truly difficult part of the problem. Chalker in 1983 [77] and Fisher, Frohlich,
and Spencer in 1984 [101] gave a solution of the problem where this difference was ad hoc replaced by the sum
over the random fields within int y. As we will see, however, the real difficulty of the problem lies elsewhere.

4 A median of a random variable Z is any number such that P[Z > Mlz] > 1/2 and P[Z < Mz] > 1/2.

> This assumption appears necessary even for the result; otherwise the phase coexistence point could be shifted
to some finite value of the external magnetic field.

 We make this assumption for convenience; as a matter of fact, essentially the same result holds if we only
assume that the 4; have finite exponential moments.
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Proof By symmetry of the distribution of £, the two partition functions we consider have,
as random variables, the same distribution. In particular,

+1 -
Eln thy\y“‘ p= =EIn thy\ym 5 (7.8)
Therefore,
+1 -
P[|nzil = Zl ] > 2] (7.9)
+1 -
= P[H In Zlnly\y‘" B —Eln Zmly\y“‘ /S| + |]Eln Zmly\y‘“ B —In Zlnly\y‘" ﬂ|} > Z]
+1
<2P[|nz}l ., —EWnZll . .|>2z/2]
In Zf;t Py g is a function of the independent random variables h;, withi € int y\y™. More-

over, one can check (by differentiation) that it is a convex function. Thus, to use Theorem
7.1.3, we only must verify that In Z is Lipschitz continuous and compute the Lipschitz
constant. But

[0z o lol = ZE ]| (7.10)
Z+1
<sup| Y (hilow] - h[w])w[ g
o iginty\yn l
<€f s iyl Y lhilw] — kil
icinty\yin icinty\yin

< eBVIinty ||| hiney [0] = hingy [01]2

where in the last step we used that the expectation of o; is bounded by one and the Cauchy—
Schwarz inequality. Theorem 7.1.3 implies (7.7). O

Lemma 7.1.7 implies indeed that, for a given contour y,

uply € T'(0)] < exp(—=2Bly| + €B+/linty|) (7.11)

However, the immediate attempt to prove the analogue of Theorem 6.4.1 fails. Namely, we
would have to show that

P[3inys0| INZ3 s =0 Z L | > Bly]] (7.12)

is small (for small €). The straightforward way to try to prove this is to write

P30l M Zil e g = Z L | > Bly]]
< > Pzl L -z ] Bly]
y:inty >0
= 3 e . (7.13)
P "~ Celinty| '
y:inty >0

But ll‘r}l’tlyl can be as small (and is for many y) as |y |“~2/@=D and since the number of y’s
of given length is of order C!”!, the last sum in (7.13) diverges.
Some reflection shows that it is the first inequality in (7.13) that spoiled the estimates.

This step would be reasonable if the partition functions for different y were more or less
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independent. However, if y and y' are very similar, it is clear that this is not the case. A more
careful analysis should exploit this fact and hopefully lead to a better bound. Such situations
are quite common in probability theory, and in principle there are well-known techniques that
go under the name of chaining to systematically improve estimates like (7.13). This was done
in the papers [77] and [101], however in a model where In Z;; tly\ym, s In Zi;lly\ym, P isad hoc
replaced by B} in,\,n 1 (the so-called ‘no contours within contours’ approximation).

In fact, they prove the following:

Proposition 7.1.8 Assume that there is a finite positive constant C such that, for all
A, N CZ4,

P(|lnzy)y -z}, —E[Inz —nz}) ]| = <]

2

Z
< S — 7.14
—exp< CezﬁzlAAM) 719

where AAN' denotes the symmetric difference of the two sets A and A'. Then, if d > 3,
there exist €y > 0 and By < oo such that for alle < €y and B > B, for P-almost all w € L,
there exist at least two extremal infinite-volume Gibbs states M; and g .

Remark 7.1.9 There are good reasons to believe that (7.14) holds, but in spite of multiple
efforts, I have not been able to find an easy proof. On a heuristic level, the argument is
that the difference appearing in (7.14) should depend very little on the random variables
that appear in the intersection of A and A’. More precisely, when computing the Lipschitz
norm, we get, instead of (7.10),

’m Zih 0l —In 2501 - n Z}) o] + Iz, [a)/]‘ (7.15)
dlnZ}!
<sip| Y (hlo] — hilo'h——L[o]
o | , oh;
i€eA\(ANA’)
Iz},
+ Y (o) = hiloh——L[0]
S , oh;
ieA'\(ANA")
L AmWmzyl, o amzfl,
+ ie;w(hi[w] = hiloD(—5 =5 0] = — =R 10"))
<ep| Y Ihilo] - ko]
IEAAN
+eB| Y (hilwl — hiloD)(1) \le"N(0:) — u;,A,[w”l(cn))‘
ieANA

< eBVIAAN||haan (0] — haan ]2

+ep Z (MEA[O)](GI') — M;,Ar[w’](ifi))z||hAmA/[w] — hana [l

ieANA

It is natural to believe that the expectation of o; with respect to the two measures, ,u; A and
,u; A» Will be essentially the same for i well inside the intersection of A and A’, so that it
should be possible to bound the coefficient in the last line by /| AAA’|. If that were the
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case, the hypothesis of Proposition 7.1.8 would follow from Theorem 7.1.3. Unfortunately,
we do not know how to prove such an estimate. The reader should realize that this argument
appears nonetheless more convincing and robust than the one given in [101]; the argument
there is that (7.14) will hold if the /VL;}r Alwl(o;) depend ‘weakly’ on w, which is essentially
what we are out to prove anyway. On the other hand, smallness of (7.15) can even be
expected to hold if the expectation of o; depends strongly on the disorder.

Proof To simplify notation, let us set

F,=InZ"! ~Elnz/

inty\y™,g inty\y™,g (7.16)

The idea behind chaining arguments is to define a sequence of sets ['y, £ € N of ‘coarse
grained’ contours and maps y, : 'y — I'y, where I'y is the original set of contours. Now
write, for k € N to be chosen later,

Fy, = Fyo) + (Fy0) — Fuoy) (7.17)
+ (F}’k—z()/) - FVk—l()/)) +-+ (Fy - Fyn(y))

Then we can write

k(n)

P| sup F,>z|<Y P| sup Fpiy—Fyig>2e [+P| sup Fuoy > 2
y:ntys0 =1 y:antys0 y:antys0
lyl=n lyl=n lyl=n

(7.18)

for any choice of k = k(n) and sequences z;, with leii Z¢ < z. To estimate the individual
probabilities, we just need to count the number, Ay ,, of image points in I', that are reached
when mapping all the y occurring in the supremum (i.e. those of length n and encircling
the origin), and use the assumption to get the obvious estimate

P{ sup F), >z (7.19)
y:intys0
lyl=n

k(n)

< A Ay expl|l — Z%
= 2 At B P\ T 280 G Tint e () Ant ye ()

2
L1
Akny.n exp| — i
+ Aki.n P( C B2 sup, |1nt)/k(1/)|)

We must now make a choice for the sets I';. For this we cover the lattice Z¢ with squares
of side-length 2¢ centered at the coarser lattice (2¢Z)¢. The set I', will then be nothing but
collections of such squares. Next we need to define the maps y,. This is done as follows:
Let V,(y) be the set of all cubes, c, of side-length 2¢ from the covering introduced above
such that

le Ninty| > 24! (7.20)

Then let y,(y) = 0Vy(y) be the set of boundary cubes of V,(y). A simple example is
presented in Fig. 7.1. Note that the images yy(y) are in general not connected, but one
verifies that the number of connected components cannot exceed const. |y |2~@~D¢=D and
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.

Figure 7.1 Successive coarse graining of a contour.

the maximal distance between any of the connected components is less than |y |. This leads,
after some tedious counting, to the estimate that

Ctn
Avn = eXp\ Saoy (7.21)
On the other hand, one readily sees that

lint ye(y)Aint ye_1(y)] < |y[2° (7.22)

for any y . Finally, one chooses k(n) such that 2KV ~ n!/3 (i.e. k(n) ~ Inn). Inserting these
estimates into (7.19), one concludes that, for small enough €, the sum in (7.20) is bounded
by

k(n) 2
) C—n
;exp<_ Cp? €22n * s (7.23)
and the last on the left of (7.20),
Lt
e - ol 7.24
k(m),n eXp< C €282 sup,, |int yk(y)|) (7.24)

2
Z
1/3 k(n)+1
< exp(C Innn'/> — CB? /@D ean/(d1)> (7.25)

This allows us to choose z; = ¢fnf~? to get a bound of order

23 2
P| sup F), >cfn| <e“" ¢
yintyso

lyl=n

(7.26)
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and hence
P| sup F, >cBlyl|<e <’ (7.27)
y:inty>0
But from here follows the conclusion of Proposition 7.1.8 . O

The existence of two Gibbs states would now follow as in the dilute Ising model if we
could verify the hypothesis of Corollary 6.4.2. The only existing full proof of the existence
of a phase transition in the RFIM is due to Bricmont and Kupiainen [63] and requires much
harder work. We will return to this in Section 7.3.

7.2 Absence of phase transitions: the Aizenman—-Wehr method

We have seen that in d > 3 the random energy that can be gained by flipping spins locally
cannot compensate for the surface energy produced in doing so if the disorder is weak and
the temperature low. On the other hand, in dimensiond < 2, the Imry—Ma argument predicts
that the random bulk energies might outweigh surface terms, and this should imply that the
particular realization of the random fields determines locally the orientation of the spins,
so that the effects of boundary conditions are not felt in the interior of the system, implying
a unique (random) Gibbs state. This argument was made rigorous by Aizenman and Wehr
[8, 258] in 1990, using a number of clever and interesting ideas. Roughly, the proof is based
on the following reasoning: Consider a volume A and two boundary conditions, say all
plus spins and all minus spins. Then the difference between the corresponding free energies
fea:=1In Z?; , must always be bounded by const. |0 A| (just introduce a contour right next
to the boundary and proceed as in the Peierls argument). Now get a lower bound on the
random fluctuations of that free energy; from the upper bound (7.7) one might guess that
these can be of order C(8)+/[A[, multiplied by a standard Gaussian random variable, say g.
If this is so, there is a dilemma: by symmetry, the difference between the two free energies
must be as big as the random part, and this implies that C(8)+/]A|g < const.|d0A|.Ind < 2,
this implies that C(8) = 0. But C(8) will be seen to be linked to an order parameter, here
the magnetization, and its vanishing will imply the uniqueness of the Gibbs state. To make
this rough argument precise requires, however, a delicate procedure. In what follows I will
give the proof of Aizenman and Wehr only for the special case of the RFIM (actually, for
any system where FKG inequalities hold).

7.2.1 Translation-covariant states

A key technical idea in [8] is to carry out the argument sketched above in such a way that it
gives directly information about infinite-volume states. This will allow the use of ergodicity
arguments and this will force us to investigate some covariance properties of random Gibbs
measures.

To do so, we equip our probability space (€2, B, P) with some extra structure. First, we
define the action, T, of the translation group 74 on . We will assume that P is invariant
under this action and that the dynamical system (2, B, P, T) is stationary and ergodic. In
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the random-field model, the action of T is simply
(hy [Tywl, ..., hy, [Tyo]) = (hysy[@l], ..o by, oy [0]) (7.28)

and the stationarity and ergodicity assumptions are trivially satisfied if the A; are i.i.d.
Moreover, we will use that Q is equipped with an affine structure, i.e. we set

(hylo+ o], ... hy [0+ ') = (hy [w] + by (0], ..., by [0] + By, [00']). We will intro-

duce a subset, ¢ C 2, of random fields that differ from zero only in some finite set, i.e.

Qo= {8w e Q:3IA CZ, finite, Vy & A, hyldw] = 0} (7.29)
We will use the convention to denote elements of €2 by Sw.
Definition 7.2.1 A random Gibbs measure 14 is called covariant if,
(i) forall x € Z4, and any continuous function f,
uslol(T ) = sl Tewl(f), ass. (7.30)
(i1) for all w € €, for almost all w and all bounded, continuous f,

g [w] (fefﬁ(H[erSw]fH[w]))
Mﬂ[w] (efﬂ(H[wHwaleJ))

pplo + dwl(f) = (7.31)
(Note that H[w + dw] — H[w] is a finite sum: if w is supported on A, then H[w +
dwl(w) — H[w](0) = =) ;.5 0ihi[8w].)

The properties of covariant random Gibbs measures look natural, but their verification
is in general elusive (recall that even the construction of random Gibbs measures was
problematic). In the context of the RFIM, we are helped, however, by the FKG inequalities
that were discussed in Section 4.3.

Theorem 7.2.2 Consider the random-field Ising model (7.2) with h; a stationary and
ergodic random field. Then there exist two covariant random Gibbs measures, ,u;; and
Wy, that satisfy:

(i) For almost all w,

+ : +
=1 7.32
uglw] A, . alo] (71.32)

(ii) Suppose that, for some B, ,u; = g Then, for this value of B, the Gibbs measure for
the RFIM model is unique for almost all w.

Proof In Section 4.3.3, Corollary 4.3.16, we learned that, due to the FKG inequalities
(whose validity remains unaffected by the presence of the random fields), for any w € 2,
we can construct infinite-volume Gibbs states, M;F [w], as limits of local specifications with
constant boundary conditions along arbitrary (w-independent) increasing and absorbing
sequences of finite volumes A,. Thus, the functions w — M;F are measurable, since they
are limits of measurable functions. It remains to check the covariance properties. Property
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(ii) follows immediately from the fact that ,ujg can be represented as a limit of local spec-
ifications, and that the formula (7.31) holds trivially for local specifications with A large
enough to contain the support of dw. Property (i) on the contrary requires the independence
of the limit from the chosen sequence A,. Indeed we have

g al)(T— f) = i o1 [Tl (f) (7.33)

which implies, by Corollary 4.3.16 that ,uE[w](T,xf) = ;L;;[Txa)](f) almost surely,
as desired. The second assertion of the theorem follows directly from (iv) of Corollary
4.3.16. O

Remark 7.2.3 It is remarkably hard to prove the translation covariance property in the
absence of strong results like the FKG inequalities. In fact there are two difficulties. The
first is that of the measurability of the limits that we have already discussed above. This
can be resolved by the introduction of metastates, and it was precisely in this context that
Aizenman and Wehr first applied this idea. The second problem is that, without comparison
results between local specifications in different volumes, the relative shift between the
function and the volume implicit in (7.33) cannot be removed. A way out of this problem
is to construct Gibbs states with periodic boundary conditions (i.e. one replaces A with
a torus, i.e. (Zmodn)?). In that case, one may recover the translation covariance of the
limit from translation covariance of the finite-volume measures under the automorphisms
of the torus. From the point of view of the general theory as we have presented it so far,
this is unsatisfactory. For this reason, we have restricted our exposition of the Aizenman—
Wehr method to the RFIM and refer the reader to the original articles for more general
results.

7.2.2 Order parameters and generating functions

We learned in Section 4.3.3 that, due to the monotonicity properties implied by the FKG
inequalities, we will have a unique Gibbs state, for almost all w, if and only if the translation-
covariant states /L; and pg coincide almost surely. Moreover, we know from Proposition
4.3.17 that in the translation-invariant case, uniqueness follows from the vanishing of the
total magnetization. We want to extend this result to the random case. We set

1
m' ] = Aigo DN %; wlwl(o:) (7.34)

+
provided the limit exists. We will also abuse notation and write m?—f = m"# . Some simple
facts follow from covariance and FKG:

Lemma 7.2.4 Suppose that i is a covariant Gibbs state. Then, for almost all w, the total
magnetization m*[w] exists and is independent of w.

Proof By the covariance of u,

1
mh[w] = 11\1%20 PN ; wlT_iw](oo) (7.35)
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But pg[w](0p) is a bounded measurable function of w; since we assumed that (2, B, P, T)
is stationary and ergodic, it follows from the ergodic theorem (see, e.g., Appendix A3 of
[125] for a good exposition and proofs) that the limit exists, almost surely, and is given by

m* = E u(oy) (7.36)
O

Lemma 7.2.5 In the random-field Ising model,
mt—m” =0 pu; =g (7.37)
Proof (7.36) implies that, almost surely,
0=m" —m" =Euj(o) — 1z (o) (738)

and so, since /,L; (07) — /LE(O’Z-) > 0, and there are only countably many sites i, almost surely,
foralli € 77, M;(Ui) — pg(oi) = 0. O

The order parameters introduced above can be computed as derivatives of certain gener-
ating functions. We set
" 1 —B Y ica hioi
G = —5 Inu (e jen b ) (7.39)

Note that, if u is a covariant Gibbs state, then

1
GH = 5 il — o] (ef i) (7.40)
Here, wp € Qp is defined such that h;[wpa] = hi[w] if i € A, and h;[wa] =0 if i € A.
Therefore, fori € A,

plw — wp] (o;ef Zien lior)

i)
— G = = ; 7.41
dh; * plw — wp] (ef Liea hio) ulel) (7.41)

where the first equality follows from the fact that u[w — w,] is Byc-measurable and the
second one follows from (7.31). In particular, we get that

a
ah;

E

GY = m* (7.42)
Let us now introduce the function
Fyn = E[GY — G |B] (7.43)

Clearly, Ea%o Fy =m* —m™, and our goal is to prove that this quantity must be zero. The

important point is the following a-priori upper bound:
Lemma 7.2.6 For any value of B, and any volume, A,

|Fal < 2]0A]| (7.44)
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Proof The first step in the proof makes use of (7.40) to express F in terms of measures
that no longer depend on the disorder within A. Namely,

M_ [CL)] (e—ﬂ Z[eA hiU/)
Fpn=p'ElIn-2
v [“Mzm (T

_ |y 10 Z e[ f’m) |Ba
fglw — wp] (ef Zienhicr)

(7.45)

Next, we use the spin-flip symmetry, which implies that ,u; [w](f(o)) = pg[—ol( f(—o0)),
and the symmetry of the distribution of the /; to show that

+ — B Yica hioi
E |:ln Hg [w CUA](e ) |BA]

fig [ — @p](ef Zien hicr)

_ I'LE[_(G) - C()A)] (67/3 Zie/\ hiUi)
=" |:1n /LE [w— a)A](eﬁ Diea h,’m) |BA (7.46)

_Elm Ma[w — wp](eF Zienhioi) X
/’Lﬂ [a) — a)A](eﬁ ZieA hlgi)

We are left with the ratio of two expectations with respect to the same measure. Here we
use the DLR equations to compare them:

1 gl — wp] (e e o) (7.47)
= Eop 5[0 — oal(on gy (7 Liea )

ME[CU — wp)(opc) (Z 116/\ UA“/""ZITA j‘eA‘ 00— ien hi )
_ e fy

T THOAC OAC oA
Zﬂ,A
/LE[(,() — wpl(opc) (Z ieA 0i0j— ZreA jenc 010+ iep hi ‘7'>
= s, —ZU/\C ]Em\e Jjl= —Jjl=1
B.A
< ezﬁlaA‘E /'L,B [a) C()A](O—A‘) 5( 'fje‘l\ U’JJJFZIE‘/\ J‘e/}‘ 0107+ZIEA hi ‘7’)
- @ i i—j
— ZUA(
B, A

= /’LE [w— a)A](e'B Yiea hiffi)eZﬁ\aA\
Inserting this bound into (7.46) gives the desired estimate. -

Next, we prove a lower bound on the fluctuations of F,, or, more precisely, on its Laplace
transform. Namely:

Lemma 7.2.7 Assume that for some € > 0, the distribution of the random fields h satisfies
E|h)?*€ < co. Then, for any t € R, we have that

2b2
11m1nf Eexp(tFA/\/ |A]) > exp( > ) (7.48)

A=[-L,L)%;L

where

b* > E[E[Fa|Bo)*] (7.49)
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Remark 7.2.8 It is easy to see that Lemmata 7.2.6 and 7.2.7 contradict each other in
d < 2, unless b = 0. On the other hand, we will see that b = 0 implies m™ = m ™, and thus
the uniqueness of the Gibbs state.

Proof The proof of this lemma uses a decomposition of F, as a martingale-difference
sequence. That is, we order all the points i € A and denote by B, ; the sigma-algebra
generated by the variables {£;}ca.;<;. Then we have trivially that

[A| [A]

Fp = Z (E[FalBai] —E[FalBai-1]) = Z Y; (7.50)

i=1 i=1

(note that EF, = 0!). Using this, we can represent the generating function as
ECtFA = E[E[ L ]E[]E[Ctyw |BA’|A‘_1]€IY‘A‘71 |BA,|A\—2] tee e’Y2|BA_1]e’Y‘] (751)

We want to work up the conditional expectation from the inside out. To do so, we need a
lower bound for any of the terms E[e’ YiB A.i—1]. To get such abound, we use the observation
(see [8], Lemma A.2.2) that there exists a continuous function, g(a), with g(a) | 0 as
a | 0, such that, for all real X and alla >0,¢* > 1+ x+ 2(1 —g(a)x? I |<q. Since,
moreover, forall x| < a, e*°" 272 < 14 x?/2,itfollows that, if EX = 0, then, for f(a) =
1—(1— g@)ye /2,

1
EeX > e7(1—f(6l))1E[X’2 Iix|<al (7.52)

Using this estimate, we see that

2
E [e’Yf |BA,[71] eXp(—%(l — f(a))IE [YizﬂtlYi|§a|BA,il]) > 1 (753)

Since this quantity is B, ;-measurable, we can proceed as in (7.51) to see that (we switch
to the desired normalization)

2 S 2
| < Be! VA= 0= F@) D B[ Uy o i (7.54)

We will show in a moment that the term
|A]
Val@) = [AITM Y B[V Iy, <0 iar Baiioi] (7.55)
i=1
appearing in the exponent in the last factor of (7.54), converges in probability to a constant,
C, independent of a > 0. Since, by Lemma 7.2.6, in d = 2, F/+/|A] < C’, this implies
easily that
liminf Ee/Fa/VA > C/2 (7.56)
A7
We are left with the task of controlling and identifying the limit of V (a). This will be done
by a clever use of the ergodic theorem.
To do so, we introduce new sigma-algebras 37, generated by the random variables
with j < i, where < refers to the lexicographic ordering. Define

W, =E[G} - % 1] - E[G4 - 6187, (.57
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Using (7.41) one may show that, for all i in A, W; is independent of A (the proof uses
(7.41) to represent Gy in terms of integrals over (o), which is independent of A). On the
other hand, we have the obvious relation that

Y; = E[W;|B4a] (7.58)

We use this first to show that the indicator function in the conditional expectation can be
removed, i.e. for all ¢ > 0,

1A
lim [|A|—l D E[Y Uy 0 yiarlBaio1] > e] =0 (7.59)

Atoo P

To see this, compute the expectation of the left-hand side in probability, and use the Holder
inequality to get

[A] [A]
E|A|™! ZE [Yi2Ht|Y,|>am|BA,i—l] =A™ ZE [Yizllr|y,|>am]
i=1 i=1
IA| N1
< A7) (BY) T @il > ay/IAl/m) (7.60)

i=1
with 1/p 4+ 1/q = 1. Now, using Jensen’s inequality and (7.58), we see that for any g > 1
IEYizq < IEWOZq However, using e.g. (7.41), it is easy to see that [Wy| < C|hg|, so that, if
the 2¢g-th moment of / is finite, then EW& ? < o0o. Using the Chebyshev inequality and the
same argument as before, we also conclude that P[|Y;| > a+/[A]/t] < %, which tends
to zero as A 1 oo. We see that (7.60) tends to zero whenever p < oo, for any a > 0. By
the Chebyshev inequality, this in turn allows us to conclude (7.59).”
Next observe that W; is shift covariant, i.e.

Wilw] = Wo[T-;w] (7.61)

Therefore, by the ergodic theorem, we can conclude that
lim (A7) E[W?BZ,] = EW;, in probabilit 7.62
lim, A" S SR [WPIBE ] = EWG, in probability (7.62)

ieA
Now we will be done if we can show that
E[Y}Ba;] - E[WB7] (7.63)

goes to zero as A goes to infinity, in probability. This follows by estimating the expectation
of the square of (7.63), some simple estimates using the Cauchy—Schwarz inequality and
the fact that for any square integrable function f, E[(f — E[f|B A 1)?] tends to zero as A
approaches Z¢.

To arrive at the final conclusion, note that

EWg > E[(E[Wo|Bo])*] (7.64)

(where By is the sigma-algebra generated by the single variable hg), and E[Wy|By] =
E[Fa|Bol. O

7 In [8], only two moments are required for 4. However, the proof given there is in error as it pretends that the
function x2 Iljx|>q is convex, which is manifestly not the case.
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Remark 7.2.9 The assertion of the preceding lemma amounts to a central limit theorem;
the basic idea of the proof, namely the use of a martingale-difference sequence obtained
by successive conditioning, is also the basis of a useful proof of concentration of measure
estimates due to Yurinskii [261].

Finally we observe that by (7.41),

i BLE B0 = B[00 5 (00) 5] (7.65)
Let us denote by f(h) = E[F4|Bo] (where h = hy[w]). Since 1 > f'(h) > 0 for all A,
E f? = 0 implies that £ (/) = 0 (for P-almost all points) on the support of the distribution
of 4. But then f’(h) must also vanish on the convex hull of the support of the distribution of
h (except if the distribution is concentrated on a single point). Therefore, barring that case
E[FAlBol=0=m" —m™ =0.

Collecting our results we can now prove the following:

Theorem 7.2.10 [8] In the random-field Ising model with i.i.d. random fields whose dis-
tribution is not concentrated on a single point and possesses at least 2 + € finite moments,
for some € > 0, if d < 2, there exists a unique infinite-volume Gibbs state.

Proof Lemma 7.2.6 implies that for any A, Ee/frs < e/l?Al. Combining this with
Lemma 7.2.7, we deduce that, if d < 2, then necessarily b = 0. But from what was just
shown, this implies m* = m~, which in turn implies uniqueness of the Gibbs state. O

With this result we conclude our discussion of the random-field Ising model ind = 2. We
may stress that Theorem 7.2.10 is in some sense a soft result that gives uniqueness without
saying anything more precise about the properties of the Gibbs state. Clearly, there are many
interesting questions that could still be asked. How does the Gibbs state at high temperatures
distinguish itself from the one at low temperatures, or what does the low-temperature Gibbs
state look like in dependence on the strength of the random fields? It is clear that for very
low temperatures and very large €, the Gibbs state will be concentrated near configurations
o; = sign h;. For small €, by contrast, more complicated behaviour is expected. Results of
this type are available in d = 1 [29], but much less is known in d = 2 [258].

7.3 The Bricmont-Kupiainen renormalization group

In 1988 a remarkable article by Bricmont and Kupiainen [63] settled the long-standing
dispute on the lower critical dimension of the random-field Ising model through a rigorous
mathematical proof of the existence of at least two phases at low temperatures in dimension
three and above. Their proof was based on a renormalization group (RG) analysis. In this
section we will give an outline of their proof, following mostly the version given in [50],
developed for the related problem of interfaces in random environments. The details of the
proof are cumbersome, and we will focus here on the structural aspects, omitting the proofs
of many of the lemmata that are mainly of combinatorial nature. All the omitted proofs can
be found in [50]. A simpler problem where all cluster expansions can be avoided concerns
the hierarchical models (see [48, 49, 59]).
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The central result of [63] is the following:

Theorem 7.3.1 Letd > 3 and assume that the random variables h, arei.i.d., symmetrically
distributed and satisfy P[|h,| > h] < exp(—h?/X?) for ¥ sufficiently small. Then there
exists By < oo, Xy > 0, such that for all B > By and X < Xy for any increasing and
absorbing sequence of volumes A, 1 7%, the sequence of measures ,ufw p converges 1o
disjoint Gibbs measures u§ P-almost surely. '

Before entering the details of the proof of this theorem, we explain some of the main ideas
and features of the RG approach. The principal idea is to use a low-temperature contour
expansion as explained in Chapter 5. As opposed to many deterministic systems, the first
(and in some sense main) difficulty in most disordered systems is that the ground-state
configuration depends in general on the particular realization of the disorder, and, worse,
may in principle depend strongly on the shape and size of the finite volume A! In dimension
d > 3, we expect, from the arguments given before, that there exist translation-covariant
ground-states that more or less look like the plus or the minus configurations, with a few
small deviations.

The crucial observation that forms the ideological basis for the RG approach is that while
for large volumes A we have no a-priori control on the ground-states, for sufficiently small
volumes we can give conditions on the random variables / that are fulfilled with large
probability under which the ground-state in this volume is actually the same as the one
without randomness. Moreover, the size of the regions for which this holds true will depend
on the variance of the random variables and increases to infinity as the latter decreases. This
allows us to find ‘conditioned’ ground-states, where the conditioning is on some property of
the configuration on this scale, except in some small region of space. Re-summing then over
the fluctuations about these conditioned ground-states one obtains a new effective model
for the conditions (the coarse-grained variables) with effective random variables that have
smaller variance than the previous ones. In this case, this procedure may be iterated, as now
conditioned ground-states on a larger scale can be found.

To implement these ideas one has to overcome two major difficulties. The first one is to
find a formulation of the model whose form remains invariant under the renormalization
group transformation. The second, and more serious, one is that the re-summation procedure
as indicated above can only be performed outside a small random region of space, called
the bad region. While in the first step this may not look too problemematic, in the process
of iteration even a very thin region will potentially ‘infect’ a larger and larger portion of
space. This requires us to get some control also in the bad regions and to develop a precise
notion of how regions with a certain degree of badness can be reintegrated as ‘harmless’
on the next scale. For the method to succeed, the bad regions must ‘die out’ over the scales
much faster than new ones are produced.

7.3.1 Renormalization group and contour models

This subsection is intended to serve two purposes. First, we want to describe the princi-
pal ideas behind the renormalization group approach for disordered systems in the low-
temperature regime. Second, we want to present the particular types of contour models on
which the renormalization group will act and to introduce the notation for the latter.
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The renormalization group for measure spaces Let us explain what is generally under-
stood by a renormalization group transformation in a statistical mechanics system. We
consider a probability space (S, F, u), where u is an (infinite volume) Gibbs measure. One
may think for the moment of S as the ‘spin’-state over the lattice 74, but we shall need
more general spaces later. What we shall, however, assume is that S is associated with the
lattice Z¢ in such a way that for any finite subset A C Z? there exists a subset S, C S
and sub-sigma algebras, F,, relative to S, that satisfy F, C Fp if and only if A C A",
Note that in this case, any increasing and absorbing sequence of finite volumes, {A,},cz, ,
induces a filtration {F, = Fy, }nez, of F.

Ideally, a renormalization group transformation is a measurable map, T, that maps Z¢ —
Z4 and (S, F) — (S, F) in such a way that, for any A C Z¢,

(1) T(A) C A, and moreover 3, : T"(A) = {0}, where n may depend on A.
(ii) T(SA) = St

The action of T on space will generally be blocking, e.g. T(x) = L~ 'x = int(x/L). The
action on S has to be compatible with this blocking but needs to be defined carefully.
Having the action of T on the measure space (S, F) we get a canonical action on measures
via
(Tu)(A) = w(T~'(A)) (7.66)

for any Borel-set A € T(F). The fundamental relation of the renormalization group allows
us to decompose the measure w into a conditional expectation and the renormalized measure
on the condition, i.e. for any Borel-set A € F we have

H(A) = f i (AIT = o) (T)(de) (7.67)
T(S)

A renormalization group transformation is useful if this decomposition has the virtue that
the measure Ty is ‘simpler’ than the measure u itself, and if the conditioned expectations
are easier to control at least on a subspace of large measure with respect to T .

So far, we have not made reference to the specific situation in random systems. In such a
situation the specific choice of the renormalization group transformation has to be adapted
to the particular realization of the disorder, i.e. will itself have to be a — complicated —
random function. In particular, the renormalization group transformation cannot be simply
iterated, since after each step the properties of the new measure have to be taken into account
when specifying the new map. We will even allow the underlying spaces S to be random
and to change under the application of the renormalization group map.

A final aspect that should be kept in mind is that the renormalized measures (or even
their local specifications) can only in principle be computed exactly, while in practice our
knowledge is limited to certain bounds.

Contour models The concept of contours has already been introduced in the context of
low-temperature expansions in Chapter 5. The idea is that the support of a contour indicates
where a configuration deviates from a ground-state configuration. In our situation, the
true ground-states are not known, but we will proceed as if the constant configurations
were ground-states. The trick introduced by Bricmont and Kupiainen is to correct for this
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sloppiness by incorporating into the support also those parts of space where the disorder
is so big that this assumption is questionable, the so-called bad regions. Section 7.3.2 will
pinpoint this idea by dealing exclusively with the ground-state problem.

Definition 7.3.2 A contour, I, is a pair (I, o), where I is a subset of 74, called the support
of I',and o = o(I') : Z¢ — {—1, 1} is a map that is constant on connected components
of I'“.

In the sequel, S shall denote the space of all contours. Also, S, will denote the space of
contours in the finite volume A.

We will also need spaces of contours satisfying some constraints. To explain this, we
must introduce some notation. Let D be a subset of Z¢. We denote by S(D) all contours
whose support contains D, i.e.

S(D)={lreS|DCT} (7.68)

As we have indicated above, a renormalization group transformation may depend on the
realization of the disorder, and in particular on a bad region D. The bad regions will be
affected by the renormalization, so that we will have to construct maps, T p, that map the
spaces S(D) into S(D’) for suitably computed D’. The resulting structure will then be a
measurable map, Tp : (S(D), F(D)) — (S(D'), F(D’)), that can be lifted to the measure
w such that, for any A4 € F(D’),

(Tpu)(A) = w(Tp'(A) (7.69)

We want to iterate this procedure. As a first step, let us rewrite the original RFIM as a
contour model.

The RFIM as a contour model We need to introduce some more notation. We always
use the metric d(x, y) = rnaxfl=1 |x; — y;| for points in Z¢. We call aset A C Z¢ connected
if and only if, for all x € A, d(x, A\{x}) < 1. A maximal connected subset of a set A will
be called a connected component of A. We write A for the set of points whose distance from
A is not bigger than 1, and we write A = A\ A and call A the boundary of A. A further
important notion is the interior of aset A, int A. Itis defined as follows: For any set A C 74,
let A € R? denote the set in R? obtained by embedding A into R and surrounding each
of its points by the unit cube in d dimensions. Then the complement of A may have finite
connected components. Their union with A is called int A, and the intersection of this set
with Z¢ is defined to be int A.

Important operations will consist of the cutting and gluing of contours. First, for any
contour I' we may decompose its support, I', into connected components, - in the sense
described above. Note that a contour is uniquely described by specifying its support I, the
values of o on the support and the values ¢ takes on each of the connected components
of the boundary of the support. This makes it possible to associate with each connected
component y of the support a contour, y;, by furnishing the additional information of the
signs on y. . and on the connected components of 3y - We will call a contour with connected
support a connected contour. In the same spirit we call a connected contour y; obtained
from a connected component of the support of a contour I' a connected component of I'. A
collection, {yy, ..., vx}, of connected contours is called compatible if there exists a contour,
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I, such that y;, . . ., y, are the connected components of I". This contour will also be called

(yla M) Vn)
We will also use a notion of weak connectedness: a set A C Z¢ is weakly connected if

int A is connected. All the notions of the previous paragraph then find their weak analogues.
Defining

1
EI) =7 Z (0:(T") — 0, (1)) (7.70)

Jx—yl=1

we could write
H(o)=E,T)+ (h,o()) (7.71)

with I defined for a given function o as the set of x that possess a nearest neighbour, y, for
which oy # o,. Then the term E¢(I") could be written as a sum over connected components,
Ey (') =), Es(y;). This would be reasonable if the constant configurations were indeed
ground-states. But the field terms may deform the ground-states. What we want to do is to
indicate where such deformations may have occurred in space. To implement this, we allow
only /, that are small enough to remain in the field term. For a fixed § > 0, to be chosen
later, we set

Sx = hx ]I\hx|<5 (772)
For fields that are not small, we introduce a control field that keeps rough track of their size,
Ny =8zl (7.73)

The prefactor ! is such that non-zero control fields have minimal size one. The region D,
the bad region, is then defined as

D = D(N) = {x € Z|N, > 0} (7.74)

The bad region will always be considered part of the contour of a configuration, irrespective
of the signs. We define the mass of a contour I" as

wT) = p(M)e PETOIL_ s o o munm) (7.75)
where
p(I) = efﬂ(E;(F)+(h,a(l“)),)([«>m£) (7.76)

The important fact is that p(I") factors over the connected components of I', i.e. if I' =
(Vl: ey yn), then

p(0) =[] o) (7.77)
i=1

Note that (7.75) implies a one-to-one relation between spin-configurations and contours
with non-zero weight.

We would wish that the form of the measures on the contours would remain in this form
under renormalization, i.e. activities factorizing over connected components plus a small-
field contribution. Unfortunately, except in the case of zero temperature, things will get a
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bit more complicated. In general, the renormalization will introduce non-local interactions
between connected components of supports as well as a (small) non-local random field {S¢}
indexed by the connected subsets C of Z¢. We will also introduce the notations

Vi) = {x € Z% o, (T) = £} (7.78)

and

(S, v(Iy

dYosi+ ) s (7.79)
ccvi() ccv_(n)
where sums over C here and henceforth are over connected sets, and the superscript £ on S
refers to whether C is contained in the plus or the minus phase. If C is a single site, C = x,
we set ST = +£8,. The final structure of the contour measures will be the following:

1
M(r)zz_efﬂwm Z o(T, G) (7.80)
B A 7Z4>5GoT

where the activities, p(I", G), factor over connected components of G.
The functions S, the activities p and the fields N will be the parameters on which the
action of the renormalization group will finally be controlled.

Renormalization of contours We will now define the action of the renormalization group
on contours. This cannot yet be done completely, since, as indicated above, the renormal-
ization group map will depend on the bad regions, basically through the fields N,. These
details will be filled in later.

The renormalization group transformation consists of three steps:

(1) Summation of small connected components of contours
(2) Blocking of the remaining large contours
(3) Dressing of the supports by the new bad region

Note that step (3) is to some extent cosmetic and requires knowledge of the renormalized bad
regions. We note that this causes no problem, as the bad regions may already be computed
after step (1).

Let us now give a brief description of the individual steps:

STEP 1: We would like to sum in this step over all those classes of contours for which
we can get a convergent expansion in spite of the random fields. In practice, we restrict
ourselves to a much smaller, but sufficiently large, class of contours. We define a connected
component as ‘small’ if it is geometrically small (in the sense that d(y;) < L), and if its
support does not intersect the bad region, with the exception of a suitably_deﬁned ‘harmless’
subset of the bad region. This latter point is important since it will allow us to forget about
this harmless part in the next stage of the iteration and this will assure that the successive
bad regions become sparser and sparser. Precise definitions are given in Section 7.3.2.

A contour that contains no small connected component is called large, and we denote by
S'(D) the subspace of large contours. The first step of RG transformation is the canonical
projection from S(D) to S'(D), i.e. to any contour in S we associated the large contour
composed of only the large components of I".
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STEP 2: In this step the large contours are mapped to a coarse-grained lattice. We choose
the simplest action of T on Z¢, namely (Tx); = £~! = int (x;/L). We will denote by Lx the
set of all points y such that £~'y = x. The action of £~! on spin configurations is defined
as averaging, i.e.

(L7'o)y = sign > oy (7.81)
xeLy

With this definition the action of £~! on large contours is
LT =«7'r, £7%) (7.82)

STEP 3: The action of T given by (2.19) does not yet give a contour in S(D’). Thus, the
last step in the RG transformation consists of enlarging the supports of the contours by the
newly created bad regions, which requires that we compute those. This will in fact be
the most subtle and important part of the entire renormalization program. Given a new
region D', the effect on the contours is to replace £L~'T" by £~'T" U D'(L7'T"), so that
finally the full RG transformation on the contours can be written as

Tp(T) = (D'(L7'THTY) U £7'TU(D), £7 (T () (7.83)

7.3.2 The ground-states

The crucial new feature in the analysis of the low-temperature phase of the RFIM lies in the
fact that even the analysis of the properties of the ground-state becomes highly non-trivial.
We therefore present the analysis of the ground-states first.

Formalism and setup To simplify things, we will only show that, with probability larger
than 1/2 (and in fact tending to 1 if ¥ | 0), the spin at the origin is +1 in any ground-state
configuration with + boundary conditions. More precisely, define

O = {r* € s‘r; =Ta A Ho(TH) = r/_r/inf HA(F’)} (7.84)

Here I' e denotes the restriction of I" to A°. We want to show that for a suitable sequence
of cubes A,,

P[liminf min og(T") = +1] >1/2 (7.85)

ntoo Feg[lﬂ\;—l

Let us introduce the abbreviation S, = Sp,. The analysis of ground-states via the renor-
malization group method then consists of the following inductive procedure. Let T be a
map T : S, - S,_1. Then clearly

inf Hy, = _inf < inf HA”(F)> (7.86)
res, reS,.; \I'eT-'T°

which suggests the definition

(THy, )T)= inf H, () (7.87)
reT-IT
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Here T~'T" denotes the set of pre-images of I" in S,. Defining Tgﬁ?’ll to be the set of

ground-states with respect to the energy function T H, we have that

B+1 _ *
v =

Hy, (T = inf HA”(F)} (7.88)
reT-! (Tgﬂ’:jl )

that is, if we can determine the ground-states with respect to TH in the smaller volume

A,_1, then we have to search for the true ground-state only within the inverse image of this

set.

We will now give a precise description of the class of admissible energy functions.
The original energy function describing the RFIM was already introduced. To describe the
general class of models that will appear in the RG process, we begin with the ‘control’ fields
N. We let {N,} e, be a family of non-negative real numbers. They will later be assumed
to be a random field satisfying certain specific probabilistic assumptions. Given N, D(N)
is defined in (7.74). We denote by S,(D) C S, the space

S.(D) = (T € S,|D(N) C T} (7.89)

Definition 7.3.3 An N-bounded contour energy, €, of level k is a map, € : S,(D) — R,
such that:

@) If y1, ..., ym are the connected components of I", then

m

e =) en) (7.90)

i=1
(ii) If y is a connected contour in S, (D), then
€(y) = E(y) + L™y \D(y)| = (N, V(y) N y) (7.91)

where E(y) is defined in (7.70).
(iii) Let CC D be connected and y be the connected component of a contour I' C S,(D).
Then

e(y) <Y Ny (7.92)

xeC

An N-bounded energy function of level k is amap H,, : S, — R of the form
Hy, (T) =€) + (S, V(T') (7.93)

where S, are bounded random fields (see (7.72)) and € is a N-bounded contour energy of
level k.

Remark 7.3.4 The appearance of the dimension- and k-dependent constant in the lower
bound (7.91) is due to the fact that in the RG process no uniform constant suppressing
supports of contours outside the bad region is maintained.

We now define the notion of a proper RG transformation.

Definition 7.3.5 For a given control field N, a proper renormalization group transformation,
T™, is a map from S,(D(N)) into S,_1(D(N")) such that, if Hy, is of the form (7.93)
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with € an N-bounded contour energy of level k, then H, = T™)H,_ is of the form
Hy, (D) = €@+ (S, V(D) (7.94)

where €’ is an N’-bounded contour energy of level k + 1, and S’ is a new bounded random
field and N’ is a new control field.

In order to make use of an RG transformation, it is crucial to study the action of the RG on
the random and control fields. As both are random fields, this control will be probabilistic.
We must therefore specify more precisely the corresponding assumptions.

Recall that the energy functions H are random functions on a probability space (2, 55, P)
and that H,, is assumed to be 3, ,-measurable (this is evident, e.g., in the original model,
where H,, is a function of the stochastic sequences i, with x € A, only, and B,, is the
sigma-algebra generated by these sequences). The renormalized energy functions are still
random variables on this same probability space. It is useful to consider an action of the
RG map on the sigma-algebras and to introduce B® = T*B, where TBX‘) C Bg‘gl), such
that after k iterations of the RG the resulting energy function is 3%)-measurable. Naturally,
B® is endowed with a filtration with respect to the renormalized lattice. In the general step
we will drop the reference to the level in the specification of this sigma-algebra and write
simply B. We need to maintain certain locality properties that we state as follows:

(i) The stochastic sequences {N,} and {S,} are measurable with respect to the sigma-
algebras Bs.
(ii) For connected contours y € S, (D), €(y) is measurable with respect to By.
(iii) The distribution of {S,},cz, is jointly symmetric, and the distribution of the contour
energies {€(y)}, -z, is symmetric under a global spin flip.

Finally, we need assumptions on the smallness of the disorder. Here the S-fields are centered
and bounded, i.e.

@iv) |Sy| < 6, for § small enough (for instance § = & will work).

&2

v) P[S, > €] < exp<— E) (7.95)
The control fields N, should also satisfy bounds like (7.95), but actually the situation there
is more complicated. Notice that in the original model the N-fields as defined in (7.73)
satisfy bounds P(N, > z) < 2exp(— %), and ‘moreover’ the smallest non-zero value they
take is 8. The precise formulation of the conditions on N are postponed to the end of this
section.

Absorption of small contours The first part of the RG map consists of the re-summing
of ‘small contours’. These can be defined as connected components of small size (on scale
L) with support outside the bad regions. The definition of the bad regions excludes the
existence of such small components in a ground-state contour. Actually, there is even a
large portion of the bad region that may be removed if we are willing to allow for the
appearance of ‘flat’ small contours, i.e contours with non-empty supports but constant sign
even on their support. It is crucial to take advantage of this fact. The following definition
describes this ‘harmless’ part of the bad region.



134 The random-field Ising model

Definition 7.3.6 Let D; denote the L'/?-connected® components of D. Such a connected
component is called small, on level k, if

(i) |Di| < LU=072
(i) d(D;) < L/4
(i) Y yep Ny < LL™@-2k52

Here o > 0 is a constant that will be fixed later and £% = %2 refers to the variance of
the original random fields, not to those at level k. Define

D= |J b (7.96)
D; small
Remark 7.3.7 The definition of D is ‘local’: If we consider a point x and a set E C A,

containing x, then the event {E is a component of D} depends only on N, -fields such that
d(x,x") < L/3.

Definition 7.3.8 A connected contour y € S,(D) is called small, if and only if

@) d(Z) < L, and
(i) (D\D)Ninty =¥

A contour I' is called small if and only if the maximal connected component of each weakly
connected component is small. A contour that is not small is called large. We denote by
S(D) the set of small contours and by S,’,(D) the set of large contours.

Remark 7.3.9 Notice that S,ll(D) C S,(D\D), but in general it is not a subset of S,,(D)!

Definition 7.3.10 The map T; : S,(D) — Sfl(D) is the canonical projection, i.e. if I' =
(V1seoos Vo> Vetls oo Vg) With y; large for i =1, ...,¢ and small fori =r+1,...,q,
then

=T'=W,.... %) (7.97)

To give a precise description of the conditioned ground-states under the projection 77, we
need to define the following sets. First let D; denote the ordinary connected components of D
(in contrast to the definition of D;!). Given a contour I'! € Sf,(D) we write B;(I') = ﬁ\ﬂ
for all those components such that D; ¢ Vi (I'")\I['. Let BT = |, B;(I'") = DI')\T,
Finally we set D; = D; N D. Note that the D; need not be connected.

Let Gri; be the set of contours in S, (D) that minimize H, under the condition T;T" = I/,
Then:

Lemma 7.3.11 Let TV € SQ(D). Then, forany I" € G| pu:

(i) T\I'' c B, and
(ii) for all x, o,(I") = o, (I').

Remark 7.3.12 This lemma is the crucial result of the first step of the RG transformation.
It makes manifest that fluctuations on length scale L can only arise due to ‘large fields in
the bad regions’. Since this statement will hold in each iteration of the RG, it shows that
the spins are constant outside the bad regions.

8 1t should be clear what is meant by L!/2-connectedness: a set A is called L'/?-connected if there exists a path
in A with steps of length less than or equal to L'/? joining each point in A.
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The next lemma gives a formula for the renormalized energy function under 7;. We set

eF(B;(I')) = inf €(y) (7.98)
y:DiCy CBi(T),y=(y,0,=%)

Note that y here is not necessarily connected.
Lemma 7.3.13 ForanyT'! e S,Il(D), let

(TyH,)(TH = inf H,(T") (7.99)
reS,(D): T;(IN=I"!

Then

(T\H)(T) = Hy(T') = )~ e (B,(I™)) (7.100)

where the sign % is such that B;(T'") C Vi(I').

Note that in the expression H,(I''), we view I'! as a contour in S,(D\D); that is, the
contributions to the energy in the regions D\I'! are ignored.

We will skip the proof, which is essentially book-keeping and using the isoperimetric
inequality

d
E) =z ), @) —o) (7.101)

x€int (Z)

where y is a weakly connected contour such that d(int y) < L and o), denotes the sign of
y ondinty.

Remark 7.3.14 The proof of Lemma 7.3.13 requires a smallness condition on X? with
respect to L, which is the reason for the constant 1 /8L in (iii) of Definition 7.3.6.

From the preceding lemmata, and Definition 7.3.6, we obtain the following uniform
bounds on the e*:

Lemma 7.3.15 For any T, and any component B;(T")
le=(Bi(I")| < LL™“" %2 (7.102)

Here we see the rationale for the definition of the harmless part of the large field region,
namely that the ground-state contours supported in them only introduce an extremely small
correction to the energy, which can, as we will see in the next step, be absorbed locally in
the small fields.

The blocking We now want to map the configuration space S, to S,,—1. The corresponding
operator, T», will be chosen as T» = £~!, with £~! defined in (7.81) and (7.82). We will
use the name £~ when referring to the purely geometric action of 7. Notice that £~ ! is
naturally a map from S,(D\D) into S,_; (L~ (D\D)), where L~'(D\D) is defined as the
union of the sets £~ (D\D). We must construct the induced action of this map on the energy
functions and on the random fields S and N. Consider first the small fields. Recall that we
wanted to absorb the contributions of the small contours into the renormalized small fields.
This would be trivial if the B;(I"") did not depend on I'’. To take this effect into account,
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we write
eE(Bi(M) = €5(D;) + (eX(B«(T)) — e5(Dy)) (7.103)

and add the first term to the small fields while the second is non-zero only for D; that touch
the contours of I'! and will later be absorbed in the new contour energies. Thus we define
the (preliminary) new small fields by

§ = @1~ Z S fi(ﬁ)
V= v+ E T (7.104)
xeLly iDiNLy#D |£71Di]

The prefactor in this definition anticipates the scaling factor of the surface energy term under
blocking. Note here that the § ( satisfy the locality conditions (i): § ; and S‘; are independent
stochastic sequences if |y — y’| > 1, since the D; cannot extend over distances larger than
L.

The (preliminary) new control field is defined as

= [~@-1-o Z N, (7.105)
xeLy\D

/
y

Note here that the summation over x excludes the regions D, as the contributions there are
dealt with elsewhere. This is crucial, as otherwise the regions with positive N’ would grow,
rather than shrink, in the RG process.

The induced energy function 7,7} H, on S,_; (L~ (D\D)) is

(I, T H,)(T)= inf (TiH,)(I") (7.106)
rt.Loir'=r

The following lemma states that this energy function is essentially of the same form as H,:
Lemma 7.3.16 For any I’ € S,_ (L~ (D\D)) we have
q
(LT H,)(T) = L4 (Z e+ (3, V(r’») (7.107)
i=1
where the y! are the connected components of "', and € satisfies the lower bound
€)= eI LYE(y) + eaL*LL ™= 2E D\ By — (N, V() N y) (7.108)

where D' = D(N') is the preliminary bad field region. Moreover, for flat contours of the
formy = (C,o, =s)withC C D’ connected, we have the upper bound

ey < (N, v(y)nC) (7.109)

We will again skip the details of the proof, which is largely a matter of book-keeping, i.e.
suitably distributing the various terms to the new energy functionals and the new field terms.
To obtain the desired estimates on the energy terms, we need the following isoperimetric
inequalities:

Lemma 7.3.17 Let o' =sign)_ ., 0. Then

1 /
Y loi—alz Y lo—o (7.110)

<x,y>:x,yeL0 xeL0
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Lemma 7.3.18 LetT € L~'y'. Then
d—1

E,T) >
()_d+1

E;(y") (7.111)

The most tricky part is to obtain the term proportional to |y’\D’(y")|, where D’ is the
bad region associated with the new control field. The problest that the original estimate
is only in the volume of '’ outside the bad region, while the new estimate involves the new
bad region, which is smaller than the image of the bad region under £~! since the harmless
part, D, has been excluded in the definition of the N’. In fact, the geometric constraints in
the definition of D were essentially made in order to get the desired estimate.

Final shape-up The hard part of the RG transformation is now done. However, not all of
the properties of the original model are shared by the renormalized quantities; in particular,
the renormalized weak field S is not centered and it may have become too large. Both
defects are, however, easily rectified. We define

Sy = 8l — E(Sjv]llg”d) (7.112)
What is left, i.e. the large part of the small field, is taken account of through the redefined

control field. We define the final renormalized control field by
Ny=L7 3 N+ 13,1515 (7.113)

xeLy\D
Given N’, we may now define D’ = D(N’) as (7.74). Then let T3 (given N') be the map
from S,_; to S,_;(D’) defined through

T5(T) = (o(I'), LU D(I")) (7.114)

We define the contour energies

€)= inf e(y)+ZS/ay(y”>ll|s;,|Z

1
=" ToL

VCV yey
+ Y [S LT l]ay(y”) (7.115)
d()x;\?il )=1

Notice that the terms in the second line of (7.115) form a boundary term that is due to the
fact that the renormalized fields have mean zero if they are at least at a distance 2 from the
boundary.

The final form of the renormalization group map is then given through the following:

Lemma 7.3.19 For any I'" € Sp/(N') we have
LT E(T) = L7779 + (S, V(IM)) (7.116)
where €' is an N'-bounded contour energy of level k + 1.

Proof The form of the renormalized energy follows from the construction. The N’-
boundedness of ¢’ is essentially a consequence of Lemma 7.3.16. The only problem is
the boundary terms in the second line of (7.114). But these can again be compensated for
by giving away a small fraction of the interaction energy. O
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This concludes the construction of the entire RG transformation. We may summarize the
results of the previous three subsections in the following:

Proposition 7.3.20 Let T™) = T3T5T, : S,(D(N)) = S,_1(D(N")) with Ty, T» and T;
defined above; let N' and S’ and € be defined as above and define H, | =
L= @=1= (TN H.) through

H, (([) =€)+ (S, V() (7.117)

If H, is an N-bounded energy function of level k, then H, | is an N’'-bounded energy
function of level k + 1.

This proposition allows us to control the flow of the RG transformation on the energies
through its action on the random fields S and N. What is now left to do is to study the
evolution of the probability distributions of these random fields under the RG map.

Probabilistic estimates Our task is now to control the action of the RG transformation on
the random fields S and N, i.e. given the probability distribution of these random fields,
we must compute the distribution of the renormalized random fields S’ and N’ as defined
through (7.104), (7.105), (7.112), and (7.113). Of course, we only compute certain bounds
on these distributions.

Let us begin with the small fields. In the k-th level of iteration, the distributions of the
random fields are governed by a parameter X7 (essentially the variance of S¥) that decreases
exponentially fast to zero with k. We will set

¥P= L WTmky2 (7.118)
where 7 may be chosen as = 4a. We denote by S®) the small random field obtained from

S after k iterations of the RG map T (where the action of T on S is defined through (7.112)
and (7.104)).

Proposition 7.3.21 Let d > 3. Assume that the initial S satisfy assumptions (i), (iii), and
(v) (with ©? sufficiently small). Then, for all k € N and for all € > 0,

P[S® = €] < exp(—5) (7.119)
with Xy defined through (7.118), and S® satisfies assumptions (i),(iii), (iv), and (v).

Proof The renormalized small fields are sums of the old ones, where by assumption the
old random variables are independent if their distance is larger than 1. This allows us to
represent the sum »_ . Sy as a sum of 24 sums of independent random variables. Now
note that successive use of Holder’s inequality implies that

k
Ee' X% < [ (Ee*#)"" (7.120)

i=1
Thus the estimates of the Laplace transforms of S’ can be reduced to those of i.i.d. random
variables satisfying Gaussian tail estimates. The proposition follows thus from standard
computations using the exponential Chebyshev inequality. Details can be found in [63]
or [50]. O

Next we turn to the distribution of the control fields. We denote by N ¥ the fields obtained
after k iterations of the RG transformation from a starting field N©, where the iterative
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steps are defined by equations (7.105) and (7.113). We denote by D® and D® the bad
regions and harmless bad regions in the k-th RG step. What we need to prove for the control
fields are two types of results: first, they must be large only with very small probability;
second, and more important, they must be equal to zero with larger and larger probability,
as k increases. This second fact implies that the ‘bad regions’ become smaller and smaller
in each iteration of the RG group. The proof of this second fact must take into account the
absorption of parts of the bad regions, the D, in each step. What is happening is that once a
large field has been scaled down sufficiently, it will drop to zero, since it finds itself in the
region D. Due to the complications arising from interactions between neighbouring blocks,
this is not quite true, as the field really drops to zero only if the fields at neighbouring sites
are small, too. This is being taken into account by considering an upper bound on the control
field that is essentially the sum of the original N over small blocks. We define

N =N (7.121)
k+1 d—1-a T (k Sk+1
N( + — ¢ ) Z N)E ) 4 |S§} + )| ]I\§§,k+”|>8
xeL{yINDEFD\D®
The fields N bound the original N from above, but also, in an appropriate sense, from below.
Namely:
Lemma 7.3.22 The fields N© defined in (7.121) satisfy
N® > N® (7.122)

Moreover, if M is an arbitrary subset of Z¢ and if K C Z¢ denotes the union of the connected
components of D® that intersect M, then

Y NP <ct Y NP (7.123)
xeM xEﬁﬂK

Proof The lower bound (7.122) is obvious. The upper bound is proven by induction.
Assume (7.123) for k. To show that it then also holds for £ + 1, we need to show that

> Y wsd Y oy o

YEM y e £{yINDED\D® yeﬁﬂ,{ xeLy\D®

= Ck+! > NP (7.124)
xea(ﬁmc)\m)

Now, quite obviously,

> > NYs[o] Y AP (7.125)

YEM y e £L(y}NDED\D® xeL(MUK)\D®

where |{0}| = 3¢ takes into account the maximal possible over-counting due to the double
sum over y and x. The restriction of the sum over x to the image of K is justified, since all
other x must either lie in D® or give a zero contribution. Using the induction hypothesis
and the definition of N®, a simple calculation shows now that

> NP <(+ch) > NP (7.126)

reL(MUK)\D® veL(MUK )\D®

from which we get (7.124) if C; is chosen to be 2 - 3¢, O
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Remark 7.3.23 The bound (7.123) is relevant in the estimates for the finite-temperature
case only.

The main properties of the control fields are given by the following:

Proposition 7.3.24 Let f;(z) = 221>, + z=1 ;. Then

P [L—(d—3/2)k2 - N}(}k) - 0] =0 (7.127)
and, for z > L™=y
" G
P[N® > z] < exp( H6L Y] (7.128)

Proof The proof of this proposition will be by induction over k. Note that it is trivially
verified for k = 0. Thus we assume (7.127) and (7.128) for k.

Let us first show that (7.127) holds for k + 1. The event under consideration cannot
occur if [$¢*D| > 5. Therefore, unless N+ = 0, the site y must lie within D**V. But
this implies that

Ly n (D\DW) £ 9 (7.129)

and hence there must exist an LZ-connected component D;CD® intersecting Ly that
violates one of the conditions of ‘smallness’ from Definition 7.3.6. Assume first that only
condition (iii) is violated. In this case, D; is so small that it is contained in £y and therefore
contributes a term larger than L~¢~2*+D+e 52 o N and since £ ~ 1/L, this already
exceeds L~@-3/2k+D) 5 Thus, either condition (i) or (ii) must be violated. In both cases,
this implies that the number of sites in D; exceeds LU ~%/2, Each site in D; contributes at
least the minimal non-zero value of N, which by inductive assumption is L=¢=3/2 %,
Therefore

N(k-ﬁ-l) > L—(d—l—a) § L—(d—3/2)kE
y =
xeD;NLy

> L(l711)/2L7(d717a)L7(d73/2)kE
> L_(d_3/2)(k+1)2 (7_130)

But this proves (7.127).

To complete the proof of (7.128) we need a property of the function f;. Before stating
it, let us point out that it is crucial to have the function f,(z), rather than simply z?; namely,
our goal is to show that N® is non-zero with very small probability, which is true if
fa(L™@=3/ 2)"21)3—22 is large and grows with k. This is true if f;, for small values of its
argument, cannot decay too fast!

Lemma 7.3.25 The function f; defined in Proposition 7.3.24 satisfies

3 f(N®) > a2y, (L‘“H‘“) > Ni’”) (7.131)

xeLy xeLy

Proof See [50]. O
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We are now ready to prove (7.128) for k + 1. Obviously,

: xeLy\D ' )
(7.132)

Let us consider the first term in (7.132). By Lemma 7.3.25 ,

P [L—(d—l—(x) Z N)(Ck) z Z/z:|

xeLy\D

=P[.fd (L“““) > N,E“) > fd<z/2>}

xeLy\D

<P {Z fa (N®) > pd=273 fd(z)} (7.133)

xeLy

The variables f;(N®) are essentially exponentially distributed in their tails. We can bound
their Laplace transform by

(k) o
E(e’fd(N“ )> <P[N® =0] ~|—t/ ele/udf
mg
elt—ax) fo
<1+t

(7.134)
oy — 1t

where we have set m; = f;(L~“=3/2%%) (the minimal non-zero value f;(N®) can take)

and oy = 1/4(16L)¢ E,f. We will bound the Laplace transform uniformly for all t < t* =

(1 — €)a, for some small € > 0. Since yx > (1 — €)ay fo (check!), we get in this range of

parameters

€ gemicu (7.135)
€

E(e’f"(’\'y))> <1+ -

Using the independence of well-separated N®, we find

P |:Z fa(NP) > Ld_2_3afd(2/2)i|

xely

o % o (k
< TG R (esd rees (W ))>

4

2 3a a(1—e — El
< e_Ld 2-3 fd(Z/z)% |:1 n 1 éesmkaki| 5 (7.136)
€

The last factor in (7.136) is close to 1 and may be absorbed in a constant in the exponent,
as we only want a bound for z > L~=¢=3/2¢+D3 Moreover, f;(z/2) > f(z)/2, and, for L
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large enough,
a1 —€)

Ld—2—3afd(z/2)57d > L_d_z_nak
1

T 4(16L)4DTE,

(7.137)

This gives a bound of the desired form for the first term in (7.132). The bound on the second
term follows easily from the estimates of Proposition 7.3.21. The proof of Proposition
7.3.24 is now finished. O

Control of the ground-states From our construction it follows that, in a ground-state
configuration, the spin at x € 7 will take on the value +1, if in no iteration of the renor-
malization group, the point x will fall into the bad set, D. But Proposition 7.3.24 implies
that this is quite likely to be the case. More precisely, we get the following:

Corollary 7.3.26 Let d > 3, X% small enough. Then there exists a constant ¢’ (of order
unity) such that for any x € 74

82
P[F0 : NV, #0] < exp<—ﬁ> (7.138)
YT d
Proof The supremum in (7.138) is bounded from above by N®). Moreover, N is either
zero or larger than L~@=3/2% 3 Therefore

P[0 : Neiy # 0] < P[Fiz0N Y, # 0] (7.139)
00 _ 2
< Z eXp(_L(Z&j)n)k ° 2 >
k=0 ax’ e
which gives (7.138) for a suitable constant ¢’. O

Let us denote by D®, DX the bad regions and ‘harmless’ bad regions in the k-th level.
Set further

k
AR = U Lint DO (7.140)
i=0
One may keep in mind that the sets D depend in principle on the finite volume in which
we are working; however, this dependence is quite weak and only occurs near the boundary.
We therefore suppress this dependence in our notations.
In this terminology Corollary 7.3.26 states that even A is a very sparse set. This
statement has an immediate implication for the ground-states, via the following:

Proposition 7.3.27 Let A, = L£"0, and let QE&) be defined through (7.84). Then for any
* (0)
F e gAn’
r*c A" Dy p® (7.141)

Proof Let y;* denote the maximal weakly connected components of I"*. It is clear that for
all these components oyin,» = +1. Let ;" denote the ‘outer’ connected component of v,
i.e. the outer connected component of y;* is the connected component with the property that
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the interior of its support contains all the supports of the connected components of y;*. If
77 is ‘small’ (in the sense of Definition 7.3.8, since it occurs in a ground-state, by Lemma
7.3.11), itis ‘flat’ (i.e. o, ($) = 0) and its support is contained in D (in the first step this
set is even empty). Then all the other connected components of y;* are also small, so that
y;* is flat and its support is contained in D. Thus I'* C int [/ U D©. On the other hand,
I'*! ¢ L(TT*); again the support of the small components of TI'* will be contained, by the
same argument, in the closure of the small parts of the new bad regions, and so TT"** C DO,
while TT'*! ¢ Lint (T2C*!). This may be iterated as long as the renormalized contours still
have non-empty supports; in the worst case, after n steps, we are left with T"I"*, whose
support consists at most of the single point 0, and this only if O is in the n-th level bad set
D™ But this proves the proposition. O

The task of the next section will be to carry over these results to the finite-temperature
case and the Gibbs measures.

7.3.3 The Gibbs states at finite temperature

In this section we repeat the construction and analysis of the renormalization maps for the
finite-temperature Gibbs measures. The steps will follow closely those of the previous sec-
tion and we will be able to make use of many of the results obtained there. The probabilistic
analysis will mostly carry over. The difficulties here lie in the technicalities of the various
expansions that we will have to use.

Setup and inductive assumptions Justasin Section 7.3.2, an object of crucial importance
will be the control field N,.. Given such a field, the bad region D = D(N) is defined exactly
as in (7.77).

Analogously to Definition 7.3.3 we now define an N-bounded contour measure:

Definition 7.3.28 An N-bounded contour measure is a probability measure on S,(D) of
the form

1
M(r)zfe*ﬂw(”) Z o(T, G) (7.142)

A, DGDI

where

(1) S is a non-local small random field, that is, a map that assigns to each connected
(non-empty) set C C A, and sign =+ a real number Sg such that

|SE| < e if1c) > 1 (7.143)
and for sets made of a single point x,
[Syl <6 (7.144)

(i1) p(I", G) are positive activities factorizing over connected components of G, i.e. if
(Gy, ..., Gy) are the connected components of G and if I'; denotes the contour made
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from those connected components of I' whose supports are contained in G;, then

1
p(T, G) =[] p(ri, Gi) (7.145)
i=1

where it is understood that p(I', G) = 0 if ' = . They satisfy the upper bound
0 < p(T, G) < e PEM=BIG\DII+FBN.VIIND+AIGND(T)] (7.146)

Let C C D be connected and y = (C, 0,(I') = s) be a connected component of a
contour I' C S,(D). Then

p(y, C) = e PNVNO (7.147)
Z is the partition function that turns p into a probability measure.

Here B and b are parameters (‘temperatures’) that will be renormalized in the course
of the iterations. In the k-th level, they will be shown to behave as /S(k) = LU-1-0k apd
b® = LU=*_ B and A are further k-dependent constants. B will actually be chosen close
to 1, i.e. with B = 1 in level k = 0 we can show that in all levels 1 < B < 2. A is close to
zero; in fact A ~ ¢~?". These constants are in fact quite irrelevant, but cannot be completely
avoided for technical reasons. We have suppressed the dependence of © and p on their
parameters to lighten the notation.

The probabilistic assumptions are completely analogous to those in Section 7.3.2 and
we will not restate them; all quantities depending on sets C are supposed to be measurable
with respect to Bg.

The definition of a proper RG transformation will now be adapted to this setup.

Definition 7.3.29 For a given control field N, a proper renormalization group transforma-
tion, T™), is a map from S,(D(N)) into S,_;(D(N’)) such that, if u is an N-bounded
contour measure on S,(D(N)) with ‘temperatures’ 8 and b and small field S (of level k),
then M/An—l = TV 1, is an N’-bounded contour measure on S,_;(D(N")) for some control
field N’, with temperatures 8’ and b’ and small field S’ (of level k + 1).

Absorption of small contours The construction of the map 7; on the level of contours
proceeds now exactly as before, i.e. Definition 7.3.6 defines the harmless large field region,
Definition 7.3.8 the ‘small’ contours, and Definition 7.3.10 the map 7. What we have to
do is to control the induced action of 7 on the contour measures. Let us for convenience
denote by fi = Zu the non-normalized measures; this only simplifies notations since 7
leaves the partition functions invariant (i.e. Tju = %Tl ).

We have, for any e va(D),

(MpTH =Y A

Ir:T;(IM)=I!
- Z g~ AS.VI) Z o(T, G) (7.148)
r:7(IN=I"! GoI'

Now we write

(S, V(D)) = (S, V('Y + [(S, V(D) — (8, v(T'Y)] (7.149)
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Here the first term is what we would like to have; the second reads explicitly

[(S, V) = (S, vIT)] = [Z e () — Sxa(l“’)}

+Xi: dYoosE— > st

€V ccveal)
CNINELS 4 CcNintrs ¢
= 8Si0c(I, T') + 88u(T, T) (7.150)

where we used the suggestive notation I'* = I'\I"!. Note that all sets C are assumed to
have a volume of at least 2 and to be connected. The conditions on C to intersect [ just
make manifest that otherwise the two contributions cancel. Thus all these unwanted terms
are attached to the supports of the ‘small’ components of I'. Thus, the local piece, §Sjqc,
poses no particular problem. The non-local piece, however, may join up ‘small’ and ‘large’
components, which spoils the factorization properties of p. To overcome this difficulty, we
apply a cluster expansion. It is useful to introduce the notation

5‘1“’]*1((:) = Z Sét (]ICCVi(F) — ]ICCVi(l"l)) (7151)
+
so that
8Su(l, TH = Z 6111 (C) (7.152)
CNint 'S0

Unfortunately the 61 (C) have arbitrary signs. Therefore, expanding exp(—84.S,;) directly
would produce a polymer system with possibly negative activities. However, by assumption,

[6r.r(O)] = 2max S£| < 277 = £(C) (7.153)
Therefore, 61 (C) — f(C) < 0 and setting
F(intI*) = Z () (7.154)
CNint I3 )
we get
e BISuITT) _ (—=BFntD) 0B Peningrs (£ (C)=Gp. 1 (C)) (7.155)

where the second exponential could be expanded in a sum over positive activities. The first
exponential does not factor over connected components. However, it is dominated by such
a term, and the remainder may be added to the X -terms. This follows from the next lemma.

Lemma 7.3.30 Let A C Z¢ and let (A, ..., A)) be its connected components. Let F(A)
be as defined in (7.155) and set
i
SF(A) = F(A)—ZF(A,-) (7.156)
i=1
Then
SF(A)=— ) k(A,C)f(C) (7.157)

CNAHY
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where

0 < k(A, ) f(C) < e P17IC (7.158)
fork =b~!
Proof The sum 25:1 F(A;) counts all C that intersect k connected components of A
exactly k times, whereas in F(A) such a C appears only once. Thus, (7.157) holds with

k(A,C)=#{A; : A; N C # @} — 1. Furthermore, if C intersects k components, then cer-
tainly |C| > k, from which the upper bound in (7.158) follows. O

Now we can write the non-local terms in their final form:

Lemma 7.3.31 Let 8Sy (I, T') be defined as in (7.150). Then

i

o0
1
e*f"“"'(””:r(r_f);ﬁ 2 [lormc
=| ) 1

i=1

C;NINtIS %4
Ci#C;
=r@) Y. ¢rr©) (7.159)
C:CNint LS #¢
where ¢r 11 (C) satisfies
0 < ¢r.p(C) < e7PICIN2 (7.160)

r(I'%) is a non-random positive activity factoring over connected components of intI'*; for
a weakly connected component y°,

1> r(y) = e PFaY) > o=Plinty*le” (7.161)
with some constant 0 < a < 1.

Proof Define for |C| > 2

orr(C) =6rn(C) — f(C)k@ntT?, C) + 1) (7.162)
Then we may write
e—ﬂ 2 crintrs 29 o1, (€) — l_[ (e_ﬂar.rl(c) — 1+ l) (7.163)
CNint [ 6
oo

1
1_[ (e*ﬂcml(Ci) _ 1)

1=0 €€ =l
C;NINLTS £
Ci#C;

which gives (7.159). But since |op +(C)| < 2e~?1=¥ICl by (7.158) and the assumption on
Sc, (7.160) follows if only 28 < e?!=2)/2_ Given the behaviour of B and b as described
in the remark after Definition 7.3.29, if this relation holds for the initial values of the
parameters, then it will continue to hold after the application of the renormalization group
map for the new values of the parameters. The initial choice will be 5 = /L, and with this
relation we must only choose § large enough, e.g. 8 > L(In L)? will do.

The properties of r(I'*) follow from Lemma 7.3.30. These activities depend only on the
geometry of the support of I'* and are otherwise non-random. O



7.3 The Bricmont—Kupiainen renormalization group 147

Next we write

(AT = e PEVIVY T r @) Y pT Gre Pty T g (C)

Ir:Ty(I)=TI! GDOIl C:CNint 'S #¢

= e PEVIN S S S @, Ge P g (e

I:T\(I'=I"! KD TCGCKCcK
cnINt s #¢
CUG=K

(7.164)

We decompose the set K into its connected components and call K; the union of those
components that contain components of I'/. We set K, = K\K|. Everything factorizes
over these two sets, including the sum over I' (the possible small contours that can be
inserted into I'’ are independent from each other in these sets). We make this explicit by
writing

(M) =ePEVEDJ~ %= 3 3

K\ DL T:T(M)=I"T1CGCK; €<k
- Cmmtr{#w
C1UG| =K}

xr(D}) a1, Gre 5T Mgy, 1))

SN IEND DD

Ky:K,NK =@ Ta:Ti(T2)=T" I[2CG,CKy  ©2ckr
- Cpnint r;#w
CUGr=Ky

% F(F;)p(rz, Gz)e_ﬁ‘ssl‘”(rz'rl)(]ﬁr:’l—z(Cz)
= MSVID N AT Ky Y ALK (7.165)

K]DLI KziKzﬁ?]:@

Here, the contours I'| and I'; are understood to have small components with supports only
within the sets K| and K, respectively. Also, the set K, must contain DOTHNK {. The
final form of (7.165) is almost the original one, except for the sum over K. This latter will
give rise to an additional non-local field term, as we will now explain.

The sum over K, can be factored over the connected components of K7. In these compo-
nents, 5 depends on I'? only through the (constant) value of the spin o (I'!) in this component.
Let Y denote such a connected component. We have

Lemma 7.3.32 Let § be defined as in (7.165). Then

Z ﬁ(Fl, K) — e*ﬁ Ycey ve—B 2 ccrenye #0 ve) l_[ ﬁ/(BLY) (7166)

DNYCKcCY

where the B! denote the connected components of the set BY = DNY =BT)NYinY.
The sum over C is over connected sets such that C\D # (. The fields V¢ are independent
of Y and T''. Moreover, there exists a strictly positive constant 1 > g > 0 such that

|| < eePIC\PI (7.167)
and

[pe(r)| < esie\Dl (7.168)
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and a constant C{ > 0 such that

<B Z Ny + — |BY (7.169)

‘ ! In (p'( BY
ﬁ xeD;

Proof Naturally, the form (7.166) will be obtained through a Mayer-expansion, consid-
ering the connected components of K as polymers subjected to a hard-core interaction. A
complication arises from the fact that these polymers must contain the set D N Y. Thus we
define the set G(Y) of permissible polymers through

G(Y) = {KcY, conn,, K N B(I") = Ugrng B! } (7.170)

That is, any polymer in this set will contain all the connected components of DNY it
intersects. For such polymers we define the activities

RS DD DD DD DR (WO T ()

Kk [T (D)=@+)rcGcR . Cck
R\BY =k\BY COINtTs £0 v C=p
CUG=K

(7.171)

Note that by summing over K we collect all polymers that differ only within BY. Thus we
get

o) 1 N
> AT K) = Zﬁ > [17(k) [] T rg,—p (7.172)
DnyYckcyY N=0 © Ky, KNiKEGEY) i=1 I<i<j<N

UM, k0B
Next we have to extract the contributions of those polymers that can occur in the ground-
states. We set
p'(K)
l_[BI-YCK ﬁ/(Bzy)

Then p(+, BY) = 1, i.e. the BY play the role of the empty polymer. This procedure allows
us to remove the restriction U1N:1 K;DB(I'") in the following way. Set

H(K) = (7.173)

G)=6w\{B/.i ez} (7.174)

Each polymer K; is either in G'(Y) or is one of the BiY . Moreover, once all the K; € G'(Y)
are chosen, the hard-core interaction plus the constraint U,N= K :DB(T) fix the remaining
K; uniquely up to permutations. Since their activities p are equal to one, the entire sum
over these polymers outside G'(Y) just contributes a factor 1. Therefore

21

Y st k) =[] 58 ZN' 3 ]_[p(K) [T "ok,

DNYCKcCY B,»YCY N=0 II((IEQ”((}{\; i=1 1<i<j<N

(7.175)

This is now (up to the prefactor) the standard form of a polymer partition function with
hard-core interaction (see Section 5.2). It can be exponentiated and yields the estimates of
the lemma provided we get the bound

B, K) < e 2PIK\D] (7.176)
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on the activities. We skip the tedious details of these estimates, which can be found in
[50]. O

Next we need to control the activities /(I'!, K). Our aim is to show that they satisfy
bounds similar to the original p. As this is similar to the proof of Lemma 7.3.32 we can
skip the details.

We can now write the expression for 77 i in the following pleasant form:

A —_ ! A ~ T
(NI =ePSVON"pal ky [ A @)
Kor! +,i:D;cVi(T)NK
< [l  #A®@inK)

+,i:D;cVa(THNK*

xexp | =W, VIHNKH=B Y YiK) (7.177)
+,c:ccvy (MHnK©

CNK#4

Here the 5'(D;) are independent of the contour and K and can be exponentiated to yield a
non-local field. For the activities we have the following bounds.

Lemma 7.3.33

0< p(I, K) < e PET —ZIK\DID+BB(N,V(I)NT) 951K | (7.178)

For contours T = (C, h, = h), with C C D\D connected, we have moreover
p/(I", ') > e=PENV.VIOAL) (7.179)

Proof Notice that p'(I'!, T'Y) = p(I'!, TY) = p(I'", T') so that (7.179) follows from the
assumptions on p. The upper bound (7.178) is proven in the same way as the upper bound
on p, since small contours can be summed over in each connected component of the com-
plement of I'! in K. O

The blocking We now turn to the main step of the RG transformation, the blocking. As
before, nothing changes as far as the action of T on contours is concerned and all we have
to do is to study the effect on the contour measures.

First we exponentiate all terms in (7.177) that give rise to the new random fields. We set

we=) le (—é ln(ﬁ/(ﬁ))) (7.180)
Setting now
Se=SE+zc+ Ve (7.181)
and noticing that
@, VIHNK) =@, vy - > Y (7.182)

+,ccverh
CNK#)



150 The random-field Ising model

‘We have
A 8@ , p'(DiNK")
M@ =PV Tyt | [ =
Kor! D; v (rhHnK® P (Di)
D¢k
xexp|B D Vc—B Y.  YUK) (7.183)
+,ccve(rl) +,c:ccve (rHnK”
CNK#) CNK##

where the random field and the activity-like contributions are almost well separated. We
first prepare the field term for blocking. For given I C S,_1(£~! D), we can split the term
into three parts:

(8, Va(Th) = L9717%(F, V(1)) 4 8Si0e(T, T) 4+ 88u(I, T) (7.184)

where for single points y

. N SE
§T =L N So M+ Y c (7.185)

-1
xeLly CcVa(I): CNLy#0 |‘C (C)l
d(C)<L/4vCCLy

and for |C'| > 1

Se=L70 N S (7.186)
c: L7l o)=c’
d(C)>L/4
Equations (7.185) and (7.186) are the analogues of (7.104) and almost the final definitions
of the renormalized ‘small random fields’. Furthermore,

880, T = Y | 3 (Se0nT) = Seop1,(I))

yeA,_1 | xeLly

I )=+
D) } (7.187)

+ Z Sz I:]ICCV(,(FI) RRVET

+,C:CNLy#)
d(C)<L/4vCCLy

and

88u(r, 1) = Z Sz [Tecveay — Dg-icevay)

+.C:CCA,_y
d(C)=L/4AIL~1C)22

= Z S0 (C) (7.188)

C:CCAnp
d(O=L/4nIL=1 €22
The point here is that the contributions from § Sioc Will factor over the connected components
of the blocked K, while the non-local 85, can be expanded and gives only very small
contributions, due to the minimal size condition on the C occurring in it.
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In a similar way we decompose the exponent on the last line of (7.183). Here it is
convenient to slightly enlarge the supports of the ¥ and to define

Irk@=— > P+ Y, YK (7.189)
+,Ccverh.c=C +.Cc:ccvarhnk® e=¢
CNK## CrK40

This has the advantage that now Iﬂrz, x(C)=0if C N K = . We then decompose

- Y P+ Y. YK=Y (0

+.ccverl) +,c:ccve(rhng® C:CNK#Y
CNK#0 CNK#4
Y k() -

-y ¥ Oy o
YEA,—1 CNLy#) | | CNK#§
: CNK#0 d(C)=L/ANLL =2

d(C)<L/4vCCLy

1 l
= oI, K) + 8ym(I™, K) (7.190)

In all of the non-local terms only sets C give a contribution for which C N L(L™'K) #
@, d(C) > L/4 and |£~'C| > 2. Moreover, for connected C with d(C) > L/4 we have
that |C| < const. |C\B| and hence (7.167) implies |1sz,K(C)| < e—const-BICl The inductive
hypothesis yields a similar estimate for § so that in fact

s (C) + P (O] < eI = F(C) (7.191)

In analogy to Lemma 7.3.31 we can therefore expand these contributions to get

o0

(58T T ‘ 1

e~ AESu(T.I)+8ym(I,K) R(K) § - § | | O ik (Cp)
= [!

ClaesC: Ci#C
C;nLL= 1 K)#0
d(C)=L/4AIL~1CI=2

Z @ 1 x(C) (7.192)

c:enLL=1 K)#n
d(C)=L/4nIL~1C|=2

where the activities @ satisfy
0 < ®p px(C) < e ¢ PIC) (7.193)

and R(K) are non-random activities factoring over connected components of L(LTK),
satisfying, for a connected component,

- gy b
I2REK)=exp|— > Ff(O)]ze ook (7.194)
CnLL="Ky#n
d(C)=L/4nIL~1C|=2
Note that in these bounds the terms D no longer appear.
With these preparations we can now write down the blocked contour measures in the
form

(TTa)(I) = e #H VI 37 o, 6 (7.195)
G'or’
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where

(I, G) = Z Z Z Z
G'DK’

DIV C:C'UK'=G' T!: T,(T)=I" «korl cc-le=c/
-1 k=k' dC=L/ArL™1C|=2

x e*ﬂ(3§|oc(r'yr’)+5‘//1uc(rlaK)) R(K)ﬁ/(l”’, K)CDI",I‘I,K(C)

5'(D; NK'
IS (7.196)
Dicﬁtu"’)ﬂf" 1Y (Dl)
D; ¢k

Notice that by construction the C occurring in the local fields 65 and 8 cannot connect
disconnected components of G’, and therefore p'(I'/, G") factorizes over connected com-
ponents of G’. The main task that is left is to prove that p’ yields an N’-bounded contour
measure for a suitably defined N’. As in Section 7.3.2, we define the preliminary new control
field by

N, =L Y N, (7.197)
xeLy\D
where N has been defined already in (7.142). We will now prove the following:

Lemma 7.3.34 Let N' be defined as in (7.197) and set D' = D(N'). Then the activities p'
defined in (7.196) factor over connected components of G’ and, for any connected G’,
0<p(I'GY
< efclLd“ﬂEX(F’)fchﬁlG’\ﬁ’(F’)\JrLd""’/33(1\7’,V(F’)QG’)JrC_;L"lG’\ (7.198)

for some positive constants ci, ¢, Cs. For T = (C, hy = h), with C C D’ connected,
p/(r,’ L/) 2 e—L""’“‘ﬂB(ﬂl’,V(F’))—econSt'E\C\ (7199)

Proof We will skip the cumbersome, but fairly straightforward, proofs of these
estimates. O

Final tidying Just as in Section 7.3.2 we must make some final changes to the definition of
the small and control fields and to the definition of the contours to recover the exact form of
N’-bounded contour models. We will also take care of the entropy terms that were created
in the estimates in Lemma 7.3.34.

The definition of the local small fields (7.112) and the control fields (7.113) remain
unchanged. The non-local small fields will be left unaltered, i.e. we simply set S dCE, =5 ’?,.
The centering has no effect on the contour measures, as the effect cancels with the partition
functions (which are not invariant under this last part of the RG map), except for some
boundary effects that can be easily dealt with as in Section 7.3.2. The final result is then the
following:

Proposition 7.3.35 Let T™Y) = T3 T; : S,(D(N)) = S,_1(D(N") with Ty, T», and T;
defined above; let N’ and S’ and p’ be defined as above and let ju be an N -bounded contour
measure at temperatures B and b of level k. Then ' = Ty is an N'-bounded contour mea-
sure with temperatures ' = L4~'"%B and b’ = L'=%b of level k + 1, for suitably chosen
a>0.
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Proof This is again tedious book-keeping and will be skipped. O

Remark 7.3.36 Let us briefly summarize where we stand now. Equation (7.142) provides
a form of contour measures that remains invariant under renormalization. The specific form
of the bounds on the activities is not so important, but they have three main features: the term
E(I") (in our case) weighs the renormalized configurations; the term |G\ D(I")| suppresses
‘bad histories’, i.e. contours that are images of ‘unlikely’ original configurations; and finally,
the control field terms allow deviations from ground-states in exceptional regions; the
probabilistic estimates must then ensure that such regions become less and less prominent.

Proof (of the main theorem) From the definition of the renormalized small fields and
control fields it is clear that the probabilistic estimates carried out in Section 7.3.2 apply
unaltered at small temperatures provided the hypothesis of Proposition 7.3.35 holds, i.e.
if the RG program can be carried through. We will now show how these estimates can be
used to prove Theorem 7.3.1. The main idea here is that contours are suppressed outside the
union of all the bad regions in all hierarchies and that this latter set is, by the estimates on
the control fields, very sparse. Moreover, the randomness essentially only produces local
deformations that are very weakly correlated over larger distances, and thus finite-volume
measures with plus and minus boundary conditions (whose existence follows from the FKG
inequalities) will remain distinct.

Let us now assume that g is large enough, £ small enough, and the parameters L, «,
and n chosen such that the preceding results are all valid. We denote by pa = s g the
finite-volume measure in A with plus boundary conditions.

A key point needed to prove Theorem 7.3.1 is that:

Lemma 7.3.37 Under the assumptions of Theorem 7.3.1,
P |:A141%130 MZMO,ﬁ (o = +1) > 1/2i| >0 (7.200)

Given Lemma 7.3.37, Theorem 7.3.1 follows from the monotonicity properties of the
Gibbs measures and ergodicity as in Corollary 6.4.2. O

Proof (of Lemma 7.3.37) Let us introduce, for any contour I' C Sy,(D), the notation yy
for the unique weakly connected component of I" whose interior contains the origin. If no
such component exists, yy is understood to be the empty set. Then

pevoloo=~1) = Y7 pewelintyy = G) pewo(op = —llintyo = G)
GCLM0,G30,vG=0
M
< Z Z pemo(int yo = G) (7.201)
k=1 GccMo.G>0

GeLko,Ggck=1o

The final estimate in (7.201) can be rewritten in the form

M
pomo(oo = —1) < > al™” (7.202)
k=1
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where

o) = pemolint yo ¢ £40) (7.203)

We must prove that a decays rapidly with k; a crude estimate on v( ) will then suffice.

The estimate on ozg(,;) is the Peierls-type estimate we alluded to before. It will tell us that it
is indeed unlikely that a connected component with large support encircles the origin. Of

course, such an estimate has to be conditioned on the environments. The precise form is:

Lemma 7.3.38 Let 0 < k < M — 1 and let F; j; CA denote the event
_ ) L
Fiy= d(D ,0) < 5 (7.204)
Then there exists a constant b > 0 such that

- M
{off = e} Fim (7.205)

The proof of this lemma will be postponed. Assuming Lemma 7.3.38, it is easy to prove
Lemma 7.3.37.

Note first that the events F; y are independent of M (recall that D®) depends on the finite
volume only near the boundary). Therefore,

o0 [0 ] o0
dp |:Sup a® > e_bb(k):| <Y PlFrol + Y PlFiul (7.206)
k=0 M=k k=0 k=0
Moreover, the probabilities of the events F; js satisfy
a2 82
P[Fm] < L* eXP(—L(2<"‘> ”>"ﬁ> (7.207)
ax?

and are estimated as in Corollary 7.3.26. Since ) -, e "8, < ceths,,

Z sup on D~ oo, P-as. (7.208)
=1 M>k

and choosing 8 large enough, this quantity is in fact smaller than % with positive probability.
This proves Lemma 7.3.37. O

Proof (of Lemma 7.3.38) For simplicity let us fix A = £Y0 and let us write u® =
TF . g for the renormalized measures. The key observation allowing the use of the RG in
this estimate is that, if I" is such that y,(I") ¢ £+0, then int TX(I") 3 0 (simply because a
connected component of such a size cannot have become ‘small’ in only k — 1 RG steps).
But this implies that

nw(vo ¢ £50) < u®(int L 3 0) (7.209)

To analyze the right-hand side of this bound, we decompose the event intI" > 0 according
to the decomposition of contours into small and large parts: either O is contained in the
interior of the support of T/, or else it is in the interior of the support of I'* and not in that
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of I''. That s,
w®@ntr 3 0) < u®@nt I’ 5 0) + u®@ntI* 5 0, int I  0) (7.210)

If intI'¥ 5 0, then int TT > 0, which allows us to push the estimation of the first term in
(7.210) into the next hierarchy; the second term concerns an event that is sufficiently ‘local’
to be estimated, as we will see. Iterating this procedure, we arrive at the bound

M-1
wlvo & £0) < 3 p Pt 30, intI F0) + p*(IT 5 0) (7.211)
I=k
The last term in (7.211) concerns a single-site measure and will be very easy to estimate.
To bound the other terms, we have to deal with the non-locality of the contour measures.
To do so, we introduce the non-normalized measure

1
() = —e PSVO N (T, G)llg=0 (7.212)
Z GDOI

For all G contributing to v (i.e. containing the origin) we write Gy = G(G) for the con-
nected component of G that contains the origin. We then define further

1
w() = —e POV S 7o, G)lgoolgynri—s (7.213)
GoI'
and
1
w(l) = —e YOS 7 p(l, G)lgao Ly (7.214)
GO

Of course, v = v + v;. Let us further set

1
my=— D e PEVIV S o, G) a0 ez Dy (7.215)
Z r GO
and
1
mp=— 3 &Py T, G inerrso Tinrvso e (7.216)
r GO

where go = go(G, I') denotes the connected component of G that contains the maximal
connected component of I'y whose interior contains the origin. (Note that, in general,
8o # Gy.) The point here is that

w(intI* 30, intI' 3 0) = m; +my (7.217)

We will shortly see that we can easily estimate m2;. On the other hand, the estimation of m;
can be pushed to the next RG level. Namely,

> w@) =V (7.218)

r:7()=I"

and

m; <V (S) (7.219)
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To see why (7.218) holds, consider just the first two steps of the RG procedure. The point
is that the G contributing to v;, as they contain the support of a large component of I, are
never summed over in the first RG step. In the second step (the blocking) they contribute
to terms in which G’ is such that LG" D G > 0, and in particular G’ 5 0. Therefore

Z Yy wD) e VI N ), 6 lgso (7.220)
[T, T (I)=[" G'DI”

In the third step, finally, the number of terms on the right can only be increased, while the
constant produced by centering small fields cancels against the corresponding change of
the partition function. This then yields (7.218).

Equation (7.219) is understood in much the same way. The set y; is not summed away in
the first step. But gy contains a small connected component ), whose interior contains the
origin. By the geometric smallness of these components, 5‘1& ={0}andso L7'G( > 0,
implying (7.219).

Iterating these two relations, we get, in analogy to (7.211),

M-I
vy < 7 v + (I (7.221)

j=I+1

where the superscripts refer to the RG level. Combining all this, we get

teno(vo ¢ L£0) (7.222)
M-1 1 M-1
<> [mifm + Y v+ v%ﬁ(u)} +ulin (@ 2 0)
1=k j=l+1
M-1 ;
=Y mu+ Z (j = k) () + (M — k)& (1) + Sy (L3 0)
1=k j=k+1

All the terms appearing in this final bound can be estimated without recourse to further
renormalization. The result is:

Lemma 7.3.39 Let F; yy C A be defined as in Lemma 7.3.38 . Then there exists a positive
constant b > 0 such that

I 550
{mi)ﬁMO € } CFZ,M’

W (1 2 e} iy (7.223)
[yl = e cFy .

IM%)O(L >0) > e";’;‘M'] CFum (7.224)

Proof Relations (7.224) are easy to verify as they refer to systems with a single lattice
site. The proof of the two relations (7.223) is similar. We explain only for the first one. We
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suppress the index / in our notation:

Z > D pT,Go)

yosmall Godvy  I{:TycGo
intyys0 Goconn. VCI"S

x Z Z o(T, G)e P VI (7.225)
GNGo=h ir5a

Note that the second line almost reconstitutes a partition function outside the region Gy,
except for the constraint on the support of I" and the fact that the field term is not the correct
one. This latter problem can be repaired by noting that

(5. V(ruTy)) =S VIONG) + > Y ¢ (7.226)
+  ccverury)
CNG#H

The second term on the right consists of a local term (i.e. involving only C consisting of
a single site x) that depends only on I'}, and the non-local one, which as in the previous
instances is very small, namely

Z Z Sét < const.| GQ|675 (7.227)

CCVA(NUry), [C1>2
CNGy#h

Thus we get the upper bound

Z Z p(pg’Go)efmsm.V<ra>mco>econsr.|co|e*5

Y0 small FG%?’% F{J:ri)cco
nt 7030 ©0 . VOCFS

X — Z Z p(T, G)e P VING0) (7.228)
GﬁGo ¢ T:IcG
intraGg

The last line has the desired form. A slight problem is that the contours contributing to
the denominator are not (in general) allowed to have empty support in Gy, as the support
of any I must contain D(I'). However, Gy is necessarily such that D N Gy C D, since
otherwise G, would have to contain support from large contours. Thus, for given G, we
may bound the partition function from below by summing only over contours that within
Gy have 0, (I") = +1, and the support of those in G is exactly given by D N G. Treating
the small-field term as above gives the lower bound on the partition function

Zz 1_[ ,O(Dl Di eiﬂ Z‘YEGO S CC()”SI' ‘GMeiE
sl B
i:D;CGy

x Y pI, Gye P VNG (7.229)

GNGo=f ,[:LCC
intrzG,
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and so

m S% Z Z Z eZconst.\Ggle_’.’ (7.230)

ywsmall  Godv  T§:TicGy
intyys0 Coconn. V(TCF(‘)
¢ o FSee VNGO Ty Seon PTG Go)
Hi:D,»CGU p(D;, D;)

Here the p’s appearing in the denominator are exactly those for which we have lower
bounds. Note that for this reason we could not deal directly with expressions in which
G is allowed to contain large components of I". The estimation of the sums in (7.230)
is now performed as in the absorption of small contours. I'j with non-constant spins give
essentially no contribution, and due to the separatedness of the components D;, and the
smallness of the total control field on one such component, the main contribution comes
from the term where I'j has support in only one component D;. If there is such a component
that surrounds 0, this could give a contribution of order one. But on Fj j this is excluded,
so that G cannot be contained in D and therefore

® o < const. e 7" (7.231)

mg mo

as claimed. O

From Lemma 7.3.39 and the bound (7.222), Lemma 7.3.38 follows immediately.
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Disordered systems: mean-field models






Disordered mean-field models

Les mathématiques ont un triple but. Elles doivent fournir un instrument pour
I’étude de la nature. Mais ce n’est pas tout: elles ont un but philosophique et,
j’ose le dire, un but esthétique.!

Henri Poincaré, La valeur de la science.

In the previous chapters we have seen that with considerable work it is possible to study
some simple aspects of random perturbations of the Ising model. On the other hand, models
that are genuinely random and promise to bring some new features to light are at the
moment not seriously accessible to rigorous analysis. In such situations it it natural to turn
to simplified models, and a natural reflex in statistical mechanics is to turn to the mean-field
approximation. In the case of disordered systems, this has turned out, quite surprisingly, to
open a Pandora’s box.

The common feature of mean-field models is that the spatial structure of the lattice Z¢
is abandoned in favour of a simpler setting, where sites are indexed by the natural numbers
and all spins are supposed to interact with each other, irrespective of their distance. The
prototype of all such models is the Curie—Weiss model, that we studied in Section 3.5.

We now turn to the question of what should be the natural class of disordered mean-field
models to study? This question requires some thought, as there are at least two natural classes
that propose themselves. Recall that we could represent the Hamiltonian of the Curie—Weiss
model through equation (3.30) as a function of the total empirical magnetization. This fact
was instrumental for the treatment of the model with large deviation methods and is the
reason why it is fairly easy to solve. One may thus consider as proper mean-field models
only models that share this property, i.e. whose Hamiltonian is a function of macroscopic
variables.

One can then seek to introduce macroscopic variables that depend on some quenched
disorder variables. The simplest natural example of this kind would be the random-field
Curie—Weiss model, which we introduced at the end of Section 6.3. Its Hamiltonian can be
represented in the form

N
Hylwl(o) — E(mN(or»2 — Nénylwl(o)

' Approximately: Mathematics has a threefold purpose. It must provide an instrument for the study of nature.
But this is not all: it has a philosophical purpose, and, I daresay, an aesthetic purpose.
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where

N
(o)) = Y hifolo 8.1)
i=1
is a second, random, macroscopic variable. We will discuss more complicated and more
interesting generalizations along this line in the context of the so-called Hopfield models in
Chapter 12.
While the mean-field analogue of the random-field model fits naturally in this class,
models with random pair interactions are less naturally incorporated. In fact, the naive
analog of the Curie—Weiss Hamiltonian with random couplings would be

1
Hylolo) === 3 Jyloloio; (8.2)

I<i,j<N

for, say, J;; some family of i.i.d. random variables. This Hamiltonian cannot be written as
a function of some macroscopic variables. The properties of this model depend strongly
on the choice of the random variables J;;. The main interest in this model concerns the
case when the random couplings have mean zero. In this case, we will see shortly that
the normalization factor, N~!, is actually inappropriate and must be replaced by N ~1/2, to
obtain an interesting model. Namely, we certainly want the free energy to be an extensive
quantity, i.e. to be of order N. This means that, for typical realizations of the disorder, there
must be at least some spin configurations ¢ for which Hy (o) ~ CN, for some C > 0. Thus,
we must estimate P[max, Hy(o) > CN]. But

P[max Hy(c) > CN] < ) P[Hy(c) > CN] (8.3)
’ geSy
= inf eftCN]Ee’ﬁ Yijenyxay Jileloio;

>0
oeSy —

— E inf e*fCN 1_[ ]Eetﬁ.l,‘j [a)]aiaj
t>0 ..
=Y LjEANXAN

where we assumed that the exponential moments of J;; exist. A standard estimate then
shows that, for some constant ¢, e 7 /il€1oi9 < ¢332 and so

252
P max Hy(0) = CN] < 2V infe Ne/? < 2Ve (8.4)

which tends to zero with N. Thus, our Hamiltonian is never of order N, but at best of order
+/N. The proper Hamiltonian for what is called the Sherrington—Kirkpatrick model (or SK
model) is thus

1

H]‘\S;K = - Z J,'jO’,‘Oj (85)
N 2N i,jeEANXAy

where the random variables J;; = J;; are i.i.d. for i < j with mean zero (or at most

JoN~'/2) and variance normalized to one for i # j and to two for i = j.2 In its original,

and mostly considered, form, the distribution is moreover taken to be Gaussian. Note that

> INT'2Jij0505] ~ N*/?, and that competing signs play a major role.

2 This choice is for notational convenience. Of course the self-couplings J;; have no physical relevance
whatsoever.
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This model was introduced by Sherrington and Kirkpatrick in 1976 [221] as an attempt to
furnish a simple, solvable mean-field model for the then newly discovered class of materials
called spin-glasses. However, it turned out that the innocent looking modifications made
to create a spin-glass model that looks similar to the Curie-Weiss model had thoroughly
destroyed the simplifying properties that made the latter so easily solvable, and that a model
with an enormously complex structure had been invented. Using highly innovative ideas
based on ad hoc mathematical structures, Parisi (see [179]) produced in the mid-1980s a
heuristic framework that explained the properties of the model. Only very recently, these
predictions have to some extent been rigorously justified through work of F. Guerra [133]
and M. Talagrand [240], which we will explain later.

It will be useful to introduce a different point of view on the SK model, which allows
us to put it in a wider context. This point of view consists of regarding the Hamiltonian
(8.5) as a Gaussian random process® indexed by the set Sy, i.e. by the N-dimensional
hypercube. We will restrict our attention to the case when the J;; are centered Gaussian
random variables. In this case, Hy(o) is in fact a centered Gaussian random process which
is fully characterized by its covariance function

/ 1 r /!
cov(Hy(0), Hy(e) = 7 > EJjluoiojoio, (8.6)
1<i,j.lk<N
1 ’ ’ N2
= — Z O’iO'iO'jO'jINRN(O’,O')
1<i,j<N

where Ry(0,0') = N~' 3N 0,0/ is usually called the overlap between the two config-
urations o and o”’. It is useful to recall that the overlap is closely related to the Hamming
distance dyam(o, o) = #({ < N : 0; # o/), namely Ry(0,0") = (1 — 2NV dyam(o, o).

Seen this way, the SK model is a particular example of a class of models whose Hamilto-
nians are centered Gaussian random process on the hypercube with covariance depending
only on Ry(o, 0’),

cov(Hy(0), Hy(0")) = NE(Ry(0,07)) (8.7)

normalized such that £(1) = 1. A class of examples considered in the literature are the
so-called p-spin SK models, which are obtained by choosing £(x) = |x|”. They enjoy the
property that they may be represented in a form similar to the SK Hamiltonian, except that
the two-spin interaction must be replaced by a p-spin one:

_ -1
Hy7 o)== > Jyi,0n 0, (88)

with J;, . ;, i.i.d. standard normal random variables.* As we will see later, the difficulties in
studying the statistical mechanics of these models is closely linked to the understanding of

3 The choice of Gaussian couplings and hence Gaussian processes may appear too restrictive and, from a
physical point of view, poorly motivated. It turns out, however, that the Gaussian nature of the processes
considered is not really important, and that a large class of models have the same asymptotics as the
corresponding Gaussian ones (at least on the level of the free energy) [72]. It is, however, a good idea to start
with the simplest situation.

4 Sometimes the terms where some indices in the sum (8.8) coincide are omitted. This can be included in our
framework by making & explicitly N-dependent in a suitable way. Although this has an effect, for instance, on
the fluctuations of the free energy (see [56]), for our present purposes this is not relevant and we choose the
form with the simplest expression for the covariance.
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the extremal properties of the corresponding random processes. While Gaussian processes
have been heavily analyzed in the mathematical literature (see, e.g., [1, 167]), the known
results were not enough to recover the heuristic results obtained in the physics literature.
This is one reason why this particular field of mean-field spin-glass models has considerable
intrinsic interest for mathematics.

The class of models we have just introduced depends on the particular choice of the
Hamming distance as the metric on the hypercube. It is only natural to think of further
classes of models that can be obtained by other choices of metric. A particularly important
alternative choice is the lexicographic distance: Given two sequences o and 7, we look at
the first value of the index i for which the sequences differ, i.e. o; # 1;. Naturally, if this
value is N, then o = 7 and thus their distance is zero, while, if i = 1, then we consider
them maximally apart. The quantity

dy(o,7)= N"'(minG : 0; # 71) — 1) (8.9)

is thus analogous to the overlap Ry (o, ). The corresponding Gaussian processes are then
characterized by covariances given by

cov(Hy(o), Hy(t)) = NA(dn(o, 7)) (8.10)

where A can be chosen to be any non-decreasing function on [0, 1], and can be thought
of as a probability distribution function. The choice of the lexicographic distance entails
some peculiar features. First, this distance is an ultrametric, i.e. for any three configurations
0,1, p,

dy(o, ) = min(dy(o, p), dn(t, p)) (8.11)

This fact will be seen to have remarkable consequences, that make the Gibbs measures of
these models fully analyzable, even though they will show as much complexity as those
of the SK models. Moreover, a clever comparison between the two types of processes is
instrumental in the analysis of the SK models themselves, as will be explained later. I will
therefore devote a considerable amount of attention to the analysis of these models before
returning to the study of the SK models.

Finally, let us mention that there is no need to stop here. One may invent even larger
classes of models, with covariances depending, e.g., on several ‘distances’. An interesting
class of examples of such a type was investigated by Bolthausen and Kistler [32].

Let us conclude this introductory chapter with some comments on the infinite-volume
limit in mean-field models. The fact that the finite-volume Hamiltonians in mean-field
models generally depend on N in an explicit parametric way shows that they cannot be
considered as restrictions of some infinite-volume Hamiltonian. Similarly, the finite-volume
Gibbs measures will not be conditional distributions of the infinite-volume measures, i.e.
the infinite-volume Gibbs states cannot be defined as solutions of the DLR equations. Thus,
in mean-field models, we will define infinite-volume Gibbs states as limits of sequences of
finite-volume Gibbs states. The proper characterization and description of infinite-volume
Gibbs states, and in particular the choice of an appropriate topology, in the case of disordered
mean-field models will be, as we shall see, a non-trivial and interesting problem in itself,
and will take considerable space in the following chapters.
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D’ailleurs, une science uniquement faite en vue des applications est impossible;
les vérités ne sont fécondés que si elles sont enchalnées les unes aux autres.
Si I’on s’attache seulement a celles dont on attend un résultat immédiat, les
anneaux intermédiaires manqueront, et il n’y aura plus de chaine.'

Henri Poincaré, La valeur de la science.

Both classes of Gaussian models we have just introduced have, fortunately, an extreme
common member. It corresponds to the case when the Gaussian process is just an i.i.d. field.
The corresponding model is known as the random energy model or REM.

The REM was introduced by Derrida [85, 86] in 1980 and can be considered as the
ultimate toy model of a disordered system. Little is left of the structure of interacting
spins, but we will still be able to gain a lot of insight into the peculiarities of disordered
systems by studying this simple system. Early rigorous results on the REM were obtained
in [95, 97, 113, 194].

The REM is a model with state space Sy = {—1, +1}". The Hamiltonian is given by

Hy(o) = —v/NX, 9.1)

where X,, 0 € Sy, are 2% i.i.d. standard normal random variables.

9.1 Ground-state energy and free energy

The first and as we will see crucial information we require concerns the value of the
maximum of the variables X,, i.e. the ground-state energy. For i.i.d. random variables, this
is of course not very hard.

Lemma 9.1.1 The family of random variables introduced above satisfies

lim max N~2X, = +/21In2 9.2)

N1too oSy

both almost surely and in mean.

' Approximately: Moreover, a science made only in view of applications is impossible; the truths are fertilized
only if they are linked with one another. If one cares only for those from which one expects an immediate
result, the intermediary links will be missing, and there is no longer a chain.
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Proof Since everything is independent,

1 o0 2/2 2N
P|max X, < =|1-— e "' 9.3
e <] = (10 g o) o

and we just need to know how to estimate the integral appearing here. This is something we
should get used to quickly, as it will occur all over the place. It will always be done using
the fact that, for u > 0,

1 7142/2 -2 * 7x2/2 1 7u2/2
—e 1-2u")< e dx < —e 94
u u

u

Exercise: Prove these two bounds!

We see that for our probability to converge neither to zero nor to one, # must be chosen
in such a way that the integral is of order 27", With the help of the bounds (9.4), one can
show with a little computation that, if we define u y(x) by

2N 00

—72/2 A
e dx =e 9.5)
N2 Juyx)

then (for x > —In N/1n2)
In(N1In2)+1n4
Uun(x) = V2N In2 + _ InWln2) + Indz

x
1/v'N 9.6
v2N1In2 24/2N In2 +oll/VN) ©-0)

Thus

P [max X, < uN(x)i| =(1—2Ne )2 e 9.7)
oeSy

In other words, the random variable u;l (maxses, Xo)converges in distribution to a random

variable with double-exponential distribution (this is the most classic result of extreme value

statistics, see [162]). The assertion of the lemma is now a simple corollary of this fact. O

Next we turn to the analysis of the partition function. In this model, the partition function
is just the sum of i.i.d. random variables, i.e.

Zpy =27 VN (9.8)
UESN

It is convenient to introduce the quantity
1
dgy=—InZ 9.9
pn = InZpn 9.9

which is related to the specific free energy via fgy = —B7'®4 v, and then to try to find
its limit as N 1 00.% In our simple model we expect of course to be able to compute this
limit exactly. A first guess would be that a law of large numbers might hold, implying that
Zg Ny ~EZg y, and hence

2

. 1 B
]\1]1& Dpg N = 1}}1{20 N InEZg y = = as. (9.10)

2 The problem of the existence of such limits in general will be discussed later.
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It turns out that this is indeed true, but only for small enough values of 8, and that there is
a critical value B, associated with a breakdown of the law of large numbers. The analysis
of this problem will allow us to compute the free energy exactly.

Theorem 9.1.2 In the REM,

for < B

B
/322’ (9.11)
7‘ + (ﬂ - ﬁc)ﬂcv for ﬁ = ﬁc

lim ECD,B,N = {
N1too

where B, = +/21In2.

Proof We will not give the most efficient proof of this result, but one that introduces useful
ideas that can be applied to other models. It uses what we call the method of truncated
second moments, which was introduced in the context of spin-glasses by M. Talagrand
[231, 233, 236].

We will first derive an upper bound for E®g y. Note first that by Jensen’s inequality,
EInZ <InEZ, and thus

’32
Edg y < 5 (9.12)
On the other hand we have that
d E, X, BVNX,
E—@py=NPEC27C (9.13)
dp Zp.N
< N'2E max X, < B~2In2(1 4+ C/N)
OEON

for some constant C. Combining (9.12) and (9.13), we deduce that

i for B <
Edy y < inf p=Fo

7 (9.14)
f20 | B 4 (B — Bp)v/2In2(1 + C/N), for B = By

Itis easy to see that the infimum is realized (ignore the C /N correction) for Sy = +/2In 2.
This shows that the right-hand side of (9.11) is an upper bound.

It remains to show the corresponding lower bound. Note that, since %@ g,N = 0, the
slope of ®g y is non-decreasing, so that the theorem will be proven if we can show that
@4y — B%/2forall B < +/21n2,i.e. that the law of large numbers holds up to this value of
B. A natural idea to prove this is to estimate the variance of the partition function.? Naively,
one would compute

EZ;N = ]Ea]Eg'Eeﬁ“/ﬁ(Xa-‘rXJ/)

=2 (Z N 4 Zem‘fz) 9.15)

o#o’ o

= VP [(1 —2 Ny 4 2*NeNﬂ2]

3 This idea can be traced to Aizenman, Lebowitz, and Ruelle [5], and, later, to Comets and Neveu [81], who
used it in the proofs of a central limit theorem for the free energy in the SK model.
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where all we used is that, for o # ¢/, X, and X, are independent. The second term in the
square brackets is exponentially small if and only if 82 < In2. For such values of 8 we

have that
z
P | |in =£N N
EZs

V4 V4
P BN gmeN op ZBN eV
EZg n EZg v

7 2
P ( LN —1> > (1 —e Ny
EZs

- IEZ/%’ v/ EZs ) —1

- (1 _ e—EN)Z
2N 4 2-NeNp?

S (1 _ efeN)Z

IA

(9.16)

which is more than enough to get (9.10). But of course this does not correspond to the
critical value of B claimed in the proposition! Some reflection shows that the point here
is that when computing EefvN2Xs | the dominant contribution comes from the part of the
distribution of X, where X, ~ 28 /N, whereas in the evaluation of EZ g, the values of X,
where X, ~ ﬂ\/ﬁ give the dominant contribution. Thus one is led to realize that instead of
the second moment of Z one should compute a truncated version of it, namely, for ¢ > 0,

Zg n(c) = Eqef V¥ Iy _ ¥ 9.17)
An elementary computation using (9.4) shows that, if ¢ > 8, then

e~ N2 /2

V2N — )

so that such a truncation essentially does not influence the mean partition function. Now

EZs n(c) = e (1 (1+ O(I/N)) (9.18)

compute the mean of the square of the truncated partition function (neglecting irrelevant
O(1/N) errors):

EZ} y(©) = (1 = 2 M)[EZp n()F + 2 VESYNoq, o) (9.19)
where
2N if 28 <c¢
BN, o= oo . (9.20)
4 —N _¢€ 2
2 m, otherwise

Combined with (9.18) this implies that, for ¢/2 < 8 < c,

)-N e28VNX, I, e—N(c—BP—NQIn2—c?)/2

L<cVN

_ — 9.21)
(EZy p)* 2B — oWN
Therefore, for all c < +/21In2,and all 8 < c,
~ ~ 2
E |:Z5,N(C)~_ Ezﬂ»N(c)i| < e Ngp) 9.22)
EZg n(c)
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with g(c, B) > 0. Thus Chebyshev’s inequality implies that
P[|1Zg n(c) —EZg n(c)| > SEZg n(c)] < 8 2e V&) (9.23)
and so, in particular,

o1 ~ 1 -
IlllTrgo ﬁEln Zg n(C) = I\lllTrgo N InEZg y(c) (9.24)

forall 8 < ¢ < +/2In2 = B.. But this implies that for all 8 < ., we can chose ¢ such that

1 B>
li —1 EZsn = 1 —InEZ 25
N1¢I<r>lo N nEZg y > nn n nEZg y(c) = 5 (9.25)
This proves the theorem. O

9.2 Fluctuations and limit theorems

In the previous section we went to some length to compute the limit of the free energy.
However, computing the free energy is not quite enough to get a full understanding of a
model, and in particular the Gibbs states. The limit of the free energy has been seen to be a
non-random quantity. A question of central importance is to understand how and on what
level the randomness shows up in the corrections to the limiting behaviour. We will see later
that the knowledge gained here is sufficient to derive detailed information about the Gibbs
measures. The results of this section were obtained with I. Kurkova and M. Lowe in [56].
For earlier results see also [97, 113, 194].

Theorem 9.2.1 The partition function of the REM has the following fluctuations:
(i) If B < /In2/2, then

y Z
Fun2—pH 1y ZBN B a0, 1 9.26
e? EZyn — N(O, 1). (9.26)

(ii) If B = I 2/2, then
Yan2-py ZBN. D w170 9.27
e? EZyn — N(0, 1/2) (9.27)

(iii) Leta = B//2In2. If /In2/2 < B < ~/21In2, then

e N (V2In2—B)*+%[In(N In2)+In4r] In ZgN
Ez
B.N

B [ e (P(dz) — e~idz), 9.28)

where P denotes the Poisson point process* on R with intensity measure e *dx.

(iv) If B = ~/21In2, then

esIn(NIn)+indn] ( Zon +ln(Nln2)+ln4n
Zg.N 2 47 N1n2

B0 e(Pdz) — e~idz) + [ e P(dz) (9.29)

4 For a thorough exposition on point processes and their connection to extreme value theory, see in particular
[210].
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(v) If B > ~/2In2, then

e—N[ﬁ\/2ln 2—In 2]+%[1n(Nln2)+ln4rr]Zﬁ’N _D) /OO eotzrp(dz) (930)
—00
and
D 00 00
N(®py —Edgy) > ln/ e P(dz) —]Eln/ e P(dz). 9.31)

Remark 9.2.2 Note that expressions like fi)oo e*(P(dz) — e™*dz) are always understood
as limy | fyo e?(P(dz) — e *dz). We will see that all the functionals of the Poisson point
process that appear are almost surely finite random variables. Theorem 9.2.1 can be extended
to non-Gaussian random variables. This has been done by Ben Arous, Bogachev, and
Molchanov [11] for a large class of distributions with super-exponential tails. It also has
interesting applications well beyond spin-glass theory.

Proof We will prove these results step by step. We first prove (i). Since the partition
function is a sum of i.i.d. random variables, our first guess would be to look for a central
limit theorem, and in fact in this parameter regime the result follows from the standard CLT
for triangular arrays. Let us first write

Z
In 2N

Zsn —EZ
ZbN Z BEBN ﬂ*N) (9.32)

=1(1
" TRz

EZg N

We will show that the second term in the logarithm properly normalized will converge to a
normal random variable. To see this, write

ZgN — ]Ezﬁ,N __ A—N BVNX,—NB2/2
T = 27V Y (e - 1) (9.33)

O’ESN
If we set

PVNX—NE /2 _ |

In(o) = 9.34
W)= —— )
then )y (o) has mean zero and variance one, and
Zsgn —EZ |
N I R /() (9.35)
EZp n W2
By the CLT for triangular arrays (see [222]), it follows readily that
1 D
W > Ywlo) = N, 1) (9.36)

O'ESN

if the Lindeberg condition holds, that is, if for any € > 0,

lim EV3 (0) 1y, o)ze2v2) = 0 (9.37)
Ntoo
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But

EV3 (0) W1y, (0)ze2v2)

o0
e_zNﬂz 2WN, 2
= Fi=3d 1
T / e z+o(1)

*FN(%Jrﬂ)Jr\l/rl‘T;ﬁJr"(ﬁ)

o0

1 .
= m / e zdz + 0(1) (938)

(59) vol5)

It is easy to check that the latter integral converges to zero if and only if 2 < In2/2. Using
the fact that In(1 + x) = x 4+ o(x) as x — 0, the assertion (i) follows immediately.

Since the Lindeberg condition clearly fails for 282 > In 2, itis clear that we cannot expect
a simple CLT beyond this regime. Such failure of a CLT is always a problem related to
heavy tails, and results from the fact that extremal events begin to influence the fluctuations
of the sum. It appears therefore reasonable to separate from the sum the terms where X, is
anomalously large. For Gaussian random variables it is well known that the right scale of
separation is given by uy(x) defined in (9.5). The key to most of what follows relies on the
famous result on the convergence of the extreme value process to a Poisson point process
(for a proof see, e.g., [162]):

Theorem 9.2.3 Let Py be point process on R given by

Py = Z 84zt x,) (9.39)

(TGSN

Then Py converges weakly to a Poisson point process on R with intensity measure e *dx.

Let us define

Zyp = eV Wiy, <o (9.40)
We may write
Zg N B Z}‘,,N—EZ/);N N Zﬂ,N_Zg,N_E(Zﬁ,N_Zg,N) ©.41)
EZsn EZs n EZs n '
Let us first consider the last summand. We introduce the random variable
ZpN —Zgn —N(n2+p%/2) BVYNX
Wy = —p-——=e¢ IR atiad (A (9.42)
ﬂ’N O’ESN

It is convenient to rewrite this as (we ignore the sub-leading corrections to u y(x) and only
keep the explicit part of (9.6))

Wy (x) = efN(ln2+ﬂ2/2) Z eﬂ\/ﬁuN(u;,l(Xa))]I

UESN

oy -
> e N<x>1[{uxl(xg)>x} (9.43)

UGSN

{ME](X‘,)>X}
_ 1
~ C(B.N)
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where

C(B, N) = o ¥ (V22— B+ 4 [In(N In2)+1n 4] (9.44)

Clearly, the weak convergence of Py to P implies convergence in law of the right-hand side
of (9.43), provided that e** is integrable on [x, 0o0) with respect to the Poisson point process
with intensity e™*. This is, in fact, never a problem: the Poisson point process has almost
surely support on a finite set, and therefore e** is always almost surely integrable. Note,
however, that for 8 > +/21n2 the mean of the integral is infinite, indicating the passage
to the low-temperature regime. Note also that the variance of the integral is finite exactly
ifa <1/2,1e. ,32 < 1In2/2,i.e. when the CLT holds. On the other hand, the mean of the
integral diverges if x | 0o; note that the points of the Poisson point process accumulate at
minus infinity, and thus the integral itself diverges as well. The following lemma provides
the first step of the proof of part (iii) of Theorem 9.2.1:

Lemma 9.2.4 Let Wy (x), a be defined as above, and let P be the Poisson point process
with intensity measure e *dz. Then

C(B, NWy(x) 3 / ¥ P(dz) (9.45)

We now need to turn to the remaining term,

V4 EZ;

BN __ BNy (x) (9.46)

EZg n

One might first hope that this term upon proper scaling would converge to a Gaussian;
however, one can easily check that this is not the case. In fact, it is not hard to compute all
moments of this term:

Lemma 9.2.5 Let Vy(x) be defined by (9.46). Then for « > 1/2 and any integer k > 2

lim C(N, B}E[Vy ()]
Nt +oo

1 k! e(kafi)x
= — 9.47
Zl’ Zi_ El!--'Zi!(ﬁla—l)'o-(Zia—1) ( )

For o = 1/2, we have for k even

i kokN(Ema-pr2 _ K (k= DU
Nlle-nooE[VN(x)] ¢ T k/2)12k T 2k (9.48)

and for k odd
Jim B[y (e V2 — o (9.49)

(which are the moments of the normal distribution with variance 1/2).

Proof To prove the lemma we need to compute the moments of the random variables
Ty(o) =2 NefYNXo Iix, <uy(x)- They are computed in the same way as the moments of
the truncated partition function in the preceding section, using completion of the square in
the exponent and the asymptotic estimates (9.4). We get:
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(i) If kB < +/2In2,

ET} (o) ~ 27 NEFN/2 (9.50)
(i) if kB = +/2In2,
—kN k*B*N /2 —N a(ka—1)
E[Ty (o) ~ 27NN _ 27 Ve K(BY2In2-In2)N] 9.51)
2 2
(i) if kB > v21n2,
E[Ty (o)) ~ _Nexa(a_l)ek[(ﬁ«/Z]n2N—ln2)—%[]n(N]n2)+ln4rr]]
ka —1

Now,

k
EZs M) By =E (Z [Tn(o) — ETN(G)]>

G'ESN

k
= Y IEH[TN(Ui) — ETy(0))]

01,...,00 €Sy i=1
k N
k! 2
=2 2 () )ane
e S S RRRY AL
Xjtj=k
—ETy(0)]" - E[Ty(o) — ETn(0)]" (9.52)

Note that, for k8 > ~/21n2, ETy(0) is essentially of the form 2-N¢C f\,; thus, for £ > 2 and
B> ./In2/2,and for £ > 3 and 8 = /In2/2,

14
E[Ty(0) —ETy(0)]" =) (=1)/ (ﬁ)ETN(o)‘—f [ETx(o)) (9.53)
j=1

—Nex(Eot—l) " ¢
~ ]ETN(O')E ~ 2—NeNﬁ«/21n2—§[ln(N 1n2)+ln471]]

ka —1

Inserting this result into (9.52) gives the assertion (9.47).
For 8 = \/In2/2 and ¢ = 2, we get

5 5 27N —X
E[Ty(o) — ETy(0)]* ~ Te[2*%”'3“21“Ze‘”]2 (9.54)
Inserting this formulainto (9.52) we see that the term with £y, ..., ¢; = 2,i = k/2brings the

main contribution to the sum, and all others are of smaller order, because of the polynomial
terms e~¢2 "V1n2) in (9.53). This implies (9.48) and (9.49) and the lemma is proven. [

A standard consequence of Lemma 9.2.5 is the weak convergence of the normalized
version of Vy (x):

Corollary 9.2.6 For \/In2/2 < B,

C(B. N)Vy(x) 3 V(x, ) (9.55)
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where V(x, ) is the random variable with mean zero and k-th moments given by the right-
hand side of (9.47). For B = /In2/2, forall x € R

eTW2In2=py 0y B A0, 1/2) (9.56)

Equation (9.56) together with Lemma 9.2.4 implies that, in the case 8 = 1/In2/2, the
contribution from WW(x) vanishes, and the one from V(x) yields the Gaussian claimed
in (ii) of Theorem 9.2.1 by taking x 1 4+o00. The next proposition will imply (iii) of
Theorem 9.2.1.

Proposition 9.2.7 Let \/In2/2 < 8 < ~/21In2. Then, for x € R chosen arbitrarily,

e 7 (V2In2=p)*+ 5 [In(N In2)+In4x] ) Zp.N
EZﬁ’N

BV, o)+ / e P(dz) — f e¥e~idz (9.57)

where V(x, «) and ‘P are independent random variables.

Proof Equation (9.57) would be immediate from Lemma 9.2.4 and Corollary 9.2.6 if
Wy (x) and Vy(x) were independent. However, while this is not true, they are not far from
independent. To see this, note that if we condition on the number, ny(x), of variables X,
that exceed u y(x), then the decomposition in (9.41) is independent. On the other hand, one
readily verifies that Corollary 9.2.6 also holds under the conditional law P[-|ny(x) = n],
for any finite n, with the same right-hand side V(x, «). But this implies that the limit can
be written as the sum of two independent random variables, as desired. O

When o > 1/2, since EV(x, @)? = @D/ — 1), V(x, @) tends to zero in distribu-
tion, as x | —oo. Therefore,

X

Vx, o) 2 lim / e P(dg) — / e%e (9.58)
yt+oo —y

-y

which means that we can give sense to the Poisson integral ffooo e**(P(dz) — e~*dz). From
here we get (iii) of Theorem 9.2.1.

We now turn to the proof of parts (iv) and (v) of Theorem 9.2.1. We will see that the
computations above almost suffice to conclude the low-temperature case as well. With the
notations from above, we write

Zyn=Ziy+ Zpn — Zhy) (9.59)

Clearly, for 8 > +/21n2,
Zsn — Zé V= oNIBY2In2—In2]—§[In(N In2)+In47] Z 1

JESN

{u;‘<o)>x}eau;l(x") (9.60)

so that, for any x € R,

oo
(Zp.y — Z?}‘yN)e—N[/S«/Zan—an]-&-%[ln(N1n2)+ln47t] 2) / e P(dz) 9.61)

X
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Let us first treat the case § > +/21n2. By (9.52), we have

" 27Nex(a71)
efN[ﬁx/Zanfan]JrE[ln(N ln2)+1n4ﬂ]EZ;,N ~ (962)

a—1
which tends to zero, as x | —oo. Hence, with the normalization of (9.61), the contribu-
tion from Zg \ converges to zero in probability. The assertion (v) of the theorem is now
immediate.
Let us finally consider the case 8 = +/21n2. Proceeding as in (9.52),

un(0)—+/2N In2

EZ), = —— e 2z
PN o
1 In(NIn2)+In4 In N)?
=ﬂ<——“(‘lH'"”+0<“l))) (9.63)
2 4/ NmIn2 N
We use the decomposition
Zyn=Zsn—Zyy+BZjy+(Z) y —EZy ) (9.64)
By (9.63), EZ%N/EZ,&N ~ 1/2. By (9.43), we see easily that
Zsn — 28
—E%Z;fﬂ==mwuyeo,as (9.65)

even though EWy (0) = 1/2! Thus the more precise statement consists of saying that
L[In(N n2)+In 47 D ¥
w““n”M@efeWM (9.66)
0

Note that of course the limiting variable has infinite mean, but is almost surely finite. Finally,
by Corollary 9.2.6,
ng v —EZS

AN B o, 1) (9.67)

e % [In(N In2)+In47x]
EZg n

The same arguments as those given after Proposition 9.2.7 allow us to identify V(0, 1) with
the centered Poisson integral | EOO e’ (P(dz) - e_zdz) . This implies (9.30). Equation (9.31)
is an immediate corollary. This concludes the proof of Theorem 9.2.1. O

9.3 The Gibbs measure

With our preparation on the fluctuations of the free energy, we have accumulated enough
understanding about the partition function that we can deal with the Gibbs measures. Clearly,
there are a number of ways of trying to describe the asymptotics of the Gibbs measures.
Recalling the general discussion on random Gibbs measures from Part II, it should be clear
that we are seeking a result on the convergence in distribution of random measures. To
be able to state such a result, we have to introduce a topology on the spin configuration
space that makes it uniformly compact. The first natural candidate would seem to be the
product topology. However, given what we already know about the partition function, this
topology does not appear ideally adapted to give adequate information. Recall that at low
temperatures, the partition function was dominated by a ‘few’ spin configurations with
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exceptionally large energy. This is a feature that should remain visible in a limit theorem.
A nice way to do this consists in mapping the hypercube to the interval (0, 1] via®

N
Syo0 —ry(o)=1-— 2(1 — 027" € (0, 1] (9.68)

i=1

Define the pure point measure fig y on (0, 1] by
AgN = Z Srnoyp,N(0) (9.69)

GESN

Our results will be expressed in terms of the convergence of these measures. It will be
understood in the sequel that the space of measures on (0, 1] is equipped with the topology
of weak convergence, and all convergence results hold with respect to this topology.

As the diligent reader will have expected, in the high-temperature phase the limit is the
same as for 8 = 0, namely:

Theorem 9.3.1 If 8 < +/21In2, then
fig N — A, as. (9.70)
where )\ denotes the Lebesgue measure on [0, 1].

Proof Note that we have to prove that for any finite collection of intervals Ay, ..., Ay C
(0, 1], the family of random variables {fig n(A1), ..., fig n(A)} converges jointly almost
surely to {% [AY], ..., %IAkI}. Our strategy is to first get very sharp estimates for a family
of special intervals.

Below we always assume that N > n. We denote by [T, the canonical projection from
Sy to S,,. To simplify notation, we will often write o,, = I1,,0 when no confusion can arise.
For o € Sy, set

a,(0) = ry(I,0) 9.71)
and
An(0) = (ay(0) — 27", a,(0)] (9.72)

Note that the union of all these intervals forms a disjoint covering of (—1, 1]. Obviously,
these intervals are constructed in such a way that

Rpn(Bn(0)) = upn({o” € Sy : T(o") = T,(0)}) 9.73)

The first step in the proof consists in showing that the masses of all the intervals A, (o) are
remarkably well approximated by their uniform mass.

Lemma 9.3.2 Set 8’ =,/ %,B Foranyo € S,

(i) I B < "2, then

_ _ _ _ _pr2
g n(An(0) — 27" < 27"e” W20y, 9.74)
where Yy has bounded variance, as N 1 oo.
3 The choice of the map ry is slightly different from the (more straightforward) one in my earlier notes [39]. The

reason is purely cosmetic: it avoids an atom at the point 0, so that the point processes constructed below live on
the half-open interval (0, 1].
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(i) If /52 < B’ < +/21In2, then

|[1/3,N(An(o—)) _ 27n| < Zfllef(an)(V2ln27ﬂ/)2/270t ln(an)/ZYN_n (975)

where Yy is a random variable with bounded mean absolute value.

(iii) If B = V/21n2, then, for any n fixed,
lig N(An(o)) —27"| = 0, in probability (9.76)

Remark 9.3.3 Note that in the sub-critical case, the results imply convergence to the uni-
form product measure on S in a very strong sense. In particular, the base-size of the cylinders
considered (i.e. n) can grow proportionally to N, even if almost sure convergence is required
to hold uniformly for all cylinders! However, one should not be deceived by this fact: even
though seen from the cylinder masses the Gibbs measures look like the uniform measure,
seen from the point of view of individual spin configurations the picture is quite different.
In fact, the measure concentrates on an exponentially small fraction of the full hypercube,
namely those O(exp(N(In2 — 8%/2))) vertices that have energy ~ BN. The seemingly
paradoxical effect results from the fact that this set is still exponentially large, as long as
B < +/2In2, and is very uniformly dispersed over Sy. The weaker result in the critical
case is not artificial. In fact, it is not true that almost sure convergence will hold, as can be
seen from Theorem 1 in [113]. One should of course anticipate some signature of the phase
transition at the critical point.

Proof The proof of this lemma is a simple application of the first three points in Theorem
9.2.1. Just note that the partial partition functions

Zg n(0y) = Egef VX I, (6)=0, (9.77)
are independent and have the same distribution as 27" Zg y_,. But

Zﬁ,N(Un)
0/€S, Zﬂ,N(in)] + Zﬂ,N(Un)

ﬂﬂ.N(An(O—n)) = Z (9.78)
Note that all 2" random variables Zg y(0,) are independent, and we have excellent
control on the speed of convergence to their mean value. The assertions of the lemma
follow easily. O

Once we have the excellent approximation of the measure on all of the intervals A, (o),
it is not difficult to approximate more general collections of intervals by unions of these
intervals and to use the same arguments as before to show that their masses converge to
their length, which proves the theorem. O

The behaviour of the measure at low temperatures is much more interesting. Let us
introduce the Poisson point process R on the strip (0, 1] x R with intensity measure
%dy x e *dx. If (Yy, X;) denote the atoms of this process, define a new point process M,
on (0, 1] x (0, 1] whose atoms are (Y}, wy), where

eOth

for « > 1. With this notation we have that:
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Theorem 9.3.4 If 8 > +/2In2, with o = B/~/21n2, then

- D .
fgN — fig = / My (dy, dw)d,w (9.80)
(0.11x(0,1]
Proof With uy(x) defined in (9.6), we define the point process Ry on (0, 1] x R by
RN =D Seviorus oty (9.81)
(TESN

A standard result of extreme value theory (see [162], Theorem 5.7.2) is easily adapted to
yield that

D
Ry > R, as N 1+ o0 (9.82)
where the convergence is in the sense of weak convergence on the space of sigma-finite

measures endowed with the (metrizable) topology of vague convergence. Note that

eauy' (Xo) ety (Xo)

S e X [ Ry(dy, doje

mpn(o) = (9-83)

Since [ Ry(dy, dx)e** < oo almost surely, we can define the point process

My = a; 5 ( olitonn) ) (9.84)

VO TRy (@ aexpan)
on (0, 1] x (0, 1]. Then

Mw=/AMM®AW%w 9.85)

The only non-trivial point in the convergence proof is to show that the contribution
to the partition functions in the denominator from atoms with uy(X,) < x vanishes as
x | —oo. But this is precisely what we have shown to be the case in the proof of part (v) of

Theorem 9.2.1. Standard arguments then imply that first M, x z M, and consequently,
(9.80). O

Remark 9.3.5 In [216], Ruelle introduced a process W, that is nothing but the marginal
of M, on the ‘masses’, i.e. on the second variable, as an asymptotic description of the
distribution of the masses of the Gibbs measure of the REM in the infinite-volume limit.
Our result implies in particular that indeed ), .5 8,1 x(0) 3 Wy if @ > 1. Neveu in [182]
gave a sketch of the proof of this fact. Note that Theorem 9.3.4 contains in particular the
convergence of the Gibbs measure in the product topology on Sy, since cylinders correspond
to certain subintervals of (0, 1]. The formulation of Theorem 9.3.4 is very much in the spirit
of the metastate approach to random Gibbs measures. The limiting measure is a measure
on a continuous space, and each point measure on this set may appear as a ‘pure state’. The
‘metastate’, i.e. the law of the random measure fig, is a probability distribution, concentrated
on the countable convex combinations of pure states, randomly chosen by a Poisson point
process from an uncountable collection, while the coefficients of the convex combination
are again random variables and are selected via another point process. The only aspect of
metastates that is missing here is that we have not ‘conditioned on the disorder’. The point
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is, however, that there is no natural filtration of the disorder space compatible with, say,
the product topology, and thus in this model we have no natural urge to ‘fix the disorder
locally’; note, however, that it is possible to represent the i.i.d. family X, as a sum of ‘local’
couplings, i.e. let Ja, for any A C N be i.i.d. standard normal variables. Then we can

.....

any of the Ja, with A fixed, so that conditioning on them would not change the metastate.

Let us discuss the properties of the limiting process fig. It is easy to see that, with
probability one, the support of fig is the entire interval (0, 1]. But its mass is concentrated
on a countable set, i.e. the measure is pure point. To see this, consider the rectangle A, =
(Ine, 00) x (0, 1]. The process R restricted to this set has finite total intensity given by € !,
i.e. the number of atoms in that set is a Poissonian random variable with parameter e ~!. If
we remove the projection of these finitely many random points from (0, 1], the remaining

mass is given by

ax Ine ax

P(dx)

b T amer = L P Trae

(9.86)

(0,1]x(—o00,In€)

We want to get a lower bound in probability on the denominator. The simplest possible
bound is obtained by estimating the probability of the integral by the contribution of the
largest atom, which of course follows the double-exponential distribution. Thus

p [ / Pdx)e™ < Z:| S e (9.87)

Setting Qz = {P : fP(dx)e‘” < Z}, we conclude that, for o > 1,

Ine eux
P dx)—— 9.88
[ PO T > y} (9.88)
r plne ox
<P dx)-——— , QF P
=P T e 7Y Z} e
r rlne
<P P(dx)e™ > yZ, Q‘Z] + P[2,]
- 71?106
<P P(dx)e** > yZ:| + P[R27]
E [ P(dx)e™ el o
4 PQ < ———Fef "
< , + [Z]_(a—l)yZ+e

Obviously, for any positive y it is possible to choose Z as a function of € in such a way that
the right-hand side tends to zero. But this implies that, with probability one, all of the mass
of the measure fig is carried by a countable set, implying that fig is pure point. A more
refined analysis is given in [156].

So we see that the phase transition in the REM expresses itself via a change of the
properties of the infinite-volume Gibbs measure mapped to the interval from the Lebesgue
measure at high temperatures to a random dense pure point measure at low temperatures.
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9.4 The replica overlap

While the random measure description of the phase transition in the REM yields an elegant
description of the thermodynamic limit, the projection to the unit interval loses the geometric
structure of the space Sy. The description of this geometry is a central issue that we will
continue to pursue. We would like to describe ‘where’ in Sy the mass of the Gibbs measure is
located. In a situation where no particular reference configuration exists, a natural possibility
is to compare two independent copies of spin configurations drawn from the same Gibbs
distribution to each other. To make this precise, recall the function ry : Sy x Sy — (0, 1]
defined in (9.68). We are interested in the probability distribution of Ry (o, o) under the
product measure (g y ® g n, i.€. define a probability measure, /g, on [—1, 1] by

Vg n[w](dz) = pg ylw] ® ug nlwl(Ry(o, o') € dz) (9.89)

As we will see later, the analysis of the replica overlap is a crucial tool for studying the
Gibbs measures of more complicated models. The following exposition is intended to give
a first introduction to this approach:

Theorem 9.4.1
(i) Forall B < +/21n2,

lim g = 8o, a5, (9.90)
(ii) Forall B > ~/21n2,
Ypn — 8 (1 - / Wa(dw)w2> 15 / W,(dw)w? 9.91)
Proof We write forany A C [—1, 1]
Vpn(A) = Z A BBy Y efYNXetXon (9.92)
Rt

First, the denominator is bounded from below by [Z s.v(c)]?, and by (9.23), with probability
of order 82 exp(—Ng(c, B)), this in turn is larger than (1 — B)Z[Ezﬁ,N(c)]z. First let 8 <
+/21In2. Assume initially that A C (0, 1) U [—1, 0). We conclude that

1
E A< —E,E, 1 4+ 8 2e8CAN 9.93
Van(&) < 5 D 1467 (9.93)

reA
Ry (o,0")=t

1 1 2e~NI®
V2rN (1 =8 & V1 —12

for any B < ¢ < +/2In2, where I : [—1, 1] — R denotes the Cramer entropy function
defined in (3.38). Here we used that, if (1 — )N =2¢,¢ =0, ..., N, then

+ §2e=8(.HN

N
]E(IEU’ ]IRN((rﬁ(r’):f = 27N < ) ) (994)

and the approximation of the binomial coefficient given in (3.37) and (3.39). Under our
assumptions on A, we see immediately from this representation that the right-hand side
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of (9.93) is clearly exponentially small in N. It remains to consider the mass at the point 1,
ie.

Ypn(1) = Z5 3 Eg2 NV (9.95)
But we can split
]Eaezﬁ‘/ﬁx" =Zygn +(Zpn — Zopn — Z3g y) (9.96)
For the first, we use that
EZ3, y <2 Ve2#NV2In2 (9.97)

and for the second, we use that it is

oV2Bv/2In2e“[In(N In2)+47] Z o2ty (x5 (9.98)
ag

Both terms are exponentially smaller than 2Vef*V, and thus the mass of Vg y at 1 also
vanishes. This proves (9.90).

Now let 8 > +/21n2. We use the truncation introduced in Section 9.2. Note first that for
any interval A

2Z; y

Vsn(A) = ZZAEEy >y, x,muyee? VS| < (9.99)

teA ZﬁvN
Ry (0,0")=t
We have already seen in the proof of Theorem 9.2.1 (see (9.62)) that the right-hand side of
(9.99) tends to zero in probability, as first N 1 oo and then x | —oo. On the other hand,
fortr #1,

P[Jo0. Ryt © Xo > un(x) A Xor > uy(x)] (9.100)
ze—l(t)Ne—2x

V2r NA/1 —¢2

by the definition of uy(x) (see (9.5)). This implies again that any interval A C [—1, 1)U
[—1, 0) has zero mass. To conclude the proof it is enough to compute g y(1). Clearly

=< ]an’]IRN(a,a’):t 22NP X5 > MN(.X)]2 =

Yen(l) = - TN (9.101)

By (v) of Theorem 9.2.1, one sees easily that

D j‘e2az'p(dz)
Ypn(l) > ———
P (e Paa)

Expressing the left-hand side of (9.102) in terms of the point process W,, defined in (9.79),
yields the expression for the mass of the atom at 1; since the only other atom is at zero, the
assertion (ii) follows from the fact that 1 y is a probability measure. This concludes the
proof. O

(9.102)
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9.5 Multi-overlaps and Ghirlanda—Guerra relations

The distribution of the replica overlap apparently does not contain all the information on the
Gibbs state we have acquired so far. It will be instructive to look at the joint distribution of
k independent copies of the spin variables. Interestingly, there are some very strong general
principles that allow us to relate multiple overlaps in terms of the two-spin overlaps. These
identities were discovered by Ghirlanda and Guerra [127] in 1998. They have proven to
be of extreme importance, and we will keep encountering them in the following chapters.
Similar relations were derived by Aizenman and Contucci [4].
We begin with the following simple observation:

Proposition 9.5.1 For any value of B,

d
IE@%,N = B(1 — Eyg n(1)) (9.103)
Proof Obviously,
d E, /N X, efYNXo
E—dsy=NTE2""°— 9.104
ap E,cfVNX @104

We now use for the first time the following so-called Gaussian integration by parts formula:

Lemma 9.5.2 If X is a standard normal variable, and g any differentiable function of at
most polynomial growth, then

E[Xg(X)] = Eg'(X) (9.105)
Proof Left as an exercise (or see, e.g., Appendix A of [239]). O

Using this identity in the right-hand side of (9.104) with respect to the average over X,
we get immediately that

E, /N X, efYNXo 2-NE, e28VNX,
E—  =NBE|l - ——
E. efVNX, (Egeﬁ«/ﬁxa)z
= NBE(1 — u5%y (Is,=,)) (9.106)
which is the assertion of the proposition. O

In exactly the same way one can prove the following generalization:

Lemma 9.5.3 Let h : S}, — R be any bounded function of n spins. Then

1
—Eu$" (Xpeh(a!, ..., am) (9.107)
\/N B,
= BEuSY! (h(al, o o" (Z | R nuak_a,m))
I=1
Proof Left as an exercise. O

The strength of Lemma 9.5.3 comes out when combined with a factorization result that
in turn is a consequence of self-averaging.
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Lemma 9.5.4 Let h be as in the previous lemma. Then

1
i Eug'y(Xoth(o!, ..., 0™") = Bup n (Xot) Euf'y (h(o', ..., 0™)| = Sn(w)
(9.108)

where §n(B) here and in the sequel stands for constants that satisfy, for any a > 0,
lim f |[C(N,B+x)ldx =0 (9.109)
Ntoo J_,

Proof Let us write
(BuSy(Xoh(a', ... 0™) = Bup n(Xo0Bu§y (h(o'. ... o™)?
= (Eny ((x(,k —Eu8 X, )h(o', ... a"))’
< Eu8" (Xot — BuSy X1 ) Euly (h(o ', ..., o™) (9.110)

where the last inequality is the Cauchy—Schwarz inequality applied to the joint expectation
with respect to the Gibbs measure and the disorder. Obviously the first factor in the last line
is equal to

E (p.n (X3) = [p N (X)) + Eip v (Xo) — Einp v (X))

=8 zEd Qpy + NB? (dcpﬁN— ic1>,3,v>2 (9.111)
dp? dp ag =

We know that @4 y converges as N 1 oo and that the limit is infinitely differentiable for
all B > 0, except at B = +/21In2; moreover, —®Pg y is convex in B. Now, for any § > 0,

B 2
d
lim sup/ dxE— d>,g+x N 9.112)
Ntoo J—s dp?
= lim [(B + B s, (Yo /VN) = (B = OBpps (Yo /¥ N)] < 00
which will vanish when divided by N. To see that the coefficient of N of the second term

gives a vanishing contribution, we use the following lemma on self-averaging the derivatives
of convex functions:

Lemma 9.5.5 Let fy(x) be a family of random, real-valued functions on some open set,
U C R, satisfying the following hypotheses:

(i) For any N, fy is convex (or concave).
(ii) There exists a sequence Cy | 0 such that, forall x € U, E(fy(x) — IEfN(x))2 < Cy.
(iii) There exists a sequence C} | 0 and a function f(x) such that, for any x € U,

[Efv(x) — f(x)| < Cy.
Set gn(x) = E fy(x). Then, for any x € U such that f"(x) < 0o,
lim (F () — gy@)* =0 9.113)
Proof Convexity implies that, for any x € U and y > 0 such that x & y € U,
[fv() = fxGx =1y < f/x) S [+ ) = f(01/)y 9.114)
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The same holds of course for g . Hence

[fv(x) — fv@x —y) — gn(x + ) + gn(0)]/y < fy(x) — gy(x) (9.115)
S+ ) = fiv(x) —gn(x) + gn(x — »)1/y

Using (ii), and the inequality (a + b)> < 2a” + 2b?, this implies that

(£ () — gy (@)” < 2(gn(x + ) — gn(x) — gv () + gn(x — Y)Y y* + 4Cn/y*

(9.116)
Now we use (iii) to replace gy by f to get
(f300) = gh(0)” = 22 Uf (& +3) = F) = F@) + flx = I/y")?
+4Cy/y* +32C) /y? 9.117)
But, by assumption,
l)jil(}[f(x +9) = f@) = f)+ flx = /¥ = f"(x) < 00 (9.118)
Thus, if we chose a sequence yy = (max(Cy, C}V))l/“, we get that
(Fi () = gy(x))> < (max (Cn, Ci)) > LF7 () + 8y + 32] (9.119)
where 8y | 0. This implies the assertion of the lemma. O

Remark 9.5.6 The assumption that f”(x) is finite holds in general for all but a countable set
of points, since ffa f"(x +y)dy = f'(x +a) — f'(x — a) is finite (for all but a countable
set of values a), by general results on convex functions (see Section 25 of [211]). The proof
above is inspired by Lemma 2.12.4 of [240].

In Theorem 9.2.1 we have more than established that the variance of ®g y tends to zero,
and hence we can apply Lemma 9.5.5 with fy(x) = —®y .. The assertion of the lemma
then follows. O

Exercise: Give an alternative proof of Lemma 9.5.4 in the special case of the REM for
all B > +/21In2, using the previous results on the convergence of the Gibbs measures.

If we combine Proposition 9.5.1, Lemma 9.5.3, and Lemma 9.5.4 we arrive immediately
at:

Proposition 9.5.7 For any bounded function h : Sy — R,

‘ ®”+1(h(0 e ) IS (9.120)

IE ®n+l (h(a Un)<z Lyimgt + E/,L/??N(]Ial_az)))‘ =4y(B)

1k

Together with the fact that the product Gibbs measures are concentrated on the sets where
the overlaps take values 0 and 1 (9.120) allows us to compute the distribution of all higher



9.5 Multi-overlaps and Ghirlanda—Guerra relations 185

overlaps in terms of the two-replica overlap. For example, if we put

T @n
A, = 1\1]1%10 Eugy(Ig1—g2=..=on) (9.121)
then (9.120) with & = [;1_,2_.._,» provides the recursion
n—1 1 1—A,
Ay = A+ -AA=A,[1-
n n n
L 1-A r A
— H 11— — 22 )4, = TPt 4y 9.122)
i k 'n+ DHI'(Ay)

Note that we can alternatively use Theorem 9.3.1 to compute, for the non-trivial case

B >+2In2,

lim u?'}v(llol:gz:..:gn) = / We(dw)w" (9.123)
N1too ’
so that (9.122) implies a formula for the mean of the n-th moments of W,,
I'n+ A»)
E | W,(dw)w" = ——— 9.124
/ (@) I'(n + DI'(A2) ( )

where A, = E [ W, (dw)w?. This result has been obtained by a direct computation by
Ruelle ([216], Corollary 2.2).
Clearly, we can generalize this result by considering more complicated events

An] ..... n, = 1%71%20 E/’L?(K]]_Fm—i_nr)(]IG1="'=Un1 ]Iarzl+1="'=ffn2 ce ]IUn,,1+1="'=(fn,-) (9125)

1 r—1
An1 ..... n.+1 = m((nr - I)Am ..... n, + anAn] ..... Ny, .. e + A2An1 ..... n,)

(9.126)

It is easy to see that these recursions can all be solved in terms of A,: We have seen that this
is the case for r = 1. Assume that it is true for all p < r — 1 and all n; > 2. Then (9.126),
for n, =1, allows us to compute all A,, _,_,2 in terms of A, and A, . _,, and thus
entirely in terms of A, by the hypothesis. From here we can use (9.126) to successively
compute all other A, n,_,.n., 1 > 2 as well.

The significance of this observation comes from the fact that the collection of these
quantities determines completely Ruelle’s process W, . Namely, in analogy to (9.123), we
have that

Anom =E f W (dw)w' - - - / W (dw, )w! (9.127)

which provide a sufficiently large class of functions to determine the law of the marginal
of W. These observations are due to Talagrand [240]. While in the REM they appear as a
curiosity, their analogues will be invaluable in more complicated models, as we shall see in
the next chapter.
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Derrida’s generalized random energy models

En un mot, pour tirer laloi de I’expérience, il faut généraliser; c’est une nécessité
qui s’impose a I’observateur le plus circonspect.!
Henri Poincaré, La valeur de la science.

We will now turn to the investigation of the second class of Gaussian models we mentioned
in Chapter 8, namely Gaussian processes whose covariance is a function of the lexicographic
distance on the hypercube (see (8.10)). B. Derrida introduced these models in the case where
A is a step function with finitely many jumps as a natural generalization of the REM and
called it the generalized random energy model (GREM) [87, 114, 115, 116].

We split the presentation into two parts. In the first one, we describe the standard GREM,
using only explicit computations. The second part is devoted to the general case, where we
return to the use of the Ghirlanda—Guerra identities that we have already encountered in the
REM. This chapter is based on collaborations with I. Kurkova [51, 52, 53].

10.1 The standard GREM and Poisson cascades

Akey element in the analysis of the REM was the theory of convergence to Poisson processes
of the extreme value statistics of (i.i.d.) random variables. In the GREM, analogous results
will be needed in the correlated case.

We assume that A is the distribution function of a measure that is supported on a finite
number, n, of points xy, ..., x, € [0, 1], as shown in Fig. 10.1. In that case we denote the
mass of the atoms x; by a;, and we set

Ine; =(x; —x;_)In2, i=1,...,n (10.1)

where xo = 0. We normalize in such a way that ) .+, a; = 1 and [[/_, o; = 2.

It is very useful that there is an explicit representation of the corresponding process X,,.
We will write 0 = 0107 - - - 0, where 0; € Syine,/n2. Usually we will assume that x; > 0,
x, = 1,and all ¢; > O.

Then the Gaussian process X, can be constructed from independent standard Gaussian
random variables X, , Xo,0,, - . - » Xg,...0,, Where o; € {—1, l}Nln"“’/l"z, as

Xo = VarXe + V2 X0, + -+ VanXoi0,.0,,  ifo =0102-- 0, (10.2)

! Approximately: In one word, to draw the rule from experience, one must generalize; this is a necessity that
imposes itself on the most circumspect observer.
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Figure 10.1 The function A(x).

10.1.1 Poisson cascades and extremal processes

Our first concern is understanding the structure of the extremes of such processes. The key
ideas are easiest understood in the case where n = 2. Let us consider the set, Sy, of oy
for which X,, ~ +/a;2N Ina;x. We know that the cardinality of this set is rather precisely
a{v(l_’() if x < 1. Now all the a{v(l_x)aév = 2¥a;*N random variables X,,,, with o1 € S,
are independent, so that we know that their maximum is roughly +/2a; N(In2 — x In ).

Hence, the maximum of the X, with oy € S, is

\/a12N Ina;x + \/ZazN(IHZ —xInay) (10.3)

Finally, to determine the overall maximum, it suffices to find the value of x that maximizes
a In2 ap In2

this quantity, which turns out to be given by x* = e provided the constraint e < 1
is satisfied. In that case we also find that
Va2NIna x + /2a;N(In2 — x*Ine;) = +/2In2 (10.4)

i.e. the same value as in the REM. On the other hand, if %2]2 > 1, the maximum is realized
by selecting the largest values in the first generation, corresponding to x = 1, and then for
each of them the extremal members of the corresponding second generation. The value of
the maximum is then (roughly)

Vai2N Ina; + v/2a;N Ina; < +/21n2 (10.5)

where equality holds only in the borderline case % = 1, which requires more care. The

condition % < 1 has a nice interpretation: it simply means that the function A(x) < x,

forall x € (0, 1).
In terms of the point processes, the above considerations suggest the following picture
(which actually holds true): If % < 1, the point process

Z Syt = P (10.6)

GSN
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exactly as in the REM, while in the opposite case this process would surely converge to
zero. On the other hand, we can construct (in both cases) another point process,

Z 8 gy n oy )/t (Xiry) (10.7)
o=010e{—1,+1}¥ -
where we set
ua,N(x) = uNlnot/an(x) (108)
This point process will converge to a process obtained from a Poisson cascade: The process
> Suzt \(Xay) (10.9)
o) E{_]’+1}Ina1N

converges to a Poisson point process, and, for any o, so do the point processes

8 (10.10)

Ugy N (Xoy0y)
or€{—1,+1)nazN

Then the two-dimensional point process

> Sty (Kot y (Xoyo) (10.11)

o=0100&{—1,+1}N

converges to a Poisson cascade in R?: we place the Poisson process (always with intensity
measure e “dx) on R, and then, for each atom, we place an independent PPP on the line
orthogonal to the first line that passes through that atom. Adding up the atoms of these
processes with the right weight yields the limit of the process defined in (10.7). Now this
second point process does not yield the extremal process, as long as the first one exists, i.e.
as long as the process (10.6) does not converge to zero. Interestingly, when we reach the
borderline, the process (10.6) converges to the PPP with intensity Ke™*dx with0 < K < 1,
while the cascade process yields points that differ from those of this process only in the
subleading order.

Having understood the particular case of two levels, it is not difficult to figure out the
general situation, which we will now describe more precisely.

The first and most important result tells us which Poisson point processes we can
construct.

Theorem 10.1.1 Let 0 <a; <1, o; > 1, i =1,2,...,n with Y ;_ja; =1. Set @ =
[1/_, «i. Then the point process

B (T X+ X0y + 4 Xoy03.00) (10.12)

0’:0’1..40‘n€{_1’+1}N]n&/ln2

converges weakly to the Poisson point process P on R with intensity measure Ke *dx,
K e R, ifand only if, foralli =2,3,--- ,n,

ai +aiy1 + -+ a, > In(eay g - ay)/Ina (10.13)

Furthermore, if all inequalities in (10.13) are strict, then the constant K = 1. If some of
them are equalities, then 0 < K < 1.

Remark 10.1.2 An explicit formula for K can be found in [52].
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Figure 10.2 The conditions (10.13) (a) and (10.17) (b).

Remark 10.1.3 The conditions (10.13) can be expressed as A(x) < x for all x € (0, 1).
See Fig. 10.2(a).

Theorem 10.1.4 Let o; > 1, and set & = ]_[f.‘:1 a;. Let Y5,Y5 0, -1 Yo, 0, be

identically distributed random variables such that the vectors (Y5 )y c{—1 1}V ine1/me,

Yo,0)gmei—1, 1V maz/mas . s Yoi0y..0)ope(—1,1)¥Vmew/ma  are  independent.  Let vy 1(x),
, UN k(x) be functions on R such that the following point processes

ZgUN,I(YGI) —- P
o1

Z5vN,z<Yglaz> — P2, Vo

o2

> Sunitamn) = Pre Yo+ 04 (10.14)
(o]
converge weakly to Poisson point processes, Py, ..., Py, on R with intensity measures
Kie™*dx, ..., Kre *dx, for some constants K1, ..., Ki. Then the point processes on R,

k
Py = ZSvN (Yo Z%m(n,nz) Y By = PP (10.15)
o

converge weakly to point processes P® on R*, called Poisson cascades with k levels.

Poisson cascades are best understood in terms of the following iterative construction. If
k = 1, itis just a Poisson point process on R with intensity measure K e *dx. To construct
P®@ onR?, we place the process P! for k = 1 on the axis of the first coordinate and through
each of its points draw a straight line parallel to the axis of the second coordinate. Then
we put on each of these lines independently a Poisson point process with intensity measure
K,e*dx. These points on R? form the process P®. This procedure is now simply iterated
k times.

Theorems 10.1.1 and 10.1.4 combined give a first important result that establishes which
different point processes may be constructed in the GREM.
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Theorem 10.1.5 Let o; > 1, 0 <a; <1, such that [[\_jo; =2, > ,a; =1 Let
Ji,Jo, ..., Jn € Nbe the indices such that0 = Jy < Jy < J, < -+ < J,, = n. We denote
bya = ZiJIZJHH a;, @ = H,'JI:J,,,H o, l=1,2,...,m, and set

Ji=Ji
S 010y, 1

Xo G ey = N > VansiXoy oy (10.16)
i=1

Assume that the partition Ji, J», ..., J, satisfies the following condition: for all | =
1,2,...,mandall k such that Ji_; +2 <k < J

(ax + g1 -+ - +ag—1 +ay)/a > In(agagy -+ -og—10,)/ In(@). (10.17)

Then the point process

(m) = {ed ...
Z S ) v Koy oy) Z (Sw( Koy iihas,)

o
01...0 TJj+1--:0,

> 5 - (10.18)

Ugp, N( "J +1 ”Jm)
Olyy_1+17 Oy -

converges weakly to the process P™ on R™ defined in Theorem 10.1.4 with constants
Ky, ..., K,. The constant

K =1 (10.19)

if all J; — Ji—y — 1 inequalities in (10.17) for k = Ji—1 + 2, ..., J; are strict. Otherwise
0<K, <l

Remark 10.1.6 An explicit expression for K; is given in [52].

Remark 10.1.7 The conditions on the choice of the partitions can be expressed in a simple
geometric way: Replace the function A by the function A ; obtained by joining the sequence
of straight line segments going from (x5, A(xy,))to(x;_,, A(x;,,)),i =0,...,m — 1.Then
a partiton, J, is admissible if A(x) < A;(x), for all x € [0, 1]. This condition allows, in
general, several possible partitions, and therefore the corollary yields a family of convergent
point processes associated with the GREM. See Fig. 10.2(b).

Having constructed all possible point processes, we now find the extremal process by
choosing the one that yields the largest values. It is easy to see that this is achieved if as
many intermediate hierarchies as possible are grouped together. In terms of the geometrical
construction just described, this means that we must choose the partition J in such a way
that the function A ; has no convex pieces, i.e. that A is the concave hull, A, of the function
A (see Fig. 10.3). (The concave hull, A, of a function A is the smallest concave function
such that A(x) > A(x), for all x in the domain considered.) Algorithmically, this is achieved
by setting Jy = 0, and

J] = mm{J > Jl—l . AJ[7|+1’J > A1+1’k,Vk >J+ 1} (1020)

where A, = Zf:j a; /(2 ln(l_[f»‘:, o
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_ _ P; =
a1+...+am:1____________._________IJm (1,1)
I
—»™
L P >
a1+a2 ________ -—-- IJZ :
A(x 1 :
1
> :
| |
_ PJ] ! ! :
a - - |
1 A |
1 : :
> I |
- | )
> ! !
] | I ]
> 1 1 1
Pj In o In (&, 00y) In(ya,)
=490 In2 ~In2 w2 1
=492 =492

Figure 10.3 The concave hull of A(x).

Sety; = /a;/~/2Ina;,l =1,2,...,m.Clearly, by (10.20),y; > y» > --- > . Define
the function U y by

U= (,/2Na, @ — N~"2y,(n(N(In@)) + 1n471)/2) + N2

=1

(10.21)
and the point process
Ev= ). Sy (10.22)
oel—L,py
Theorem 10.1.8
(i) The point process Ey converges weakly, as N 1 00, to the point process on R
E= | P™dx,....dxn)dyr (10.23)

Rm

where P is the Poisson cascade introduced in Theorem 10.1.5 corresponding to the
partition Jy, ..., J, given by (10.20).

(ii) & exists, since y > -++ > Yp. It is the cluster point process on R containing an a.s.
finite number of points in any interval [b, 00), b € R. The probability that there exists
at least one point of £ in the interval [b, 00) is decreasing exponentially, as b 1 oo.

Remark 10.1.9 If some of the inequalities in the condition (10.17) hold with equality, there
are several point processes that to leading order are equally large. The degeneracy is lifted
in favour of the process with the longest increments in J; through the In N term in the
functions u, y defined in (10.8). If one considers what happens here as a function of the
parameters, one sees that the process with fewer levels ‘dies out’, and the process with
extra levels takes over. While the values of the extremes are in leading order the same at
the coexistence point, as the inequality gets strictly violated these values now begin to drop
substantially.
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The formal proofs of these theorems can be found in [52]. I will not reproduce them
here, since they are tedious rather than difficult. Not much is involved beyond those results
used in the REM together with the observations made above in the two-level case. Only the
computations of the constants K in the degenerate cases require a considerable effort.

10.1.2 Convergence of the partition function

We will now turn to the study of the Gibbs measures. Technically, the main step in the proof
will be to show that the infinite-volume limit of the properly rescaled partition function
can be expressed as a certain functional of Poisson cascade processes, as suggested by
Ruelle [216].

For any sequence of indices 0 < J; < --- < J,, = n that satisfies the conditions (10.17),
the partition function can be written as:

ZﬂN _ CZI” (ﬂN,/Za, Ina,;— ,By/[ln(Nlnot,)+ln4rr]/2)

X Eoyear, Pritta) v Xoyoay)) (10.24)
-1

BYmlg,, N(Xu,m o)
O Jpy—1+1° O

Clearly, not all of these representations can be useful, i.e the sums in the second line should
converge to a finite random variable. For this to happen, from what we learned in the REM,
each of the sums should be at ‘low temperature’, meaning here that 8y, > 1. Moreover, we
should expect that there is a relation to the maximum process; in fact, this will follow from
the condition that y; > y;4, for all i that appear. Thus we will have to choose the partition
J that yields the extremal process, and we have to cut the representation (10.24) at some
temperature-dependent level, Jjg), and treat the remaining hierarchies as high-temperature
REM’s, i.e. replace them by their mean value. The level /(8) is determined by

I(B)=max{l > 1: 8y, > 1} (10.25)
and[(B) =0if By; < 1.

From these considerations it is now very simple to compute the asymptotics of the partition
function. The resulting formula for the free energy was first found in [71]:
Theorem 10.1.10 [71] With the notation introduced above,
L(B)

lim @y _,BZ\/Za, Ina; + Z B2a; /2, as. (10.26)

i=Jip+1
The condition that for B < B., [(B) = O, defines the critical temperature, B, = 1/y,.
The more precise asymptotics of the partition function follow:

Theorem 10.1.11 Let J1, Jo, ..., J,, € Nbe the sequence of indices defined by (10.20) and
1(B) defined by (10.25). Then, with the notations introduced above,

ﬂz“’” (N /23, &, lIn(N In@)+In47]/2) ~Np> Y1 Hp1 912 7
BN

2 C(B) of T pU®) gy, .. dxy) (10.27)

RI®
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This integral is over the process PU®) on R® from Theorem 10.1.4 with constants K j
from Theorem 10.1.5. The constant C(B) satisfies

CB) =1, if Byipy+1 < 1 (10.28)
and 0 < C(B) < 1, otherwise.

Remark 10.1.12 An explicit formula for C () is given in [52].

The integrals over the Poisson cascades appearing in Theorem 10.1.11 are to be under-
stood as

me eﬂylx1+-..+/3)/mxm7)(m)(dxl - dxy) (10.29)
= lim eﬂylxl+"'+13memfp(m)(dxl codxy)
x| —o00 (X veeedn JERM

Ji, 1<i<miy|xy o4y x>+ ty)x

The existence of these limits requires the conditions on the y; mentioned before, and thus
can be seen as responsible for the selection of the partition J and the cutoff level I(8).
Namely [52]:

Proposition 10.1.13 Assume that v, > y» > ... > Vi > 0and By, > 1. Then:

(i) For any a € R the process P contains almost surely a finite number of points
(X1, ..., Xp) such that y1x1 + -+ - + YmXm > a.
(ii) The limit in (10.29) exists and is finite almost surely

10.1.3 The Gibbs measures

We will now turn to the asymptotic description of the Gibbs measures in the GREM. In
the REM one considers Ruelle’s process of the Gibbs masses, obtained as the limit of the
process Wy = D 8., (o) Together with the information that the replica overlap in the
REM can take on only the values 0 and 1 in the limit, this process describes fully the structure
of the Gibbs measure: namely, if one is interested in capturing an arbitrary large fraction
1 — p of the total mass, then it suffices to consider for some € = €(p) > 0 the atoms of
the process W with mass larger than €, and to place them at random on a set of orthogonal
vectors on the infinite-dimensional unit sphere.

In the GREM, this picture is insufficient, since the overlap distribution may now take on
values that are different from O and 1. Thus, the points carrying the masses described by
the process VW are distributed in a more complicated way in space. Ruelle took this fact
into account when defining the ‘probability cascades’ in his version of the GREM. We will
define the corresponding objects in the context of the GREM and prove their convergence
to Ruelle’s cascades.

The overlap distribution Asinthe REM, we define the overlap distribution, i.e. the random
probability distribution

Vpn(q) =l y(Ry(o,0') < q) (10.30)
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where Ry(o, o’) is the overlap defined in (8.6). In the context of the GREM, it appears
natural to introduce the distribution of dy,

Ypn(q) = iy (dy(o.0") < q) (10.31)

An interesting and important result will be the fact that these two notions coincide in the
thermodynamic limit, implying that the Gibbs measures concentrate on sets where between
any two points the two distance measures coincide.

With the notation introduced in Theorem 10.1.11, according to the partition Jy, ..., J,
defined in (10.20), let us set

!

Ina
a = Z_; — (10.32)
and
1(B) =
Inga,
Gmax(B) = D= (10.33)

n=1

We will see that the measure g y converges to a limiting random measure g with support
on the set {0, qi, .-, ql(ﬁ)}-

Point processes of masses and Ruelle’s probability cascades We will introduce a number
of point processes that appear to be good candidates for a more detailed description of the
Gibbs measure.

Let us introduce the sets

Bo)={o' €Sy :dy(o,dY=q}, [=12,....1(8) (10.34)
We define point processes Wém]z, on (0, 17" given by

mp,n(o)

W = D asn Bro Do (Bl — (10.35)
BN X{T: (p N (B1(0)), ... iup,n (B (0))) 1N (B, ()
as well as their projection on the last coordinate,
m /'Lﬁ,N(G)
R =3 8,0, (80— (10.36)
B,N 20: 8.8 (B ))Mﬁ,N (B, (0))
It is easy to see that the processes W}(Smlz, satisfy
1
Wi dwy, ..., dw,,) = f Wit dwi, ..., dw,, Ay ) Lt (10.37)
0 m

where the integration is of course over the last coordinate w,, 1. Note that these processes
will in general not all converge, but will do so only when for some o, pg(B,,(0)) is strictly
positive. From our experience with the Gibbs measure, it is clear that this will be the case
precisely when m < [(f). In fact, we prove the following:

Theorem 10.1.14 If m < I(B), the point process W/(Smlz, on (0, 11" converges weakly to the

point process W;,m) whose atoms, w(i), are given in terms of the atoms, (x1(@), ..., X, (1)),



10.2 Models with continuous hierarchies: the CREM 195

of the point process P™ by

PU(dY)8(y — x1(0)ef T

. ]
(wi(@), ..., wy() = ( P yer L (10.38)
S P™Ay)S(y1 — x1()) - . . 8 — X ()P
o f 'P(m)(dy)eﬂ(%Y)

and the point processes R/(Sm])\/ converge to the point process Rg"), whose atoms are the last

components of the atoms in (10.38).

Of course the most complete object we can reasonably study is the process Wﬂ = W/[;ﬂ).
Analogously, we will set 7@;; = Rg’s ),

The point processes Wﬁ take values on vectors whose components form decreasing
sequences in (0, 1]. Moreover, these atoms are naturally clustered in a hierarchical way.
These processes were introduced by Ruelle [216] and called probability cascades.

There is an intimate relation between the distance distributions g and these point
processes.

Theorem 10.1.15 With the notation introduced above, we have that:

(i) The random distribution functions g y and &ﬂ, ~ converge, in distribution and in mean,
to the same random distribution function Vg.
(ii) g is a step function with jumps at the values {0, q1, . . ., qip)}. For any q € [gi—1, q;)

wﬂ(q)z/Wﬁ(dwl,...,dwl(m)w,(ﬂ)(l—wi), i=1,...,18):; (10.39)
Ye(q) =1, forq > qi(B)

The proof of (ii) is quite straightforward and similar to the analogous statement in the
REM (Theorem 9.4.1). The proof of the more interesting result (i) is tedious and can be
found in [52].

10.2 Models with continuous hierarchies: the CREM

We now turn to the case when A is an arbitrary probability distribution function, and in
particular when it contains a continuous part. The analysis of the standard GREM seemed
to rely very crucially on the fact that the number of hierarchies, n, was fixed finite when
we took the limit N 4 oco. Treating the case when n ~ N with the same methods seems
hopeless. Nonetheless, there is a very encouraging observation: the formula for the free
energy, (10.26), can be written in a way that makes sense for arbitrary A, namely,

X 2
lim @y = @ = «/21n2,3/ " Jatodx + %(1 — A(xp) (10.40)
o 0

where

_ 2In2
Xpg = sup (x ‘ alx) > 52 ) (10.41)
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The mean of the limiting distance distribution function
¥p() = lim pgh(dy(o, o)) < x) (10.42)
as given in Gardner and Derrida [115], or Proposition 1.11 of [52], can be written as

B 'V2In2//a(x), ifx < xg
1

) (10.43)
, ifx > xg

Erg(x) = {

Here A denotes the concave hull of the function A(x), and & the right-derivative of this
function, a(x) = lim¢ o e 1(A(x 4+ €) — A(x)), which exists for all x € (0, 1]. To avoid
complications that are not of interest here, we will assume that A is a piecewise smooth
function. We will draw advantage from the fact that any such function can be approximated
arbitrarily well by non-decreasing step functions, for which we have computed everything
explicitly. The task is to show that the corresponding processes can be used to capture
precisely the asymptotic properties of the processes of interest.

The next important step is to reconsider the representation of the Gibbs measures, which
in the standard case were represented by Ruelle’s probability cascades, i.e. as point processes
on (0, 1]". However, the vectors (g n(B1(0)), ..., ug n(B,(0))) should be thought of as
the values of the mass distribution

My (x) = wpn(dy(o,0') > x) (10.44)

at the values g;, for which the limiting distribution has jumps. Seen in this light, it seems
most appropriate to introduce the following objects, which we have called empirical distance
distribution functions

Ko = 1tpn0)8m,0 (10.45)

UESN

as a random measure on M ([0, 1]), the set of probability measures on [0, 1]. Note that the
first moment of Cg v is related to the distance distribution function, ¥4 v, via

//cﬁ,,v(dm) =1— YN (10.46)

In the case of the GREM with finitely many levels, the results stated above imply readily
the convergence of kg y to a measure that is concentrated on atomic distributions. The
values, ¢g;, of the atoms are controlled by the point process WY and whence are given,
finally, in terms of the processes P, This approach clearly fails in the continuous case.
However, the Ghirlanda—Guerra identities [4, 127] provide an alternative approach to the
construction of the infinite-volume limit. In the CREM this idea is a crucial tool.

10.2.1 Free energy

The basis of all results is control of the convergence of the free energy. The idea here is
to consider sequences, A,, of piecewise constant distributions functions that converge to
A in the sup-norm, to use the fact that, for any such A,, the formula of the free energy
is known, and to let n 1 oo, after the thermodynamic limit. This might not tell us any-
thing about the thermodynamic limit of the free energy corresponding to A, were it not
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for the following fundamental comparison lemma, due to Kahane, which we take from
Theorem 3.11 of [167]:

Lemma 10.2.1 Let X and Y be two independent n-dimensional Gaussian vectors. Let D
and D be subsets of {1, ...,n} x {1, ..., n}. Assume that

EX,‘XJ' SEY,YJ, if (i, j)e Dy

EX;X; =EY;Y;, if (i,j)¢ DiUD,
Let f be a function on R" such that its second derivatives satisfy

2

0x;0x;
2

f&x) =0, if @ j)e D

fx) <0, if @G, j)e D, (10.48)
Bx,«axj

Then
Ef(X) <Ef(Y) (10.49)

Remark 10.2.2 This theorem, and even more its proof, has played a crucial réle in recent
work on mean-field spin-glasses, and we will encounter it several times in the sequel. For
this reason we give its (simple) proof.

Proof The first step of the proof consists of writing

o= s = [ ard po (1050)
where we define the interpolating process
=ViX+V1-1Y (10.51)
Next observe that
gf(x’) = li 9 NEPX - (1 —7Y) (10.52)
dt 2 ox;

i=1
Finally, we use the generalization of the Gaussian integration by parts formula (9.105) to

the multivariate setting:

Lemma 10.2.3 Let X;,i € {1, ..., n} beamultivariate Gaussian process, andlet g : R" —
R be a differentiable function of at most polynomial growth. Then

Eg(X)X; = Z E(X:X; )E g(X) (10.53)
j=1
(See, e.g., Appendix A of [239] for a simple proof.)
Applied to the mean of the left-hand side of (10.52) this yields

2
Ef(X)—Ef(Y)= /(]EXX ~EXY)E;—— 9 f(X) (10.54)

from which the assertion of the theorem can be read off. |
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Theorem 10.2.4 Let X, be a centered Gaussian process on Sy with covariance given by
(8.10). Then

N1too

By 2
lim N~'Eln Zgn = \/21n2,3/ ' Va(x)dx + '87(1 — A(xp)) (10.55)
0

where xg is defined in (10.42). The critical temperature, B, is given by

— 217n2 (10.56)
P = lim, o @(x) '

Proof We may easily check that the function In )" ePYNXo satisfies the hypothesis of
Lemma 10.2.1 with D| = {o,0’ € 512\, : 0 # o'} and D, = (. Thus taking AX(1) = A(1)
and AZ(x) smaller, respectively, larger than A elsewhere, we can indeed construct upper
and lower bounds for ®4 that converge to the same limit when n 1 oo. O

A further crucial observation is that the distance distribution function can be expressed
as a derivative of the free energy (see the case of the REM) as a function of the covariance.
In the continuous case, this will be a little more subtle and will require the introduction
of some temporal structure into our Gaussian process X, ; we define the Gaussian process
X,(t),0 € Sy, t € [0, 1], with covariance

cov(X, (1), Xor(s)) = A(t As A [dy(o, 0] (10.57)

Note that X, (¢) is a martingale in the variable # and that its increments with respect to ¢ are
independent. It is also useful to realize that we may represent X, (¢) as

Xq(1) = Yo (A1) (10.58)
where Y, (¢) is a continuous Gaussian martingale with covariance
cov(Y, (1), Yor(s)) =t As A Aldy(o, 0')) (10.59)
Observe that there is the following integration by parts formula:
Lemma 10.2.5 Foranyt € (0, 1] and e > 0,

g, Kot 6 = X, (1))ef YN Xo
E, eBVNX,

t+e
= BN / dAS)EuSyldy(o,0') < s] (10.60)

Proof Let us introduce the infinitesimal increments, dY,(¢), of the process Y, (¢). Clearly
EdY, (1)dYe (s) = dtdsd(s — t) L aqayo.07y)> (10.61)

The proof makes use of the infinitesimal version of the Gaussian integration by parts formula

(10.53),
EdY,(2) f < f dYaf(s)> =Ef ( / dYar(s)) / EdY, (1)dY,.(s)
=Ef' (Yo) Uagay(o,0>rdt (10.62)

where f is any differentiable function of moderate growth. Using (10.62) in (10.61),
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we get
o % (10.63)
= dtEE,E,. (1 - HA(dN(g,g/))N) eﬁx/zﬁ(xg-rxa/)ﬂ\/ﬁ
(Ea,eﬂ«/ﬁxg,)
Thus
EE, % = dAOELS Y (Taunoon=an) BvVN (10.64)

Integrating, and using that, if 7 is a point of increase of A, A(dy(0, 0')) < A(¢) if and only
if dy(o, 0’) < t, yields the lemma. O

Next we want to express the right-hand side of (10.60) as a derivative of the free energy.
To that end consider, for ¢ € [0, 1] and € > 0 fixed, the random process

Xy =Xo tulXo(t +€) — Xo(1)] (10.65)
Clearly
cov(Xy, X;) = A"(dy(0,0") (10.66)
where
A(x), if x <t
A" (x) = Y AWX) + Qu + ud)(A(x) — A1), ifr <x<t+e (10.67)

AX) + Qu+ u®) A +€) — A@)), ifx>1+e€

Let us denote the partition function corresponding to the process with covariance A* by
Zy - etc. Clearly we have that

(Xo (1 +€) = Xo ()P d )
B~/ NEE, T, =5 (BInZj ) (10.68)

This yields:
Lemma 10.2.6 With the notation introduced above we have, for any t € (0, 1] and any
€ > 0, that

t+e
d
,3—2N—1a (ElnZjy), _, = / dASEUS y[dy(o,0") < 5] (10.69)
t

This allows us to obtain an explicit formula for the distance distribution function.

Theorem 10.2.7 Under the assumptions of Theorem 10.2.4,

,371v21n2/«/c‘1(x), ifx < xp

(10.70)
1, ifx > Xg

lim Eu§3 ' =
NITTO pgn(dn(o,0’) < x) {
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Proof Observe that ® = N “'Eln Zy y is a convex function of u. A trivial extension
of Theorem 10.2.4 shows that @} , converges to the function ®§ given by the expression

. . . . . . d d
(10.56) when A is replaced by A". By convexity, this implies that limy oo - Py = 7-Pp
at all points, u, where <I>g is differentiable. Thus we only have to compute this derivative.
We can write

xp
O — D = «/21n2,8/0 dx(,/au(x) - ,/a(x))
x4 2
++/21In 2,6/ " dvy/an () + % (A"(xp) — A"(xp))
Xp

2
+ 7((5”(1) — A"(xp)) — (A(1) — A(xp))) (10.71)

If xg < t, (10.71) simplifies to

2
Py — Py = %((A“(l) — A"(xp)) — (A1) — A(xp))) (10.72)
B B

= 7(A”(]) —AQ) = Qu+ MZ)T[A(t +€)— A®)]

This is due to the fact that A cannot be linear in a neighbourhood of x4, while on the other
hand A“(x) = A(x) up to a point z(u) that is either of order # — O(u) (if the function A is
strictly convex in a left-neighbourhood of ¢), or equals the lower boundary of the region
containing ¢ where A is linear. In both cases xg < z(u) if u is small enough. Hence,

d u 2
3 (Ph)cg = BIAC + 0 — A (10.73)

Inserting this into (10.69) and letting € tend to zero, we obtain that, for ¢ > xg,
limy 100 B yldn (0. 0') < 1] = 1.

If xg > t (and consequently x; > t + €, for € > 0 small enough), we must distinguish
two cases: (a) A is strictly convex in a left-neighbourhood of ¢ + €, then A(x) = A(x) for
x €[t,t +¢€]; (b) Ais linear in a left-neighbourhood of ¢ + €.

(a) In this case the function A*(x) is not convex in a neighbourhood of 7, since, for x < 7,
a*(x) = a(x), and for x > ¢, a*(x) = a(x)(1 + 2u + u?). To construct its convex hull,
A*(x), one should find the points, z;(u), zo(u), z1() < t < z2(u) < t + €, such that the
straight line passing through A(z;(«#)) and A"(z(u)) is tangent to A(x) at x = z;(u) and
to A*(x) at x = zo(u). In other words, a(z;(1)) = a(zo(w))(1 + 2u + u?) and A(z,(w)) +
Qu + u?)(A(za(w)) — A(t)) = A(z1(w)) + (z2(u) — z1(u))a(z;(u)). Then A“(x) coincides
with this straight line, for x € [z1(«), zo(u)], while A*(x) = A(x), for x € [0, z;(1)),
A'(x) = A%(x), for x € (zo(u), t + €], and A“(x) = A(x) + Qu + u)(A(t + €) — A(D)),
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for x € (t + ¢, 1]. Then the last terms in (10.71) are zero and
O — &y = /2102 ,3/ dx (Var@) - Vaw) (10.74)
=+2In2p dx (\/a(zl(u) — \/a(x))

z1(u)

22(u)
+4/21In 2,3/ dx \/a(zz(u))(l +2u + u?) — Va(x)(1 +2u + uz))

+V/2In2 ,B/ \/a(x)(l Y 2utu)— \/a(x))

Note that the straight line tangent to A(x) at the point x = z(u) < t such that a(z(u)) =
a(®)(1 + 2u + u?) does not cross A“(x), for x > z(u). Then z(u) < z;(u) < t. Since
z(u) =t + O(u), it follows that z;(#) = ¢ + O(u). It follows that a(z1(v)) = a(¥) + O(u),
a(zo(u)) = a(t) + O(u), and finally z,(u) = t + O(u). Then the integrand in the first term
satisfies

0 < Va(zi(w) —Vax) < ya(zi(w)) — a(t) = O(u) (10.75)

and in the the second one

0 < Va(zow)(1 + 2u + u?) — Va@x)(1 + 2u + u?)
< Vaz)(1 + 2u + u?) — /a(t) = O(u) (10.76)

Since z>(u) — z1(u) = O(u), the integrals over both of these terms are of order O (#?) and
do not contribute to the derivative of . The integral of the first term can be written as

(\/ 14+ 2u+u?— 1) / vax)dx = u(l + 0(1))/ —dA(x) (10.77)

Therefore, by (10.69), we get that

V228~ / dA(x)m

t+e€
= / dA(x) ]%m Euyldy (o, 0') < x] (10.78)
t o0 ’

Since this is true for any € > 0, (10.70) follows.

(b) We now consider the case when A is linear to the left of # 4+ €. The deformation of A now
extends further down to the beginning of the linear piece of A. Assume that A is linear on the
interval (y, z] D (¢, t + €]. Then, for small enough u, the slope of A* will differ from that of
Aonlyin(y, z]. Moreover, A*(y) = A(y)and A*(z) = A(z) + Qu + u>)(A(t + €) — AQ®)).
Let

ZF = sup {A%(x) — A(x) < Qu + u>)(A(t + €) — A1)} (10.79)

xe(y,z]
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Obviously, xg & (v, z). If t < xp, we get that
B~'(2In2)" (DY — dp)

= [ax (Vat) + @u iAG + 6 — AD)/G =) - Vaw)
y

= V) [ax (VIF Gut YA+ 6 — A/ @onE - ) - 1)
g

= @(y)"Pu(A(t + €) — A(t)) + O?) (10.80)
Again (10.70) follows now from (10.69). O

Remark 10.2.8 Itis clear from the above consideration that we may repeat the same compu-
tation with u < 0 to find the left-derivative of CDg at zero. The results coincide, except when
t = xp. Similarly, one shows that the second derivative of @ is finite in a neighbourhood
of zero whenever t # xg.

10.2.2 The empirical distance distribution

The key object we will use to describe the geometry of the Gibbs measures in the contin-
uous case (and which is the appropriate generalization of the point process of masses of
Ruelle) is the empirical distance distribution defined in (10.45). This object is a random
probability measure on the space of mass distributions. It has a very appealing physical inter-
pretation: it tells, for a fixed realization of the disorder, with what probability an observer
who is distributed with the Gibbs distribution will see a given distribution of mass around
him/herself.

Let us say a word more on the interpretation of these processes. Recall that
f Kg n(dm)m(q) =1 — g n(q). Thus, Kpg y will be asymptotically concentrated on dis-
tributions for which m(g) = 0if ¢ > xg. In other words, the smallest blocks

Y, (t) = {0’ € Syldy(o,0") > t} (10.81)

around any point o that have positive mass are of size 20 =*#V_ Since the mass distribution
around any point within such a ‘massive’ block is identical, such a block contributes with
mass jg n (o) with a Dirac measure on the empirical mass distribution around itself.
While in the discrete case, the convergence of these processes could be proven directly,
it is a priori not clear how this could be achieved in the general case. But recall that, in
the REM, instead of constructing the limiting processes directly, the Ghirlanda—Guerra
identities provide an alternative way. We will see that this path is still open in the CREM.
Recall that g y are random probability distributions on M ([0, 1]), the space of prob-
ability distributions on [0, 1], and as such random elements of M (M([0, 1])). As such,
their laws are elements of the space M (M (M ([0, 1]))). Equipping M ([0, 1]) and
Mi(M([0, 1])) with the topologies of weak convergence, there is no obstacle to defining
weak convergence of our objects. Just note that the continuous functions of a measure,
m € M ([0, 1]), can be approximated arbitrarily well by monomials in finite collections
of integrals with respect to m of indicator functions of (disjoint) intervals, Ay, ..., A; C
[0, 1], and that in turn continuous functions of a measure, W € M{(M ([0, 1])), can be
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approximated by polynomials in a collection of integrals of such functions. Thus, if we
show that for any collection, A;; C [0, 1], and integers, r;;,i =1,..., £, j =1,..., k;,

E(/ Kp n(dmp)mi(Ap)™ - omy(Ayj) -

"'/Kﬁ,N(dml)mZ(AEI)m "'mz(Az,/‘,)’”’) (10.82)

converges, then the point process Ky g converges in distribution to a limit Xg. We will
investigate this process in some detail in Section 10.3.

10.2.3 Multi-overlap distributions
Our task is now to prove the Ghirlanda—Guerra identities in the general case.

Theorem 10.2.9 For anyn € Nand any x € [0, 1]\xg,

1
‘Eu?’ﬁ'l (h(ol, o, a")]IdN((,k,am)») — ;EM?'};“I (h(al, oM

X[ Layiot e + Eu%(ﬁdN(an,gz)>x>])‘ — Sy () (10.83)
Ik

where the Gibbs measures are considered to depend on u through the deformed functions
A", and §y(u) is as in Lemma 9.5.4.

Proof One of the pillars of the Ghirlanda—Guerra identities is concentration of measure
for the free energy, that holds here also:

Lemma 10.2.10 For any 8 and for any € > 0,

2
P[|InZsy — ElnZpy| > €] < Zexp<— 2/.;N) (10.84)

Proof This follows, e.g., from the standard Gaussian concentration of measure theorem
(see [167]) and the representation of In Zg  as a Lipshitz function of 2N+1 _ 2 independent
standard Gaussian random variables with Lipshitz constant S+/N. O

As a first step, we need the generalization of Lemma 10.2.5:

Lemma 10.2.11 Forany t € (0, 1] and € > 0, and h : S}, — R any bounded function of
n spin-configurations:

1

ﬁEug’;, (Xot(t + €) — Xt (tDh(0 ", ..., 0™))

t+e
=B f dAGERG! (10.85)
t

n
1 § :
X (h(a N O'n)l: I[dN(o-kwo.I)>s — n]IdN(ak‘an+|)>si|)
=1

Proof Exactly analogous to the proof of Lemma 10.2.5. O

The more important step is the following:
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Lemma 10.2.12 Let h be as in the previous lemma. Then

\/Lﬁ ‘Eug';v((xak(t +€) = X (h(o', ..., 0™) (10.86)

—Eptpy (Xot(t + €) — Xt () Eny (h(o', ..., o”»‘ — Sy ()
Proof Let us write

(]E“?f?v((xak(t +6) — X () h(a',...,a") (10.87)
— Epp (Kot 4 ) — X ) Eu (ko 0M) )

= (B (X + € = Xpu(0))
— By (Xoi (t + €) — X (1)) h(a!, ... ,gﬂ)))2

< B ((Xos(t 4+ €) = X (1)
 EUS(Xort 4+ ) — X (1) Eny (o ..o

where the last inequality is the Cauchy—Schwarz inequality applied to the joint expectation
with respect to the Gibbs measure and the disorder. Obviously the first factor in the last line
is equal to

Eptpn (Xor(t +€) — Xot () — 11p v (Xort +€) — Xor(1)))?
+E (1 (Xot(t +€) — Xpe(1)) — Epip n(Xot(t + €) — X1(1)))°

-2 d2 u=0 -2 d u=0 d u=0 :

=-p Eﬁ®ﬂ,N+Nﬂ E(Eq)ﬂ’N_EEq)ﬁ'N) (10.88)
where we used the same notation as in the proof of Theorem 10.2.4. We know that &}
convergesas N 1 00, except possibly when xg = t; moreover, ®  is convex in the variable
u. Then a standard result of convex analysis (see [211], Theorem 25.7) implies that the
derivative exists for almost all values of u, and, hence, the second derivative integrated over
a small interval is bounded. Thus, the first term in (10.88) will vanish when divided by N.
To see that the coefficient of N of the second term gives a vanishing contribution, we use
Lemma 9.5.5. Hence the result of the lemma is proven. O

The theorem now follows easily by using (10.86) on the left-hand side of (10.85), and
expressing the resulting term with the help of (10.60). Noting that the result holds for any
€ > 0 then yields (10.83). O

Following [127], we now define the family of measures Q% on the space [0, 1]*~D/2,
Qn(d € A) =Euf',[dy € Al (10.89)

where d,, denotes the vector of replica distances whose components are dy(a!, b,
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d(1,2)=d(1,3)=d(1,k)=d(1,k+1)

d(2,k)=d(3,k)=d(2,k+1)=d(3,k+1)

. d(kk+1)

ol o2 o3 ok s

Figure 10.4 Ultrametric relation between distances.

1 <l <k < n. Denote by B, the sigma-algebra generated by the first k(k — 1)/2 coor-
dinates, and let A be a Borel set in [0, 1].

Theorem 10.2.13 The family of measures le)N converge to limiting measures Ql(gn) for all
finite n, as N 1 00. Moreover, these measures are uniquely determined by the distance
distribution functions yrg. They satisfy the identities

1 1<

+1 2

Q™ (dinsr € AIB,) = ~QP(A) + ~ 3 QY (ds € AlB,) (10.90)
I#k

for any Borel set A. As a consequence, the random measure Kg y converges in distribution

to the random measure Kg, whose generalized moments are given by Qg. Here convergence

is understood as convergence of finite-dimensional marginals integrated over deformations

of A.

Proof Choosing h as the indicator function of any desired event in 5, one sees that
(10.83) implies (10.90). This level is simply determined by the condition that the levels
beyond Jjg), considered as REMs, are in the high-temperature phase, i.e. that By;g)+1 <1
(which by concavity implies that 8y;g)4; < 1,foralli > 1). Thelimitas N 1 oo, the family
of measures Q;")N ,1s entirely determined by the two-replica distribution function. While this
may not appear obvious, it follows when taking into account the ultrametric property of the
function dy . This is most easily seen by realizing that the prescription of the mutual distances
between k spin configurations amounts to prescribing a tree (start all k configurations at the
origin and continue on top of each other as long as the coordinates coincide, then branch
off). This is depicted in Fig. 10.4. To determine the full tree of k + 1 configurations, it is
sufficient to know the overlap of configuration o **1 with the configuration it has maximal
overlap with, since then all overlaps with all other configurations are determined. But the
corresponding probabilities can be computed recursively via (10.90).

We have already seen that Q;}Z)N = Evyg y converges. Therefore the relation (10.90)

implies the convergence of all distributions ng)N, and proves that the relation (10.90) holds
for the limiting measures.
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Itis clear that all expressions of the form (10.82) can be expressed in terms of the measures
Ql(gk)N for k sufficiently large (we leave this as an exercise for the reader to write down).
Thus all limit points of sequences of distributions of the measures g y must coincide.
By compactness of the space M (M (M ([0, 1]))), this implies the convergence of the
process Cg v to a limit Cg. O

A remarkable feature emerges again if we are only interested in the marginal process
Kg(t) for fixed ¢. This process is a simple point process on [0, 1] and is fully determined in
terms of the moments

E( [ Kpn(D(doa - f K,s,N(rxdx)x’-f)

®ritetri+j
= Bufyt (HdN(c,l,(,mb, S T (10.91)
R ]IdN(Uj,0/+rl+"'+rf*1+l)>t e ]IdN((Tj,(Tj+r1+m+rj)>t>

This restricted family of moments satisfies via the Ghirlanda—Guerra identities exactly the
same recursion as in the case of the REM. This implies:

Theorem 10.2.14 Assume that t is such that EM?2(dN(O', o'y <t)y=1/a > 0. Then the
random measure K g(t) is a Poisson—Dirichlet process (see, e.g., [216, 236]) with parameter
a.

In fact much more is true. We can consider the processes on arbitrary finite-dimensional
marginals, i.e.

Kot ootn) =Y g N0ty i) (10.92)

JESN

for 0 <t <--- <t, < 1. The point is that this process is entirely determined by the
expressions (10.82) with the A;; all of the form (#;, 1] for # in the fixed set of values
t1, ..., ty. Thisin turn implies that the process is determined by the multi-replica distribution
functions @21)1\1 restricted to the discrete set of events {dy (c', /) > t;}. Since these numbers
are totally determined through the Ghirlanda—Guerra identities, they are identical to those
obtained in a GREM with m levels, i.e. a function A having steps at the values ¢;, whose two-
replica distribution function takes the same values as as that of the model with continuous

A at the points #; and is constant between those values. In fact:

Theorem 10.2.15 Let0 < t; < -+ < ty < Gmax(B) be points of increase of Eg. Consider
a GREM with k levels and parameters «;, a; and temperature B that satisfy Ine;/In2 =

ti —ti—q, B_IN/ZIHO[,‘/CI,‘ S El/fﬁ(l,) Then
lim Kg n(ti, ..., 15) = WP (10.93)
Ntoo B
Thus, if the #; are chosen in such a way that for all of them Eg(7;) > 0, then we can

construct an explicit representation of the limiting marginal process ICg(t1, . . ., t,,) in terms
of a Poisson cascade process via the corresponding formulae in the associated m-level
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GREM. In this sense we obtain an explicit description of the limiting mass distribution
function KCg.

10.3 Continuous state branching and coalescent processes

Having observed that the empirical distance distributions in the CREM converge to some
limit, we will now conclude this analysis by identifying this limit in terms of the genealogical
structure associated with a particular continuous state branching process introduced in 1992
by Neveu [182], shortly after Ruelle’s paper [216] appeared. Neveu noted that the Poisson
cascades of Ruelle are naturally embedded in this rich object.”? Following a much later
paper by Bolthausen and Sznitman [33], where it was explained how the results of the
replica theory of spin-glasses can be interpreted in terms of a coalescent process (now
known as the Bolthausen—Sznitman coalescent), Bertoin and Le Gall [25] finally gave a
precise and complete form of the relation between continuous state branching processes,
Ruelle’s GREM, and the Bolthausen—Sznitman coalescent. The exposition below follows
[51], which takes a look at this issue from the perspective of K.

10.3.1 Genealogy of flows of probability measures

In the REM we considered the image of the Gibbs measure on the unit interval through
the map ry : Sy — (0, 1]. The apparent disadvantage of this procedure, if applied to the
GREM or CREM, is that the limiting measure does not capture the complex geometry
of the Gibbs measure. In fact, they always look essentially as they do in the REM. It is
instructive to explain why this is the case. On the hypercube we are interested in the masses
of sets {0’ : dy(o,0’) > t}. If we map such sets to the unit interval via ry, we obtain
intervals (rpyq — 27U, 1yl of length 271N In fact there is no difficulty in expressing,
e.g., Kg,n for N fixed in terms of defined quantities with respect to the image measure
on the hypercube. However, the construction involves masses of intervals of exponentially
small size (in N), and in the limit all these intervals of different size are mapped to a single
point. So what should one do in the limit when N is infinite? Obviously, we cannot analyze
the structure by looking at intervals of size 27/, Thus, we need to remember the masses
of intervals of such sizes on all scales. A natural construction leads to the notion of a flow
of probability measures.

Definition 10.3.1 A two-parameter family of measures with probability distribution func-
tions S on [0, 1], s <t € I C R, is called a flow of compatible probability measures on
I if and only if for any collectiont; <t, <--- <1, C I

S(tlvtn) — S(LH,tn) ° S(tn72»tnfl) O - S(tz,ts) o S(ZIJZ) (10.94)
holds.
With such a flow we can associate the notion of a genealogy. We say that each point

a € [0, 1] is an individual in generation s and its image S (a) € [0, 1] is its offspring in

2 Unfortunately, these observations are only contained in an internal report that has never been published.
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m_(4T)

0.0 ol 1

Figure 10.5 Family structure of a population at time 7" according to relationships at time .

generation 7. Let us define for any distribution function ®(x) its inverse function
O !'(x) = infla | O(a) > x} (10.95)

Then each individual x € [0, 1] in generation ¢ has an ancestor @ in generation s which is
a = (S~ 1(x).

Given an individual x € [0, 1] in generation ¢, let us look for individuals x’ having the
same ancestor as x in generation s (see Fig. 10.5):

my(s, 1) = {x": (SO 7)) = (SO ()} (10.96)

Two situations are possible. If S is continuous at a = (S®?)~!(x), then any individual
x’ # x has adifferent ancestor from the one of x,i.e. (S“) ™1 (x") # (S©D)"1(x), m, (s, 1) =
{x}. If &0 jumps ata = (S©9)~1(x), then by definition $*/(a) > x, any individual x’ €
(lim, o S®"(a — €), S“(a)] has the same ancestor as x in generation s, i.e. (S¢")~!(x") =
a. Hence, the family (10.96) of the individual x having the same ancestor as x in generation
s is the interval:

my(s. 1) = lim (SO2(SU)x) —€), SO o (U ()] (10.97)

We are mainly interested in the nontrivial case when the functions S have lots of
jumps.

The next lemma justifies our terminology. It says that any individual having an ancestor
in common with x in generation s necessarily has an ancestor in common with x in any
generation s’ < s. In other words, if we partition the interval [0, 1] into families m,(s’, t)
having the same ancestor in generation s’, then the partition into families m, (s, #) having
the same ancestor in generation s > s’ is a refinement of the previous one.

Lemma 10.3.2 Let S©? be distribution functions of a flow of measures according to Defi-
nition 10.3.1. Then for all x € [0, 1]

my(s,t) Cme(s',t), Vs <s<tel (10.98)
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Proof On the one hand, by definition (10.95) and compatibility (10.94) we have the
inequality

(SS9 x) < 8 0 (S o (S90) T (x)
— S8 o (S(S/J))—l(x) (10.99)

leading to the upper bound

S0 6 (S0 (x) < SO0 0 S o (S0) 7 (x)
— S(s’,t) o (S(S',l))—l(x) (10.100)

On the other hand, for any € > 0, x > ©(O~!(x) — ¢) by definition (10.95). Then
(S(Syj))fl(-x) - S(s’,s) o ((S(s’,s))fl o (S(s,t))fl(x) _ E)
— S(A‘/,S) o ((S(S,at))_l(x) — E) (10101)
Then for any € > 0 one can find §(¢) > 0 such that §(¢) | Oas e | 0and
($ED7 ) = 8e) > STV o (S —e) (10.102)
Thus
SEO((SE) 7 @) = 8(©)) > 50 SV (S @) —€)

_ S(“/*’)((S(S,”))_l(x) — 6) (10.103)

Letting € | O in the inequality (10.103) yields the necessary lower bound, which together
with (10.100) proves the lemma. |

Whenever t = T is fixed, the function |m,(-, T)| is the family size of the individual
x in generation 7 as a function of the degree of relatedness. By Lemma 10.3.2 it is a
decreasing function on /. Finally, we define the associated empirical distribution of the
functions |m, (-, T)| (‘genealogical function’)

1
Kr = /dxa‘mx(_j)‘ (10.104)
0

This construction (10.104) allows us to associate an empirical distribution K7 with any
flow of probability measures in the sense of Definition 10.3.1.

If, in addition, we assume that [0, T] C I and |m,(-, T')| are right-continuous, then 1 —
|m, (-, T)| are probability distribution functions. Then we will think of K7 as a map from
flows of probability measures into M (M, ([0, 1])), which we call the genealogical map.

10.3.2 Coalescent processes

Now, let us define the exact degree of relatedness between two individuals x, y € [0, 1]
with respect to a flow of measures (10.94) as

yr(x,y)=sup(s €l :yem(s,T)) (10.105)

Lemma 10.3.3 1 — y; defines an ultrametric distance on the unit interval.
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Proof By Lemma 10.3.2, for all x, y € [0, 1], if s = y7(x, y), then
yem(s',T), Vs’ <s, s el (10.106)

It follows from (10.106) that, forany x, y, z € [0, 1],if yr(x, y) # vr(x, 2),then yr(y, 2) =
min{yr(x, z), yr(x, y)}. In fact, let, e.g., yr(x, z) > yr(x,y). Then z € m,(s, T) for all
s € I suchthats < yr(x, y) and then yr(y, z) > yr(x, y). From the other point of view, if
yr(y, 2) > yr(x,y), then either yr(x, z) > yr(y,2) > yr(x,y) or yr(y,2) > yr(x,z) >
y(x, y). In the first case, by (10.106) x € m,(s, T) for all s € I such thats < yr(y, z) and
then yr(x, y) > yr(y, z), which is impossible. In the second, y € m (s, T) for all s € I
such that s < yr(x, z) from where yr(x, y) > yr(x, z), which is again impossible. Thus
yr(y,2) = yr(x, y).

Note also that, if y7(x, y) = yr(x, z), then yr(y, 2) > yr(x, y) = yr(x, z). These obser-
vations imply that 1 — yr is an ultrametric distance on [0, 1]. O

The function yr is trivial if the S®? are all continuous, for then yr(x, y) =T ifx = y
and yr(x, y) = —oo if x # y, and in a strict sense nobody has any relatives. Of course we
are not interested in this situation.

We will have to consider situations where the flow S©* of Definition 10.3.1 is random.
We will now describe a useful way of characterizing a random genealogical map K7 in this
case.

Having defined a distance 1 — yr on [0, 1], we can define in a very natural way the
analogous distance on the integers. To do this, consider a family of i.i.d. random variables
{U;}ien distributed according to the uniform law on [0, 1]. Given such a family, we set

or(, j)=yrWU;, U;) (10.107)

Due to the ultrametric property of the yr and the independence of the U;, for fixed T,
the sets B;(s) = {j : pr(i, j) > s} form an exchangeable random partition of the integers.
Moreover, the family of these partitions as a function of 7 — s is a stochastic process on
the space of integer partitions with the property that, for any s > s’, the partition B;(s’) is
a coarsening of the partition B;(s). Such a process is called a coalescent process (see, e.g.,
[23, 24, 25, 26, 27, 33, 206]).

The key observation for our purposes is the possibility of expressing the moments of K7
in terms of this coalescent [23]. Namely, it is plain by the law of large numbers that

n
limn™" > " Ljep, ) = my,(s. T), a.s. (10.108)
j=1

ntoo

for any i such that i € By (s). This implies, for instance, as shown in [23] that
]E/dx|mx(s, T)] =P[2 € Bi(s)] (10.109)

and more generally that

E/dx|mx(s, T)* =P[2,3,....k+ 1€ Bi(s)] (10.110)

Here the expectation IE is with respect to the randomness of the family of measures S, and
P is the law with respect to the random genealogy (depending on both the random measures
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and the i.i.d. random variables U;). We will need slightly more general expressions, namely
a family of moments that determine the law of K. These can be written as follows: Take any
positive integer p, a collection of positive real numbers 0 < t; < --- < t, < T, a positive
integer £, and non-negative integers kiy, ..., kip, kat, ..., kap, ..., ke1, ..., kep. Then we
need

M(p,t, é) =E </ dx|m. (11, T)|k11 o my (2, T)|k1ﬂ> ...
(/ dx|m(ty, T - my(t,, T)|kff’> (10.111)

By (10.108) we have that

n
dx|\m,(t, T ke im(t , T kip — Jim p~ ' =k
/ iy, DI - (1, ) = lim >

i=1

X > L it e Lip it By (10-112)

where k(i, ) is the smallest integer such that k(7, 7,) € B;(z,). Let us note first that in these
expressions contributions from terms where two indices are equal can be neglected. Second,
since

Biii,)(tp) C Biir,_)(tp—1) C -+ C Bry)(t1) (10.113)

the summand in (10.112) is the same as

]Ijll ..... jkln ,,,,, it jkpl,,eBk(i,f])(tl) ce ]Ijlp """ j"plpeBkU'r’))(tp) (019
Then
M(p.t, k)
= lim p~h =t Y 2
ntoo Boenle GG jf{pl
> LTI I AT WIS
S b p
. ]Ijll.@w.,jﬁf~~~v.i1p‘£ ~~~~~~ i{;f63k<iz<11>(’1) o
it s i B0
—Pp [111 € Bi(t1), ..., Jip € B1(tp), ... Jo1 € Be(t1), ..., Jyp € Bé(lp)]
(10.115)
where

(i) Ji1, ..., Jer is a disjoint partition of {£ + 1, £ +2, ...,k + -+ + kg, + £},
@) forall j=1,...,¢,i=1,...,p,J;; D Jjiy1,and
(111) |Jj,‘| = kji +kji+1 + - +kjp.



212 Derrida’s generalized random energy models

By exchangeability, the choice of the partition and the subsets is irrelevant. The proba-
bilities (10.115) can be expressed alternatively in the form

PorG, j) = twijys Vi€ b+ 1, k4 +kp+0,j€fl,.... ) (10.116)

where m(i, j) € {1, ..., p}. Thus the genealogical map Ky is completely determined by
the probabilities (10.115) or (10.116) of the corresponding coalescent through the family
of its moments.

10.3.3 Finite N setting for the CREM

We will now show that for finite N we can use the general construction to relate the
geometric description of the Gibbs measure on Sy to the genealogical description of a
family of embedded measures on [0, 1]. We can map the Gibbs measure on Sy to a flow of
probability measures as follows. Let, for t € (0, 1],

/1;3,1\/ = Z Srimo)p.N(0) (10.117)

(TESN

and let 0;3, » be the probability distribution function of fig y:

Op.n(x) = ugn(o :1rpny(0) < X) (10.118)

It will be useful to look at the jumps of these distribution functions as an image of the
hypercube: e.g., for = 1, each o is represented as a jump of size g y(0). Varying ¢, we
get a picture where all blocks, X, (), are attributed an interval of the size corresponding to
their mass. We will want to think of these intervals as ‘individuals’ at time #, and all the o
that share the first [# N] coordinates as the ‘offspring’ of this individual. We want to describe
the genealocical structure of all these families.

For s,t € [0, 1] we define a family of compatible distribution functions in the sense of
Definition 10.3.1 by

S, Ky -1
Syn@ =04y 0 (05 5) @ = 1tpn @) Miprirm@)=a) (10.119)

Let us note that, for all ¢ > s, it turns out that S/(; N = Sf; *) In fact, SI(; 1) is simply the
function that has jumps at the 2™ points 14 v (risn)(0)), 0 € Sy, and that at each of these

points jumps precisely to the value g y (r[x N](o)). From this we get very easily that:

Lemma 10.3.4 The functions (10.119) satisfy the assumptions of Definition 10.3.1 with
I =1[0,1].

Proof We need to show that, for any s’ < s <1,

Spa o Sax’ = S5’ (10.120)
But
Sy o SN =050 (Oh.n) " 0w o (O5n) " (10.121)
= 67fsf,N ° (Qé.N)il QE:N © (9/§:N)71 (10.122)
=05y 0 (0h) =80 (10.123)

as is easily checked (see Fig. 10.6), since S(s D does not depend on ¢. O
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Figure 10.6 Two functions S(ﬁf‘f\,), 69 for s’ < s.

Since the functions (10.119) satisfy Definition 10.3.1, we are entitled to apply to them
the construction of the genealogy explained above. Indeed, if y;,i=1,2,..., is the ordered
. . (s,1) -
enumeration of the positions where Sy jumps, then
my(s, t) = (yf;l, yf] with |m, (s, 1)|
cifxe (v y] i=1,...,20N (10.124)

_ s
= |x;

Consequently, we can also define the genealogical distance, 1 — yy, as in (10.105). Note,
however, that there is an explicit formula for this quantity in the finite N setting, namely

e, y) =dy (ry' 00, y(x), ry' 06, y(x)) (10.125)

Note that the inverse of 6g v maps (0, 1] onto the sets of points where 6g y jumps, which is
the range of ry, so that the inverse of ry is well defined in this equation.

We may associate to this genealogy the genealogical map (10.104) K7 and the coalescent
process on the integers. The next lemma expresses the geometry of the Gibbs measure of
the CREM contained in the empirical distance distribution function (10.45) kg y in terms
of the genealogy induced by the functions (10.119).

Lemma 10.3.5 We have
Ken =K, (10.126)

where the empirical distance distribution function Kpg_y is defined in (10.45) and K {S N is the
genealogical map (10.104) with T = 1 of the flow of measures with probability distribution
functions (10.119).

Proof Clearly we have that

1
Klﬂ’N 2/ dx 8y, .,1y = Z :U«ﬁ,N(U)S\m,N(g)(-,I)\ (10.127)
0

OEoN

On the other hand, m,,)(s, 1) is precisely the interval that corresponds to the jump of Sg”[\l,)

that contains the point ry(c), and the the size of the jump is ug n (G’ tdy(o,0') > s).
Therefore, Klﬂ’N =Kgn. |
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10.3.4 Neveu's continuous state branching process

Another example of flows of probability measures satisfying Definition 10.3.1 arises in the
context of continuous state branching processes [25]. The basic object here is a continuous-
state branching process X(¢), i.e. a continuous-time Markov process on R that is killed
when it reaches zero, and that has the following branching property: Denote by X (-, a)
the process started with initial condition X(0, a) = a. For any a, b > 0, if X'(-, b) and
X(-, a) are independent copies, then X (-, a + b) has the same law as X'(-, b) + X(-, a).
This relation allows us to interpret X (¢, @) as the mass at time ¢ of a population with
initial mass a. Moreover, this property allows us to construct a genuine two-parameter
process (X(t, a), t,a > 0). The process X(¢, a) is characterized by the property that, for
anya,b > 0,X(-,a + b) — X(-, a) isindependent of the processes X (-, c¢),forall ¢ < a,and
its law is the same as that of X (-, b). The right-continuous version of X (z, -) is a subordinator.
Bertoin and Le Gall [25] prove the following proposition, based on the Markov property of
this process.

Proposition 10.3.6 On some probability space there exists a process (§¢7(a),0 < s <
t,a > 0) such that:

(i) Forany (0 <s <t, S6:0 js a subordinator with Laplace exponent u,_g(\).
(ii) For any integer p >3 and 0 <t; <t, <--- <t,, the subordinators St §la.n)
.., 811 gre independent, and

§O)(q) = §tr-11) o §lr-1n) .o §01) 6 §O0)(q) Va >0, as. (10.128)
(iii) The processes SOy and X(t, a) have the same finite-dimensional marginals.

The process S allows us to construct a flow of probability distribution functions by
setting

(s,1) — 1 C(s,1)
S (x) = mS X(@s,Dx), 0<s<t<l1 (10.129)
Given I any countable subset of R, they satisfy the assumptions of Definition 10.3.1
almost surely.

We are interested in a particular case of Neveu’s continuous state branching process X;
with

Ee€™ | Xg=a)=e "M y,0)=21°" (10.130)
In this case the §¢") are stable subordinators with index e*~*. Then the normalized stable
subordinators S of (10.129) form a family of random probability distribution functions
verifying Definition 10.3.1. Thus the genealogical construction of Section 10.3.1 applies to
them.

Finally, note that, if we take an increasing function #(y) > 0 for y € [0, 1], then we
may consider the time-changed flow §0°9 = U0 0 < y < 7, satisfying again Defini-
tion 10.3.1 and therefore allowing the genealogical construction of Section 10.2.

Bertoin and Le Gall [25] showed that the coalescent process on the integers induced
by S of (10.129) associated to Neveu’s process (10.130) coincides with the coalescent
process constructed by Bolthausen and Sznitman [33]. They also proved the following
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remarkable result connecting the collection of subordinators to Ruelle’s generalized random
energy model. Take the parameters 0 < x; <--- <xp, <land 0 <1# <--- <1, linked
by the identities

tkzlnka —Inx; (10.131)
fork=0,...,p—1,and t, = —Inx;. Then the law of the family of jumps of the nor-
malized subordinators S for k =0, ..., p — 1, is the same as the law of Ruelle’s
probability cascades with parameters x;,i = 1, ..., p.

Now consider a GREM with finitely many hierarchies and parameters such that the points
yo=0and 0 < y; <... <y, <1 are the extremal points of the concave hull of A. Let
us recall that limy 4o E/g y(y) = Etg(y) can be computed by (10.43) for any y € [0, 1].
Now set

Egg(yi-)=xi, i=1,....,p (10.132)

where all of the x; < 1. In Theorem 1.9 of [52] we proved that the point process
D Bl w07 (0.6 1)y x (0 (0.5 3,) (10.133)

in [0, 1]7 converges to Ruelle’s probability cascades with parameters x;,i = 1, ..., p.(The
convergence of the marginals of the process (10.133) for the GREM, under the assumption
that for any given hierarchy i = 1, ..., p and N > 0 the number of configurations {o" :
dy(o,0’) > y;} is the same for all 0 € Xy, has been also established in Proposition 9.6
of [34].)

Combining these two results yields:

Proposition 10.3.7 Let ug n be the Gibbs measure associated to a GREM with finitely
many hierarchies satisfying (10.132) at the extremal points y;, i = 1, ..., p of the concave
hull of the function A. Then the family of distribution functions S/(S)k,\,V ”), k=1,2,...,p
defined according to (10.119) converges in law, and the limit has the same distribution as
the family of normalized stable subordinators (10.129) S k =0,1,..., p — 1 in the
sense that the joint distribution of their jumps has the same law, provided t; are chosen
according to (10.131) and (10.132).

From the preceding proposition we expect that Neveu’s process will provide the universal
limit for all of our CREMs. The dependence on the particular model (i.e. the function A)
and on the temperature must come from a rescaling of time. Set

V22 - f <t
x(y) = Eyg(y) = { AVa®’ P (10.134)
1, if t > 14
_ . . L. . _ . V/2In2
where a is the right-derivative of the convex hull of the function A, tg = sup( : ban < 1)
(here Eyrg(y) is defined by the function A through (10.43)). Set also
T=—-Inx0), t(y)=T +1nx(y) (10.135)

Define the flow of probability distribution functions

Sv(y,z)(x) = S(’()’)J(Z))(x) (10.136)
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where S©* is the flow of functions (10.129) associated with Neveu’s process (10.130). Let

IC’T(y ) be the genealogical map (10.104) associated with this flow.

Theorem 10.3.8 Consider a continuous random energy model with general function A
such that A does not touch its convex hull A in the interior of any interval where A is linear.
Then

Koy = K'Y B 1O, (10.137)

Here Cg y is the empirical distance distribution function (10.45), K lﬂ N is the genealogical
map (10.104) of the flow of probability distribution functions (10.119) and the equality
Kgn = K,ﬂ‘N holds by Lemma 10.3.5. Theorem 10.3.8 is the main result of this section.
It expresses the geometry of the limiting Gibbs measure contained in KCg y in terms of the
genealogy of Neveu’s branching process via the deterministic time change (10.135).

10.3.5 Coalescence and Ghirlanda—Guerra identities

We now prove Theorem 10.3.8. As was remarked above, K7 associated with a flow of
measures is completely determined by its moments (10.111), which can be expressed via
genealogical distance distributions of the corresponding coalescent (10.116). So, we will
prove that the moments of Kg y, which are the n-replica distance distributions in our spin-
glass model (10.89), converge to the genealogical distance distributions on the integers
(10.116) constructed from the flow of compatible measures with distribution functions §02
(10.136). But the flow 59 is the time-changed flow (10.129) of Neveu’s branching process
(10.130) that by [25] corresponds to the coalescent of Bolthausen—Sznitman. Therefore,
its genealogical distance distributions on the integers are those of Bolthausen—Sznitman
coalescent under this time change (10.135). Then the proof of Theorem 10.3.8 is reduced
to the following Theorem 10.3.9 that gives in addition the connection between the n-
replica distance distribution function of the CREM and the genealogical distance distribution
function of the Bolthausen—Sznitman coalescent.

Theorem 10.3.9 Under the same assumptions as in Theorem 10.3.8, for any n € N,
}}ngo EM?,’}V (dv(o' o) < vy dy(@" ' 6™) < Yu-1)2)
=P (pr(1,2) < t(y1), ..., pr(n — 1,n) < t(Ya@w-1)2)) (10.138)

where t(y) is defined in (10.135) via (10.134). The distance pr is the distance on integers
for the Bolthausen—Sznitman coalescent, induced through (10.107) by the genealogical
distance yr of the flow of measures S®" (10.129) of Neveu’s branching process (10.130).

Proof The fact that in the Bolthausen—Sznitman coalescent P(p7(1,2) <) =¢'~T and
the convergence (10.43) imply the statement of the theorem for n = 2:

Epgy(dn(o,0') < y) = x(y) = 07" = P(or(1,2) < 1(y)) (10.139)

The proof of the theorem for n > 2, and in fact the entire identification of the limiting
processes with objects constructed from Neveu’s branching process, relies on the Ghirlanda—
Guerra identities [127] that were derived for the models considered here in [53]. We restate
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this result in a slightly modified form. Let us recall that the family of measures (10.89) Q(")
is determined on the space [0, 1]""~1/2 a5 E/,L N (d_N € -) where dy denotes the vector of
replica distances dy(¥, 61,1 <k <1 < n.Denote by By the vector of the first k(k — 1)/2
coordinates.

Theorem 10.3.10 [51] The family of measures le),v converge to limiting measures Qf;) for
all finite n, as N 1 0o0. Moreover, these measures are uniquely determined by the distance
distribution functions Eyrg(y) = x(y) (10.43). They satisfy, for any y € [0, 1], n € N and
k <n,
(n+1) X ()’) )
Qg V@, n+1) < yIBy) = —— + - Z@ (d(k,1) < y|B,)  (10.140)
Ly
Let us recall that due to the ultrametric property of dy, these identities determine the
measures (@(") uniquely. Thus, we must show that the right-hand side of (10.138) satisfies,
fort < T,

1 1
P(ork,n+1)<t|By)=—e""+— Z P(ork,l) <t B,)  (10.141)
n ik
that can be equivalently written as

Lefl,...on)y:prk, 1) > 1] — e~ T
Porton+1)>1|By= Lelmbior®D>t=er” =g 40
n

There are two ways to verify that (10.141) holds for the Bolthausen—Sznitman coalescent.

The first one is to observe that relation (10.141) involves only the marginals of the coales-
cent at a finite set of times. By Theorem 5 of Bertoin-Le Gall [25], these can be expressed
in terms of Ruelle’s probability cascades modulo the appropriate time change. Thus, by
Theorem 1.9 of [52] these probabilities can be expressed as limits of a suitably constructed
GREM (with finitely many hierarchies) for which the Ghirlanda—Guerra relations do hold
by Proposition 1.12 of [52]. Thus (10.141) is satisfied.

The second way is to verify the Ghirlanda—Guerra relations (10.142) directly for the
Bolthausen—Sznitman coalescent. As this leads us a bit too far afield into coalescence
processes, we will not give the proof (which can be found in [51] and essentially is already
contained in [33]). |
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The SK models and the Parisi solution

Deviner avant de démontrer! Ai-je besoin de rappeler que c’est ainsi que se sont
faites toutes les découvertes importantes?’
Henri Poincaré. La valeur de la science.

We now return to the class of Gaussian mean-field models whose covariance is a function
of the Hamming distance, respectively the overlap Ry. They were the original mean-field
models for spin-glasses, introduced by D. Sherrington and S. Kirkpatrick in [221], and are
considered to be the most natural, or physically relevant ones. Certainly, a large part of the
excitement and interest, both in physics and in mathematics, has come from the fact that
Parisi suggested a very complex solution, more precisely a formula for the free energy of
these models, that has in many respects been seen as rather mysterious and unexpected.
Moreover, this formula for the free energy suggested a structure of the Gibbs measures,
which is to some extent similar to what we have encountered already in the CREMs. Much of
the mystery of Parisi’s solution certainly resulted from the original method of its derivation,
which involved objects such as zero-dimensional matrices, and that appeared to transcend
the realm of standard mathematics.

Fortunately, these mysteries have been greatly clarified, mainly due to an ingenious
discovery of F. Guerra [133] in 2002, and subsequent work by Aizenman, Sims, and Starr
[7], and M. Talagrand [240], that allows a clear and mathematically rigorous formulation
of the Parisi solution.

11.1 The existence of the free energy

A key observation that has led to the recent breakthroughs in spin-glass theory, made by
F. Guerra and F.-L. Toninelli, was that Lemma 10.2.1, or rather the interpolation idea used
in its proof, is a powerful tool in this context. This observation allowed them to solve a
long-standing and embarrassing problem: to prove the existence of the mean free energy in
the SK models (and for that matter most other mean-field spin-glasses).

Theorem 11.1.1 [134] Assume that X, is a normalized Gaussian process on Sy with
covariance

EX,X: = &(Ry(0o, 7)) (11.1)

! Approximately: Guessing before proving! Need I remind you that it is so that all important discoveries have
been made?
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where & : [—1, 1] — [0, 1] is convex and even. Then
—1
lim —EInE,efYV = f, (11.2)
Ntoo BN

exists.

Proof The proof of this fact is frightfully easy, once you think about using Lemma
10.2.1. Choose any 1 < M < N. Let 0 = (6,5) where 6 = (01,07, ...,0y), and & =
(p+15 - - -, on). Define independent Gaussian processes X and X on Sy and Sy _yy, respec-
tively, such that

EX;X: = E(Ry (8, 1)) (11.3)
and
EX; X: = &Ry-u(5, 1) (11.4)
Set
Yo =/ %Xs +,/ 21X, (11.5)
Clearly,
EY,Y: = HERu (6, D) + XM E(RN_M(5, T)) (11.6)

> & (FRu(6, 8) + X5 (Ry-m (3, 1)) = §(Ry(0, 7))

Define real-valued functions Fy(x) = InE, eBYNs on R 1t is strai ghtforward that

EFyY)=EFy(X)+ EFy_p(X) 1.7
A simple computation shows that, for o # 7,
92 2-2N g2 BNN(x5+x7)
Fy(o = -2 PNe <0 (11.8)
0X50X7 Zﬁ,N
Thus, Lemma 10.2.1 tells us that
EFy(X) = EFy(Y) = EFy(X) + EFy_p(X) (11.9)

This implies that the sequence —EFy(X) is subadditive, and this in turn implies (see
Section 3.3) that the free energy exists, provided it is bounded, which is easy to verify (see,
e.g., the discussion on the correct normalization in the SK model). O

The same ideas can be used for other types of Gaussian processes, e.g. the GREM-type
models discussed above (see [82]).

Convergence of the free energy in mean implies readily almost sure convergence. This
follows from a general concentration of measure principle for functions of Gaussian random
variables, analogous to Theorem 7.1.3. The following result can be found, e.g., in [167],
page 23:

Theorem 11.1.2 Let X1, ..., Xy be independent standard normal random variables,
and let f: RM — R be Lipschitz continuous with Lipschitz constant Il fllLip- Set g =
f(X], ...,XM). Then

%2
Pllg —Eg| > x] <2exp| —5— (11.10)
201 £IIE,
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Corollary 11.1.3 Assume that the function & is analytic with positive Taylor coefficients.
Then

Nx?
Pllfs.n —Efsnl > x] <2exp —2—'32 (11.11)
In particular, limy o fg.n = fp, almost surely.

Proof Ifé&(x) = Z;‘;l af,x”, we can construct X, as

o0
Xg=) a,N72 7 Ji(l].).).,ip”il O, (1L.12)
p=1

1<iy, i, <N

with standard i.i.d. Gaussians Ji(]’_f )~i,,‘ Check that, as a function of these variables, the free
energy is Lipschitz with Lipschitz constant BN ~1/2. O

Remark 11.1.4 The first assertion of Corollary 11.1.3 had been noticed well before
Theorem 11.1.1 was proven (see [45, 231]).

11.2 2nd moment methods in the SK model

In the GREM, the computation of the free energy can be achieved essentially by a clever
improvement of the method of truncated second moments that we have explained in detail
in the REM. Before we turn to more powerful tools in the next subsection, it is worthwhile
to discuss the use and limitations of this method in the p-spin SK model.

11.2.1 Classical estimates on extremes

We have seen in the REM and GREM that estimates on the extremes of our processes are
crucial. In this subsection we prove upper and lower bounds on extremes for the p-spin SK
models, using classical techniques from extreme value theory. We will see that the results
are not terribly satisfying, in particular if p is not large.

We set

«/LNHIC)_SK(U) (11.13)
Classical tools for estimating maxima of Gaussian processes are comparisons with simpler
processes for which such estimates are more readily available. The most basic of these
comparison methods rely on Slepian’s lemma, which is just the specialization of Lemma
10.2.1 to the case where the function F(x; ..., x,) = max; x;.

X, =—

Lemma 11.2.1 [227] Let X, Y, be standardized Gaussian processes on some set Sy.
Assume that for any o, T € Sy,

EX,X, <EY,Y, (11.14)

Then, for any x € R,

P |:sup X, > xi| > ]P’|:sup Y, > xi| (11.15)

oSy oeSy
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In particular,

E sup X, > E sup Y, (11.16)
o ESN o ESN
An immediate consequence of Slepian’s lemma is the fact that the ground-state energies
of the p-spin models are monotone in p and dominated by that of the REM. Naturally one
would like to get a lower bound.

Proposition 11.2.2 With probability one, for all but finitely many N,

p—SK
M > V/2In2(1 —¢,) (11.17)

lim su
Ntoo Jp

where for large p, ¢, ~ p27F.

Proof We will now give a proof based on a standard Gaussian comparison lemma, origi-
nally due to Slepian [227] (see, e.g., [162], Theorem 4.2.1.). The idea is to see to what
extent the independent random variables X, of the REM are reasonable approximations to
the dependent X, of the SK models, in the sense that their extremes are comparable. To
this end one would like to compare the probabilities P [Vo, X, < uy] to the corresponding
value in the i.i.d. case, ®(uy)?" . The normal comparison lemma states the following:

Lemma 11.2.3 [162] Let Z; be a family of standard normal variables with covariance
matrix R. Then, for any real u,

PlZy <u,...,Z, <u]— )"
1 |R,’j| I/t2
<1 v 11.18
<3 D 1_R2.6Xp< [+ R, (aL1®

Applied to our problem, a first attempt would yield (with n = 2V) the bound (due to the
symmetry, we identify o and —o)

PV, X, < ul — @) | (11.19)
np 2
< Ly Koo <_u7)
2 = 1 — R(o, 0')?P 1+ |R(o, 0")|P
1 |nﬂp _
= — Z Z ]I{R(U,G/)=m} 3 e I+mlP
2 M-ty o2 L —mer
p B —N1I(m)
_ ml? v 2

2 meMpy\{—1,1} 1 —m?r 2n N(1 — m?)
where
My={-1,—-14+2/N,...,1—=2/N, 1} (11.20)

is the set of possible values the ‘overlap’ R(o, ¢’) can take on. We would need to have
the right-hand side tend to zero for values of u at which the maximum of 2" standard
Gaussians is taken, i.e. where <I>(u)2N is between zero and one, i.e. when u is very close to
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uy = +/N2In2. But (11.20) gives

IP[Vo, X, < uy] — ®uy) | (11.21)
1 2 |m|? (l(m)—’"””"z)

1+|m|P

2 me/\/l,VX\{:ll}\/an(l_ 1_m2p

One now sees immediately the crucial difference between the cases p = 2and p > 2. In the
former, due to the fact that I (m) ~ m? /2 for small m, spin configurations with overlap close
to zero give a large contribution to this sum. On the other hand, if p > 3, the contribution
from a neighbourhood of m = 0 is of the order N ~(”~1/2 only. One might at first hope that
the larger values of m also give no large contribution, but closer inspection shows that this
is not the case. Indeed, for all p, there is a (shrinking with N) region near |m| = 1 that gives
a non-vanishing contribution to the sum, and thus it will not be true that the left-hand side
of (11.21) will be small for any p. This means that there will be some effect coming from
the strong correlation of spin configurations that are very similar.

In the sequel we need the following properties of the functions 1(m) —

mP2In2 .,
I4|m|P*

Lemma 11.2.4 For any p > 3, there exist m, > 0 such that, for allm < m,,

Wo(m) = [omy — 7222 (11.22)
1+ m|?

Moreover, m,, can be chosen in such a way that m, 1 1, as p 1 oo. For p large, m, ~

1-277

Based on this lemma, our strategy is simple: Find a set K, C {—1, 1}" of cardinality K,
as large as possible such that, for any o, 0’ € K, |R(0, ¢’)| < m . Suppose we can find
such a set, with K, = 2¥=%)_ Then, on the one hand,

sup X, > sup X, (11.23)
ce{—1,1}¥ oek,

while, on the other hand, if the X, with o € IC, behaved like independent Gaussians, their
maximum would be around ,/N2(1 — y,,)In2. The normal comparison lemma applied to
these variables then yields

‘P[V" € Kp, Xo = YN2T =y 2] — o(yN2T = p)in2)" "
! |R(o,0")?| N(1=y,)2In2
= 77 exp|-—— =
2 1 — R(o,0")?" 1 +|R(o,0")|P

o#o'ek,
Z Z ]I |m|P N(I—y,,)?]ln2
T+|m]
{R(0,0")=m
) } 1 m2p

m_—m,, a;éa ek,

(11.24)

Assuming a homogeneous distribution of the set K, would imply

2

— = e™Nim 11.25
AN —m?)° (11.25)

Z W R(o.0rymm) 2 22N 770
o#o’elC,
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in which case the right-hand side of (11.24) would simplify to

np (1=yp)2In2im|P

L Z m? e—N(I(m)—W) < C. NP2 (11.26)
2 = 1 —m?P -
P

and this would prove that the maximum of the X, is indeed of the order of ,/N2(1 — y,,) In2.
It remains to establish that we can find sets KC,, with the desired properties. The following
construction may look funny, but it works.
Consider K i.i.d. random elements, oy, 05, ..., 0k, in {—1, 1} distributed according to
the uniform distribution on {—1, 1}. We want to estimate the size of the largest subset,
K c{l,..., K}, with the property that, for all o, 0’ € K, R(o,0") < mp.

Lemma 11.2.5 Let 04, 0», ..., 0x be random variables as described above. Then
EIK| > K(1 — K exp(—NI(m,))) 11.27)
Moreover,
PIK| = K(1 — 2K exp(=N1(m,))] > 411 (11.28)
]

Proof Note that

K
K—IKl<l{iel,....KI3j #istIROn o) =mp}l <D > Wirio.0pizm,)
i=1 j#i
(11.29)

Now

K
Eq Z L Roy.0p12m,) = K Po[|R(07, 0)] = m,] < K?e N0 (11.30)
J#

and from this (11.27) follows. Similarly, one verifies easily that

K 2
E, (Z ]I{R(U,-,a_,)Zmp}> < (K4 + 6K3)e—2N1(mp) + 2K2€7N1(mn) (11.31)
J#1

From this one deduces (11.28) via the Paley—Zygmund inequality, which states that, for any
positive random variable X and 0 < g <1,

EXx?
(EX)?

P[X > gEX] > (1 — ¢)° (11.32)

O

Lemma 11.2.4 tells us that if we choose K such that K exp(—N1(m)) is small, then
almost all o drawn will be isolated from the others as desired. Since I (m) converges to In 2,
as m tends to one, it is clear that we can find y,, tending to zero, as p tends to infinity, such
that this holds with K = 2V0=7)_ An asymptotic analysis of the function ¥ (x) for large p
yields the estimates claimed in the proposition.
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Having seen how we can prove a lower bound on the ground-state energy and thus the
free energy of our model, it is tempting to try also to get an upper bound that improves on
the trivial REM bound.

Proposition 11.2.6 In the p-spin SK model, there exists c,, > 0 such that almost surely for
all but finitely many values of N,

prSK
sup N9 _ i~ e, (11.33)
O'ESN N
Moreover, for p large,
—a? P
cp>2 n"(z mpws (11.34)

withoz,,=1+ﬁ+ /1+(pl#)ztendingt02aspToo.

Since this result is not very impressive, and the proof is cumbersome and somewhat
arbitrary, we will skip it. It can be found in [39].

11.2.2 The truncated partition function

The following result is the analogue to Theorem 9.1.2 in the REM.

Theorem 11.2.7 In the p-spin SK model, (9.10) holds for all B < B, where

N 1417
20052 —
By= P, = tel[I(l),fI] (I(t) tp ) (11.35)
Moreover,
2-r-l
v21n2<1— 2 )5,3p§v21n2(1—cp) (11.36)
n

where c, is the constant from Proposition 11.2.6.

Proof We use the same definitions as in Section 11.2.1. Note that the estimate (9.18) carries
over unaltered. A difference occurs only when computing the mean square of the partition
function. Namely, while in the REM only the two cases 0 = ¢’ and o # o’ had to be
distinguished, here we have to distinguish all different values for the overlap Ry (o, o’). We
can use the convenient fact that X, 4+ X, has the same distribution as /2 + 2Ry (0, ) X
This gives

Ezﬂ,p,N(c)z = EoEo Z HR(w’)ereﬂm(XﬁX"')ng<cﬁ,xg<cﬁ
teMy

< Z EefVNVZR2AT X
tEMN

%o <20y i Eo B Iroonm  (11.37)

O
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Up to sub-leading corrections,

RefVNHXo Iy o (11.38)

2
J1+tr N(2Bc— 55 .
_ 7—%1\]03(*1;”))76)6 ( ‘*‘”), if14+1¢”>c/B

PN+, if 1417 <c/B

Therefore, using Stirling’s approximation (3.37) for the binomial coefficients, we get:

G IfB<ec:
. PN e~ NIO+NB*?
EZg , n(0) < «/ﬁ (t:l+tﬁ<c/ﬂ ﬁ (11.39)
2\/H_—ﬂ;e—N1(f)+Nfi—’ll;,—N(cﬁB)2
' m;c/,s VA =2)(BA +17) = 0)

(i) If B > c:

Ezé,p,N(c) < CN;ZﬁCCZ) Z 2V/1+17 efNI(t)JrN% (11.40)

TN, NT= 2B +17) =)

We see that the expectation of the square of the truncated partition function is essentially
equal to the square of the expectation, provided that c¢ is chosen such that

nf [ — + ! 0 4
i I(t < 11.41
in ) 127 ( )

Since we must choose ¢ > B if we want EZg y = Ezﬂ’N(c), we see that we can meet both
conditions only if 8 < »» defined in (11.35). More precisely, analyzing the function in the
exponent near ¢ = 0, one finds:

Lemma 11.2.8 For all p > 3, we have:

(i) If B < ¢, and c satisfies (11.41), then

52 5 2 _
EZ;;,N(C{— [EZg n(c)] - C,N~P/>1 " for p even (11.42)
[EZg N ()] C,N—P*2_ for p odd
(ii) If B = ¢, and c satisfies (11.41), then
EZZ . (¢c)
BN <, N2 (11.43)
[EZp n(c)]?

Proof Part (ii) is obvious and we leave the details as an exercise. To prove the more subtle
result (i), note that, up to an exponentially small correction,

[EZsn(@F = Y ¥ VE,Eo Ipio.= (11.44)
teMy
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Therefore,

EZ} y(c) — [EZg n ()]
7 2
<> (Eeﬂ VNN Wy ey — e ) EoEo IR,
teMy

BN 2e~ NI (e*NISZ"’ — 1)

<
V2N \ 17 Zesp vi-r

2o NIWHN £ —N(e—p)?

+ (11.45)
t:l+;c//3 V11

By (11.41), the second sum is exponentially small in N; for the first case, if p is even, use
that on the domain of summation,

2e—N1(t)(e+Nﬁ2z/’ -1 - 2Nﬂ2tp exp (—N [1(;) _ ,82t2(c/,3 _ 1)(p72)/p])

VI—12 - V1= (c/p— 1P

(11.46)

The bound (11.42) is now obtained using that I(t) ~ 12 /2, for small ¢, comparing the
sum in (11.45) to an integral, and performing a simple change of variables. In the odd
case, we expand the exponential to second order, and use that the first-order term gives no
contribution, by symmetry. This yields the sharper result in that case. O

Remark 11.2.9 The bound (11.42) is the analogue of the exponential bound (9.22) valid
in the REM. In [81] (for p = 2) and [56] (for p > 3) it has been shown that this variance
estimate goes together with a central limit theorem for the free energy, analogous to parts
(i) and (ii) of Theorem 9.2.1.

While (11.42) is weaker than its analogue in the REM, it is still sufficient to prove (9.24).
From here the first assertion of the theorem follows just as in the REM.

The lower bound on §, follows from the analysis of the right-hand side of (11.35). The

upper bound in (11.36) is a consequence of Proposition 11.2.6. Namely, if limy4,c E®g v =
B2/2 forall B < Bp, then, for such B,

d . . d . —1/2
B=— lim E®g y = 11}1%})10 @E(Dﬁ,N = ]}llgoN mpn(Xo)

d,B Ntoo
< limsup N™"? sup H, < +v/2In2(1 —c)) (11.47)
Ntoo oeSy

This concludes the proof of the theorem in the case p > 3.

We will not resist the temptation to present an alternative proof that does not need the
sharp estimate of Lemma 11.2.8, and that also works in the case p = 2 (for 8 < 1). This
clever trick was introduced by Talagrand in [232]. The argument uses the self-averaging
property in Corollary 11.1.3. The crucial observation is that (11.11) and (11.42) are in
contradiction, unless (9.10) holds. To see this, use the Paley—Zygmund inequality (11.32),
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which implies that, under our assumption,

&0

<PlZgn(c) = qEZg ()] < P [Zﬂ,zv > %Ezﬁ,N(C):| (11.48)

1 ~
=P |:q)ﬂ’N — ]Eq),g,N > N IHEZﬁ_N(C) — Eq)ﬂ,]v - N71 1I12i|

N(1 _. g
< 2exp <_E (ﬁ InEZg n(c) +Edg y — N~! ln2) )

provided % In EZ,g,N(c) —Edg v — N~'1n2 > 0; if this condition fails, by Jensen’s
inequality, —N~'In2 < Edg y — f?/2 <0, and we are done. If not, (11.48) can only
hold if |[E®g y — B2/2] < CN~'/2. Thus the first assertion of the theorem is proven. [

Remark 11.2.10 The argument yielding the upper bound on B, can be inverted to

show that ,3,, is a upper bound for the ground-state energy density, — liminfy o, N -1
p—SK .

SUp, s, (—Hy (0)). Namely, since

d
Eﬁcbﬂw < N~Y?E sup H, (11.49)

UESN

for all B, and for all B < B, it is true that E% ®g v = —p, it follows that

N7'E sup —H.**(0) > B. (11.50)
geSy

This gives a much simpler proof of Proposition 11.2.2, with an improved estimate. Thus,
we have already proven the existence of a phase transition, and we have estimates for the
critical temperature, which become sharp in the limit p 1 oo, and, not surprisingly, the
limiting value is the same as in the REM. In fact, a simple argument, which we leave as an
exercise, shows that the free energy converges, as p 1 oo, to that of the REM! However,
it is far more interesting to understand what happens to the Gibbs measure at the phase
transition for fixed p. We return to this question later.

11.3 The Parisi solution and Guerra’s bounds

The original approach to the computation of the free energy in the SK models in the theo-
retical physics literature is quite remarkable. Morally, it constitutes an attempt to compute
n moments, where n seems strangely to go to infinity and to zero simultaneously. This idea
is the basis of the so-called replica method, or replica trick, which is a widely used tool in
the heuristic analysis of disordered systems. While we must leave a detailed exposition of
the heuristic approaches to the standard textbooks [96, 179, 193], it maybe worthwhile to
discuss this approach briefly. The basic idea is the observation that lim,, o(x" — 1) = Inx,
and that, for integer n, EZg y can be computed, at least in the sense that it is possible to
perform the average over the disorder and to obtain a deterministic expression (as we have
seen in the case n = 2). The obvious problem is that the computation of integer moments
of Zg y does not immediately allow us to infer information on the limitn |, 0, where n is to
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be considered real valued. Parisi proposed to write down an expression for the n-th moment
when 7 is considered large (and in fact is taken to infinity at the end). In the spirit of our
2nd moment computations, we would decompose the summation over the spin variables
over fixed values of their overlaps, to get an expression of the form

EZjy= >, Eg-- (11.51)

o Ea” ]IRN(Ul,(rz):m.z,...,RN(U”*‘,(r”):(/n—l_ne%ﬂzN(E(q"2)+'"S(q”’]'"))

The remaining problem is then to compute the entropies. Parisi observed that this can be
done for special choices of the matrix g, namely if g defines an ultrametric on the set
{1,...,n}. The idea that there should appear a non-trivial matrix is the basis of Parisi’s
replica symmetry breaking scheme. The computations then involve the representation of
the indicator functions in terms of Fourier integrals, and will not be discussed further. The
key point, however, is that while to compute the integrals for fixed integer n we should
certainly choose the value of ¢ that yields the maximal term, Parisi suggests that the correct
answer in the limit n | 0 is obtained by performing these calculations as if n was a positive
integer going to infinity, but then choosing the minimum over the possible values of g.
This strange ad hoc assumption has proven very successful, but the entire procedure has
surrounded the physics of spin-glasses with an aura of mysticism. We shall see that there
is a simple approach that will lead to the same conclusion in a mathematically perfectly
transparent way. It will again be based on a (very clever) use of Lemma 10.2.1. In the
process we will also learn more about Parisi’s solution.

Having seen that the comparison theorem yields the existence of the free energy almost
for free, it is a bit more surprising that it provides a variational principle that allows us to
compare the free energy to Parisi’s solution. As we do not yet know what Parisi’s solution
is, we will learn about it in the process.

11.3.1 Application of a comparison lemma

Lemma 10.2.1 and its specializations such as Slepian’s lemma have been devised to study
properties of stochastic processes such as extremal values by comparing them to simpler
processes where explicit computations are possible. A very natural idea in the context of the
SK models would be to try comparison with the Derrida models, where we have seen that
we can compute everything explicitly. However, this does not work excessively well: the
only simple bound is obtained by comparing to the REM, and this is quite far from giving
a good value.

The idea is to use comparison on a much richer class of processes. Basically, rather than
comparing one process to another, we construct an extended process on a product space and
use comparison on this richer space. Let us first explain this in an abstract setting. We have
a process X on a space S equipped with a probability measure E,. We want to compute as
usual the average of the logarithm of the partition function F(X) = InE,e#X-. Now consider
a second space 7 equipped with a probability law E,. Choose a Gaussian process, Y,
independent of X, on this space, and define a further independent process, Z, on the product
space S x 7. Define real-valued functions, G, H, on the space of real-valued functions on
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T and S x 7, respectively, via G(y) = In Eaeﬂ‘/ﬁyﬂ and H(z) =In IEUIEae‘S‘/NZM. Note
that H(X +Y) = F(X) + G(Y). Assume that the covariances are chosen such that

COV(Xav XU’) + COV(You Ya’) > COV(Za,av Zc’,a’) (1152)

Since we know that the second derivatives of H are negative, we get from Lemma 10.2.1
that

EFX)+EGY)=EH(X+Y)<EH(Z) (11.53)

This is a useful relation if we know how to compute EG(Y) and EH(Z). This idea may
look a bit crazy at first, but we must remember that we have a lot of freedom in choosing the
auxiliary spaces and processes. Before turning to the issue of whether we can find useful
computable processes Y and Z, let us see why we could hope to find in this way sharp
bounds.

To do so, we will show that, in principle, we can represent the free energy in the ther-
modynamic limit in the form EH(Z) — EG(Y). To thisend let S = Sy; and 7 = Sy, both
equipped with their natural probability measure E,. We will think of N > M, and both
tending to infinity eventually. We write again S x 7 3 o = (6, &). Consider the process
X, on Sy 1y with covariance & (Ry (o, o). We would like to write this as

Xy = Xs + X5 + Zo (11.54)

where all three processes are independent. Note that here and in the sequel equalities between
random variables are understood to hold in distribution. Moreover, we demand that

cov(Xs, Xo) = & (725 Ru (6. 67)) (11.55)
and
cov(Xs, X5) = & (A5 Rv (5. 51) (11.56)
Obviously, this implies that
COV(Zs, Zo) = & (757 Ru(6.6") + 25 Rn (5. 51)) (11.57)

—§ (N+MRM(‘7 o )) —§ (N+MRN(O 6/))

(we will not worry about the existence of such a decomposition; if £(x) = x”, we can use
the explicit representation in terms of p-spin interactions to construct them). Now we first
note that, by super-additivity [7]

1 ZgNtm
[&”Igo ﬂ—Mhmmelog m =—f3 (11.58)

Thus we need a suitable representation for Zf’ZﬁLNM But

Zonim E, efVNFTM(Xs+Zo+Xs5) 1159
Zgn  EyePVNTM(JI-M]NTIX;) '

Now we want to express the random variables in the denominator in the form

VI = M/(N +M)Xs; = X5 + Y5 (11.60)
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where Y is independent of X. Comparing covariances, this implies that

cov(Ys, Ysr) = (1 = M/(N + M)E(RN(5,5") — & (525 Rn(5,5))  (11.61)

As we will be interested in taking the limit N 1 oo before M 1 oo, we may expand in
M /(N + M) to see that to leading order in M /(N + M),

cov(Ys, Ys) ~ 2 Ry (5, 5E (7557 Rv (S, 6)) — 74576 (7257 R (5, 61)
(11.62)

Finally, we note that the random variables X; are negligible in the limit N 1 oo, since
their variance is smaller than £(M /(N + M)) and hence their maximum is bounded by
JVEM /(N + M))M In 2, which even after multiplication with /N + M gives no contribu-
tion in the limit if £ tends to zero faster than linearly at zero, which we can safely assume.
Thus we see that we can indeed express the free energy as

1 EsEsefVN+MZos
fp =— lim liminf —EIn - =

Mtoo Ntoo BM Eéeﬂ«/NJrMY& (11.63)

where the measure E; can be chosen as a probability measure defined by Ez(-) =
]Eéeﬁ*/mXﬁ(-)/Z,g,N,M where Zg n y = EsefYN+MXs Of course this representation is
quite pointless, because it is certainly uncomputable, since I is effectively the limiting
Gibbs measure that we are looking for. However, at this point there occurs a certain mira-
cle: the (asymptotic) covariances of the processes X, Y, Z satisfy

EC0) + yE'() — () = xE'(y) (11.64)

for all x,y € [—1, 1] if £ is convex and even. This comes as a surprise, since we did
not do anything to impose such a relation! But it has the remarkable consequence that
asymptotically, by virtue of Lemma 10.2.1, it implies the bound

E&Ea— eBVN+MZ; 5

L aBVMXs
EInEze <Eln E&eﬂx/m—MY5

(11.65)
(if the processes are taken to have the asymptotic form of the covariances). Moreover, this
bound will hold even if we replace the measure E by some other probability measure,
and even if we replace the overlap Ry on the space Sy by some other function, e.g. the
ultrametric dy . Seen the other way around, we can conclude that a lower bound of the form
(11.53) can actually be made as good as we want, provided we choose the right measure .
This observation is due to Aizenman, Sims, and Starr [7]. They call the auxiliary structure
made from a space 7, a probability measure & on 7, a normalized distance g on7,and
the corresponding processes, Y and Z, a random overlap structure (random, because they
actually think of the measure E and the distance g as random variables).

The key hypothesis in the derivation of Parisi’s solution is now that the limiting Gibbs
measure for any SK model, for given temperature, looks very much like that of some
CREM, at least to the point that this approximation will produce the right value of the
free energy. Fortunately, we know very well the Gibbs measures of the CREMs from the
previous chapter. To derive the corresponding bounds, we could now proceed in two ways:
(i) start with formula (11.63) and replace the distribution Es with the Gibbs measure of
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some CREM, and then pass to the limit; or (ii) ignore this step and immediately place on the
second set 7 the limiting measure for the CREM. This second way gives a very appealing
form of the bound which highlights the rle of the genealogical structures associated to
Neveu’s branching process.

We have seen that the limiting Gibbs measure of the CREMs can be understood as
random genealogical structures on the unit interval. This suggests that we choose as the
auxiliary space 7 the unit interval, equipped with a distance ¢ (which later will be the
asymptotic genealogical distance of some CREM). Moreover, we endow the unit interval
with a probability measure E, . Next we define two Gaussian random processes: the process
Y, on the unit interval with covariance

cov(Yy, Yor) = q(a, a)&'(q(a, ') — £(q(a, &) (11.66)
and the process Z, , on Sy x [0, 1] with covariance
coV(Zoo, Zg.0) = Ry(0, 0")E (q(a, @) (11.67)

With these choices, and naturally X,, our original process with covariance £(Ry), the
equation (11.52) is satisfied, and hence the inequality (11.53) holds, no matter what choice
of ¢ and [E, we make. Restricting these choices to the random genealogies obtained from
Neveu’s process by a time change with some probability distribution function m, and [E,, the
Lebesgue measure on [0, 1], gives the bound we want. This is the form derived in Aizenman,
Sims, and Starr [7].

This bound would be quite useless if we could not compute the right-hand side. Fortu-
nately, one can get rather explicit expressions. We need to compute two objects:

E,E,efVNZra (11.68)
and
E,efVNYa (11.69)

In the former we use that Z has the representation
N

Zow=N""7Y 0124, (11.70)
i=1

where the processes z,; are independent for different i and have covariance

COV(Za,is Zari) = §'(q(et, o)) (AL71)

Thus at least the o -average is trivial:
N
B E,ef V2o = |, [ eheoshtPeen (11.72)
i=1

Thus we see that, in any case, we obtain bounds that only involve objects that we introduced
ourselves and that thus can be manipulated to be computable. In fact, such computations
have been done in the context of the Parisi solution [179]. A useful mathematical reference
is [33].



232 The SK models and the Parisi solution

11.3.2 Computations with the GREM

We will now see that what we have learned in the GREM can be put to good use to get
more or less explicit expressions for our bounds. To this end, we find it convenient to use a
finite N GREM with covariance function A as our auxiliary measure. Moreover, it will be
enough to consider a GREM with finitely many hierarchies, i.e. choose A as a step function
with n jumps at positions xj .. ., x,,. Our auxiliary Gaussian processes are then also defined
on {—1, 1}¥, and their covariance is a function of the ultrametric distance, i.e. of dy. The
measure [E, is then taken as %, with X3 a GREM process. We will chose to label the
distance distribution function,ﬂi.e. fix parameters such that limy 1o Ey (x) = m(x), where
m(x) takes on the value m, in the interval [x,_1, x;).
In this context, the quantities (11.67) and (11.68) take the form

E(, e,B‘/NX&JFZ'{‘iI IHCOSh(ﬁZﬁj)

RN (11.73)
and
Eéeﬁ«/ﬁX&-Fﬁmya
E. % (11.74)

where we are interested only in the limit N 1 oo for fixed M. Recall that the covariance of
Ys is given by

cov (Ys, Ys) = h(dy(5,5")) (11.75)
with h(x) = x&’(x) — &(x), and that of Z, 5 by
cov (Zoi, Zjs) = 8 ;€ (dn(F, 5")) (11.76)

To compute these quantities, we want to benefit from our experience with the com-
putations of partition functions in the GREM. That is, it will be natural to compute the
expectations over the spin variables iteratively over the n hierarchies of the GREM. Each
step then involves only computation in a REM and can be carried out with the help of the
following lemma.

Lemma 11.3.1 Assume that X, are i.i.d. standard normal random variables on Sy. Let
Y,.i, be centered Gaussian processes on {—1, 1}¥ x N with covariance

cov(Y,;, Yor ;) = 8ijk(dy(o, 0")) (11.77)

where k(x) | 0, as x | 0. Let Y be a random variable that has the same distribution as
Y51. Let g; : R — R be smooth functions such that, for all |m| <2, there exist C < 00,
independent of N, such that

Eyemsi() = glitm _ ¢ (11.78)

Then
E, efVNXo+ 3L 6i(Yoi)

M .
= Lim) (11.79)
m

lim EIn
N1too Py

]Ea_eﬁ\/ﬁxn

where m = limy4oo Eg v(x), for x € [0, 1).
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Proof We give the proof only for the case M = 1; the general case is only notationally
different. The idea of the proof is to consider the numerator in (11.79) as the partition
function of a slightly perturbed REM, where the new random variables, X, + ﬁg(Y,,)
are slightly non-Gaussian and slightly dependent. If m < 1, the logarithm of the partition
function in the numerator will behave, to leading order, like VN Bmax, (X, + ﬁg(Yo)).
If we ignore the dependence, to compute the maximum we just need to find a such that

1

2Np [X(, +
BN

g(Yy) > Jﬁa] =0(1) (11.80)

But

1 (VNa s

1 e
P|X, + ——g(Y,) > v/Na| ~ Ey
N N (ﬁa _ ﬂ#mg(Y))
_ING
et Eyefs®)
V2mNa
where we used that we will have @ > +/2In2, and 8 > +/21n2, so that
1
Py [mg(ﬁ,) > a«/ﬁ/z} <e NPR e < c27N (11.81)

and the event {ﬁg(Ya)>a«/ﬁ/2} is therefore negligible. To satisfy (11.78),

a must be chosen such that 1a> — N~'L(a/B) =In2. This implies a =+/2In2+
ﬁmL(\/Zln 2/B), or NB(a — +/2In2) = L(m)/m. One can easily check that all sub-
leading contributions to a cancel with the corresponding terms from the denominator, or
vanish, as N 1 co. Thus, the assertion of the lemma follows if we can show that ignoring the
dependence of the g(Y,;) can be justified. We leave this for the reader to check (a convenient
tool is given by Proposition 13.3.1 in Chapter 13). Finally, in the case when m = 1, i.e. if
the REM is in the high-temperature phase, the claimed result follows since now the law of
large numbers holds. O

Remark 11.3.2 The same result can of course be proven (in the low-temperature phase) by
using Ruelle’s version of the REM. In that case we start with a Poisson process, P = > 0z
and i.i.d. Gaussian random variables Y; (for simplicity let M = 1). We must compute

Z ) eotz/'-‘rg(Y/-)
= 00
Z] evzj

It is easy to see that Zj 8z, +a-1g(r,) is a Poisson point process with intensity measure the
convolution of the measure e *dz and the distribution of the random variable @ ~'g(¥). A
simple computation shows that this distribution is Eye$)/*e~*dz. Thus the Poisson point
process Y ; 8.+ has intensity measure Eyes"/*a~'x~1/*~1dx. Finally, one makes
the elementary but surprising and remarkable observation that the Poisson point process
> 8eer(Eyesryege has the same intensity measure, and therefore ) ; e%/*4() has the same
law, as ) ; "%/ [Eyes"/*]*: multiplying each atom with an i.i.d. random variable leads
to the same process as multiplying each atom by a suitable constant! The assertion of the
lemma follows immediately. More material on the invariance properties of this Poisson
process, and a slightly different proof can be found in [218].

Eln (11.82)
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We will now show how to put this lemma to use.
Let us look first at (11.74). We may write

Ys = Z,/h(x@) — h(xe—1) Y” (11.83)

where &, € {—1, 1}[*=*-DN1 and the standard normal processes Yéf) 5, are independent

for different indices £ and have covariance

cov( © . Y@) = Us,..6,_,=5]5 lh(x[_l * du (00.97)) = hGe-) (11.84)
& qiee h(xe) — h(xe-1)

We will use the abbreviation

k
Yo = D v/h(xe) = h(xe—)Y5,) 5 (11.85)
=1

We can then write

+. GG, Y o
. ePVYNXs+BVMYs E BYNXo BV MYy s, v
o

Es Cﬁﬂx& B Egeﬁfxﬁ
n—1
Es,..s, | eﬂ«/ﬁzbl Va X, oo +BVMYs, 5, Es, ePVNa X, .o

]E eﬁfX“
BNy Xs, i + BV MR~ G- DY 5 s
Ea € 1:0n
X — (11.86)

E(} eﬁ«/ Na,,Xgl dn
Using Lemma 11.3.1, the last factor can be replaced, in the limit N 1 oo, by
R ofVNanXa oy +HV MRG0 1Y),
Op

o (11.87)
1/m,

[ - zezm,,w—m} (11.88)

— Lmn<h(x,l) h(-1)) (11.89)

The remaining terms have almost the same form as if the n-th level were simply absent
(in which case we could simply iterate the procedure) except that we should replace the
random variables Xs,...5, | by

X5.5, + (lnE&neﬂVN“"Xél"'érl . ElnE&neﬂm’%---&n) (11.90)

1
Ban—1N
From Theorem 9.2.1 we know that the quantity in brackets converges to a random variable.
It is not hard to check that this small modification does not affect the next steps of the
iteration, and that as a consequence, we get

| Eéeﬁ«/ﬁXa+ﬂWYa " B2
lim M™'EIn ——— e = > Smi(h(x) = hxi-1)
& ’ =1
'32 1
= 7/ m(x)xg" (x)dx (11.91)
0
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Remark 11.3.3 An alternative derivation of (11.91) can be obtained by realizing that
the numerator is the partition function of a CREM corresponding to the process Xz +
BV M/NYs with covariance

_ M
A(dy(5,6")) + ﬁ(dzv(cvf, 5NE"(dn(5,5") — E(N(5,6"))) (11.92)
We leave the details as an exercise.

The computation of the expression (11.73) is now very very similar, but gives a more
complicated result since the analogues of the expressions (11.87) cannot be computed
explicitly. Thus, after the k-th step, we end up with a new function of the remaining random
variables Y, ...5, . The result can be expressed in the form

Ey R, efVNXo+BVMZos

1
lim —ElIn

g SN2 =¢0,h,m, B) (11.93)

(here A is the magnetic field (which we have so far hidden in the notation) that can be taken as
a parameter of the a-priori distribution on the o such that E,, (-) = m ) ePhai(y),
where ¢ (1, h) = Incosh(Bh), and

1 d 7 7
(X1, h) = — In \/EZ e /2gMat (a2 /E () =€ (X)) (11.94)
a T

We can now announce Guerra’s bound in the following form:

Theorem 11.3.4 [133] Let { (¢, h, m, b) be the function defined in terms of the recursion
(11.94). Then

2 1
lim N"'Eln Zg ),y <inf¢(0,h, m, ) — %/ m(x)xE" (x)dx (11.95)
m 0

Ntoo
where the infimum is over all probability distribution functions m on the unit interval.

Remark 11.3.5 F. Guerra derived this theorem directly using the representation of
¢(0, h,m, B) in terms of the solution of (11.99) via (11.94), using the method of proof
of Lemma 10.2.1, rather than the lemma itself. The proof following Aizenman et al. sheds
more light on the nature of the bound.

The variational formula on the right-hand side of (11.94) is the celebrated formula for
the free energy proposed by Parisi on the basis of heuristic computations. It is thanks to
Guerra and Aizenman, Sims, and Starr that we have a mathematically clear interpretation
of this formula.

Let us briefly point out the connection between the choice of the auxiliary structure in
terms of GREMs and the choice of structures made at the end of the last subsection. Namely,
consider the map 9’;71\, ory : {—1,+1}¥ — (0, 1], and define, for @ € (0, 1],

Yo =Y000 ) (11.96)
Then, by the observation (10.125),
~ ~ _ -1 — - /
cov(¥y, ¥) = h (dN (rN' o (0} 3) '@,y o (0} y) (@ )))
= h(yi(a, o)) (11.97)
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Thus, it is easily checked that
s efNXs BVMY; 1 3
e f dare MY (11.98)
& 4 0

passing to the limit N 1 oo in the last expression, we obtain the prescription given before.

Remark 11.3.6 It is also interesting to see that the recursive form of the function ¢ above
can also be represented in closed form as the solution of a partial differential equation.
Consider the case £(x) = x?/2. Then ¢ is the solution of the differential equation

h L2 t,h t 9 t,h ’ =0 11.99
C( )+ 3h2§(’ )+m()<£i(, )> = (11.99)
with final condition

Z(1, h) = Incosh(Bh) (11.100)

If m is a step function, it is easy to see that a solution is obtained by setting, forx € [x,_;, x,),

1
£(x, h) = — In[E "t Caltevia=) (11.101)

a

For general convex &, analogous expressions can be obtained through changes of variables
[133].

11.3.3 Talagrand’s theorem

In both approaches, it pays to write down the expression of the difference between the free
energy and the lower bound, since this takes a very suggestive form.
To do this, we just have to use formula (10.54) with

=ViXe + Vo) + V1 =124, (11.102)

and f(X") replaced by H(X") = In E,E,ef¥NZ.. This gives the equality

1 1
HX +Y)—-H(Z) = EE/ 1 y(do, d)(E(Ry(0,01) + gla, )€ (q(e, @)
—&(q(a, @) — Ry(o, 0§ (q(e, &) (11.103)
where the measure fig, y is defined as

E, By efVNXoa(.)

T (11.104)
o ae oo

ﬂﬂ,t,N )=
where we interpret the measure fig, y as a joint distribution on Sy x [0, 1]. Note that for
convex and even &, the function £ (Ry (o, 0)) + q(«, @' )& (¢(, @')) — &E(g(, a’)) vanishes
if and only if Ry (o, 0’) = g(«, @). Thus for the left-hand side of (11.103) to vanish, the
replicated interpolating product measure should (for almost all #), concentrate on configu-
rations where the overlaps in the o -variables coincide with the genealogical distances of the
a-variables. Thus we see that the inequality in Theorem 11.3.4 will turn into an equality if
it is possible to choose the parameters of the reservoir system in such a way that the overlap
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distribution on Sy aligns with the genealogical distance distribution in the reservoir once
the systems are coupled by the interpolation.

This latter fact was proven very recently, and not long after the discovery of Guerra’s
bound, by M. Talagrand [240].

Theorem 11.3.7 [240] Let ¢(t, h, m, b) be the function defined in terms of (11.99) and
(11.100). Then

2 1
Al]iTm N'ElnZg )y = inf (4‘(0, h,m,p)— %/ m(x)xs”(x)dx> (11.105)
o0 m 0

where the infimum is over all probability distribution functions m on the unit interval.

I will not give the complex proof, which the interested reader should study in the original
paper [240], but I will make some comments on the key ideas. First, Talagrand proves more
than the assertion (11.105). What he actually proves is the following. For any € > 0, there
exists a positive integer n(e) < oo, and a probability distribution function m,, that is a step
function with n steps, such that for all ¥ > €,

lyTrgo Eﬂ}?ﬁ, y(do, do)(E(Ry(o, o)) + q(a, @) (g(a, a))
—&(g(a,a")) — Ry(o,0")E (q(ar, @) =0 (11.106)

if the measure /i, x corresponds to the genealogical distance obtained from this function
m. That is to say, if the coupling parameter ¢ is large enough, the SK model can be aligned
to a GREM with any desired number of hierarchies.

Second, the proof naturally proceeds by showing that the measure Eﬂ?% N Seen as a
distribution of the ‘overlaps’ concentrates on the set where the Ry and ¢’s are the same.
Such a fact is usually proven by looking at a suitable Laplace transform, whose calculation
amounts again to the estimate of a free energy, this time in a replicated, coupled system.
Since the main effort goes into an upper bound, Guerra’s techniques can again be used to
provide help, even though the details of the computations now get very involved.

Remark 11.3.8 It should have become clear that Guerra’s ideas, in particular in the trans-
parent form discovered by Aizenman, Sims, and Starr, provide an extremely efficient and
simple tool for proving good bounds on free energies. Their applications go well beyond
the Gaussian SK models. Soon after they appeared, they were applied, e.g., to the site dilute
version of the SK model, the Viana—Bray model, by Franz and Toninelli [104] and De
Sanctis [83]. The general interpolation idea behind Lemma 10.2.1 can also be used very
efficiently to compare different models. One of the nice results obtained in this way is the
proof by Franz, Leone, and Toninelli [105] of the fact that the free energy of the Kac version
of the SK model converges to that of the SK model itself, in the limit when the range of
interaction tends to infinity. This result, analogous to the same result in the ferromagnetic
setting, shows that there is after all some connection between mean-field and lattice models,
even in the case of spin-glasses.

Another important result that can be proven with the help of the same method of proof is
that the value of the free energy does not depend strongly on the distribution of the couplings.
In particular, it remains the same if in the p-spin SK models the Gaussian couplings J;,
are replaced by non-Gaussian couplings [72, 237].

~~~~~~
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Theorem 11.3.7 suggests that the Gibbs measure of the SK models should be described
by the genealogy of Neveu’s branching process with time change corresponding to the
choice of m that realizes the infimum. This clearly appears to be the belief of the physics
community (when translated into mathematics). However, nothing of what we have seen so
far would prove such a claim. For the time being, we are stuck with the formula for the free
energy. Let us recall that, in Derrida’s models, we have been able to derive the structure of
the limiting Gibbs measures essentially from the free energy. The key to success, however,
was the Ghirlanda—Guerra identities, together with the fact that the lexicographic distance
used for the description of the Gibbs measure was an ultrametric distance, which implied
that the GG identities determined the empirical distance distribution up to the function 4.
In the SK models, there are some serious problems with both issues, which for the time
being prevent us from reaching a full understanding of the nature the Gibbs measures in
this case. It will be worthwhile to discuss this point in some more detail.

11.4 The Ghirlanda—Guerra relations in the SK models

Recall that the Ghirlanda—Guerra relations in Derrida’s model follow from the Gaussian

partial integration formula used with respect to the increments of the processes X, (¢) defined

through (10.57). In their original paper, Ghirlanda and Guerra did not consider Derrida’s

models, but rather the p-spin SK models, using the representation of (8.8) and integration

by parts with respect to the independent random variables J;,
The analogue of Proposition 9.5.1 is:

..... ip

Lemma 11.4.1 For any value of B, in the p-spin model,

d
]E@cpﬂ,,v = B(1 — Eu§y (RR(0.0")) (11.107)

Proof We just repeat the steps of the proof of Proposition 9.5.1 with the obvious modifi-
cations. Namely

d “in E, X, efVNXo
E—®sny =N "E———F—-x
dg E,efVNX,
. . aBYNX,
_ N2 Z EJ . Ey0i, ..., 0.€
- I1yeees ip ﬁ\/ﬁX
1<y, rip<N Ese 7
2 2 BVNX,
— N*(p+l)/2 Z E 'BNf(pfl)/z E”Uil [ Uizye
1<iy,.i, <N EyefvVHo
E,Ey0i,...,0,0/,...,0/ eBVNXo+X,0)
_ BN~ i >
E,E, efvVNXo+X,)

1N P ,
BBy (NV S, 0i07) VROt
E,E, efvVNXs+X,)

(11.108)

This is (11.107). O
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Proposition 11.4.2 In the p-spin model, for any bounded function h : Sy, — R,

Eusi! (h(o', ... "R (0", 0" T")) (11.109)
1
- ~Eugy (h(al,.. (ZR (o', 0") + Eug; (Rz’kol,az)))) = 3n(p)
15k

with 8y (B) as in Lemma 9.5.4.

Proof We leave the proof, which follows that of Proposition 9.5.7 in detail, as an exercise.
See also [166] for a good and general exposition. O

Choosing # to be the indicator function
ho!,....0") = Ty Ryt ohmu (11.110)
we get that (for almost all 8)

E/,L®n+l [RK,(UI{, (7”+1)|Vk¢]RN(O'k, O_l) — le]

—qu,+ LEuS2, (R0, 0%) + () (1.111)
Ik
which is the relation (17) of [127]. This relation provides a recursion for the p-th moments
of the measures Q(") but does not determine fully the distributions recursively. Ghirlanda
and Guerra remarked that the situation can be improved by adding a small perturbation to
the Hamiltonian, which provides enough random variables to produce the relations (11.111)
with p replaced by any integer £. This will happen if we take

o0
Hy(0) = Hy(0)+ N'*™*> " a, X! (11.112)
=1

where cov(X,, ¢ X, Uy = (Swa\,(a, o), for some square-summable sequence a,, and use par-
tial integration w1th respect to the i.i.d. random variables J;, __;, through which the processes
X! can be constructed. The resulting set of identities then provides recursive identities for
all moments of the laws (@(") from which we recover the form (10.90) of the identities.
It should be noted, however that even these extended Ghirlanda—Guerra identities do not
fully determine the measures Q( " in terms of the Qfsz) To see this, consider the case n = 3
and consider the distribution Q (d31 , d32, d12). While the GG identities allow us to express
(@/3 (d31, dy») in terms of Q%)(dlz) namely

Q(3)(d31 e A dpeB)= Q(z)(d 1€ A)Q(z)(du e B)+ Q(z)(du € A, di e B)
(11.113)

and likewise for Q( )(d32 € A, dy; € B), we have no expression for the general probability
(@(3)(d31 € A, dy, € C,dy» € B).Recall that, in the case of Derrida’s models, this shortcom-
ing was overcome by the fact that the distance used was ultrametric. It is believed that, in
the SK models, ultrametricity will hold asymptotically with probability one on the support
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of the Gibbs measures, similar to the situation in the GREM, where by Theorem 10.1.15
the distribution of dy and Ry coincide in the thermodynamic limit. In the SK models, this
question appears now to be the main obstacle to a full understanding of the structure of the
Gibbs states.

Let us make some comments on the problem of adding perturbations to the Hamiltonian
asin (11.112). First, it is clear that such additions do not change the value of the free energy,
as follows from a simple estimate on the supremum of this perturbation, which will be
non-extensive. However, this does not at all imply that the structure of the Gibbs states
remains unchanged. On the other hand, if the covariance function £ is a generic analytic
function whose Taylor coefficients are all non-vanishing, the extended GG identities do
hold. One could of course go further and add to the Hamiltonian another Gaussian process
of the GREM type, possibly with a small coefficient that ensures that the free energy is
unaltered. In that case we would immediately recover the extended GG inequalities for the
distribution of the ultrametric overlap distance, and that would imply that the the genealogy
of this measure is derived from Neveu’s process, just as in the case of Derrida’s model. Again
we could argue that the presence of such terms is ‘generic’ in the space of all Gaussian
processes. From this we can deduce two lessons: first, it is much more difficult to study
a specific model than a ‘generic’ one, and second, we cannot exclude the possibility that
there are models that have the same free energy but different Gibbs states.?

11.5 Applications in the p-spin SK model

To conclude our discussion of the SK models, we want to point out that the Ghirlanda—
Guerra relations, even in their limited form (11.111), can give important information about
the properties of the Gibbs measures. To do so, we have to get some a-priori estimates.

As first observed by Talagrand, the equality (11.107) implies that the replica overlap
cannot remain concentrated on the value zero for all values of 8. Namely, assume that,
for all values of 8 € [0, b], limy4oo EM?ZN(RII\)](O’, 0")) = 0. Then it is plain from (11.107)
that, in this interval, limy oo E®pg y = —B?%/2. Thus the replica overlap cannot remain zero
beyond the critical value, 8, (defined to be the largest value for which this behaviour holds).
This actually suggests that for all values g > B, liminfy ;oo EM?%V(RZ(U» o)) > 0, but
there is unfortunately no monotonicity argument available to prove this.> However, an upper
bound on the ground-state energy implies strict positivity at least soon after the critical point.
In fact:

Proposition 11.5.1 There exists ¢, > 0 such that, for all B > ~/21In2(1 — c,),

. . ®2 p ’
hmgﬂmm (R5(0,0") >0 (11.114)
Proof Just note that by the first lines of (11.108) and (11.107),
B(1 —Eu§y(Ry(0.0")) < N"'°E sup X, (11.115)
O'ESN

2 For example, in the GREM the free energy depends only on the concave hull of the function A. It should be
possible to fine-tune models with different A but the same A to have different Gibbs states. The same should
be possible in degenerate cases of the models proposed by Bolthausen and Kistler in [32].

3 That is to say, it is in principle possible that the overlap would exhibit a very erratic oscillating behaviour just
above the critical value of 8!
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Now already comparison with the i.i.d. case shows that Esup, s X, < N'/24/2In2. This
estimate can be improved to +/21In2(1 — ¢,), either by elementary methods, or using the
Guerra bounds (for an exposition of classical methods, see, e.g., [39]). Thus we get that

(1-Eufy(Ri(o.0)) < B7'vV2In2(1 —¢)) (11.116)
from which the assertion of the proposition follows. O

Proposition 11.5.1 is not quite enough information on the distribution of the overlap. We
need to complement this by an estimate that asserts that there exists an interval of forbidden
values.

Theorem 11.5.2 For any € > 0 there exists py < oo such that for all p > po, and for all
0<pB <o

lim Eu%(|Ry(0, o) € [e,1 —€)) =0 (11.117)
Ntoo ’

If, moreover, B < ﬁp, then for any € > 0 there exists pg < oo such that for all p > py, such
that for some § > 0, for all large enough N,

Eu§’s(I1Ry(o. 0")| € [e, 1]) < e (11.118)

Remark 11.5.3 Note that we prove this result without any restriction on the temperature,
while Talagrand requires some upper bound on g both in [238] and (largely improved)
in [235].

Proof Let us first consider the high-temperature region. In view of the fact that we know
how to compute the mean of the square of the truncated partition function and that this
would give the desired result, we only need to (i) justify the truncation and (ii) show that the
partition functions in the denominator can be replaced by a constant without harm. But (ii)
follows from Lemma 11.2.8: by Chebyshev’s inequality, it implies that, for 8 < ¢ < j s

P[Zgn < (1 —8EZg n(c)] < P[Zgn(c) < (1 —EZg n(0)]
<Pl Zgn(c) —EZg n(c)| = SEZg n(c)]
< §INI-P2 (11.119)

To justify point (i), we use (11.119) to show that

Eusy (X, > cV/NYU {Xo > cV/N}) < 2Eup v({Xo > cv/N))

2EEGG’3X” HXg>c-ﬁ

(1 =8)EZs n(c)
e—Nc—p)/2

+P[Zsn < (1 —8EZg n(c)]

< L s2NI-P2

2
T (1=8VN(c—-p)
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Now we can conclude readily that

VNXo+X,
EEoo Iy _oyw x,, <c& LRn(o.0nere 1" ¥ )

(1 —IEZg n(c))?
e~ N—py/2

2
(1 —8)v/N(c—B)

EuS*(|Ry(o, o) € [e,1]) <

+ 25 2N-P/2 (11.120)

Using the representation (11.39), we see that the principal term in (11.120) satisfies

BEo oy, ey x, <cV/N T2, (0.01yefe.17ePVV Koo

(1 = OIEZg n(c)]?

< Cexp(—Nce?) (11.121)

with constants of order unity. This means that € can even be chosen as ¢ ~ N~'/2In N,
showing that the measure at high temperatures concentrates as sharply on zero overlap as
the uniform measure.

Let us now turn to the more intricate and more delicate low-temperature case. Again we
have to justify truncation, and we need a uniform lower bound on the partition functions
in the denominator. But first we must decide how to truncate. Note that so far we used
truncation only for high temperatures and in such a way that the truncations did not alter the
mean partition function. At low temperatures this will not do, and we must dare truncation
with ¢ < . In the REM we have actually seen a much finer truncation at work that isolated
the main contributions to the Gibbs measures coming from the extremal order statistics.
This suggest that we should try to truncate at the ground-state energy, which we could
extract from Guerra’s bound. The important fact is that its random fluctuations are quite
small, which we will prove using concentration of measure.

Lemma 11.5.4 For any € > 0, and for all N large enough,

7|

Proof This is in fact a simple corollary of Theorem 11.1.2. All we have to do is compute
the Lipschitz norm of sup, X, . But

2
> x«/ﬁi| < exp <—N%> (11.122)

sup X, — Esup X,

sup Xy [@] — sup X, [w']| < sup|Xo[w] — X, [a']|

= N""sup Z i, ip@] = iy i, [0 Doy, - - -0y,
T iy
< NP2J[0] = J[ TN = || T[] = T[] (11.123)
which means that the Lipschitz norm of sup, (X, ) is equal to one. O

As a consequence, we can introduce without harm the indicator function of the event
that sup, X, < Esup, X, + cn, where cy ~ C In N. On the other hand, we can bound the
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partition functions in the denominator by 2~ exp(8 VNE sup, (X,) — cn)), since clearly

P |:Z,3,N <2 Vexp (ﬁ«/ﬁ <E sup X, ) — cN>>i|

<P [ZN supeﬁﬁ” <2 Vexp <,8«/N(IE sup X5) — CN):|

2
=P [Sup Xn(o) < Esup(X,) — CN} < exp (-%N) (11.124)

Now let A C (=1, 1). Set Ey = N~?Esup, X,,. Then

Eu$*(Ry(o,0") € A)ET
E, ,efYNXotX,

sup, Xo <JNEy+cy

C2
+2exp <_7N) (11.125)

MRy (o.07en
D—2N @2BN(Ex—cy /v/N)

_ EEma,eﬂ«/ﬁ(XﬁXg/)]IX

6+XU,52WEN+2CN)]IRN(o,a’)eA 1L 2ex _ﬁ
D—2N @2BN(Ey—cy /v N) P

Now assume that 8 > Ey + cN/«/N. Then, as in (11.40),

EEa,a/eﬁ\/ﬁ(XﬁX”’) Hxa +X,1 <2(VNEy+cy) IRy (0,0nen

22N g2BN(Ex—cy/v/N)
_ eXp(N@2In2 — (Ey + en/N NP +4BN"2cy)

=< 2n N
sz/ﬂr—tﬂexP(—Nl(f)ﬁLNw#) (11.126)
) :
o (=B + 1)~ Ey = N-1Pey)

The pleasant aspect of this expression is that it is essentially independent of 8, since cy
goes to zero with N. Moreover, we know that +/2In2 > Ey > +/2In2(1 —¢,), withc, =
277 /1n 2. Thus, any interval A on which

21In2t?

1(t)— N
) T

>cp~27P (11.127)

gives only an exponentially small contribution. This applies to all intervals except
(—277/2,27P/Zy and [1 — 277, 1]. This proves the theorem. O

Of course we would like to know more precisely how the the overlap is distributed on
the remaining two little intervals. In particular it seems more than reasonable that the phase
transition is accompanied, as in the REM, by a charging of mass to the neighbourhood of the
value one, which would imply a ‘lumping phenomenon’ of the Gibbs measure. But it looks
hopeless at the moment to get such information from a computation like the preceding one,
in particular, as long as we do not know the precise value of Ey (remember how sharply
we had to estimate in the REM to get such information out!). Thus to get more information,
one has to use some more subtle tricks.

If we combine Proposition 11.5.1 with Theorem 11.5.2, we see that, above the critical
value of B, the overlap has a non-trivial distribution supported on the neighbourhoods of
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Figure 11.1 Lumps surrounded by empty regions.

zero and %1, while intermediate values are excluded. As Talagrand observed in [236], this
fact alone allows us to draw rather stringent conclusions about the Gibbs measures. Roughly
speaking, and maybe not too surprisingly, they amount to saying that the Gibbs measure
looks like some softened-up version of that of the REM. More precisely, one can conclude
that asymptotically, as N 1 oo, the Gibbs measure will be concentrated on a small subset
of the hypercube that consists of even smaller disjoint components that Talagrand called
‘lumps’, as depicted in Fig. 11.1. Each lump is of size no bigger than O(277), while the
distance between any two lumps is at least 1 — O(277/2). Naturally, one may want to think
of the lumps as candidates for pure states. More precisely, is possible to decompose the
state space Sy into a collection of disjoint subsets C; such that

(i) limy oo Bu§ ({0, o) |Ry(0, 0))| > €\ Ug Gk x Ci) =0 (11.128)

(where the C; depend both on N and on the random parameter!), and
(ii) if o, 0’ € C, then Ry(o,0') > 1 —e.

These facts follow from quite simple geometric considerations that we invite the reader to
work out or to look up in [236].

The most important contribution of Proposition 11.5.1 to this picture is that it implies
that at least one of these lumps has positive mass. Of course one would expect that the
distribution of the masses of the individual lumps should be similar to the situation in the
REM as well, i.e. the total mass should be distributed according to some law on a countable
set of lumps. In the REM this was the consequence of a fundamental theorem on the Poisson
convergence of the extreme order statistics of an i.i.d. family of random variables. There
seems no immediate way to obtain a similar proff in the p-spin case. On the other hand,
we have seen that substantial information on the lump distribution could also be obtained
via the Ghirlanda—Guerra identities. Talagrand has shown that this path is feasible in the
p-spin case, and we will follow him at least some way along this road.

Theorem 11.5.5 Assume that B > B,. Let Cy be ordered such that, for all k, uy g(Cy) >
wn,g(Cry1). Then for all k € N, there exists py < oo such that, for all p > py,

Epy.p (UZC) < 1+ 8n(B) (11.129)

~

Moreover, for k large, py ~ %iﬁ_z
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Proof Infact, just as we could prove an analogue of Proposition 9.5.1 for the p-spin model,
we can also generalize, virtually without changing the proof, Proposition 9.5.7.

Assume that the assertion of Theorem 11.5.5 fails. Then there exists a first instance k*
such that

Eung (U2,C) = 1+ 8y(B) (11.130)
Now define events Q) € B, by
QW ={R € [ 1, 11"" "2V 4y y<nl Rik| < €0} (11.131)

The important observation is that, if {Ry (07, 0x)}1<i<k<k* € Qg;*), then there exists some
permutation v € Sy such that, with probability one, o € C,, forall k < k*. In particular

EM%{(;H [Rﬁ (Gk’ Gk*H)H{RN(al o)<t << €QY ’]
= Eught I:R]I\)/(Uk, I e lalec”(l,] 1 8n(B) (11.132)
But
E/L®k +1 [Rp (a ok +1)H3,,Vf;a/ecnu):|

_ ®k*+1 p k k*+1
- Z EMNﬂ [RN(U i )]IVf‘;”’GCnm]

T ESK*

-y 2 : gkl ko ke .
= Eun [ ( , O ) ]I(fk*+1 €Cr(j) ]IV;‘:IU’EC,,(I)]

TES)x j=

— ®k*+1 14 J
Y [RE o) e Rt s,

T ESK* ]#k
+ ) Eud +1[ (ot Uk*ﬂ)][qﬁﬂecﬂ(k)]Ivglozecnm] (11.133)

TES)*

where we used the symmetry between replicas in the terms j # k to exchange o* ™! with
o/ . Note that for the first term we have the obvious (though not very good) bound

k*
ok +1 [ pp(k _j
0 < Z Z EMN,/S I:RN(O' s O'])Hok*ﬂe(,’ﬂ(_” IIV;(LGIECW):I
TESx jF£k
_ P, ®k [k
< € Euf B [ i la'ec,,<,)] =) Eujys [QF]
while the second term satisfies

E ®k*+1 P~k k41
EMN,/S I:RN (G , O )]I(Tk*+|€Cn(k) ]IV;ZIO'IECH(“]

TES*

®k*+1
> (1 —€)” Z EU«N’ﬂ [Ham]ecw ]IVI (o' gc”(,)]

T ES)*
— (1 _ p ®k +1 .
= B 1 e, ]

= k_*(l — )’ Euyt, [QL] (11.134)
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where we used the obvious permutation symmetry among the first k* replicas. Let us now
use (11.109) with f chosen as the indicator function of the event QX”). Clearly we get

®k*+1 p k k*+1
Eunp [RN(‘T"7 )]I{wa',om)}lgkgk*eQ&ﬁ“]

= ki* B [ Tinyiotomnoaeects’]
x((k* = Def +Euy’yR"(0.0") + Sn(B)
Comparing (11.134) to (11.135) we see that
(1€’ = (K" = Deg + lim By R (0,0") < (K" = 1+ po) €” + pi
This implies the lower bound

‘s (I —€)? —p

k 7
0

Quantitatively, this estimate can be refined to
k= CT'2PR((1 = C27P) — py) =27 po(1 — O(27%))

This proves the theorem.

(11.135)

(11.136)

(11.137)

(11.138)
O

Remark 11.5.6 Talagrand has actually improved this result dramatically in two directions:
First, he has shown that if the temperature is not too low, the overlap is sharply concentrated
on two values, and that the distribution of the lump masses has the same statistics as in the
REM, a fact that would follow easily from the extended Ghirlanda—Guerra relations, but
which are proven in [238] even without this assumption. Moreover, he proved that in this
case the Gibbs measure conditioned on the lumps is a product measure, i.e. a pure state.
The interested reader can find this material in Talagrand’s textbook [239] and in [236, 238].
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Hopfield models

I have hardly ever known a mathematician who was capable of reasoning.
Plato, The Republic.

In this chapter we turn our attention to the second line of generalizations of the Curie—
Weiss model that we mentioned at the beginning of Chapter 3. That is we will study models
that share with the Curie—Weiss model the feature that their Hamiltonian is expressed as
a function of so-called ‘overlap parameters’ or ‘macroscopic functions’. The model we
will focus on here is the so-called ‘Hopfield model’ [139]. In this case, the macroscopic
functions are just the ‘overlaps’ with a random set of a-priori chosen spin configurations,
typically denoted by £!, ..., &M e Sy and called ‘patterns’. We set

m,(0) = Ry(o, §") (12.1)

If the £ are chosen at random, these quantities become random functions on the space of
spin configurations, and a random Hamiltonian is defined, e.g., via

M
Hy(o) = —szi(o) (12.2)

pn=1

This choice yields the famous Hopfield Hamiltonian.

12.1 Origins of the model

The story of the Hopfield model is quite interesting and worth telling. The name goes back
to John Hopfield, a physicist at Caltech interested in modelling the behaviour of networks
of neurons (for a more general survey, see [1], and from a more mathematical perspective
[202]), such as the human brain. Now the brain is a really messy system, composed of a giant
mesh of roughly 10'° cells, called neurons. These neurons are all linked up via dendrites,
essentially long organic wires that are capable of transmitting electric impulses from one
neuron to another. What these neurons basically do is send out and receive sequences of such
electric pulses at various frequencies. The important thing is that the frequency (or ‘firing
rate’ in the jargon) at which a neuron sends out its pulses depends (among other things) in
a complicated manner on the signals coming in from all the other neurons it is connected
with. That is to say, each neuron is a small device that processes incoming information and
transmits the result to other neurons. Clearly, the way these things are connected produces a
device that can perform amazing computational tasks (like reading these pages and possibly
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making some sense out of them . .. ). How can one possibly understand how such a system
works? Clearly, a single neuron is already a complicated system whose dynamics is far from
easy to analyze; trying to analyze the joint behaviour of billions of them thus looks hopeless.
In such a situation physicists like to simplify the models, and to abstract from details while
keeping what are believed to be the essential features. The first step in this simplification
goes the same way as our old friend Ising: simplify the ‘state space’ of a single neuron to
the simplest possible one, {—1, 1}, suggesting that the neuron fires ‘rapidly’ or ‘slowly’.
This idea goes back at least to McCulloch and Pitts [176] in 1943. Now it was known that
a neuron changes its state at a rate depending on the compound, but weighted, effect of all
its input signals, which are functions of the states of those neurons that are connected to it.!
We can think of this effective input signal as some field

hi = fi ({0} jeni) (12.3)

where N (i) denotes the set of all neurons ‘firing’ into the neuron i. The way the network
processes information then depends on the structure of these neighbourhoods (the ‘graph’
of connections), and the properties of the functions f;. Setting these up corresponds in a
way to programming the system. Clearly the simplest choice for a function f; is a linear
one, that is

fi (loj}jeny) = Z Jijoj (12.4)
JEN()

It is known that the effects of a signal on a neuron can go both ways, inducing it to fire or
to stop firing. Thus the coefficients J;; should have the possibility of taking both signs, and
different strengths. Thus we see that this field looks like the local field acting on site 7 in a
spin-glass model. Of course, in contrast to a spin-glass, the coupling should not be arbitrary,
but rather be programmed to ensure a particular task. But how can such programming
happen? As early as 1949, D. Hebb [137] suggested a sort of progressive self-programming
of such a network that should give rise to the network functioning as a memory, more
precisely an autoassociative memory. The idea is that the connection between two neurons
should be altered in a direction to ‘favour’ the current states present, i.e. one should add a
term proportional to ¢;0;. In this way, if the network over time has passed through a number
M of different ‘states’, denoted by gl EM the couplings would take the form

M
Jj=) &lE! (12.5)
n=1

This form of the coupling is called Hebb’s rule. While it is a bit difficult to believe that
things should be that simple, this rule has been a widely accepted one, and in any case is
interesting enough for us to start investigating the ensuing model. Of course, if this idea was
to be taken seriously, the couplings should evolve in time; we will, however, assume that the
couplings have reached a state of saturation where they do not change anymore, and what
we are interested in should be the evolution of the state of the network from some initial
state o (0) with fixed couplings of the form (12.5). We still have to define the dynamics: here
Hopfield, in his seminal 1982 paper [139], proposed a Markov chain, where at independent

! Connections in real neural networks are directed and not reciprocal, a fact that we shall ignore here.
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exponentially distributed random times a clock rings at site i and the neuron changes its
state o;(¢) to a new value 1 with probabilities proportional to exp(£8#h;). Hopfield’s key
observation was that (in the case of symmetric connections) such a Markov chain would
have as its invariant measure a Gibbs measure corresponding to the Hamiltonian

Hy(@)=— Y Ijoi0; (12.6)
i,jijeNG)
with J given by (12.5). Finally, simplifying the model further by assuming that any neuron
is connected to any other, and normalizing properly, one arrives at the Hamiltonian

M N

Hy(o) = —% o) Eleloio; (12.7)
n=1ij=1

which one sees easily to be equal to the expression given in (12.2). This is, in brief, the

reasoning that led Hopfield to derive what could be called the ‘Ising model’ of neural

networks. The formal resemblance to spin-glass models then of course sparked immediate

interest among physicists who saw a chance to bring their expertise to bear in an entirely new

context.

Interestingly enough, though, the Hamiltonian (12.7) had been introduced five years
before Hopfield, in three papers by Figotin and Pastur [197, 198, 199] that had apparently
received very little attention.” Not surprisingly, they were advocated as simple, exactly
solvable models of spin-glasses! Figotin and Pastur more or less gave a complete solution,
which, however, failed to exhibit the key features expected of spin-glasses but revealed that
the model behaves very much like the ordinary Curie—Weiss ferromagnet, except that the
number of stable magnetized states was equal to 2M instead of 2. In a way, from this point
of view the model was about as disappointing as the model introduced in 1976 by Mattis
[174] that corresponded to the case M = 1 and was seen to be totally equivalent to the
Curie—Weiss model.

Fortunately, Hopfield did not repeat the analysis of Figotin and Pastur (this was done a
few years later by various people), but performed numerical experiments.> Moreover, in
these experiments he had an objective that was motivated by the interpretation of the model
as a memory. This meant that, starting from an initial configuration close to one of the
‘patterns’ £/, the system should approach £* and stay close to it for a long time, if not
forever. Now Hopfield observed that this was indeed true (in a sense), but only if M was
not too big: in fact the allowed value of M depended on the size N of the network and was
roughly M* = 0.14N. This was interpreted as a limited memory capacity of the network.
So something interesting happened, but only if M was taken as a function of N'! Naturally,
this fact had eluded Figotin and Pastur who studied the thermodynamic limit N 1 oo with
M fixed!

The seemingly small modification brought to the model by considering M as a function
M(N) of the system size N thus turns what otherwise would be a simple mean-field model
into something much more interesting and also much more complicated to analyze. In [42]

2 This fact was brought to my attention only in 1993 by L. Pastur; it seems that these papers have almost never
been cited in the entire literature on Hopfield’s model.

3 This is not to discourage people from doing analytic work. However, the example shows that interesting facts
are often found by experimenting with things one does not understand.
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we have called such models generalized random mean-field models. I will not discuss here
the more general setting introduced there but stay with the single example of the standard
Hopfield model.

While Hopfield’s results suggested that this model is much more interesting than was first
thought, the choice of the function M (N) provides a parameter that could make a rigorous
analysis possible at least under certain conditions on the growth rate of this function. Indeed,
at least the rigorous study of the model can be seen as a constant struggle to push our
understanding to larger and larger growth rates, ranging from Figotin and Pastur’s constant
M through logarithmic [117, 153, 252] via sub-linear growth [44] to what we can control
today, linear growth M(N) = o N with sufficiently small « [41, 42, 45, 233, 235]. I will in
the sequel explain the most significant steps in this development.

12.2 Basic ideas: finite M

To get a feeling for the model, it will be worthwhile to discuss first the case when M is
finite. In this case, everything is similar to the Curie—Weiss model from Section 3.5, and we
can use in principle the same two tools introduced there: large deviations and combinatorial
calculations, or the Hubbard—Stratonovich transformation.

The large deviation approach looks a-priori more rational and has the advantage that it
can be applied to a very general class of (generalized) mean-field models. Its strategy is
to study first the distribution of the macroscopic order parameters m y (o) under the Gibbs
measure, i.e. the measures Q such that

Qp.n(m € A) = ppn(my(o) € A) (12.8)

for any Borel set in RM. Now it is fairly straightforward to see that the family of measures
Qpg,n satisfies a large deviation principle, i.e.

SUP,ye g0 Wp(m) = liminfy o — & I Qg y (A) (12.9)
<limsup — 4 InQp n(A) = sup,,. g Vs(m)

with probability one, and for a rate function, Wg, that is independent of the realization
of the random variables £. This observation goes back to van Hemmen and co-workers
[252, 253, 254, 255, 256] and, in greater generality, Comets [79]. The computation of the
rate function is greatly simplified by the fact that Hy is just a function of the m . In fact,
finding the rate function is reduced to the combinatorial problem of counting the number
of spin configurations o that give rise to the same value m . This problem is in principle
elementary, even though the final expression is fairly involved.

The second approach, based on what is frequently called the Hubbard—Stratonovich
(HS) transformation, works well only in cases where the Hamiltonian is a quadratic function
of the order parameters. When it works, however, it is much simpler, and some results have
only been obtained with this method. Since the large deviation approach has been explained
extensively in [43], I will stick with the Hubbard—Stratonovich approach here. This approach
is incidentally also the one used in [197, 198]. One way to view the HS transformation is
to say that it consists in constructing the convolution of the induced measure Qg y with a
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Gaussian measure of mean zero and variance 1/8N,
Qp.n =Qpn*N(0,1/BN) (12.10)

This measure can be written down in a very explicit form (much more explicit than the
measure Qg ), due to the simple identity (3.59) from Section 3.5 applied to the Boltzmann
factor:

M
exp (—%N Z(mN(O")“)2> (12.11)

n=1

The exponent in this expression is now linear in the variables o;. It follows immediately,
after a convenient change of variables, that

® dzy---dz
Zyy = /700 W exp(—NBPs v (2)) (12.12)
and
Qg n(dz) = eXp(NPOp NG (12.13)
Zﬂ N
with

N
Dy n(2) = > Zz ——>"In cosh(,B > 5,”@) (12.14)
= n
This function will play a central role in the remainder of this section. In the context of the
HS approach, it replaces the rate function in the large deviation approach; the big advantage
of the HS method is that it can be written down explicitly for any values of N and M and
looks thus much more suitable in the cases when M depends on N. Moreover, the rate
function W and the function ® are quite intimately connected, as is explained at length
in [42].

Looking at the function ®g y, we see that the second part of it is an empirical mean over
the sample of N random vectors &;, as shown in Fig. 12.1. Thus we may expect that, in the
limit N 1 oo, this function will converge to a deterministic one, namely

1
®p(2) = S lzll3 — B~ Elncosh (&1, 2)) (12.15)

This follows e.g. in the topology of uniform convergence on compact sets from the law
of large numbers in Banach spaces (see, e.g., [167]). Since I will later show a related result
in the case when M depends on N, I will not discuss this any further at this point. In any
case, it is clear that the first thing to do is to understand what this function looks like if we
want to understand the properties of the measure Qg y for large N.

The first observation, due to Figotin and Pastur, is that:

Lemma 12.2.1 For any M € N, if &' are i.i.d. Rademacher random variables taking the
values £1 with equal probability, then the function ®g takes its minimal values ¢g(m™),
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Figure 12.1 The function ®,(z) for M = 2.

where m* is the largest minimizer of the function ¢g(m) = %mz — B~ 'Incosh(Bm), i.e. the
largest solution of the equation

x = tanh(Bx) (12.16)
on the set Mg y given by
M= |J (Emrer, (12.17)
+.pe(l,....M)

where e* denotes the j-th unit vector in RM. Note that m* = 0, whence IMp.ul = 1ifand
onlyif B < 1.

We even have more:

Lemma 12.2.2 Under the assumptions of the preceding lemma, for all B # 1 there exists
c(B) > 0 such that, forall M € N,

®p(2) = 9p(m”) 2 c(B) min Iz =yl (12.18)
Proof 1will only give a short proof of Lemma 12.2.1. Note that
IzII3 = E (61, 2))° (12.19)
so that
®p = Egp((§1,2) (12.20)

where ¢ is the Curie—Weiss function defined above. This function attains its minima at the
points +m™*. Thus it is clear that, if z is such that the random variable (&}, z) is supported
on the set {—m™*, m*}, then @y attains its absolute minimum at this point; moreover, if such
a value exists, then the absolute minimum is attained precisely on the set of values z for
which this is true. Now, if éi” are Rademacher, then any z of the form z = £m*e* has
this property. Moreover, it is very easy to see that these are the only possible candidates.
Namely, our condition is

M
Y ez, =Emt, Ve € (-1, 1M (12.21)

n=1
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Without loss of generality we can assume & = 1. Then (12.21) implies that

21+ b=+m*
71 — b =+m* (12.22)

Quite obviously this can only be true if either z; = +m™ and b =0, or z; =0 and
b = +m*. In the second case we are done if M =2, and we can proceed inductively
otherwise. In the first case we argue that b = 0 implies that all z,,, 4 > 1 must be zero.
This is trivial in the case M = 2, while for M > 2 we can split b again into two pieces
that would need to satisfy z, + b, = 0 and z, — b, = 0, which is obviously only possible
if both z; = 0 and b, = 0. This proves Lemma 12.2.1. O

Noting the elementary fact that ¢g(x) — pg(m*) > a(B)(|x| — m*)?, it is quite obvious
that Lemma 12.2.2 holds with some constant ¢(8). The proof given in [43] yields a numer-
ical estimate of the constant, but I am not terribly happy with either the proof (which is
cumbersome) or the estimate (which is poor). Thus I encourage the reader to try to improve
this estimate!

In the case of finite M, it follows readily from these observations that any e-neighbour-
hood of the set M y carries all but an exponentially small fraction of the total mass of the
measures Qg v, with probability that tends to one very rapidly. In particular, it is very easy
to see that the measure conditioned on, say, any ball* of radius r < m* centered at m*e*
converges, as N 1 0o, to the Dirac measure on the point m*e*, almost surely. The same is
then true, naturally, for the measures Qg y.

We see that the vicinities of the points m*e* play here the same role as the ‘lumps’ in
the REM or the p-spin SK model, with the difference that they are not randomly placed but
deterministically put in by the construction of the model. A natural question is then whether
we can control in this model the respective ‘lump-masses’, that is whether we can control
the behaviour of the unconditioned Gibbs measures. This problem was considered only
lately as an illustration of the concept of ‘metastates’ in two papers by Kiilske [157, 158] in
1997. It is clear that this requires a much more precise analysis of the function ®g y than
what we have given so far. How can this be obtained?

The first idea should be to use the functional central limit theorem (see, e.g., [167]) to
extract the sub-leading corrections. Indeed the following holds:

D
VN(®pn(2) — Pp(2)) > gp(2) (12.23)
where gg is a Gaussian process on RM with covariance

Cp(z,z') = Elncosh(B(&1, 2)) Incosh(B(&;, 2)) (12.24)
—E Incosh(B(&1, 2))EIncosh(B(&1, Z))

At first glance this would suggest that the fluctuations of ®_y are of order 1/+/N, and thus
the relative weights of the different ‘lumps’ should differ by factors of order exp(8+/N).
However, a closer inspection shows that this is not true. Namely, note that we are interested
in the process gg essentially only very near the points z = &m*e*. But at these points, the
variance turns out to be zero, as should be the case, since at these points ®g v is non-random!

4 Or, for that matter, any closed set containing the single point m*e* from M B.M-
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Note that this relies crucially on the fact that the random variables &/ take only the values
+1, and as soon other distributions are considered, this will change dramatically.’ In any
case, we see that the precision of the CLT is not enough to solve our problem, and we have to
look for the next order corrections. In fact, given that the fluctuations are strictly zero at the
points +m*e*, one might first suspect that maybe the weights could all be equal. However,
the random effects will induce small shifts of the position of the minima of ®g 5 away from
these points, and we will have to control these shifts and the values of the function at these
real minima to solve our problem. Since we expect these shifts to be very small (tending to
zero with N), a natural approach is to use Taylor expansions. Let us consider the minimum
near the point m*e*. Its location z**) must satisfy the equations

W = Zg tanh (B (&;, ZW)) (12.25)

Now write z¥ = m*e* + 8. Then 8 satisfies

1
bu = D&/ wnh(B(m"E/" +(5.£)) —m", (12.26)

1
o= & anh (B 560, v

Taylor expanding, and using that m* = tanh(8m™), we get

8, = ﬁcosh*z(m*ﬂ)% Zg;‘(s, &)+ 0(l1813) (12.27)
= B cosh2(m*B)8,, + B cosh™2(m*B)— 225 £28, + 0(118113),
v;éu i
8, = %Zgﬁg# tanh(Bm™) (12.28)

+2 32 cos (6.5 + O(1513),
= B cosh *(m* )3, + tanh(ﬁm*)% Z &gl

+ B cosh 2 (m*B)— ZZS &’ 8v’+0(”8” ), v#ER
ViF£Y i

Since - v i &'E " = O(N~'/?), one checks readily that to leading order the solution of these
equatlons is

8, =0+ O(1/N), (12.29)

tanh(Bm™*) .
1 — Bcosh2(Bm*) N Zs & + O(1/N)

v =

5 A particularly interesting situation arises if the distribution of the £ is taken to be Gaussian (see [60, 248]).
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It follows that

g (z") — pp(m™) = Z 82(1 — Bcosh™(Bm™)) + o(1/N) (12.30)

1 (m*)? :
= 7 E N~1/2 E Vel 4 o(1/N
N 1 —B(1 — (m*)?) u#< - 5 E’) ot/

where we used that cosh™2(x) = 1 — tanh?(x). As a consequence, the measure Qg y has a
decomposition

M
Qpn ~ Zpﬁ,N(,u)(Q,B,N(‘|Be(m*eﬂ)) + Qp n(-|Be(—m™e)) (12.31)

u=1
where the conditional measures converge almost surely to Dirac measures, and
(m*)* —1/2 )2
exp(B s Lo (V22 6761)7)

*)2

Y 16Xp(’31 B v (N2 X 7 E) )

We see that these weights are, as random variables, functions of the M(M — 1) sums of
1.1.d. random variables

pp.n(p) = (12.32)

bxv — N-12 Z%.ivsiu (12.33)

Since for u < v, these variables are uncorrelated (check!), it follows again by the cen-
tral limit theorem that this family of variables converges weakly to independent normal
variables. This permits us to formulate a convergence result in the spirit of the metastate
formalism.

Theorem 12.2.3 [157] Assume that B > 1 and M < oo. Then

Qp.N 3 Qg (12.34)

where Qg is the random measure on RM given by

M
Qs =Y PhBuren + 8_meen) (12.35)

u=1

where

(m*)* 2
exp (5W > vin 8 v)
pz — B—(m*)?) HOp (12.36)

*)7
Zu 1 €Xp (131 A= vt g,2w>

and, for w < v, the family {g,.} are independent standard Gaussian random variables.

Remark 12.2.4 Of course, the same result also holds with Q replaced by Q.

Itis clear that we could fix (condition on) a finite number of the components of £# without
at all affecting the result. Thus the rle of conditioning on the disorder that was emphasized
in the construction of the metastates does not really come to bear in this setting. In that
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respect it will be more instructive to look at the Gibbs measures as measures on the original
spin space. Since as usual we are interested in the convergence of finite-volume measures
in the product topology, it will be enough to consider probabilities

up.n(or = s7) (12.37)

for any finite / C N and s; € {—1, 1}/, and to prove joint convergence of arbitrary finite
collections of such probabilities. A simple computation shows that these can be represented
as follows:

f dze—ﬂN‘Dﬁ’,N'(Z) H'EI efsi(6i2)
J dze PNEr v OTT, 2 cosh(B(&;. 2))
where N' = N — |I|, 8/ = BN/N’.Note that the difference between N and N" and 8 and g’

is negligible in the limit N 1 oo. Itis clear that Theorem 12.2.3 implies that g y converges
in distribution to a random measure, 14, whose finite-dimensional marginals are given by

mpn(op =sp) = (12.38)

ﬂY:(& 2)

_ _ 12.39
paior =5 = [ Qs 1 Sy e

where & l.”“ are i.i.d. symmetric Rademacher random variables, and Qg is the random measure
from Theorem 12.2.3. We see that, when looking at convergence in distribution, we lose
the information on our patterns: the & appearing in (12.39) have the same distribution as
the patterns that we used to construct the Hamiltonian, but they are not the same random
variables. But clearly we can do better. Namely, conditioning on the &/, for all i € J, for
an arbitrarily large finite set / C N, does not change anything concerning the convergence
of the measures Qg  (since these finitely many variables give no contribution to the limits
of the variables bxv 1); however, they do appear in (12.39). Therefore, the Aizenman—Wehr
metastate will be the same random measure as j1, except that now the &/* appearing on the
right are precisely the original patterns from the definition of the Hamiltonian. Combining
these observations, we can state the following theorem:

Theorem 12.2.5 [157] Assume that B > 1 and M < oo. Then, given &,

S

wenlE] 5 D ph(h 16+ ' 6]) (12.40)

v=1

where p/_f; are defined in (12.36) and ,u/jst’”[é] are product measures on {—1, 1}N with
marginals

+Bm*Es;

+,v D e —
g 18)oi = si) = >—— 2 cosh(Bm™) (12.41)

Remark 12.2.6 The product measures ,u/?’“ [£] can be viewed naturally as the pure states for
this model. Theorem 12.2.5 then says that the metastate is a random convex combination of
these extremal states, in accordance with Theorem 6.2.8. One can easily construct sequences
of measures converging almost surely to one of these extremal measures by adding an
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external field term
N
+h Z £'o; (12.42)
i=1

to the Hamiltonian, and taking the limit N 4 oo first and & | O after this (Exercise!). This
is in fact much simpler than proving Theorems 12.2.3 and 12.2.5 and requires much less
information about the fluctuations of the process ®g x(z). It is also much more robust and
can be proven even when M grows with N, as long as limy4sc M/N = 0 [44].

Since all of these results follow from the explicit representation of the lump-weights as
functions of sums of i.i.d. random variables, one can obtain further results. In particular,
from the invariance principle one can construct the so-called superstate (proposed in [43]),
i.e. the measure-valued stochastic process constructed as the (conditioned) distributional
limit of the process {/4g,rn1}:e(0,1] and which is obtained from the expression for g by just
replacing the Gaussian random variables g, by independent standard Brownian motions
b, (¢). This and further results relating the different notions of metastates can be found in
[157, 158].

12.3 Growing M

The finite M model is, as we have seen, readily solvable using just standard results from
probability theory: the law of large numbers, central limit theorems, and the Laplace method.
As soon as M turns into a function of N, these results are no longer immediately applicable
and require substantial modifications. Before discussing the results obtained in this direction,
let me identify the main steps in the analysis of the finite M case that need to be reconsidered.

The first difficulty is the fact that the law of large numbers no longer provides the
convergence of the function ®g y to its deterministic limit. Indeed, since these functions
are now defined on RM¥™), with M(N) growing to infinity, we would not even know what
we should mean by such convergence.

Even if we control ®g y, the Laplace method will have to be adapted to a situation when
the integral is over a space whose dimension grows together with the large parameter. This
is, however, a minor difficulty.

A precise analysis of the local properties of the minima of ®g 5 can no longer rely on
simple Taylor expansions as used in the derivation of Theorem 12.2.3. The main point we
have used is that, by the Schwartz inequality, |(§;, §)| < VM ||8]|5. If M is finite, this implies
that if § is small in norm, then all the shifts in the arguments of the functions appearing are
also small; if M grows with N, this is no longer the case.

The faster M grows as a function of N, the more serious all these difficulties get. As a
consequence, the history of the mathematical analysis of the Hopfield model is marked by a
sequence of steps reaching larger and larger rates of growth: first results (using combinatorial
large deviation methods) by Koch and Piasko [153] in 1989 and van Enter and van Hemmen
[252] in 1986 reached logarithmic growth M(N) < In N. The next stage reached sub-
linear growth (M(N)/N | 0). After the first computation of the free energy in 1993 (Koch
[152] and Shcherbina and Tirozzi [220]), the extremal Gibbs measures were constructed
in 1995 in a collaboration with Gayrard and Picco [44], a large deviation principle was
proven with Gayrard [40] (see also [80] for an interesting variant), and finally a central
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limit theorem was proven in the same collaboration in 1997 [40] (first results on the CLT,
under stronger growth conditions, are due to Gentz [119, 120]. An interesting result on a
non-central limit theorem at the critical temperature was found more recently by Gentz
and Lowe [121, 122]). The only result missing in this regime is the analogue of Theorem
12.2.3, which we have obtained only under more stringent growth conditions (namely
M(N) < /N) in a collaboration with D. Mason [57] in 2001. T will not go into the details
of these results, but pass to the next step, the case when M(N) = a N with« > 0, but small.
Here I will distinguish two steps of progress: first, a-priori estimates of the support of the
Gibbs measures, and exponential estimates of the respective weights [41, 45], and second,
analysis of the conditional measures corresponding to one pattern, and justification of the
replica symmetric solution [42, 43, 233, 235]. Let me mention that there is another line
of research that I will not discuss in this book that relates solely to the analysis of local
minima of the Hamiltonian of the model and that principally investigates the question of
how large « can be chosen to be if one wants to guarantee the existence of local minima of
Hy ‘near’ the stored patterns (the so-called problem of the storage capacity). Key references
are [154, 170, 184, 233].

12.3.1 Fluctuations of ®

In a way one can say that the key to analyzing the Hopfield model with growing M is
to understand how to use « = M/N as a small parameter instead of 1/N. This means in
particular that we would like to say that ®g y is still close to its mean as long as o is small.

Our aim is to show that for small &, the minima of the function ®g y are reasonably close
to £m*e*, and that beyond a small neighbourhood of these points, the function grows like
E®g y. Clearly, this requires an estimate of ®g y(z) — EdPg y(z), which may get worse as
z is farther away from the minima of E®g y. On the other hand, we need estimates that are
uniform in z. That is to say, a desirable estimate will be of the form:

Proposition 12.3.1 Let M(N) = aN. Then there exists a constant C < oo such that, for
all B > 1,

1 _
P[szdN@,M,a_Mchg XIMGE EE%,N(z)} > 1—e MV (1243

Proof Our task is to control the fluctuations of a stochastic process defined on a space of
dimension M (N). In principle this is a classical problem in the theory of stochastic processes
and there are well-developed tools available that we will not fail to employ: exponential
estimates and chaining (see in particular [167]). Let me briefly explain the ideas behind
this. Probably the most elementary estimate used in probability is that P[max;¢; X; > x;] <
Y ie; PIX; > x;]. This estimate tends to be good if the variables X; are independent and
the probabilities are small. In our situation, this is not directly applicable, since we are
considering suprema over uncountable sets. The standard remedy is to consider a grid and
to group the points close to a grid-point together, hoping that they will not vary too much
from the value on the grid-point, while bounding the maximum over the grid by the sum.
Note that we have already used a similar procedure in the proofs of Propositions 7.1.8
and 11.2.6.
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Let us first look at an exponential estimate for the deviation at a fixed point:

N

1
5@ ~E@pn(@) = 35 Y (Incosh(B(&, 2)) — Elncosh(B(&,2))  (12.44)
i=1

and so, as we have already seen above, this difference vanishes strictly whenever z has a
single non-vanishing component. It will be crucial to exploit this and to get a bound that
shows that the fluctuations decrease, as we approach one of the minima of E®g y. Thus,
we exploit that, with z* being any of the values £m*e", we have

Incosh(B(§;, 2)) — Elncosh(B(&;, 2)) (12.45)
= Incosh(B(&;, 2)) — Incosh(B(&;, z*))
— E(In cosh(B(&;, z)) — Incosh(B(&;, z¥)))
= Blfi(z, 2) — Efi(z, 2]

Next we use Taylor’s formula to bound

IfiCxe, I < (i, (x — y))I[ tanh(B(&;, 2))| < [(&ir (x — y))I (12.46)

We will want to use Chebyshev’s inequality to estimate

l ¢ tSN x (f; .
= . _Rf Cfam Fix=Efi(x,y)
P [N ;:1 (fitx,y) —Efi(x,y) = 5} < }gge i|=1| Ee ) Y

(12.47)

We must estimate the Laplace transforms of f;. Using the standard second-order bound on
the exponential function, e* < 1 4+ x + %xze“', together with (12.46), we get

2
Ee/ (R B < 1 4 %Em(x, ) = Efi(x, y)?e/en=BAeal - (12.48)

1? )—Ef;
L+ S[BCiGr, 3) — B i, ) et Bhtenl]! /2

A

where we have used the Cauchy—Schwarz inequality to separate the expectation of the
polynomial and exponential terms. Clearly,

2 i N-EfE Y < et it < FetlE =y (12.49)
and

E(fi(x,y) = Efitx, y)* < TRE (fi(x, y)* < TE(, (x — y))* (12.50)

Now we can use the Marcinkiewicz—Zygmund inequalities (see, e.g., [78], pp. 366ft.), in
particular E(z, &)* < k¥||z||3* and Ees@&)! < 2e5°12I3/2_ This yields

Ee'ie-EfGCy) < 1 4 £23)||x — y”§e4t2||x—y||% (12.51)

< exp (3202 x — y|3e 112

We now get:
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Lemma 12.3.2 Let z* be any of the points £m*e*, and set R = R(z) = ||z — z*||2. Then,
forall § <1,

P[|dp n(z) — EDp y(z)| > SR] < 2e~ 0% (12.52)

Proof Insert (12.51) into (12.46) and choose t = §/(64R). This gives the bound for the
upper deviation. For the lower deviation, the analogous procedure gives the same bound,
and this implies (12.52). O

Lemma 12.3.2 shows that typical deviations at a given point z are of order R/+/N, where
R is the distance of z from the nearest coordinate axis. But this does not yet tell us anything
about maximal fluctuations. The first idea would be to introduce a suitable lattice, VV in
RM | to use Lemma 12.3.2 to bound the maximal fluctuations on the lattice (as a function
of R), and to prove some uniform bound on ®g y(x) — @4 x(y) to control the deviations
from the nearest lattice point. Using again (12.46), and the Cauchy—Schwarz inequality, we
easily get

1 & 1 &
|Ppn(x) — Pp v < 5 ;(x -y, &)2N ;tanhz(ﬂ(z, &)

IA

1 & 5
— E (x —y,&) (12.53)
N &

Even though this bound will not be sufficient to get optimal results (bounding tanh by 1
everywhere is exaggerated when S is close to 1), it presents us with the occasion to consider
an important object, namely the M x M random matrix A, with elements

1N
A =— of 3¢ 12.54
W= ;é 3 (12.54)
In terms of this matrix we can of course write
1
¥ Z;(z, £) = (z, A2) (12.55)

and thus obtain from (12.53) the bound

[P n(x) — P v < [lx — ylallAlIY? (12.56)

where || A|| is the operator norm of the matrix A in £,(RM).

Random matrices of this form belong to one of the classical ensembles of random matrix
theory, the so-called Marchenko—Pastur matrices [173]. They are also well known in
statistics where they appear as sample covariance matrices. As a result, their spectral
properties, and in particular their norm (coinciding with the maximal eigenvalue), have been
widely investigated (a certainly incomplete selection of references is [118, 128, 223, 260];
some results have been rediscovered or even improved in the course of the investigation of
the Hopfield model in [43, 44, 58, 152, 220]). In particular it is known that:

Theorem 12.3.3 [260] Let A be the M x M random matrix defined in (12.54), with &*

i.i.d. random variables with mean zero, variance one, and E(Si“ Y < co. Assume that
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limyyoo % =ua < o0. Then
lim ||A] = (1 + ﬁ)z, a.s. (12.57)
Ntoo

In fact, much more precise results are available, but they will not be relevant to us for the
moment. In fact, in the remainder of this book we will simply pretend that A always has
norm bounded by (1 + /a)?, effectively placing ourselves on a subspace of full measure
where this is true (for large enough N). It should be noted that the observation that this
matrix and the bound on its norm are important goes back to two papers by Shcherbina and
Tirozzi [220] and Koch [152] and triggered much of the later progress.

Exercise: Use Lemma 12.3.2 and (12.56) with ||A|| < (1 + \/a)? to show that the asser-
tion of Proposition 12.3.1 holds with the supremum taken over z : dy(z, Mg mw)) >
C./a|In«a| for any fixed B > By > 1.

Since this one-step approach does not yield a result that we deem sharp enough, we must
use a refined approach known as chaining that consists of introducing a hierarchy of lattices.
Let us denote by Wy, = (rM~'/2Z)M the hypercubic lattice of spacing rM~'/2 in RM.
Note that no point in R is farther away from W)y, than /2. It is not difficult to see that, if
B (0) denotes the ball of radius R centered at the origin, then the number of lattice points
in this ball satisfies the bound, for R > r,

W, N Br(0)] < eMInR/)+2] (12.58)
Now choose a sequence of spacings, r, = e "R, and set W(n) = Wy, N B,, ,. For x €
RM | let k,(x) € W ., be the (in case of non-uniqueness, one of the) closest point(s) to x
in Wy ,,. Note that, by construction, ||k,(x) — x||2 <r,/2 and k,(x) — k,—1(x) € W(n).
Clearly we have the telescopic expansion
Qg () — Edpn(z) = Ppn(2) —Edp n(z) — (Pp n(z") — EPp n(27))
= Oy y(ko(2)) — EDp n(ko(2)) — (Pp n(2*) — EDg n(z¥))
+ ®g n(k1(2) — EDg n(ki(2)) — (Pp,n(ko(2)) — EPg n(ko(2)))
+ Dp n(k2(2)) — E®p n(ka(2)) — (Pp n(ki(2) — EDg n(ki(2)))
+ - (12.59)
+ @p  (kn(2)) — By (ka(2))
— (P N(kn—1(2)) — EDp n(kn—1(2)))
+ PpnE) —EPp N(z) — (Pp N (kn(2) — EDp n(kn(2)))

Now leté, > 0,£ =0, ..., n, be a sequence of numbers such that ZZ:O é¢ = 6. Then, the
event that ®g y(z) — Edg x(z) > § occurs, only if, for at leastone 1 < £ <n —1,

Dg n(ke(2)) — ED@g n(ke(2)) — (Pg n(ke—1(2)) — EDg n(ke—1(2))) = 8¢, (12.60)

Dp n(ko(z)) — EDp n(ko(z)) — (P n(z") — EDp n(z")) = 8o, (12.61)

or

Dp n(2) — EPp n(2) — (Pg n (ki (2)) — EDg n(k,(2)) = 55 (12.62)
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and, consequently, the probability of the event in question is smaller than the sum of the
probabilities of these n + 1 events. The probability of the event (12.60) is bounded, by
Lemma 12.3.2. Using the uniform bound (12.56), if we choose §, > ¢ " R(1 + /«), the
event (12.62) is excluded. By (12.44), the probabilities of the events (12.60) can be estimated
using (12.47) and the arguments leading to Lemma 12.3.2. This gives

P[|®g,n(ke(2)) — Pp n(ke—1(2)) — E(DPpg n(ke(2)) — Pg n(ke—1(2)))] = 8¢]

N & N X"V}
<2 -t ]=2 -t 12.63
= eXp( 150rg_1) exP( 150 R ) (12.65)

On the other hand, when z varies over Bg(z*), the pairs (k¢(z), k¢—1(z)) take only a small
number of values, since their difference lies in YW/(£). This yields that

Card {(kg(Z), kg,l(z))lx € BR(Z*)} < |WM,rz,1 N BR(Z*)||W(£)|
< eMUIn(R/re1)+5] (12.64)

Putting these observations together, we get that

n—1
P| sup |®pnGR)—EDpn(2)| =D e "R+ Va)+ Re™
Z€BR(z*) =0

N &2
< 2exp(M[1n R/ro+2] — ER_%) (12.65)

n—1

+2 exp(M[ln(R/rg_l)—l—S] —
=1

N D2
150 R? >

If we chose 6, = C ﬁe’fﬁ, for some C large enough, then there is a constant ¢ > 0,
depending only on the choice of C but not on « or R, such that

]P)|: sup [P n(z) — EDg n(2)l (12.66)

Z€BR(z*)

n—1
> Ja(l + Ja)RC Z e te'? 4+ Re_":| < 2ne~M
£=0

We see that it suffices to chose n = —% In « to achieve that
n—1
Va(l+ Va)RCY e 4'? + Re™ < C'Rx (12.67)
(=0

with C’ ~ C independent of « and R. One can easily see that (12.67) can be improved to
show that, for C large enough, there exists ¢ > 0 such that for, say all R < 1,

P [ sup | ®p n(z) — EDp n(2)] > «/&CR(Z)i| < 2ne~M (12.68)

ZEBR(z*)
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and, using very similar arguments,

IP’[ sup |®p n(z) — EDp n(2)| > ﬁCR(z)] < 2ne~M (12.69)
z:dn (2, Mg mny)=1

We leave it to the reader to check that this implies the assertion of the proposition for all
B, such that m*(8) > m > 0; however, so far, we have no uniform control on the constants
when m*(8) tends to 0 (which happens when § | 1). Inspection of our proof shows that the
only place where we have exaggerated is when in (12.53) we estimated tanhz(,B (Z,&)) < 1.
This estimate becomes poor when ||Z||> tends to zero, which becomes relevant precisely
when B | 1. In this case, we have to use tanh® x < x? and to replace (12.53) by

1 N 132 N
[Ppn () = PpN W= | & ;x —n&P | ;(z, &)

< BlIANlx — yll2 max(|lx|l2, [Iy1l2) (12.70)

We leave it to the reader to fill in the details showing that from here we obtain the assertion
of the proposition in the case 1 < 8 < By. O

Proposition 12.3.1 is a key result that allows us immediately to conclude that the measure
Qg v is concentrated on the union of 2M(N) disjoint balls of radius c/or/m*, provided
a < y(m*)?, for finite positive constants y and c. This is in perfect agreement with the
prediction of the replica method [9], and even the scaling of the upper bound on ¢, as 8 | 0,
is in accordance with these predictions. Of course, our constants are pretty lousy, as one
might expect. We state this result for easy reference as:

Theorem 12.3.4 There exist 0 < cg, C, y, < 00, such that, for all B > 1, JJa < ya(m*)z,
and all p satisfying co(% AN~V < p < m*//2, we have, with probability one, for all
but a finite number of indices N,

Q. (UML) Uyt By(sm*el)) = 1 — e CHAN', (12.71)
The same result holds for the measures Qg y.

Remark 12.3.5 A version of Theorem 12.3.4, with worse bounds on the radii of the balls
and on the maximal value of «, was first proven in [45]. The correct asymptotics near 8 = 1
was proven in [41]. We have been following closely the version of the arguments given in
[42]. An alternative proof was also given by Talagrand [233].

As we have already explained in the analysis of the p-spin SK model, having established
a result like Theorem 12.3.4 two questions remain open: How is the mass distributed over
individual ‘lumps’ (here ‘balls’), and what are the properties of the measure conditioned
on one lump (ball)? In the case of finite M we could completely answer both questions.
When M grows, both become much more subtle. As we will soon see, amazingly enough, the
second question can be answered in full under additional conditions on o and . Concerning
the first question, a full answer has been given only under very strong conditions on the
growth rate of M, namely M? <« N, in [57]. The approach used there consisted essentially
of pushing the analysis of the finite M case to its limits, employing in the process some
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very strong Gaussian approximation results. Since these appear to be special methods that
work in a non-canonical regime, I will not include a discussion in this book. On the other
hand, there are some weaker, but very general results concerning these weights based on
concentration of measure estimates that I will discuss in the next subsection.

12.3.2 Logarithmic equivalence of lump-weights

Theorem 12.3.4 suggests quite naturally that as in the finite M case, there should be (at
least) a pair of pure states corresponding to each pattern and its mirror image. However, on
closer inspection one sees that this conclusion is premature. The point is that the theorem
says nothing about the mass of any given pattern: it could well be that the mass of some
of the balls is exponentially small (in N) and thus there would be no reason to give it
preference over any other region in the state space. In particular, if one adopts the external
field construction of extremal infinite-volume limits of Gibbs states, in such a situation we
would not recover a limit state corresponding to such a pattern. This problem has been
an obstacle for quite some time. Namely, a straightforward estimation (see [44]) of the
relative weights of these balls would only show that they differ by no more than a factor of
exp(O(M)); this suffices in the case M(N)/N | 0. This allowed us to construct the extremal
measures under these hypotheses [44], but it remained unclear what would happen if « is
strictly positive. This problem was solved in [45], where it was realized that the right tools
to address this situation are concentration inequalities. By today’s standards, the approach
used in [45] was rather clumsy, and due to some new concentration inequalities proven
subsequently by Talagrand [232] (cited as Theorem 7.1.3 in Chapter 7), this is now a very
simple and standard routine.

Theorem 12.3.6 Let p be as in Theorem 12.3.4. Set

Iy = L ln/ dze PN ®pN () (12.72)
B B, (etm*)
Then, for any (1, v < M(N),
X2

The same result holds iflx is replaced by JI(,‘ = (BN)'In Qp, N (B,(etm*)).

Proof Note that by symmetry EIy, = EI},, and so

\Iy = Iy| < |Iy —EIy| + |1y — EILY| (12.74)
Thus
P[|1y — Iy| = x] <2P[|I} — EIy| = x/2] (12.75)

We want to use Theorem 7.1.3 to bound this probability. To do so, we must prove a Lipschitz
bound on I . Note first that, using Cauchy—Schwarz in a very similar way as in (12.53), we
get that

|PpN[E1(2) — Pp nIETD)] < 11§ — & ll2l1zll2 (12.76)
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while

, 1
[IN[ET— INIE| = BN

dze-BNPNETD

—BN g n[E](z
<pr(m*E“)dze BN®g yl& <>>
In

pr(m*eM)
—BN®g N[E'1(2)+BN[Dpn[E1(2)—Ppn[E](2)]
— L 1 fB,,(m*gu) dZe BN z 5N 2 ox
N Js (m*em) dze AN PpnlE1()
,(m*e

< sup [P N[E](x) — PpN[E] (D)

zeB,(m*el)

1§ = &'ll0m™ + p) < 2m*|I§ — &'l 12.77)

A

(12.73) is now straightforward.

It remains to show that this result for the measure Qy g extends also to the measure Qg v,
and therefore to the Gibbs measure itself. But this is quite simple, using the fact that Qg y
is a convolution of Qg » with an M-dimensional Gaussian measure with mean zero and
covariance SN 1. This allows us to bound

Qp.n(By(m*et)) < Qp n(B,ys(m*e)) + 2Me AN /4 (12.78)

that is, up to an exponentially small correction, Qg n(B,(m*e*)) and Qg n(B,(m*e*))
differ by at most the Qg y mass of the shell between the radii o — 6 and p + 8. Choosing 6
sufficiently small, and p not too small, this has exponentially small mass, and this implies
the result for Q. O

At this stage a reasonably satisfactory qualitative picture is reached, that confirms the
heuristic and numerical findings that, for small « and not too small 8, Gibbs measures
corresponding to each of the patterns (and their mirror images) exist, implying in some
sense that the model, in this regime, does what it was conceived for, namely to ‘store a
number of preselected random patterns’.

12.4 The replica symmetric solution

From the point of view of our general philosophy, having established certain localization
properties of the Gibbs measures, we should now ask what the measure conditioned on one
ball looks like. One natural approach (although, as it turned out, not the only one) appeared
to be to analyze more carefully the properties of the function ®g v in the vicinity of its
minima. The aim of such an analysis should should clearly be to:

(i) Localize more precisely the position of the minima (which so far are only localized in
a ball of radius ~ /o).
(i1) Determine the value of ® at the minimum.
(iii) Determine whether or not there is a unique minimum in a sufficiently small ball around
m*et.

This analysis was started in 1997 with [41]. Our idea there was to extend the use of the
Taylor expansion, which had been very useful for finite M beyond its natural realm of
applicability. The idea behind this was quite simple: in the finite M case, we used Taylor
expansions in the arguments of functions like % > ; Incosh(B(z, &)), and we took advantage
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of the uniform bound |(z, &)| < |Izll; < ~/M]||z||2. This bound is realized essentially when
&' = sign(z,), for all u. But of course, for given z, unless the & are very atypical, it is
impossible that this holds true for a large number of indices i. Rather, for most values of
i, it should be true that |(z, &)| ~ ||z||2, leaving room for a Taylor expansion to work even
when M = aN.

While the main thrust of the paper [41] was directed towards answering question (i),
and to determine good bounds on the numerical constants allowing for the existence of
local minima near m*e", the most consequential result proved to be the answer to question
(iii), which could accidentally also be given in a limited domain of « and § values. I will
therefore concentrate on reviewing this issue.

12.4.1 Local convexity

How does one prove that a function has a unique minimum in a region where the existence
of a minimum is already established? In the absence of a better idea, prove that the function
is convex in this region. This was done in [41], where the following result was proved:

Theorem 12.4.1 There exist finite positive constants ci,c, Y, such that, if (i) o <
y2m*(B)* and (ii) B > ca™!, then, for p as in Theorem 12.3.4, with probability one, for all
but a finite number of values of N, the function ®g y(2) is strictly convex on any of the balls
B,(£m*e"), and there exists € > 0 such that the Hessian matrix V2o 8,n(2) has a smallest
eigenvalue larger than €, for all z € B,(£m*e*).

Remark 12.4.2 The lower bound (ii) on 8 may come as a surprise, but we will explain that
it is qualitatively optimal, which we will see is a pity.

Proof Let us consider without loss of generality the neighbourhood of the point m*e!. It
will be convenient to set z = m*e' + v. We are interested in ||v||, < p. Then we have

N

2 -t P £
Viopn@ =1- ; e — v)))g,g, (12.79)

It is instructive to first consider the point v = 0. Here

bk
cosh*(B(m*))

V2ds y(m*e') = T— A=1-8(1-@m)A (12.80)
with A the matrix introduced earlier (12.54). Here we used that cosh™ x = 1 — tanh® x and
m* = tanh Bm*. This matrix is positive if and only if

(1 + VBl — m*(B)H) < 1 (12.81)

Note that, with & = 0, this is just the condition for the positivity of the second derivative
at m* in the Curie—Weiss model, and thus we know that, for all § > 1, there exists cy(8)
such that (12.82) holds for o < «o(8). Moreover, as 8 1 00, «g tends to infinity. Thus, so
far, we have not seen any sign of condition (ii).

To understand this point, it is best to think of 8 being large. Then positivity requires
that the cosh? in the denominators be large, to compensate for the 8 in the numerator. This
requires the argument to be roughly of order In 8. Now assume that, even for a single term
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in the sum in (12.79), m*&! + (&, v) ~ 0. Then®

Vg n(z) < T— %"Sifi (12.82)

and, since the matrix &;&; has norm M, this cannot be positive definite if o8 > 1. But
such a point will exist in B,,(e'm*): just take v with components v, = —&/&!m* /M. Then
m*E} 4+ (&, v) = 0, while ||[v]|l, = m*/+/M, so thatm*e/ + v lies within the ball B,,(e'm*).
Thus, condition (ii) is surely necessary. To prove that it is also sufficient, we must show
that the condition m*f;‘,-1 + (&;, v) ~ 0 cannot be realized for too many indices i at the same
time. To make this precise, fix 0 < T < 1 and write

qu)ﬂ,N(Z) =1-— Z%‘lél (1283)
’3 N
N Ztanhz(ﬁ(m £ + (&L V)EE e )<c
N N
+5 Z tanh*(B(m*&;! + (&, V)&& Ljg, v))>1

Using positivity of &;&;, this can be bounded by

B B
V20 n(z) > T — 5 Zsia + tanh?(Bm*(1 — Ny ;asi

N
(tanh® (B(m*&! + (&, v)))
T

2|u

i=

— tanh*(Bm*(1 — 1)))&& 0 )<
> I — B[1 — tanh*(Bm*(1 — 1))]A

1
—B tanh?(Bm*(1 — 7)) ;asi W6, vy1> (12.84)
Clearly the only dangerous and difficult term is the last one. We see that, as 8 grows, it
behaves like 8 times a certain matrix, whose norm we therefore need to control.
We start from the observation that, for any symmetric matrix B, |B]| =
SUP =1 (W, Bw). Thus

N
1 T
2D Mgy & &

L
2

N
D W s omey & w) (12.85)

i=1

|-

sup
veEB,

= Ssup sup
veB, w:|lwl2=p

b

N
< s sup sup ¥ 2 i s omey (& w)?

vEB, weB, i=1

It will be convenient to use that

2 2
L s my & w)? = T s omy & ) (T wi<ieon + Tiewizie.on)  (12.86)
Lt vyioom) Eis 02+ Ly omey (Eiy w)?

IA

 We use the notation A > B for matrices to mean that A — B is positive definite.
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which allows us to bound (12.85). Thus

N
2072 sup & Y Wjgvysem) i )7 = 2 SUP X (v) (12.87)

UEBP i=1 DEB/)

Thus our task is to bound the supremum of the quantities X,, which actually can be seen
as the partial second moments of the empirical measure of the family of random variables
(&;, v). This was done in [41], and I give here only a sketch of the arguments. As in the
analysis of the function ®g y, we are faced with the problem of controlling the supremum
over a continuous family of random variables indexed by a high-dimensional set. Thus we
may expect to have to use the chaining technology again. As we already know, this requires
exponential estimates on the X ,(v), as well as on differences X,(v) — X,(v'). Actually, this
is a tricky business, and things will be more complicated, and we will be forced to study
simultaneously a second object, the empirical distribution function of the same variables

(gi s U),

Ya) = 5 ) T wyisrme) (12.88)

i=1

Instead of considering simply the differences X,(v) — X,(v"), we will use the following
lemma:

Lemma 12.4.3 Leta;, by > Oand v, € € B,. Then
Xayt5, (v + €) < X, (0) + 2¢/X,, (v)(e, A€) + 2a1 Y, (€) + 3(e, A€) (12.89)
and
Y5, (v 4 €) < Yo, (v) + Y, (€) (12.90)

Proof The basic idea behind this lemma is the simple observation that |(§;, v 4 €)| >
ai + by can only be true if |(§;, v)| > ay, orif |(§;, v)| < a; and |(§;, €)| > b;. Therefore,

L vte=ai+br < Ui wi=ar + L vi<a Lig o6 (12.91)

(12.90) is already obvious from this. To get (12.89), we still have to work with (£;, v + €).
Squaring out the sum and using (12.91) again, together with the Schwarz inequality, gives
the result easily. O

The second basic ingredient is the exponential bounds on both X,(v) and Y,(v).
Lemma 12.4.4 Set p, = 2exp(—a?/2). Then, for all v with ||v|| = 1,
P[X.(v) > x] < exp(N[2p,/* — x/4]) (12.92)
and, for x > p,,

P[Y,(v) > x] < exp(N[(2p.)"/* — xa*/4]) (12.93)

The proof of this lemma can be found in [41] (Lemma 4.2). It is, as usual, an involved
application of the exponential Chebyshev inequality. Note that p, is roughly equal to the
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mean of Y, (v). Note also that the corresponding estimates for other values of ||v||; follow
by scaling, since Y,(Cv) = Y,/c(v) and X,(Cv) = CzXa/c(v).

We now have all the ingredients for the analysis of the supremum together: Choosing a
lattice Wy ,,, we can control X,(v) everywhere in terms of X, (v;), with v; on the lattice
and the supremum over Y,_,_ (€) with |€||2 < r;. This latter supremum is then controlled
via the usual chaining, using (12.90).

This allows us to prove the following estimate:

Proposition 12.4.5 There exist finite positive constants C, ¢ such that, if

&, a) = Ce™ + Ca|lna| (12.94)
then, for all p > 0,
P |:sup X,(v) > p*I'(«, a/p):| < Cce*V (12.95)
veB,

Remark 12.4.6 Proposition 4.8 in [41] is a quantitatively more precise version of this
statement.

We can now combine this proposition with (12.87) and (12.84) to get immediately a
uniform lower bound on the Hessian of ®:

Lemma 12.4.7 Let I'(«, a) be as in Proposition 12.4.5. Then, with probability large than
1 —Ce™@V,

i, VPN 2 1= BIL — tanh*(B(m™(1 = NI + Vo)?

— Btanh?>(B(m*(1 — D) (o, Tm* /p)  (12.96)
If we choose p = cym™, the lower bound is

1 — B[1 — tanh*(B(m*(1 — DN + Va)*
— y2(m*)*B tanh*(B(m*(1 — ) (e, T/y) (12.97)
~ 1 = B[1 — tanh*(B(m*(1 — DN + )
— CBtanh®(B(m*(1 — D))" + alInal)

Thus we see that this bound is strictly positive on a non-empty domain of parameters « and
B, which has the shape claimed in the theorem. O

Heuristics Before investigating the consequences of this convexity result, it may be instruc-
tive to go through some very heuristic considerations that, however, will illustrate our goal.

To this end we go back to the equations (12.25) determining the location of a minimum
of ®g y near a point e#m*. To simplify the notation, we consider the case = 1, and we
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may take, without loss of generality, &' = 1. This time let us write z) = m; + x where
x1; = 0. Then we get, instead of (12.26), the system of equations

1 N
my = > tanh(B(my + (x, &),
i=1

Xy

1 N
~ D& tanh(B(m1 + (x. &) (12.98)
i=1

Let us denote by Ry the empirical measure

|
Ry=—) e 12.99
NE ; (&) (12.99)

Then m is only a function of this empirical measure, through the equation

my = / Ry(dg) tanh(B(m; + g)) (12.100)

It is not difficult to see that, provided all x,, tend to zero sufficiently fast, as N 1 oo, Ry
converges to a Gaussian distribution with mean zero and variance ||x ||%. Thus, if we knew
that this convergence held for the (random!) solution of these equations, all we would need
to determine was this variance. This should be the role of the remaining equations. Naively,
one might want simply to square both sides and sum over v, but a bit more care must be
taken to disentangle the dependence between the argument of the tanh and the coefficient
&/. Thus, it will be more useful to write

(. &) = x,& + (x"), &) (12.101)

and to Taylor expand

N
X, = % ;Si" tanh(B(m; + (x™, &)))
[N
TN ,Z:; g Bx,&" cosh™2(B(m; + (x™), &)))
=X ﬂi ﬁ:coshfz(ﬂ(m + (™, £)))
TN S l -

1 N
+ ; &' tanh(B(m + (x, £))) (12.102)
which can be written, using that 1 — cosh™%(y) = tanh?(y), as
1 N
v 1— — ) tanh® QO
x ( BBy 2 tanh (Blm + (x s>»>

N
= % > & tanh(B(m; + (xV, £))) (12.103)
i=1
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Now, if we ignore the small difference between (&;, x) and (&;, x?), the coefficient of x, is
justl — B+ 8 f Ry(dg) tanhz(,B(ml + g)). Then squaring and summing over v gives

2
||x||%<1 —-B+B / Ry(dg) tanh*(B(m; + g))) =a / Ry(dg) tanh*(B(m; + g))

| M
+ 7 ; X;s,»“s; tanh(B(m + (x", £))) tanh(B(m; + (x, &))) (12.104)

i#j v=
The important point is that the second term in the numerator on the right has mean zero, by

construction. Thus, if it were true that, in the limit N 1 oo, ||x ||§ is almost surely constant
and equal to its mean value, then this limit must satisfy

o [ Roo(dg) tanh®(B(my + g))
(1= B+ B [ Roo(dg) tanh®(B(m; + £)))°

Assuming that R, is a Gaussian distribution, with mean zero and variance ||x ||§ = ar, we
see that we arrive at a closed system of equations for the two parameters m and r, namely

Ixl3 = Elx[3 = (12.105)

B \/%—n / dge ¢/ tanh(B(m, + var)),

mi
q .
F= g Vi (12.106)
1 >
g == [ dge P anbBomy + Var)
T

The solution of this system of equations is known as the ‘replica symmetric’ solution, first
derived by Amit, Gutfreund, and Sompolinsky [9] in 1987, using what is called the ‘replica
trick’. Although the derivation of the equations given above may look less striking than the
replica method, it is hardly more rigorous, given the numerous ad hoc assumptions we had
to make. It is surprising that the equations can indeed be derived rigorously, as we shall
explain in the next section.

12.4.2 The cavity method 1

To see how our convexity results are related to the question of the replica symmetric solution,
we have to take a step back and look at an approach to the analysis of disordered mean-field
models that was originally introduced by Parisi et al. (see [179]) as an alternative to the
replica method, called the cavity method. This method is in principle nothing other than
induction, more precisely induction over the volume, N, of the system. The basic idea
is simple. Let fy be any thermodynamic quantity of interest. Suppose we could derive
a relation of the form fy4; = F(fn)+ o(1). Then, if fy converges to a limit, this limit
must be a fixed point of the map F. Moreover, under certain hypothesis, we may even
be able to show that fy will converge by virtue of this recursion relation. Of course, the
difficulty will be that one will not be able in general to find such relations; in particular, it
will not be true that fy; will be a function of fy only. However, at least heuristically, i.e.
ignoring the problem of proving that the error terms are really o(1), it is indeed possible to
obtain such recursions for certain, sufficiently large sets of thermodynamic quantities. The
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first endeavours to use the cavity method to obtain rigorous results were made by Pastur
and Shcherbina [204] in the SK model, and in 1994 (together with Tirozzi) [200] in the
Hopfield model. A major breakthrough was achieved in 1998 when Talagrand [233] began
to systematically develop this method.

Let us look at this problem in our model. The way to proceed is in fact not quite obvious,
but we will to some extent be guided by the preceding heuristic discussion. Note that we
are now interested in local properties of the Gibbs measure, i.e. we want to consider the
measure restricted to, say, the ball B, (m*e'). We denote by /Lg,’]\l,), Qg”,i,), etc., the conditioned
measures

ppn(Clmy (o) € B,(m*e")), resp.Qp n(-|z € B,(m*e')) (12.107)

Consider the Hamiltonian in a volume N + 1. We may write it as

1
Hy1(0) = —5———= 3 > &'§0io; (12.108)
2(N+1) s /
1 M N
_ Ml
2N+ 1) Z Z 5i8) 0i0]
n=1i,j=1
1 I M
_ H Py o 7
N 1M ; ;‘EM@J AN+
N i) - N owiatensn my(o) — s
= — o) — o ,my(0)) — ————
N N g 1OV ENL My XN+ 1)
It will also be important to note that
1 vM
Imyi1(o) —my(o)ll2 = = llmy(0)l2 + —— (12.109)
N N
Let us now consider
Zg N+1 _ Z E, ef o+ Ene1mn(©@) o= Hy(@) e THED
Zﬁ’N O'N+]=ﬂ:1 Z/ng

= Z g N(eﬁ'0N+1(§N+1,mN(0))) Z—ﬂ,’Ne%

O'N+1=:|:1 ZﬁsN
(12.110)
where ' = 77 8. Similarly, we get
Zs::tl S,bL(l,J) (eﬂ/s(fNH,mN(U)))
Wi (On ) = Pl (12.111)

1,1 /
D M; N (eFsGns1mu@))

up to a small error (of order exp(—aN)), coming from the fact that the conditioning on the
left is on the vector m (o), while on the right it is on m y (o). But, due to (12.109), this
M

difference gives only contributions of size of the order of the mass of the shell p — %= <

lun@)2 < p + ﬂ, which is exponentially small. We will ignore all errors of that order
in the sequel.
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Equation (12.111) can easily be extended to a formula representing all finite-dimensional
marginal distributions. It shows that a central rdle is played by the Laplace transform

~ 1,1 / 1.1 ,
ﬁﬂ,N(l‘) = H«}g/,]\;(eﬁ t(ENH,mN(a))) — Q%/J&(eﬂ Z(SNH,m))
— eOl/2 Ql(gl/:}\)l(eﬂ’t@NHqZ)) = ea/zﬁﬁ’]\/(t) (121 12)
Thus, we can rewrite (12.111) as

(LD [ B'sEni1,2)
Yime15 Qpin (@
Zs:i] Ql(gl/}\)/ (eﬂ’S(ENH,z))

Being able to replace the measure Q by Q will actually be very useful (although it shouldn’t
be). Equation (12.111) appeared in the work of Pastur et al. [200, 204], where it was realized
that being able to control the Laplace transform Lg y was a key step to getting the replica
symmetric solution. This was later pushed towards full rigour by Talagrand. Let us see why
this is the case.

We compute first the mean of Lg y(¢) with respect to the variables £y .. This is possible,
since Qg y is independent of them. Of course, we simply get

Wy N (O 1) = (12.113)

Ee,. Lo n(t) = Qp y(eXn MeoshBrzn) (12.114)

Now this would make sense if £ could then be shown to be self-averaging. But this is not
the case. In a way, we can see that taking this average throws out too much information.
One thing we can try then is to extract first a random part, and try to show that what is left is
self-averaging. A natural possibility is to center the variable z in the exponent. Let Z denote
the random variable whose distribution is Ql(gl”,\l,), and write Z = Z — Qg”]\l,)(Z ); actually, at
least at this point, we start to feel that our notation is getting too heavy. Let us therefore
denote henceforth by E¢ the expectation with respect to the random measure Qg_’,\l,). Then

we can of course write
Lpn(t) = et(EN+1JEQZ)EQet(EN+1.Z) (12.115)

Asin (12.114), we get
EEge'&+1:2) = F g (eXn Incosh(BiZ,)) (12.116)

Now, if all Z, are small, Incosh(BtZ,) ~ 18%*|| Z||3. Assume for a moment that the
distribution of Z was an M -dimensional Gaussian distribution with variance of order 1/N.
Then the length of Z would be sharply concentrated about its mean, since its distribution
would have a density proportional to exp(—N(r2/2 — Inr)). Thus in such a case we would
get that

EE ge!¢¥+1-2) = g8 *EellZIG+o(1) (12.117)

which would be quite desirable.

12.4.3 Brascamp-Lieb inequalities

Of course, Qfsl,}\l/) is not a Gaussian distribution, but maybe it is sufficiently similar to one
that we still get (12.117)? Indeed, the local convexity proven in Theorem 12.4.1 does
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imply (12.117), as well as a number of similar results that we will need in the sequel.
Interestingly, the proof of this fact uses a sophisticated result from functional analysis, the
so-called Brascamp-Lieb inequalities [62]. Unfortunately, while convexity gives a very
elegant way of advancing here, it is known not to be necessary, neither for the Brascamp—
Lieb inequalities to hold, nor for the replica symmetric solution to be correct. Therefore, the
proof I will present here does not give the best available conditions. In principle, there are two
ways to improve the results: (i) One is to give a proof that does not use the Brascamp-Lieb
inequalities (and (12.117)). This was Talagrand’s original approach [233]; in its original
version, however, this gave conditions that were comparable to those under which convexity
holds; improved conditions, closer to those expected by physicists, required substantially
more work [235]. (ii) There has been considerable work done to establish the Brascamp—
Lieb inequalities without the assumption of convexity [13]. In fact, the real conditions
needed for the Brascamp-Lieb inequalities to hold concern the minimal eigenvalue of a
certain matrix-differential operator. Bach, Jecko, and Sjostrand [13] established criteria
that allow us to bound this operator from below, even when convexity fails, but so far they
have not been shown to hold in our situation. This remains an interesting problem to study.
Let us now state the Brascamp-Lieb inequalities in their original form.

Lemma 12.4.8 Let V : R — R be nonnegative and strictly convex with Hess(V (x)) >
K > 0. Denote by Ey the expectation with respect to the probability measure
e’v(")dx/fe’v(y)dy. Let f :RM — R be any continuously differentiable function that
is square integrable with respect to Ey. Then

1
Ey(f —Es)* < EEV”V](”% (12.118)

Remark 12.4.9 It is not difficult to see that the result also holds up to an exponentially
small error term if V is an extended convex function, i.e. it is a convex function on its
domain D and equal to 400 outside of D. See, e.g., [43] for details. In our situation this is
what we will actually have to use.

Remark 12.4.10 The condition on Hess(V (x)) can be replaced by the condition that the
smallest eigenvalue of the matrix-differential operator

(=A+VV.V)® I+ Hess(V(x)) (12.119)

is larger than K.

It is easy to see that the first two terms are a positive operator, so that, if the Hessian
matrix is strictly positive, this gives an immediate bound. However, as pointed out above,
this condition is not necessary.

The following simple applications of Lemma 12.4.8 show how we will actually use these
inequalities (see [42]).

Corollary 12.4.11 Let Ey be as in Lemma 12.4.8. Then:

(i) Ey |x —Eyx|} < %
(ii) Ey |lx — Eyx|ly < 4%
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(iii) For any function, f such that V,(x) = V(x) —tf(x), for t € [0, 1], is still strictly
convex and Hess(V*V,) > K’ > 0, then

1
0<InEye/ —Eyf <-— sup Ey|VfI3 (12.120)
2K’ ief0,11

In particular:
(iv) InEye-6—Eve) < Il

2
(v) nEye Bl —Ey |x —Eyx|3 < %

The point of these relations is that the measure E, behaves with regard to its covariance
structure essentially like a Gaussian measure. A first important consequence of Corollary
12.4.11 is equation (12.117). In fact, this follows from the estimates above and the bound
x2/2 — x*/4 < Incosh(x) < x%/2 (Exercise!). Moreover, the same tool allows us to esti-
mate the variance of ]Ege’(&”"z), namely

E(Ege' -9 — EEge/®v+19)? < (12.121)

=z

12.4.4 The local mean field
These results combine to create the following important observation:

Lemma 12.4.12 Whenever the conclusions of Theorem 12.4.1 hold, there exists a constant
C < oo such that

t2 2 B
InLg n(t) = Bt(En+1, Egz)) + TﬁEanug + Ry (12.122)

where
C
ER? < — 12.123
NIy ( )

Remark 12.4.13 Note that this lemma can be seen as a statement about the distribution
of the random field (§y+1, Z) under the Gibbs measure, stating that it is asymptotically
Gaussian with random mean (£y.41, Eg(Z)) and variance Eg| Z ||§.

From our previous results, we certainly expect that the vector Eoz has one component
(the first one) of order m™*, while all other components should be ‘microscopic’, i.e. tend to
zero as N 1 oo. Thus we write

(En+1: EQ(2) = 6y Eo(Z1) + (§n+1, Eo(2)) (12.124)

where Z =0 and Z, = Z,, for v # 1. It is now very natural to expect that the second
term in (12.124), being a sum of « N independent random variables (under the conditional
distribution given &, ..., £y), will converge in distribution to a Gaussian random variable
with mean zero and variance ||IEQZ ||§. If, moreover, as one might also expect, the quantity
||IEQZ ||% converges to a constant, almost surely, as N 1 0o, this second term would converge
in distribution to the same Gaussian, also unconditionally. In that case, the entire Laplace
transform Lg x(t) would be fully characterized in terms of the three constants m;(N) =
Eq(Z1), Uy = IEZII3, and Ty = Eol| Z[3.
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Thus, we are left with three problems to solve: (1) Show that the central limit theorem
alluded to holds.” (2) Show that the three quantities mentioned above are self-averaging.
(3) Prove that these converge, and characterize their limits. Technically, both (1) and (2) will
rely essentially on concentration of measure estimates. Problem (3) will then be solved by
the cavity method, i.e. we will derive a system of recursive equations that can be proven to
have a unique stable fixed point in the domain where these quantities are a-priori located.®

We will immediately formulate a more general version of this central limit theorem
(which we will actually need to construct the metastate).

Proposition 12.4.14 Letr I C N\{1, ..., N} be finite, independent of N. For i € I, set
X;(N) = \/LTiN Y= &' EQZ,,. Whenever the conclusions of Theorem 12.4.1 hold, either
this family converges to a family of i.i.d. standard normal random variables, or /Ty X;(N)
converges to zero in probability.

Proof To prove this result requires us essentially to show that the EgZ,,, for all u > 2,
tend to zero, as N 1 oo. We note first that, by symmetry, forall u > 2, EEqZ,, = EEoZ,.
On the other hand,

M M
Z[EEQZM]Z < EZ[]EQZM]Z < p? (12.125)
n=2 n=2
so that [EEgZ,| < pM~1/2,
To use information about the mean values, we will need a concentration estimate for
derivatives of self-averaging quantities (since all expectations with respect to Eg can be
represented as derivatives of some log-Laplace transforms).

Lemma 12.4.15 Assume that f(x) is a random function defined on some open neighbour-
hood, U C R. Assume that f satisfies, for all x € U and forall0 <r < 1,

Nr?
Pllf(x) —Ef(x)| >r] <cexp| —— (12.126)
c
and that, at least with probability 1 — p, | f'(x)| < C and | f'(x)| < C < oo, uniformly in
x € U. Then, forany 0 < ¢ < 1/2 and for any 0 < § < N¢/?,

, B , _en 32C2 . B 4 a71-2¢
P[If/(x) —Ef'(x)] > §N ]5—52 N*¢ exp RETT +p  (12.127)

The proof of this lemma can be found in [42] and [43].
We will now use Lemma 12.4.15 to control EgZ,. We define

1
fx) = BN In dM zePN*ane =N PvM() (12.128)

B};I'I)

and denote by Eg , the corresponding modified expectation. By exactly the same arguments

7 This fact is assumed in [200] without proof.

8 This approach is in principle contained in [200]; Talagrand gave the first fully rigorous version, without using
the a-priori estimates furnished by the Brascamp-Lieb inequalities, making the entire inductive scheme even
more complicated.
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as in the proof of Theorem 12.3.6, f(x) satisfies (12.126). Moreover, f'(x) = Eg Z, and
f"(x) = BNEg(Z, — Eg.Z,) (12.129)

The Brascamp-Lieb inequalities again allow us to bound this second derivative:

1
Eo.(Z,—FEo.Z,)* < — 12.130
0x(Z, —Eg u)—eNﬂ ( )

andso f’(x) <c = é

Thus we arrive at:

Corollary 12.4.16 There are finite, positive constants ¢, C such that, for any 0 < ¢ <
and for any |,

1
2

c

N] 2¢
P[|EgZ, —EEoZ,| > N™*/*] < CN¢ exp(— ) (12.131)

We are now ready to conclude the proof of our proposition. We may choose ¢ = 1/4,
and denote by Q the subset of Q where, for all u, [EgZ, —EEgZ,| < N~'8 Then

P[] < O (e-N‘“).
We will now show that the characteristic function converges to that of a product of
standard normal distributions, i.e. we show that for any t € R/, E]] jel e/iXitN) converges

_ip
to[];.,e 2. We have

E 1_[ eit,X/(N) = EEIC I:]IQNE’E, ei Zje’ X (N) + ]IQ‘;;/ESI ei Z-’e’ tiX/(N):I
jel

= Eq, |:]IQN [1 ncos( EoZ, )} +0 ( '“) (12.132)

n>2 jel

Thus the second term tends to zero rapidly and can be forgotten. On the other hand, on Qy,

M M
Z(EQZM)4 < N4 Z(EQZM)Z < N~ V41y (12.133)

n=2 n=2

t—;NEQZM) < 1. Thus, using that

Moreover, for any finite ¢;, for N large enough,

|Incosx + x2/2| < cx* for |x| < 1, and that

Eg,. g, E, e’ e 1% (12.134)

(INTHA
< e Ljet /2 sup l_[exp T P:(Q2y)
N

2w jel

Clearly, the right-hand side converges to e Zi'’/2 provided only that N'/4Ty 1 cc.
Otherwise, ETy X;(N)? | 0. Thus the lemma is proven. ]
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12.4.5 Gibbs measures and metastates

We now control the convergence of our Laplace transform, except for the two parameters
my(N)y=EgZ;and Ty = nyzz [EQZM]2. What we have to show is that these quantities
converge almost surely, and that the limits satisfy the equations of the replica symmetric
solution of Amit, Gutfreund, and Sompolinsky [9].

While the issue of convergence is crucial, the technical intricacies of its proof are largely
disconnected to the question of the convergence of the Gibbs measures. We will therefore
assume for the moment that these quantities do converge to some limits and draw the
conclusions for the Gibbs measures from the results of this section under this assumption
(which will later be proven to hold).

To this end we first note that all of the preceding discussion may be carried out without
substantial changes for the Laplace transforms of the local mean fields acting on a finite
family of singled out spins, o;,i € I C N (the details of the computations can be found
in [43]). As a result, one obtains the following expression for the Gibbs mass of cylinder

events:
w1y g o] (for = s1) (12.135)
_ exp(By Xies s [ (NIE + Xi(N)VT] + Ru(s1)
21, exp(By Xies 0i [mi(N)E! + Xi{(N)VTy] + Ry(oy))
where

By — B

Ry(s;) — 0 in probability
X;(N) > g; inlaw

Ty — ar a.s.

mi(N) —> m; as.

for some numbers, r, m, and where {g;};cn is a family of i.i.d. standard Gaussian random
variables. Note that the first three of these assertions are proven, while the last two are for
the moment assumed. From this representation we obtain:

Proposition 12.4.17 In addition to our general assumptions, assume that Ty — ar, a.s.,
and that m{(N) — my, a.s. Then, for any finite I C N

w B exp ,BS, [mlé" +gm/_])
M B.p ({01 SI}) - ll:! 2 cosh (ﬁo’l [mlé + gl\/_])

(12.136)

where the convergence holds in law with respect to the measure P, {g;}ien is a family of
i.i.d. standard normal random variables, and {éil }ien are independent Rademacher random
variables, independent of the g;, having the same distribution as the variables Eil.

To arrive at the convergence in law of the random Gibbs measures, it is enough to show
that (12.136) holds jointly for any finite family of cylinder sets, {o; = s;, Vies }, Ik C N,k =
1, ..., £ (cf. [148], Theorem 4.2). But this is easily seen to hold from the same arguments.
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a, l)

Therefore, denoting by 1. 4 the random measure

1 1>[ (o) = 1—[ exp(Boi[m&! (0] + argi[w]])
i 2cosh (Blm & [w] + Vargi[w]])

(12.137)

we have:

Theorem 12.4.18 Under the assumptions of Proposition 12.4.17 , and with the same
notation,

u([illg)pauéolﬂ),mlaw, as A 1 oo, (12.138)

This result can easily be extended to the language of metastates. The following theorem
gives an explicit representation of the Aizenman—Wehr metastate in our situation:

Theorem 12.4.19 Let kg(-)[w] denote the Aizenman—Wehr metastate. Under the hypothesis
of Theorem 12.4.18, for almost all w, for any continuous function F : R* — R, and cylinder
functions f; on {—1,1}li, i =1, ... k, one has

f kp@OLOIF (W(f). - ., 1 fi)
Mi(Seo)

exp(B [Varg: + mi&l![w]])
AN (g)F | E;, fi(sy,
/1‘! (g) ( ‘f(s’),el_,[lzcosh(\/_gﬁmls o))

exp(B [varg +mé&; [w]]))
ESI k
Ji(si )ll;[k 2 cosh (ﬁg, + mi§; [w])

where N denotes the standard normal distribution.

(12.139)

Proof This theorem is proven just as Theorem 12.4.18, except that the ‘almost sure ver-
sion’ of the central limit theorem, Proposition 12.4.14, is used. The details are left to the
reader. |

Remark 12.4.20 Our conditions on the parameters « and 8 place us in the regime where,
according to [9] the ‘replica symmetry’ is expected to hold.

Some remarks concerning the implications of this proposition are in place. First, it shows
(modulo a small argument that can be found in [43]) that, if the standard definition of
limiting Gibbs measures as weak limit points is adopted, then we have discovered that
in the Hopfield model all product measures on {—1, 1} are extremal Gibbs states. Such
a statement contains some information, but it is clearly not useful as information on the
approximate nature of a finite-volume state. This confirms our discussion in Section 6.2 on
the necessity of using a metastate formalism.

Second, one may ask whether conditioning on the application of external fields of vanish-
ing strength can improve the convergence behaviour of our measures. The answer appears
obviously to be no. Contrary to a situation where a symmetry is present whose breaking
biases the system to choose one of the possible states, the application of an arbitrarily weak
field cannot alter anything.
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Third, we note that the total set of limiting Gibbs measures does not depend on the
conditioning on the ball B/()“), while the metastate obtained does depend on it. Thus the
conditioning allows us to construct two metastates corresponding to each of the stored
patterns. These metastates are in a sense extremal, since they are concentrated on the set
of extremal (i.e. product) measures of our system. Without conditioning, one can construct
other metastates (which, however, we cannot control explicitly in our situation).

12.4.6 The cavity method 2

We now conclude our analysis by showing that the quantities Uy = Egl|Z|13, mi(N) =
EoZ, and Ty = Zﬁl:z[EQZM]Z actually do converge almost surely under our general
assumptions. The proof consist of two steps: first we show that these quantities are self-
averaging, and then the convergence of their mean values is proven by induction. We will
assume throughout this section that the parameters o and 8 are such that local convexity
holds. The basic ideas of this section are otherwise due to Pastur, Shcherbina, and Tirozzi
[200], and Talagrand [233].

We first need some more concentration of measure results.

Proposition 12.4.21 Let Ay denote any of the three quantities Uy, m{(N), or Ty. Then
there are finite positive constants ¢, C such that, for any 0 < ¢ < 1,

Nl*Z{'
P[|Ay —EAy| > N7¢/?] < CN*® exp(— ) (12.140)
C

Proof The proofs of these three statements, for Uy, m(N) and Ty, are all very similar
to that of Corollary 12.4.16. Indeed, for m;(N), (12.140) is a special case of that corollary.
In the two other cases, we just need to define the appropriate analogues of the ‘generating
function’ f from (12.128). They are

glx) = ,BLN lnIES2 exp(BNx(Z, Z")) (12.141)
in the case of Ty, and

g(x) = ﬁiN InE? exp(BNx|Z]13) (12.142)
The proof then proceeds as in that of Corollary 12.4.16. O

We now turn to the induction part of the proof and derive a recursion relation for the three
quantities above. To simplify notation we will henceforth set = &y ;. Let us define

uy(t) =InEgexp(Bt(n, 2)) (12.143)

We also set vy (t) = 18(n, EgZ) and wy(t) = un(tr) — vy (7). In the sequel we will need
the following auxiliary result:

Lemma 12.4.22 Under our general assumptions:

(i) ﬁ %(UN(I) - B TT]IEQZ 1) converges weakly to a standard Gaussian random vari-
able.
(ii) ‘%wN(f) — TﬂZEEQHZ”%’ converges to zero in probability.
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Proof (i) is obvious from Proposition 12.4.14 and the definition of vy (7). To prove
(i), note that wy(t) is convex and d%wzv(t) < ‘37"‘ Thus, if var(wy(7)) < LN, then
Var(%w;v(t)) < % by a standard result similar in spirit to Lemma 12.4.15 (see,
e.g.. [234], Proposition 5.4). On the other hand, [Ewy(r) — “£EEq|ZI}| < £, by
Lemma 12.4.12, which, together with the boundedness of the second derivative of wy(7),
implies that |%EwN(r) — rﬂzEEQ||Z||§| J 0. This means that var (wy (7)) < % implies
the lemma. Since we already know from (12.123) that IER,z\, < %, it is enough to prove
var(Eq|| Z ||%) < % This follows just as the corresponding concentration estimate for Uy .

O

We are now ready to start the induction procedure. We will place ourselves on a subspace,
Q C Q, where, for all but finitely many N, it is true that |Uy — EUy| < N~V4, |Ty —
ETy| < N~'/4, etc. This subspace has probability one by our estimates.

Let us note that EgZ,, and [ ng\l,:;), ,(m)m, differ only by an exponentially small term.
Thus

1 ,
EoZ, = N E éi”/uﬁéj,‘sfp(da)ai + 0 (e7M) (12.144)
i=1

Since we want to perform induction over N, we will have to add an index referring to the
volume to the measures Q. Note that, by symmetry, from (12.144) we get

EEo, ., (Z,) = En* / 1wl s.p(do)on 1 + O (eM) (12.145)

Using (12.113) and the definition of uy, this gives

eunv() _ eun(=1)

EEo,,,(Z,) = En* + 0 (e=M) (12.146)

where, to be precise, one should note that the left- and right-hand sides are computed at
temperatures 8 and 8’ = % B, respectively, and that the value of M is equal to M(N + 1)
on both sides; that is, both sides correspond to slightly different values of o and 8, but we
will see that this causes no problems.

Using our concentration results and Lemma 12.4.12, this gives

EEo,,,(Z,) = En* tanh (ﬂ(nlEml(m + \/ETNXNH(N))) +ON%
(12.147)

Using further Proposition 12.4.14, we get a first recursion for m;(N):

ml(N—i-l):/dN(g)tanh (ﬁ(Eml(N)Jm/ETNg))Jro(l) (12.148)

Of course, we need a recursion for Ty as well. From here on there is no great difference from
the procedure in [200], except that the N-dependences have to be kept track of carefully. To
simplify the notation, we ignore all the o(1) error terms and only restore them at the end.
Also, the remarks concerning 8 and & made above apply throughout.
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Note that Ty = [|EgZ||5 — (EgZ;)* and

M | Nl 2
El|Eo,., Zl; = ZE(N+1 Zs g N+, M(o,>>

pn=1

B (g o) (12.149)
N+1 B,N+1,M

M
+ Z $N+1Mﬂ N+1 uoNg1) (N—i— 7 ZE KN+, M(Uz))

Using (12.113), as in the step leading to (12.146), we get for the first term in (12.149)
(LD 2 2
E (Vs u(onin) = Etanh? (BnEoZi +vETy Xy (V)
=EQy (12.150)

For the second term, we use the identity from [200]:

M 1 N
Zéﬁﬂ(ﬁ Zéi"u,s,NH,M(a,-)) (12.151)
=1 i=1

3 me Eo(En1, Z)ePon+En2)
- z
ZO’N+1 EQQIBGNH(ENJrh )

| ey UN (D)D)

Dy €0

Together with Lemma 12.4.22 one concludes that, up to small errors,
M
X_:E’V“ (N +1 ZE MB.N+1, M(G,))

=&y EoZi + VETy Xy
+ BEq|| Z||5 tanh B (SJ{IJrlEQZl + \/]ETNXN) (12.152)

:ﬂ_

and so
ElEq,, ZII} = «EQx
+E|:tanh/3 (4+1EaZi + VETwXx) 64,1 BaZi + VETw Xy ] }
+ BEEg| Z |3 tanh® 8 (g;M]EQZI + \/EXN) (12.153)

Using the self-averaging properties of Eg||Z |3, the last term is of course essentially equal
to

BEEq| ZI3EQx (12.154)

The reappearance of Eg|| Z ||% (remember that this was the variance of the local mean field!)
may seem disturbing, as it introduces a new quantity into the system. Fortunately, it is the
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last one. Namely, proceeding as above, we can show that

EEo, . IZI2 = o + E[tanhﬁ (s}MEQzl + \/ETNXN> (12.155)

« [g}MEQzl + s/ETNXN]:| + BEEo| ZI2EQN

so that by setting Uy = Eg|| Z||3 we get, subtracting (12.153) from (12.155), the simple
recursion

EUpnyi = a(l —EQy) + (1 — EQN)EUy (12.156)

From this we get (since all quantities considered are self-averaging, we drop the E to
simplify the notation), setting m;(N) = EgZ,,

Tyi1 = —(mi(N + 1))> + aQy + BUN QN
+/dN(g)[m1(N)+ VTygltanh B(mi(N) + /Ty g)
= mi(N + D)(mi(N) —m(N + 1)) + BUy Oy
+BTn(1 — On) + QN (12.157)

where we used integration by parts. The complete system of recursion relations can be
written as

mi(N+1)= /dN(g)tanhﬂ(ml(N) +/Tyg) + 0N,

Tyy1 =my(N — D(mi(N) —mi(N + 1))+ BUnQOp
+BTn(1 — On) +aQn + O(N~'/H),
Uysi = a(l — Qn)+ B(1 — Qn)Uy + O(N™'H), (12.158)

On+i =/dN(g)tanh2ﬁ(m1(N)+ Tvg) + O(N~'%)

If the solutions to this system of equations converge, then the limits 7 = limy4oo Ty /0t, g =
limyyoo Oy andm; = limy oo m1(N) (u = limyyo, Uy can be eliminated) must satisfy the
replica symmetric equations (12.106).

In principle, one might think that to prove convergence it is enough to study the sta-
bility of the dynamical system above without the error terms. However, this is not quite
true. Note that the parameters § and « of the quantities on the two sides of the equation
differ slightly (although this is suppressed in the notation). In particular, if we iterate too
often, o will tend to zero. The way out of this difficulty was proposed by Talagrand [233].
With simplified notation, we are in the following situation: We have a sequence, X,,(p),
of functions depending on a parameter p. There is an explicit sequence, p,, satisfying
|Put1 — Pul < ¢/n, and functions, F,, such that

Xos1(Pus1) = Fp,(Xa(pa)) + O™ (12.159)
In this setting, we have the following lemma:

Lemma 12.4.23 Assume that there exists a domain D containing a single fixed point X*(p)
of F,,. Assume that F,(X) is Lipschitz continuous as a function of X, Lipschitz continuous
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as a function of p uniformly for X € D, and that, for all X € D, F;(X) — X*(p). Assume
we know that for all n large enough, X,(p) € D. Then

lim X,(p) = X*(p) (12.160)

Proof Letus choose an integer-valued monotone increasing function k(r) such that k(n) 1
00 as n goes to infinity. Assume, e.g., k(n) < Inn. We will show that

lim X,k (p) = X*(p) (12.161)
ntoo

To see this, note first that | pyixm) — Pul < @ By (12.159), we have that, using the Lips-
chitz properties of F,

Xutkn(p) = Fy(Xu(pn)) + O(n™'/%) (12.162)

where we choose p, such that p,ite) = p. Now, since X,(p,)€ D,
|F[’f(”)(Xn(pn)—X*(p))| 40, as n, and thus k(n) goes to infinity, so that (12.162)
implies (12.161). But (12.161), for any slowly diverging function k(n), implies the
convergence of X, (p), as claimed. O

This lemma can be applied to the recurrence (12.157). The main point to check is whether
the corresponding Fyg attracts a domain in which the parameters m(N), Ty, Uy, Qy are
a-priori located, due to the support properties of the measure ég\l,/lg) ,- This stability analysis
was carried out (for an equivalent system) by Talagrand and answered in the affirmative.
We do not want to repeat this tedious, but in principle elementary, computation here.

We would like to make some remarks, however. It is clear that, if we consider conditional
measures, then we can always force the parameters m(N), Ry, Uy, Qn to be in some
domain. Thus, in principle, we could first study the fixed points of (12.157), determine their
domains of attraction, and then define corresponding conditional Gibbs measures. However,
these measures may then be metastable. Also, of course, at least in our derivation, we need
to verify local convexity in the corresponding domains since this was used in the derivation
of the equations (12.157).
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The number partitioning problem

La pensée n’est qu’un éclair au millieu d’une longue nuit. Mais c’est cet éclair
qui est tout.’
Henri Poincaré, La valeur de la science.

With the Hopfield model we have seen that the range of applications of statistical mechanics
goes beyond standard physics into biology and neuroscience. In recent years, many such
extensions have been noted. A particularly lively area is that of combinatorial optimization,
notably with applications to computer science. While I cannot cover this subject adequately,
I will in this last chapter concentrate on possibly the simplest example, the number parti-
tioning problem. The connection to statistical mechanics has been pointed out by S. Mertens
[18, 177, 178], from whom I learned about this interesting problem.

13.1 Number partitioning as a spin-glass problem

The number partitioning problem is a classical optimization problem: Given N numbers
ny, ny,...,ny,find a way of distributing them into two groups such that their sums in each
group are as similar as possible. One can easily imagine that this problem occurs all the
time in real life, albeit with additional complication: Imagine you want to stuff two moving
boxes with books of different weights. You clearly have an interest in making both boxes
more or less the same weight, so that neither of them is too heavy. In computing, you want
to distribute a certain number of jobs on, say, two processors, in such a way that all of
your processes are executed in the fastest way, etc. Clearly, the two examples indicate that
the problem has a natural generalization to partitionings into more than two groups. What
is needed in practice is an algorithm that, when presented with the N numbers, finds the
optimal partitioning as quickly as possible. Since the number of possible partitions is 2V,
simply trying them all out is not going to be a very clever way of doing this. Surprisingly,
however, it is quite hard to do very much better, as this problem is (believed) to be N P-hard,
i.e. no algorithm can be found that is sure to solve the problem in a time that is polynomial
in the size N!

As pointed out by Mertens, this fact can to some extent be understood by realizing that the
problem is closely related to mean-field spin-glasses, and in particular the random energy
model. Of course, the occurrence of the number 2V should already have made us suspect that.

! Approximately: Thought is just a flash in the middle of a long night. But it is this flash that is everything.
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Indeed, any partition of the set {1, ..., N} into two disjoint subsets, A, Ay, is equivalent to
a spin configurationo € Sy viaA; = {i : 0; = +1}and A, == {i : 0; = —1}. Moreover,
the quantity to be minimized is

S

ieN ieN,

= Hy(o) (13.1)

N
E n;o;
i=1

This is a spin-system Hamiltonian depending on the parameters n;. It even looks rather
simple, since it is linear in . The problem, however, is the sign: if the issue were to maximize
Hy (o), we would soon be done, choosing o; = sign (n;) (should the n; be allowed to be
negative). But we want to minimize Hy, which is quite a different task! Note that our
problem has an obvious symmetry: Hy (o) = Hy(—o). It will be reasonable to factor out
this symmetry and consider o to be an element of the set ¥ = {o € {—1, 1}N : 07 = +1}.

Statistical mechanics will not undertake to find algorithms that solve this problem, but
will say something about the solutions, i.e. the minima, and more generally the energy
landscape. Knowledge about the energy landscape may then be useful to people who want
to find algorithms. The first step we have to undertake, in order to bring the problem within
the realm of our field, is to turn the numbers n; into random variables. This is again in the
same spirit as in the Hopfield model: we will not claim to say something about all possible
assignments of the numbers n;, but we want to give results of typical assignments if they
are drawn from a probability distribution. It is by now well accepted that answering such
questions is reasonable in practice.

We will reformulate our problem slightly in the following way. Let X;,i € N, be a family
of i.i.d. positive random variables with common distribution PP. Let Y (o) be the random
process indexed by Xy, given by

N
Yn(o)= N1/2 Z o X; (13.2)
i=1
and let
Hy(0) = V/N|¥y(0)| (13.3)

The first result will concern the distribution of the smallest values of Hy (o). It was con-
jectured by Mertens [177] and proven by Borgs, Chayes, and Pittel [35], and by Borgs,
Chayes, Mertens, and Pittel [36] in the so-called restricted case, where the size of the sets
is constrained to be equal.

Theorem 13.1.1 Assume that the random variables X; are uniformly distributed on the

interval [0, 1], and let Cy = 2N 7! % and define a point process on R by

Pv= Y 8y (13.4)

geXy

Then, as N 1 oo, Py converges to the Poisson point process on R with intensity measure
equal to the Lebesgue measure. Moreover, for any € > 0, and any x € R,

P [V 3nzn, © Joworiryo.oni<e : Hy(0) < Hy(o') < Cy(x)] =0 (13.5)
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Clearly this result is very reminiscent of the REM and says that the minima of Hy behave
just as if the values, Hy(o), were i.i.d. random variables. This looks strange, because we
have a feeling that there are considerable correlations in the process Hy ! Interestingly, they
do not seem to play a rdle, in spite of the fact that the correlations decay more slowly even
than in the SK model, since

cov(Yy(0), Yy(o") = (EX? — (EX)*)Ry (o, o) (13.6)

In fact, if we were to look for the maximum of Y, we would encounter an extremal structure
quite different from the REM. The point is that here we are looking for the local distribution
of energy values near a specific value (in our case 0), in the center of the distribution of the
random variable Yy (o). It turns out, and we will see why in the course of the proof, that cor-
relations play a much lesser role in such a situation than in the tails of the distributions. Bauke
and Mertens [19] conjectured that the REM-like behaviour in Theorem 13.1.1 should be
universal in the sense that it holds for ‘any’ random model if one considers the set of energy
levels ‘closest’ to any specific fixed value of the energy. In [55], this conjecture is proven
in a large class of models, with some caveats with regard to the presence of symmetries.

13.2 An extreme value theorem

In this section we give a useful criterion that implies convergence to a Poisson process for
correlated random variables. Recall how we obtained the distribution of max,es, X, in the
random energy model. The main point had been that the probability that the maximum does
not exceed a very large number was equal to the 2 -th power of 1 minus a number of order
2~V which converges to an exponential. We would like to get such a result without having
to use independence. To do this, we use a general theorem that requires only asymptotic
factorization of finitely many of the random variables X,,.

Notation: We write ), ,, when the sum is taken over all possible ordered sequences of
different indices {i1, ..., i¢} C {l,..., M}. We also write 3, ,(,)(") When the sum is
taken over all possible ordered sequences of disjoint ordered subsets «(ry) = (i1, ..., i),
a(r) = (r41y o5 ip)s ooy €0R) = (i qprg 15 - - o brygetrg) OF {1, .0, M

Theorem 13.2.1 Let V;y, i € N, be a family of positive random variables satis-
fying the following assumptions: for any £ € N, and all sets of constants c; > 0,
j=1,...,¢

lim Y P[Viwm<c.YVi]—> [] ¢ (13.7)

M1 oo y . :
t a()=(iy,..., ip) j=1,..., 14

Then the point process

M
Pu= b, (13.8)
i=1

on Ry, converges weakly in distribution, as M 1 oo, to the Poisson point process P, on
R, whose intensity measure is the Lebesgue measure.
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Remark 13.2.2 Theorem 13.2.1 was proven (in a more general form, involving vector-
valued random variables) in [54]; it is very similar in spirit to an analogous theorem for the
case of exchangeable variables proven in [57] in an application to the Hopfield model.

Proof We use Kallenberg’s theorem [148] on the weak convergence of a point process Py,
to the Poisson process P. Applying his theorem in our situation, weak convergence holds
whenever:

(i) For all intervals, A = [a, b),
EPy(A) — |Al, M — oo (13.9)
(i) For any finite union, A = U5=1 [ae, be), of disjoint intervals,
P[P} (A) =0] > e, M — oo (13.10)

The tool for checking (i) and (ii) is the inclusion-exclusion principle: for any £ € N and
any events, Oy, ..., Oy,

4 k
’ |: D 0i:| - Z Z;cn 0 (_1)kp |:ﬂ O_ij:| (0

k=0 Ag=G i)l j=1

i) <ig<-<iy

where 0_ij denotes the complements of O;;. We use (13.11) to ‘invert’ the inequalities of type
{Vi.m > a}, i.e. to represent their probability as the sum of probabilities of complementary
events, which can be estimated by (13.7). The power of the inclusion-exclusion principle
comes from the fact that the partial sums of the right-hand side provide upper and lower
bounds. (These are known as Bonferroni inequalities, see [99].) Namely, for any n < [£/2],

2n k
§ § (- DP [ﬂ 0,-,} > IP’|: ﬁ ol} (13.12)
i J i l

i) <ip<--<ig

2n+1 k
-3 ¥ cvr|)a]
k=0 Ak (11 Sig) =1
)

i <:2< -<ig

Using (13.11), we derive from the assumption of the theorem the following statement: Let
Ay, ..., Ay € R, be disjoint intervals. Then, for any m, ..., my,

4
PViy € A, Vi € am,),Vr = 1,.... 01 > [[1A1"™  (13.13)

a(my),a(my),....c(me)

Let us first concentrate on the proof of this statement. Consider first the case £ = 1, i.e.
A =[a, b). If also m = 1, we clearly have

ZPM w € la.b)] = Z(P[V, m < bl =PViy <al) (13.14)

i=1
By assumption, the left-hand side of (13.14) converges to (b — a) by the assumption (13.7).
To treat the general case, one writes

Vim €A Viea)={Vin =a,Viea}| J{Vin <b Viea) (1315
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and applies the inclusion-exclusion principle (13.11) to the first event. The result then
follows easily. This proves (i).
To verify (ii), note that

M
P[Pu(A)=0] =P [ﬂ Vi & A} (13.16)
i=1
Applying the inclusion-exclusion principle (13.12), we get
(=1
Z > PViu € A.Vi € a(k)] = P[Py(A) = 0] (13.17)
! a(k)
2n+1 ( 1)k

=25

> P[Viy € A, Vi € a(k)]

o(r)

Using (13.13), this yields

2n k k 2n+1 k k
(=1)"1A] . (=1)"|B|
2 @ Z A}gnocﬂ”[PM(A) =0] > kgo —a (13.18)

Since n can be fixed arbitrarily large, it follows that
Jim P[Py (A)=0]=e " (13.19)

This concludes the proof of the theorem. O

13.3 Application to number partitioning

We will now prove Theorem 13.1.1. It will follow directly from Theorem 13.2.1 and the
following proposition:

Proposition 13.3.1 Ler Ky = 2V~'Q2n) "2 We write Y"1 1.5, () for the sum over all

possible ordered sequences of different elements of X . Then, for any | € N and any con-
stantsc; > 0, j =1,..., ¢ we have

[Yn(o))]
X o v Te mo
ol,..., oteXy j=1...t

Heuristics Let us first outline the main steps of the proof. The random variables Yy (o) are
sums of i.i.d. random variables with mean EYy (o) = ﬁ ZlN:l o; and covariance matrix

By(c!, ..., o"), whose elements are
varX <&
b = oV (Yy(0™). Yy(o") = == 3 oo’ (13.21)
In particular, b, ,, = var(X) = 1—12 Moreover, for the vast majority of choices, ol, ..., of,

b; ; = o(1), for all i # j; in fact, this fails only for an exponentially small fraction of
configurations. Thus in the typical choices, the central limit theorem suggests that the
random variables Yi:rj) should behave, asymptotically, like independent Gaussian ran-
dom variables with mean % Z,N: , 0i and variance 1. The probability defined in (13.20)
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is then the probability that these Gaussians belong to the exponentially small intervals
[—c;27N24/27, ¢;27N24/27], and is thus of the order

2
[T 4ci2Vexp <—EY;) ) (13.22)

- N . .
Moreover, N~!/2 > i, 0; converge, as N 1 00, to standard normal Gaussian random vari-

ables, which, by the same arguments, are independent for almost all configurations o. Thus,

l
lim Z P[Vﬁ':[sKN|HN(O'j)| <Cj]: l_[ 2chZe_# :HCj

(13.23)

This estimate would yield the assertion of the proposition, if all remaining terms could be
ignored.

Let us turn to the remaining tiny part of Ef\?l where o/, ..., o! are such that b;, i 0
for some i # j as N — oo. A priori, we would be inclined to believe that there should be
no problem, since the number of terms in the sum is by an exponential factor smaller than
the total number of terms. In fact, we only need to worry if the corresponding probability
is also going to be exponentially larger than for the bulk of terms. As it turns out, the latter
situation can only arise when the covariance matrix is degenerate.

Namely, if the covariance matrix, By(c!, ..., ob),is non-degenerate, the central limit
theorem suggests that the probability P[] is of the order

(detBy(c!,...,a)~1/? ]_[ 22m) e Ky (13.24)
J=1,.6
But, from the definition of b; ;, (detBy(c'!, ..., 0*))"/* may grow at most polynomially.
Thus, the probability P[-] is K,;l up to a polynomial factor, while the number of sets
o', ..., o in this part is exponentially smaller than K . Hence, the contribution of all such
o', ...,0"%in (13.20) is exponentially small.
The case when o', ..., o give rise to a degenerate B(c',...,o") is more delicate.

Degeneracy of the covariance implies that there are linear relations between the random
variables {Y(0%)};—1.....¢, and hence the probabilities IP[-] can be exponentially bigger than
K ];e. A detailed analysis shows, however, that the total contribution from such terms is still
negligible.

Proof (of Proposition 13.3.1) Let

(13.25)

.....
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Y(@9))j=1

be the characteristic function of the random vector
Jva X

. It is easy to see that

ol,...ol 2 .
Sy 77 (t) can be written as

E ; 13.26
H exp( —— arX( a)) (13.26)

. 1 - o
Hexp< (t, o, )> Sm(2 NvarX(t’an)>
» On 1 R
~/ Nvar X m(t,o’n)

~
~

~
|

Here 7 denotes the vector with components tj;we w111 use the notation & and o, analogously.

We will write (7, 5,) = >5_, 7j0i,and (7, 5) = N™/235_ 37 t;0,]. Then
. C;
P|Vi_, Y (o)) < —’} (13.27)
|: = Ky
] .. eit,-c_,-K;,‘ _ efitjc,-Kgl
— hm o .., o ¢ dl'
Dtoo ,/ Iy @) ._11_[ ¢ 2mit; /
[=D. D" j=1,...,

Let us denote by C(c) the £ x N matrix with elements o,{ .
We will split the sum of (13.20) into two terms

> P= Y P+ Y PLI (13.28)

ol,...0leXy ol .olexy ol olexy
rank c)=¢ rank ()<t
and show that the first term converges to the right-hand side of (13.20), while the second
term converges to zero.

Lemma 13.3.2 Assume that the matrix C(c) contains all £ possible different rows. Assume
that a configuration & is such that it is a linear combination of the columns of the matrix
C(c). Then there exists 1| < j < £ such that either & = oD oré = —oW,

Remark 13.3.3 Lemma 13.3.2 has been an important ingredient in the analysis of the
Hopfield model; see, e.g., the proof of Lemma 12.2.2. It possibly appeared first in a paper
by Koch and Piasko [153].

Lemma 13.3.2 implies the following: Assume that there are r < £ linearly independent
vectors, o', ..., o, among the £ vectors o', ..
most (2° — 1)V. In fact, if the matrix C(c", ..., o'") contains all 2" different rows, then
by Lemma 13.3.2 the remaining configurations, ol with j € {1,...,IN\{i1,..., i}, would
be equal to one of o', ..., o' as elements of X, which is impossible since we sum
over different elements of X . Thus there can be at most O((2" — 1)) ways to construct

these r columns. Furthermore, there is only an N-independent number of possibilities

., ot. The number of such vectors is at

for completing the set of vectors by £ — r linear configurations of these columns to get
C!,...,oh.

The next lemma gives an a-priori estimate of the probability corresponding to each of
these terms.
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Lemma 13.3.4 There exists a constant C = C(£) > 0 such that, for any distinct

ol,...,ot e Xy, anyr =rank C(c!,...0% < ¢, andall N > 1,
i Cj —r r
P[vﬁ._l |Y(c/)| < K—JN] < CKy N*? (13.29)

Lemma 13.3.4 implies that each term in the second sum in (13.28) is smaller than
CKy N2 ~27N" 1t follows that the sum over these terms is of order O([(2" —
D27V) - 0as N — oo.

We now turn to the first sum in (13.28), where the covariance matrix is non-degenerate.
Let us fix & € (0, 1/2) and introduce a subset, R}" N C E®l, through

N
R =10 ....0' € Sy Vi |Y_ojoy| < N°’+1/2} (13.30)
n=1
It is easy to estimate
|ZEN\RY | < 2" exp(—hN™) (13.31)
By definition, for any (¢!, ..., a‘)R‘}‘\,’ ¢» the elements by ,, of the covariance matrix (see
(13.21)) satisfy, for all k # m,
N k _m
|bim| = Lz 90" < Ne71/2 (13.32)
’ NvarX
Therefore, for any ol,...,ol e R;’fn, detBy(c) = 1 + o(1) and, in particular, the rank of
C (o) equals £.
By Lemma 13.3.4 and the estimate (13.31),
> P =2Ye ™ ONY PR - 0 (13.33)

ol,..A,ozé'Rff N
rankco!,...at)=¢

To complete the study of the first term of (13.28), let us show that
>oooP- ] ¢ (13.34)

with P[-] defined by (13.27). Using the representation (13.27), we will divide the normalized
probability P[-] of (13.27) into five parts

5
]_[ ;P[] = Z ', ....0% (13.35)
j i=1
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where
i - I

N P 2+/var X wi/ j:ll_[ . J

Il<eN6 DT

i - .

I} =Qr)™" / v (1) — ex (*U,&) — Byt 2)) dt;,
N ] I P WS Nt/ ]:11_[[ ;

Fl<envs oo Em e s

(13.37)
f = @m / for@ [T an (13.38)
j=1,...t

eNVS<|fl|<8v/'N

peemt [ g %[ I w] [T a3
j= J

o tici/Ky o
IIF\\Sﬁx/ﬁ 1,...,¢ JH =1,...,¢
and
5 _ 0 q- ol ol = Sin(lej/KN) '
Iy =@m™" lim / @ T —e /K dr; (13.40)

[=D,DIN|7lI>8v/N

for values §,€¢ > 0 to be chosen appropriately later. We will show that there is a
choice such that I3, (o', ..., 0% — 0, for i =2,3,4,5, while I}, (o', ..., 0% gives the
desired contribution. These facts combined with (13.33) imply the assertion (13.34) and
complete the proof of the proposition.

The following lemma gives control over some of the terms appearing above.

Lemma 13.3.5 There exist constants C > 0, € > 0, § > 0, and ¢ > 0 such that, for all

ol,...,ote Rf v, the following estimates hold:

(i) For |f|| < eN®,

£57 (@) — exp (7i (?,&)—?BNZ/z) < C”;'Pe—"BNf/2 (13.41)
2+/Nvar X VN
(ii) For |7l < 8v/N,
| 5" @) < exp(—TByi/2 + CltPN~'?) (13.42)
(iii) For ||f]| < 8+/N,
5" ()] < exp(=¢ IFIP) (13.43)

Assuming this lemma, we can now estimate the terms / 1’\, First, by a standard estimate on
Gaussian integrals, we note that we can extend the domain of integration in the definition of
I}, to all of R, and then use the standard formula for the Fourier transform of the Gaussian
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distribution to find that

B B, Sv, By'S
14(0) = (2n)'detBy(5))""? exp I PN N o
varX

= Qn)""? exp(—% I5n ||§> +o(1) (13.44)

where sjj\', =N"12yN o7, and o(1) is uniform for o'! ..o e R} \ by (13.32). More-
over, by the central limit theorem,

4
y~(N=1)t Z (271) /2=315n13 _ [(zn)l/2/e£zzeizzdz] =2 (13.45)

Thus 1, gives the desired main contribution.

As for the second term, I3(6) = O(N~'/2) uniformly for 6 € R{ , by the estimates
(13.41) and (13.32). The third part I,%, is found to be exponentially small by (13.43). To
treat I,‘\‘,, we note that for any € > 0 one can find Ny such that for all N > N, and all 7 with
|7l < 8+/N the quantity in square brackets is smaller than € in absolute value, and apply
again (13.43). Finally, we estimate

ne=en’ [ g6 [T a (13.46)
I7l>8v/N

For any ¢ € R{ y the matrix C (o) contains all 2¢ possible different rows and by (13.26)
f,ﬁ,}(f) is the product of 2¢ different characteristic functions, where each is taken to the
power N27¢(1 + o(1)). Let us fix from the 2¢ different rows of C(c) ¢ linearly independent
ones, and denote by C the £ x £ matrix composed of them. There exists 7(8) > 0 such that
VICTCt/(varX) > n, for all 7 with ||7]| > 8. Changing variables 5 = 7C” /</NvarX, one
gets the bound

elsi — 1 N2t (140(1))
|I3(3)] < @r) “(NvarX)‘(detC)~! / 1‘[ ds; (13.47)
HEE— K
< CNY2(1 = h(m))N? (Ho)-2 / l—[ e — 1| s,
..... 4 Sj
HE

where h(n) > 0 is chosen such that |(e’* — 1)/s| < 1 — h(n), for all s with |s| > n/¢, and
C is a constant, independent of & and N. Thus, I3(5) — 0, uniformly in G € R y, and
exponentially fast,as N — oo. This concludes the proof of (13.34) and of Proposition 13.3.1.

O

Proof (of Lemma 13.3.4) Let us remove from the matrix C(c'!, . .., o*) linearly depen-
dent columns and leave only r linearly independent columns. These correspond to a certain
subset of r configurations, o/, jeA C{l,...,t}, A, | =r. We denote by C’ (o) the
N x r matrix composed by them. Then the probability on the right-hand side of (13.29) is
not greater than the probability of the same events for j € A, only. Let f, ;v;] """ "[(?), jeA,,
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be the characteristic function of the vector o jear . Then

Vvar
Y (o ')| Cj }
P| V¢ L (13.48)
|: =1 \/varX
o, ztjchN —e ztjchN
<—1lm | [y t t
= @ny pose / Ix ()I_A[ J
[-D.DY €
To bound the integrand in (13.48), we use that
ol Ky _ a—itici Ky
. —1 ~1
- < min (2¢;K5", 2a)7") (13.49)
1
Next, let us choose in the matrix C"(¢'!, ..., o%) any r linearly independent rows and
construct from them an r x r matrix, C. Then
1 l N .
7o' @) = [T |Eex tiol (13.50)
i O =] [Eew W 20

E — s
Sg exp( VarXJEZA{C} m)‘

< l—[ 2\/NvarX
b HCT

where 7 = {t i} jea, - Hence, the absolute value of the integral (13.48) is bounded by the sum
of two terms

K_rHJeA (2¢)) / 1—[ ( ZVNvarX)dt
) j
s=1

Qm) {Ct)s]
[tj|<Ky
2/Nvar X
_ / min (1, Y2002 ) gy (13.51)
<2n> ek Al Tl

The change of variables 7} = C7 in the first term shows that the integral over ||7]| < Ky is at
most O(N™/?(In Ky)"), where In Ky = O(N) as N — oo. Thus the first term of (13.51) is
bounded by C1(C, £)N¥/2K 5", with some constant C;(C, £) > 0, independent of N. Using
the change of variables 7j = K ,;1? in the second term of (13.51), one finds that the integral
over ||| > Ky is at most O(Ky"). Thus (13.51) is not greater than C5(C, £)N* /2K,
with some positive constant CZ(C’ , £), independent of N.

To conclude the proof, let us recall that there is a finite, N-independent number of
possibilities to construct the matrix ¢ from C(o!, ..., o"), since each of its elements may
take only three values =1 and 0. Thus, there exist fewer than 3" different constants, Cz(C‘ D),
corresponding to different matrices C. It remains to take the maximal one over them to
get (13.29). O

Proof (of Lemma 13.3.5) The statement (13.43) is an immediate consequence of (13.42)
and (13.32) if § > 0 is small enough.
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The proof of (13.41) and (13.42) only requires the elementary estimates

3 2 4
sinx —x — % e‘*| and |e¥721 -2 < T ek,
Therefore, recalling that 2+/varX = /1/3,
sin (%}i) (. 5,)? . SRS
e L=l 4o (R (13.52)
VN3

Note that, when ||7|] < N'/2, all annoying exponentials are bounded by constants; if ||7]| <
N6 the error term is even < O(1/N). Now write

X sin (@> £.6.)%\ & = = o sin (08
vN/3 _ (Z, O'n) (l‘, O'n) VN/3
1_[ T = exp (_ Z 2—N ) 1_[ exp ( N i (13.53)
n=1 \/N77 P el S
But by the preceding observations,
.6 sin (5) I
eXP( 2N ) iey = L OoPNTT) (13.54)
VN/3
and so
; (7.6,)
(7. 5,)2\ Sin T/3) o
neXP ( <(aan) =140 (I7FN"""?) (13.55)
IN/3

From here the assertions (i) and (ii) of the lemma follow immediately. This concludes the
proof of Lemma 13.3.5 U
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