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Preface

The Lecture Notes collect seven mini-courses presented at the 5th
Prague Summer School on Mathematical Statistical Physics that took
place during two weeks of September 2006. As with preceding schools, it
was aimed at PhD students and young postdocs. The central theme of
the volume is what could be called “mathematics of phase transitions”
in diverse contexts. Even though all courses were meant to introduce
the reader to recent progress of a particular topic of modern statisti-
cal physics, attention has been paid to providing a solid grounding by
carefully developing various basic tools.

One of the techniques that led, more than two decades ago, to a
series of important outcomes in the theory of phase transitions of lattice
models was reflection positivity. Recently it resurfaced and was used
to obtain interesting new results in various settings. The lectures of
Marek Biskup include a thorough introduction to reflection positivity
as well as a review of its recent applications. In addition, it contains a
crash course on lattice spin models that is useful as a background for
other lectures of the collection.

Also the following two contributions concern equilibrium statistical
physics. The lectures of Dmitri Ioffe are devoted to a stochastic geomet-
ric reformulation of classical as well as quantum Ising models. A unified
approach to the Fortuin-Kasteleyn and random current representations
in terms of path integrals is presented.

Statistical mechanics of directed polymers interacting with one-
dimensional spatial effects is a topic with various applications in physics
and biophysics. The lectures of Fabio Toninelli are devoted to a thor-
ough discussion of the localization/delocalization transition in these
models.
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Metastability is a topic that has attracted a lot of attention re-
cently. Here it is discussed in the notes of Anton Bovier and Frank den
Hollander. The emphasis of the course of Anton Bovier is on a gen-
eral rigorous framework. It explores how distinct time scales arise in
Markov processes and how the metastable exit times can be expressed
in terms of capacity, the crucial notion coming from potential theory.
The lectures by Frank den Hollander are then devoted to a nontrivial
application to metastability in the context of Glauber and Kawasaki
dynamics of lattice gases. The main step is the careful evaluation of
the relevant capacity in these particular cases.

Readers can have a glimpse of the prolifically developing nonequi-
librium realm in the remaining two contributions. The lectures that
were presented by Christian Maes and Karel Neto¢ny form a pedagog-
ical account of several recently discussed topics, with an emphasis on
general principles.

Facilitated spin models, also known as kinetically constrained spin
models, are reflecting important peculiar features of glassy dynamics.
The lectures of Fabio Martinelli, submitted here with his coauthors, re-
view mathematical results that contributed to a settlement of questions
arising from numerical simulations.

Only one mini-course presented in Prague was not included into the
present volume. These are the lectures about computational complexity
and phase transitions in combinatorial optimisation presented by Stefan
Mertens. The main reason for this ommision is that his presentation
was based on the recent monograph written by him and Cris Moore
that already covers very well this topic.

The School was organised by Center for Theoretical Study (through
the grant MSM 0021620845) with the Institute of Theoretical Com-
puter Science at Charles University providing their beautiful lecture
room in the historical centre. It could not have happened without the
support of the European Science Foundation under the auspices of the
programme Phase Transitions and Fluctuation Phenomena for Random
Dynamics in Spatially Extended Systems. But most of all, the success
of the School was determined by the lecturers as well as the students
who created a pleasant and stimulating atmosphere. We hope that this
spirit found its way into the written version of the lecture notes and
will be appreciated by the reader.

Prague Roman Kotecky
November, 2008
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1 Introduction

Phase transitions are one of the most fascinating, and also most
perplexing, phenomena in equilibrium statistical mechanics. On the
physics side, many approximate methods to explain or otherwise jus-
tify phase transitions are known but a complete mathematical under-
standing is available only in a handful of simplest of all cases. One
set of tractable systems consists of the so called lattice spin models.
Originally, these came to existence as simplified versions of (somewhat
more realistic) models of crystalline materials in solid state physics but
their versatile nature earned them a life of their own in many other
disciplines where complex systems are of interest.

The present set of notes describes one successful mathematical ap-
proach to phase transitions in lattice spin models which is based on
the technique of reflection positivity. This technique was developed in
the late 1970s in the groundbreaking works of F. Dyson, J. Frohlich,
R. Israel, E. Lieb, B. Simon and T. Spencer who used it to establish
phase transitions in a host of physically-interesting classical and quan-
tum lattice spin models; most notably, the classical Heisenberg ferro-
magnet and the quantum XY model and Heisenberg antiferromagnet.
Other powerful techniques — e.g., Pirogov-Sinai theory, lace expansion
or multiscale analysis in field theory — are available at present that
can serve a similar purpose in related contexts, but we will leave their
review to experts in those areas.

The most attractive feature of reflection positivity — especially,
compared to the alternative techniques — is the simplicity of the
resulting proofs. There are generally two types of arguments one can
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use: The first one is to derive the so called infrared bound, which states
in quantitative terms that the fluctuations of the spin variables are
dominated by those of a lattice Gaussian free field. In systems with an
internal symmetry, this yields a proof of a symmetry-breaking phase
transition by way of a spin-condensation argument. Another route goes
via the so called chessboard estimates, which allow one to implement
a Peierls-type argument regardless of whether the model exhibits an
internal symmetry or not.

Avid users of the alternative techniques are often quick to point
out that the simplicity of proofs has its price: As a rather restrictive
condition, reflection positivity applies only to a small (in a well defined
sense) class of systems. Fortunately for the technique and mathematical
physics in general, the models to which it does apply constitute a large
portion of what is interesting for physics, and to physicists. Thus, unless
one is exclusively after universal statements — i.e., those robust under
rather arbitrary perturbations — the route via reflection positivity is
often fairly satisfactory.

The spectacular success of reflection positivity from the late 1970s
was followed by many interesting developments. For instance, in var-
ious joint collaborations, R. Dobrushin, R. Kotecky and S. Shlosman
showed how chessboard estimates can be used to prove a phase transi-
tion in a class of systems with naturally-defined ordered and disordered
components; most prominently, the g-state Potts model for ¢ > 1.
Another neat application came in the papers of M. Aizenman from
early 1980s in which he combined the infrared bound with his random-
current representation to conclude mean-field critical behavior in the
nearest-neighbor Ising ferromagnet above 4 dimensions. Yet another
example is the proof, by L. Chayes, R. Kotecky and S. Shlosman, that
the Fisher-renormalization scheme in annealed-diluted systems may be
substituted by the emergence of an intermediate phase.

These notes discuss also more recent results where their author had
a chance to contribute to the field. The common ground for some of
these is the use of reflection positivity to provide mathematical justifi-
cation of “well-known” conclusions from physics folklore. For instance,
in papers by N. Crawford, L. Chayes and the present author, the in-
frared bound was shown to imply that, once a model undergoes a field
or energy driven first-order transition in mean-field theory, a similar
transition will occur in the lattice model provided the spatial dimen-
sion is sufficiently high or the interaction is sufficiently spread-out (but
still reflection positive). Another result — due to L. Chayes, S. Starr
and the present author — asserts that if a reflection-positive quantum
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spin system undergoes a phase transition at intermediate temperatures
in its classical limit, a similar transition occurs in the quantum system
provided the magnitude of the quantum spin is sufficiently large.

There have also been recent cases where reflection positivity brought
a definite end to a controversy that physics arguments were not able to
resolve. One instance concerned certain non-linear vector and liquid-
crystal models; it was debated whether a transition can occur already
in 2 dimensions. This was settled in recent work of A. van Enter and
S. Shlosman. Another instance involved spin systems whose (infinite)
set of ground states had a much larger set of symmetries than the
Hamiltonian of the model; two competing physics reasonings argued
for, and against, the survival of these states at low temperatures. Here,
in papers of L. Chayes, S. Kivelson, Z. Nussinov and the present au-
thor, spin-wave free energy calculations were combined with chessboard
estimates to construct a rigorous proof of phase coexistence of only a
finite number of low-temperature states.

These recent activities show that the full potential of reflection posi-
tivity may not yet have been fully exhausted and that the technique will
continue to play an important role in mathematical statistical mechan-
ics. It is hoped that the present text will help newcomers to this field
learn the essentials of the subject before the need arises to plow through
the research papers where the original derivations first appeared.

Organization

This text began as class notes for nine hours of lectures on reflection
positivity at the 2006 Prague School and gradually grew into a survey
of (part of) this research area. The presentation opens with a review of
basic facts about lattice spin models and then proceeds to study two
applications of the infrared bound: a spin-condensation argument and a
link to mean-field theory. These are followed by the classical derivation
of the infrared bound from reflection positivity. The remainder of the
notes is spent on applications of a by-product of this derivation, the
chessboard estimate, to proofs of phase coexistence.

The emphasis of the notes is on a pedagogical introduction to re-
flection positivity; for this reason we often sacrifice on generality and
rather demonstrate the main ideas on the simplest case of interest. To
compensate for the inevitable loss of generality, each chapter is en-
dowed with a section “Literature remarks” where we attempt to list
the references deemed most relevant to the topic at hand. The notes
are closed with a short section on topics that are not covered as well
as some open problems that the author finds worthy of some thought.
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2 Lattice Spin Models: Crash Course

This section prepares the ground for the rest of the course by introduc-
ing the main concepts from the theory of Gibbs measures for lattice
spin models. The results introduced here are selected entirely for the
purpose of these notes; readers wishing a more comprehensive — and
in-depth — treatment should consult classic textbooks on the subject.

2.1 Basic Setup

Let us start discussing the setup of the models to which we will di-
rect our attention throughout this course. The basic ingredients are as
follows:

o Lattice: We will take the d-dimensional hypercubic lattice Z¢ as our
underlying graph. This is the graph with vertices at all points in R?
with integer coordinates and edges between any nearest neighbor
pair of vertices; i.e., those at Euclidean distance one. We will use
(x,y) to denote an (unordered) nearest-neighbor pair.
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o Spins: At each z € Z¢ we will consider a spin S,, by which we will
mean a random variable taking values in a closed subset {2 of R”,
for some v > 1. We will use S, - S, to denote a scalar product
between S, and S, (Euclidean or otherwise).

e Spin configurations: For A C Z%, we will refer to Sy := (Su)zea
as the spin configuration in A. We will be generically interested in
describing the statistical properties of such spin configurations with
respect to certain (canonical) measures.

e Boundary conditions: To describe the law of S,, we will not be
able to ignore that some spins are also outside A. We will refer
to the configuration S,c of these spins as the boundary condition.
The latter will usually be fixed and may often even be considered a
parameter of the game. When both S4 and Sjc are known, we will
write

S = (S, Sx¢) (2.1)
to denote their concatenation on all of Z2.

The above setting incorporates rather varied physical contexts. The
spins may be thought of as describing magnetic moments of atoms in a
crystal, displacement of atoms from their equilibrium positions or even
orientation of grains in nearly-crystalline granular materials.

To define the dynamics of spin systems, we will need to specify the
energetics. This is conveniently done by prescribing the Hamiltonian
which is a function on the spin-configuration space Q2% that tells us
how much energy each spin configuration has. Of course, to have all
quantities well defined we need to fix a finite volume A C Z% and
compute only the energy in A. The most general formula we will ever

need is

Hy(S):= Y, a9 (2:2)

AcCz? finite
ANAF#D

where @4 is a function that depends only on S4. To make everything
well defined, we require, e.g., that @4 is translation invariant and that
> 450 [[PAllo < 00. (The infinity norm may be replaced by some other
norm; in particular, should the need arise to talk about unbounded
spins.) It is often more convenient to write the above as a formal sum:

H(S) = ®a(S) (2.3)
A

with the above specific understanding whenever a precise definition is
desired.
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The energy is not sufficient on its own to define the statistical
mechanics of such spin systems; we also need to specify the a priori
measure on the spins. This will be achieved by prescribing a Borel mea-
sure o on {2 (which may or may not be finite). Before the interaction is
“switched on,” the spin configurations will be “distributed” according
to the product measure, i.e., the a priori law of Sy is @ ¢ 4 po(dSz).
The full statistical-mechanical law is then given by a Gibbs measure
which (in finite volume) takes the general form e 7 [T 110(dS,); cf
Sect. 2.3 for more details.

2.2 Examples

Here are a few examples of spin systems:

(1) O(n)-model: Here 2 := S" ' = {2z € R": |z|]s = 1} with pg =
surface measure on S”~!. The Hamiltonian is

H(S):=~-J> 8,5, (2.4)
(z.y)

where the dot denotes the usual (Euclidean) dot-product in R™ and
J > 0. (Note that this comes at no loss as the sign of J can be changed
by reversing the spins on the odd sublattice of Z?.)

Note that if A € O(n) — i.e., A is an n-dimensional orthogonal
matrix — then

AS, - AS, =S, S, (2.5)

and so H(AS) = H(S). Since also 9 o A~! = g, the model possesses
a global rotation invariance — with respect to a simultaneous rotation
of all spins. (For n = 1 this reduces to the invariance under the flip
+1 —1.)

Two instances of this model are known by other names: n = 2 is the
rotor model while n = 3 is the (classical) Heisenberg ferromagnet.

(2) Ising model: Formally, this is the O(1)-model. Explicitly, the spin
variables o, take values in (2 := {—1,+1} with uniform a priori mea-
sure; the Hamiltonian is

H(o):=—-J Z O20y (2.6)
(z,9)

Note that the energy is smaller when the spins at nearest neighbors
align and higher when they antialign. (A similar statement holds, of
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course, for all O(n) models.) This is due to the choice of the sign J > 0
which makes these models ferromagnets.

(3) Potts model: This is a generalization of the Ising model beyond two
spin states. Explicitly, we fix ¢ € N and let o, take values in {1,...,q}
(with a uniform a priori measure). The Hamiltonian is

H(o):=—-J Z 0oy,0, (2.7)
()

so the energy is —J when o, and o, “align” and zero otherwise. The
q = 2 case is the Ising model and ¢ = 1 may be related to bond
percolation on Z? (via the so called Fortuin-Kasteleyn representation
leading to the so called random-cluster model).

It turns out that the Hamiltonian (2.7) can be brought to the form
(2.4). Indeed, let {2 denote the set of ¢ points uniformly spread on the
unit sphere in R?~!; we may think of these as the vertices of a g-simplex
(or a regular g-hedron). The cases g = 2, 3,4 are depicted in this figure:

| ><P

More explicitly, the elements of (2 are vectors v,, a = 1,...,q, such
that
1, if =0,
T, s = 2.8
o th {—qil, otherwise. (28)

The existence of such vectors can be proved by induction on ¢. Clearly,
it S, corresponds to o, and Sy to o, then

q 1
xt :70.0._4 2-
Sz - Sy q—l(s“”’y 1 (2.9)

and so the Potts Hamiltonian is to within an additive constant of

H(S):=~J) S-S, (2.10)

(zy)
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with J :=J q%ql. This form, sometimes referred to as tetrahedral repre-
sentation, will be far more useful for our purposes than (2.7).

(4) Liquid-crystal model: There are many models that describe certain
granular materials known to many of us from digital displays: liquid
crystals. A distinguished feature of such materials is the presence of
orientational long-range order where a majority of the grains align with
one another despite the fact that the system as a whole is rotationally
invariant. One of the simplest models capturing this phenomenon is as
follows: Consider spins S, € S* ! with a uniform a priori measure.
The Hamiltonian is

H(S):=—J> (S -5,) (2.11)

(z,y)

The interaction features global rotation invariance and the square takes
care of the fact that reflection of any spin does not change the energy
(i.e., only the orientation rather than the direction of the spin matters).

As for the Potts model, the Hamiltonian can again be brought to
the form reminiscent of the O(n)-model. Indeed, given a spin S € S"~!
with Cartesian components S, o = 1,...,n, define an n x n matrix

@ by
1
Qup =SB — —5,4 (2.12)
n
(The subtraction of the identity is rather arbitrary and more or less
unnecessary; its goal is to achieve zero trace and thus reduce the number
of independent variables characterizing @ to n—1; i.e., as many degrees

of freedom as S has.) As is easy to check, if Q < S and Q < S are
related via the above formula, then

~ ~ 1
TH(QQ) = (S-9)* - ~ (2.13)
n
Since @ is symmetric, the trace evaluates to

(QQ) = Z QupQup (2.14)
o,

which is the canonical scalar product on n xn matrices. In this language
the Hamiltonian takes again the form we saw in the O(n) model.
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At this point we pause to remark that all of the above Hamiltonians
are of the following rather general form:

1
H(S) =+ > JaylSe — Syl (2.15)
w7y
where (J,) is a collection of suitable coupling constants and | - | de-

notes the Euclidean norm in R”. This is possible because, in all cases,
the (corresponding) norm of S, is constant and so adding it to the
Hamiltonian has no effect on the probability measure. The model thus
obtained bears striking similarity to our last example:

(5) Lattice Gaussian free field: Let {2 := R, pg := Lebesgue measure
and let P(x,y) be the transition kernel of a symmetric random walk
on Z% ie., P(z,y) = P(0,y — z) = P(0,z — y). In this case we will
denote the variables by ¢,; the Hamiltonian is

H(9) = 5 3" Pa,y)(0y — 62)° (216)
T,y

This can be rewritten as
H(¢) = (¢7 (1 - P)¢)L2(Zd) = 51*P(¢7 <f7) (217)

where experts on harmonic analysis of Markov chains will recognize
E1-p(o, @) to be the Dirichlet form associated with the generator 1 — P
of the above random walk. In the Gibbs measure, the law of the ¢,’s
will be Gaussian with grad-squared interactions; hence the name of the
model.

The sole difference between (2.15) and (2.16) is that, unlike the ¢,’s,
the spins S, are generally confined to a subset of a Euclidean space
and/or their a priori measure is not Lebesgue — which will ultimately
mean their law is not Gaussian. One purpose of this course is to show
how this formal similarity can nevertheless be exploited to provide
information on the models (2.15).

2.3 Gibbs Formalism

Now we are ready to describe the statistical-mechanical properties
of the above models for which we resort to the formalism of Gibbs-
Boltzmann distributions. First we define these in finite volume: Given
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a finite set A C Z% and a boundary condition S, we define the Gibbs
measure in A to be the probability measure on 24 given by

e~ BHA(S

Spc
Wi ds) = o—
’ z€A

Here 3 > 0 is the inverse temperature — in physics terms, § := kBLT

where kg is the Boltzmann constant and 7' is the temperature measured
in Kelvins — and Z, 3(S¢) is the normalization constant called the
partition function.

To extend this concept to infinite volume we have two options:

(1) Consider all possible weak cluster points of the family {u SAC)}

as A 17 Z? (with the boundary condition possibly varying with A)
and all convex combinations thereof.

(2) Identify a distinguishing property of Gibbs measures and use it to
define infinite volume objects directly.

While approach (1) is ultimately very useful in practical problems,
option (2) is more elegant at this level of generality. The requisite “dis-
tinguishing property” is as follows:

Lemma 2.1 (DLR condition). Let A C A C Z¢ be finite sets and
let Sac € 24°. Then (for ,u(ASgC)—a.e. Sac),

uS8) (- 18e) = uia7 () (2.19)

In simple terms, conditioning the Gibbs measure in A on the configu-
ration in A\ A, we get the Gibbs measure in A with the corresponding
boundary condition.

This leads to:

Definition 2.2 (DLR Gibbs measures). A probability measure on

22" s called an infinite volume Gibbs measure for interaction H and
inverse temperature (3 if for all finite A C Z¢ and p-a.e. Sy,

(- |Sae) = w80 0) (2.20)

where M&SEC) 1s defined using the Hamiltonian H 4.

We will use &3 to denote the set of all infinite volume Gibbs mea-
sures at inverse temperature 3 (assuming the model is clear from the
context).
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Here are some straightforward, nonetheless important consequences
of these definitions:

(1) By Lemma 2.1, any weak cluster point of (,ugfgc)) belongs to &g3.

2) By the Backward Martingale Convergence Theorem, if A,, T Z% and
(2) By g g :

c)

S
i € &g, then for p-a.e. spin configuration S the sequence “glnAﬁ
has a weak limit, which then belongs to &g.

(3) &g is a convex set (and is closed in the topology of weak conver-

S xc
gence). Moreover, u € 3 is extremal in &g iff /‘ElnAg) % for

p-almost every spin configuration S.
Similarly direct is the proof of the following “continuity” property:

(4) Let H, be a sequence of Hamiltonians converging — in the sup-
norm on the potentials 4 — to Hamiltonian H, and let (3, be
a sequence with 3, — [ < oo. Let p, be the sequence of the
corresponding Gibbs measures. Then every (weak) cluster point
of () is an infinite-volume Gibbs measure for the Hamiltonian H
and inverse temperature (3.

Note that the fact that &z is closed and convex ensures that each ele-
ment can be written as a unique convex combination of extreme points
(by the Krein-Millman theorem). The DLR condition permits to extract
the corresponding decomposition probabilistically by conditioning on
the o-algebra of tail events.

Now we give a meaning to the terms that are frequently (though
sometimes vaguely) employed by physicists:

Definition 2.3 (Phase coexistence). We say that the model is at
phase coexistence (or undergoes a first-order phase transition) when-
ever the parameters are such that |G| > 1.

The simplest example where this happens is the Ising model. Let
Ap:={1,...,L}* (2.21)

and consider the Ising model in A7 with all boundary spins set to +1.
(This is the so called plus boundary condition.) As a consequence of
stochastic domination — which we will not discuss here — ,ujL p tends
weakly to a measure u as L — oo. Similarly, for the minus boundary
condition, la, B % u~. Tt turns out that, in dimensions d > 2 there
exists f.(d) € (0,00) such that

B> P(d) = pt#u (2.22)
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i.e, the model is at phase coexistence, while for 3 < (.(d), the set of all
infinite volume Gibbs measures is a singleton — which means that the
model is in the uniqueness regime. One of our goals is to prove similar
statements in all of the models introduced above.

2.4 Torus Measures

In the above, we always put a boundary condition in the complement
of the finite set A. However, it is sometimes convenient to consider
other boundary conditions. One possibility is to ignore the existence
of A° altogether — this leads to the so called free boundary condition.
Another possibility is to wrap A into a graph without a boundary
— typically a torus. This is the case of periodic or torus boundary
conditions.

Consider the torus T, which we define as a graph with vertices
(7Z/LZ)%, endowed with the corresponding (periodic) nearest-neighbor
relation. For nearest-neighbor interactions, the corresponding Hamil-
tonian is defined easily, but some care is needed for interactions that
can be of arbitrary range. If S € 27 we define the torus Hamiltonian

Hp(S) by

Hp(S) := H,, (periodic extension of S to Z%) (2.23)
where we recall Ay, := {1,..., L} For H(S) := —%nyy JoySe - Sy
we get

Z JE S, - S, (2.24)
z,y€TL

where Ja(ﬁ,) are the periodized coupling constants

T =" Teyire (2.25)
zeZ4

The Gibbs measure on 272 is then defined accordingly:

e BHL(S

prp(dS) == H 110(dS,) (226)

ZL B Z‘GTL
where Z;, g is the torus partition function. The following holds:
Lemma 2.4. Every (weak) cluster point of (i1, g)r>1 lies in &g.

Note that there is something to prove here because, due to (2.25),
the interaction depends on L.
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2.5 Some Thermodynamics

Statistical mechanics combines, in its historical development, molecular
theory with empirical thermodynamics. Many mathematically rigorous
accounts of statistical mechanics thus naturally start the exposition
with the notion of the free energy. We will need this notion only tangen-
tially — it suffices to think of the free energy as a cumulant generating
function — in the proofs of phase coexistence. The relevant statement
is as follows:

Theorem 2.5. For x € Z% let 7, be the shift-by-x defined by (1,5), :=

Sy—z. Let g: 22 R be a bounded, local function — i.e., one that
depends only on a finite number of spins — and recall that ji7, g denote
the torus Gibbs measures. Then:

(1) The limit

F(h) = nglgo%log Eum{exp(h Yy 07'33>} (2.27)

x€Ty,

exists for all h € R and is convex in h.
(2) If p € g is translation invariant, then

of of

Oh~ lh=0— wlg) < Oht =0 (2.28)

(3) There exist translation-invariant, ergodic measures p* € &3 such
that
of

Eus(9) = 121,

(2.29)

Proof of (1), main idea. For compact state-spaces and absolutely-
summable interactions, the existence of the limit follows by standard
subadditivity arguments. In fact, the limit will exist and will be the
same even if we replace py, g in (2.27) by any sequence of Gibbs mea-
sures in Ay with (even L-dependent) boundary conditions. The con-
vexity of f is a consequence of the Holder inequality applied to the
expectation in (2.27). O

Proof of (2). Let p € &3 be translation invariant and abbreviate

Z1(h) = E“{exp <h Y go Tw) } (2.30)

zEAL
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Since log Z, is convex in h (again, by Holder) we have for any h > 0
that

9
log Z1(h) —log Z1,(0) > 7-log ZL(h>)h:0 h
= hEM( > go Tx) = h|AL|E,.(9)

TEA]

(2.31)

Dividing by |AL|, passing to L — oo and using that f is independent
of the boundary condition, we get

f(h) = f(0) = hEL(9) (2.32)

Divide by h and let h | 0 to get one half of (2.28). The other half is
proved analogously. O

Proof of (3). Let &3 1, be the set of Gibbs measures for the Hamiltonian
—(h/B) >, goTs. A variant of the proof of (2) shows that if j15, € &g,
is translation-invariant, then

of of
< < .
Oh— — Eﬂh( ) 6h+ (2 33)
In particular, if A > 0 we have
of of
FE > — > — 2.34
wn(9) Oh~ h>0 OhTln=0 (2:34)

by the monotonicity of derivatives of convex functions. Taking h | 0
and extracting a weak limit from yyp,, we get a Gibbs measure p* € &g

such that
af
E > -
wr(9) 2 Oht Ih=0

(The expectations converge because ¢ is a local — and thus continuous,
in the product topology — function.) Applying (2) we verify (2.29)
for pt.

The measure p* is translation invariant and so it remains to show
that u can actually be chosen ergodic. To that end let us first prove
that

(2.35)

Z gots — E,+(g9), in p"-probability (2.36)

L—o0

|/1L|

The random variables on the left are bounded by the norm of g and
have expectation E,,+(g) so it suffices to prove that the limsup is no
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larger than the expectation. However, if that were not the case, we
would have

,u+( Z gote > (E+(9) +e)|AL|) > € (2.37)

TEA]

for some € > 0 and some sequence of L’s. But then for all h > 0,

E,ﬁ{exp(h > 9%)} > eelAr Mt (0 (2.38)

Z‘GAL

In light of the independence of the limit in (1) on the measure we use —
as discussed in the sketch of the proof of (1) — this would imply

f(h) > h(E,+(9) +e¢) (2.39)

which cannot hold for all h > 0 if the right-derivative of f at h = 0 is
to equal £+ (g). Hence (2.36) holds.

By the Pointwise Ergodic Theorem, the convergence in (2.36) actu-
ally occurs — and, by (2.36), the limit equals E,+(g) — for p*-almost
every spin configuration. This implies that the same must be true for
any measure in the decomposition of u* into ergodic components. By
classic theorems from Gibbs-measure theory, every measure in this de-
composition is also in &5 and so we can choose ut ergodic. O

The above theorem is very useful for the proofs of phase coexistence.
Indeed, one can often prove some estimates that via (2.28) imply that
f is not differentiable at h = 0. Then one applies (2.29) to infer the
existence of two distinct, ergodic Gibbs measures saturating the bounds
in (2.28). Examples of this approach will be discussed throughout these
notes.

2.6 Literature Remarks

This section contains only the minimum necessary to understand the
rest of the course. For a comprehensive treatment of Gibbs-measure the-
ory, we refer to classic monographs by Ruelle [88], Israel [66], Simon [97]
and Georgii [57]. Further general background on statistical mechanics
of such systems can be found in Ruelle’s “blue” book [89]. The acronym
DLR derives from the initials of Dobrushin and the team of Lanford &
Ruelle who first introduced the idea of conditional definition of infinite
volume Gibbs measures; cf e.g. [32].
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The proof of Theorem 2.5 touches upon the subject of large devi-
ation theory which provides a mathematical framework for many em-
pirical principles underlying classical thermodynamics. The connection
of course appears in various disguises in the textbooks [66, 97, 57];
for expositions dealing more exclusively with large-deviation theory we
refer to the books by den Hollander [64], Dembo and Zeitouni [29],
and Deuschel and Stroock [30]. For the Pointwise Ergodic Theorem
and other facts from ergodic theory we refer to the textbooks by, e.g.,
Krengel [73] and Petersen [86].

Stochastic domination and the FKG inequality — dealing with par-
tial ordering of spin configurations, functions thereof and thus also
measures — are discussed in, e.g., Georgii [57] or Grimmett [61]. The
proof of (2.22) can alternatively be based on Griffiths’ correlation in-
equalities (Griffiths [60]). The phase coexistence in the Ising model at
large 3 was first proved by Peierls via a contour argument that now
bears his name (see Griffiths [59]).

Concerning the historical origin of the various model systems; the
O(n) model goes back to Heisenberg (who introduced its quantum ver-
sion), the Ising model was introduced by Lenz and given to Ising as
a thesis problem while the Potts model was introduced by Domb and
given to Potts as a thesis problem. Ironically, the O(1)-model bears
Ising’s name even though his conclusions about it were quite wrong!
Apparently, Potts was more deserving.

An excellent reference for mathematical physics of liquid crystals
is the monograph by de Gennes and Prost [56]; other, more combi-
natorial models have been considered by Heilmann and Lieb [62] and
Abraham and Heilmann [1]. The tetrahedral representation of the Potts
model can be found in Wu’s review article [106]; the matrix represen-
tation of the liquid-crystal model is an observation of Angelescu and
Zagrebnov [6]. Gradient fields — of which the GFF is the simplest ex-
ample — have enjoyed considerable attention in recent years; cf the
review articles by Funaki [52], Velenik [104] and Sheffield [92]. Another
name for the GFF is harmonic crystal.

3 Infrared Bound & Spin-wave Condensation

The goal of this section is to elucidate the significance of the infrared
bound — postponing its proof and connection with reflection posi-
tivity until Section 5 — and the use thereof in the proofs of sym-
metry breaking via the mechanism of spin-wave condensation. The
presence, and absence, of symmetry breaking in the O(n)-model with
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certain non-negative two-body interactions will be linked to recurrence
vs transience of a naturally induced random walk.

3.1 Random Walk Connections

Consider the model with the Hamiltonian

1
H==3 JoyS: Sy (3.1)
m?y
where the spins S, are a priori independent and distributed according
to a measure o which is supported in a compact set 2 C R”. Assume
that the interaction constants satisfy the following requirements:
(I1) Jpz =0and Jpy = Joy—s
(12) >, |Joa| <ooand ) Jo =1
i.e., the coupling constants are translation invariant, absolutely summ-

able and, for convenience, normalized to have unit strength. We will
actually always restrict our attention to the following specific examples:

e Nearest-neighbor interactions:

L if [z —y|=1
Joy =420 ' ’ 3.2
oy {O, otherwise. (32)
e Yukawa potentials:
Jpy = Ce Hlz=yh (3.3)

with 4 > 0 and C' > 0.
o Power-law decaying potentials:

C

Jpy = ——
O e —yly

(3.4)

with s > d and C > 0.
On top of these, we will also permit:

e Any convex combination of the three interactions above (with, of
course, positive coefficients).

Note that we are using the ¢;-distance (rather than the more natural
lo-distance). This is dictated by our methods of proof (see Lemma 5.5).
Also note that the Yukawa potential is in the class of Kac models where
the coupling constants take the form J,, = y?f(y(z — y)) for some
rapidly decaying function f: R — [0, 00) with unit L'-norm.
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A unifying feature of all three interactions is that J,, > 0 which
allows us to interpret the coupling constants as the transition probabil-
ities of a random walk on Z?. Explicitly, consider a Markov chain (X,,)
on Z% with

P.(Xnt1 =yl Xn =2) := Jyy (3.5)

where P, is the law of the chain started at site z. Of particular interest
will be the question whether this random walk is recurrent or transient
— i.e., whether a walk started at the origin returns there infinitely, or
only finitely many times. Here is a criterion to this matter:

Lemma 3.1. Let J(k) := S JogeFT k€ [—m md Then (X,) is
transient if and only if

dk 1
-t (2M)91 — J (k)
Proof. Recall that a random walk is transient if and only if the first
return time to the origin, 79 := inf{n > 0: X,, = 0}, is infinite with

a positive probability, i.e., Po(70 < o00) < 1. By the formula EgN =
[1 — Po(m0 < 00)]~! — where Ej is the expectation with respect to Py
— we thus get that transience is equivalent Eg/N < co. To compute the
expectation, we note

_ dk ik-Xn
1{Xn=0} - /[ﬂ-,ﬂ-}d (27r)de (37)

which via Ege!*Xn = [Ege*X1]" =[S Jo ,eF]" = J(k)™ implies

SRR g et 55

dk .o de 1
N =3 [T 89

whereby the claim follows. (A careful proof of the latter identity re-
quires justification of the exchange of the integral with the infinite
sum; one has to represent the LHS as a power series, perform the sum
and justify limits via appropriate convergence theorems.) 0O
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As to the above examples, we have:
e n.n. & Yukawa potentials: As k — 0,
1—J(k) ~ Ck|? (3.10)

and so (X,,) is transient iff d > 3.
e Power-law potentials: Here as k — 0,

k|4, if s<d+2,
1= J(k) ~ C { [k[*log 77, if s =d+2, (3.11)
k|2, if s >d+2.

Hence (X,,) is transient iff d > 3 OR s < min{d + 2, 2d}.

(Note that the walk with s < d + 2 has a stable-law tail with index
of stability & = s — d.) A convex combination of the three coupling
constants will lead to a transient walk provided at least one of the
interactions involved therein (with non-zero coefficients) is transient.

3.2 Infrared Bound

The principal claim of this section is that the finiteness of the integral
in (3.6) is sufficient for the existence of a symmetry-breaking phase
transition in many spin systems of the kind (3.1). The reason is the
connection of the above random walk to the Gaussian free field (2.16)
(GFF) with P(z,y) := Juy. Indeed, consider the field in a square box
A with, say, zero boundary condition. It turns out that

Cova(da, dy) = Pa(Xp =y, Tae =y) =: Galz,y)  (3.12)
n>0

where 74c is the first exit time of the walk from A and G4 denotes the
so called Green’s function in A. In particular, we have

Var (o) = G4(0,0) (3.13)

which, as we will see, tends to the integral (3.6) as A T Z<. Since
EA(¢p) = 0 due to our choice of the boundary condition, we conclude

{Law(¢o): A C Zd} is tight iff (X,,) is transient (3.14)

Physicists actually prefer to think of this in terms of symmetry break-
ing: Formally, the Hamiltonian of the GFF is invariant under the
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transformation ¢, — ¢, + ¢, i.e., the model possesses a global spin-
translation symmetry. The symmetry group is not compact and so, to
define the model even in finite volume, the symmetry needs to be bro-
ken by boundary conditions. The existence of a limit law for ¢y can
be interpreted as the survival of the symmetry breaking in the ther-
modynamic limit — while non-existence means that the invariance is
restored in this limit.

Our goal is to show that qualitatively the same conclusions hold
also for the O(n)-spin system. Explicitly, we will prove:

Theorem 3.2. Let (J,y) be one of the 3 interactions above. Then:

Global rotation symmetry
of O(n)-model is broken

at low temperatures

Random walk driven

!

by (Juy) is transient

We begin with the proof of the implication <=. The principal tool
will be our next theorem which, for technical reasons, is formulated for
torus boundary conditions:

Theorem 3.3 (Infrared Bound). Let L be an even integer and
consider the model (3.1) on torus Ty with Gibbs measure pir, g. Sup-
pose (Jyy) is one of the three interactions above and let

CL,B('%') = E,LLL,B (SO : Sx) (315)
Define ¢, g(k) := erh CL,,B(x)eik'z. Then
¢ (k)<1# ke T:\ {0} (3.16)
PO 281 (k) g '

where v is the dimension of the spin vectors and T} is the reciprocal
torus, T} = {%’r(nl,...,nd): n;=0,...,L—1}.

The proof will require developing the technique of reflection posi-
tivity and is therefore postponed to Section 5.

Note that cr, g(x) is the spin-spin correlation function which, in
light of translation invariance of yr g is a function of only the spatial
displacement of the two spins. The result has the following equivalent
formulation: For all (v,) € CTt with Y~ v, =0,

Z VUG (2, y) (3.17)

7yeTL

_ v
Z VeVy By 5(S0 - Sz) < —ﬂ

xvyETL
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where .
ok (z—y)

1
GL(x,y)::ﬁ Z =70 (3.18)
k€T3 \{0}

Observe that the latter is the covariance matrix of the GFF on Ty,
projected on the set of configurations with total integral zero (i.e., on
the orthogonal complement of constant functions). This is a meaningful
object because while the ¢, are not really well defined — due to the ab-
sence of the boundary — the differences ¢, — ¢, are. (These differences
are orthogonal to constant functions, of course.) A short formulation
of the infrared bound is thus:

The correlation of the spins in models (3.1) with one of the three
interactions above is dominated — as a matrix on the orthogonal
complement of constant functions in L*(Ty) — by the covariance
of a GFF.

This fact is often referred to as Gaussian domination.

3.3 Spin-wave Condensation in O(n)-model

Having temporarily dispensed with the IRB, we will continue in our
original line of thought. Theorem 3.3 implies:

Corollary 3.4 (Spin-wave Condensation). Suppose |S;| = 1. Then

1
Eum(‘Ld 3 S,

zeTy,

2 v
) >1- %GL(O,O) (3.19)

Proof. Let S 1= ZmGTL S,e#7 be the Fourier coefficient of the decom-
position of (S;) into the so called spin waves. The IRB yields

v L

T N7y

. keTi\ {0} (3.20)

On the other hand, Parseval’s identity along with |S;| = 1 implies

SIS =LY |S.P =1 (3.21)

k€T, z€Ty,

The IRB makes no statement about Sy so we split it from the rest of
the sum: .

) 1 )
T (322)

KET;\{0}
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Now take expectation and apply (3.20):

1 40 v o1 1
— >1—— — _ ,
B <L2d‘50‘ )= 20 L1 keg\:{o} 1= J(k) 3:29)
L

In light of (3.18), this is (3.19). O

With (3.19) in the hand we can apply the same reasoning as for the
GFF: In the transient cases, G1,(0,0) converges to the integral (3.6) and
so the right-hand side has a finite limit. By taking § sufficiently large,
the limit is actually strictly positive. This in turn implies that the zero
mode of the spin-wave decomposition is macroscopically populated —
very much like the free Bose gas at Bose-FEinstein condensation. Here
is how we pull the corresponding conclusions from T}, onto Z%:

Theorem 3.5 (Phase Coexistence in O(n)-model). Consider the
O(n)-model with n > 1 and one of the three interactions above. Let

n dk 1
=3 /[_md 2m)® 1 — J(k) (3.24)

Then for any B > By and any 0 € S"~* there exists g € S5 which is
translation invariant and ergodic such that

1

m Z S T 9, [g-a.s. (3.25)

TEAL
for some my = my(3) > 0.

Note that (3.25) implies that the measures pg are mutually singular
with respect to one another. Note also that §y is finite — and the
statement is not vacuous — if and only if the associated random walk
is transient.

Proof. Suppose, without loss of generality, that we are in the transient
case, i.e., By < oco. The idea of the proof is quite simple: We use (3.19)
to show that the free energy is not differentiable in an appropriately-
chosen external field when this field is set to zero. Then we apply
Theorem 2.5 to conclude the existence of the required distinct, ergodic
Gibbs measures.

Fix # € S* ! and define

(h-50) (3.26)
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(The limit exists by Theorem 2.5.) We want to show that a,%f(()) >0
(and thus, by symmetry, ahi_ f(0) < 0). Corollary 3.4 yields

EML,B

(L7245)?) > g ;}ﬂo + o(1) (3.27)

Since |Sg| < LY, for any 0 < € < 1 we have
By, (L7250 < €+ prp(|So| > eL?) (3.28)

and so

15— B0 a5 16— 6
um(ysd > 555 ) > 5557 4 o(l) (3.29)
By the O(n) symmetry of the torus measures pr, g, the law of So/L% is
rotationally invariant with non-degenerate “radius” distribution. This
implies
B = bo
B

where Cy := 1/ and, in general, C,, > 0 is an explicitly obtainable
constant. But this means that the exponent in the definition of f is at

Mw(e S > 15 Bﬁo ) > C, +o(1) (3.30)

least %%Ld with uniformly positive probability and so
of S P =0
3.31
Oht = o 443 ( )

Applying Theorem 2.5, for 3 > [y and any § € S' there exists a
translation invariant, ergodic Gibbs state pg € &3 such that
of
E.(8-5;) = T e 0> 0 (3.32)
Next we need to show that the states pg are actually distinct. The
Ergodic Theorem implies

Z Sy, — m.,, Lg-a.S. (3.33)

|A L| oyl L—oo
where § € S*! and where m, > 0 is the magnitude of the derivative.
Note that, in light of (3.32) and the translation invariance of pyg,

of

TNy 0 . 0 = W heo (334)



Phase Transitions in Lattice Models 25

The distinctness of y1g will follow once we prove (3.25), i.e., § = 6. (This
is, of course, intuitively obvious because the way we constructed pg
indicates that the law of S, under ug should be biased in the direction
of 6.)

Suppose § # 0. Find a rotation A € O(n) such that A = 0.
Let fi be the measure such that E;(f(S)) := E,,(f(AS)) for all lo-
cal functions f. (The existence of such a measure follows from the
Kolmogorov Extension Theorem.) Since both the Hamiltonian and the
a priori measure are O(n)-invariant, we have i € z. But (3.33) im-
plies F,,,(S;) = m, 0, and so from (3.34) we have

of

_ _ 2 0 _
Ep(6-8,) = E,p(0- AS,) = my |6)] 2 mib-0=so| o (3.35)

As 1 is a Gibbs measure, this contradicts the general bounds in
Theorem 2.5. Hence, we must have # = 6 after all. O

The above statement and proof are formulated for the specific case of
the O(n) model. A similar proof will apply the existence of a symmetry-
breaking phase transition at low temperatures in the Ising, Potts and
the liquid-crystal models in all transient dimensions. As the Ising and
Potts model have only a discrete set of spin states, a symmetry-breaking
transition will occur generally in all dimensions d > 2. However, this
has to be proved by different methods than those employed above (e.g.,
by invoking chessboard estimates).

Our next goal is to establish the complementary part of Theorem 3.2,
i.e., the implication =, which asserts the absence of symmetry break-
ing in the recurrent cases. This argument predates the other direction
by 20 years and bears the name of its discoverers:

Theorem 3.6 (Mermin-Wagner Theorem). Let n > 2 and con-
sider the O(n)-model with non-negative interactions constants (Jy,)
satisfying the conditions (11,I2) from Sect. 3.1. Suppose the cor-
responding random walk s recurrent. Then every pu € &g is in-
variant under any simultaneous (i.e., homogeneous) rotation of all
Spins.

Proof. We will show that the spins can be arbitrarily rotated at an
arbitrary small cost of the total energy. (This is why we need n > 2.)
We will have to work with snhomogeneous rotations to achieve this, so
let ¢, be a collection of numbers with {z: ¢, # 0} finite and let iR be
a unit element of the Lie algebra o(n), i.e., e/** is a rigid rotation of
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the unit sphere by angle o about a particular axis. Let w, be the map
on configuration space acting on individual spins via

w,(Sy) = el fig, reZ? (3.36)

To investigate the effect of such an inhomogeneous rotation on the
Hamiltonian, note that

Wy (Sz) - wy(Sy) = Sy - e Pv=ee) g, (337
=S, Sy — S, - [1 —ellPvwallg '

Hence the energy of a configuration in any block A D {z: ¢, # 0}
transforms as

Hp(w,(S)) = Ha(S) + AH (3.38)
where 1
AH = > Jay Sy - [L—ellevTenf]g, (3.39)
z,y

Using that AH depends only on the portion of the spin configuration
in A, a simple application of the DLR condition shows that, for any

local function f,
B (fow,) = Eu(fe_ﬁAH) (3.40)

We will now let ¢, — « in a specific way that ensures AH — 0; this
will permit us to extract the desired conclusion by limiting arguments.

First we will need to control the p-dependence of AH, so we expand
the exponential:

i
AH = — 9 Z Joy (Sz - RSy)(oy — #a)
Ty

1
+ 1 Z Jzy (RS, - RSy)((Py - 9095)2 +--
z,Y

(3.41)

In the first term we note that the self-adjointness of R — valid by the
choice of iR as an element of the Lie algebra — implies that J, (S -
RS,) is symmetric under the exchange of = and y. Since (¢, — @) is
antisymmetric and finitely supported, the sum is zero. Estimating the
remainder by the quadratic term, we thus get

IAH| < CY  Juy(py — 02)? = 2CE1 (0, ) (3.42)
z,y

for some constant C' < co. Here we used that (RS, - RS,) is bounded
and recalled the definition of the Dirichlet form £;_;(-, -) of the random
walk driven by the (Jg)’s.
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Our next task will be to control the Dirichlet form under the condi-
tion that ¢ tends to « in every finite set. To that end we fix 0 < R < 00
and set

Pz 1= aPy(m0 < Tac) (3.43)

This function equals o at « = 0, zero on A% and is harmonic (with
respect to the generator of the random walk) in Ar \ {0}. A calculation

shows
E1-s(00) =D e > Juy(a — 0y)
z Yy

— o Z Joy(a—py) (3.44)

harmonic or
zero in {0}°¢
But the recurrence of the associated random walk implies that ¢, — «
as R — oo for every y and since the J,’s are summable, the right-
hand side tends to zero by the Dominated Convergence Theorem. Thus
AH — 0 as R — oo and so applying R — oo to (3.40) with the choice
(3.43) yields
E[L(f © wa) - Eu(f) (345)

for every continuous local function f. Thereby we conclude that p is
invariant under simultaneous rotation of all spins. O

3.4 Literature Remarks

The content of the entire section is very classical. The Infrared Bound
(and its proof based on reflection positivity) was discovered in the sem-
inal work of Frohlich, Simon and Spencer [50] from 1976 where it was
also applied to prove a phase transition in the O(n)-model (as well as
the isotropic Heisenberg and other models). Dyson, Lieb and Simon [38§]
showed how to adapt the method to a (somewhat more limited) class
of quantum spin models. The technique was further developed and
its applications extended in two papers of Frohlich, Israel, Lieb and
Simon [46, 47].

Thanks to the representation (2.12), the proof of a long-range order
in the liquid-crystal model, derived by Angelescu and Zagrebnov [6],
follows the same route as for the O(n) model. However, the type of long-
range order that is concluded for the actual spin system is different.
Indeed, let u be a (weak) cluster point of the torus states. Then

lim ’AlL’ > [(So-82)* =] >0 (3.46)

L—oco
TEAL
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with a positive probability under p. (The limit exists by the Pointwise
Ergodic Theorem.) As pu is O(n)-invariant, if S, were asymptotically
independent of Sy for large z, we would expect E,(So - Sz)? — Uy
as |z| — oco. Apparently, this is not the case, the direction of S, remains
heavily correlated with the direction of Sy for arbitrary =z, i.e., there is
an orientational long range order.

Whether or not the O(n) symmetry of the law of S is broken is an
open (and important) question. (The law of each individual S, is in-
variant under the flip S, < —5, and so the magnetization is zero in all
states.) As noted before, other models of liquid crystals based on dimers
on Z? were considered by Heilmann and Lieb [62] and Abraham and
Heilmann [1] prior to the work [6]. There an orientational long-range
order was proved using chessboard estimates; the question of absence
of complete translational ordering (i.e., breakdown of translation in-
variance) remained open.

The Mermin-Wagner theorem goes back to 1966 [82]. Various inter-
esting mathematical treatments and extensions followed [34, 87, 49];
the argument presented here is inspired by the exposition in Simon’s
book [97]. A fully probabilistic approach to this result, discovered by
Dobrushin and Shlosman [34], has the advantage that no regularity
conditions need to be posed on the spin-spin interaction provided it
takes the form V (S, — Sy); cf the recent paper by Ioffe, Shlosman and
Velenik [65]. Finally, we remark that a beautiful and more in-depth
exposition of this material — including quantum systems — was pre-
sented at the Prague School in 1996 by Balint T'6th; his handwritten
lecture notes should be available online [103].

The basis of the Mermin-Wagner theorem, as well as its extension,
is the continuum nature of the spin space. Indeed, in the Ising (and
also Potts) model, a low-temperature symmetry breaking occurs even
in some recurrent dimensions; e.g., in d = 2 for the nearest-neighbor
interactions. For what determines the presence and absence of symme-
try breaking in d = 1, see the work of Aizenman, Chayes, Chayes and
Newman [3] and references therein.

The connection with random walk is, of course, made possible
by our choice to work with non-negative couplings. However, most
of the quantitative conclusions of this section hold without reference
to random walks. For detailed expositions of the theory of random
walks we recommend the monographs by Spitzer [100] and Lawler [76];
the material naturally appears in most graduate probability textbooks
(e.g., Durrett [36]).

It is interesting to note that even in d = 2, the nearest-neighbor
O(n) model exhibits a phase transition when n = 2. Namely, while
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the Gibbs state is unique at all 3 < oo, for large 3 it exhibits power
law decay of correlations with [-dependent exponents. This regime
is (again, after its discoverers) referred to as the Kosterlitz-Thouless
phase [70]. A rigorous treatment exits, based on renormalization the-
ory and connection with Coulomb gas, thanks to the pioneering work of
Frohlich and Spencer [51]; see also more recent papers by Dimock and
Hurd [31]. This is of much interest in light of recent discovery of new
conformally-invariant planar processes — the Schramm-Loewner evolu-
tion (a.k.a. SLE). No such phenomenon is expected when n > 3 though
there is a minor opposition to this (e.g., Patrasciou and Seiler [85]).

4 Infrared Bound & Mean-field Theory

In this chapter we will discuss how the infrared bound can be used
to control the error in so-called mean-field approximation. Unlike the
spin-wave condensation, which is concerned primarily with the infrared
— i.e., small-k or large spatial scale — content of the IRB, here will
make the predominant use of the finite-k — i.e., short range — part of
the IRB. (Notwithstanding, the finiteness of the integral (3.6) is still a
prerequisite. )

4.1 Mean-field Theory

Mean-field theory is a versatile approximation technique frequently
used by physicists to analyze realistic physical models. We begin by
a simple derivation that underscores the strengths, and the shortcom-
ings, of this approach.

Consider a lattice spin model with the usual Hamiltonian (3.1).
Pick a translation invariant Gibbs measure ;1 € &g and consider the
expectation of the spin at the origin. The conditional definition of Gibbs
measures (the DLR condition) allows us to compute this expectation
by first conditioning on all spins outside the origin. Indeed, the one-spin
Gibbs measure is determined by the (one-spin) Hamiltonian

Hioy(S) == JowSo-Se=—S50-Y JouSe=—So- My (4.1)

where we introduced the shorthand

MO = ZJO,IS:U (42)
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Thus, by the DLR,

By (Sp 7% M0)
EM(SO) = EM< EMO (egSO.MO) > (43)
where, abusing the notation slightly, the “inner” expectations are only
over Sy — My acts as a constant here — and the outer expectation is
over the spins in Z¢\ {0}, and thus over Mj.

So far the derivation has been completely rigorous but now comes
an ad hoc step: We suppose that the random variable My is strongly
concentrated about its average so that we can replace it by this average.
Denoting

m := E,(So) (4.4)
we thus get that m should be an approximate solution to
Eﬂo (Seﬁs‘m)
= 4.5
"= Bole ) )

This is the so called mean-field equation for the magnetization.

Besides the unjustified step in the derivation, a serious practical
problem with (4.5) is that it often has multiple solutions. Indeed, for
the set of points (3, m) that obey this equation, one typically gets a
picture like this:

Bo B

Here, for B < (y, the only solution is m = 0 — this is always a solution
whenever E,;(S) =0 — but at 3 = 3y, two new branches appear and
coexist over an interval of 3’s. It is clear that as ( varies, the “physical”
solution must undergo some sort of jump, but it is not possible to tell
where this jump occurs on the basis of equation (4.5) alone. For that
one has to go beyond the heuristic derivation presented above.
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Asis standard, one comes up with an additional “selection” principle
that determines which solution is “physical.” At the level of classical
thermodynamics, this is done by postulating that the solution must
minimize an appropriate free energy function. In the choice of this
function we will be guided by the fact that there is a proper statistical-
mechanical system for which the above derivations can be explicitly
validated by way of large-deviation theory. This system is the corre-
sponding model on the complete graph.

Consider a graph on N vertices with each pair of vertices joined by
an undirected edge. At each vertex x = 1,..., N we have a spin S,
with i.i.d. a priori law pg. Each spin interacts with every other spin;
the interaction Hamiltonian is given by

N
1
HN(S) == > S.- 8, (4.6)
z,y=1

The normalization by 1/n ensures that the energy grows proportionally
to N; the “2” in the denominator compensates for counting each pair
of spins twice.

To derive the formula for the free energy function, consider first the
cumulant generating function of the measure pg,

G(h) :==log By ("),  heR” (4.7)
Its Legendre transform,

S (m):= inf [G(h)—h-m)] (4.8)

defines the entropy which, according to Cramér’s theorem, is the rate
of large-deviation decay in

N

r=1

(The function is infinite outside Conv({2), the convex hull of {2 and
the set of possible values of the magnetization.) Next we inject the
energy into the mix and look at the Gibbs measure. To describe what
configurations dominate the partition function, and thus the Gibbs
measure, we identify the decay rate of the probability

uo(e% Sl SeS s g sz}> — o~ N@s(m)+o(N) (4.10)
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Here the rate function

B
2
is the desired mean-field free-energy function. The physical solutions

are clearly obtained as the absolute minima of m +— ®g(m). This is
actually completely consistent with (4.5):

D(m) := —=|m* — 7 (m) (4.11)

Lemma 4.1. We have
V&s(m) =0 & m = VG(fm) (4.12)

Ezplicitly, the solutions to (4.5) are in bijection with the extreme points
of m — dg(m).

Proof. This is a simple exercise on the Legendre transform. First we note
that V&z(m) = 0 is equivalent to fm = —V.%(m). The convexity of G
implies that there is a unique h,, such that .(m) = G(hy,) — m - hp,.
Furthermore, h,, depends smoothly on m and we have VG(h,,) = m.
It is easy to check that then V.(m) = —h,,. Putting this together
with our previous observations, we get that

Vog(m)=0 <« pm=h, < m=VG\Hm) (4.13)
It remains to observe that m = VG(Sm) is a concise way to write (4.5).

O

Lemma 4.1 shows that the appearance of multiple solutions to (4.5)
coincides with the emergence of secondary local maxima/minima.

4.2 Example: The Potts Model

It is worthwhile to demonstrate the above general formalism on the
explicit example of the Potts model. We will work with the tetrahedral
representation, i.e., on the spin space 2 := {¥1,..., V4 }. The mean-field
free energy function is best expressed in the parametrization using the
mole fractions, x1,...,xq, which on the complete graph represent the
fractions of all vertices with spins pointing in the directions v1, ..., v,

respectively. Clearly,
Z =1 (4.14)

The corresponding magnetization vector is

m=x1V1 + -+ 24Vq. (4.15)
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In this notation we have

q
Pg(m) = Z(—g:vi + z log iL'k> (4.16)
k=1

It is not surprising, but somewhat non-trivial to prove (see |9,
Lemma 4.4]) that all interesting behavior of ®3 occurs “on-axes”
that is, the absolute minimizers — and, in fact, all local extrema — of
&g occur in the directions of one of the spin states. (Which direction we
choose is immaterial as they are related by symmetry.) The following
picture shows the qualitative look of the function m — ®g(mv;) at four
increasing values of 3:

/

| N\

Here the function first starts convex and, as [ increases, develops a
secondary local minimum (plus an inevitable local maximum). For /3
even larger, the secondary minimum becomes degenerate with the one
at m = 0 and eventually takes over the role of the global minimum.
With these new distinctions, the plot of solutions to the mean-field
equation for the magnetization becomes:

m

) local max
A
local min * /
-
A
\ -
Bt B
Note that the local maximum eventually merges with the local mini-
mum at zero — at which point zero becomes a local maximum. The

jump in the position of the global minimum occurs at some J;, which is
strictly larger than the point 3y where the secondary minima/maxima
first appear.
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4.3 Approximation Theorem & Applications

The goal of this section is to show that, with the help of the IRB,
the conclusions of mean-field theory can be given a quantitative form.
Throughout we restrict ourselves to interactions of the form (3.1) and
the coupling constants being one of the 3 types above.

Definition 4.2. We say that a measure p € &g is a torus state if it is
either a (weak) cluster point of measures iy, g or can be obtained from
such cluster points by perturbing either B or ug or the inner product
between spins.

The reason for the second half of this definition is that the “opera-
tions” thus specified preserve the validity of the IRB. For such states
we prove:

Theorem 4.3. Suppose |S;| < 1. Let p € &g be a translation-
invariant, ergodic, torus state and define

my = EM(S()). (4.17)

Let @5 be the mean-field free energy function corresponding to this
model. Then

. v
L)< = .
@g(m ) < meégrfv(n) @g(m) + 5 Zq (4.18)
where
dk J(k)?
T4 = _— 4.19
1= o T 50 )

Note that the integral is finite iff the random walk corresponding
to (Jgy) is transient. However, unlike for Green’s function, Z,; represents
the expected number of returns back to the origin after the walk has
left the origin. Thus, in strongly transient situations one should expect
that Z, is fairly small. And, indeed, we have the following asymptotics:

e n.n. interactions:

1
Ty~ 5o d— oo (4.20)

e Yukawa potentials: If d > 3,

Ty < Cu, (4.21)
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e Power-law potentials: If d > 3 OR s < min{d + 2, 2d},

T, < C(s —d). (4.22)

Of course, one is able to make the integral small for interactions with
power law tails even when s is not too close to d: Just take a mix-
ture of Yukawa and power-law with positive coefficients and let u be
sufficiently small. Within the class of above models, we can rephrase
Theorem 4.3 as:

Physical magnetizations nearly minimize
the mean-field free energy function

This is justified because, as it turns out, all relevant magnetizations
can be achieved in ergodic torus states. Let us again demonstrate the
conclusion on the example of the g-state Potts model:

Theorem 4.4. Let ¢ > 3 and suppose that Tg < /4. Then there is 3 €

(0,00) and translation-invariant, ergodic measures vy, v1,...vy € ®g,
such that
|ELy(S2)| < 1 (4.23)
and
E, (S:) = my ¥, i=1,...,q, (4.24)

where my > Yo, In particular, the 3-state Potts model undergoes a
first-order phase transition provided the spatial dimension is sufficiently
large.

This result is pretty much the consequence of the pictures in
Sect. 4.1. Indeed, including the error bound (4.18), the physical mag-
netization is confined to the shaded regions:

AW

Thus, once the error is smaller than the “hump” separating the two
local minima, there is no way that the physical magnetization can
change continuously as the temperature varies. This is seen even more
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dramatically once we mark directly into the mean-field magnetization
plot the set of values of the magnetization allowed by the inequality
(4.18):

Bt p

(To emphasize the effect, the plots are done for the ¢ = 10 state Potts
model rather than the most interesting case of ¢ = 3.) Notice that the
transition is bound to occur rather sharply and very near the mean-
field value of (3;; explicit error bounds can be derived, but there is no
need to state them here.

An additional argument is actually needed to provide a full proof of
(4.24). Indeed, we claim that the symmetry breaking happens ezactly
in the direction of one of the spin states while the approximation by
mean-field theory only guarantees that the expectation is near one of
these directions.

Proof of (4.24), sketch. Consider an ergodic Gibbs state p with my :=
E,(Sz) # 0 at inverse temperature 3. Given a sample o = (o) from p,
at each unordered pair (z,y) of vertices from Z? let

Moy = Loy—o,} Zay (4.25)

where (Z,,) are a priori independent, zero-one valued random variables
with

P(Zmy = 1) =1- P(Zacy = 0) =1 —e P (4.26)

This defines a coupling of p with a random cluster measure — the
distribution of the n’s — which, by the fact that the extension comes
from i.i.d. random variables, is also ergodic.

When m, # 0, the n-marginal features a unique infinite connected
component of edges (z,y) with 7, = 1 whose (site) density is propor-
tional to |my|. By the construction, the spin variables take a (constant)
value on each connected component, which is a.s. unique (by ergodic-
ity) on the infinite one and uniform on the finite ones. Thus, the bias
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of the spin distribution comes only from the infinite component and so
it points in one of the ¢ spin directions. The claim thus follows. O

4.4 Ideas from the Proofs

A fundamental technical ingredient of the proof is again provided by
the IRB, so throughout we will assume one of the three interactions
discussed above. However, we will need the following enhanced version:

Lemma 4.5 (IRB Enhanced). Suppose the random walk driven by
the (Juy) is transient and let G(x,y) denote the corresponding Green’s
function on Z%. Let j € &g be a translation-invariant, ergodic, torus

state and let us denote m, := E,,(Sp). Then for all (vy),czd € CZ" with
finite support,

> 0ty Bu((Se —ma) - (8 — ma)) < % 3 wat,Glay).  (4.27)

x?y

Proof. The IRB on torus survives weak limits and so we know that, for
every (w,) with finite support and ), w, = 0,

> wotwy B (S - Sy) < % 3" w,w, Gz, y) (4.28)
z,y Y

where

dk ek (z—y)
G(z,y):= lim Gr(z,y) z/ ° (4.29)

[—m,m]d (27T)d 11— j(k)

What separates (4.28) from (4.27) are the m, terms in the expectation
on the left and the absence of the restriction on the sum of v,. The
former is remedied easily; indeed, the restriction ) w, = 0 allows us
to put the m, terms at no additional cost.

To address the latter issue, suppose (v;) has finite support but let
now Y. v, be arbitrary. Let A, C Z¢ contain the support of (v,). To
convert to the previous argument, let

1
=3y, 4.
ar, 2] 2 v (4.30)

and

Wy = vy —arly, (x) (4.31)
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Note that ) w, = 0. Then

Zwmwy ((Sz—mu)-(Sy—my)) vavy ((Sz—mu)-(Sy—my))
_zEu([aLz@_m*} [ (s —m.))

TEA],
+E,u<’aL Z (Sm - m*) ’

Z‘EAL

> (4.32)
But ergodicity of p implies that

Ey, ("AlL ng(sz — M) ’

and so, by Cauchy-Schwarz, the last two terms in (4.32) converge to
zero as L — oco. Now apply (4.28) and pass to the limit L — oo there.
A direct calculation (and the Riemann-Lebesgue lemma) shows that

Z 0 (4.34)

a:EA

) 0 (4.33)

and so the terms involving ay, on the right-hand side of (4.27) suffer
a similar fate. This means that the left-hand sides of (4.27-4.28) tend
to each other, and same for the right-hand sides. The desired bound
(4.27) is thus a limiting version of (4.28). O

Clearly, the restriction to finitely-supported (v) is not necessary;
instead, one can consider completions of this set in various reasonable
norms. The above formulation has an immediate, but rather fundamen-
tal, consequence:

Corollary 4.6 (Key Estimate). Let i € &g be an ergodic torus state
and let my := E,(S;). Then we have

()ZJOI m.

Proof. Choose v, := Jp, and note that with this choice the left-hand
side of (4.27) becomes the left-hand side of (4.35). As to the right-hand
side of (4.27), we get

dk otk (z—y)
7J ! 4.36

Recalling the definition of .J (k), this yields the desired error term. 0O

) < —Id (4.35)
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This corollary provides a justification of the ad hoc step in the
derivation of mean-field theory: Indeed, once Z; is small, the variance
of My is small and so M is with high probability close to its average.

The rest of the proof of Theorem 4.3 is based on inequalities linking
the mean-field free energy with the actual magnetization of the system;
this part of the proof works for general non-negative coupling constants
satisfying conditions (I1-12) from Sect. 3.1. The relevant observations
are as follows:

Proposition 4.7. Let € &g be translation invariant and let my =
E,(Sz).
(1) We have

. 5 2
] <) < f (P g J x — |my 4.37
ﬁ(m ) - meécr)lnv((l a;eZd 0, ) |m ’ ] ( )

(2) Suppose also Jy, > 0 and |Sy| < 1. Then

S Jow[Eu(So - S0) — Im. ] < BE, (\ZJM

x€Z4

) (4.38)

Proof of (1). The proof is based on convexity inequalities linking the
mean-field free energy and the characteristics of the actual system.
Fix A C Z%* and let Z, be the partition function in A. A standard
example of such convexity inequality is

74> exp{—|A| ednf o po(m) + O(aA)}. (4.39)

To prove this we pick m in the (relative) interior of Conv({2) and define
a tilted measure
Hn(dS) =50 g (ds) (4.40)

with h adjusted so that E, (S) = m. (Such h exists for each m in the
relative interior of Conv({2), by standard arguments for the Legendre
transform.) We then get

Zp = Egy, (e PHAS) = MatlAIG(R)) (4.41)
where we introduced the shorthand

My =) S, (4.42)

e
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Now apply Jensen to get the expectation into the exponent; the product
nature of @, implies that Eg,,, (HA(S)) = —|A|3|m[*+ O(dA) and so
(4.39) follows by noting that G(h) — h-m = .#(m) due to our choice
of h, and subsequently optimizing over all admissible m.

Now fix a general h € R” and let ;1 be a Gibbs measure as specified
in the claim. First we note that the DLR condition implies

Eu(e"rﬂHA‘f‘h'MAZA) = Egpy (eh'MA) — olIG(h) (4.43)

The Z, term can be bounded away via (4.39); Jensen’s inequality then
gives

BEH)+ A hem, =] inf  @s(m)+0(04) < [AIG(h) (4.4)

Next, translation invariance of p yields

1
Eu(Ha) = —|A15 Y JoaBu(So- 82) +0(4)  (4.45)
and so dividing by A and taking A T Z¢ along cubes gets us

p .
) zx: Jo.2Eu(So - Sa) _meé?fv(m By(m) < G(h) —h-m, (4.46)

Optimizing over h turns the right-hand side into . (m..). Adding % |m.|?
on both sides and invoking (4.11) now proves the claim. 0O

Proof of (2). Let us return to the notation My := > Jo.S;. The
left-hand side of (4.38) can then be written as E,(So - My) — |m.]?.
Since Jp o = 0, an application of the DLR condition yields

B, (Mo - So) = Eu(Mo - VG(3Mo)) (4.47)
The DLR condition also implies
my = Bu(Mo) = E,[VG(3My) (4.48)
and so we have
Ey(So - My) — |
= B,((Mo —m.) - (VG(5My) — VG(Bm,)) ) (4.49)

But |S;| < 1 implies that the Hessian of G is dominated by the identity,
VVG(m) <id at any m € Conv({2) — assuming J,, > 0 — and so
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(My —my) - (VG(BMy) — VG(Bmy)) < B My — m,l|? (4.50)

by the Mean-Value Theorem. Taking expectations proves (4.38). O

Theorem 4.3 now follows by combining Proposition 4.7 with
Corollary 4.6. Interestingly, (4.37) gives

> JowEu(So- Sa) > [m.]? (4.51)

reZd

i.e., the actual energy density always exceeds the mean-field energy
density.

4.5 Literature Remarks

The inception of mean-field theory goes back to Curie [28] and Weiss
[105]. One of the early connections to the models on the complete graph
appears in Ellis’ textbook on large-deviation theory [40]. Most of this
section is based on the papers of Biskup and Chayes [9] and Biskup,
Chayes and Crawford [10]. The Key Estimate had been used before in
some specific cases; e.g., for the Ising model in the paper by Bricmont,
Kesten, Lebowitz and Schonmann [22] and for the g-state Potts model
in the paper by Kesten and Schonmann [69]. Both these works deal with
the limit of the magnetization as d — oo; notwithstanding, no conclu-
sions were extracted for the presence of first-order phase transitions in
finite-dimensional systems.

The first-order phase transition in the g-state Potts model has first
been proved by Kotecky and Shlosman [69] but the technique works
only for extremely large ¢q. The case of small ¢ has been open. The
upshot of the present technique is that it replaces ¢ by d or interac-
tion range in its role of a “large parameter.” The price to pay is the
lack of explicit control over symmetry: We expect that the measure 1
in Theorem 4.4 is actually “disordered” and E,,(S;) = 0. This would
follow if we knew that the magnetization in the Potts model can be
discontinuous only at the percolation threshold — for the Ising model
this was recently proved by Bodineau [19] — but this is so far known
only in d = 2 (or for ¢ very large). The coupling in the proof of (4.24) is
due to Edwards and Sokal [39]; for further properties see Grimmett [61]
or Biskup, Borgs, Chayes and Kotecky [8]. The uniqueness of the infi-
nite connected component is well known in the nearest-neighbor case
from a beautiful argument of Burton and Keane [23]; for the long-range
models it has to be supplied by a percolation bound dominating the
number of edges connecting a box of side L to its complement.
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The requirement Z; < 1/, is actually an embarrassment of the theory
as the transition should become more pronounced, and thus easier to
control, with increasing ¢. Thus, even for nearest-neighbor case, we
still do not have a dimension in which all ¢ > 3 state Potts models go
first order. (It is expected that this happens already in d = 3.) The
restriction to transient dimensions is actually not absolutely necessary;
cf recent work Chayes [24].

It is natural to ask whether one can say anything about the
continuum-¢q extension of the Potts model, the random cluster model;
see Grimmett [61]. Unfortunately, the main condition for proving the
IRB, reflection positivity, holds if and only if q is integer (Biskup [7]).

Another model for which this method yields a novel result is
the liquid-crystal model discussed in Sect. 2.2. Here Angelescu and
Zagrebnov [6] proved that symmetry breaking (for the order param-
eter max, F, [S,,(f)]Q — 1/,) occurs at low temperatures by exhibiting
spin-wave condensation; cf remarks at the end of Chapter 3. In [9]
it has been shown that, for n > 3, the order parameter undergoes a
discontinuous transition at intermediate temperatures; van Enter and
Shlosman [41, 42] later proved such transitions in highly non-linear
cases. Similar “mean-field driven” first order phase transitions have also
been proved for the cubic model [9] and the Blume-Capel model [10].

Once the general theory is in place, the proof of a phase transition
for a specific model boils down to the analysis of the mean-field free
energy function. While in principle always doable, in practice this may
be quite a challenge even in some relatively simple examples. See, e.g.,
[9, Sect. 4.4] what this requires in the context of the liquid-crystal
model.

Finally, we note that the IRB has been connected to mean-field the-
ory before; namely, in the work of Aizenman [2] (cf also Frohlich [45]
and Sokal [98]) in the context of lattice field theories and that of Aizen-
man and Fernandez in the context of Ising systems in either high spatial
dimensions [4] or for spread-out interactions [5]. A representative re-
sult from these papers is that the critical exponents in the Ising model
take mean-field values above 4 dimensions. The IRB enters as a tool to
derive a one-way bound on the critical exponents. Unfortunately, the
full conclusions are restricted to interactions that are reflection posi-
tive; a non-trivial extension was obtained recently by Sakai [90] who
proved the IRB — and the corresponding conclusions about the critical
exponents — directly via a version of the lace expansion.
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5 Reflection Positivity

In the last two sections we have made extensive use of the infrared
bound. Now is the time to prove it. This will require introducing the
technique of reflection positivity which, somewhat undesirably, links
long-range correlation properties of the spin models under considera-
tion to the explicit structure of the underlying graph. Apart from the
infrared bound, reflection positivity yields also the so called chessboard
estimate which we will use extensively in Chapter 6.

5.1 Reflection Positive Measures

We begin by introducing the basic setup for the definition of reflection
positivity: Consider the torus Ty, of side L with L even. The torus has
a natural reflection symmetry along planes orthogonal to one of the
lattice directions. (For that purpose we may think of Ty as embedded
into a continuum torus.) The corresponding “plane of reflection” P has
two components, one at the “front” of the torus and the other at the
“back.” The plane either passes through the sites of Ty, or bisects bonds;
we speak of reflections through sites or through bonds, respectively. The
plane splits the torus into two halves, ']I‘JLr and T}, which are disjoint
for reflections through bonds and obey 'I[‘JLr N T, = P for reflections
through sites.

Let 2A* denote the set of all functions f: 272 — R that depend only
on the spins in ’]I‘f Let 9 denote the reflection operator, ¥: A+ — AT,
which acts on spins via

I(Sz) = Sy(a) (5.1)
Clearly, ¥ is a morphism of algebra A onto A~ and ¥? = id.

Definition 5.1 (Reflection Positivity). A measure p on Q27C is
reflection positive (RP) with respect to U if

(1) For all f,g € AT,
Eu(fi9) = Eu(g0f) (5:2)

(2) For all f € AT,
E(f9f) =0 (5.3)

Note that the above implies that f,g — E,(fvg) is a positive-
semindefinite symmetric bilinear form. Condition (5.2) is usually auto-
matically true — it requires only ¥-invariance of ;1 — so it is the second
condition that makes this concept non-trivial (hence also the name).
Here we first note that the concept is not entirely vacuous:
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Lemma 5.2. The product measure, p = @ o, is RP with respect to
all reflections.

Proof. First consider reflections through bonds. Let f,g € 2. Since
']I‘j{ NT, = 0, the random variables f and ¥g are independent under .
Hence,

Eu(f9) = Bu(f)Eu(dg) = Eu(f)Eu(g) (5:4)

whereby both conditions in Definition 5.1 follow.
For reflections through sites, we note that f and ¢ are independent
conditional on Sp. Invoking the reflection symmetry of pu(:-|Sp), we get

E,(f99Sp) = Eu(f|Sp)En(99]Sp) = Eu(f|Sp)En(glSp)  (5.5)

Again the conditions of RP follow by inspection. 0O

A fundamental consequence of reflection positivity is the Cauchy-
Schwarz inequality

[E.(f99)]* < Eu(f0f)Eu(g9g) (5.6)

Here is an enhanced, but extremely useful, version of this inequality:

Lemma 5.3. Let i be RP with respect to 9 and let A, B, Cy, Dy, € 2AT.
Then

[E#(eA—H?BJrZa Ca¥Dq )] 2

< [Eu(eA—i-ﬁA—l—Za Ca 190&)] [EH(GB—l—ﬁB—i—Za D ﬁDa)] (57)
Proof. Clearly, in the absence of the C,, YD, terms, this simply reduces
to (5.6). To include these terms we use expansion into Taylor series:
Eﬂ(eA-i-ﬁB—f—za Ca 9Da)
1
=Y ~ Y Eu((e*Ca,...Ca,)0(ePDy, ... Dy,)) (5.8)
n>0  a1,...,Qn

Now we apply (5.6) to the expectation on the right-hand side and then
one more time to the resulting sum:
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B,y (eA9B+5 0 Ca9Da)

= Z n! Z [ Co, ...Can)ﬂ(eACal _ '-Can))l/Q

n>0 at,.

X EM( (€2 Da, ... Do) 9(eB Dy, . ..Dan))l/z]

. ) ) 1/2
< <Zn' Z E,((e%Cq, ... Ca,) V(e Caln-can))>

n>0 Oy,
1/2
<Zn' Z E,( Dan)ﬁ(eBDal...Dan))>
n>0 Qe Qi

Resummation via (5.8) now yields the desired expression. 0O

The argument we just saw yields a fundamental criterion for proving
reflection positivity:

Corollary 5.4. Fiz a plane of reflection P and let ¥ be the correspond-
ing reflection operator. Suppose that the torus Hamiltonian takes the
form

—Hp =A+9A+) CoC,q (5.10)

with A,Co € AT. Then for all 8 > 0 the torus Gibbs measure, uy, 3, is
RP with respect to 9.

Proof. The proof is a simple modification of the argument in Lemma, 5.3:
Fix f,g € 2A". Expansion of the exponential term in ) Cy ¥C,, yields

1
Eups (fﬁg) = 7E®uo (F(9g) e PATIATE o Ca9Ca)

T ZL Z n Z By ( ( PAC,, -+ Cy,) 9(gePAC,, - - Con))

n>0 (o IR 7%
(5.11)
The conditions of RP for i1, 3 are now direct consequences of the fact
that the product measure, @ o, is itself RP (cf Lemma 5.3). O

Now we are ready to check that all 3 interactions that we focused
our attention on in previous lectures are of the form in Lemma 5.3 and
thus lead to RP torus Gibbs measures:

Lemma 5.5. For any plane P, the n.n. (ferromagnet) interaction,
Yukawa potentials and the power-law decaying potentials, the torus
Hamiltonian can be written in the form (5.10) for some A, C, € AT,
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Proof. We focus on reflections through bonds; the case of reflections
through sites is analogous. Given P, the terms in the Hamiltonian can
naturally be decomposed into three groups: those between the sites
in Tz, those between the sites in T; and those involving both halves
of the torus:

—HL_ZJ SS+Z SS+ZZJ(L S5
xy€T+ z,y€T,, i= 1x€T+

A 9A L

R;
(5.12)

where we used the reflection symmetry of the J;g?) to absorb the 1/5
into the sum at the cost of confining x to ']I‘JLr and y to T} . The first
two terms identify A and ¥ A; it remains to show that the R;-term can
be written as ), Cy ¥C,. We proceed on a case-by-case basis:

Nearest-neighbor interactions: Here

R, = d > sW (5.13)

(zy)
x€T+

yETZ

which is of the desired form since S, = 9¥(S,) whenever x and y con-
tribute to the above sum.

Yukawa potentials: We will only prove this in d = 1; the higher
dimensions are harder but similar. Note that if P passes through the
origin and z € ’]I‘Z and y € T},

Jéé) — Cze*#(IIHIyHnL) (5.14)
n>0
Hence,
R; = CZe “”L(Z e Mzl gl )(Z e “'y‘S ) (5.15)
n=0 €T} yeT,

which is of the desired form.
Power-law potentials: Here we note

1 oo
PR = /0 dp p*~te =yl (5.16)
1

which reduces the problem to the Yukawa case. 0O
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We remark that Corollary 5.3 allows a minor generalization: if a
torus measure p is RP, and a torus Hamiltonian Hp takes the form
(5.10), then also the measure e~ ?Mrdy is RP. This may seem to be
a useful tool for constructing RP measures; unfortunately, we do not
know any natural measures other than product measures for which RP
can be shown directly.

5.2 Gaussian Domination

Now we are in a position to start proving the infrared bound. First we
introduce its integral version known under the name Gaussian domi-
nation:

Theorem 5.6 (Gaussian Domination). Let (J,y) be one of the three
interactions above. Fiz 3 >0 and for h = (hy)zer, € (RY)TE define

Zr(h) == Eg 1, <exp{—ﬁ > T Se = Sy + e — hy|2}> (5.17)

z,yeTr,

Then
Zr(h) < Z1(0) (5.18)

Proof. Let Hp denote the sum in the exponent. It is easy to check
that Hy, is of the form

~H,=A+9B+)» Cy9¥Dq (5.19)

Indeed, for h = 0 this is simply Lemma 5.5 as the diagonal terms
can always by absorbed into the a priori measure. To get h % 0 we
replace S; by S, + h, at each z. This changes the meaning of the
original terms A and C,, — and makes them different on the two halves
of the torus — but preserves the overall structure of the expression.
A fundamental ingredient is provided by Lemma 5.3 which yields

Zp(h)? < Zp(hy) Z1(h-) (5.20)

where h4 :=h on ']T}f and hy :=¥h on T}, and similarly for h_. Now
let us show how this yields (5.18): Noting that Z1(h) — 0 whenever
any component of A tends to +oo, the maximum of Zy,(h) is achieved
at some finite h. Let h* be a maximizer for which

N(h) = #{(z,y): hy # hy} (5.21)
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is the smallest among all maximizers. We claim that N(h*) = 0. Indeed,
if N(h*) > 0 then there exists a plane of reflection P through bonds
such that P intersects at least one bond (z,y) with h} # hy. Observe
that then

min{N(h}), N(h*)} < N(h") (5.22)

Suppose without loss of generality that N(h%) < N(h*). Then the fact
that h* was a maximizer implies

Zp(h*)? < Zp(h5) Zo(hh) < Zi(h%) Zi(h*) (5.23)

which means

Zr(h*) < Zp(h%) (5.24)

i.e., h% is also a maximizer. But that contradicts the choice of h* by
which N(h*) was already minimal possible. It follows that N(h*) = 0,
i.e., h* is a constant. Since Z(h + ¢) = Z(h) for any constant ¢, (5.18)
follows. 0O

Now we can finally pay an old debt and prove the infrared bound:

Proof of Theorem 3.3. To ease the notation, we will write throughout

<777 C> = Z e (5.25)

.TETL

to denote the natural inner product on L?(T}). First we note that for
any (1) € (R)™2,

> I e —myl® = (0, G ') (5.26)
Cﬂ,yETL

where G, is as in (3.18). (Indeed, in Fourier components, G *(k) =

1 — J(k).) As is easy to check,

R N )

-1 -1 (527)
= Z1(0)E,, , (e 2PGL S)=AhGL )

where py g is the torus Gibbs measure. The statement of Gaussian

domination (5.18) is thus equivalent to

E

pp (672POLIS)) < @ HGLTH) (5.28)

We will now use invertibility of G, to replace Gzlh by h. This yields
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B, (e—2ﬁ<h,s>) < ePhGLh)  whenever Z hy =0 (5.29)

zeTy,

where the latter condition comes from the fact that Gzl annihilates
constant functions. Next we expand both sides to quadratic order in h:

432 2
1- Q/BE/LL,;;(U% S)) + TEML,B(<h’ S> ) +oe

<1+ B(h,Grh) +-- - (5.30)

Since E,,; ,(S) is constant, £, ,((h,S)) = (h, B, 4(5)) = 0 and we
thus get

Epy 5 ((h,8)?) < o= (h,GLh) (5.31)

1
33 (
Finally, choose h, := v,¢;, for some orthonormal basis vectors &; in R”.
This singles out the i-th components of the spins on the left-hand side
and has no noticeable effect on the right-hand side (beyond replacing
vectors h, by scalars v,). Summing the result over i = 1,...,v we get
the dot product of the spins on the left and an extra factor v on the
right-hand side. O

5.3 Chessboard Estimates

The proof of the infrared bound was based on Lemma 5.3 which boils
down to the Cauchy-Schwarz inequality for the inner product

fr9— Eu(fd9) (5.32)

In this section we will systematize the use of the Cauchy-Schwarz
inequality to derive bounds on correlation functions. The key
inequality — referred to as the chessboard estimate — will turn out
to be useful in the proofs of phase coexistence in specific spin systems
(even those to which the IRB technology does not apply).

Throughout we will restrict attention to reflections through planes
of sites as this is somewhat more useful in applications (except for
quantum systems). Pick two integers, B < L, such that B divides
L and L/p is even. Fixing the origin of the torus, let Ap the block
corresponding to {0,1,..., B}% — i.e., the block of side B with lower-
left corner at the origin. We may cover Ty, by translates of Ap,

T,= |J (4s+ Bt) (5.33)
tGTL/B
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noting that the neighboring translates share the vertices on the adjacent
sides. (This is the specific feature of the setup based on reflections
through planes of sites.) The translates are indexed by the sites in a
“factor torus” Tp,/p.

Definition 5.7. A function f: 2Tt — R is called a B-block function
if it depends only on {S,: x € Ag}. An event A C Q"L is called a
B-block event if 1 4 is a B-block function.

Given a B-block function f, and t € Ty p, we define J¢f be the
reflection of f “into” Ap + Bt. More precisely, for a self-avoiding path
on Tp,p connecting Ap to Ap + Bt, we may sequentially reflect f
along the planes between the successive blocks in the path. The result
is a function that depends only on {S,: z € Ap + Bt}. Due to the
commutativity of the reflections, this function does not depend on the
choice of the path, so we denote it simply by 9J:f. Note that since
reflections are involutive, 2 = id, there are only 2d distinct functions
one can obtain from f modulo translations.

Theorem 5.8 (Chessboard Estimate). Suppose p is RP with re-
spect to all reflections between the neighboring blocks of the form Apg +
Bt, t € Tr/p. Then for any B-block functions fi,..., fm, and any
distinct ¢1,..., ¢, € Tr)p,

m m (B/L)*
Eu([Tve5) <11 {Eﬂ< I1 ﬁtfj)] (5.34)
j=1 j=1 teTr/ B
Here is a version of this bound for events: If Ay, ..., A,, are B-block
events and ¢1,...,tn are distinct elements of Ty g, then
m m (B/L)?
w(N o) <Tn( N 0ap)] (5.35)
j=1 j=1 t€Tr, B
where
D (A) == {14 =1} (5.36)

Note that the exponent (B/.)? is the reciprocal volume of the torus
Tr/p- (This is consistent with the fact that both expressions transform
homogeneously under the scaling f; — X; f; with A; > 0.)

Proof of Theorem 5.8. We will assume throughout that E,(fJf) =0
implies f = 0. (Otherwise, one has to factor out the ideal of such
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functions and work on the factor space.) We will first address the 1D
case; the general dimensions will be handled by induction.

Abbreviate 2n := I/p and fix a collection of non-zero functions
fi,---, fon. Define a multilinear functional F on the set of B-block
functions by

2n
F(fi,..., fan) == EM<H19tft> (5.37)
i=1

Noting that F'(fj,..., f;) > 0, we also define
F(fi,--- fon)

G(fis--s fon) = [ F Uy ) (5.38)
These objects enjoy a natural cyclic invariance,
F(fi,-- fan) = F(fon, f1, -, fon—1) (5.39)
and, similarly,
G(f1,-- o fan) = G(fons 1, -+, fon—1) (5.40)
The definition of G also implies
G(f,...,f)=1 (5.41)

Finally, Cauchy-Schwarz along the plane separating f; from fs, and f,
from f,11 yields
G(f17' ")f?’n) S G(fl;"'?fﬂ,)fﬂ)’ . 'afl)l/2
X G(fans s farts fsts oo fan) (5.42)

This will of course be the core estimate of the proof.
The desired claim will be proved if we show that

G(fi,--- fan) <1 (5.43)

i.e., that G is maximized by 2n-tuples composed of the same function.
We will proceed similarly as in the proof of Gaussian Domination: Given
a 2n-tuple of B-block functions, (fi,..., fon), let (g1,...,g2,) be such
that

(1) gi € {f1,.--, fon} foreach i =1,...,2n
(2) G(g1,--.,92n) maximizes G over all such choices of g1, ..., gon
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(3) g91,---,92n is minimal in the sense that it contains the longest
block (counted periodically) of the form f;, fi,..., fi, for some i €
{1,...,2n}.

Let k be the length of this block and, using the cyclic invariance, assume
that the block occurs at the beginning of the sequence g1, ..., gon, i.€.,
we have g1,...,9x = fi (with gx11 # f; unless k = 2n).

We claim that k& = 2n. Indeed, in the opposite case, k < 2n, we must
have go,, # fi whereby (5.42) combined with the fact that (g1,..., gon)
is a maximizer of G imply

G(g15-,920) 2 <G(G15 oy Gy Gy -+ 91)G(G2nr -+ + s Gt 15 Gk 1s - - - 5 G2n)
S G(gla ey OnyGn,y - - 791)G(gl7 cee 7g2n)

(5.44)

ie.,
G(Ql?"'agQH) SG(gla"'agTHgnv"'vgl) (545)
This means that (g1,...,9n, gn,---,g1) is also a legitimate maximizer

of G but it has a longer constant block — namely of length at
least min{2k, 2n}. This is a contradiction and so we must have k = 2n
after all. In light of (5.41-5.43), this proves the claim in d = 1.

To extend the proof to d > 1, suppose that m = (L/5)¢ and assume,
without loss of generality, that we have one function f; for each block
Ap + Bt. Writing

11 ﬁtft:ﬁ( 11 ﬁtft> (5.46)

teTr /B Jj=1 *teTy/p
t1=73
we may apply the 1D chessboard estimate along the product over j.
This homogenizes the product over f; in the first coordinate direc-
tion. Proceeding through all directions we eventually obtain the desired
claim. O

The chessboard estimate allows us to bound the probability of si-
multaneous occurrence of distinctly-placed B-block events in terms of
their disseminated versions mteTL/B U¢(A). The relevant quantities to

estimate are thus

32(A) :=u< N m(A))(B/L)d (5.47)

€Ty, B

The set function A — 31.(A) is not generally additive. However, what
matters for applications is that it is subadditive:
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Lemma 5.9 (Subadditivity). Let A and Ay, Ao, ..., be a collection
of B-block events such that

Ac| A (5.48)
k

Then
30(A) <> 30(Ap) (5.49)
k

Proof. First we use the subadditivity of x and (5.48) to get
s = () a) < Stu( ) 9A) (5:50)
teTy, p (48) (k) teTy,p
Next we apply the chessboard estimate
i) o) < TT seAn) (5.51)
tETL/B tETL/B

to each term on the right hand side. Finally we apply the distributive
law for sums and products with the result

(ATl <N T 30(Ag)

(ke) t€TL /5

Ty, Bl
- T st = (Ssetan)
k

tETL/B k

(5.52)

Taking the [Ty, p|-th root now yields the desired claim. O

Here is how subadditivity 37, is generally used in computations: In
order to estimate the 37-value of an event, we first cover it by the union
of a collection of smaller — and, as desired, easier to compute-with —
events, then evaluate the 37-value for each of them and, finally, add the
results.

In estimates, we often work with the limiting version,

3(A) = lim 32(A) (5.53)

of this quantity. We may interpret this as a partition function per site
restricted to event A on each B-block. The advantage of taking the
limit is that it often washes out some annoying finite-size factors and
thus provides a more tractable expression to work with. In addition, the
limit can be computed using arbitrary — not just periodic — boundary
conditions.



54 M. Biskup

5.4 Diagonal Reflections, Other Lattices

The above proof of the chessboard estimate is tailored to the under-
lying setting of the hypercubic lattice, primarily because of its use
of the orthogonality between the principal lattice directions. However,
some practical problems may lead us to the consideration of other lat-
tices. Some cases generalize directly, e.g., certain instances of the body-
centered cubic (BCC) or face-centered cubic (FCC) lattices, whose unit
cells look respectively as follows:

Both of these are decorations of the cubic lattice in which an extra
vertex placed in the center of each unit cube (BCC) or a face (FCC)
and is attached by edges to the vertices in its ultimate vicinity.

Assuming the interaction (2.15) with J,, non-zero and positive only
for adjacent (i.e., nearest-neighbor) pairs of vertices, the torus Gibbs
measure is reflection positive for reflections both through and between
the planes of sites of Z3. (A key observation is that the planes between
sites of Z? contain some of the added vertices but bisect no additional
edges.) The strengths of the interactions across the “old” and “new”
edges may not even be the same.

In d = 2, a corresponding graph is the lattice with a vertex placed
in the middle of each square of Z? and edges from it to each of the four
corners thereof. By the same reasoning, the nearest-neighbor ferromag-
netic interaction leads to a reflection positive torus Gibbs measure.

The situation becomes more involved for the triangular (two-dimen-
sional) lattice, whose standard embedding into the complex plane C has
vertices

m +ne™?3, m,n € Z (5.54)

and an edge between any pair of such vertices that differ by a number
in the set {1,el™/3 ¢127/3}, The principal problem with such graphs is
how to place a finite piece of this lattice on a torus in a way that gives
rise to reflection positive measures. Here is a convenient choice:



Phase Transitions in Lattice Models 55

with the torus obtained by identifying the vertices on the opposite sides.

The allowed planes of reflection are all horizontal lines (reflections
through sites) and the vertical lines (reflections through both sites
and bonds). Again, for ferromagnetic nearest-neighbor interactions, the
Gibbs measure with interaction (2.15) is reflection positive. A minor,
though annoying, problem occurs in the application of chessboard es-
timates because the vertical lines of reflections actually cut through
triangles. A solution is to focus only on those events that lie either
on white or on gray triangles in the above picture and use reflection
only with respect to vertical lines that do not cut through the chosen
triangles.

A completely analogous situation occurs for the honeycomb lattice.
Here we consider the domain of the form

and wrap it into a torus by identifying the vertices on the opposite side.
Again, for nearest-neighbor ferromagnetic interactions, the resulting
Gibbs measure is reflection positive with respect to reflections in verti-
cal lines on sites and horizontal lines between sites. In the application
of chessboard estimates to a collection of “hexagon events,” we only
use every other horizontal and vertical reflections to a corresponding
subset of these events; e.g., those sitting on the shaded hexagons.
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A final case of interest is that of diagonal reflections in Z¢. In d = 2,
this is achieved by wrapping the domain of the form

periodically into a torus. Reflections in the horizontal and vertical
lines of sites — the diagonals — are now symmetries of this graph;
for nearest-neighbor interactions (of any sign) the corresponding torus
Gibbs measure is reflection positive.

The advantage of the diagonal torus is that it permits the use of re-
flection positivity on collections of “bond events,” i.e., those associated
with pairs of nearest-neighbor spins. Subsequent applications of chess-
board estimates disseminate a single-bond event over the entire torus.
This, in turn, helps in estimates of the quantity 3(.A) whenever A is an
event depending on a single square that is itself an intersection of bond
events:

Lemma 5.10. Given a unit cube in Z¢, let Ay, with b running over all
of the cq := d2%~1 edges in this cube, be a collection of bond events.

Then
5<ﬂAb) < [T a(Ap) " (5.55)
b b

Here 3(Ap) is the partition function per site restricted to configurations
such that Ay, or its corresponding reflection, occurs at all edges of Z.

Proof. Let us first focus on d = 2. The key fact is that the partition
function per site, 3(A), does not depend on what boundary conditions
were used to define it. So, in order to compute 3 of the intersection
event, we may first wrap the square lattice into the diagonal torus, and
disseminate the bond events before passing to the L — oo. As there
are co = 4 edges in each lattice square, there is an extra power of 1/4.
In d > 2, we perform the same by singling out two lattice direc-
tions and wrapping the torus diagonally in these, and regularly in the
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remaining ones. This homogenizes the event in two lattice directions.
Proceeding by induction, the claim follows. O

5.5 Literature Remarks

The material of this section is entirely classical; a possible exception
is Lemma 5.9 which seems to have been formulated in the present
form only relatively recently [13]. The use of reflection positivity goes
back to the days of constructive quantum field theory (namely, the
Osterwalder-Schrader axioms [84]) where RP was a tool to obtain a
sufficiently invariant — and natural — inner product. The use in sta-
tistical mechanics was initiated by the work of Frohlich, Simon and
Spencer [50] (infrared bound) and Frohlich and Lieb [48] (chessboard
estimates). The theory was further developed in two papers by Frohlich,
Israel, Lieb and Simon [46, 47]. There have been a couple of nice reviews
of this material, e.g., by Shlosman [95] and in Georgii [57].

All use of reflection positivity in these notes is restricted to one of
the three interactions introduced in Chapter 3. Various generalizations
beyond these are possible. For instance, the n.n. interaction of strength
J may be accompanied by a n.n.n. interaction of strength A — including
negative values — and the result is still RP provided J > 2(d — 1)|\|.
For reflections through planes of sites, we may even allow any sort of
interactions involving the spins in a given lattice cube. (This exhausts
all finite range interactions; any longer range RP interactions are au-
tomatically infinite range.) Many other examples are discussed, e.g.,
in [46, page 32].

Notwithstanding our decision to restrict attention only to three spe-
cific interactions, the set of reflection positive interactions is not so
small as it may appear. Indeed, in the class of translation and rotation
invariant coupling constants, letting

F(zy,...,2q) == Jox (5.56)
we check that a sufficient conditions for RP is that the matrix

(SU, Z/) = F(ajl + Y, T2 — Y2, .., T — yd)l{m1>0}1{y1>0} (557)

is positive semidefinite. (See (5.15) for a specific case of this.) By Shur’s
Theorem — namely that if (a;;) and (b;;) are positive semidefinite
matrices, then so is (a;;b;;) — we thus know that if JM and J® are
two collections of RP couplings, then also the collection Jg(gi,) Jx(z) is RP.
In particular, the set of RP couplings is closed under taking products.
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The situation on other lattices is discussed in [47]; the use of diago-
nal reflections goes back to [95]. We caution the reader that it is rather
easy to make a mistake in this context. For instance, the regularly-
wrapped (L x L) torus in Z? is also symmetric with respect to all of
the diagonal reflections. However, for diagonal reflection on direct torus
it is not possible to define two components of the “plane of reflection”
so that the reflection in one leaves the other intact. So we cannot si-
multaneously use both direct and diagonal reflections, and this prevents
a direct proof of (5.55) in finite volume. (This error appeared in [17,
eq. 4.39] though, as shown in Lemma 5.10, all differences get washed
out in the thermodynamic limit.)

Gaussian domination appears in a rather different context as the
celebrated Brascamp-Lieb inequality. Consider the measure on R" of
the form

p(dz) == Z7 eV @y (5.58)

with V' smooth and strictly convex. Let V”(z) be the Hessian, i.c., an
n x n matrix of all second derivatives of V. Then for each smooth f
with compact support,

Bu(f?) — (Euf)? < / de (V") 'V f(x), V() (5.59)

where (-,-) denote the n-dimensional Euclidean inner product. In par-
ticular, if ) is a positive definite n x n matrix that dominates the
Hessian from below at all , then the correlations of y are dominated
by those of the Gaussian measure with covariance 2Q~'. This is, un-
fortunately, not very useful in the analysis of the Gibbs measures for
general lattice spin systems as these are generally not of the required
form — e.g., because the restriction to a specific spin-space (a unit
sphere for the Heisenberg model) cannot be approximated by convex
functions.

6 Applications of Chessboard Estimates

In this section we will apply the technique of chessboard estimates to
obtain proofs of phase coexistence in some lattice spin models. The
arguments will be carried out in detail only for one rather simple ex-
ample. For more sophisticated systems we present only the important
ideas. Details, anyway, can be found in the corresponding papers.
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6.1 Gaussian Double-well Model

Here we will demonstrate the use of chessboard estimates on the model
of a Gaussian free-field model in a non-quadratic, double-well on-site
potential. The Hamiltonian takes the general form

BH(¢) =8> (bs—0y)* + > V($a) (6.1)
(zy) z

where ¢, € R with a priori measure given by the Lebesgue mea-
sure, and V is a potential. Note that § has been incorporated into
the Hamiltonian in such a way that the on-site potential remains inde-
pendent of it.

The most well known example of such systems is V(¢) := gng
with x > 0 which is known as the massive Gaussian free field. This
case can of course be treated completely explicitly; e.g., on the torus the
corresponding Gaussian measure on (¢,) is zero-mean with covariance

ik-(x—y)
Covldady) = 3 ———

heTs ﬁlA)(k:) + kK (6.2)

where D(k) is the Fourier transform of the torus (discrete) Laplacian,
d .
D(k) =) |1 —e"|? (6.3)
j=1

Note that the inclusion of the mass, x > 0 — more precisely, x is the
mass squared — makes the covariance regular even for the zero mode
k=0.

We will look at a modification of this case when V' takes the form

4O
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In fact, we will be even more specific and assume that V is simply
given by
e V(9 .= o= 5(¢—1? 4 o—5(6+1)° (6.4)

It is easy to check that, for x sufficiently large, V' defined using this
formula looks as in the figure. The reason for assuming (6.4) is the pos-
sibility of an Ising-spin representation. Indeed, we may rewrite (6.4) as

o V(o) — Z o500 _ & Z e 3% Ka0n (6.5)

o==+1 o==+1

where C := e™*. A product of such terms is thus proportional to
ICREREDMII e~ 595 b0 (6.6)
T (0z) =

This means we can write the Gibbs weight of the model as follows

o BE (ay) ($o=0y)? =1, V($2)
o Ze—/@Z@,y)((bw—‘f’y)Q—g Zz ¢§ e_ﬁzm foreps (67)
(o2)

If we elevate (0,) to genuine degrees of freedom, we get a model on
spins S := (¢z, 0,) with a priori law Lebesgue on R X counting mea-
sure on {—1,1} and the Hamiltonian

BH($.0):=8Y (02— 0,)  + 5D G2 +KD d0u  (63)
(zy) z ©

Notice the first two terms on the right-hand side is the Hamiltonian of
the massive (centered) Gaussian free field while the interaction between
the ¢’s and the o’s has on-site form.

Here are some observations whose (simple) proof we leave to the
reader:

Lemma 6.1. Let pu be a Gibbs measure for Hamiltonian (6.8) and let v
be its ¢p-marginal. Then v is a Gibbs measure for the Hamiltonian (6.1)
subject to (6.4). The marginal v completely determines p: For any f
depending only on ¢ and o in a finite set A,

B, ( S f(g,0) [T V)5 ¢r%>2) (6.9)

(O’z zEA €A
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We will use &3, to denote the set of all Gibbs measures for the
Hamiltonian (6.8) with parameters § and k. The principal result for
this model is as follows:

Theorem 6.2. Let d > 2. For each ¢ > 0 there is ¢ > 0 such that
if k.53 > ¢, then there exist ut,u~ € &g, which are translation in-
variant and obey

pE(op =+1)>1—€ (6.10)

and
E((¢2F1)%) <e (6.11)

In simple terms, at low temperatures and large curvature of the wells
of V', the fields prefer to localize in one of the wells. We remark that,
while we chose the model as simple as possible, a similar conclusion
would follow for V' given by

K_

e VO — o= T (01> th | o= "5 (¢+1)?—h. (6.12)

where h changes the relative weight of the two minima. Indeed, there
exists hy at which one has two Gibbs measure — the analogues of u™
and p~. Moreover, if k1 > k_, then hy > 0 because, roughly speaking,
the well at —1 offers “more room” for fluctuations.

6.2 Proof of Phase Coexistence

Here we will prove Theorem 6.2. We will focus on d = 2; the proof in
general dimension is a straightforward, albeit more involved, general-
ization.

Let us refer to a face of Z? as a plaquette (i.e., a plaquette is a
square of side one with a vertex of Z? in each corner). Given a spin
configuration (0,), we say that a plaquette is good if all four spins take
the same value, and bad otherwise. Let B denote the event that the
plaquette with lower-left corner at the origin is bad.

Since the interaction is that of the GFF with a modified single-spin
measure, the torus Gibbs measure is RP. The crux of the proof is to
show that bad plaquettes are suppressed. Specifically, we want to show
that

3(B) <1 once f,k>1 (6.13)

Appealing to the subadditivity lemma (Lemma 5.9) we only need to
estimate the 3-value of all possible configurations on the plaquette that
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constitute B. Due to the plus-minus symmetry of the o’s, it suffices to
examine three patterns:

-+ + - -+

+— - 4+ (6.14)
We begin with the most interesting of the three:
Lemma 6.3. For any 3,k > 0,
_ 4Bk
3(37) <e 8o (6.15)

Proof. Let Zp, := Y., [ e BHL(®:0) [l.er, déx be the torus partition
function. Given a plaquette spin pattern, let Zr (pattern) denote the
same object with o fixed to the disseminated pattern — the sole element
of (er, Vit(pattern). (We are working with B = 1.) By the definition
of 3 we have

Z(zh  Zo (G
3L(_i—_i-)|TL| . LZ(Z ) < Zi&jg (6.16)

Now the partition function with all ¢’s restricted to + is given by

ZL(ii) :/e_ﬂz<z,y)(¢x—¢y)2—;zw¢§ e—nzx@c H Ao,
veTy (6.17)

= () Barr (772 )

where the expectation is with respect to the massive Gaussian free
field and the prefactor denotes the integral of the Gaussian kernel over
all ¢,. Similarly we obtain

204 = () Eore (e Za 0" (618)

+

where we noticed that by disseminating the pattern ;T we obtain a
configuration which is one at even parity x and minus on at odd par-
ity «. Thus we conclude

oy < a0

"~ Egpr(e "2 ¢x(—1)|93|) (6.19)

i.e., we only need to compute the ratio of the Gaussian expectations,
and not the prefactors.

Next we recall a standard formula for Gaussian moment generating
functions: If X is a multivariate Gaussian, then
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E(e)\X) — eA-EX—&—%Var()\-X) (620)

Since Egrr(¢,) = 0, we only need to compute the (diagonal) ma-
trix element of Cov(¢y, ¢,) against vectors 1 = (1,1,...) and (—1)Il.
However, a quick look at (6.2) will convince us that these functions
are eigenvectors of the covariance matrix corresponding to k& = 0 and
k = (), respectively. Since D(0) = 0 while D(r,7) = 8, we get

VarGFF(Z%) _ [Tl (6.21)

K

VarGFF<Z¢x ‘xl) = 8’6Ti’n (6.22)

where the factor |Ty| is the (square of) the L?(Ty)-norm of the func-
tions under consideration. Plugging this in (6.19) we conclude

1 1 1
3G H ™ < exp{leL!/gQ(Sﬁ - H)} (6.23)

from which the claim readily follows. 0O

Next we attend to the other patterns:
Lemma 6.4. For any 3,k > 0,

3(10) <o (6.24)
and 2o
3(30) <e s (6.25)

Proof. As for (6.24), dissemination of 1~ leads to alternating stripes
of plusses and minuses, i.e., o, = (—1 )|x1|. Again, this is an eigenvector

of the covariance matrix (6.2) with k& = (7,0). The corresponding D
equals 4 and so

1 1 1
(1™ < exp{2]TL!,12<4ﬂ — K)} (6.26)

yielding (6.24).

The pattern jri is more complex because its dissemination will not
lead to an eigenvector of the covariance matrix. However, we circumvent
this problem by noting that Lemma 5.10 implies

3D <aGHED " <" (6.27)
where we used 3(11) < 1. Now (6.25) follows from Lemma 6.3. O
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Corollary 6.5. For each € > 0 there exists a > 0 such that if 5,k > a,
then 3(B) < e.

Proof. The event B can be written as the union over a finite number
of bad patterns. On the basis of Lemmas 6.3-6.4 the claim holds for B
replaced by any fixed bad pattern. The desired bound now follows —
with slightly worse constants — by invoking Lemma 5.9. O

Next we explain our focus on the bad event:

Lemma 6.6. There exists a constant ¢ € (1,00) such that if c3(B) < 1/2
then for any x,y € Ty,

pr(ogy =1, 0y = —1) < 2¢3(B). (6.28)

Proof. This is a consequence of a simple Peierls’ estimate. Indeed, if
o, = 1 and o, = —1, then x is separated from y by a “circuit” of
bad plaquettes. (Formally, either all plaquettes containing x are bad
or there exists a non-trivial connected component of good — i.e., not
bad — plaquettes containing z. This component cannot cover the whole
torus because o, = —1; the above “circuit” is then comprised of the
bad plaquettes on the boundary of this component.) This means that

plos =10, ==1) <> ((V0B) <D 5B (6.29)

tey

where || denotes the maximal number of disjoint bad plaquettes in ~y
and where we used the chessboard estimates to derive the second
bound. By standard arguments, the number of circuits of “length” n
surrounding x or winding around Ty at least once is bounded by ¢,
for some constant ¢ > 1. It follows

pr(oy, =1,0y=—1) < chg(b’)” (6.30)

n>1
Under the condition ¢3(B) < 1/2 this sum is less than twice its first
term. 0O

Finally, we can assemble the ingredients into the desired proof of
phase coexistence:

Proof of Theorem 6.2. By symmetry of the torus measure, we have
/LL(UQ; = 1) =1y = ,uL(Jr = —1). (6.31)

Let z be a site at the back of the torus — that is distant at least L/
from the origin — and define
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pE (=) = pr(—los = £1). (6.32)

These measures satisfy the DLR condition with respect to any func-
tion that depends only on the “front” of the torus and so any weak
cluster point of these measures will be an infinite-volume Gibbs mea-
sure. Extract such measures by subsequential limits and call them g™
and p—, respectively.

We claim that p* # p~. Indeed, by Lemma 6.6 we have

pf (0. = —1) < 2¢3(B) (6.33)

once 3(B) < 1 and, by Corollary 6.5, this actually happens once
B,k > 1. Thus if, say, 2¢3(B) < 14, then /AJLF(UQJ = —1) < Y4 and,
at the same time, p; (0, = +1) < 1/4. The same holds for the limiting
objects and so u* # p~. Note that the measures can be averaged over
shifts so that they become translation invariant. 0O

Notice that in the last step of the proof we used, rather conve-
niently, the plus-minus symmetry of the torus measure. In the asym-
metric cases, e.g., (6.12), one can either invoke a continuity argument —
choose h = hy, such that (6.31) holds — or turn (6.28) into the proof
that |Tp|~* > zet, Oz Will take values in [~1, 1+ ¢] U [1 —¢,1] with
probability tending to one as L — oo. The latter “forbidden-gap” argu-
ment is rather robust and extends, with appropriate modifications, to
all shift-ergodic infinite-volume Gibbs measures. Hence, the empirical
magnetization in ergodic measures cannot change continuously with h.

To prove Theorem 6.2, it remains to show the concentration of
the ¢’s around the o’s:

Proof of (6.11). Let p be a Gibbs measure for parameters § and k.
Then (6.8) shows that, conditional on the o’s, the ¢’s are Gaussian
with mean

B(¢alo) = n((284+ 1) "0), (6.34)

and covariance (284 + x)~!, where A is the lattice Laplacian. Now,
once A/, < 1 we may expand the inverse operator into a power series
to get 25
n
Eu(¢alo) — 00 = ;(E) (A"), (6.35)
n>

which by the fact that |o,| =1 is O(5/,) independently of z. Since the
conditional variance of ¢, is O(Y,), we obtain

Eu((¢r — 02)%]0) < 2B, (60 — E(¢2|0)]?|0) + 2(E(s]0) — 02)°

— O(<B/n)2) + O(l/n)
(6.36)
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with the constants implicit in the O’s independent of the ¢’s and =.
Thus, if £ > 1 and #/3 > 1, then (6.11) follows by the fact that u* put
most of the mass on o, = £1. O

6.3 Gradient Fields with Non-convex Potential

Having demonstrated the use of chessboard estimates on a toy model,
we will proceed to discuss more complicated systems. We begin with an
example which is somewhat similar to the Gaussian double-well model.

A natural generalization of the massless GFF is obtained by re-
placing the quadratic gradient interaction by a general, even function
of the gradients. The relevant Hamiltonian (again with temperature
incorporated in it) is

BH($) == > V(s — ¢y) (6.37)

(z,y)

The requirements that we generally put on V' are continuity, evenness
and quadratic growth at infinity. Under these conditions one can always
define finite-volume Gibbs measures.

As to the measures in infinite volume, the massless nature of the
model may prevent existence of a meaningful thermodynamic limit in
low dimensions; however, if one restricts attention to gradient variables,

My = ¢y — ¢y if b is the oriented edge (z,y), (6.38)

then the infinite-volume Gibbs measures exist, and may be character-
ized by a DLR condition, in all d > 1. We call these gradient Gibbs
measures (GGM). A non-trivial feature of the GGM is that they obey
a host of constraints. Indeed, almost every 7 is such that

Tlby + Tlbo + Tlbs + Moy = 0 (639)

for any plaquette (by,...,bs) with bonds listed (and oriented) in the
counterclockwise direction.

Surprisingly, the classification of all possible translation-invariant,
infinite-volume GGMSs can be achieved under the condition that V is
strictly convex:

Theorem 6.7. Suppose V' is convex, twice continuously differentiable
with V" bounded away from zero and infinity. Then the shift-ergodic
GGMs p are in one-to-one correspondence with their tilt, which is a
vector a € R? such that
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E,(m)=a-b (6.40)
for every (oriented) bond b (we regard b as a unit vector for this pur-
pose).

The word tilt comes from the interpretation of a as the slope or
the incline of the interface whose height-gradient along bond b is given
by 1. The proof of this result — which is due to Funaki and Spohn —
is based on the use of the Brascamp-Lieb inequality through which the
convexity assumption enters in an essential way. It is also known that
the large-scale fluctuation structure of the n’s is that of a Gaussian Free
Field.

A natural question to ask is what happens when V is not convex.
Specific examples of interest might be V taking the form of a double-
well potential — kind of like for the Gaussian double-well model — or
V’s as in the figure:

a V() b V()

| n ! n
As it turns out, the double-well case is not quite tractable at the mo-
ment — and most likely behaves like a massless GFF on large scales —
but the other two cases are within reach. We will focus on the case (a)
and, as for the Gaussian double-well model, assume a particular form
of the potential:

e_V(q7) — pe_”0772/2 + (1 _ p) e—nmﬂ/z (6.41)

where ko and kp, are positive numbers and p € [0, 1] is a parameter to
be varied. For this system one can prove the following result:

Theorem 6.8. Suppose d = 2 and ko > kp. Then there is py € (0,1)
and, for V with p = p¢, there are two distinct, infinite-volume, shift-
ergodic GGMs porq and pgis that are invariant with respect to lattice
rotations and have the following properties:

(1) zero tilt:

1
14z Z m 20 Hord, Hdis=a.-S- (6.42)
b

=(z,y)
ey
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(2) distinct fluctuation size:

E/'Lord (775) << E/'Ldis ("72) (643)

The upshot of this result is that, once the convexity of V' is strongly
violated, the conclusions of Theorem 6.7 do not apply. While the ex-
ample is restricted to d = 2, and to potentials of the form (6.41),
generalizations to d > 2 and other potentials as in the above figure are
possible and reasonably straightforward.

Here are the main steps of the proof. First, as for the Gaussian
double-well model, we use (6.41) to expand the Gibbs weight according
to whether the first or the second term in (6.41) applies. This gives rise
to a configuration of coupling strengths (ry), one for each bond b, which
take values in {ko, kp}. The joint Hamiltonian of the s and the x’s is

- Kb 2
BH (n, k) = zb: 5 (6.44)
The joint measure is RP with respect to reflections through bonds and
sites and, conditional on (ky), the n’s are Gaussian.

For the proof of phase coexistence, we focus on lattice plaquettes
and divide these into good and bad according to whether all of the
edges have the same coupling x or not. The dissemination of each bad
patterns leads to a Gaussian integral but this time for GFF with inho-
mogeneous — yet periodically varying — couplings. For instance, the
pattern with three bonds of type ko and one of type kp disseminates
into periodic configuration where the edges on every other vertical line
is of type kp and all other edges are of type k. Similarly for all other
bad patterns.

The periodic nature of the disseminated events allows the use of
Fourier modes — i.e., pass to the reciprocal torus — to diagonalize the
requisite covariance matrices. For instance, the aforementioned pattern
with three ko’s and one kp leads to a configuration which is periodic
with period two. A calculation shows that the covariance is block di-
agonal with 2 x 2 blocks of the form

<nora|2+;<no+m|b\2 Lko — ko) b_? )

Lo —ro)lb-2 molasl? + b(xo + ko) lb_[?
(6.45)

(k) :=

where a4 and by are defined by

ar=1+e* and by =14¢2 (6.46)
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with &k := (k1, k2) varying through one half of the reciprocal torus T7.
(The block combines the contribution of both k and k + 7é;, and so we
only need half of all £’s.) The requisite Gaussian integral then reduces
to er?l‘z\{o} [det IT(k)]~'/* where in the exponent we get /4 instead of
the expected 1/5 to account for double counting of the k’s. To estimate
the growth rate of this product, we note that

I ldetmr(r)—*/*

k€T \{0}
1 dk
—exp{—]TL]4/Wlogdetﬂ(k)—i—o(]'l&])} (6.47)

The integral plays the role of the free energy associated with the Gaus-
sian variables on the background of the specific periodic configuration
of the k’s. A similar expression — with different integrand — applies
to each pattern.

Comparing the integrals for all possible arrangements of the two
types of bonds around a plaquette, we find that under the condition
Ko > Kp, the bad patterns are heavily suppressed. Thus bad plaquettes
are infrequent and can be regarded as parts of a contour. As it is not
possible to pass from all-k, pattern to all-kp pattern without cross-
ing a bad plaquette, the coexistence follows — as for the double-well
model — by a standard Peierls’ argument and chessboard estimates.
Full details of the proof are to be found in a paper by Kotecky and the
present author.

The two-dimensional model has the special feature that we can ac-
tually compute py:

Theorem 6.9. Let d = 2. If ro/, > 1, then py is given by

Y
O

This is a consequence of a duality relation that can be used to
exchange the roles of ko and kp. It is also interesting to note that, while
the one-to-one correspondence between the Gibbs measures and their
tilt is violated for non-convex potentials, the large-scale fluctuation
structure remains that of a Gaussian Free Field. Indeed, we have:

Theorem 6.10. Let d = 2. For each translation-invariant, ergodic gra-
dient Gibbs measure p with zero tilt, there exists a positive-definite d X d
matriz ¢ = q(u) such that for any smooth f: R? — R with compact sup-
port and [ f(z)dz =0,
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/ da Blayif(z) o N(0.(£.Q7F) (6.49)

where N'(0,C) denotes a normal random variable with mean zero and
covariance C and @) is the elliptic operator

Z Gij o 8% 8x (2) (6.50)

’.7_

The basis of this result — derived in all d > 1 by Spohn and the
present author — is the fact that, conditional on the k’s, the ¢’s are
Gaussian with mean zero and covariance given by the inverse of the
generator of a reversible random walk in random environment. The
Gaussian limit is a consequence of an (annealed) invariance principle
for such random walks and some basic arguments in homogenization
theory. The restriction to zero tilt appears crucially in the proof.

6.4 Spin-waves vs Infinite Ground-state Degeneracy

Next we will discuss a couple of spin models whose distinctive feature
is a high degeneracy of their ground state which is removed, at pos-
itive temperature, by soft-mode spin-wave fluctuations. The simplest
example with such property is as follows:

Orbital compass model: Here the spins on Z? take values in a unit sphere
in R, ie., S, € S% ! with z € Z%. The Hamiltonian is

=y Z )5, ) (6.51)

T a=l1

(a)

where S, denotes the a-th Cartesian component of the spin and &,
is the unit vector in the a-th coordinate direction.

Despite a formal similarity with the Heisenberg model, note that
only one component of the spin is coupled in each lattice direction.
Notwithstanding, every constant configuration is still a minimum-
energy state of (6.51). Further ground states may be obtained from
the constant ones by picking a coordinate direction o and changing the
sign of the a-th component of all spins in some of the “lines” paral-
lel with é4. In d = 2 these are all ground states but in d > 3 other
operations are possible that preserve the minimum-energy property.

The key question is now what happens with this huge ground-state
degeneracy at positive temperatures. Here is a theorem one can prove
about the two-dimensional system:
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Theorem 6.11. For each € > 0 there exist By > 0 and, for each 5 > [y,
there exist two distinct, shift-ergodic Gibbs measures pi, pz € &g such
that

By (182 -¢j]) = 1—¢, j=1,2 (6.52)

Moreover, for any p € &5 we have

E,(Sz) =0 (6.53)
and there are no shift-ergodic j € &g, B > By, for which we would have
max; =12 E#(|Sx . é]‘) <1l-—e.

The main idea underlying the proof is the evaluation of the free
energy associated with spin-wave perturbations of the constant ground
states; it this expected that only the states with the largest contribution
of these fluctuations survive at positive temperatures. Specifically, we
need to quantify the growth rate of the torus partition function with
all spins constrained to lie within A of a given direction:

Lemma 6.12. For each ¢ > 0 there is § > 0 such that if 3, A obey

LA > % and — BA3 <6 (6.54)

then for every vy := (cosf,sinf) € S,

_ 2m\L?/2 _ ole
By (7 T] 1gse—spiey) = () 71O (6.55)
zeTy,

F() := ;/ (2(1:)2 log{sin®(9)|1 — "> + cos?(0)|1 — e'*2|?}  (6.56)

The quantity [’ has the interpretation of the spin-wave free en-
ergy where the term “spin wave” refers to slowly varying deformations
of a constant ground states. A convexity argument — based on the
identity sin?(6) 4 cos?(f) = 1 — now shows that F is minimized by
0 = 0,7/, 7,37/, i.e., exactly in one of the coordinate directions. This
corroborates the intuition that only the configurations with most of the
spins aligned in one of these directions will be relevant at low temper-
atures. However, to extract a proof of phase coexistence, we will have
to again invoke a Peierls’ argument.
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Fix Kk > 0 and let A := ﬁ_l% and B := log 8 and let By and Bgw
denote the following events:

(1) Bg := { a pair of neighboring spins in Ap differ by an angle > A}

(2) Bsw is the set of configurations in the complement of Bg in which
the block Ap has all neighboring spins within A of each other
with at least kK > A from one of the four coordinate directions

The event B captures the situations when two neighboring spins are
not quite close to each other leading to excess energy order A%, As a
result of that,

3(Bg) < 3B3e 304 (6.57)

The event Bgw collects the configurations where the energy is good
but the fluctuations are not sufficiently powerful. The calculation in
Lemma 6.12 and a simple use of the subadditivity lemma show

3(Bsw) < %e—0233“2 (6.58)

for some constants c¢i,co > 0. Thus, for our choices of A and B,
once (3> 1 the density of blocks where Bg U Bsw occurs in any typical
configuration from the torus measure will be rather small. However, if a
block is aligned in one coordinate direction and another block is aligned
in a different direction, they must be separated by a “circuit” of bad
blocks. Such circuits are improbable which leads to phase separation.
Details of these calculations — which extend even to quantum setting
— can be found in a paper by Chayes, Starr and the present author.

120-degree model: A somewhat more complicated version of the inter-
action, but with the spins S, taking values in the unit circle S!, can
be contrived in d = 3. The Hamiltonian will actually look just as for
the orbital compass model except that S;S;a) are not Cartesian compo-
nents but projections on the three third-roots of unity by, be, bs in S*.

Explicitly,

HS) =Y 3" (Szba—Suie, - ba)’ (6.59)

r «a=1,2,3

Again, all constant configurations are ground states and further ground
states may again be obtained by judicious reflections. Fortunately, the
number of energy-preserving operations one can perform on ground
states is much smaller than for the orbital compass model, and all
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ground states can thus be classified. Namely, given a ground state con-
figuration, every unit cube in Z? looks as one of the four cubes in the
picture

1SS Si S

modulo, of course, a simultaneous rotation of all spins. Here is what
we can we say rigorously about this model:

Theorem 6.13. Let W1,...,%g € S' be the siz sizth roots of unity.
For each € > 0 there exist By > 0 and, for each 3 > By, there exist six
distinct, shift-ergodic Gibbs measures ji1, ..., g € &3 such that

Eu(Se-%j)>1—¢,  j=1,...,6 (6.60)

There are no shift-ergodic i € &g, B > Bo, for which we would have
max;—1,...6 E# (Sx . W]) <1-—ce.

The ideas underlying this theorem are quite similar to the orbital
compass model. First we find out that the spin-wave free energy for
fluctuations about the ground state pointing in direction 6 is given by

F(9) := ;/dkg[log PGk (6.61)

(27T) a=1,2,3

where ¢ := sin?(0), g2 := sin?(§ — 120°) and g3 := sin?(f + 120°). A
surprisingly sophisticated argument is then required to show that F'
is minimal only for 6 of the form %j, j = 1,...,6. Once we have this
information, the rest of the argument follows a route very similar to
that for the orbital compass model (including the introduction of the
scales k and A and the corresponding events Bg and Bgw). Details
appeared in a paper by Chayes, Nussinov and the present author.

n.n. and n.n.n. antiferromagnet: Finally, we will consider a toy model
that exemplifies the features of both systems above. Here d = 2 and the
spins take again values in S!, but the interaction is antiferromagnetic —
that is, with a preference for antialignment — for both nearest and
next-nearest neighbors:
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H<S) =7 Z [Sx 'S:E+é1 + .5z 'S$+é2] +Z [SLB 'S$+é1+é2 +.5z 'Sw+é1*é2]
: : (6.62)

Assuming |y| < 2, the minimum energy state is obtained by first en-
forcing the n.n.n. constraints — there is an antiferromagnetic, or Neél,
order on both even and odd sublattice — and only then worrying about
how to satiate the n.n. constraint. But once the sublattices are or-
dered antiferromagnetically, the net interaction between the sublattices
is zero — and so each of the sublattices can be rotated independently!
Here is a configuration of this form:

KR!
USOSUSOSUSY:
XIXTIXIXLX
03980803082
e yatra ety
KX XX
I

For this system we can nevertheless prove the following theorem:

\¢

Theorem 6.14. For each € > 0 there exist By > 0 and, for each 3 > Sy,
there exist two distinct, shift-ergodic Gibbs measures pi, pz € &g such
that

— By, (Sz - Spqerte,) > 1—€ (6.63)
and

By (Se - Seve;) >1—€,  j=1,2 (6.64)

There are no shift-ergodic p € &g, 5 > [y, for which either (6.63) or
at least one of (6.64) does not hold.
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As for the two models above, everything boils down to a spin-wave
calculation. Here the relevant parameter is the relative orientation 6 of
the two antiferromagnetically ordered sublattices. The spin-wave free
energy is then

F6) = % /[—mr}? (;’_")2 log Dy (0) (6.65)

where

Dk(g) = ’1 _ ei(k1+k2)‘2 + |1 B ei(klsz)’2
+ 7005(0)(’1 — ei’ﬁ’? 11— eikl\Q) (6.66)

As D(0) = aD(0) + (1 — a)D(r), with a := (1 + cos(6)), Jensen’s
inequality for the logarithm directly shows that F' is minimized by
0 = 0 or & = 7. In spin configurations, the former corresponds to
horizontal alignment and vertical antialignment of nearest neighbors,
and the latter to horizontal antialignment and vertical alignment, i.e.,
stripe states. Details of all calculations appeared in a paper by Chayes,
Kivelson and the present author.

Notice that, despite the fact that the lattices maintain a specific
relative orientation at low temperatures, a Mermin-Wagner argument
ensures that every Gibbs measure is invariant under a rigid rotation of
all spins.

6.5 Literature Remarks

The Gaussian double-well model is a standard example which can be
treated either by methods of reflection positivity, or by Pirogov-Sinai
theory [35]. Representations of the kind (6.4) have been used already
before, e.g., by Kiilske [74, 75] and Zahradnik [107]. The method of
proof presented here draws on the work of Dobrushin, Kotecky and
Shlosman [33, 71, 69] which was used to control order-disorder tran-
sitions in a number of systems; most notably, the ¢-state Potts model
with ¢ > 1 [69]. These methods may be combined with graphical rep-
resentations of Edwards-Sokal [39] (or Fortuin-Kasteleyn [43]) to es-
tablish rather complicated phase diagrams, e.g., [26, 12]. Recently, the
method has been used to resolve a controversy about a transition can
occur in 2D non-linear vector models [41, 42].

Theorem 6.7 has been proved by Funaki and Spohn [53]. As already
mentioned, their proof is based on convexity properties of the poten-
tial V' — by invoking the Brascamp-Lieb inequality as well as certain
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coupling argument to the natural dynamical version of the model —
and so it does not extend beyond the convex case. (A review of the
gradient measures, and further intriguing results, can be found in Fu-
naki [52], Velenik [104] or Sheffield [92].) Theorem 6.8 was proved by
Biskup and Kotecky [17]; Theorem 6.10 was derived by Biskup and
Spohn [18].

The interest in models in Sect. 6.4 came from a physics controversy
about whether orbital ordering in transition-metal oxides exists at low
temperatures. On the basis of rigorous work by Biskup, Chayes and
Nussinov [13] (120-degree model) Biskup, Chayes, Nussinov and Starr
[15, 14] (2D and 3D orbital compass model), it was demonstrated that,
at least at the level of classical models, spin-wave fluctuations stabilize
certain ground states [83]. The conclusions hold also the 2D quantum
orbital-compass model with large quantum spins [15]. The mechanism
of entropic stabilization — or, in physics jargon, order by disorder — is
most clearly demonstrated in the n.n. & n.n.n. antiferromagnet studied
by Biskup, Chayes and Kivelson [11]. This model actually goes back to
the papers by Shender [93] and Henley [63] which first spelled out the
original order-by-disorder physics arguments.

All three “phase coexistance” theorems in Sect. 6.4 have, apart
from an existence clause, also a clause on the absence of ergodic states
whose local properties deviate from those whose existence was asserted.
Actually, these were not the content of the original work [13, 11] be-
cause, at that time, the focus on torus measures dictated by reflection
positivity was deemed to make it impossible to rule out the occurrence
of some exotic measures. A passage to such statements was opened
by the work of Biskup and Kotecky [16]; the non-existence clauses in
Theorems 6.11, 6.13 and 6.14 are direct consequences of the main result
of [16] and the method of proof of the existence part. This technique
does not quite apply in the setting of gradient models due to the strong
role the boundary conditions play in this case.

7 Topics Not Covered

There are naturally many interesting topics dealing with reflection pos-
itivity that have not been covered by these notes. Here we will attempt
to at least provide a few relevant comments and give pointers to the
literature where an interested reader may explore the subject to the
desired level of detail.

The first (and large) area which was neglected is that of quantum
models. Here one faces the principal difficulty that the spin variables
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are replaced by operators which, generally, do not commute with one
another. Nevertheless, reflection positivity can be proved for reflections
through planes between sites under the condition that the Hamiltonian
is of the form (5.10). (For reflections through planes of sites the non-
commutativity of involved objects makes the above technology largely
unavailable.) Thus, chessboard estimates and, by a passage via the
Duhamel two-point function, also infrared bound can again be estab-
lished. This and the resulting applications to proofs of phase transitions
in, e.g., the quantum Heisenberg antiferromagnet and XY-model con-
stitute the papers of Dyson, Lieb and Simon [38] and Fréhlich and
Lieb [48]. A pedagogical account of these can be found in the notes by
T6th [103].

Unlike for the classical models, in the quantum setting reflection
positivity appears to be a somewhat peculiar condition. Generally,
it requires that the involved operators can be represented by either
real or purely imaginary matrices. This is where the technique fails
in the case of the quantum Heisenberg ferromagnet (Speer [99], but
see also Kennedy [67] and Conlon and Solovej [27]). Notwithstanding,
the technique continued to be applied in the quantum world to derive
useful conclusions; e.g., to study long range order in two-dimensional
antiferromagnets (Kennedy, Lieb and Shastry [68]), to resolve the so
called flux phase problem in the Hubbard model (Lieb [78], see also
Macris and Nachtergaele [81]) or to prove uniqueness of the ground
state in the half-filled band therein (Lieb [77]). The latter work invokes
spin-reflection positivity; a new idea later further exploited by, e.g.,
Tian [102] and Tasaki [101]. Other applications of reflection positivity
in itinerant-electron models appear in, e.g., Macris [79] and Macris and
Lebowitz [80].

As already mentioned, one can use RP to develop a rigorous link be-
tween the phase transitions in quantum and classical systems (Biskup,
Chayes and Starr [15]). Here the main idea is the conversion of the
quantum chessboard estimate to the classical one by means of an ex-
tension of Berezin-Lieb inequalitites to matrix elements in the basis of
coherent states.

Another topic not sufficiently represented in these notes is that of
dimer or other combinatorial models. Here we wish to mention, e.g.,
the conclusions concerning the six-vertex model and hard-core lattice
gasses (Frohlich, Israel, Lieb and Simon [47]) or the liquid-crystal mod-
els based on interacting dimers (Heilmann and Lieb [62] and Abraham
and Heilmann [1]). There is also a novel application to characterization
of graph homomorphisms (Freedman, Lovédsz and Schrijver [44]).
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The origin of reflection positivity lies within the field theory as part
of the Osterwalder-Schrader axioms. A reader interested in this direc-
tion should employ the relevant search outlets to explore the literature
on the subject. For statistical mechanics, interesting applications come
in the proofs of phase transitions in Euclidean field theories, e.g., that of
quark confinement (Borgs and Seiler [20]) or chiral symmetry breaking
(Salmhofer and Seiler [91]) in gauge theories.

Finally, there is the recent clever application of chessboard estimates
to control the rigidity of Dobrushin interfaces in the Ising (and some
other) three dimensional models (Shlosman and Vignaud [96]). This
direction will likely be further exploited to study interface states in
continuum-spin systems.

8 Three Open Problems

We finish with a brief discussion of three general open problems of the
subject covered by these notes which the present author finds worthy
of significant research effort.

In Chapters 3 and 4 we have shown how useful the infrared bound is
in proofs of symmetry breaking and control of the mean-field approxi-
mation. Unfortunately, the only way we currently have for proving the
IRB is reflection positivity. So our first problem is:

Problem 8.1. Consider models with the Hamiltonian H = — me Sy
Sy. Prove the IRB directly without appeal to RP.

As already mentioned, a successful attempt in this direction has
been made by Sakai [90], who managed to apply the lace expansion to
a modified random current representation of the Ising model. However,
here we have in mind something perhaps more robust which addresses
directly the principal reason why we need RP, which is that

the spins (S,) are not a priori independent Gaussian

Among approaches in this direction is the spherical approximation for
the O(n) model, in which the constraint |S;| = 1 at every spin is
replaced by a constraint on y__[S,|*

The IRB is often viewed as a rigorous version of spin-wave theory.
This theory, initiated in the work of Dyson [37] and others, describes
continuous deformations of the lowest energy states by means of an
appropriate Gaussian field theory. In Chapter 6 we saw that chessboard
estimates may be applied in conjunction with spin-wave calculations —
which are generally deemed to be the realm of the IRB — to prove phase
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transitions. This was possible because spin-waves disqualified all but
a finite number of ground states from candidacy for low-temperature
states. Notwithstanding, one might be able to do the same even in the
presence of infinitely many low-temperature states:

Problem 8.2. Prove symmetry breaking at low temperatures in sys-
tems with continuous internal symmetry — e.g., the O(2)-model —
without the use of the IRB. Chessboard estimates are allowed.

An interesting resource for thinking about this problem may be the
paper of Bricmont and Fontaine [21].

Further motivation to look at this problem comes from quantum
theory: The quantum Heisenberg ferromagnet is not RP (see Speer [99])
and so there is no proof of the IRB and, consequently, no proof of
low-temperature symmetry breaking. On the other hand, the classical
Heisenberg ferromagnet is RP and so the spin-condensation argument
applies. However, if we had a more robust proof of symmetry breaking
in the classical model, e.g., using chessboard estimates, one might hope
to extend the techniques of Biskup, Chayes and Starr [15] to include
also the quantum system.

While the theory described in these notes is not restricted exclu-
sively to ferromagnetic systems, in order to have the IRB one needs a
good deal of attractivity in the system. It is actually clear that the IRB
cannot hold as stated for antiferromagnets, e.g., hard core lattice gas,
which is a model with variables n, € {0,1} and the “Gibbs” weight

proportional to

ALae H (1 —ngny), (8.1)

(z,y)

or the g¢-state Potts antiferromagnet, which is the model in (2.7)
with J < 0. Indeed, the staggered long-range order, which is known
to occur in the hard core lattice gas once A > 1, implies that the
macroscopically occupied mode is k = (m,...,7) rather than k& = 0.
Nevertheless, we hope that some progress can be made and so we pose:

Problem 8.3. Derive a version of the IRB for the hard-core lattice gas
and/or the g-state Potts antiferromagnet at zero temperature.

Solving this problem would, hopefully, also provide an easier pas-
sage to the proof that the critical A for the appearance of staggered
order tends to zero as d — oo — in fact, if the mean-field theory is
right then one should have A, ~ ¢4 — and that the 3-coloring of Z?
exhibits six distinct extremal measures of maximal entropy. These re-
sults have recently been obtained by sophisticated contour-counting
arguments [54, 55].
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Fortuin-Kasteleyn (FK) and to the random current (RC) representa-
tion of classical and quantum Ising models via path integrals. No back-
ground in quantum statistical mechanics was assumed.

In Section 1 familiar classical Ising models are rewritten in the quan-
tum language. In this way usual FK and RC representations emerge as
different instances of Lie-Trotter product formula. Then I am following
[4] and set up a general notation for the Poisson limits.

In Section 2 both FK and the RC representations are generalized
to quantum Ising models in transverse field. The FK representation
was originally derived in [8] and [3]. The observation regarding the
RC representation seems to be new. Both representations are used to
derive formulas for one and two point functions and for the matrix and
reduced density matrix elements.

Section 3 is devoted to the quantum Curie-Weiss model in trans-
verse field. In the quantum mean field case the FK representation
is built upon a generalization of the classical random graph model.
I briefly explain recent results of [15], where the critical curve for quan-
tum random graphs was explicitly computed. The critical curve for the
quantum Curie-Weiss model itself is computed in the concluding Sub-
section 3.3 via partial Trotterization and a large deviation approach.

Of course, stochastic geometric methods apply for a large variety
of other models, see the seminal [4] as well as [18, 20] and references
therein. I did not try to provide a complete bibliography on the subject -
the emphasis was rather on trying to advertise probabilistic aspects of
quantum spin systems to a reader who is (like me) not very well familiar
with the latter. I, therefore, apologize for many excellent and relevant
papers which were not mentioned.

2 Classical Ising Model

We use the following notation for the classical Ising model:

e (A, E)is a finite graph with unoriented edges e = {i,j} = {j,i} € .

e J = {J;; >0} are coupling constants. By definition J;; > 0 <
{i,j} €&.

e h € R is a magnetic field.

e v E (Y 2 {-1, 1}A is a spin configuration on A.
The Hamiltonian H, is a function on {24,

—HA(Z/) = Z Jijyiyj+hzyi-

(ig)€€ ieA



Stochastic Geometry of Ising Models 89

Given 8 > 0 (inverse temperature) define the classical Ising-Gibbs

probability distribution yﬁ’h on 24 as

W) = =L e AHaw)

ZA(B) h’) ’
where the normalizing constant (partition function) is given by

ZA(B,h) = Y e PHal), (2.1)

Ve,

In the sequel we shall use A’h(o) for the expectation under p A’h. In
particular, the mean value of the spin at 7 is

Bh N _ 1 ~—BHA(V)
wy(v) = =———= E v;e , 2.2
A ( ) ZA(B, h) 5 ( )

and the two-point function A’h(yiuj) is

Bhe oy _ 1 o= BHAW) 93

HA (VZV]) ZA(ﬁ, h) EZQ vivje . ( . )
vef2p

Two examples we shall consider in this paper are:

1. Curie-Weiss model: A ={1,2...,N} and J;; = 1/N.
2. Finite range Ising model: A C Z% and J;; = 0 for [|i — j|| > R.

2.1 Classical Ising Model Dressed as Quantum

Let us re-derive formulas (2.1), (2.2) and (2.3) in the quantum language.
In this way spin values +1 are understood as eigenvalues of Pauli matrix

5 — ((1) _01) (2.4)

Let us define the corresponding eigenfunctions

T R

Of course, 6%, = v, for v = +1. Throughout these lectures we shall
work only with real numbers. Using eigenfunctions 1 one constructs
the following “lifting” of classical configurations v € §24: Define

X4 = ®R2.

ieA
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X, is a 2MI-dimensional vector space over the field of reals. Classical
configurations v € {24 are encoded in X, as tensor products,

A
Wl/ — ®i€/1¢l/i' (26)

The collection {¥,},, is a complete orthonormal basis of X, with
respect to the scalar product

@[ 2,) 2 [ W2,
€A

where (e, )y is the usual scalar product of R%. With each i € A we
associate a linear self-adjoint operator (symmetric matrix) 67 which
acts on i-th coordinate of ¥ as a copy of Pauli matrix 6% defined in
(2.4). Namely, for each v € 2y,

N A ~
o, =y, @ Q%Y @ ... = W, (2.7)
Obviously, 67 and &; commute, and, moreover,
AZAZ

6705, = vivj¥,. (2.8)

Define now the quantum Hamiltonian H, as a linear self-adjoint
operator on X4,

—Ha = Y Jij6i6% + h)y 67 (2.9)
(i,9)€€ i€
Then, (2.7) and (2.8) imply,
HAPv = Hy(v)W,.

In other words, H, is diagonal in the {¥,} basis, and with the
corresponding eigenvalues being equal to values of the classical Ising
Hamiltonian on configurations v.

It is possible now to rewrite classical formulas (2.1)-(2.3) in terms
of the quantum Hamiltonian H 4. First of all,

Te(e ) = 30 Wl ) = 3 e = 2,(5,n)

vEN ) vesl2y
(2.10)
Similarly,
"y 5252—BHa
Ha Vi Tr (e=FHa) Ha \¥ivs Tr (e=FHa)
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2.2 Path Integral Representation and Poisson Limits

Since all the operators {67} commute,

s (HeAJw“HeA’w) | (2.12)

(4,9)

To facilitate the exposition we shall focus now on the case of zero
magnetic field A = 0, the full Hamiltonian with both non-zero h will
be considered in Subsection 2.3 and in Subsection 2.4, furthermore, an
additional positive field in the traverse direction will be considered in
Section 3. o

For small A we shall linearize ¢“74%% in (2.12) in two different
ways:
1) Write

Jijoio; = Jifl — Jil + Jij67 675

Then,

5/A
—BHA _ B> i 1 ~AZ Az
e BHa — BXiy) T i@o((n){ 1— AT )1+ AJij676% ) . (2.13)
7‘7

This will lead to the random current representation of the model.
2) Write

~ZAZ I+6—z A;
JijO'Z-O'j = JijI—2J¢jI+2JZ’j72
In the latter case,
I + 6262 B/A
—BH N
e PHA — eﬁz(m) J ilgl()(H {(1 —QAJZ‘j)I+2AJZ]2}> .

)
(2.14)
As we shall see below such linearization leads to the FK (Fortuin-
Kasteleyn) representation of the model. Thus both the FK and the
random current representations are instances of path integral represen-
tation via Poisson limits which, following [4], we proceed to discuss in
a somewhat general context.
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General Setup for Poisson Limits

The fact that the operators 676% in (2.13) or operators (I + 676%)/2
in (2.14) commute is not essential for the path integral representatlon
via Poisson limits. For the rest of this Subsection we shall work in the
following general context:

1. X'is an M-dimensional vector space (over R) with a scalar product
(e|e) and an orthonormal basis {¥;}

2. Ky,...,K,, are self-adjoint operators (matrices) on X, in general
non-commuting.
3. A1,..., A\, are positive numbers.

Given 3 > 0, we would like to find a probabilistic representation for

exp{ﬁzm:)\lKl} (2.15)
1

The linearization relies on two basic facts from theory of matrices:
Lie-Trotter Formula
Let A and B be two matrices. Then

B = lim (eA/”eB/n>n. (2.16)

Proof (following [19]). Set

T, = eATB)/n and S, = eA/neB/m,

Then,
n—1 n—1
— S = > (TS - TS = YT (T - S S
=0 =0
Now,

S ) HEAE o

On the other hand, ||77==1|-||SL| < elAIFIBI for all 1 = 1,... ,n—1.
O
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Product Expansion Formula

Let Ay, As, ..., A, be self-adjoint matrices and ¥, ¥’ two vectors in X.
Then,

(UA A = > (WA, ) (T, |Ao|By) (T, | An|T),

(2.17)

where ¥;,-s run through the elements of the orthonormal basis {¥;} for
alll=1,...,n—1.

Proof. In the case n = 2 (2.17) follows from expansion of A4;¥ in the
basis {¥;},
M
AW = > (WA, ),

i1=1
The general case follows by induction. O

Path Integral Representation
Let us go back to (2.15). By Lie-Trotter formula (2.16),

m m B/A
eXp{ﬁZAle} — BN iim()(H{(l—A)\l)I—}—A)\lKl}) .
1 TN
(2.18)
In the sequel we shall tacitly assume that 5/A € N. For each [ =

1,...,m consider a sequence of iid Bernoulli random variables

§=1a),&(?2)....a(5/4)},

with the probability of success being equal to A);. We assume that
the sequences § , are independent and let IP% A be the corresponding
probability measure on

{0,137/ x ... x {0,1}7/4

Above )\ is a shorthand notation for the vector of success rates
{A1,...,Am}. Then we can expand the expression on the right-hand
side of (2.18) as follows,

(ﬁ{(l—mz)umlm})mi > P%,A<ﬂ {& :al}>/ca,

Ay ey,
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where the matrix K, is defined by

B/A

Ko 2 Kyoow = H{H (1 - a >>I+al<j>Kl>}. (2.20)

Our next step is to associate with each sequence § of Bernoulli trials a
point process of arrivals of operators K; on the mterval [0, 5]. Define,

B/é

2= &a0)dia (2.21)
j=1

Let ¥ and ¥’ be two elements of the basis {;}. In order to derive
a path integral representation of (¥|K, ,...,K, |¥’) notice first of
all that up to probabilities of order O(A) we may restrict attention
to sequences ay,...,a,, with disjoint occurrence of successes, that is
Yya(j) =0or 1 for every j =1,...,5/A. In the language of (2.21)
this means that the realizations of £1A, e ,E,% are pairwise disjoint and

hence for each arrival time
A . - .
teed = U = {;A : Zal(]):1},
=1

there is a well defined arrival type [2(¢) € {1,...,m}. Accordingly, one
can rewrite

8/A Nz
A
Kayoan = |1 {5{JA¢£A}I + 5{jAe§A}KIA(jA)} = [ &~
j=1 j=1

By the product expansion formula (2.17),

B/A-1
@) = > @KW [ @ KPR 1W) (Wi, [ K5 AlP).
Wiy Pig)a j=2
(2.22)
Of course,
- Sy, — if jA¢ A
| KA, = (i=wi} e 2.23
CA K1) {@HK[A@A)WH if jA €A (223)

We can now put this into the continuous time context as follows: To

a given sequence ¥, ¥; ..., Wiﬁ / 471797/ associate a piecewise constant
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function ¥4 : [0, 8] — {¥;}, such that ¥4 =¥ on [0, A), V2 (8) = ¥,
and,

72 =0, on [jA,(j+1)A) forj=1,...8/A-1.

Given a realization £ let us say that a piecewise constant function
¥4 as above is compatible with &2, U4 ~ &4 if all the jumps of ¥4
occur only at arrival times of £2. By (2.23) only compatible functions
contribute to (2.22). In fact, in the notation just introduced the latter
expansion reads as,

ayra, [P Z H (A=) | Ka gy [T2 (1)) (2.24)

YA~EA tegA

aren

Poisson Limits

A basic result on Poisson approximation implies that

(&8 & 1?) = (&b D)

where (&1,...,&,) are independent Poisson point processes on [0, J]

with intensities (A1, ..., Ay) respectively. Let us use IP% for the distri-
bution of the latter. By independence there are no simultaneous ar-
rivals, that is the type [(¢) € {1,...,m} of an arrival is well defined for

each t € £ 2 U¢;. Furthermore, conditioned on the realization of £ the
arrival types [(t) are independent and
Al
MA4 4 Am
Passing to the limit A — 0 in (2.24) and (2.19), we arrive to the fol-

lowing representation of matrix elements of exp {#>_ N K;}: For every
two elements of the basis ¥, ¥’ € {¥;},

(MJZMKW@_
exp {33 At} _/ Ay dém) ;gg =) Ky ¥ (1)),

P (It) =1|te€) =

(2.25)

where, given a realization of £ the summation is over all £&-compatible
(having jumps only at arrival times of &) piecewise constant right-
continuous functions ¥ : [0,3] — {¥%}, which, in addition, satisfy
boundary conditions ¥(0) = ¥ and ¥(5) = ¥'. Clearly, since X is

o . . A . .
finite dimensional, and since, there are P3-a.s. finite number of arrivals

of &, there are ]P%—a.s. finitely many such compatible functions.
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Formula (2.25) enables a re-interpretation of various quantities
related to the Hamiltonians H in terms of stochastic geometry of the
family of Poisson processes £. For example,

Tr (eﬁZAsz) 3
5] — ] 40 o) [Jee oo,

(2.26)

In general, given a self-adjoint matrix A,

Tr (Aef 2 ik
W = [Ba gmmww» g@(t—)wwt»-

(2.27)
The approach has two degrees of freedom to play with:

1. There are different ways to decompose H as H = — > N K.
2. There are different choices of orthonormal bases {¥;} of X.

In the following two subsections we shall consider the FK and the
RC (random current) representation of classical Ising systems (2.9)
as different instances of the path integral representation (2.25). Then
in Section 3 we shall develop the FK and the RC representation for
genuine quantum systems in traverse magnetic field.

2.3 FK Representation

Classical FK representation corresponds to the decomposition of the
Hamiltonian H 4 in (2.9) as,

—Hy = — ZJUJrZh I+ Zz]”

(1,9) i

with matrix elements of e 774 being computed in the z-basis (2.6).
In the language of the preceeding Subsection, we are dealing with
I ZsZ
independent Poisson processes §;; of arrivals of operators K; 2 ¥

with intensities 2.J;; and with independent Poisson processes &; of ar-

rivals of operators K; = H_;’ with intensities 2h each. Let v,/ € 2,

be two classical configurations and let, as before, ¥, and ¥, be the
corresponding elements of the basis of X 4. Then,

(W | Kij| W) = 0gymuy 0=} (2.28)
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Similarly,
(O |Ki|#,) = 5{1/:1/’}6{1/1-:1}- (2.29)

Due to our choice of the orthonormal basis, any piecewise constant
function ¥ : [0, 3] = {¥,} is of the form ¥, ,), where v : [0, f] — §24 is
a piecewise constant classical spin configuration valued function. In fact
relations (2.28) and (2.29) imply that, whatever are the realizations of
Poisson processes & = {&;;,&} the only compatible v ~ £ are constant
configurations v(e) = const. Furthermore, an arrival of Kj; at time
t imposes and additional constraint v;(t) = v;(t), whereas an arrival
of K; imposes an additional constraint v;(¢) = 1. It is convenient to
explore (2.25) in terms of the following graphical representation (see
Figure 1 below):

To each site ¢ € A we attach a time interval Sg = [0, 5]. In order to
distinguish between intervals attached to different sites we use notation
S%. Points on S% labeled as (4,t). An arrival of §;; at time ¢ is visualized
as a link between (i,t) and (j,¢). An arrival of §; at time ¢ puts a *-
mark at (i,¢). It is also convenient to think about all x-marks being
linked (wired) to some ghost site g. Two intervals Siﬁ and S% are said
to be connected if &; # (. Thus, any realization of {¢;;} splits

g

A

Fig. 1. The box A is split into three connected components, C; =
{1,2,3,4,5} x Sg, C2 = {6,7,8,9} x Sg and C3 = {10} x Sg. Components
C1 and C3 are wired, whereas Cs is free
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AXSg = USlﬂ = ug
€A
into the union of maximal connected components. Of course, each C;
above corresponds to a subset A; of A,

a=Jsh
€A

A component C; is said to be wired if & # 0 for some i € A;. It is
convenient to link all wired components into one connected component.
Given a realization & = {¢;;,&} of all Poisson processes of arrivals of
operators K;; and K let # () be the number of all maximal connected
components C; which are not wired to the ghost site g. Then the number
of (constant ) classical trajectories which satisfy (2.28) and (2.29) is
precisely 2#+(&)_ For each such trajectory v(e) = v,

[T K@lw) =1

teg

Consequently, let IP’%Z be the (Poisson ) distribution of £. Then, (2.25)
implies,

Tr (e*m{/‘) = X J”Jrz"h)PzJ/Ll (2#“’(5)) . (2.30)
Define a new measure ﬁg}}l on trajectories of point processes &,

o#w(€)pd »h " (d€)

Py () =

o (2.31)

P’ }}1 is called FK or random cluster measure. Using (2.11) and (2.27) we
arrive to the following stochastic geometric representation of classical
expectations,

Ik s h 3Ih . .
pit ) = By (ie—g)  and  pi"(uivy) = Py (i),

(2.32)
where the event {i «— g} means that the connected component of S%

is wired, whereas {i «— j} means that Sg and S% belong to the same
connected component (including the case when {i «— g}N{j < g}).
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2.4 Random Current Representation

In its turn classical RC representation corresponds to the decomposi-
tion of the Hamiltonian H, in (2.9) as,

~Ha = Y Jijoi65+ Y hor.
(i) i

The trick is to compute matrix elements of e~#74 in the x-basis, which
is defined as follows: With 111 being defined as in (2.5), set

bx1 = \2 (V1 £1p1). (2.33)

Clearly {¢_1,¢1} is an orthonormal basis of R?. To a given classical
x-configuration 9 € {24 one corresponds the vector,

Dy = ®i€/1¢19¢- (234)

The collection {@y} is an orthonormal basis of X 4. In the x-basis Pauli
matrix % looks like

. 01 .
6% = <1 0) or Uz¢i1 :¢2F1~ (2.35)

Thus in the x-basis 67 is just a spin-flip operator. As in (2.7) the action
of 67 on Py is given by

OA'iZSplg = ¢§1®'--®&Z¢§i®....

In other words, 67 flips i-th component of ®y.
In the language of Subsection 2.2, we are dealing with independent

Poisson processes §;; of arrivals of operators K; E &f&; with intensities
Ji; and with independent Poisson processes §; of arrivals of operators
A .y . . .

K; = 67 with intensities h each. We continue to employ the running

notation IP’%Z for the distribution of &.

Let 9,9’ e 24 be two classical x-configurations and let, as before,
@y and Dy be the corresponding elements of the x-basis of X 4. Then,

<%|Kiij,,,> = (5{19,:&5&?9} and <W19|KZ"@,,/> = (5{19,:&;19}. (2.36)

In other words, each arrival of operator K;; enforces a simultaneous
flip of i-th and j-th coordinate of @, and each arrival of operator K;
enforces a flip of i-th coordinate of @. Therefore, given a realization of
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¢, compatible space-time configurations @(-) ~ £ are deterministically
recovered from the initial value @(0). Therefore, there are exactly 2l Al
compatible configurations for each realization of &.

Consider now the representation of the trace in (2.26). Clearly a
space-time configuration @(-) contributes only if #(0) = ¢(3). In view
of the above description of action of operators K;; and Kj, this ob-
viously imposes a restriction on admissible realization of &: Namely,
there are trajectories @ ~ & with @(0) = &(3) if and only if £ flips each
coordinate i € A even number of times.

With a slight abuse of notation let §;; and &; also denote the number
of arrivals of Kjj;, respectively K; on the interval [0, 5]. In this way &
will be called random currents. The total current through i € A is
€li] = >2;&; + & and the total current through the ghost site g is
€lg] = >, &- The boundary of a current is,

06 2 {ue AUg : £[u] is odd} . (2.37)

If 9¢ = (), then all of 2/l compatible configurations ¥(e) ~ ¢ satisfy
&(0) = P(3), otherwise (if ¢ # () none of them is periodic. Conse-
quently, (2.26) implies,
Tr (e_ﬁH/‘)
B iy Jis T2 )

= 2MIPY (06 = 0). (2.38)

The following representation of one and two point functions is now
almost straightforward

(05 {i,8}) ’h(3€ {i,5})
Bh(,y — and @t () — A
My (vi) (85 0) dMA( J) IP’Z (9€ = 0)
(2.39)

Switching Lemma

Let £ and 1 be two independent random currents distributed according
to the product Poisson measure P%’h each. We continue to Pg’h to denote

the product measure. Then, for every i, j and for every subset A C
AUg,

PY (06 = (i, 1) PYA (9n = A) = PY (96 = 0300 = AA (i, j} i &7 ),
(2.40)

where the event {z &, j} means that there exists a path of bonds

b € & from i to j with £(b) +n(b) > 0.
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We refer to [1] for a proof of (2.40). In view of (2.39) an immediate
consequence is the following representation of the truncated two-point
function:

3 h
" ( A ) " () = il (6§ 0:0v = (0.} % g>
M (0€ = 0;0n = 0)

vivj) = i

(2.41)

Exponential Decay of Two-point Functions
at Non-zero Magnetic Fields

Representation (2.41) and similar formulas pave the way for a stochastic
geometric interpretation of semi-invariants and give rise to a useful
intuition. As an example let us show how (2.41) implies that classical
Ising truncated two-point functions always have non-zero exponential
rate of decay once h # 0. The argument below was developed together
with Roberto Fernandez and Yvan Velenik some time ago. As it was
pointed out by Yvan, a conventional proof could be found in [12].

Let k = £+ 1 be the combined current. Any realization of x splits A
into a disjoint union of maximal connected components: as before we
say that 7 and j are connected if there exists a chain of bonds b leading
from i to j with x(b) > 0 on each bond. Clearly {9¢ = 0;0n = {i,j}}
implies that Ok = {i,j} and, in particular that ¢ and j are connected
in k or, in other words, that ¢ and j belong to the same connected
component C' of x. If R is the range of interaction, then |C| > |i —j|/R,

K

as soon as we impose an additional constraint {C —— g}. It is almost
obvious now why (2.41) implies exponential decay: one should pay a
fixed price to disconnect each site [ € C' from the ghost site g, see
Figure 2.

It remains to make the last remark precise. For any connected set
C C A define # (£(C, A\ C)) as the number of edges in £(C, A\ C),
where the latter is the set of edges b with J, > 0, which have one end-
point in C' and another in A\ C. The probability p(C, A\ C') that none
of the processes kp; b € E(C, A\ C) arrives on the interval [0, 5] is

p(C,A\C):eXp{ 28 ) Jb}.

beE(C,A\C)

Given a connected set C' and ¢, j € C, define the following event

A (C) = {85(; = 0;0nc = {i,j}; C is connected in k¢o; C ;CQ g},
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Fig. 2. Each site [ inside the connected component C' has a chance to be
connected by a direct non-zero current to the ghost site g

where {c,nc (respectively § 4o, na\¢) and k¢ (respectively x4 ¢) are
the restrictions of the corresponding processes to the bonds with either

both end-points at C' (A \ C) or with one end-point at C' (A \ C)
and another end-point being g. In this notation the expression in the
numerator in (2.41)

> By (9me = 0:9nne = 0) - p(C, A\ O) - B (A ().
C connected

(2.42)

On the other hand, the denominator in (2.41) is certainly bounded
below by

Z Pﬂ (9Enc = 0;0nnc =0) - p(C, A\ C) - Pgﬁ (A5(0))
C' connected

(2.43)

where the event
A%(C) = {0¢c = 0;nc = 0; C is connected in K¢} .

We claim that there exist two positive constants ¢; and cs which depend
on 3,h (but not on the range R of the interaction, the dimension of
the lattice, connected C' and {i,j} C C), such that,

PJvh AZ C ..
M < cpe—celi-il/R, (2.44)

YA (A5,0)

)
)

J
B
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e
Indeed, for each current nc with dn = {i,j} and g </~ C, we may
construct a family of currents

(e} = {n+2ri+1)d6.g+2ri+1)8G. g+ Y 2rk8(kg) }ryo.1. tor 1eC
keC\{i.j}

Thus, the family {nc}° is generated by tuples r = {r;};c, of non-
negative integers. Evidently,

{nc}*n {nc}* =10,

whenever no # 176. Furthermore, (c,nc) € Aij(C) = &o X {nc}® €
A%(C). However, for such n¢,

Jh
PB,A ({nc}®)
]P)J,h

= (sinh(Bh))* - (cosh(Bh))7I72,
8,4 (ne)

and (2.44) follows.

3 Quantum Ising Models in Transverse Field

Quantum Ising Hamiltonian in transverse field X is given by
~Hy = Y Jij6i65 + b 67 + A 67, (3.1)
(4,9) i i

where A > 0, and (in the z-basis),

- (10 ~ (01
ot = (0_1>. and ¢* = (10) (3.2)

Since matrices 6* and 6% do not commute, as soon as the strength of

the transverse field A > 0, the operator H,4 does not have diagonal
form neither in z-basis (2.6), nor in the x-basis (2.34). Nevertheless,
the analog of Lie-Trotter product formula still holds,

B/A
—BHa _ AJ;;626% Ahs? ANG* ' 33
e Algl()((l' |{)e J || e || e > (3.3)
1,7 7 7

As in the classical case various choices of bases and of decomposition of
H 4 lead to different stochastic geometric representations of the model.
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3.1 FK Representation
As in the classical case the traces are computed in the z-basis. As for
the decomposition represent —H 4 as

Z

(ZJ”+Zh+Z )I+ZZJU 49

(4,5) g (4,5)

(67 +1).

In the language of Subsection 2.2 we are dealing with Poisson process
¢ of arrivals on the interval [0, 3] of the following type of operators:

e Operators K;; = (“Z Z+1) /2 which arrive with intensities 2.J;;.

We shall call these processes links and denote them as ;.

e Operators K" = (67 +1) /2 which arrive with intensities 2h. We
shall call these processes links to g and denote them as f’zh

e Operators Kl)‘ = o0 +1 which arrive with intensities A\. We shall call
these processes holes and denote them as 5-)‘.

As in Subsection 2.3 piece-wise constant functions ¥ : [0, 5] — {¥,}
are labeled by piece-wise constant classical trajectories v : [0, Bl — 4.
Given a realization & = {gij, flh, 51)‘} let us try to describe the family of
compatible trajectories v ~ &.

1. Since (¥, |K;j|¥) = 6(,=,110(y,=0,}, an arrival of an (i, j)-link at
time ¢ imposes the constraint v(t,7) = v(t, j).

2. Since (¥, |K!w,)) = Ofy=1110{y,=1}, an arrival of an (7, g)-link at
time ¢ imposes the constraint v(¢,7) = 1.

3. Since

A
(0| K7 |W) = 5{1,]-:1,; forallj;éi}’

an arrival of an i-hole at time t enables a flip of i-th coordinate
of v(t,-).

Thus, contrary to the classical situation considered in Subsection 2.3,
compatible configurations v ~ £ are permitted to have jumps at arrival
times of €. It is convenient to visualize compatible periodic v(-) as
follows (see Figure 3): For each i € A the process of holes & splits the
circle S}; (which is the interval i x [0, 3] with the end-points (,0) and
(i, 3) identified) into a disjoint union of connected intervals. Two such
intervals ¢ x I C ng and j x J C S/, are said to be connected in € if there
is an arrival of &;; at a time ¢t € I N J. A maximal connected cluster
Ui {i; x I;} (with i;-s being not necessarily different, but with {; x I;}N
{im x I,} = 0 whenever | # m) is said to be connected to the ghost
site g if for some for some 7; a process §Z arrives at ¢t € I;. Otherwise
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0

Fig. 3. Configurations with periodic boundary conditions v(i,0) = v(i, 3).
Connected components C; and Cg are linked to g and hence v = 1 on them.
Connected component C, is “free” and hence one can colour it in either of
+1 colours.

such maximal connected cluster is called free. Define #,, (£) to be the

number of maximal free connected clusters of £. Then, using Pyy for
the reference product distribution of independent Poisson processes &,
we arrive to the following quantum version of the FK representation
(2.30) of the trace,

Tr(e—/BHA) — 65(2(1‘,]‘) Jij 32 h 32, )‘)Pgﬁ (2#w(§)) . (34)

. . =g NN . .
As in the classical case define a new measure }P’ﬂ’ /" on trajectories of
point processes &,

Q#W(E)pg:’}lvA (d¢)
ng’/‘lvA (2#w(9) '

PYIA (d€) = (3.5)

Once again, using (2.11) and (2.27) we arrive to the following stochastic
geometric representation of expectations,

Tr (&Z-Ze_m“)

Tr (e—ﬁHA) - ﬁz:z)\ ((,0) «— g) (3.6)

where the event {(i,0) «— g} means that the Sg interval containing
(7,0) belongs to a cluster which is connected to g. Similarly,

Tr(626%e PHa) . |
ey - Bra (60— G0, (3.7)



106 D. Ioffe

where the event {(i,0) «— (j,0)} means that the corresponding S%

and S% intervals belong to the same connected cluster.

Ground States, Matriz and Reduced Density Matriz Elements Let us
fix a finite graph (A, €&), coupling constants J and A > 0. In order to
facilitate the notation we shall set magnetic filed in z-direction to zero,
h = 0. For each € R, zzmatrix elements pzﬁ(y, V') are defined via,

) = e )

In order to derive an appropriate expression in terms of Poisson arrival
measures P i‘l or in terms of the FK measures P2\ "y we should introduce
a modification of the notion of connected components of £. Originally,
those were defined as unions of sub-intervals of Sg. However, in the
computation of matrix elements we, obviously, do not impose periodic-
ity conditions. In the sequel, given a subset A C A and a configuration &
let €4 be obtained from ¢ via adding holes at all the points (i,0) = (7, 3)
with 7 € A. One can think about &4 in terms of slitting the A-part of
¢ along t = 0.

Any piece-wise trajectory v : [0, 3] — §24 which contributes to the
numerator in (3.8) satisfies boundary conditions,

v(i,0) = v; and v(i,8) = v, Vie A

As a result, realizations of £ which place points (¢,7") and (j, S) (with
i,j € Aand T,S = 0or ) with v(i,T) # v(j,S) into same connected
components of the slit configuration £4 do not have compatible trajec-
tories at all. Let us say that £4 ~ {v, '}, if the latter does not happen.
If €4 ~ {v,V'}, then the set of all £&-compatible trajectories, which con-
tribute to the denominator in (3.8) is constructed in the following way:
Each connected cluster of {4 whose closure hits either t =0 or t = (8
layers inherits the z-spin value from v or /. On the other hand, each
interior cluster of £4 or, alternatively each cluster of & which does not
contain points with 0 = g time coordinates, could be still coloured into
+1. Clusters of £ which are not interior are called boundary. Thus, if

we use #0(€) and #9(§) = #(&) — #0(&) for the number of interior
(respectively boundary ) clusters of &,

[[DJi‘l (x ~ {V s 2#0(5))

wd,A ~ #o(8)
L) e ) s0)

(3.9)

pzﬂ(y’yl) =
5,A
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For each A > 0 there exist non-trivial limits P’ oA and P A as [ — oo.

These measures could be constructed directly: ]P’(X’)’ 4 is just the distri-
bution of Poisson processes of arrival £ on R. Connected components
of ¢ are understood now as linked sub-intervals of R over various spa-
tial coordinates i 6 A. The FK measure ﬁ”go)‘/l is then constructed via

modification of P A 4 by the 2#(€) factor (as a limiting procedure, of
course). Boundary clusters of the slit configuration £4 are coloured in
this way according to v just above the ¢ = 0 layer and according to v/
just below it. If we slit along all of A, then the compatibility condition
&x ~ {v,v'} decouples into {&; ~ v} N {&_ ~ '} for the upper and
lower halves £y and £_ of configuration £. At this point it makes sense
to introduce Poisson P ’AAJF and, accordingly, FK ]P’J measures for
arrival processes on R . It is straightforward now to Check that matrix
elements p2 (v,v') = (¥, |¥)(¥|¥,,), which are generated by projections
of the ground state ¥ of H 4 are given by,

P V) = BN (6a ~ {v,/})  27#0), (3.10)
In the notation just introduced above the latter expression equals to
(@ | )(@|,) = PN (€ ~ vy 27 #0O)PINF (¢~ vy 27#0O),

Similarly, for A C A and 6,0' € {:tl}A, the reduced density matrix
entry pi, 4(0,0') is given by

Pron(0.0) = P22 (6a~ (0,0} ; 27#0a), (3.11)

where the compatibility condition €4 ~ {v, '} for the slit configuration
€4 is defined in the obvious way, and # 4(&) stands for the number of
connected clusters of & which contain points (0,4) with i € A.

3.2 Random Current Representation

In order to derive an appropriate version of random current represen-
tation let us rewrite the Hamiltonian (3.1) as

o
—(ZA) +ZJUW+Zh T PRI

As in the classical case the traces are going to be computed in the
x-basis (2.34). Thus, in the language of Subsection 2.2 we are dealing
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with Poisson process £ of independent arrivals on [0, ] of the following
type of operators:

e Operators of simultaneous (ij)-flips K;; = ;6% which arrive with in-
tensities .J;;. We shall denote the corresponding Poisson process &;;.

e Operators of i-flips K Zh = 67 which arrive with intensity h each. The
corresponding Poisson processes are denoted as flh.

e Operators K = (6*+1)/2 which arrive with intensity 2\ each. The
corresponding Poisson process is denoted fﬁ. Since,

(Do I |Pyr) = Opg—p10p9,-1),

an arrival of £} at time ¢ imposes the constraint (i, t) = 1 for every
&-compatible classical piece-wise constant x-trajectory ¢ : [0, 3] —
24. We shall refer to £ as to processes of marks.

Accordingly, for a given realization of £ compatible periodic piece-wise
constant trajectories ¥(-) are characterized as follows:

1. Arrivals of &; and of ¢ enforce simultaneous flips of i-th and j-th
coordinates of 9, respectively of i-th coordinate of ¥). These are the
only jumps of J(-).

2. For each i € A, ¥(i,t) = 1 at all arrival times of &?.

Let us try to compute the number of £&-compatible trajectories ¥ for a
given realization £. It is natural to modify the notion of the boundary
0¢ as follows: For every i € A the process of marks 55\ splits the circle

i into the disjoint union of intervals,

g = Qa2 Qi x 1) (3.12)

The number m(i) of such disjoint intervals equals to 1 if &} = 0 and
to §i’\ otherwise. Let us say that an interval Jl(l) in the decomposition
(3.12) belongs to the boundary 9¢ if (see Figure 4) the total current

through Jl(i)
N A 4 .
M 2 Y ) + e,
jeA\i

is odd. Evidently, there are periodic compatible ¥ ~ £ iff 9§ = (). In
the later case, there is a unique compatible trajectory v(i,-) for every
marked i € A such that 53‘ > 0 and, accordingly, there are precisely
two compatible trajectories for every unmarked i with fi)‘ = 0. Let
#m (&) = #{i: & =0} be the total number of unmarked intervals
[0, 5]. By the general trace formula (2.26),
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g9

Fig. 4. The arrival times of the process of marks §Z>‘ are ti,ts and t3.
Accordingly, S}; is split into three marked intervals Jl(l),Jg(Z) and Jéz). The

total number of arrivals of flips on Jéi) equals to three, hence J?Ei) C 0¢.

Tr (e_ﬁH/‘)
B i) Jig T2 At A)

Thus, contrary to what happened in the the classical case, one should
modify the reference (Poisson ) measure. Define,

2#m(§)]}’)g:i‘1’h (d¢)
pgﬁvh (2#n(©) '

Py (d) =

Then, as in the classical case, the following random current represen-
tation of one and two point functions hold: Let J(i,t) be the marked
interval containing (7,t). Then,

Tr (62e=0Ma) PR (9€ = J(i,0) Ug)
Tr (e=FHa) PIY" (9 = 0)

(3.14)

and, similarly,

T (&gf};e*ﬁHA) B PLIA (0€ = J(i,0) U J(5,0)) (3.15)
R D |

It is, of course, a very natural question what should be a correct analog
of the switching lemma in the quantum case. A closed form answer is
still missing, but some aspects of this issue are discussed in [9].1

L Appropriate versions of switching lemma were recently derived by Crawford and
Ioffe [10] and by Bjérnberg and Grimmett [5].
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Ground States, Matriz and Reduced Density Matriz Elements Let us
briefly sketch how matrix and reduced density matrix elements in the
x-basis could be written using the RC representation. Again, in order
to simplify the notation we shall consider only the case of h = 0, and,
exactly as in the end of Subsection 3.1, we shall directly pass to the
ground state limit 8 — oo. In the ground state we are dealing with
processes of arrivals € on the whole real line R. We use ch’:‘/l to denote

the corresponding product measure. Evidently, §i>‘ # OVi ch’;\/l—a.s. In
other words, for each i € A the copy of the real line associated with ¢
contains marks. As in the FK case, given £ and a subset A C A, we
use £4 to denote the slit configuration: except that now we view £4 as
¢ with additional marks placed at time zero for each i € A.

With such notation in mind we classify all marked intervals of &
and Ei‘l as follows:

1. Marked interval i x T of £ belong to Mg (&) if 0 € I. Otherwise it
belongs to Mexi (€1).

2. Marked intervals of the type i x (0,¢) of 4 belong to M{ (£4).
Similarly, marked intervals of the type i x (—t,0) of £4 belong to
Mg (€)):

3. All other marked intervals are 4 are also marked intervals of £ and
we classify them as Mo(€)) and Mexi(£}).

Accordingly, we define the boundaries 0p&, Oext&, 5’6“ &a, Oy €a, 0o€a
and Oextéa as e.g.,

Oo& = {ix I € Mo(&): €[i x I] is odd}.
Let us introduce the following conditional measure
I\ I
MOO,A = IP)OO,A (“86)(1]5 — @) .

Since A is finite the above definition can be easily turned into a mean-
ingful one via an appropriate limiting procedure.

Let 9,9 € {:tl}/1 be two classical x-configurations, and let
pso (9,9) be the corresponding matrix element. From our interpre-
tation of a mark in terms of a +1-spin enforcement at the correspond-
ing space-time arrival point, it is apparent that that £ contributes to
pso (9,19) iff the following event E4(9,9") = E4(9) N E_(¥') occurs:

1. Event &4 (9): For every i x I € Mg (£}), i x I € 0F €4 iff 9 is —1.
2. Event €_(¥): For every i x I € My (§}), i x I € 9y & iff ¥ is —1.
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Then,
JA
Moo 2 (E£(0,9))
oo Al (805 ®)

In a similar fashion for A C A and two classical x-configurations 6,0’ €
{£1}" define the event £4(0,0") exactly as above, except that even/odd
conditions on currents are restricted to intervals ¢ x I from /\/l(j)c(ﬁ;\l).
Then, the (6,6") entry of the reduced density matrix is given by,

TN (E2(0,0'); 9064 = 0)
ML (@ =0)

% (0,9") =

p)cio,A (Ha 0/) =

4 Curie-Weiss Model and Erdés-Rényi Random Graphs

Classical Curie-Weiss mean-field Hamiltonian H]CVW is a function on

Qy = {£1}V
Z vivj, (4.1)
(ZJ

where, as before, the summation is over all unordered pairs of i # j.
In the language of Subsection 2.1, {H]CVW(V)} are eigenvalues of the
quantum Hamiltonian H]CVW

HWMw, = HQV(v)w,, where —HGY = ZAZ z
(w

Accordingly, for a given value of the inverse temperature (3, the distri-
bution of v is,

—BHW (v
N O U e Sl A P
ZN Tr(e_ﬂHg\fW(”))

One way to pin down phase transition in the CW model is to study
statistical properties of the mean magnetization

UN = E vy,

under ,u/]gv. As it is well known, for 8 < 1, the distribution of vy is
sharply concentrated around £m®*, where the spontaneous magnetiza-
tion m* = m*() equals to zero for § < 1 and is positive (and hence



112 D. Ioffe

there are coexisting =+ phases) for 3 > 1. This could be verified in two
different ways, which correspond to two equality signs in (4.2): either
directly through large deviation computations for Bernoulli random
variables, or using the geometric FK representation as described in Sub-
section 2.3. In the latter case phase transition in the CW model is re-
lated to emergence of the giant component in the classical Erdos-Rényi
random graph. Both methods are briefly recalled in Subsection 4.1
The main objective of this Section, however, is to explain that a
very similar story happens with the quantum CW model in transverse

field,
—HY = %Z&f&; +A) 67
(4,9) i

In particular, there is a natural inclusion of (one parameter) Erd&s-
Rényi random graph models into a two-parameter family of space-time
random graphs. In this way classical Erdés-Rényi critical point § = 1 is
just the limiting point on the whole critical curve in the (3, ) plane. It
is somewhat amusing that, apparently, such quantum version of ErdGs-
Rényi random graphs was overlooked for a long time, and the corre-
sponding critical curve was originally computed only in [15].

Contrary to what happens in the classical case, however, for the
moment it is not clear how recover the critical curve for the quantum
CW model in the transverse field from the critical curve for the quan-
tum Erdés-Rényi random graph, although a conjecture has appeared
in [14]. In principle, the quantum CW critical curve could be derived
from the results of [17], where limiting states were classified for essen-
tially all mean field type models. Alternatively, one can use infinite
dimensional theory of large deviations, see [11] and references therein.
In the concluding Subsection 4.3 we shall briefly report on recent re-
sults of [9]. As in [11] the approach relies on a partial Trotterization
of the mean-field Hamiltonian under, however, a different choice of ar-
rival operators associated to transversal field: Ours corresponds to the
FK setup of Subsection 3.1. Such FK point of view leads to certain
advantages and, as a result, we go beyond just computing the critical
curve itself. In particular, we are able to derive sharp asymptotics of
the spontaneous magnetization m*(3, A) in the vicinity of the critical
curve, and for (3, \) away from the critical curve we are able to derive
quadratic stability bounds for maximizers of the corresponding infinite
dimensional mean-field variational problem.
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4.1 Classical Case

The probability measure V]BV in (4.2) could be described in the following
way: Let Q be the uniform (1/2) distribution on {1} and let ®Q be
the corresponding product measure on 2y = {jzl}N . Then,

®Q eNﬂ(DN)2/2;V
ity = 22 )
®Q (eNBEN)?/2)

(4.3)

Then, elementary one-dimensional theory of large deviations implies
that u% exponentially concentrates around

{y : vy is close to argmax(§m2 - I(m)) },
where [ is the large deviation rate function for 7y under ®Q,

el + el

I(m) = Sl}llp {hm — A(h)} and A(h) =logQ(e") = log 5

It is easy to see that [ is strictly convex and differentiable on (—1,1)
with I’(m) — 400 as m — 1. In particular, the supremum of 3m?/2—
I(m) is actually attained inside (—1,1) for any § € R,. Furthermore,
since I(-)/f is the convex conjugate of A(3-)/0,

21 1 h?
argmax {n; - ﬁl(m)} = argmax {BA(ﬁh) - 2} . (4.4)
But A(3) is the log-moment generating function of the +/3 Bernoulli
random variable. If we use Qg for the corresponding distribution, then
it is straightforward to check that the maximizers in (4.4) are of the
form +m*(3), where m*(3) > 0 iff,

1< S (9) ) = %

and we, thereby, recover the critical value § = 1 of the classical CW
model.

(4.5)

Relation to Random Graphs. Let us go back to the definition of the
classical FK measure in (2.31), and let us use the shorthand notation
Py y for the CW case at zero magnetic field, J = 1/N and h = 0. By

the second equality in (4.2), the distribution ,u?v can be constructed

from I?f’ﬂ, y as follows:
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First sample arrival processes £ = {&;;} from @57 ~- Two sites ¢ and

j (or, equivalently, two circles S% and S/]@) are said to be connected in
€ if &; # 0. Thus, any realization of £ splits {1,..., N} into maximal
connected components. At the second step paint those connected com-
ponents into +1 independently and with probability 1/2 each. In fact
we have just constructed a joint measure Mg y(d¢,v) with marginals

@@ N and /‘?\/'

In view of such two-step construction of /LJ%, the critical point g =1
and the value of the spontaneous magnetization m*(3) could be re-
covered now from the following facts about the FK measures I?ng’ N on

complete graph: With I?P"ﬁ y-Probabilities tending to 1, as N tends to oo,

1. For # < 1 all connected components of £ have sizes O(log N) at
most.

2. For 8 > 1, there is exactly one giant connected component of size
~ m*(3)N, whereas the remaining connected components of £ have
sizes O(log N) at most.

Above statements are similar to classical results on the emergence of
giant component in random complete graphs. Indeed, by construction,

2#(5)]}%71\[ (d¢)

Py (df) = —— 20227
BN Py n (2#(6))

(4.6)

where #(&) is the number of connected components of £ (recall that
since we take h = 0 there are no wired components as in the general for-
mula (2.31)). We can think about Py ,; in terms of Erdés-Rényi random
graph on {1,..., N} where bonds between different sites 4, j are placed
independently and with probability 26/N each. Indeed, 1 — e 20/N g
the probability that &; # (. Furthermore, as it was observed by Ed-
wards and Sokal [13], the conditional £&-marginal of

Mgn (i =1,...,vm=1Lvy =—1,..., vy = —1)

is exactly P , ®Pj ;. Since max {M,N — M} > N/2, the inequal-
ity B. < 1 for the critical FK value of § is immediately implied by
classical Erdés-Rényi results, see e.g. [6]: Let {1,..., K} be the com-
plete graph of K sites. Assume that an (un-oriented) edge (i, 7) is open
with probability €/K independently from all other edges. Then e, = 1
is the threshold for the emergence of the giant component. Moreover,
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in the case of € > 1 the density p(e€) of the giant component is asymp-
totically close to the positive solution of

1—p=e (4.7)

In over case, K = max{M,N — M} > N/2, and hence 25/N > 1/K
whenever § > 1.

The reverse inequality 5. > 1 is not much harder: Assume that
B < 1. Without loss of generality we can consider only the case when
the total number of +spins M < N/2. Then, under ]P’@M all the con-
nected components of {1,..., M} are small. A-priori, a giant connected
component still could appear under IP’@ N_u- Let p be the density of
this component. Then (1 — p)(N — M) of the remaining — spins live
on small components of sizes O(log N) at most. Since in the origi-
nal coupled measure Mg n all the small connected components were
coloured independently, we infer that M ~ (1—p)(N—M). Accordingly,
K2N-M~ N/(2— p) and hence 26/N ~ ¢/K with e = 23/(2 —p).
Thus, by (4.7), the relative density p should satisfy

1—p= e—28p/(2=p)

But the latter equation does not have a positive solution. Indeed, set
0=p/(2—p)orp=(1-0)/(1+80). Then 0 is positive as soon as p is
positive, and

1260 _ 20

1+46
Taking logs and expanding,

20 + §H3+... = 230,

which is impossible unless § = or 3 > 1.
A general class of FK models on complete graphs is examined in [7].

4.2 Curie-Weiss Model in Transverse Field and Quantum
Random Graphs
Quantum Curie-Weiss Hamiltonian in transverse field A > 0 is given by,
1
—HRY = 005 + A 6t
(4.9) ¢

Following the approach of Subsection 3.1 we associate to H]CVW the
following family ¢ of independent Poisson processes of arrivals on the
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circle Sg: For each un-oriented couple (i, j) operators (I + 5;6;) arrive

with intensity 2/N, whereas operators (I 4+ ¢7) arrive with intensity A
for every ¢ = 1,..., N. Connected components of {1,..., N} x Sg in-
duced by & are defined precisely as in Subsection 3.1. Recall that each
such connected component C is represented as a union,

¢ =|J{ux 1},
!

of disjoint space-time intervals. The size of C could be measured in
several ways: For example we can compute number of different spatial
coordinates (out of {1, ..., N}) which contribute to C. The most natural
definition of the size, however, is

] =14l (4.8)
l

that is the total length of all time intervals of C.
Since we consider the case of zero z-field, all connected components
of ¢ are free. Consequently, the FK modification Pé y of the reference

product Poisson measure ]P’g N is given by

2#(&)[@%’]\[ (d€)

~\ B

(4.9)

In view of (3.7) it is suggestive to try to study the question of phase
co-existence in terms of emergence of giant components under Iﬁ’é N
Note that in a genuine quantum case of A > 0, this is a non-trivial
question even in the ground state limit when 3 — oco. In fact, instead
of one critical value of 3 one should face here a whole critical curve in
the (A, B) positive quarter plane. For the moment we do not know how
to derive this curve via direct analysis of random space-time graphs
induced by the family of quantum FK measures (4.9). This, however,
is a meaningful question even for the reference family of measures IP%’ N-

Quantum Random Graphs As it is apparent from a comparison between
(4.9) and (4.6) the measures ]P’a ~ DPlay the same role for the quantum
Curie-Weiss model in transverse field as Erd&s-Rényi random graphs
Py play for the classical CW model. Accordingly, we shall refer to the
collection of independent Poisson processes of holes and links induced
by IP’E} n as to quantum random graphs. In order to be compatible with
the usual random graph notation let us modify the arrival rates un-
der ]P’g} y in the following way: The holes still arrive with intensity A,
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B.=1

Fig. 5. Decomposition of the (3, \) quarter plane into the short range and
long range regions.

however the links between an unordered pair of sites ¢ # j arrive now
with intensity 1/N. In this way (. = 1 is the classical critical value
which corresponds to A = 0. The main result of [15] asserts that the
full critical curve for the family of quantum random graphs is implicitly
given by,

38,0 2 % (1 - e_)‘ﬁ) —Be8 = 1. (4.10)

The curve is depicted on Figure 5. Note that the classical critical value
B, = 1 is just the end-point of the curve on (-axis. Notice also that
the critical value of A in the ground state model 8 = oo equals to
Ae = 2. Let us be more specific about the nature of phase transition for
quantum random graphs: The critical curve (4.10) splits the positive
quarter-plane into

Arro 2 {(B,\) : F(B,0) > 1} and Aspo 2 {(B,)) : F(B,\) < 11,

where LRO (respectively SRO) stands for long (respectively short)
range order. Here is a justification for such a terminology: By defi-
nition, two points (i,t), (j,s) are connected in &, if the intervals con-
taining these points belong to the same connected component C in the
¢-induced decomposition of {1,..., N} xSz. We shall denote the latter
event as {(i,t) < (j,s)}. Then,

1. If (B,\) € Asro, then

B (1) — (3.5)) = O( &)

uniformly in ¢, s € Sg and i # j.

(4.11)
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2. On the other hand, if § < oo and (8, \) € ALro, then there exists
p=p(B,\) € (0,1), such that

Ph ((i,1) < (4:5)) = p(B,2)* (1 +o(1)), (4.12)

also uniformly in ¢,s € Sg and 7 # j.

As in the classical Erdés-Rényi case the short/long range order transi-
tion for § < oo is related to an emergence of a unique giant connected
component. In fact, the number p(3,\) in (4.12) is precisely the limit-
ing space-time density of the latter. More precisely, let us use (4.8) to
measure sizes of random connected components of {1,..., N} xSg. Let
M and M®*t be the largest and the next to the largest sizes of these
connected components (of course, these definitions make sense only for
B < 00). Then,

1. If (8, \) € Agro, then for every xk > 0 there exists ¢ = ¢(5,\, k) <
oo, such that

IP’?;ZN (|C((5,1)| > clogN) = 0(%), (4.13)

where C((¢, 1)) is the connected component containing (,¢). Clearly,
the distribution of }C ((1, t))’ is the same for all i € {1,..., N} and
t € Sg (by definition S, = R). Furthermore, if 5 < oo, then

1

2. If, however, § < oo and (3, \) € Arro then there exists a sequence
of positive numbers ey (3, A\) — 0 such that,

Pl (|G =) <) = st o), s

where p(3, ) is the same probability as in (4.12). Furthermore, in
the 3 < oo case, there exists a constant ¢ = ¢(, \) < oo such that

Py (E(pyeny ) = 1 — o(1), (4.16)

where the event £(p, en, ¢) is defined via

E(p,en,c) = { é\]/l\f - p’ < EN} NAM™ < clogN}. (4.17)
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The original proof of the above results appeared in [15]. Afterwards, the
statements related to the f < co case were re-proven using somewhat
different methods in [16].

We finish this Subsection by indicating how the expression (4.10)
comes into play. As in the classical case one couples a construction of
a single connected component with a Galton-Watson process. In the
quantum case descendant of a point (i,¢) € {1,..., N} are generated
in the following fashion:

1. First generate a random interval I C Sg around (i,t),so that the
end-points of I would imitate two successive holes. Since the holes
arrive with intensity A the length |I| should be distributed as
min {I'(2, ), B}.

2. Given a realization of I 3 ¢, the number of all links to ¢ which ar-
rive during I is distributed Poisson(£52|1]). In the Galton-Watson
approximation we take it to be exactly Poisson(|I|).

Accordingly, if we denote the number of descendants in the Galton-
Watson approximation by X, then E(X|I) = |I]. Let V ~ I'(2,))
Then,

E(1]) = E(V;V <B)+BP(V = 5),
Now,

P(V>p) = / Mte Mdt = (\G+ 1)e .
B
In the same fashion,

E(V;V <) = g(1 - e*Aﬁ) — (82X +28) e

A
Consequently,

E(1) = 3 (1) — g,

which is precisely the expression in (4.10).

4.3 Critical Curve for Quantum Curie-Weiss Model
via Large Deviations

Large deviation representation of the CW model in transverse field is
obtained via partial linearization in the Lie-Trotter product formula
(or partial Poissonization of the CW Hamiltonian). Namely,

_5HCW B/A
= lim (HeN “IIHa —AA)I+A>\(6§+I)}> . (4.18)

er A0 A
(4,9) (
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. As252 . . .
Note that matrices eN %% are diagonal in the z-basis,

([N, = RV, (4.19)

Let PZ\B be the distribution of the Poisson point process (of holes) on
the circle Sg with arrival intensity A. We shall use ®IP’g for the product
distribution of N independent copies & = (&1,...,&y). Given a real-
ization of £ let us say that a classical piece-wise constant trajectory
v:SP— {il}N is compatible with & v ~ &, if for every : = 1,..., N
jumps of v;(+) occur only at arrival times of ;. Passing to the limit in
(4.18) we, in view of (4.19), infer

Tr(eN) /®Pﬂdg Zexp{/ = wit)y(t dt} (4.20)

(4,9)

For every i let #(&;) be the number of connected components of Sg\ ;.
Evidently, the number of all compatible v ~ £ equals to 22 #(&)_ Define

_ #EOPX (dE)
_ B

This is just the one-circle FK measure. Consider probability distri-
bution Qg on piece-wise constant classical one-circle spin trajectories
v : Sg — {£1} which is generated by the following two step procedure:
First sample & from I@%, and then paint connected components of Sg\ £

into 1, independently and with probability 1/2 each. Let ®Qg be the
corresponding product measure. It is straightforward to check that the
righthand side of (4.20) equals to

[@g(e#(ﬁ))] ® Qj exp/ Zyl v;(t dt})

(4,9)

Consequently, an analysis of phase diagram of the CW model in trans-
verse filed boils down to an investigation of asymptotic properties for
weighted measures

2 8% (exp {& ;) (@)t} 5 av)
2@} (exp (X J7 w7 at})

2Qj3(dv) (4.21)
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where,

_ 1
I/N(t) = ~ Zuz(t)
(2
This problem belongs to the realm of theory of large deviations. For-
mally, the measures (4.21) are asymptotically concentrated around so-
lutions of

Sglp{;/oﬁ m?(t)dt — I(m)} = Sup &(m), (4.22)

where I is the large deviation rate function for the average v under the
product measures ®Qg. If we formulate the large deviation principle in
L2(Sp), then, using (-,-)g for the corresponding scalar product,

I(m) = St}llp{(h,m)ﬁ — A(h)}  where A(h) = logQ}(e™)7).

(4.23)
A detailed analysis of the variational problem (4.22) and of the weighted
measures @f‘} n will appear in the forthcoming [9]. Here we shall try to
give a brief sketch of the results and techniques, in particular, we shall
explain how the critical curve of the CW model in the transverse field
could be read from (4.22).
The critical curve is implicitly given by

Al 1
f(A B) = BVarA (8) (v, M) = +tanh(AF) = 1, (4.24)
where Var), () is the variance under the one-circle spin measure Qg. As
we show in [9], the variational problem (4.22) has constant maximizers
+m*(\, 3), where the spontaneous z-magnetization m* satisfies:

1. If (A, B) < 1, then m* = 0.
2. If (A, B) > 1, then m* > 0, and, consequently there are two distinct
solutions to (4.22).

Furthermore, away from the critical curve the solutions +m*1 are sta-
ble in the following sense: There exists ¢ = ¢(\, ) > 0 and a strictly

convex symmetric function U with U(r) ~ rlogr growth at infinity
such that

B
&(km* 1)~ (m) > emin { m — m* 1|, ]m—i—m*]IH%}—i—/ U (m' (1)) L.
0

(4.25)

The second term above is important in the super-critical regime
(f(\, B) > 1) since it rules out trajectories of Uy (-) with rapid transi-
tions between the optimal values m*.
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Properties of One-circle Spin Measures

The following properties of Qg are crucial for the analysis of (4.22):

1. Qg possesses the FKG property.

2. Qg satisfies the following qualitative version of the GHS inequality:
Given h € Ry define the tilted measure

Q)\( h(v,D)g . dl/)
@A( h(v,d)s 5)

Then, there exists ¢; = ¢1(A, 3) > 0, such that

Q3" (dv) =

d

7, Varan (8) (v, M) < —crhe 2Pk, (4.26)

3. Qé is reflection positive: Let n € N, 0 < ¢ < -+ < t,, < /2 and
let f:{+1}" — C. Set s;, = 3 — t;. Then,

Qg (f(l/tl,...,utn)f(l/sl,...,usn)) > 0. (4.27)

Properties 1. and 3. are more or less immediate since Qg could be
viewed in terms of an approximation by ferromagnetic nearest neigh-
bour one-dimensional Ising models. Namely, let us approximate & by
Bernoulli point process of arrivals ¢4, exactly as in (2.21). Modify
Bernoulli weights by 2#(E%) and paint connected components of S\ £
into +1, independently and with probability 1/2 each. Then, the re-
sulting measure Qg, A approximates Qg. Of course Qﬁ A charges only
trajectories v which jump at times jA. For such trajectories,

B/A-1
Qa(v) ~ H (Opiay=v(+1)A)} + AN (u(A)=p(it1)A}) -
1=0
Set J = J(A,\) = —log v A\. Since

QIVA((i+1)2)
O(ia)=v((i+1) )} T AN a)=(1a)y =~

we recognize ng A as a scaling of the nearest neighbour Ising model on
discrete circle Sg/A at unit temperature and with interaction strength
J(AN).

Inequality (4.26) is proved in [9] using the same approximation (by
1D Ising models) with an additional care being paid to limits of random
current representation of third semi-invariants (based on [2]).
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Dual Variational Problem

In order to explain the implications of the properties of Qg listed
above, it is convenient to consider the dual variational problem,

1 [P A .
sgp{/l(h) - 2/0 hQ(t)dt} = SI}leQS (h). (4.28)

Any solution  of (4.28) is also a solution to (4.22). This is a general fact
from convex analysis: Let F' and G be two proper lower-semicontinuous
convex functionals (on say Lo(Sg)) and let F* and G* be their convex
conjugates. Assume that

F*(h) = G*(h) = max {F"(h) = G"(h)},

and assume that both F* and G* are Gateaux differentiable (in fact

sub-differentiability would be enough) at h. Let m = VF*(h) =

VG*(h). Then,

F*(h) — G*(h) = G(m) — F(m).
Consequently, for each couple of functions m and h,
{(m,h)s = G*(h)} = {(m,h)g — F*(h)} < G(m) — F(mn).

It follows that for every m, G(m)—F(m) < G(m)—F (/). Furthermore,
assume that we can quantify stability property of the dual variational
problem in the following way: There exists a non-negative functional
D, such that D = 0 only on the solutions of the dual problem, and for
any function h,

F*(h) — G*(h) + D(h) < F*(h) — G*(h). (4.29)

Then such stability bound is transferable to the direct problem: Assume
that h = VG(m). Then,

G(m) — F(m) + D(h) +{F(m) + F"(h) — (m, h)g} < G(m) — F(m).

(4.30)
In particular, G(m) — F(m) < G(m) — F(m), whenever VG(m) is not
a solution of the dual problem or whenever h & OF (m).

Let us now go back to (4.22) and (4.28). In the above notation:
F(m) = I(m) and G(m) = HmH%/Q Accordingly, F*(h) = A(h) and
G*(h) = Hh||%/2 In particular, G, G* and F* are everywhere Gateaux
differentiable. Of course, VG(m) = m. Consequently, once we derive a
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stability bound of the type (4.29) for the dual problem, we immediately
recover a stability bound

1 [P
2/0 m?(t)dt — I(m) + D(m) + {I(m) + A(m) — [m|2} < &(m)
(4.31)

for the original problem (4.22). In particular, any solution of (4.22) is
a solution of (4.28).
We, therefore, proceed to study the dual variational problem (4.28).

Reduction to a One-dimensional Problem

Reflection positivity property (4.27) implies that for any h € La(Sp),

1 B
<3 /0 A(h()T) dt. (4.32)

Note that (4.32) has been originally proved in a somewhat more general
context in [11]. As a result,

&*(h) < /Oﬁ{l/l(h(t)ll) . %h2(t)}dt < ﬁsup{ﬂ/l(hﬂ) - th}

B heR

We claim that the maximizers of the one-dimensional variational
problem

r}?gé({ﬂ/l(hﬂ) - th} (4.33)

are of the form +h*, where h* > 0 if and only if f(A, 3) > 1.
The critical curve (4.24). Compute,

d 1 1 1
E{EA(M[) - 5}12} - EQQ’I((V, 1)g) — h.

The latter expression is evidently negative for A large enough, hence
the maximum in (4.33) is attained at a critical point. Furthermore,

Q" (1, 1)s) = Vary (8) (1))

Since by symmetry at h = 0 the expectation Qg ((r,1)g) = 0, and since

by (4.26) the function h — Qg’h ((v,1)p) is strictly concave on [0, c0),
we infer that:

Either Vary (3) ((v, )ﬁ(

< (3, and then h = 0 is the only critical
point of the function in (B)

)
4.33). Or, Vary (8) ((v ) ) > [, and then
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there are exactly three critical points; 0 and £hA*, the latter inevitably
being the global maxima.

Stability of the one-dimensional problem. We claim, furthermore, that
whenever (A, 3) is away from the critical curve, the problem (4.33) is
stable,

{;A (hT) — %hQ} +d(h) < ;A (+h*T) — %(h*)Q, (4.34)

where d satisfies the following bound: There exists ¢; = ¢1(\, 3) > 0,
such that,

d(h) > cae M min {(h — h*)2, (h + 1*)?}. (4.35)

Proof of (4.34). Follows from (4.26).

Stability of the original variational problem. It follows that the dual
variational problem (4.28) (recall that in our case F*(-) = A(-) and
G*()=1/2] - H%) satisfies (4.29) with

B
D(h) = ; /0 d(h(1))dL.

Of course, the bound (4.34) could be improved for large values of |h/,
however since we are primarily interested in transferring stability to the
direct variational problem (4.22), the values of |h| > 1 are, in view of
(4.31), irrelevant. In particular D(m) clearly dominates (with h* = m*
and ¢ chosen appropriately small) the first term on the right hand side
of (4.25).

The second term foﬁ U(m/(t))dt on the right hand side of (4.25)

is related to a more careful analysis of {I(m) + A(m) — HmH%} term

in (4.31), which is unfortunately beyond the scope of these lectures.
We, therefore, refer the reader to [9].

Behaviour Near the Critical Curve

The GHS-type bound (4.26) implies that the 4-th semi-invariant

A d*A(RT
—s4(\, B) = df(L4) heo’

is locally uniformly negative. Let f(\, ) > 1 and assume that (), ()
is close to the critical curve, in particular that h*(A, ) is small. Then,
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1 [
h* (A, B) = 7/ Vary - (8) (v, 1)) dr
sa(A, B)(h*)?
63

follows that in the vicinity of the critical curve spontaneous magne-

= h*f(\, B) — (1+0O(h")). (4.36)

tization m*(\, ) = h*(\, 3) scales like

R

10.

11.

12.

13.

m*(\, §)
VBBGN, B) — 1) /sa(\, B)

= 1+4+o0(1).
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Summary. These notes are devoted to the statistical mechanics of directed
polymers interacting with one-dimensional spatial defects. We are interested
in particular in the situation where frozen disorder is present. These polymer
models undergo a localization/delocalization transition. There is a large (bio)-
physics literature on the subject since these systems describe, for instance, the
statistics of thermally created loops in DNA double strands and the interaction
between (1 + 1)-dimensional interfaces and disordered walls. In these cases
the transition corresponds, respectively, to the DNA denaturation transition
and to the wetting transition. More abstractly, one may see these models as
random and inhomogeneous perturbations of renewal processes.

The last few years have witnessed a great progress in the mathematical
understanding of the equilibrium properties of these systems. In particular,
many rigorous results about the location of the critical point, about critical
exponents and path properties of the polymer in the two thermodynamic
phases (localized and delocalized) are now available.

Here, we will focus on some aspects of this topic—in particular, on the non-
perturbative effects of disorder. The mathematical tools employed range from
renewal theory to large deviations and, interestingly, show tight connections
with techniques developed recently in the mathematical study of mean field
spin glasses.
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1 Introduction and Motivations

Consider a Markov chain {S, },en on some state space £2, say, 2 = Z<.
We can unfold S along the discrete time axis, i.e., we can consider
the sequence {(n,Sy)}nen and interpret it as the configuration of a
directed polymer in the space N x (2. In the examples which motivate
our analysis, the discrete time is actually better interpreted as one of
the space coordinates. The “directed” character of this polymer just
refers to the fact that the first coordinate, n, is always increasing. In
particular, the polymer can have no self-intersections. Some assump-
tions on the law of the Markov chain will be made in Section 2, where
the model is defined precisely. Now let 0 be a specific point in {2, and
assume that the polymer receives a reward e (or a penalty, if € < 0)
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whenever S,, = 0, i.e., whenever it touches the defect line N x {0}. In
other words, the probability of a configuration of {S1,S2,...,Sn} is
modified by an exponential, Boltzmann-type factor

N
exp (e Z 1{Sn:0}) .
n=1

It is clear that if € > 0 contacts with the defect line are enhanced
with respect to the e = 0 (or free) case, and that the opposite is true
for € < 0. One can intuitively expect that the in the thermodynamic
limit N — oo a phase transition occurs: for € > €. the polymer stays
close to the defect line essentially for every n, while for € < €. it is re-
pelled by it and touches it only at a few places. This is indeed roughly
speaking what happens, and the transition is given the name of Io-
calization/delocalization transition. We warn the reader that it is not
true in general that the critical value is €. = 0: if the Markov chain is
transient, then e, > 0, i.e., a strictly positive reward is needed to pin
the polymer to the defect line (cf. Section 2.6).

A more interesting situation is that where the constant repul-
sion/attraction e is replaced by a local, site-dependent repulsion /attrac-
tion €,. One can for instance consider the situation where ¢, varies
periodically in n, but we will rather concentrate on the case where
€n, are independent and identically distributed (IID) random variables.
We will see that, again, the transition exists when, say, the average
€ of €, is varied. However, in this case the mechanism is much more
subtle. This is reflected for instance in the counter-intuitive fact that e,
may be negative: a globally repulsive defect line can attract the poly-
mer! Presence of disorder opens the way to a large number of exciting
questions, among which we will roughly speaking select the following
one: how are the critical point and the critical exponents influenced by
disorder?

There are several reasons to study disordered pinning models:

e there is a vast physics and bio-physics literature on the subject,
with intriguing (but often contradictory) theoretical predictions and
numerical /experimental observations. See also Section 2.6;

e they are interesting generalizations of classical renewal sequences.
From this point of view they raise new questions and challenges,
like the problem of the speed of convergence to equilibrium for the
renewal probability in absence of translation invariance (cf. in par-
ticular Section 6);
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e finally (and this is my main motivation) they are genuinely
quenched-disordered systems where randomness has deep, non-
perturbative effects. With respect to other systems like disordered
ferromagnets or spin glasses, moreover, disordered pinning models
have the advantage that their homogeneous counterparts are under
full mathematical control. These models, therefore, turn out to be
an ideal testing ground for theoretical physics arguments like the
Harris criterion and renormalization group analysis.

It is also quite encouraging, from the point of view of mathematical
physics, that rigorous methods have been able not only to confirm
predictions made by theoretical physicists, but in some cases also to
resolve controversies (it is the case for instance of the results in Section
5.6, which disprove some claims appeared previously in the physical
literature).

1.1 A Side Remark on Literature and on the Scope
of These Notes

A excellent recent introductory work on pinning models with quenched
disorder (among other topics) is the book [22] by Giambattista Gia-
comin. In order to avoid the risk of producing a résumé of it, we have
focussed on aspects which are not (or are only tangentially) touched in
[22]. On the other hand, we will say very little about “polymer path
properties”, to which Chapters 7 and 8 of [22] are devoted. A certain
degree of overlap is however inevitable, especially in the introductory
sections 2 and 4; results taken from [22] will be often stated without
proofs (unless they are essential in the logic of these notes).

We would also like to mention that some of the results of these
notes apply also to a model much related to disordered pinning, namely
random heteropolymers (or copolymers) at selective interfaces. It is the
case, for instance, of the results of Sections 5.6 and 6. We have chosen
to deal only with the pinning model for compactness of presentation,
but we invite readers interested in the heteropolymer problem to look,
for instance, at [11], [37], [22] and references therein.

2 The Model and its Free Energy

2.1 The Basic Renewal Process (“The Free Polymer”)

Our starting point will be a renewal 7 on the integers, 7 := {7; }i=0.1.2.,

,1,4,...

where 79 = 0 and {7; — 7,_1};>1 are IID positive and integer-valued
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random variables. The law of the renewal will be denoted by P, and
the corresponding expectation by E. In terms of the “directed polymer
picture” of the introduction, P is the law of the set 7 of the points
where the polymer touches the defect line, in absence of interaction:
7 ={n:S, =0} (cf. also Section 2.6). We assume that (7; — 7;_1) or,
equivalently, 7 is P-almost surely finite: if

K(n) :=P(r =n), (2.1)

this amounts to requiring » |, . K (n) = 1. This, of course, implies that
the renewal is recurrent: P-almost surely, 7 contains infinitely many
points. A second assumption is that K(.) has a power-like tail. More
precisely, we require that

_ L(n)
T oplta

K(n) for every n € N, (2.2)
for some o > 0 and a slowly varying function L(.). We recall that a
function (0,00) 3 x — L(z) € (0,00) is said to be slowly varying at
infinity if [8]

lim L(rx)
% Ta)

=1 (2.3)

for every r > 0. In particular, a slowly varying function diverges or
vanishes at infinity slower than any power. The interested reader may
look at [8] for properties and many interesting applications of slow
variation. Of course, every positive function L(.) having a non-zero
limit at infinity is slowly varying. Less trivial examples are L(z) =
(log(1 + z))" for v € R.

Observe that the normalization condition ) K(n) = 1 implies
that, if & = 0, L(.) must tend to zero at infinity (cf. also Section 2.6
below for an example).

It is important to remark that typical configurations of 7 are very
different according to whether « is larger or smaller than 1. Indeed the
average distance between two successive points,

E(ri—7i1) =Y nK(n), (2.4)
neN

is finite for « > 1 and infinite for o < 1. In standard terminology, T
is positively recurrent (i.e., 7 occupies a finite fraction of N) for o > 1
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and null-recurrent for @ < 1 (the density of 7 in N is zero). This is a
simple consequence of the classical renewal theorem [6, Chap. I, Th.
2.2], which states that

1
lim Phner)= =—5—.
n—00 2 nen K (n)
The distinction o 2 1 plays an important role, especially in the behav-
ior of the homogeneous pinning model (cf. Section 4). Later on we will
see the emergence of an even more important threshold value: o, = 1/2.

(2.5)

Remark 2.1. For a = 1, the question whether the renewal is positively
or null recurrent is determined by the behavior at infinity of L(.): from
(2.5) we see that 7 is finitely recurrent iff ) L(n)/n < oo. For instance,
one has null recurrence if L(.) has a positive limit at infinity.

2.2 The Model in Presence of Interaction

Now we want to introduce an interaction which favors the occurrence of
a renewal at some points and inhibits it at others. To this purpose, let w
(referred to as quenched randomness or random charges) be a sequence
{wn }nen of IID random variables with law P. The basic assumption on
Wy, apart from the fact of being IID, is that Ew; = 0 and Ew? = 1.
These are rather conventions than assumptions, since by varying the
parameters 3 and h in Eq. (2.6) below one can effectively tune average
and variance of the charges. To be specific, in these notes we will con-

sider only two (important) examples: the Gaussian case w; 4 N(0,1)
and the bounded case, |w1| < C < oo. Many results are expected (or
proven) to hold in wider generality and a few remarks in this direction
are scattered throughout the notes.

We are now ready to define the free energy of our model: given
heR,6>0and N €N let

1 1 N
FN(B,h) = N log Znw (B, h) := N log E (eEnzl(ﬁw"J“h)‘s”(SN) , (2.6)

where for notational simplicity we put o, := 1l,er), 1a being the
indicator function of a set A. The quenched average of the free energy,
or quenched free energy for short, is defined as

Fn(8,h) == EF{(8, h). (2.7)

Note that the factor o in (2.6) corresponds to imposing the boundary
condition N € 7 (the boundary condition 0 € 7 at the left border is
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implicit in the law P). One could equivalently work with free boundary
conditions at N (i.e., replace d by 1). The infinite-volume free energy
would not change, but some technical steps in the proofs of some results
would be (slightly) more involved.

We need also a notation for the Boltzmann-Gibbs average: given
a realization w of the randomness and a system size N, for a P-
measurable function f(.) set

E (f(T) eZiLl(ﬁwwh)éngN)

B,h L
ENo(f) = I (B )

(2.8)

2.3 Existence and Non-negativity of the Free Energy

As usual in statistical mechanics, one is (mostly) interested in the ther-
modynamic limit (i.e., the limit N — o00). A classical question concerns
the existence of the thermodynamic limit of the free energy, and its de-
pendence on the realization of the randomness w. In the context of the
models we are considering, the answer is well established:

Theorem 2.2. [22, Th. 4.1] If E|lwi| < oo, the limit

F(B) = Jim_ - log Zxu (5, ) (2.9)

exists for every B > 0,h € R and it is P(dw)-almost surely independent
of w.

Of course, the limit does depend in general on the law P of the
disorder.

Note that the only assumption on disorder, apart from the IID char-
acter of the charges, is finiteness of the first moment, so that existence
and self-averaging of the infinite-volume free energy holds in much
wider generality than in the cases of Gaussian or bounded disorder
we are considering here.

Some properties of the free energy come essentially for free: in par-
ticular, F'(,h) is convex in (8, h), non-decreasing in h, continuous
everywhere and differentiable almost everywhere as a consequence of
convexity. Another easy fact is that the sequence {N Fxn (8, h)}nen is
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super-additive: for every N, M € N, one has (N + M)Fnyp(6,h) >
NFEN(B,h) + MFy(3,h). This is easily proven:

(N + M)Fys01(8,h) = Elog E (X" Gencttingy )
2 E 10g E <6Z£LV:1 (ﬂwn"rh)(sn 5N€Z7]:I:+]31+1 (Bwn“'h)én 6N+M)

where in the last step we used invariance of P with respect to left
shifts and the renewal property of P. It is a standard fact that super-
additivity implies

F(B,h) > Fn(B,h) for every N € N. (2.11)

2.4 Contact Fraction and Critical Point

As we already mentioned, the interest in this class of models is mainly
due to the fact that they show a so-called localization-delocalization
transition. This is best understood in view of the elementary bound
F(B,h) > 0. This positivity property is immediate to prove:

1 N h 1
Fx(8,h) > 7Elog B (eXmmGantting ) = & T los K(N)
(2.12)

and the claimed non-negativity in the limit follows from (2.2). Re-
calling that F(/3,h) is non-decreasing in h, for a given (3 the localiza-
tion/delocalization critical point is defined to be

he(B) :=sup{h: F(B,h) =0} (2.13)

and the function 5 — h.(f) is referred to as the critical line. The region
of parameters

L:={(B,h):>0,h>he(B)}
and

D:={(8,h): 6>0,h < he(3)}

are referred to as localized and delocalized phases, respectively. Since
level sets of a convex function are convex, L is a convex set and the func-
tion h.(.) : [0,00) > B — he(B) is concave. The reason for the names
“localized” and “delocalized” can be understood looking at the so-
called contact fraction {yy, defined through

T n{l,...,N}|
T N

In (2.14)
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and taking values between 0 and 1 (as usual, |A| denotes the cardinality
of a set A). It is immediate to check that

OnFR (5, h) = BY" (0n) (2.15)

and, by standard arguments based on convexity, this equality survives
in the thermodynamic limit whenever the free energy is differentiable:

A}im E?VZ(KN) 2 9,F(B,h) for every h such that
OF F(B,h) = 0, F(B,h). (2.16)

We have already mentioned that differentiability holds for Lebesgue-
almost every value of h. However, much more than this is true: as it
was proven in [25], differentiability (actually, infinite differentiability)
in h holds whenever h > h.(3). We can therefore conclude the fol-
lowing: for h < h.(() (or for h < h.(5) if F(53,h) is differentiable at
he(3)) the thermal average of the contact fraction tends for to zero for
N — oo (almost surely in the disorder), while for h > h.(53) it tends
to OpF(B,h) > 0. The average contact fraction plays the role of an or-
der parameter, like the spontaneous magnetization in the Ising model,
which is zero above the critical temperature and positive below it.

Actually, much more refined statements about the behavior of the
contact fraction in the two phases are available. In particular:

e for statements concerning the localized phase we refer to [25]. There,
it is proven that, roughly speaking, not only typical configurations
7 have a number

Ny ~ N 9,F(B,h)

of points, but also that these points are rather uniformly distributed
in {1,..., N}:long gaps between them are exponentially suppressed,
and the largest gap is of order log N (cf. Theorem 6.3 below);

o for h < h.() we refer to [24] and [22, Ch. 8], where it is proven
that £y is typically at most of order (log N)/N.

In this sense, if one goes back to the pictorial image of 7 as the set of
points of polymer-defect contact, one sees that the definition of (de)-
localization in terms of free energy, as given above, does indeed corre-
spond to the intuitive idea in terms of path properties: in £ the polymer
stays at distance O(1) from the defect, while in D it wanders away from
it and touches it only a small (at most log V) number of times.

The reader should remark that we have made no conclusive state-
ment about the behavior of the contact fraction at h.((3), since we have
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not attacked yet the very important question of the regularity of the
free energy at the critical point. This will be the subject of Sections 4
and 5.

2.5 Quenched versus Annealed Free Energy

Inequality (2.12) is a good example of how selecting a particular subset
of configurations (in that case, those for which 71 = N) provides useful
free energy lower bounds. For more refined results in this direction we
refer to [5] and [22, Sec. 5.2]. There, this technique is employed to
prove that h.(f3) is strictly decreasing as a function of 3 which implies
in particular that, since h.(.) is concave, h.((3) tends to —oo for 5 — oc.
This corresponds to the a priori non-intuitive fact that, as mentioned
in the introduction, even if the charges are on average repulsive the
defect line can pin the polymer. This is purely an effect of spatial
inhomogeneities due to disorder: for [ large, it is convenient for the
polymer to touch the defect line in correspondence of attractive charges,
where it gets a reward Swy,+h >> 1, while the entropic cost of avoiding
the repulsive charges is independent of 3. Free energy lower bounds
were obtained also in the study of a different model, the heteropolymer
at a selective interface, in [10].

Free energy upper bounds are on the other hand more subtle to get.
An immediate one can be however obtained by a simple application of
Jensen’s inequality:

1 1 N
oL _ 1 SN (htlog M(8))én
Fy(B.h) < <10 EZx(8,h) = < log E (e ) 5N)
= Fn(0,h+1log M(3)) =: Fx(B,h), (2.17)

where M(3) := Ee1. In particular, log M (3) = 2/2 in the case of
Gaussian disorder. F%(3, h) := F(0, 3+ log M (/3)) is referred to as an-
nealed free energy, and we see that it is just the free energy of the
homogeneous system (with the same choice of K(.)) computed for a
shifted value of h. The physical interpretation of the annealed free en-
ergy is clear: since configurations of w and 7 are averaged on the same
footing, it corresponds to a system where impurities can thermalize
on the same time-scales as the “polymer degrees of freedom” (i.e., 7).
This is not the physical situation one wishes to study (quenched dis-
order corresponds rather to impurities which are frozen, or which can
evolve only on time-scales which are so long that they can be consid-
ered as infinite from the experimental point of view). All the same, the



Disordered Pinning Models 139

information provided by (2.17) is not at all empty. Define first of all
the annealed critical point as

BA(B) = sup{h - FU(8,h) = 0} = ho(0) — log M(B).  (2.18)
Thanks to (2.17) and (2.13), one has immediately

a bound which, as will be discussed in Section 5.3, is optimal for av < 1/2
and 3 small.

2.6 Back to Examples and Motivations

Typical examples of renewal sequences satisfying (2.1), (2.2) are the
following. Let {S),}n>0 be the simple random walk (SRW) on Z, with
law PSFW and Sp := 0, i.e., {S, —Sn_1}nen are IID symmetric random
variables with values in {—1,41}. Then, it is known that [19] 7 := {n €
N : Sy, = 0} is a null-recurrent renewal sequence such that the law of
71 satisfies (2.2) with @ = 1/2 and L(.) asymptotically constant. The
reason why one looks only at even values of n in the definition of 7
in this case is due just to the periodicity of the SRW. If instead one
takes the SRW on Z2, then 7 (defined exactly as above) is always a
null-recurrent renewal but in this case @ = 0 and L(n) ~ ¢/(logn)?
[34]. Note that in this case, the presence of the slowly varying function
L(.) is essential in making K (.) summable.

What happens in the case of the SRW on Z¢ when d > 3? This
example does not fall directly into the class we are considering since
this process is transient, and therefore the set 7 of its returns to zero
is a transient renewal sequence. However this is not too bad. Indeed,
suppose more generally that one is given K(.) which satisfies (2.2)
but such that X' := Y  _K(n) < 1, ie., K(.) is a sub-probability
on N. Then, one may define K(n) := K(n)/X% which is obviously a
probability. It is easy to realize from Eq. (2.8) that the Gibbs mea-
sure (and free energy) of the model defined starting from K(.) is the
same as that obtained starting from K (.), provided that h is replaced
by h + log ¥. The case where 7 are the zeros of the SRW on Z%
with d > 3 can then be included in our discussion: Eq. (2.2) holds
with @ = d/2 — 1 and L(.) asymptotically constant. In the following
we will therefore always assume, without loss of generality, that 7 is
recurrent.
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We conclude this section by listing a couple of examples of (bio)-

physical situations where disordered pinning models are relevant:

Wetting of (1 + 1)-dimensional disordered substrates [17] [21]. Con-
sider a two-dimensional system at a first order phase transition, e.g.,
the 2d-Ising model at zero magnetic field and T' < T, or a liquid-gas
system on the coexistence line. Assume that the system is enclosed
in a square box with boundary conditions imposing one of the two
phases along the bottom side of the box and the other phase along
the other three sides. For instance, for the Ising model one can im-
pose + boundary conditions (b.c.) along the bottom side and — b.c.
along the other ones; for the liquid-gas model, one imposes that the
bottom of the box is in contact with liquid and that side and top
walls are in contact with gas. Then, there is necessarily an interface
joining the two bottom corners of the box and separating the two
phases. At very low temperature, it is customary to describe this
interface as a one-dimensional symmetric random walk (not neces-
sarily the SRW) conditioned to be non-negative, the non-negativity
constraint reflecting the fact that the interface cannot exit the box.
The directed character of the random walk implies in particular
that one is neglecting the occurrence of bubbles or overhangs in the
interface. An interesting situation occurs when the bottom wall is
“dirty” and at each point has a random interaction with the inter-
face: at some points the wall prefers to be in contact with the gas
(or — phase), and therefore tries to pin the interface, while at other
points it prefers contact with the liquid (or + phase) and repels the
interface. Of course, this non-homogeneous interaction is encoded
in the charges wy,. In this context, the (de)-localization transition is
called wetting transition. This denomination is clear if we think of
the liquid-gas model: the localized phase corresponds to an interface
which remains at finite distance from the wall (the wall is dry), while
in the delocalized phase there are few interface-wall contacts and the
height of the liquid layer on the wall diverges in the thermodynamic
limit: the wall is wet. It is known that, in great generality [19], the
law of the first return to zero of a one-dimensional random walk
conditioned to be non-negative is of the form (2.2) with @ = 1/2
and L(.) asymptotically constant (this process is transient but this
fact is not so relevant, in view of the discussion at the beginning of
the present section).

Formation of loops under thermal excitation and denaturation of
DNA molecules in the Poland-Scheraga (PS) approximation [15].
Neglecting its helical structure, the DNA molecule is essentially a
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double strand of complementary units, called “bases”. Upon heat-
ing, the bonds which keep base pairs together can break and the
two strands can partly or entirely separate (cf. figure below). This
separation, or denaturation, can be described in the context of our
disordered pinning models. The set 7 represents the set of bases
whose bond is not broken. In the localized phase 7 contains O(N)
points (/N being interpreted here as the total DNA length), i.e.,
corresponds to the phase where the two strands are still essentially
tightly bound. In the delocalized (or denaturated) phase, on the con-
trary, only few bases pairs are bound. In formulating the PS model,
one usually takes a value a ~ 2.12 (cf. [35] for a justification of this
choice) and (in our notations, which are not necessarily those of the
literature on the PS model)

L(n) =0 for n>2,

where o (the cooperativity parameter) is a small number, usually
of the order 1072, while L(1) is fixed by the normalization condi-
tion ) .y K (n) = 1. Quenched disorder corresponds here to the
fact that bases of the different types are placed inhomogeneously
along the DNA chain. We refer to [22, Section 1.4] for a very clear
introduction to the denaturation problem and the Poland-Scheraga
model. Here we wish to emphasize only that the renewal process 7
described by such a K(.) is not in general the set of returns of a
Markov chain, as it happens for instance in the case of the wetting
model described above.

Binding energy:

Bound base pair
E,=Bw,+h ’
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3 The Questions We are Interested in

The main questions which will be considered in these notes are the
following:

1. When is the annealed bound (2.17) a good one, i.e., when are
quenched and annealed systems similar? We will see that quenched
and annealed free energies never coincide, except in the (trivial) case
where the annealed free energy is zero (i.e., the annealed model is
delocalized). However, this does not mean that the solution of the
annealed system gives no information about the quenched one. For
instance we will show that, for & < 1/2 and weak enough disorder,
the quenched critical point coincides with the annealed one. This
will be discussed in Section 5.3.

2. What is the order of the transition? Critical exponents (in partic-
ular, the specific heat exponent, cf. next section) can be exactly
computed for the homogeneous model. The Harris criterion pre-
dicts that for small § critical exponents are those of the 3 =0 (or
annealed) model if o < 1/2, and are different if « > 1/2. This is
the question of disorder relevance, discussed in Sections 5.3-5.6.

3. Truncated correlations functions are known to decay exponentially
at large distance, in the localized phase. What is the behavior of
the correlation length when the transition is approached? We will
see that, due to the presence of quenched disorder, one can actually
define two different correlation lengths. In specific cases, we will
identify these correlation lengths and give bounds on the critical
exponents which govern their divergence at h.(3).

4 The Homogeneous Model

In absence of disorder (8 = 0) the model is under full mathematical
control; in particular, critical point and the order of the transition can
be computed exactly. In this section, we collect a number of known
results, referring to [22, Chapter 2] for their proofs.

The basic point is that the free energy F'(0,h) is determined as
follows [26, Appendix A]: if the equation

Y K (n)=e" (4.1)
neN
has a positive solution b = b(h) > 0 then F(0,h) = b(h). Other-

wise, F(0,h) = 0. From this (recall the normalization condition )
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K(n) = 1), one finds immediately that h.(0) = 0. The behavior of the
free energy in the neighborhood of h.(0) can be also obtained from (4.1).
Care has to be taken since a naive expansion of left- and right-hand
sides of (4.1) for b and h small does not work in general. However, this
analysis can be performed without much difficulty and one can prove
the following:

Theorem 4.1. [22, Th. 2.1]

1. If « =0, F(0,h) vanishes faster than any power of h for h \, 0.
2.If0 < a <1 then for h >0

F(0,h) = h*L(1/h), (4.2)
where L(.) is the slowly varying function

«

L(/h) = —— 1/O‘h*l/afe h 4.3
am = (e () (4.3

and Ry (.) is asymptotically equivalent to the inverse of the map
x— x*L(1/z).
3. Ifa=1and ) ynK(n) = oo then F(0,h) = hL(1/h) for some
slowly varying function I:() which vanishes at infinity.
4. 1If Y hennK(n) < oo (in particular, if a > 1)
r\0 h
F(0,h) S nK(n) (4.4)
In particular, note that in the situation (4), i.e., if 7 is positively
recurrent under P, the transition is of first order: the free energy is not
differentiable at h.(0) = 0, i.e., the average contact fraction has a finite
jump in the thermodynamic limit. This is analogous to what happens
for the Ising model in dimension d > 2: if T' < T, and one varies the
magnetic field H from 0~ to 0T, the spontaneous magnetization has
a positive jump and the free energy is not differentiable. The transi-
tion is, on the other hand, continuous (at least of second order) if P
is the law of a null-recurrent renewal 7 and it becomes smoother as
a decreases. In thermodynamical language, one can say that the delo-
calization transition is of k' order (F(8,.) is of class C*¥~! but not of
class C*) for a € (1/k,1/k — 1) and of infinite order for o = 0.}

! In order to decide between k' and (k +1)"" order for o = 1/k one needs to look
also at the slowly varying function L(.), as is already clear from points (3) and
(4) in the case of k = 1. In any case, the precise statement is that of Theorem 4.1.
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In the physics literature one introduces usually the specific heat
critical exponent v as>

o JBFG)
h\he(8) log(h — he(3))

(provided the limit exists) and of course v can depend on . From
Theorem 4.1 we see that, in absence of disorder,

(4.5)

v=2-

v(f=0)=2—max(1l,1/a). (4.6)

In particular, note that v(8 = 0) > 0 as soon as o > 1/2 (this observa-
tion will become interesting in the light of the results of Section 5.6).

5 Relevance or Irrelevance of Disorder?

We have just seen that the phase transition of the homogeneous pinning
model can be of any given order - from first to infinite - depending on
the choice of K(.) in (2.2) and, in particular, on the value of a.. In this
section we discuss the effect of disorder on the transition and we are
primarily interested in the question of disorder relevance. There are
actually two distinct (but inter-related) aspects in this question:

Q1 does an arbitrarily small quantity of disorder change the critical
exponent v (i.e., the order of the transition)?

Q2 does the quenched critical point differ from the annealed one for
very weak disorder?

One expects the answer to both questions to be “no” if & < 1/2 and
“yes” if v > 1/2, while the case @« = a, = 1/2 is more subtle and not
clear even heuristically [17, 21] (see, however, Theorem 5.5).

The plan is the following: we will first of all (Section 5.1) make a non-
rigorous computation, in the spirit of the Harris approach [33], which
shows why the watershed value for «, distinguishing between relevance
and irrelevance, is expected to be a. = 1/2, i.e., the value for which
the critical exponent v vanishes for the homogeneous model (cf. (4.6)).
Next, in Section 5.2 we prove an upper bound for the free energy which
strictly improves the annealed bound (2.17). In the proof of this bound
we introduce the technique of interpolation, by now classical in spin
glass theory but sort of new in this context. We would like to emphasize

2 The symbol v for the specific heat exponent is not standard in the literature, but
we have already used the letter a for another purpose. The same remark applies
to the symbols we use for other critical exponents.
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that interpolation (and replica coupling, cf. Section 5.5) techniques have
proven recently to be extremely powerful in the analysis of mean field
spin glass models, cf. for instance [32], [1], [39], while their relevance in
the domain of disordered pinning model had not been realized clearly
so far.

As a byproduct, our new upper bound partially justifies the heuristic
expansion of Section 5.1. The question of relevance is taken up more
seriously in Sections 5.3 to 5.6. In the former we will see, among other
results, that answers to both Q1 and Q2 are actually “no” for a < a.
In the latter, on the other hand, we show that critical exponents are
modified by disorder for o« > «.: in particular, we will see that v < 0
whenever § > 0.

In the whole of Section 5 we consider only the case of Gaussian
disorder. This allows for technically simpler proofs, but results can be
generalized for instance to the bounded disorder case.

5.1 Harris Criterion and the Emergence of a. = 1/2

Let us note for clarity that, putting together the discussion of Section 4
and Eq. (2.18), in the Gaussian case the annealed critical point equals
h&(B) = —3?/2. The first step of our heuristic argument is rigorous
and, actually, an immediate identity:

1 N 2
S =1 (Bwn—B?/2)6n
Fn(B,h) = F(8,h) + =Elog <e 1 >N,h—hg(,6’) , (5.1)

where (.)y ), == E(])\}flo(.) is just the Boltzmann average for the homo-
geneous system (cf. Eq. (2.8)). Identity (5.1) can be rewritten in a

more suggestive way if we recall the last equality in (2.17) and we let
h = h%(B) + A with A > 0:

Fn(B,h%(B) + A) = Fn(0, A) + Ry A(B) :=

N

— Fy (0, A) + %Elog (Bt (52
Irrelevance of disorder amounts to the fact that, for 3 sufficiently small,
the “error term” Ry A(/3) is negligible with respect to the “main term”
Fyn(0,A4). As we will see, the question is subtle since we are interested
in both A and 3 small, and the two limits do not in general commute.
For the moment, let us proceed without worrying about rigor and let
us expand naively Ry A(8) for § small and A, N fixed:
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N,A

)

<€ZnN:1(ﬁWn*52/2)5”> = (/Bwn B32/2) (8n)y,a +

|Mz

N

+ % Z WnWm <5n5m>N,A + 0(53)' (5.3)

n,m=1

Expanding the logarithm and using the fact that Ew, = 0 and
E(wnwm) = 1¢p—my one has, always formally,

F v :
Rya(8) = =5~ (0n)ya) +O0(8%), (5.4)
n=1

In the limit N — oo one has by definition of the homogeneous model

N
. 1
Jim, () = Jim, 57 2 (s = 0aF(0.4).

Since (0y,) N, should not depend on n as soon as 1 <n < NN, one can
expect (actually, this can be proven without much difficulty) that

B (0 ya = 0aF(0, 4). (5.5)
n/N—me(0,1)

In conclusion, we find

2
F(B.E(8) + 8) = F(0.8) - 2 (0sF(0.0)° + O(5). (5.6)
Even without trying (for the moment) to justify this expansion or to
look more closely at the A-dependence of the error term O(3%), we can
extract something important from Eq. (5.6). We know from Theorem
4.1 that, for o« < 1 and A > 0 small, F(0, A) ~ AY® which implies (cf.
the proof of Eq. (5.19) for details) that O F (0, A) ~ A*~1 Then we
see immediately that, indeed, for av < 1/2

ﬁ?
(8AF(O A))? < F(0,4) (5.7)
if A and 3 are small. In terms of the Harris criterion, disordered is said
to be irrelevant in this case and one can hope that the expansion can
be actually carried on at higher orders. For 1/2 < « < 1, however, this
is false: even if 3 is small, choosing A sufficiently close to zero the left-
hand side of (5.7) is much larger than the right-hand side. This means
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that “disorder is relevant” and the small-disorder expansion breaks
down immediately. The same holds for @ > 1, when F(0,A) ~ A and
OAF (0, A) ~ const. The threshold value o, = 1/2 is clearly a “marginal
case” where relevance or irrelevance of disorder cannot be decided (even
on heuristic grounds) by a naive expansion in /3.

The rest of this section will be devoted to give rigorous bases to this
suggestive picture. As a byproduct we will learn something interesting
for the case 1/2 < « < 1: while disorder is relevant and changes the
exponent v, it modifies the transition only “very close” to the critical
point (cf. Theorem 5.3).

5.2 A Rigorous Approach: Interpolation
and an Improvement upon Annealing

In Section 2.5 we saw that a simple application of Jensen’s inequality
implies F'(8,h) < F*(3,h). Here we wish to show that this inequality
is strict as soon as disorder is present (8 > 0) and the annealed system
is localized. Moreover, we will partly justify the small-3 expansion of
Section 5.1 for o < 1/2, showing that it provides an upper bound for
the quenched free energy.

More precisely:

Theorem 5.1. [/3, Th. 2.6] For every >0, « >0 and A >0

F(B,h%(B) + A) < inf (52,12 R0, A— 3 )) <
T T 0<q<a/p2\ 2 ’ E

< F(0,A) = FY(3,h). (5.8)

In particular, if 0 < o < 1/2 there exist constants By > 0, Ag > 0 such
that

F(3.13(6) + 2) € F(0.2) ~ L (0550, 2) (1 +0(5%) (59

for B < By, A < Ag, where O(3?) is does not depend on A. On the other
hand, if 3 =0 or A <0, then F(5,h%(3) + A) = F*(3,h?(B) + A).

About the possibility of pushing the upper bound (5.9) to order higher
than 3% see Remark 3.1 in [43]. It is obvious that (5.9) cannot hold for
a > 1/2 since, as already observed after Eq. (5.7), the right-hand side
is negative for A sufficiently small.

Readers familiar with mean field spin glass models will remark
a certain similarity between the variational bound (5.8) and the
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“replica symmetric” variational bound [30] for the free energy of the
Sherrington-Kirkpatrick model. However, we do not see a natural way
to generalize (5.8) to include “replica symmetry breaking” in analogy
with [29] [1].

Proof of Theorem 5.1. The proof is rather instructive because it
allows us to introduce the technique of “interpolation”, which will play
a major role in the next subsection. We start from identity (5.2) and,
for A >0,g€ Rand 0 <t <1, we define

RN A(t7 /3’ q) = %E log <62nN:l[ﬁﬁwn—t/@2/2+62q(t_1)]6n> . (510)
b A7
In spin glass language, this would be called an “interpolating free
energy”, since by varying the parameter ¢ it relates in a smooth way
the quantity we wish to estimate at t = 1,

Rna(t=1,8,9) = Rna(B) (5.11)
to something easy at ¢t = O:
RN,A(tZOHB7Q) :FN(OvA_ﬁQq) _FN(OaA) (512)

A priori, there is no reason why Ry a(t, 3,q) should be any easier to
compute for 0 < ¢ < 1 than for ¢t = 1. What helps us is that the
t-derivative of Ry a(t, 3,q) can be bounded above by throwing away a
(complicated) term which, luckily, has a negative sign. To see this we
need first of all manageable notations and we will set

SN BVIwn—t82/2462q(t—1)]0n
<g (T)e ' >A,N

(9T Nay = (5.13)

<ez L [BVEwn —t32 /24 82q(1—1)]6, >
N,A

for every measurable function g(7). We find then

d 2001
pimalt. b9 = 5(_+ )ZE m)N.ALT

ﬁ N
+ SViN mz_:lﬂ«:wm Om)y.ny- (5.14)

The last term of (5.14) can be rewritten using the Gaussian integration
by parts formula

E(wf(w)) =Ef'(w), (5.15)
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which holds (if w is a Gaussian random variable N (0,1)) for every
differentiable function f(.) such that lim,_ exp(—22/2)f(x) = 0. In
our case, the function f is of course (d,,) N,A, and one finds

B 2 X 2
SVIN ;Ewm Om)n,ap = mn;E <<5m>N,A,t - (<5m>N7A,t> ) :

(5.16)

The positive term comes from the differentiation of the numerator of
(6m)n a4 (recall the definition (5.13)) and the negative one from the

denominator, and we used the obvious &,, = (4,,)%. Putting together
Egs. (5.14) and (5.16) one has therefore

d 2 2 2 N 9 2 2
gvato0 =20 S wd (Gya-a) f < 5

n=1
(5.17)
At this point we are done: we integrate on t between 0 and 1 inequality
(5.17), we recall the boundary conditions (5.12) and (5.11) and we get

B3
Ry,A(B) < Fn(0,A— %q) — Fn(0,A) + — (5.18)

Together with Eq. (5.1), taking N — oo limit and minimizing over ¢
proves (5.8). Let us remark that minimizing over ¢ € R or on 0 < g <
A/B? is clearly equivalent. The strict inequality in (5.8) is just due
to the fact that the derivative with respect to g of the quantity to be
minimized, computed at ¢ = 0, is negative.

The expansion (5.9) is just a consequence of (5.8). Remark first of
all that, at the lowest order in (3, the minimizer in (5.8) is ¢ = qa =
OAF(0,A). Then, from identity (4.1) one finds that there exist slowly
varying functions L(*)(.),i = 1,2 such that for @ < 1/2 and A > 0

OAF(0,4) = AU=/afM (1 /A) 94 F(0, A) = AU—20/2[(2)(1/A).
(5.19)

Let us show for instance the first equality. Differentiating both sides of
(4.1) with respect to A one finds

oA
Y onen " 4L(n) exp(—F(0, A)n)

Using Theorems A.1 and A.2 one has then, for A — 0 (i.e., for
F(0,4) —0)

AAF(0, A) = (5.20)
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OaF(0,4) 230 L ((21 - Z));((B/, Z ()01’_ f)) (5.21)

which, together with (4.2), proves the first equality in (5.19) for a suit-
able L(V(.). Note, by the way, that thanks to (5.19) one has g4 < A/3?
for A, sufficiently small (and o < 1/2, of course). Another conse-
quence of (5.19) is that 94 F(0, A) is bounded above by a finite constant
C for, say, A < 1. Then, a Taylor expansion gives

F(0,A— #%qa) < F(0,4) — B*(0aF(0,A))* + CB*0aF (0, A))?,

whence Eq. (5.9).

Finally, the statement for § = 0 or A < 0 is trivial: for g = 0
there is no disorder to distinguish between quenched an annealed free
energies, and for A < 0 one has F(3,h%(3) + A) = 0 which, together
with (2.17) and F'(3,h) > 0, implies the statement. 0

5.3 Irrelevance of Disorder for a < 1/2 via Replica Coupling

We want to say first of all that, if 0 < o < 1/2 and (3 is sufficiently small
(i.e., if disorder is sufficiently weak), then h.(3) = hZ((3). Recalling that
F(B,he(B) + A) = F(0,A), this follows immediately from

Theorem 5.2. [/, 43] Assume that either 0 < a < 1/2 or that
a=1/2 and Zn_lL(n)_2 < 00. (5.22)
neN

Then, for every e > 0 there exist Bo(e) > 0 and Ag(e) > 0 such that,
for every 5 < Bo(€e) and 0 < A < Ag(e), one has

(1— )F(0,4) < F(B,h%(B) + A) < F(0, A). (5.23)

Observe that this implies in particular that, under the assumptions of
the theorem, the exponent v equals 2 — 1/« as in the homogeneous
case. Indeed note that, for A small,

log(1 — ) +log F(0,4) _ log F(8, he(8) + 4) _ log F(0,4)
log A - log A —  logA

(5.24)

and the statement follows taking the limit A — 0 from definition (4.5)
of the specific heat exponent.

We will see in Section 5.6 that the same cannot hold for av > 1/2:
in that case, v is necessarily non-positive in for the quenched system
presence of disorder, while it is positive for the annealed system. One
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could therefore think that quenched and annealed behaviors are com-
pletely different. This is however not completely true. Indeed, the next
theorem shows that F'((3,h) and F%(3, h) are very close, provided that
1/2 < a < 1 if one is not too close to the critical point. More precisely
one has

Theorem 5.3. Assume that 1/2 < a < 1. There exists a slowly varying
function L(.) and, for every e > 0, constants a1(e) < oo and Ag(e) >0
such that, if

ar(e)f*/CVL(1/6) < A < Agle), (5.25)
the inequalities (5.23) hold.
To see more clearly what this says on the relation between quenched

and annealed critical points, forget about the slowly varying functions;
then, Theorem 5.3 implies

0 < he(B) = hi(B) B2/,
Since 2a/(2a — 1) > 2, this shows in particular that

oy Pe(8) _
BNO0 he(B)

(5.26)

Remark 5.4. Theorem 5.3 was proven in [4, Th. 3] and then in [43,
Th. 2.2]. The two results differ only in the form of the slowly varying
function L(.). In general, the function L(.) which pops out from the
proof in [43, Th. 2.2] is larger (i.e., worse) than that of [4, Th. 3].

Finally, we consider the “marginal case” o = a, = 1/2 and
anln)z = o00. This is the case, for instance, if P is the law of

the returns of a one-dimensional symmetric random walk, where L(.)
is asymptotically constant, as mentioned in Section 2.6. As we men-
tioned, this case is still debated even in the physical literature. The
“most likely” scenario [17] is that disorder is “marginally relevant” in
this case: h.(3) # h%(() for every positive 3, but the two critical points
are equal at every order in a weak-disorder perturbation theory. Other
works, e.g. [21], claim on the other hand that disorder is irrelevant in
this situation.
What one can prove for the moment is the following;:

Theorem 5.5. [/, 45] Assume that a=1/2 and Y, .yn ' L(n)?=o0.
Let ¢(.) be the slowly varying function (diverging at infinity) defined by
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N
3 ann)Q NZ® (N, (5.27)

n=1

For every € > 0 there exist constants asz(e) < oo and Ag(e) > 0 such
that, if 0 < A < Ag(e) and if the condition

1 az(€)|log F(0,A4)|
7 2wl (M)

is verified, then Eq. (5.23) holds.

(5.28)

Remark 5.6. To be precise, in the statement of [4, Th. 4] the condition
(5.28) is replaced by a different one (essentially, the factor |log F'(0, A)]
in the argument of £(.) does not appear). In this sense, the condition
(5.28) under which we prove here (5.23) is not the best possible one.
However, for many “reasonable” and physically interesting choices of
L(.) in (2.2), Theorem 5.5 and Theorem 4 of [4] are equivalent. In
particular, if P is the law of the returns to zero of the simple random
walk {5y, }n>0 in one dimension, i.e. 7 = {n > 0 : Sy, = 0}, in which
case L(.) and L(.) are asymptotically constant and ¢(N) ~ aslog N,
one sees easily that (5.28) is verified as soon as
_a5(9)

A>agle)e 7 (5.29)

which is the same condition given in [4].

Note, by the way, that in this case the difference h.(3) — h%(5)
vanishes faster than any power of 3, for 6\, 0. This confirms the fact
that, even if the two critical points can be different, they cannot be
distinguished perturbatively.

5.4 Some Open Problems

The results of previous section, while giving rigorous bases to predic-
tions based on the Harris criterion, leave various intriguing gaps in our
comprehension of the matter. Let us list a few of them, in random
order:

1. Let & < 1/2. Does there exist a . < oo such that h.(8) # h(5)
for B > (.7 If yes, how smooth is h.(3) at 5.7 Does v equal 2— 1/«
also for 3 large?

2. Again, let @ < 1/2 and look at Eq. (5.9). Is it true that

F(B.E(8) + 8) = P(0,4) = - (047(0, 2)2(1 +0(8):
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3. Under the assumptions of Theorems 5.3 or 5.5, does there exist
positive values of (3 for which quenched and annealed critical points
coincide? It is sort of reasonable to conjecture that the answer is
“no”, at least for a > 1/2.

The reader might be tempted to think that such questions should be
easy to answer numerically. If so, he should have a look at Ref. [12]
where one gets an idea (in the context of random heteropolymers at
selective interfaces) of why numerical tests become extremely hard in
the neighborhood of the critical curve.

Remark 5.7. Between the time these notes were written and the time
they were published, the above open problems have been to a large
extent solved. In particular:

e in Ref. [44] it was proven that for every a > 0, if 3 is large enough
and, say, w is Gaussian, then h.(3) # h%(f).

e The question posed in open problem (2) has been answered posi-
tively in Ref. [28], although in a slightly weaker sense.

e In Ref. [16] it was proven that as soon as a > 1/2 and 5 > 0 one

has he(83) # he(8).

5.5 Proof of Theorems 5.2-5.5

We follow the approach of [43] which, with respect to that of [4], has
the advantage of technical simplicity and of being closely related to the
interpolation ideas of Section 5.2. On the other hand, we encourage the
reader to look also at the methods developed in [4], which have the
bonus of extending in a natural way beyond the Gaussian case and of
giving in some cases sharper results (cf. Remarks 5.4 and 5.6 above).

A natural idea to show that quenched and annealed systems have
(approximately) the same free energy is to apply the second moment
method: one computes E(Zy(3,h)) and E((Zx(8,h))?) and if it hap-
pens that the ratio

[EZN,w(ﬁa h)]z
E[(Znw(B, h))?]

remains positive for N — oo, or at least it vanishes slower than ex-
ponentially, it is not difficult to deduce that F(3,h) = F*(3,h). This
approach has turned out to be very powerful for instance in control-
ling the high-temperature phase of the Sherrington-Kirkpatrick mean
field model in absence of magnetic field [40, Ch. 2.2]. However, this

(5.30)
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simple idea does not work in our case and the ratio (5.30) vanishes
exponentially for every 3, A > 0. This is not surprising after all, since
we already know from Theorem 5.1 that quenched and annealed free
energy do not coincide. There are two possible ways out of this prob-
lem. One is to perform the second moment method not on the system
of size N but on a smaller system whose size N(A) remains finite
as long as A is positive and fixed, and diverges only for A — 0. If
N(A) is chosen to be the correlation length of the annealed system,
one can see that on this scale the ratio (5.30) stays positive, so that
Fniay(B,he(B) + A) = Fna)(0,4). One is then left with the delicate
problem of glueing together many blocks of size N(A) to obtain an
estimate of the type F'(3,h%(8) + A) > (1 —€)F (0, A) for the full free
energy. This is, in very rough words, the approach of Ref. [4]. The other
possibility, which we are going to present, is to abandon the second mo-
ment idea in favor of a generalization of the replica coupling method
[31] [43]. This method was introduced in [31] in the context of mean
field spin glasses and gives a very efficient control of the Sherrington-
Kirkpatrick model at high temperature (8 small), i.e., for weak disor-
der, which is the same situation we are after here.

The two methods are in reality not orthogonal: they share the idea
that the important object to look at is the intersection of two indepen-
dent renewals 71, 7(2). To see why this quantity arises naturally, let
us compute the second moment of the partition function. If 71, 7(2)
are independent renewal processes with product law P®2(.), recalling
the definition A = h + 3%/2, one can write

E((Zn.w(3,h))%) =

N (Bwn+h)(1 +1
EE®? (ez’“l(ﬁ Y ner) {"e*(z)}>1{Nef<1)}1{NeT(2)}> -

N}‘I{Ner(U}l{Ner(?)}} .
(5.31)

Considering also that
FWAf FDAf
[E ZN,w(ﬁa h)]2 — E®2 (eA\( N{1,....N}H+|Tn{1, 7N}D1{N€T(l)}1{NET(2)}>

one sees that the ratio (5.30) depends on the typical number of points
that 7() and 7(®) have in common up to time N. One sees also why
this ratio has to vanish exponentially N — oo: as long as A > 0 the
renewals 7(, with law modified by the factor exp(A|rMN{1,..., N}|),
are finitely recurrent and therefore will have a number of intersections
in {1,..., N} which grows proportionally to N.
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Proof of Theorem 5.2. The second inequality in (5.23) is just Eq.
(2.17). As for the first one, let A > 0 and recall identity (5.2). Define,
in analogy with (5.10),

1 N
RN,A(ta /8) = NE log <62n:1(ﬁﬁwn—tﬂ2/2)5n>A v (532)

for 0 <t < 1 (to the purpose of Theorem 5.2 we do not need the
variational parameter q) where the measure (.)y 4 was defined after
Eq. (5.1). Observe that

Ry.a(0,8) =0 (5.33)

while

Ry,a(1,8) = Ry,a(B). (5.34)
As for the t-derivative one finds (just take (5.17) and put ¢ = 0):

SN (BVEwn—tB2/2)6n 2
d, AL, B) = Z <6me 1 >A’N
a 2N <€z£¥:1(wm—tm/2)an> '

AN

(5.35)
Recall definition (5.13) (spec1ahzed to the case ¢ = 0) of the ran-
dom measure (.)y 5, and let (. )©2 N.a; be the product measure acting

on the pair (700, 7(2)), while 6( Q- = 1j,c()y- Note that the two repli-

cas 7 i = 1,2 are sub ject to the same realization w of disorder. Then,
one can rewrite

d N
g hvat.p) = ZNEZI<5<1>5<2>>NM -

5 2
- E <‘ @A, N ‘> G
5N N7 N1, } N (5.36)
Since we need a lower bound for Ry A(f) to prove the first inequality
n (5.23), the fact that this derivative is non-positive seems to go in the

wrong direction. Let us not lose faith and let us define, for A > 0,

1 () £(2) ®2
Rg\Zf)A(tv)\,ﬁ) = WElog <eHN(ta/\,ﬁ, , )>NA

7Elog< YN (BVEwn—t82/2) (65 +52)+A82 TN, 5(1)5(2)>

2N N,A

(5.37)
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where the product measure <->®,2A acts on the pair (7(V,7(2). The

index “2)” refers to the fact that this quantity involves two copies
(replicas) of the system. Observe that we are letting the two replicas
interact through a term which is positive, extensive (i.e., of order N)
and closely related to what appears in the right-hand side of Eq. (5.36).
Note also that

®2

2) _ 1, < AP LN 653)55?>> 5 38
RN7A(07)‘76) IN 0g (¢ N,A’ ( : )
while the factor 2 in the denominator guarantees that

Again via integration by parts (the computation is conceptually as easy
as the one which led to Eq. (5.17)),

d 62 N <5£71)5£3)eHN(t,A,ﬁ;T(l)ﬂ-@))>®2
(2) o
SR A8 = S E )
dt N,A( 2NmZ:1 <€HN(tv)\7,6;T(1)77-(2))>®2
N,A
! 2 (1) £(2) ®2
s e
4N m=1 <€HN(t7)‘»ﬁ;T(1),T(2>)>®2 ~
N,A

<57(%)(57(13)€HN(757)\”3§T(1)77(2))>®2

P N
<P g 3 va _ 4 pe) g )

>~ 2 - N,A
2N <€HN(t7>\vﬁ§7'(l)aT(2))>® dA

N,A
(5.40)
This can be rewritten as
d
SRUAEA -8 <0
which implies that, for every 0 <t <1 and A,
RP,t, )3 <RP,(0,A+1,3) (5.41)
N,A\"» 7Y = TN, A\ 5 . .

Going back to Egs. (5.35) and the last equality in (5.40) and using the
fact that for every convex function ¢(.) one has x¢'(0) < ¢ (x) — 1(0)
one finds
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(Bt ) = o BOA0 )]

dt
) RSV?A(M ' ﬁ) R (1.0, 8)
- 2—t '

(5.42)

Finally, using monotonicity of R%?A(t,/\,ﬁ) with respect to A and
(5.39), one obtains the bound

C (Rra(t.9) < RY40.2.0) + (~Ryalt.0), (549
where we used (5.41) and the fact that 2 —¢ > 1 (of course, we could
have chosen 1+ 7 — t instead of 2 — ¢ for some 1 > 0 in (5.42) and the
estimates would be modified in a straightforward way). We can now
integrate with respect to ¢ between 0 and 1 this differential inequality
(or use Gronwall’s Lemma, if you prefer) and, recalling Eqgs. (5.34) and
(5.33), we obtain

—(e —1)R{A(0,2,8) < Ry.a(B) < 0. (5.44)

Before we proceed, we would like to summarize what we did so far.
To prove Theorem 5.2 we need the lower bound limy_.oc Rn,A(5) >
—€eF'(0,A) but, as in Section 5.2, it seems that the interpolation method
gives rather upper bounds on Ry (). Then, through the replica cou-
pling trick we transferred this problem into the problem of proving
an upper bound for a quantity, R%?A(t,)\,ﬂ), which is analogous to
Ry A(), except that it involves two interacting copies of the system.
Moreover, by throwing away a (complicated, but with a definite sign)
term in Eq. (5.40), we reduced to the problem of bounding from above
RE\?) A(t, A, B) computed at ¢t = 0. In other words, we replaced the task
of estimating from below Ry (/) with that of estimating from above
a quantity which involves no quenched disorder, and which is there-
fore easier to analyze. While this procedure might look a bit magic,
the basic underlying idea is the following. Rﬁ) A(t, A, B) is obviously
non-decreasing as a function of A. Suppose however that, for some
A > 0, R%A(t,)\,ﬂ) is not very different from the value it has at
A = 0 (of course, proving this amounts to proving an upper bound
on RE\??A(t,)\,ﬂ).) Then, looking at the definition (5.37), this means
that the cardinality of the intersection 7Y N 72 N {1,...,N} is typi-
cally not large and this, through Egs. (5.33), (5.34) and (5.36) implies
a lower bound on Ry A(f).
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Let us now restart from (5.44) and note that

1 (1) ¢(2) (1), 5(2)
— —Fx(0, A log B9 (o2 X 8707 AR (746550 5(0)) <

Fn(0,qA4) 1 9 [ 9pg2 SN 512

< —F A) + + log E® P =1 0n On

< ~fw(0,4) q 2Np 8 (e )
(5.45)

where we used Holder’s inequality and the positive numbers p and ¢
(satisfying 1/p+1/q = 1) are to be determined. Taking the thermody-
namic limit,

1 (1) 5(2)
lim sup RE\Z,)A(O, 2,4) < limsup N log E®? (eZW2 S 808 )
’ p

N—oo N—oo
+ F(0,A) QFI:“((OO’,QAA)) - 1> . (5.46)

But we know from the expression (4.2) of the free energy of the homo-
geneous system and from the property (2.3) of slow variation that, for
every q > 0,
. F(0,q4) 1
lim — 2 =gt/ 5.47
ator F(0,4) 1 (5:47)
Therefore, taking ¢ = ¢(e) sufficiently close to (but strictly larger than)

1 and Ag(e) > 0 sufficiently small one has, uniformly on 5 > 0 and on
0<AL AQ(E),

lim sup R%?A(O, 2,0) <

N—oo

€ 1 25N 5(1)5(2)
< F(0,A) +1i 1 E®2( 2p(e)32 S0, 656 )
“e—1 (0,4) + 1]1\’/'115;101) 2Np(e) & ¢
(5.48)

Of course, p(€) := q(€)/(q(e) — 1) < 0o as long as € > 0. Note that, in
view of (5.44), Theorem 5.2 would be proved if the second term in the
right-hand side of (5.48) were zero. Up to now, we have not used yet
the assumption that o < 1/2 or that (5.22) holds, but now the right
moment has come. The way this assumption enters the game is that it
guarantees that the renewal 7)) N 7(2) is transient under the law P®2.
Indeed,
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E®? <Z 1n67<1)m(2>) =Y Pner)’<oo (5.49)
n>1 n>1
since, as proven in [18],

n—oco  Co  asin(ma) 1
Pner) ~ L= r Linia (5.50)

Actually, Eq. (5.50) holds more generally for 0 < o < 1 and we will
need it to prove Theorems 5.3 and 5.5.

Transience and renewal properties of the process of 7()N7(2) implies
that

P2 (|7 N @) > k) < (1- o), (5.51)

for some 0 < ¢ < 1: after each “renewal epoch”, i.e., each point of 7Y N
7@ the intersection renewal has a positive probability ¢ of jumping to

y J g
infinity. Therefore, there exists #; > 0 such that

sup E®2 (62p<e>ﬂzzﬁ=15wa§>> < o0 (5.52)
N

for every 3%p(e) < 3%. Together with (5.48) and (5.2), this implies
F(B,he(B) +4) = (1—€)F(0,4) (5.53)

as soon as 32 < F(e) := [?/p(e), and therefore the validity of
Theorem 5.2. Il

Proof of Theorem 5.3. In what follows we assume that A is suf-
ficiently small so that F'(0,A) < 1. For simplicity of exposition, we
assume also that L(.) tends to a positive constant L(oo) at infinity (for
the general case, which is not significantly more difficult, cf. [43]).

If we try to repeat the proof of Theorem 5.3 in this case, what goes
wrong is that the intersection 7(Y) N 7(3) is now recurrent, so that (5.52)
does not hold any more. The natural idea is then not to let N tend to
infinity at A fixed, but rather to work on a system of size N(A), which
diverges only when A — 0, i.e., when the annealed critical point is
approached. In particular, we let N = N(A) := ¢|log F(0, A)|/F (0, A)
with ¢ > 0 large to be fixed later. Note also that this choice of N(A) is
quite similar to that made in [4], where one applies the second moment
method on a system of size ¢/F(0,A) with ¢ large. This choice has
a clear physical meaning: indeed, we will see in Section 6 that the
correlation functions of the annealed system decay exponentially on
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distances of order 1/F (0, A) (the logarithmic factor in our definition of
N(A) should be seen as a technical necessity).
By the superadditivity property (2.11) we have, in analogy with

(5.1),
F(B,—3%/2+ A) > Fya)(0, 4) + Ryay,a(8). (5.54)

To prove Theorem 5.3 we need to show that the first term in the right-
hand side of (5.54) is essentially F'(0, A), while the second is not smaller
than —eF'(0, A), in the range of parameters determined by condition
(5.25). The first fact is easy: as follows from Proposition 2.7 of [25],
there exists ag € (0, 00) (depending only on the law K (.) of the renewal)
such that

loe N
Fn(0,4) > F(0,4) — ag—>

(5.55)
for every N. Choosing ¢ = ¢(¢) large enough, Eq. (5.55) implies that

Fniay(0,4) > (1 - €)F(0,4). (5.56)
As for Ry(a),a(8), we have from Eqgs. (5.44) and (5.45)

Ry (ay,a(8) 1 F(0,qA)
A St el A S —_Z\»Hd=/ _
R > — F(0,4) (q F (0. 4) 1) eF (0, A)
1 2 N (A) (1) 5(2)
— log BE®2 (2PB% 35217 0 0n
aN(A)yp 8 (e ' )

(5.57)

where we used Egs. (5.56) and (2.11) to bound —(1/q) F(4)(0,¢4) +
Fyn(a)(0,4) from below. Choosing again ¢ = g(¢) we obtain, for A <
AO(E)a

Ryay,a(8)

> _ _
T2 2eF(0,4)

1 2 N (A) ¢(1) 5(2)
log E®? (e2p(e)ﬁ Ynst’ 6non )
2N(A)p(e)
(5.58)
It was proven in [4, Lemma 3] and [43, Section 3.1] that if 1/2 < a < 1
there exists a7 = € (0, 00), which depends in particular on L(c0), such
that for every integers N and k

pe? ((T(n ) m{l,...,N}‘ > k:) < (1 - %)k (5.59)

which should be compared with (5.51), valid for @ < 1/2. Thanks to
the geometric bound (5.59) we have
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N(4)

E&2 (6212(6)6225:(?) «z&”aff’) =3 P2 [ 37 6(006@ — k| 205K
k>0 n=1
p(c) a7 B
< (1—e2P@ (1 - :
< (1 e <1 N(A)2a—1>> , (5.60)
whenever
26%p(e) (1 _ ar
e <1 N(A)M—l) <1

and this is of course the case if

28%0(6) <1 _ N(A“;Ml> < <1 _ 2N(Z7)M1> . (5.61)

At this point, using the definition of N(A) and point (2) of Theorem
4.1, it is not difficult to see that there exists a positive constant ag(e)
such that (5.61) holds if

A(Qa—l)/a

2
ﬁ p(e) < as(e)\logF(O,A)FO‘*l.

(5.62)

Condition (5.62) is equivalent to the first inequality in (5.25), for a
suitable choice of a;(€) and L(.). As a consequence, for N (A) sufficiently
large (i.e., for A sufficiently small)

Jog B2 <€2p(6)62 Py 553>55f>> <

2N (A)p(e)

F(0,A) | <2N(A)2°‘—1

< efe)p(e) log F(0, 2)] > - (5:69)

az

Recalling Eq. (4.2) one sees that, if ¢(e) is chosen large enough,

1 2 vV (4) 5(1) 5(2)
—— JogE®? (B2 0T} < (0, A).  (5.64
2N(A)ple) (¢ ) <eP0.4). (564
Together with Eqs. (5.54), (5.56) and (5.58), this concludes the proof
of the theorem. O

Proof of Theorem 5.5. The proof is almost identical to that of
Theorem 5.3 and up to Eq. (5.58) no changes are needed. One has
however to be careful with the geometric bound (5.59): in this case, it
is not sufficient to replace a by 1/2, since the behavior at infinity of
the slowly varying function L(.) in (2.2) is here essential. The correct
bound in this case is (cf. [4, Lemma 3] and [43, Sec. 3.1])
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N k
®2 1 2 ag
P <n§:1;5g>5g> > k) < (1 — E(N)) : (5.65)

for every N, for some ag > 0. We recall that £(.) is the slowly varying
function, diverging at infinity, defined by (5.27). In analogy with Eq.
(5.60) one obtains then

-1
EE2 (e2p(e)ﬁzz£¥ié‘> 55}>a§3>> < (1 _ 26%(0) <1 _ E(J\?E)A))>> (5.66)

whenever the right-hand side is positive. Choosing as(€) large enough
one sees that if condition (5.28) is fulfilled then

e28%(e) (1 D9 ___® '
(1 aN(A))) = (1 %(N(A))) (5.67)
and, in analogy with (5.63),

1 2 N (A) (1) 5(2)
—  _1ogE®? (62(e)5 DRAFRE IR, ) <
2N (A)p(e)

F(0,4) | (ZE(N(A))

< e{e)p(e) log F(0, 2)] > - (5:68)

ag
From this estimate, for ¢(¢) sufficiently large one obtains again (5.64)
and as a consequence the statement of Theorem 5.5. O

5.6 Smoothing Effect of Disorder (Relevance for o > 1/2)

Section 5.3 was devoted to showing that, for o < a, (weak) disorder is
irrelevant, in that it does not change the specific heat exponent v and
in that the transition point coincides with the annealed one as long as
0 is small. We saw also that for a. < a < 1 quenched and annealed free
energies and critical points are very close (Theorems 5.3 and 5.5). This
might leave the reader with the doubt that disorder might be irrelevant
in this situation too. The purpose of the present section is to show that
this is not the case.

We start by recalling that via Theorem 4.1 and (2.17) we know that
F(B,he(8)+A) < Amax(1/el) "This bound is however quite poor: if we
go back to (5.8) and we choose ¢ = A/3? we obtain

2

F(B,he(B) + 4) < 23

(5.69)
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which is better, for A small and « > 1/2. The point is however that,
since one expects that h?%(3) # h.() in this situation, (5.69) does not
say anything about the critical behavior of the quenched system; for
this, we would need rather an upper bound on F(3, h.(3) + A). This
is just the content of the following result, which we state in the case of
Gaussian disorder:

Theorem 5.8. [26, 27] For every >0, a > 0 and A > 0 one has
(1+a)
232

F(B,he(B) + A) < A%, (5.70)

Remark 5.9. Theorem 5.8 actually holds beyond the Gaussian case; for
instance, in the case of bounded variables w,,. In this case the statement
has to be modified in that the factor 2 in that the denominator in the
right-hand side of (5.70) is replaced by ¢ := ¢(P), a constant which
depends only on the disorder distribution P, and the results holds only
provided A is sufficiently small: A < Ay(P), see [26].

Remark 5.10. An obvious implication of Theorem 5.8 is that v < 0 as
soon as (8 > 0. In this sense, this result is much reminiscent of what
was proven in [13, 14] about the specific heat exponent for the nearest-
neighbor disordered Ising ferromagnet.

In particular, Theorem 5.8 shows that the specific heat exponent
is modified by an arbitrary amount of disorder if @ > a.: the phase
transition is smoothed by randomness if o > «, and becomes at least
of second order (the effect is particularly dramatic for o > 1, where the
transition is of first order for 5 = 0).

It is also interesting to compare Theorem 5.8 with the celebrated
result by M. Aizenman and J. Wehr [2] which states that first order
phase transition in spin systems with discrete spin-flip symmetry are
smoothed by disorder as long as the spatial dimension verifies d < 2,
while the same holds for d < 4 if the symmetry is continuous.

A less obvious consequence of Theorem 5.8 is the following:

Theorem 5.11. [41] Let > 0 and 0 < a < oco. There exists ¢ > 0
such that

Jim EPRC) (|rm{1,...,N}! > cN?/3 1ogN) 0. (5.71)

Moreover, under the assumptions of Theorem 5.2, for (B sufficiently
small

lim EPR(? (yT N{l,...,N}| > cN2/(+a) logN> =0. (5.72)

N—o0
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This result should be read as follows. The fact that the transition is
at least of second order in presence of disorder implies already that
the Gibbs average of the contact fraction defined by (2.14) tends to
zero in the thermodynamic limit at the critical point. The additional
information provided by Theorem 5.11 are finite-INV estimates on the
size of 7N {1,..., N} at criticality. Whether the exponent 2/3 in Eq.
(5.71) is optimal or not is an intriguing open question.

Theorem 5.11 was proven in [41] (together with more refined finite-
size estimates on E%Z(VQ{L ..., N}|) for h—h.() going to zero with
N), apart from Eq. (5.72) which is a consequence of [41, Th. 3.1] plus
Theorem 5.2 (cf. also Remark 3.2 in [41]).

Proof of Theorem 5.8 (sketch) For a fully detailed proof we refer to
[26]. In the case of Gaussian disorder a simpler proof is hinted at in
[27] and fully developed in [22, Section 5.4].

Here we give just a sketchy idea of why the transition cannot be of
first order when (3 > 0. Assume by contradiction that

F(B,he(B) + A) ~cA for A— 07, (5.73)

and consider the system at the critical point (3, h.(3)). Divide the
system of size N into N/M blocks B; of size M, with the idea
that 1 <« M <« N. For a given realization of w mark the blocks
where the empirical average of w, i.e., (1/M) ), .p wy, equals approxi-
mately A/S3. By standard large deviation estimates, there are typically
Niarked = (N/M)e*MAz/(Qm) such blocks, the typical distance be-
tween two successive ones being Dy, := MeM A%/(26%) Tt is a standard
fact that if we take M IID standard Gaussian variables and we condi-
tion on their empirical average to be d, for M large they are (roughly
speaking) distributed like IID Gaussian variables of variance 1 and
average 0. Therefore, in a marked block the system sees effective ther-
modynamic parameters (Berf, hefr) := (B3, he(8) +A). Now we want to
show that the assumption (5.73) leads to the (obviously false) conclu-
sion that F'(3, he(5)) > 0. Indeed, let S,, be the set of 7 configurations
such that:

e there are no points of 7 in unmarked blocks
e the boundaries of all marked blocks belong to 7.

3 Theorem 3.1 in [41] is formulated in the case of bounded random variables wy,,
but it generalizes immediately to the Gaussian because the basic ingredient one
needs is the concentration inequality [41, Eq. (5.2)], which holds in the case of
Gaussian randomness as well.
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Note that S, depends on disorder through the location and the number
of marked blocks, and that there is no restriction on 7 inside marked
blocks. One has the obvious bound

1
Fx (8, he(8)) = Elog E(ezfzﬂﬁwﬁhﬁu{TG Sw}aN). (5.74)

But due to the definition of the set S,, the restricted free energy
in the right-hand side of (5.74) gets (for M large) a contribution
Niarked X (M/N)F (3, he(8)+ A) from marked blocks, and an entropic
term Nparked/N % log K(Dy,p) from the excursions between marked
blocks. Summing the two contributions, recalling the asymptotic be-
havior (2.2) of K(.), the expression of Np,qrkeq and Dy, and taking
the N — oo limit at M large but fixed one obtains then

A2
F(8.1(0) +4) 2 M50 (BB (0 + 2) - (14 )z ).
(5.75)
Since the left-hand side of (5.75) is zero, for A small and § > 0
this inequality is clearly in contradiction with the assumption (5.73)
that the transition if of first order (actually, even with the assumption
F(B,he(B) + A) ~ cAY with y < 2).

6 Correlation Lengths and their Critical Behavior

From certain points of view, the localized region £ is analogous to the
high-temperature phase of a spin system. Indeed, in this region one can
prove typical high-temperature results like the following: free energy
fluctuations are Gaussian on the scale 1/v/N [3, 25], the infinite-volume
Gibbs measure is almost-surely unique and ergodic [9], the free energy
is infinitely differentiable, finite-size corrections to the infinite volume
free energy are of order O(1/N), and truncated correlation functions
decay exponentially with distance [25]. In this section we concentrate
on the last point, which turns out to be more subtle than expected, in
particular when one approaches the critical line.

In this section we assume that the random variables w,, are bounded,
because the results we mention have been proved in the literature un-
der this assumption. They should however reasonably extend to more
general situations, for instance to the Gaussian case.

In the following, P&hw() will denote the infinite-volume Gibbs mea-
sure, defined as follows: first of all we modify definitions (2.6) and (2.8)

replacing Zﬁ[zl(ﬁwn + h)o, by
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[N/2]
> (Bwn +h)n,

n=—|N/2|

where {wy, }nez are IID random variables, and then for a local observ-
able f, i.e., a function of 7 which depends only on 7 NI with [ a finite
subset of Z, we let

EZJL(f) = Jim ERL(S). (6.1)
Existence of the limit, in the localized phase, for almost every disorder
realization is proven in [25] (cf. also [9], where a DLR-like point of view
is adopted).*

The definition of the correlation length £ contains always some de-
gree of arbitrariness, but conventional wisdom on universality states
that the critical properties of £, close to a second-order phase transi-
tion, are insensitive to the precise definition. There is however a sub-
tlety: in the case of disordered systems there are two possible definitions
of correlation lengths, which have no reason to have the same critical
behavior. Remaining for definiteness in the framework of our disor-
dered pinning models, one can first of all define a (disorder-dependent)
two-point function as

Co(k,0) = ngw(k erilerT)— ngfw(k €T). (6.2)

In words, C,(k,¥) quantifies how much the occurrence of ¢ € 7 influ-
ences the occurrence the event k € 7. It is then natural to define a
correlation length & as

1 1
g — kli)nolo Elog ICu (K, 0)], (6.3)

provided the limit exists. Note that £ depends on (8, h) and, in princi-
ple, on w. One can however define a different correlation length, £V, as

giv - —klirgoélogmcw(k,oﬂ. (6.4)

4 One might give a different definition of the infinite-volume Gibbs measure, con-
sidering the original system (2.8) defined in {1,..., N} and taking a the N — oo
limit of the average of local functions of 7 N I, with I a finite subset of N. In
other words, with the first procedure, Eq. (6.1), we are looking at the system in a
window which is situated in the bulk, very far away from both boundaries. On the
other hand, the second procedure is relevant if one wants to study the system in
the vicinity of one of the two boundaries (and very far away from the other one).
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In other words, £ (respectively, £%) is the length over which the two-
point function (respectively, the averaged two-point function) decays
exponentially. For simplicity, we will call £ the typical (or quenched)
correlation length, and £* the average correlation length, although it
is important to keep in mind that £*¥ is not the disorder-average of £
(indeed, in Section 6.3 we will see an example where £ is almost-surely
constant but £ # £%). It is interesting that in the case of the one-
dimensional quantum Ising chain with random transverse field studied
in [20], the two correlation lengths are believed, on the basis of a renor-
malization group analysis, to diverge at criticality with two different
critical exponents.

A simple application of Jensen’s inequality shows that £¥ > £. This
inequality can be interpreted on the basis of the following intuitive
argument. Divide all possible disorder realizations into sets A,, where
the empirical average of w in the region {1,...,k} is approximately m.
Of course, for m # 0 A,, is a large deviation-like event of probability
~ exp(—km?/2). Conditionally on A,,, the system sees a defect line
which is more attractive (if m > 0) or more repulsive (if m < 0) than it
should and therefore it is more localized (resp. more delocalized) in this
region than in the rest of the system. Therefore, conditionally on A,,,
we can expect that C,(k, 0) behaves like exp(—k/£(5, h+3m)). In other
words, we can argue that (looking only at the exponential behavior)

(6.5)

for k large. Since ¢ should diverge when the critical point is approached,
it is reasonably decreasing in h so that the value of m which realizes
the maximum is strictly negative. On the other hand, when we take
the limit without disorder average as in (6.3), the events A,, with
m # 0 cannot contribute, i.e., almost surely they do not occur for k
large enough, as follows from the Borel-Cantelli lemma.

6.1 Correlation Length of the Homogeneous Model

In the homogeneous case, 3 = 0, the infinite-volume Gibbs measure
can be explicitly described (cf. [22, Th. 2.3]): under P%"(.), 7 is a
homogeneous®, positively recurrent (for h > h.(0) = 0) renewal on Z
such that

5 That is, its law is invariant under translation on Z. For instance, ng)h(n,m
er1)=P%(n+km+ker) for every k € Z.
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P (inf{k > 0: ke 1} =nl0 1) = K(n)e PO . IN(h(n() |
6.6

and
1

S men mER(m)

Note that Kj(.) is a probability on N (cf. Eq. (4.1) and the discussion
after it) with an exponential tail. What we are interested in is the
precise large-n behavior of

Pl (ner)=

1

Pl(nerj0er) - — )
- ZmEN mKh(m)

i.e., a refinement of the renewal theorem (which simply states that this
quantity tends to zero for n — 00).

Let us for a moment widen our scope and consider a homogeneous,
positively recurrent renewal, with law P, such that the law of the dis-
tance between two successive points, denoted by K(.), has exponential
tail: say,

1 -
lim —logK(n) =—2z<0. (6.7)
n—oo N
We do not require for the moment that K (.) is given by (6.6) with K (.)
in the class (2.2). It is known (cf. for instance [6, Chapter VII.2] and
[38]) that, under condition (6.7), there exist » > 0 and C' < co such
that

~ 1

Pnerl0erT)— < Ce ™. (6.8)

ZmGN mk(m)

However, the relation between z and the largest possible r in Eq. (6.8),
call it 7,42, 18 not known in general. A lot of effort has been put by
the queuing theory community in investigating this point, and in vari-
ous special cases it has been proven that r,,,, > z (see for instance [7],
where power series methods are employed and explicit upper bounds on
the prefactor C' are given). In even more special cases, for instance when
P is the law of the return times to a particular state of a Markov chain
with some stochastic ordering properties, the optimal result 7,4, = 2
is proved (for details, see [36, 41], which are based on coupling tech-
niques). However, the equality 7,4, = z cannot be expected in general.
In particular, if K (.) is a geometric distribution,
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e —1

with ¢ > 0, then one sees easily that the left-hand side of (6.8) vanishes
for every n € N so that 4, = 0o, while z = ¢. On the other hand, if
for instance K (1) = K(2) = 1/2 andK( ) =0forn > 3, then z = +00
while r is finite. These and other nice counter-examples are discussed
in [7].

In view of this situation, it is highly non-trivial that, restricting to
our original class of renewals, the following holds:

Theorem 6.1. [23] Let Kj,(.) be given by (6.6) with K(.) satisfying

(2.2) for some o > 0 and slowly varying L(.). Then, there exists hg > 0
such that, for every 0 < h < hg,

1
lim sup — log P ner0er)— - = —F(0,h) (6.9)
n—oo M > men MER(m)
and, more precisely,
1 oo Q(n)efF(D,h)n

Plr(nerioer)— (6.10)

S enmbn(m)  Alsinh(h/2)]

with Q(.) such that 377 Q(j) "% L(n)/(an®).

It is important to emphasize that, even under assumption (6.6), this
result would be false without the restriction of A small.

In the light of (6.9), it is quite natural to expect (and in some case
this can be proven, see Section 6.3) that in presence of disorder ¢ is
still proportional to the inverse of the free energy, at least close to the
critical point. But then, what about £%¥7

6.2 u versus F

To answer this question, we abandon for a while the correlation length
and we discuss the relation between free energy and another quantity
which, due to lack of a standard name, we will call simply p. This
was first introduced, to my knowledge, in [3] in the context of random
heteropolymers:

. 1 1
n(B,h) = — A}gnoo NlogE |:ZNw(/Bah):| (6.11)
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Existence of the limit in our context is easily proven by super-additivity
oflog Zn (8, h) (see [25, Th. 2.5]). An argument similar to (2.12) gives
immediately p© > 0 while a simple application of Jensen’s inequality
shows that (8, h) < F(f3,h). However, much more than this is true:

Theorem 6.2. [/1] For every 3 > 0 there exists 0 < c3(3),c4(5) < o0
such that
F (3, h)?

0< Ca(ﬂ)m < p(B,h) < F(B,h) (6.12)

if 0 < h —he(B) < ca(B).

In particular, the bounds in (6.12) show that also p vanishes contin-
uously at the critical point, like the free energy. If we call nrp and
Ny the critical exponents associated to the vanishing of F' and p for
h — he(8)", Theorem 6.2 implies the following bounds:

2 <)ne < <+ 1, (6.13)

the inequality in parentheses being valid for § > 0 thanks to Theorem
5.8. Just to give a flavor of why g is relevant in the description of the
system let us cite the following result. Define first of all Ay as the
largest gap between points of 7 in the system of length N:

Ay = L — 7] 1t ] +1,...,5—1 =0} (6.14
N 1§r£3;>§N{|z jlriernjern{i+1,...,j—1}n7T=0}. (6.14)

Then,
Theorem 6.3. [25] Let (5,h) € L. For every e > 0,

1—c¢ Apn 1+4€
lim P! ( < < ) =1 in probability. (6.15
N=oo N\ pu(B,h) T log N = p(B,h) v (6:15)

6.3 Correlation Lengths and Free Energy

To my knowledge, the only case where £ and £* can be fully char-
acterized even in presence of disorder is the one where K(.) is the
law of the first return to zero of the one-dimensional SRW condi-
tioned to be non-negative. In other words, let {S,,},—0,1,.. be the SRW
on Z started at Sy = 0 and let PSEW () denote its law. We define
KSBWA () .= PYRW (inf{k > 0: Sp = 0} = 2n|S; > 0 Vi). Go back to
Section 2.6 for a motivation of this example as a model of wetting of a
(1 + 1)-dimensional substrate. In this case, one has the following
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Theorem 6.4. [{1] Let K(.) = KS™W:F(.) and £ € Z. For every 3 >0
and h > h.(f),

ftlw = —klim %logECw(ﬁ +k, k)= u(B,h) (6.16)
and, P(dw)-a.s.,
1 .1
= khm Z logCo,(¢ + k, k) = F(B,h). (6.17)

With respect to Theorem 6.1, this result is much less sharp in that it
catches only the exponential behavior of the two-point function. How-
ever, note that in Theorem 6.4 h — h.(/3) is not required to be small as
in Theorem 6.1. Note also that in Eqgs. (6.16), (6.17) we have not taken
the absolute value of C, (¢ + k, k): this is because, in this particular
case, one can prove that this quantity is non-negative [41]. Finally ob-
serve that, in view of (6.12), the two correlation lengths are different.
It would be extremely interesting to know whether the two associated
critical exponents 7,7, coincide or not.

Remark 6.5. Theorem 6.4 does not coincide exactly with [41, Th. 3.5],
e.g., because in the latter P&’L,() is the infinite-volume Gibbs measure
obtained from the system defined in {1,..., N} letting N — oo (cf.
footnote 4). However, the proof of [41] extends without difficulties to
the result we stated above. We remark also that the theorem holds as
well in the case where K(n) = KW (n) .= PSEW (inf{k > 0: S =
0} = 2n), i.e., the law of the first return to zero of the unconditioned
SRW. This follows from the discussion in Section 2.6 and from the fact
that KW (n) = 2K58W:H(n).

Proof of Theorem 6.4 (sketch). The proof of Theorem 6.4 is based
on a coupling argument. For simplicity let PT(.) := P3EW (| > 0).
One can then rewrite the two-point function (6.2) as

. 1
O T

N/2
,®2 D e (Bon+h)X, y_  +1 _ ) (1 _
xET®2 e NIz {sp =0} = {sn7=0} (l{Sil):O}_l{Sf’:O}NSZ 0,

(6.18)

where S1), S are independent with law P. Since the SRW condi-
tioned to be non-negative is a Markov chain, the expectation in the
right-hand side clearly vanishes if we condition on the event that there
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exists £ < i < k such that Sz-(l) = SZ»(Q). But (and here we use explicitly
the condition S; > 0 and that two SRW trajectories which cross each
other do necessarily intersect), if the complementary event happens
then either SV or $?) has no zeros in the interval {£ +1,...,k — 1}.
As a consequence, one obtains

EC.(k,0) <2EPZ" (rn{1,....k—1} = 0) (6.19)

and it is not difficult to deduce from (6.11) that this probability van-
ishes like exp(—ku(S, h)) for k — oco. For the opposite bound and for
the proof of (6.17) we refer to [41].

In the general case where P is not necessarily the law of the returns
of the SRW (or, in general, of any Markov chain), the available results
on correlation lengths in presence of disorder are much less sharp and,
above all, only correlation length upper bounds are known. At present,
the best one can prove in general about average correlation length is
the following:

Theorem 6.6. [42] Let € > 0 and (5,h) € L. There exists C; =
Cy(e,8,h) > 0 such that, for every k € N,

1
E|lC,(l+k,0)] < ————~ —kC JR)) L (6.20
Colt+ kO < g myirer &P (R CLu(BR)T) . (6.20)
The constant Ci(€, 3, h) does not vanish at the critical line: for every
bounded subset B C L one has inf (3 pycp C1(e, B,h) > C1(B,¢€) > 0.

Remark 6.7. The necessity of introducing € > 0 (i.e., of weakening the
upper bound with respect to the expected one) is probably of technical
nature, as appears from the fact that for 5 = 0 Theorem 6.6 does not
reproduce the sharp results (6.9) which hold for the homogeneous case.
Observe that Theorem 6.6 is more than just an upper bound on £*V.
Indeed, thanks to the bound on the prefactor in front of the exponential,
Eq. (6.20) says that the exponential decay, with rate at least of order
plte, starts as soon as k > pu~!17¢|log u|. This observation reinforces
the meaning of Eq. (6.20) as an upper bound of order p~! on the
correlation length of disorder-averaged correlations functions.

About the typical correlation length the following can be proven:

Theorem 6.8. [/2] Let € > 0 and (5,h) € L. One has for every k € N
|Co(k, 0)] < Co(w) exp (—k C1 F(B,h)' ), (6.21)

where Cy is as in Theorem 6.6, while Cy(w) := Cy(w, €, [, h) is an
almost surely finite random variable.
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The proof of Theorems 6.6 and 6.8 relies on a rather involved cou-
pling/comparison argument. In simple (and imprecise) words, one first
approximates K (.) with a new law K (.) which is the law of the returns
to zero of a Markov process with continuous trajectories (defined in
terms of a Bessel process), and at that point the coupling argument of
last section can be applied. We refer to [42] for full details.

A Two Tauberian Results

For completeness, we include without proof two Tauberian theorems
(i.e., results about the relation between the asymptotic behavior of a
function and of its Laplace transform) which we used in Section 5.5.
Given a function @ : N — R, we define for s € R

Qs) =) _e7Q(n)

neN
whenever the sum converges.
We begin with a (quite intuitive) fact:

Theorem A.1. /8, Proposition 1.5.8] If ¢(.) is slowly varying and
v > —1 then

N
N’y+1
Yo(n) VR 0(N). Al
> tn) YR o ) (A1)

Next we state Karamata’s Tauberian theorem [8, Th. 1.7.1] which
for our purposes may be formulated as follows:

Theorem A.2. Assume that Q(n) > 0 for every n € N, that ((.) is
slowly varying and that p > 0. The following are equivalent:

A skO E(l/s)

Qls) " = (A2)

and

((N)

N
N—oo
R )

Recall that the function I'(z) can be defined, for z > 0, as
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Finally, a theorem relating the Laplace transform of a law on the
half-line to its integrated tail (cf. [8, Corollary 8.1.7]):

Theorem A.3. Let X be an integer-valued random variables with law
P and Q(n) = P(X = n), £(.) a slowly varying function and
0 < a < 1. The following are equivalent:

1-Q(s) *R° s20(1/5) (A.4)
and
j>n
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1 Introduction

In these lectures we will discuss Markov processes with a particular
interest for a phenomenon called metastability. Basically this refers to
the existence of two or more time-scales over which the system shows
very different behaviour: on the short time scale, the systems reaches
quickly a “pseudo-equilibrium” and remains effectively in a restricted
subset of the available phase space; the particular pseudo-equilibrium
that is reached will depend on the initial conditions. However, when
observed on the longer time scale, one will occasionally observe transi-
tions from one such pseudo-equilibrium to another one. In many cases
(as we will see) there exists one particular time scale for each such
pseudo-equilibrium; in other cases of interest, several, or even many,
such distinct pseudo-equilibria exist having the same time scale of exit.
Mathematically speaking, our interest is to derive the (statistical) prop-
erties of the process on these long time scales from the given descrip-
tion of the process on the microscopic time scale. In principle, our aim
should be an effective model for the motion at the long time scale on
a coarse grained state space; in fact, disregarding fast motion leads us
naturally to consider a reduced state space that may be labeled in some
way by the quasi-equilibria.

The type of situation we sketched above occurs in many situations in
nature. The classical example is of course the phenomenon of metasta-
bility in phase transitions: if a (sufficiently pure) container of water is
cooled below freezing temperature, it may remain in the liquid state for
a rather long period of time, but at some moment the entire container
freezes extremely rapidly. In reality, this moment is of course mostly
triggered by some slight external perturbation. Another example of
the same phenomenon occurs in the dynamics of large bio-molecules,
such as proteins. Such molecules frequently have several possible spa-
tial conformations, transitions between which occur sporadically on
often very long time scales. Another classical example is metastability
in chemical reactions. Here reactants oscillate between several possi-
ble chemical compositions, sometimes nicely distinguished by different
colours. This example was instrumental in the development of stochas-
tic models for metastability by Eyring, Kramers and others [21, 30].
Today, metastable effects are invoked to explain a variety of diverse
phenomena such as changes in global climate systems both on earth
(ice-ages) and on Mars (liquid water presence), structural transitions
on eco- and oeco systems, to name just a few examples.

Most modeling approaches attribute metastability to the presence
of some sort of randomness in the underlying dynamics. Indeed, in
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the context of purely deterministic systems, once several equilibrium
positions for the dynamics exist, transitions between such equilibria
are impossible. It is then thought that metastable effects occur due to
the presence of (small) random perturbations that should reflect the
influence of unresolved degrees of freedom on very fast scales.

Mathematically, metastability is studied in a number of contexts of
which we mention the following:

(i)

(i)

(iii)

Small random perturbations of dynamical systems. Here
one considers a classical dynamical system in R? with some added
small stochastic noise term. This leads to a stochastic differential
equation of the type

dwc(t) = f(we())dt + Vg (w.(t)) AW (1) (L1)

Such systems have been extensively investigated e.g. in the work
of Freidlin and Wentzell [23] and Kifer [28]. They have their origin
in the work of Kramers [30].

Markov chains with exponentially small transition rates.
Here we are dealing with Markov chains with discrete state space
that are almost deterministic in the sense that the transition prob-
abilities are either exponentially close to one or exponentially close
to zero, in some small parameter e. Such systems emerge in the
analysis of Wentzell and Freidlin and are studied there. They found
renewed interest in the context of low temperature dynamics for
lattice models in statistical mechanics [35, 36, 1] and also in the
analysis of stochastic algorithms for the solution of optimisation
problems (“simulated annealing”) [14, 13]. Recent result using the
methods outlined here can be found in [11, 6].

Glauber dynamics of mean field [12, 32, 22, 7] or lattice
[37] spin systems. Metastability in stochastic dynamics of spin
systems is not restricted to the zero temperature limit, but hap-
pens whenever there is a first order phases transition. At finite
temperature, this is much harder to analyse in general. The rea-
son is that it is no longer true that the process on the micro-scale
is close to deterministic, but that such a statement may at best
be meaningful on a coarse grained scale. Mean field models lend
themselves to such a coarse graining in a particularly nice way,
and in many cases it is possible to construct an effective coarse
grained Markovian dynamics that then is in some sense similar to
the problems mentioned in (i).
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The traditional methods to analyse such systems are

Large deviations. Wentzell and Freidlin introduced the method
of large deviations on path space in order to obtain a rigorous
analysis of the probability for the deviations of solutions of the
stochastic differential equations (1.1) from the solutions of the de-
terministic limiting equations. This method has proven very robust
and has been adapted to all of the other contexts. The price to pay
for generality is limited precision. In general, only the exponential
rates of probabilities can be computed precisely. Frequently this is
good enough in applications, but sometimes more precise results
are desirable. In certain cases, refined estimates could, however, be
obtained [19].

Asymptotic perturbation theory. As we will see in detail in the
course of these lectures, many key quantities of interest concern-
ing Markov processes can be characterized as solutions of certain
systems of linear equations, that are, or are structurally similar to,
boundary value problems in partial differential equations. In par-
ticular cases of stochastic differential equations with small noise,
or discrete versions thereof, one may use methods from perturba-
tion theory of linear differential operators with the variance of the
noise playing the role of a small parameter. This has been used
widely in the physics literature on the subject (see e.g. the book
by Kolokoltsov [29] for detailed discussions and further reference),
however, due to certain analytic difficulties, with the exception of
some very particular cases, a rigorous justification of these meth-
ods was not given. A further shortcoming of the method is that it
depends heavily on the particular types of Markov processes stud-
ied and does not seem to be universally applicable. Very recently,
Helffer, Nier and Klein have been able to develop a new analytic
approach that allows to develop rigorous asymptotic expansion for
the small eigenvalues for diffusion processes [26, 25, 34].

Spectral and variational methods. Very early on it was noted
that there should be a clear signature of metastability in the nature
of the generator (or transition matrix) of the Markov process con-
sidered. To see this, note that if the Markov process was effectively
reducible, i.e. had instead of quasi invariant sets there were truly in-
variant sets, then the generator would have a degenerate eigenvalue
zero with multiplicity equal to the number of invariant sets. More-
over, the eigenfunctions could be chosen as the indicator functions
of these sets. It is natural to believe that a perturbed version of this
picture remains true in the metastable setting. The computation
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of small eigenvalues and “spectral gaps” has thus been a frequent
theme in the subject. Computations of eigenvalues can be done
using variational representations of eigenvalues, and a number of
rather precise results could be achieved in this way, e.g. in the work
of Mathieu [31] and Miclo [33].

In these lectures I will explain an approach to metastability that
is in some sense mixing ideas from (ii) and (iii) and that proves to be
applicable in a wide variety of situations. One of its goals is to obtain
a precise characterization of metastability in terms of spectral char-
acteristics, and in particular a quantitatively precise relation between
eigenvalues and physical quantities such as exit times from metastable
domains. The main novel idea in this approach, that was developed in
collaboration with M. Eckhoff, V. Gayrard, and M. Klein over the last
years [7, 8, 9, 10] (see also the reviews [3, 4]) is the systematic use of
the so called “Newtonian capacity”, a fundamental object in potential
theory, and its variational representation. This will allow us to get in a
rigorous way results that are almost as precise as those obtained from
perturbation theory in a rather general context. In particular, we will
see that certain structural relations between capacities, exit times and
spectral characteristics hold without further model assumptions under
some reasonable assumptions on what is to be understood by the notion
of metastability.

In these lectures I will focus on the general methodology of this
approach. In Sections 3 and 4 I outline the universal relations between
capacity and metastable exit times in the context of discrete Markov
chains (where this approach is fully developed), and in the same context
the relation to spectral theory is explained in Section 6. These results
are “model independent”, in certain sense. To apply these to specific
models, one needs to compute certain capacities. Here, too, we have
developed a rather clear strategy of how to do this, which is explained
in Section 6 and exemplified in the case of the Curie-Weiss model.

The real test of any method comes when it is applied in non-trivial
examples. The lecture notes of Frank den Hollander in this volume [20]
present some of these in the context of Glauber and Kawasaki dynamics
of lattice gases. Besides apparent successes, there remain many chal-
lenges and some directions of ongoing research will be exposed in his
lectures.

Acknowledgment. The results described in these lectures outline the
approach to metastability developed in collaboration with M. Eckhoff,
V. Gayrard, and M. Klein, and further elaborated with A. Bianchi,
D. lIoffe, F. den Hollander, F. Manzo, F. Nardi, and C. Spitoni.
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2 Basic Notions from the Theory of Markov Processes

A stochastic process {X;}ier, Xy € I' is called a Markov process with
index set I and state space I, if, for any collection t| < - -+ < t, < t€l,

P [Xt c A’th =Tp,... ,th = $1] =P [Xt c A’th = xn] (21)

for any Borel set A € B(I"). Here I is always an ordered set, in fact
either N or R. In the former case we call call the process a discrete
time Markov chain, the second case is referred to as a continuous time
Markov process. A further distinction concerns the nature of the state
space I'. This may be finite, countable, or uncountable (‘continuous’).

A key quantity in all cases is the family of probability measures,
p(s,t,x, ), on (I, B(I")),

p(s,t,x, A) =P (X € A Xs =1x), (2.2)

for any Borel set A € B(I"). By (2.1), p(t, s, x,-) determines uniquely
the law of the Markov process. In fact, any family of probability mea-
sures p(s,t,x,-) satisfying

p(s,s,z,:) = ,(+) (2.3)

and the relation for s <t < t,

p(s.t,a,) = / p(s, ¢, 2, d=2)p(t' s t, 2, ) (2.4)

defines a Markov process. If p(s,t, z,-) is a function of ¢ — s only, we
call the Markov process time-homogeneous and set

p(s,t,x,-) = pr_s(z,-) (2.5)

We will only be concerned with time-homogeneous Markov processes
henceforth. In the case of discrete time the transition kernel is fully
determined by the one-step transition probabilities, called transition
matrix in the discrete space case,

p(z,) =p1(z,) (2.6)
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If space is discrete, we can of course simply specify the atoms, p(x,y),
of this measure; this object is then called the transition matriz.

Property (2.4) is often called the semi-group property and the tran-
sition kernel py(z, -) is called a Markov semi-group. In continuous time,
one defines the generator (of the semi-group)?

L=1limt (1 - 2.
i (1—ps) (2.7)

It then follows that conversely
pt = e_tL (28)

We will find it sometimes convenient to define a “generator” also in the
discrete time case by setting

L=1-p (2.9)

We will frequently think of p; and L as operators acting on functions
fon I as

pf(z) = /F P dy) £ () (2.10)

respectively on measures p on I, via

()= [ pldom(a.) (2.11)
If po(-) =P(Xp € -), then

pope(+) = pe(r) = P(X¢ € ) (2.12)

pt is called the law of the process at time ¢ started in p at time 0. It is
easy to see from the semi-group property that p; satisfies the equation

& o) = —piLfa, ) (2.13)
resp., in the discrete time case
pi+1(z, ) = —peL(z, ") (2.14)

This equation is called the Focker-Planck equation. A probability mea-
sure p on I is called an invariant measure for the Markov process X;
if it is a stationary solution of (2.13), i.e. if

[pe = i (2.15)

! In the literature, one usually defines the generator with an extra minus sign.
I prefer to work with positive operators.
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for all t € I. Note that (2.15) is equivalent to demanding that
pL =0 (2.16)

A priori the natural function space for the action of our operators is
Lo (I) for the action from the left, and locally finite measures for the
action on the right. Given an invariant measure u, there is, however,
also a natural extension to the space La(I', 1) . In fact, p; is a contrac-
tion on this space, and L is a positive operator. To see this, just use
the Schwartz inequality to show that

[ utiz) ( [ nta dy)f(y))2 < (da) [ ile.an) 1) = [ ud) )
(2.17)

L is in general not a bounded operator in Lo, and its domain is some-
times just a dense subspaces.

Within this Ls-theory, it is natural to define the adjoint operators
p; and L* via

/u(dl‘)g(x)pi‘f(w) = /u(dw)f(x)pi‘g(m) (2.18)

respectively

/ w(d)g(2) L f(z) = / u(dz) f () Lg(x) (2.19)

for any pair of functions f,g € Lo(I, ). We leave it as an exercise to
show that pf and L* are Markov semi-groups, resp. generators, when-
ever 1 is an invariant measure. Thus they define an adjoint or reverse
process. In the course of these lectures we will mainly be concerned
with the situation where p; and L are self-adjoint, i.e. when p; = pjf
and L = L*. This will entrain a number of substantial simplifications.
Results on the general case can often be obtained by comparison with
symmetrized processes, e.g. the process generated by (L + L*)/2. Note
that whenever a Markov generator is self-adjoint with respect to a mea-
sure p, then this measure is invariant (Exercise!). We call Markov pro-
cesses whose generator is self-adjoint with respect to some probability
measure reversible. The invariant measure is then often called the re-
versible measure (although I find this expression abusive; symmetrizing
measure would be more appropriate).

Working with reversible Markov chains brings the advantage to
make full use of the theory of self-adjoint operators, which gives far
richer results then in the general case. In many applications one can
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work by choice with reversible Markov processes, so that in practical
terms this restriction is not too dramatic.

Hitting Times

Henceforth we denote by P, the law of the process conditioned on
Xo = z. For any (measurable) set D C I' we define the hitting time
TpD as

mp =inf (t > 0: X, € D) (2.20)

Note that 7p is a stopping time, i.e. the random variable 7p depends
only on the behaviour of X; for t < 7p. Denoting by F; sigma-algebra
generated by {X;}o<s<t, we may say that the event {7p < ¢} is mea-
surable with respect to F;.

3 Discrete Space, Discrete Time Markov Chains

We will now turn to our main tools for the analysis of metastable
systems. To avoid technical complications and to focus on the key ideas,
we will first consider only the case of discrete (or even finite) state space
and discrete time (the latter is no restriction). We set p1(z,y) = p(z,y).
We will also assume that our Markov chain is irreducible, i.e. that for
any x,y € I', there is t € N such that ps(x,y) > 0. If in addition I
is finite, this implies the existence of a unique invariant (probability)
measure p. We will also assume the our Markov chain is reversible.

3.1 Equilibrium Potential, Equilibrium Measure,
and Capacity

Given two disjoint subsets A, D, of I', and x € I', we are interested in
P.lTa < D] (3.1)

One of our first, and as we will see main tasks is to compute such
probabilities. We consider first the case of discrete time and space.

If x ¢ AUD, we make the elementary observation that the first step
away leads either to D, and the event {r4 < 7p} fails to happen, or
to A, in which case the event happens, or to another point y ¢ AU D,
in which case the event happens with probability P[4 < 7p]. Thus

Polra <7pl =Y pley)+ > pla,y)Pylra < ] (3.2)
yeA ygAUD
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We call an equation based on this reasoning a forward equation. Note
that we can write this in a nicer form if we introduce the function
Pylta < 7p], ifx g AUD
hap(z) =41, ifre A (3.3)
0, ifx e D

Then (3.2) implies that for x ¢ AU D,

hap(x Zpa:yhAD (y) (3.4)
yel’

In other words, the function hs p solves the boundary value problem

Lhap(z)=0, zel\(AUD),
hap(x)=1, x€A,
hap(x)=0, ze€D. (3.5)
If we can show that the problem (3.3) has a unique solution, then we

can be sure to have reduced the problem of computing probabilities
P,[T4 < Tp] to a problem of linear algebra.

Proposition 3.1. Let I' be a finite set, and let A, D C I be non-
empty. Assume that P is irreducible, i.e. that for any x,y € I', there
exists n < oo such that pp(z,y) > 0. Then the problem (3.3) has a
unique solution.

The function h 4 p is called the equilibrium potential of the capacitor
A, B. The fact that

PI[TA < TD] = hA’D(iL‘) (3.6)

for z € I'\(AU D) is the first fundamental relation between the theory
of Markov chains and potential theory.

The next question is what happens for € D? Naturally, using the
same reasoning as the one leading to (3.2), we obtain that

Jra <ol = py)+ D pl@y)Pylra <)

yeA yeF\(AuD)
= p(,»)haply) (3.7)

yel’

It will be even more convenient to define, for all x € I'

eap(z) = —(Lhap)(z) (3.8)
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Then
hap(z), ifr e I'\(AUD)
PI[TA<TD] = 6A7D(.CC), ifxe D (3.9)
l1—epa(z) ifreA
Let us now define the capacity of the capacitor A, D as
cap(A,D) = Y p(x)eap(x) (3.10)
xeD

By the properties of ha p it is easy to see that we can write

> w@ean(@) =Y wx)(1—hap(@))(~Lha p)(x) (3.11)
- —xeiu Jhap(@)(Lha,p)(x) = Y p(@)(Lha,p)(@)
Since p(z)L =0, wzegl;t that -
cap(A, D) = Y p(x)hap(@)(Lha,p)(x) = (hap) (3.12)
where -
h) = ;u(w)h(w)Lh(x) = ;xzy:u(x)p(w,y) (h(z) = h(y))* (3.13)

is called the Dirichlet form associated to the Markov process with gen-
erator L. In fact, we will sometimes think of the Dirichlet form as the
quadratic form associated to the generator and write

b(f,9) = (f,Lg)u Zu (f(z) = () (9(=) — 9(y))-
(3.14)

The representation of the capacity in terms of the Dirichlet form will
turn out to be of fundamental importance. The reason for this is the
ensuing variational representation, known as the Dirichlet principle:

Theorem 3.2. Let Hg denote the space of functions
={h:I' - [0,1],h(z) =1,z € A h(x) =0,z € D} (3.15)

Then
cap(A,D) = inf &(h) (3.16)
heHZ,
Moreover, the variational problem (3.15) has a unique minimizer that
is given by the equilibrium potential ha p.
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Proof. Differentiating ®(h) with respect to h(z) (for x € I'\(A U D))

yields
0

Oh(x)
Thus if A minimizes @, it must be true that Lh(xz) = 0. Since we have

already seen that the Dirichlet problem (3.3) has a unique solution, the
theorem is proven.

&(h) = 2u(x)Lh(x) (3.17)

While in general the capacity is a weighted sum over certain prob-
abilities, if we choose for the set D just a point « € I, we get that

Pulta < 72] = cap(4, x)

1
()
We will call these quantities sometimes escape probabilities. We see that
they have, by virtue of Theorem 3.2 a direct variational representation.
They play a crucial réle in what will follow. Let us note the fact that
cap(x,y) = cap(y, ) implies that

(@) Py 1y < 7] = p(y)Py[1 < 7y (3.18)

which is sometimes helpful to get intuition. Note that this implies in
particular that
)

(z

=

Pylry < 12] <

=

which is quite often already a useful bound

p())-

provided of course p(y) <

3.2 The One-Dimensional Chain

We will now consider the example of a one-dimensional nearest neighbor
random walk (with inhomogeneous rates). For reasons that will become
clear later, we introduce a parameter ¢ > 0 and think of our state space
as a one-dimensional “lattice” of spacing €, that is we take I' C €Z, and
transition probabilities

g, y), ify =z +e,
p(x,y) = 1—p(xz,x+¢€) —plz,x—e), ifx=y, (3.19)
0, else

where p(x) > 0, and ¢ is such that p(z,z) >0
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FEquilibrium Potential.

Due to the one-dimensional nature of our process, we only equilibrium
potentials we have to compute are of the form

hy,a(x) = Pe[m < 7d] (3.20)

where a < z < b. The equations (3.5) then reduce to the one-
dimensional discrete boundary value problem

We can solve this by recursion and get

T 1 1
Zy=a+6 u(y) ply,y—e)

h(z) = (3.21)

b 11
Zy:aJre 1) p(y,y—e)
Capacities.

Given the explicit formula for the equilibrium potential, we can read-

ily compute capacities. Without going into the detailed computations,
I just quote the result:

! (3.22)

cap(a, b) =

b 1 1
Zy=a+€ w(y) p(y,y—e)

Remark 3.3. Formula (3.22) suggests another common “electrostatic”
interpretation of capacities, namely as “resistances”. In fact, if we in-
terpret p(z)p(z,x — €) = pu(xr — €)p(x — €, ) as the conductance of the
“link” (resistor) (x—e, x), then by Ohm’s law, formula (3.22) represents
the conductance of the chain of resistors from a to b. This interpreta-
tion is not restricted to the one-dimensional chain, but holds in general
for reversible Markov chains. The capacity of the capacitor (A, D) may
then be seen as the conductance of the resistor network between the
two sets. In this context, the monotonicity properties of the capacities
obtain a very natural interpretation: removing a resistor or reducing its
conductivity can only decrease the conductivity of the network. There
is a very nice account on the resistor network interpretation of Markov
chains and some of its applications in a book by Doyle and Snell.
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3.3 Mean Hitting Times

Our next task is to derive formulas for the mean values of hitting times
Ta. As in Section 3.1 we first derive a forward equation for E,74 by
considering what can happen in the first step:

Eota = > p(x,y)+ Y p(x,y)(1 + Ey7a) (3.23)
yeA ygA
if x ¢ A. If we define a function

E,7a, ifxel\A
= 3.24
wa(z) {O, ifre A ( )

we see that (3.23) can be written in the nicer form
wa(z) = pla,y)waly) + 1 (3.25)
yel

for x & A; i.e. wy solves the inhomogeneous Dirichlet problem

Lwy(x) =1, xz€G\A
wa(zr) =0, z€A (3.26)

Note that for x € A we can compute E,74 by considering the first step:

Eota = p(x,y)+ Y p(x,y)(1 + Ey7a) (3.27)
yeA ygA
or in compact form
E,74 = Pwa(z) +1 = —Lwa(z) + 1 (3.28)
Equations (3.26) is a special cases of the general Dirichlet problem
Lf(z) =g(x), zel\A
fx)y=0, z€A (3.29)

for some set A and some function f. We have seen in Proposition 3.1
that the homogeneous boundary value problem (i.e. if g = 0) has the
unique solution f(z) = 0. This implies that the problem (3.29) has a
unique solution that can (by linearity) be represented in the form

f@)=">" Grulzy)gy) (3.30)

yel\A
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Of course, G\ 4 is simply the matrix inverse of the matrix L™M\A whose
elements are

L™\ (z,y) = L(z,y), w,yeT\A
LMNAz,y) =0, ze€AvyecA (3.31)

We will call L/ \4 the Dirichlet operator on I'\A. Note that while L
is a positive operator, due to Proposition 3.1, LI\4 is strictly positive
whenever A # (). The inverse operator G\ 4(z,y) is usually called the
Green’s function.

We see that we would really like to compute this Green’s function.
What we will actually show now is that the Green’s function can be
computed in terms of equilibrium potentials and equilibrium measures.
To see this, let us return to (3.8) and interpret this as an equation for
hp,a where the boundary conditions are only prescribed on A but not
on D: Note first that since ha p(z) = 1 — hp a(x), (3.8) can also be
written as

ea,p(z) = Lhp a(z) (3.32)

With this relation, assuming es p given on D, we can re-write the
determining equation for hp 4 as an inhomogeneous Dirichlet problem
with boundary conditions only on A:

Lhpa(z) =0, z€\(AUD)
Lhpa(z) =eap(x), z€D

hpa(z)=0, ze€A (3.33)
Thus we can write
hpa(z) = Z Gra(z,y)ean(y) (3.34)
yeD

Let us now consider the special case when D is a single point, say
D = {z}. Then (3.34) gives

h.a(x) = GF\A(377 z)ea,p(z) (3.35)
which gives immediately
h, a(x)
G r,z) = ———. 3.36
nal(z, z) ean(?) (3.36)

Now due to the symmetry of L,

Gra(z, 2)u(z) = Gra(z, z)pu(z) (3.37)
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This gives us

() hza(x)
p(z)ea,n(z)

In conclusion, we have the following useful fact:

Gralz,x) = (3.38)

Proposition 3.4. The Dirichlet Green’s function for any set A C G
can be represented in terms of the equilibrium potential and capacities as

p(2)hs,a(2)

cap(A, 2) (3.39)

GF\A(l'a Z) =

We now get immediately the desired representations for the mean
times:
() ha,a(y)

E,7a =
“ cap(A, )

(3.40)
yelM\A

These formulas will prove to be excessively useful in the sequel.

3.4 Renewal Equations

The application of Proposition 3.4 may not appear very convincing,
as we can actually solve the Dirichlet problems directly. On the other
hand, even if we admit that the Dirichlet variational principle gives us
a good tool to compute the denominator, i.e. the capacity, we still do
not know how to compute the equilibrium potential. We will now show
that a surprisingly simple argument provides a tool that allows us to
reduce, for our purposes, the computation of the equilibrium potential
to that of capacities.
This yields the renewal bound for the equilibrium potential.

Lemma 3.5. Let A, D C I be disjoint, and v € (AU D). Then

cap(z, A)

“op(e.D) (3.41)

]P’m[TA < TD] = hA7D(x) <

Proof. The basis of our argument is the trivial observation that if the
process starting at a point x wants to realise the event {74 < 7p}, it
may do so by going to A immediately and without returning to x again,
or it may return to x without either going to A or to D. Clearly, once
the process returns to x it is in the same position as at the starting
time, and we can use the (strong) Markov property to separate the
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probability of what happened before the first return to x to whatever
will happen later. Formally:

Py[ta < 0] = Py[14 < TDUx| + Pa[Te < Taup A Ta < TD]
= Px[TA < TDUz] —i—Px[Tx < TAUp]]P’x[TA < TD] (3.42)
We call this a renewal equation. We can solve this equation for
P.lTa < Tp]:
]P)x [TA < TDUx] _ Px [TA < TDUx]
1- ]P)x [Ta: < 7—AL,ID] Px [TAUD < Ta:]

P.[T4 < 7p] = (3.43)

By elementary monotonicity properties this representation yields the
bound

Pyt < 74 cap(z, A)
P, < =
[ra <7p] < P.ltp < 72| cap(z, D)

cap(z,A) .
W < ]., but since

Py[ta < Tp] =1 —P,[rp < 74], the applicability of this bound is quite
wide. It is quite astonishing how far the simple use of this renewal
bound will take us.

(3.44)

Of course this bound is useful only if

4 Metastability

We come now to a general definition of metastability in the context of
discrete Markov chains.

4.1 Metastable Points

Definition 4.1. Assume that I is a discrete set. Then a Markov pro-
cesses Xy is metastable with respect to the set of points M C I', if
supzem Po [TM\x < Ty
infyg i Pyltm < 7y
We will see that Definition 4.1 is (at least if I" is finite) equivalent
to an alternative definition involving averaged hitting times.

Definition 4.2. Assume that I" is a finite discrete set. Then a Markov
processes X; is metastable with respect to the set of points M C I', if

<pkl (4.1)

inf,em ExTM\:Jc

Supy gt Ey T

We will show that without further assumptions on the particular
properties of the Markov chain we consider, the fact that a set of

metastable states satisfying the condition of Definition 4.1 exists im-
plies a number of structural properties of the chain.

>1/p>1 (4.2)
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4.2 Ultrametricity

An important fact that allows to obtain general results under our Def-
inition of metastability is the fact that it implies approximate ultra-
metricity of capacities. This has been noted in [8].

Lemma 4.3. Assume that x,y € I', D C I'. Then, if for 0 < § < %,
cap(z, D) < dcap(y, x), then
1—-26 - cap(z, D) - 1
1—60 ~cap(y,D) — 1-9¢
Proof. The key idea of the proof is to use the probabilistic represen-
tation of capacities and renewal type arguments involving the strong
Markov property. It would be nice to have a purely analytic proof of

this lemma.
We first prove the upper bound. We write

cap(xz, D) = cap(D,z) = Z,u z)ez.p(2 Z,u 2T < D]

(4.3)

zeD zeD
(4.4)
Now
P, [ ]: [Tﬂc<TD7Ty<TD]+PZ[Tx<TDaTyZTD]
=P, <7p, 7y < D] + P10 < TpUyP:[TD < T
P <
= ]P) [Tx < D, Ty < TD] + ]P) [Tx < TDUy]M (45)

Pm [TDUy < 7'1]

Here we used the Markov property at the optional time 7, to split
the second probability into a product, and then the renewal equation
(3.43). Now by assumption,

Pultp < Tyux] _ Prltp < 7]

<4 4.6
Poltouy < 7] = Palry <72 — (4.6)
Inserting (4.6) into (4.5) we arrive at
P, < 7H] < Pi1y < 7D, 7w < 7] + 6P, [0 < Tpuy] (4.7)
<P,y < 1p]+ 0P; 12 < Tp]

Inserting this inequality into (4.4) implies

cap(z, D) < Z,u 21y < 7Tp] +5ZM 2w < 7Tp]  (4.8)
zeD zeD

= cap(y, D) + dcap(z, D)
which implies the upper bound.
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The lower bound follows by observing that from the upper bound
we get that cap(z, D) < %cap(x, y). Thus reversing the role of z and

cap(y,D)

1y, the resulting upper bound for cap(z.D)

bound.

is precisely the claimed lower

Lemma 4.3 has the following immediate corollary, which is the ver-
sion of the ultrametric triangle inequality we are looking for:

Corollary 4.4. Let x,y,z € M. Then

cap(z,y) > %min (cap(z, z), cap(y, z)) (4.9)

Valleys. In the sequel it will be useful to have the notion of a “valley”
or “attractor” of a point in M. We set for x € M,

Az) = {z el|P,frm =7Mm] = ys;a P.[ry, = TM]} (4.10)

Note that valleys may overlap, but from Lemma 4.3 it follows easily
that the intersection has a vanishing invariant mass. The notion of a
valley in the case of a process with invariant measure exp(—f(z)/e)
coincides with this notion.

More precisely, the next Lemma will show that if y belongs to the
valley of m € M, then either the capacity cap(y, M\m) is essentially
the same as cap(m, M\m), or the invariant mass of y is excessively
small. That is to say that within each valley there is a subset that “lies
below the barrier defined by the capacity cap(m, M\m), while the rest
has virtually no mass, i.e. the process never really gets there.

Lemma 4.5. Let m € M, y € A(m), and D C M\m. Then either

1 _cap(m,D) 3
V) 2
27 cap(y,D) ~ 2
or

uly) < 3|chap‘z<y%cap<m,D>

Proof. Lemma 4.3 implies that if cap(m,y) > 3cap(m, D), then (4.5)
holds. Otherwise,

w(y) p(y)  cap(m, D)
wm) = cap(ym)  p(m)

(4.11)
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Since y € A(m), we have that P, [, < 7p] > 1/|M|. On the other
hand, the renewal estimate yields

By [ < Taq] < SRW:2)

S TM) S cap(y, M) (4.12)

Hence
cap(y, M) < |Mlcap(y,m) (4.13)

which yields (4.5).

4.3 Mean Hitting Times

We will now derive a very convenient expression for the mean time
of arrival in a subset J C M of the metastable points. This will be
based on our general representation formula for mean arrival times
(3.40) together with the renewal based inequality for the equilibrium
potential and the ultrametric inequalities for the capacities that we just
derived under the hypothesis of Definition 4.1.

Let x e M, z ¢ J C M. We want to compute E,7;. Our starting
point is the following equation, that is immediate from (3.40)

I C) 1(y)
ExTJ = cap(x, J) gj:c M(ﬁ) hz,J\x(y) (414)

We want to estimate the summands in the sum (4.14). We will set

a= igf w(y) " Leap(y, M). (4.15)

The following lemma provides the necessary control over the equilib-
rium potentials appearing in the sum.

Lemma 4.6. Let v € M and J C M with x ¢ J. Then:
(i) If x = m, either

3 _qcap(x,J
ot (w) 2 1 - 5 pja 2T

1(y) (4.16)

or
p(y) < 3|Mla” cap(m, J) (4.17)
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(ii) If m € J, then
3 _
(W), (y) < 5| Mla” cap(m, z) (4.18)

(iii) If m & J U x, then either

cap(m, x)
ha,s(y) < 3m (4.19)
and
ha, s (y) > 1~ 3% (4.20)
w(y) < 3|Mla~! max (cap(m, J), cap(m, z)) (4.21)

We will skip the somewhat tedious proof of this lemma. With its help
one can give rather precise expressions for the mean hitting times (4.14)
that only involve capacities and the invariant measure. We will only
consider a special case of particular interest, namely when J contains all
points in M that ‘lie lower than’ z, i.e. if J = M, = {m € M : u(m) >
dp(z)}, for some 6 < 1 to be chosen. We will call the corresponding
time 7, the metastable exit time from z. In fact, it is reasonable to
consider this the time when the process has definitely left x, since the
mean time to return to z from M, is definitely larger than (or at most
equal in degenerate cases) E;7aq,. Nicely enough, these mean times
can be computed very precisely:

Theorem 4.7. Let x € M and J C M\z be such a that for all m ¢
J Uz either p(m) < p(x) or cap(m,J) > cap(m,x), then

By = A0 o) (4.22)

cap(z, J)

Proof. Left to the reader.

Finally we want to compute the mean time to reach M starting
from a general point.

Lemma 4.8. Let z ¢ M. Then

E.ram < a”? ({y : p(y) > p(2)[} +C) (4.23)
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Proof. Using Lemma 4.2, we get that

n(z) wy) cap(y, z)

M S G M) 2 ale) (1’ ca(y. M))

i w(z) w(y) max IP)y[Tz < Ty]

o P e

Su 7#(2/) : max M T, T,
= et (cap<y,M>> % (a(z)’Pz[ ve Z]>
u(y) \? w(y)

: y?i% (Cap(%/\/l)) ZS: 1(2) * y:u(y)z>u(2) !

< sup (“@)) (C+Hy:nly) > w2)})  (429)

= yeme \cap(y, M) ' '

which proves the lemma.

Remark 4.9. If I' is finite (resp. not growing too fast with €), the above
estimate combined with Theorem 4.7 shows that the two definitions of
metastability we have given in terms of mean times rep. capacities are
equivalent. On the other hand, in the case of infinite state space I, we
cannot expect the supremum over E.75 to be finite, which shows that
our second definition is less suitable than the first.

5 Upper and Lower Bounds for Capacities

In this lecture we will introduce some powerful, though simple ideas
that allow to compute upper and lower bounds for capacities that are
relevant for metastability. We will do this with a concrete model, the
Glauber dynamics for the Curie-Weiss model, at hand, but the methods
we will use are also applicable in other situations.

Let me therefore first of all recall this model and its dynamics.

5.1 The Curie-Weiss Model

The Curie-Weiss model is the simplest model for a ferromagnet. Here
the state space is the hypercube Sy = {—1, 1}N, and the Hamiltonian
of the Curie—Weiss model is

Hy (o) Z 0,0} —hZO'Z (5.1)

1<z,j<N
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The crucial feature of the model is that the Hamiltonian is a function
of the macroscopic variable, the magnetization as a function on the
configuration space: we will call

N
my(oc) = N1 Z o (5.2)

=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 variables. We can indeed write

Hy(o) = 7% [mn(0)]* — hNmy (o) = —NEj,(my(0)) (5.3)

The computation of the partition function is then very easy: We
write

m2
Zgnn= ), T, N (5.4)
meMn

where My is the set of possible values of the magnetization, i.e.,

MNE{mGRZHUE {_1,1}N :mpy (o) :m} (55)
and
mN= ), Duyo)=m (5.6)
O'e{_lvl}N

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, and for these

N N!

= <N<1 - m)/z) = WA mANG T 00

It is always useful to know the asymptotics of the logarithm of the
binomial coefficients. If we set, for m € My

N7t nz, y=In2—Iy(m)=1In2 — I(m) — Jn(m) (5.8)

where - ]
I(m) = len(1+m)+ _n

In(1 —m) (5.9)
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then

1 1-m? InN+In(27)

+O<N2<1—1m+1im>) (5.10)

(5.10) is obtained using the asymptotic expansion for the logarithm

of the Gamma function. The function I(x) is called Crameér’s entropy

function and worth memorizing. Note that by its nature it is a relative

entropy. The function Jy is of lesser importance, since it is very small.
The Gibbs measure is then

_ exp (BN [my(0)?/2 + hmy(0)])

= . 5.11

an important role is played by the measure induced by the map my,

exp (=N [-Ep(m)] — NIy(m))
2NZs n ’

Qp.n(m) = pg N omy (m) =
(5.12)

Note that this measure concentrates sharply, as N goes to infinity, on
the minimizers of the function Fgy = —Ep(m) + S~ (m).

5.2 Glauber Dynamics

Typical dynamics studied for such models are Glauber dynamics,
i.e. (random) Markov chains o(t), defined on the configuration space
SN that are reversible with respect to the (random) Gibbs measures
p,n (o) and in which the transition rates are non-zero only if the fi-
nal configuration can be obtained from the initial one by changing the
value of one spin only. A particular choice of transition rates are given
by the Metropolis algorithm:

0, if [|lo — o'|| > 2,

pn(o,0') = %e_ﬁ[HN(U,)_HN(U)]+’ if |0 — o) = 2,
1 — % ZTIHT—UH:Q e PN =HN @)t ifg = ¢/

(5.13)

Here [f]+ = max(f,0).

There is a simple way of analysing this dynamics which is based
on the observation that in this particular model, if o(t) is the Markov
process with the above transition rates, then the stochastic process
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my(t) = my(o(t)) is again a Markov process with state space My
and invariant measure Qg .

Here we do not want to follow this course, but we will use more
generally applicable bounds that will, however, reproduce the exact
results in this simple case.

As a first problem that we encounter in this way it the proper defini-
tion of metastable state. Since the invariant (Gibbs) measure is constant
on the sets of configurations with given value of my, clearly looking for
configurations that are local minima of the energy, Hy, is not a good
idea. In fact, since the induced measure Qg y has local maxima at the
minima of the function fg n, and given the symmetries of the problem,
it seems far more natural to consider as metastable sets the sets

My ={o:mn(c) =mi}, (5.14)

where m} are the largest, respectively smallest local minimizer of
fp.n(m) =0.

We may come back to the question whether this is a feasible defini-
tion later. For the moment, we want to see how in such a situation we
can compute the relevant capacity, cap(My, M_).

5.3 Upper Bounds

Our task is to compute

1

cap(My, M_) = inf 5 > wlo)pn(o,7) [h(o) = h(r)]*,  (5.15)
0,TESN

where
H={h:YXny —1[0,1]:h(0c) =0,0 € My,h(c)=1,0 € M_}. (5.16)

The general strategy is to prove an upper bound by guessing some a-
priori properties of the minimizer, h, and then to find the minimizers
within this class. There are no limits to one’s imagination here, but of
course some good physical insight will be helpful. The good thing is
that, whatever we will guess here, will be put to the test later when
we will or will not be able to come up with a matching lower bound.
Quite often it is not a bad idea to try to assume that the minimizer
(i.e. the equilibrium potential) depends on o only through some order
parameter. In our case this can only be the magnetisation, muy (o). As
a matter of fact, due to symmetry, in our case we can know a priori
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that this will be true for a fact, but, even if it may not be true, it
may give a good bound for the capacity: it is really only necessary that
this assumption holds in those places where the sum in (5.15) gives a
serious contribution!

Let us see where this gets us:

cap(My, M) = infé Y o) (o,7) [g(mn(0)) = g(mn (1)),

geH o,TESN
(5.17)

where

H={g:[-1,1] = [0,1] : g(m*) = 0,g(m*) =1} . (5.18)
But

% > wlo)pn(o,7) [glma(e)) — g(mn (7)) (5.19)

o,7TESN
-3 Tlom=g)? 3 uelete)
m’ oim (o0)=m,rimy (r)=m’

= - Z Qp.n(m)ry(m.m')[g(m) — g(m")]?,

where

rN<x,y>EQW1V()WZ 3 uﬁ,Nw)pN(a,T) (5.20)

(o)=x T:mpN(T)=

In our special case of the Metropolis dynamics, py (o, 7) depends only
on my (o) and my(7)

0, if |z — y|>2/N,
(1 —2)/2exp(=BN|Fn(z +2/N)=Fn(x)]4, ify = 2 +2/N,
ry(z,y)=q (1 +2)/2exp(-BN|Fy(z — 2/N)—Fy(2)]4, ity = 2 — 2/N,
1— o2 oxp(— 5N|FN(x+2/N) Fn(z)]s
)

(H'x) exp(—ON|Fy(x —2/N)—Fy(x)]y, ifx=y.
(5.21)

The main point is that the remaining one-dimensional variational
problem involving the quadratic form (5.19) can be solved exactly. The
answer is given in the form
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inf — Z Qs NN (m.m’)[g(m) — g(m')]? (5.22)

N(my—m_)/2—1 -1

1
B % Qs N(my20/N)rn(m— +2(/N,m_(20+2)/N)
The sum appearing in the denominator can be further analysed using
the Laplace method, but this shall be not our main concern at the
moment.

The question we want to address now is how to get a corresponding
lower bound.

5.4 Lower Bounds

The real art in analysing metastability in our approach lies in the judi-
cious derivation of lower bounds for the capacity. There are two ways
of seeing how this can be done. First, we may use the monotonicity of
the Dirichlet form in the parameters py (o, 7). This means that we may,
in particular, set a number of the py (o, 7) to zero to obtain a simpler
system for which we may be able to find the solution of our variational
problem more easily. In many cases, this strategy has provided good
results.

There is, however, a more general approach that gives us far more
flexibility. To this end, consider a countable set I, and a let G =
{92y, z,y € I'}, be a collection of sub-probability measures on I, i.e.
for each (x,y), gzy(a) >0, and Y ; guy(a) < 1. Then

(A D)=, it 3 3 kli)anyo)p(e.) 1)~ )

> Z helvﬂlﬁ 3 Z 1Y) gay (@)p(x, ) | h(x) = h(y)||*

z,y

= Z inf @9)(p) = anpg(a) (A, D), (5.23)

hEHA b acl

where H 4 p is the space of functions from I" to [0, 1] that vanish on
D and are equal to one on A. As this it true for all G, we get the
variational principle

cap(A, D) = Supz cap?(9(A, D) (5.24)
acl
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Note that this may look trivial, as of course the supremum is realised
for the trivial case I = {1}, gzyy(1) = 1, for all (z,y). The interest in the
principle arises from the fact that there may be other choices that still
realise the supremum (or at least come very close to it). If we denote
by hi(%) the minimizer of @g(o‘)(h), then G realises the supremum,
whenever

WY (@) = hap(x), Yo : gayla) #0. (5.25)

Of course we do not know hy p(z), but this observation suggest a very
good strategy to prove lower bounds, anyhow: guess a plausible test
function A for the upper bound, then try to construct G such that
the minimizers, h9() are computable, and are similar to h! If this
succeeds, the resulting upper and lower bounds will be at least very
close. Remarkably, this strategy actually does work in many cases.

Lower Bounds Through One-Dimensional Paths

The following approach was developed in this context with D. Ioffe [5].
It can be seen as a specialisation of a more general approach by Berman
and Konsowa [2]. We describe it first in an abstract context and then
apply it to the Curie-Weiss model. Let I' = Ih U ... 'k be the vertex
set of a graph. We call a graph layered, if for any edge, e = (v, u), there
exists £ such that v € I'y and v € Iy—1 or v € Iyyq. Let p(u,v) be a
Markov transition matrix whose associated graph is a layered graph on
I', and whose unique reversible measure is given by . We are interested
in computing the capacity from Iy to 'y, i.e.

Cox= inf 3 uloplo.o) (o)~ (5.26)

1
2 h:h(Io)=1,h(I'k)=0
v:h(1) (I'x) ool

K-1
. 2
FRTTRE L P Yoo D wleplonom) o) = (o))

£=0 o¢€ly,0011E€1 11

Let us introduce a probability measure vy on Iy. Let ¢ be a Markov
transition matrix on I" whose elements, ¢(0.0’), are non-zero only if,
for some ¢, o € I'; and o’ € Iyy1, and if p(o,0’) > 0. Define, for £ > 0,

vira(oern) = Y vi(o0)g(or, 0e11). (5.27)
op€ly

Let 7 denote the set of all directed paths form Iy to I'x on our
graph. Note that the Markov chain with transition matrix ¢ and initial
distribution v defines a probability measure on 7', which we will denote

by Q.



Metastability 205

We now associate for any 7' € 7 and any edge, b = (04, 01) in our
graph the weight

_ o, ith T
wrl) = {@(T)/@(bmw», ith=(oeon)eT )

Lemma 5.1. For all b in our graph,
D wr(b) =1 (5.29)
T

Proof. Note that, if T'= (o —1,...,0k), and b = (0¢, 0p1e)

Q(T)/(q(b)ve(or)) = vo(oo)g(oo,01) - ..
1
cqloe-t, Uz);ﬁQ(GzH, 0¢42) - -q(op—1,0K) (5.30)
Summing over all 7' containing b means to sum this expression over

00,01,..., 0¢—1, and over oyi1,...,0x. Using the definition of vy is
easy to see that this gives exactly one.

Theorem 5.2. With the definition above we have that

K-1 -1

x> Y o) |3 ve(oe)q(oe, o0y1) (5.31)

= — uloo)p(oe, oes1)

Proof. In view of the preceding lemma, we have clearly that

= f
Cox = heh(Tv) Hllh ()= Z Z Z wr(og, og1) (o)

€ 0 0[6Fg,0¢+1€F[+1 TeT

x p(oe, 0041) [h(or) — h(0z+1)]2

_ mf oo ZQ Z Z Oplor, o) [h(og)—h(o41)]

TeT -0 q 0-570-54-1)
w(og)p(oe, oey1) 2
> 1nf h(oy)—h(o
z 0 5 I )b
(5.32)

Solving the one-dimensional variational problems in the last line gives
the well-known expression that is given in the statement of the theorem.
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Remark 5.3. The quality of the lower bound depends on to what extend
the interchange of the summation over paths and the infimum over the
functions h is introducing errors. If the minimizers are the same for all
paths, then no error what so ever is made. This will be the case if the
effective capacities

p(oe)p(o, oey1)
vi(or)q(oe, o0y1)

are independent of the particular path.

Remark 5.4. Berman and Konsowa [2] prove a more general lower
bound where the space of paths contains all self-avoiding paths, with-
out the restriction of directedness we have made. In this class, they
show the supremum over all probability distributions on the space of
paths yields exactly the capacity.

Application to the Curie- Weiss Model

In the Curie-Weiss model, it is a very simple matter to achieve the
objective stated in the remark above. Clearly, we choose for the layers
the sets I} = {o : mn(0) = m* +2(/N}.

Since (o) depends only on my (o), and py(o,7) depends only on
mn (o), my(7), and the fact whether or not 7 is reachable from o by
a single spin flip, it is enough to choose for vy the uniform measure on
the set Iy, and for q(oy,0011) = m. Then v, is the uniform

measure on [y, and that

ve(oe) 1 1
plog) — p(ly)  Qpn(m* +2¢/N)’ (53
and
ZM =rn(oe,0041)- (5.34)

Q(O-fu O-f-i-l)

Thus, the lower bound from Theorem 5.2 reproduces the upper bound
exactly.

6 Metastability and Spectral Theory

We now turn to the characterisation of metastability through spectral
data. The connection between metastable behaviour and the existence
of small eigenvalues of the generator of the Markov process has been
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realised for a very long time. Some key references are [16, 17, 18, 23,
24, 27, 31, 33, 38, 40, 39]. Here we will explain the approach developed
in [8].

We will show that Definition 4.1 implies that the spectrum of L
decomposes into a cluster of | M| very small real eigenvalues that are
separated by a gap from the rest of the spectrum. To avoid complica-
tions we will assume that |I"| s finite throughout this section.

6.1 Basic Notions

Let D C I'. We say that A € C is an eigenvalue for the Dirichlet prob-
lem, resp. the Dirichlet operator L?, with boundary conditions in D if
the equation

Lf(x) =Af(z), zeI\D
f(x)=0, zeD (6.1)

has a non-zero solution f. f = fy is then called an eigenfunction.
If D = () we call the corresponding values eigenvalues of L. From the
symmetry of the operator L it follows that any eigenvalue must be real;
moreover, since L is positive, all eigenvalues are positive. If I" is finite
and D # (), the eigenvalues of the corresponding Dirichlet problem
are strictly positive, while zero is an eigenvalue of L itself with the
constant function the corresponding (right) eigenfunction.
If \ is not an eigenvalue of L?, the Dirichlet problem

(L—=Nf(z)=g(x), zel\D
f(z)=0, zeD (6.2)
has a unique solution and the solution can be represented in the form

f@)= Y Gpoplz,y)9(y) (6.3)

yel'\D

where G}\ p(x,y) is called the Dirichlet Green’s function for L — .
Equally, the boundary value problem

(L=XNf(x)=0, xzeI\D
fx)=¢(z), €D (6.4)
has a unique solution in this case. Of particular importance will be the

A-equilibrium potential (of the capacitor (A, D)), h:}l, p» defined as the
solution of the Dirichlet problem
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(L= Mh) p(x) =0, x€(AUD)
hj\47D(:L‘):1, reA
Wip(x)=0, z€D (6.5)

We may define analogously the A-equilibrium measure

ep.al@) = (L= Ay p(z) (6.6)
Alternatively, e;\h p on A, is the unique measure on A, such that
hﬁ,D(x) = Z G/\Dc (xvy)ei\l,D(y) (6.7)
yeA

If A # 0, the equilibrium potential still has a probabilistic interpre-
tation in terms of the Laplace transform of the hitting time 74 of the
process starting in x and killed in D. Namely, we have for general A,
that, with u(A\) = —In(1 — \),

hﬁ,D(w) = Exeu(/\)m I, <rp

for z € (AU D), whenever the right-hand side exists. Note that the
left hand side is in general the meromorphic extension (in A € C) of
the probabilistically defined right-hand side.

6.2 A Priori Estimates

The first step of our analysis consists in showing that the matrix LM
that has Dirichlet conditions in all the points of M has a minimal
eigenvalue that is not smaller than O(a?).

The basis for a priori estimates of eigenvalues is the variational
representation of the principal eigenvalue:

Lemma 6.1. The principal (smallest) eigenvalue, \p, of the Dirichlet
operator LY satisfies

b= w2 (6.8)

 pf@=0zeD || |3,

1/2

where || fll2u = (Xoer 1) f(2)?)
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Proof. Since LP is a positive operator, there exists A such that L =
A*A. If X is the smallest eigenvalue of L, then /A is the smallest
eigenvalue of A and vice versa. But

A 2
ae (e 1ATa)
f:f(@)=0zeD || fll2,u
B, el
f:f(z)=0,2€D HfH%M fif(x)=0,2€D ||fH§,M

(6.9)

The following is a simple application due to Donsker and Varadhan
[15].
Lemma 6.2. Let A\p denote the infimum of the spectrum of L”. Then
1
AD 2> ————— (6.10)
sup,er\p E=7p

Proof. Consider any function ¢ : I' — R satisfying ¢(z) = 0 for z € A.
We will use the elementary fact that for all ,y € I" and C' > 0

B)o() < 5 (6(2)C + Bl /) (6.11)

with C' = ¥(y) /v (z), for some positive function v to get a lower bound
on ¢(¢):

2(6) = 5 3 n()p(e.v) (6(2) — 6(3))°
T,y

=913, — Y nl@)p(e,y)é()(y)

z,ygD

> 618, — 32 w@ple,v) (3P0 (w)/0(x) + o)) /b))

= 11813, — > WMWW
x&ZD

Now choose 9(x) = wp(z) (defined in (3.24)). By (3.25), this yields

(6.12)

D(9) = 0113, — 013, + D pla)g(x)?

xZD wD(x)

P

wp()

1
Hsup,epe EoTp
(6.13)

2
2

> ||4113,,, sup
zeDe
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Since this holds for all ¢ that vanish on D,
2o 1

Ap = >
¢:6(0)=0.2€D [|9]3,, ~ SuPpepe Bap

(6.14)

as claimed. ere a is defined in (4.15).

If we combine this result with the estimate from Lemma 4.8, we
obtain the following proposition.

Proposition 6.3. Let \° denote the principal eigenvalue of the oper-
ator L. Then there exists a constant C > 0, independent of €, such
that for all € small enough,

M\ > Ca?, (6.15)
where a is defined in (4.15).

Remark 6./4. Proposition 6.3 links the fast time scale to the smallest
eigenvalue of the Dirichlet operator, as should be expected. Note that
the relation is not very precise. We will soon derive a much more pre-
cise relation between times and eigenvalues for the cluster of small
eigenvalues.

6.3 Characterization of Small Eigenvalues

We will now obtain a representation formula for all eigenvalues that
are smaller than A’. It is clear that there will be precisely | M| such
eigenvalues. This representation was exploited in [8], but already in
1973 Wentzell [40, 39] put forward very similar ideas (in the case of
general Markov processes). As will become clear, this is extremely sim-
ple in the context of discrete processes (see [10] for the more difficult
continuous case).

The basic idea is to use the fact that the solution of the Dirichlet
problem

(L=Nf(x)=0, z¢M
f(x) = ¢z, zEM, (6.16)

which exists uniquely if A < A\°, already solves the eigenvalue equation
Lo(z) = Agp(x) everywhere, except possibly on M. It is natural to try
to choose the boundary conditions ¢,, x € M carefully in such a way
that (L —A) f(x) = 0 holds also for all z € M. Note that there are | M|
free parameters (¢,, x € M) for just as many equations. Moreover, by
linearity,
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=Y bl apay (6.17)

zeM

Thus the system of equations to be solved can be written as
0= ¢eLh) ppp(m) = Y due) pp0(m), YmeM, (6.18)
reM reEM

Thus, if these equations have a non-zero solution ¢,z € M, then A is
an eigenvalue. On the other hand, if A is an eigenvalue smaller than \°
with eigenfunction ¢y, then we may take ¢, = ¢»(z) in (6.16). Then,
obviously, f(y) = ¢x(y) solves (6.16) uniquely, and it must be true that
(6.18) has a non-zero solution.

Let us denote by Eaq(A) the | M| x |[M]- matrix with elements

(EMN)y = €2 a2 (@) (6.19)

Since the condition for (6.16) to have a non-zero solution is precisely
the vanishing of the determinant of 5/)\‘4, we can now conclude that:

Lemma 6.5. A number A < \° is an eigenvalue of L if and only if
det Epq(N) =0 (6.20)

In the following we need a useful expression for the matrix elements
of Eam(AN). Since we anticipate that A will be small, we set

hy(y) = haly) + 3 (y), (6.21)

where h;(y) = hy an\(y) and consequently ¥} (y) solves the inhomo-
geneous Dirichlet problem

(L= Nvp(y) = Ahx(y), y € I'\M
Ualy) =0, yeM (6.22)

A reorganisation of terms allows to express the matrix Exq(\) in the
following form:

Lemma 6.6.

(EM )z = (@)™ (@(ha 1) = Al(zs by + (s 02),) - (6:23)
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Proof. Note that

(L= N2 (@) = (L = Nha(x) + (L = N (x)
= Lh.(x) — Mo (2) + (L — N2 (x)  (6.24)

Now,

Lh,(z) = ;‘Egm(w)mz(;ﬁ) (6.25)

The function = !(y')he(y')Lh.(y') vanishes for all 3 # x. Thus, by
adding a huge zero,

Lha(w) = p(x)™" > n(y ey ) Lha(y)
y'el’

= i) 2 ) hy) ~ e Ael) — ha)] (6:26)
yy' el

there the second inequality is obtained just as in the derivation of the
representation of the capacity through the Dirichlet form. Similarly,

(L = Ap(z) =
(@)™ Y ) (haly )L = NE2Y) = My gaha(y)ha(y)) - (6.27)
y'el’

Since 12 (y) = 0 whenever y € M, and Lh,(y) vanishes whenever
y € M, using the symmetry of L, we get that the right-hand side of
(6.27) is equal to

()Y (@)@ + Ty pahahy))  (6:28)
y'el’
Adding the left-over term —Ah.(x) = —Ahy(z)h.(z) from (6.24) to
(6.27), we arrive at (6.23).
Ezpanding in A

Anticipating that we are interested in small A, we want to control the A-
dependent terms ¢* in the formula for the matrix E,¢(A). From (6.22)
we can conclude immediately that 17 is small compared to h, in the
Lo(I', 1) sense when A is small, since

Uy = AMIM = X) kg (6.29)
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Using that for symmetric operators, ||(L —a)™!|| < Wm@)a), we

see that
A
1zll2p < S5 1hall2,u- (6.30)
We are now in a position to relate the small eigenvalues of L to the
eigenvalues of the classical capacity matrix. Let us denote by || - |2 =
I 12,

Theorem 6.7. If A < \° is an eigenvalue of L, then there exists an
eigenvalue p of the |M| x |M|-matriz K whose matriz elements are
given by

5y B W) h(Y) = B ()] [ha () — P (y)]

]CZZ‘ =
17zl hzl2

_ P(hs, hy)
 lRzll2llhe) 2
such that A = p (1 + O(p)), where p = X/ X.

(6.31)

We will skip the proof of this theorem since it is not really needed.
In fact we will prove the following theorem.

Theorem 6.8. Assume that there exists x € M such that, for some

Ik 1 M M
socap(e, M\z) - cap(z, M\2)

> (6.32)
1hel13 ceMia a3
Then the largest eigenvalue of L below Ay is given by
, M
A, = Wu + 0@+ p)). (6.33)
z 2

Moreover, the eigenvector, ¢, corresponding to the largest eigenvalues
normalized s.t. ¢, =1 satisfies ¢, < C(d + p), for z # x.

Proof. Let x be the point in M specified in the hypothesis. Denote by A\
the Dirichlet eigenvalue with respect the set M\z. It is not very hard

to verify that \; ~ %
T2

there will be exactly [M] — 1 eigenvalues below A1. Thus, there must
be one eigenvalue, \;, between A\; and A\g. We are trying to compute
the precise value of this one, i.e. we look for a root of the determinant

of Ex7(N) that is of order at least %.
z||2

The determinant of Ex¢(A) vanishes together with that of the matrix

. Moreover, one can easily verify that

JC whose elements are
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= () P(hg, he)
1hall2][hz|2 [hall2l[hz]l2

(sl (02 0e))
ol

We will now control al the elements of this matrix. We first deal
with the off-diagonal elements of this matrix.

Lemma 6.9. There is a constant C < oo such that

(hza hZ)u -1 -1
max ————— < (Ca " max u(m) cap(m, M\m) < Cp. (6.35
Proof. Note first by the estimate (3.44) the equilibrium potentials iz (y)
are essentially equal to one on A(z). Namely,

cap(y, M\z)
1> h, >l - —= 6.36
> hal0) cap(y, ) (6.36)
By Corollary 4.4, cap(y, M\z) < 2cap(z, M,), or u(y) < %
cap(z, M),
Thus
2
cap(x, M\z
> u@ha(y)* = > p(y) (1 - W)
yEA(x) yEA(z) Py,

u(y)> 2 cap(z,M,)

> ) wly)— D 2%%})(% M\z)

yEA() yeA(x)
p(y)>224 cap(az,M.)

a

= u(A(m)) (1 — 3\A(m)\|M‘alm>

> 1(A(m)) (1= O(p)).- (6.37)
Thus the denominator in (6.35) is bounded from below by

ST uwha) Y u)h2(y) = Vi(A)u(Az) (1 - O(p)).

yEA(T) yEA(Y)
(6.38)
To bound the numerator, we use that, for any x # z € M,
> uW)ha()h=(y) < Cp/u(x)u(z). (6.39)

yel’

Using this bound we arrive at the assertion of the lemma.

Next we bound the terms involving 1.
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Lemma 6.10. If \° denotes the principal eigenvalue of the operator L
with Dirichlet boundary conditions in M, then

> uly) (h:()2))

yel’
A

=0

Proof. Recall that 1)) solves the Dirichlet problem (6.22). But the
Dirichlet operator L™ — X is invertible for A < A\° and is bounded
as an operator on £2(I", i) by 1/(A° — X). Thus

[hz]l2][ e l2- (6.40)

A 2
28 < (555 ) Il (6.41)

The assertion of the lemma now follows from the Cauchy-Schwartz
inequality.

Finally we come to the control of the terms involving ®(h,, h,). By
the Cauchy-Schwartz inequality,

B(hz, ) = |5 3 1 W ely) — B e0') — R

< BB, (6.42)
Thus
B(hy, h,)
. 6.43
Trllila| <\ ||h |2 ||h |2 (6.43)

Therefore, by assumption, there exists one x € M such that for any

(z,y) # (v, ),

&(hy, hy) &(hy)

<6 . (6.44)
HthQthHQ thH%
If we collect all our results:
(i) The matrix K has one diagonal element
~ ®(hy
Koo = Hf(L H) A1I+0MN)=A-A1+0N), (6.45)
2

(i) all other diagonal elements, Ky, satisfy

Kyy = O0(6H)A = X1+ O0(\) = —\. (6.46)
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(iii) All off-diagonal elements satisfy

P(hz)
13

K,-| < 052 +CAp=C(6A+ Ap). (6.47)

One can now look for non-zero solutions of the equations

D Keyey =0, z€M. (6.48)
Yy

In the sequel C' denotes a numerical constant whose value changes
from line to line. We may choose the vector ¢ in such a way that
maxye m |cy| = 1, and this component realising the maximum to be
equal to +1. We will first show that ¢, = 1. To do so, assume that
¢, = 1 for z # x. Then the equation (6.48) can be written

Ko =) Ky (6.49)
y#z
Using our bounds, this implies

CoA
ASCA+PN) =2 A< ———, 6.50
SCEA+) A< =6 (6.50)
in contradiction with the fact that A > A. Thus ¢, = 1 > |¢;/, for all
z # x. Let us return to equation (6.48) for z # x. It now reads

—Kney = ch/@y, (6.51)
y#z
and hence SA4 o\
o] < 0=F (6.52)
Finally, we consider equation (6.48) with z = z,
Kz = cyKay. (6.53)
y#x

In view of our bounds on I%xy and on ¢, this yields

Koal < C

2
w < C82A+ Cp2A, (6.54)

that is, we obtain that

|A— X\ < C82A+ p°A (6.55)



Metastability 217

which implies
A=A (1+0(8%+p?), (6.56)

which is the first claim of the proposition. The assertion on the eigen-
vector follows from our estimates on the vector c.

Theorem 6.8 has the following simple corollary, that allows in many
situations a complete characterization of the small eigenvalues of L.

Theorem 6.11. Assume that we can construct a sequence of metastable
sets M DO Mg_q1 D -+ D Mo D My = xg, such that for any
i, M{\M;_1 = z; is a single point, and that each M, satisfies the
assumptions of Theorem 6.8. Then L has k eigenvalues

cap(z;, M;_1)
ANi=————F—(1+0( 6.57
wd@y) OO (057
AS a consequence, 1

The corresponding normalized eigenfunction 15 given by

) = 1) ZO Putts (1) (6.59)

HhxzaMz 1”2 HhxuM] 1”2

Proof. The idea behind this theorem is simple. Let the sets M; of the
corollary be given by M; = {x1,...,z;}. Having computed the largest
eigenvalue, \i, of L, we only have to search for eigenvalues smaller than
A If we could be sure that the principal Dirichlet eigenvalue Ay, , is
(much) larger than k—1st eigenvalue of L, then we could do so as before
but replacing the set M = M}, by Mj_1 everywhere. A\;_1 would then
again be the largest eigenvalue of a capacity matrix involving only the
points in Mj,_;. Iterating this procedure we arrive at the conclusion of
the theorem.

The theorem is now immediate except for the statement (6.58). To
conclude, we need to show that cap(zsy1, M) = cap(zs, My,). To
see this, note first that M, D M,,. For if there was x € M,, that
is not contained in My, then cap(z, My\z) ~ cap(zsy1, My), while
gy Mell2 < [1Pgad,, \oll2, contradicting the assumption in the con-
struction of the set My. Thus cap(xp41, My) > cap(xg, My,).

Similarly, if there was any point x € M, for which cap(zsy1, My) <
cap(z¢, My,), then this point would have been associated to a larger
eigenvalue in an earlier stage of the construction and thus would have
already been removed from My, before xp,q is being removed.
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This observation allows us to finally realize that the k£ smallest eigen-
values of L are precisely the inverses of the mean (metastable) exit times
from the metastable points M.

6.4 Exponential Law of the Exit Time

The spectral estimates can be used to show that the law of the
metastable exit times are close to exponential, provided the non-
degeneracy hypothesis of Theorem 6.8 hold. Note that

t—1
Polrm, >t = Y pla,a) [ [ plenzi) = ) (PM“”)iy~
L1, Tt EMg =1 YEMy

(6.60)

To avoid complications, let us assume that the P is positive (in partic-
ular that P has no eigenvalues close to —1. This can be avoided e.g. by
imposing that p(x,z) > 0). We now introduce the projection operators
IT on the eigenspace of the principal eigenvalue of PM¢. Then

(PMa) = 3 ((P’”I)’ﬁ])%yJr 3 ((PM“)tHC)xy. (6.61)

YEMy yEMy

Using our estimate for the principal eigenfunction of L™= the first term
in (6.61) equals

_\Ma)! _hema(y) Moy o, =AMt
(1— M=) y;M:Z ||ha:,Mm(y)H2(1+O()\ ) . (6.62)

The remaining term is bounded in turn by
Mg
e M2 "t (6.63)

which under our assumptions decays much faster to zero than the first
term.
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1 Introduction

Metastability is a phenomenon where a physical, chemical or biolog-
ical system, under the influence of a noisy dynamics, moves between
different regions of its state space on different time scales. On short
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[

Fig. 1. The paradigm picture of metastability.

time scales the system is in a quasi-equilibrium within a single region,
while on long time scales it undergoes rapid transitions between quasi-
equilibria in different regions (see Fig. 1).

Examples of metastability can be found in:

biology: folding of proteins;

climatology: effects of global warming;

economics: crashes of financial markets;

materials science: anomalous relaxation in disordered media;
physics: freezing of supercooled liquids.

The task of mathematics is to formulate microscopic models of the rel-
evant underlying dynamics, to prove the occurrence of metastable be-
havior in these models on macroscopic space-time scales, and to identify
the key mechanisms behind the experimentally observed universality in
the metastable behavior of whole classes of systems. This is a challeng-
ing program!

The mathematics of metastability started around 1935, with the
work of Eyring, Kramers and Wigner on diffusions in potential wells.
It further developed in the 1970’s, through the work of Lebowitz and
Penrose on metastable states in van der Waals theory [25] and Freidlin
and Wentzell on randomly perturbed dynamical systems [15]. It accel-
erated in the 1980’s with the implementation of Freidlin-Wentzell the-
ory in statistical physics by Capocaccia, Cassandro, Galves, Kotecky,
Martinelli, Neves, Olivieri, Schonmann, Scoppola and Vares. Presently,
metastability is a highly active subfield of probability theory and sta-
tistical physics.

Two approaches to metastability are central within mathematics:
e Pathwise approach: This was initiated in 1984 by Cassandro, Galves,

Olivieri and Vares [11], and is based on monitoring the full trajectory
of the dynamics, in the spirit of Freidlin-Wentzell theory.
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o Potential-theoretic approach: This was initiated in 2001 by Bovier,
Eckhoff, Gayrard and Klein [5], [6], and is based on an electric net-
work perspective of the dynamics, focussing on crossing times via
estimates on capacities.

The latter approach is highlighted in the paper by Bovier in the present
volume [4]. For recent overviews of metastability, see the monograph
by Olivieri and Vares [24] and the review papers by den Hollander [17]
and Bovier [3]. Earlier review papers include Penrose and Lebowitz
[25], Schonmann [28], [29], Scoppola [31], Vares [32], Olivieri and
Scoppola [23].

In Lectures 1-3 below we describe the metastable behavior of Ising
spins subject to Glauber dynamics and of lattice gas particles subject to
Kawasaki dynamics, both in two dimensions. Attention focusses on the
identification of the geometry of the critical droplet for the crossover
from the metastable state to the stable state, and on the estimation of
the crossover time. We consider three cases:

(1) finite systems at low temperature;
(2) large systems at low temperature;
(3) moderate systems at positive temperature.

These cases are progressively more challenging, and for the latter two
work is still in progress.

Acknowledgment. The results described in these lectures are taken
from joint work with Anton Bovier, Alex Gaudilliere, Dima loffe,
Francesca Nardi, Enzo Olivieri, Elisabetta Scoppola and Cristian
Spitoni. Part of this work was supported by the Dutch-German
Bilateral Research Group “Random Spatial Models from Physics and
Biology”, which is jointly funded by DFG and NWO. These lectures
were also presented at the “School on Information and Randomness”,
Center for Mathematical Modeling, University of Chile at Santiago,
11-15 December 2006.

2 Lecture 1: Finite Systems at Low Temperature,
Definitions

In Lecture 1, we define two models: (I) Ising spins subject to Glauber
dynamics; (IT) lattice gas particles subject to Kawasaki dynamics. We
fix the metastable regimes of interest and introduce the notions of com-
munication height and communication level set between metastable
states. In Lecture 2, we formulate two theorems for these two models
that quantify their metastable behavior.
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2.1 Glauber Dynamics and Kawasaki Dynamics

Let A C Z? be a large finite box. We consider two types of configura-
tions:

(I) Ising spins: n = {n(z): z € A} € X = {—1,+1}";
—1 = down-spin, +1 = up-spin (see Fig. 2).

(IT) Lattice gas: n = {n(z): x € A} € X = {0,1}";
0 = vacant, 1 = occupied (see Fig. 2).

— — _|_ — —
Ising spins
+ - - -+ periodic boundary
+ - - 4+ -
- 4+ + + -
+ - - + -
0 0 1 0 O
Lattice gas
00 0 1 0 open boundary
0 1 1 0 0
0 1 1 0 0
0 0 0 0 O

Fig. 2. Configurations of Ising spins and lattice gas.

On the configuration space X, we consider the following Hamiltonians
assigning an energy to each configuration:

(D : Hip)=-5 X n@)nly) -5 X @),

z,yeA zeA
Y (2.1)
(I): H(n) =-U > n@)nly)+ A4 3 n(w),
z,y€int(A) zeA
T~y

where int(A) = A\0A and x ~ y means that = and y are neighboring
sites. In (I) we pick periodic boundary conditions, in (II) we pick open
boundary conditions (see (2.5)—(2.6) below). The parameters are:

(I) J > 0 the ferromagnetic pair potential and h > 0 the magnetic field;
(IT) U > 0 the binding energy and A > 0 the activation energy.
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Definition 2.1. The Metropolis dynamics at inverse temperature 3 €
(0, 00) is the continuous-time Markov process X = (X (t))i>0 on X with
transition rates

C(nu 77,> = exp {—ﬁ[H(U,) - H(W)]+} ’ 7, 77/ € X7 (22)
(where [-]4+ denotes the positive part) and allowed transitions

@: 0 =" xcA,

(1) : ' =™,y € A, x ~y, (23)
where
n(z)7 z # x? y?
ww) =" YEE ey = )2y (24)
{ n(x),y ==, ), 7=z

In words, for Ising spins the dynamics consists of spin-flips at single
sites, called Glauber dynamics, while for the lattice gas it consists
of exchange of occupation numbers between neighboring sites, called
Kawasaki dynamics.

In the second dynamics, we also allow particles to enter and exit at
0A. To that end, we also allow transitions

(ID): o =9, z€dA, (2.5)
where

waiy_ Sy,  y#Fu,

o= {1, VL 26)

View this as mimicking the presence of an infinite gas reservoir in
Z2\ A with density e P4 which inserts particles at the sites of 94 at
rate e #4 and removes particles from the sites of 4 at rate 1.

A key observation is the following. The Metropolis dynamics has
the Gibbs measure

1
pln) = e 0, e, 27)

with Z the normalizing partition sum, as its reversible equilibrium, i.e.,

pw(me(n,n') = p(n)e(n',n), Va0 e X. (2.8)
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Note that the two Hamiltonians in (2.1) can be transformed into
each other via the transformation

n(x) < %[1 +n(x)], h2U-A4, J< %U (2.9)

(modulo constant terms and boundary terms). However, the allowed
transitions for the two dynamics cannot be transformed into each other.
Indeed, the first dynamics is non-conservative, the second dynamics is
conservative (except at the boundary 0A).

In what follows, we write P, to denote the law of X given X (0) = 7.
For A C X, we write

Ta=inf{t >0: X(t) € A, X(t—) ¢ A} (2.10)

to denote the first entrance time of A by X.

2.2 Metastable Regimes

We will study the two dynamics in the low temperature limit 8 — oo,
in their so-called metastable regimes:

(I): 0 <h<2J, (II): U < A <2U. (2.11)
The dynamics will start in the configurations
(I): B = all spins down, (IT): O = all sites vacant, (2.12)

and we will be interested in how the dynamics tunnels to the configu-
rations

(I): B = all spins up, (II): M = all sites occupied. (2.13)

To understand the restrictions in (2.11), let us consider the energy
of an £ x ¢ droplet inside A, i.e.,

(M): B(O) = Hinexe) — HE), (1) B(0) = Hinex) — H(O).
(2.14)
(Note that H(OJ) = 0, while H(H) < 0 when A is large enough depend-
ing on J and h.) An easy computation gives

): B(0) = J[40 —he?,  (I): B(0) = —U[20(£ —1)] + A%, (2.15)

In both cases, ¢ — E({) is a downward parabola that goes through

a maximum at ¢ = %, respectively, £ = 2UL7A' Hence, if both these

ratios are non-integer, then the critical droplets (i.e., the droplets with
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maximal energy on the parabola) are somewhere between a square of
size £. — 1 and a square of size £., where

D): L = P]ﬂ . (ID: L= {wU_J , (2.16)

are the critical droplet sizes. The regimes in (2.11) correspond to
le € (1,00).
In configuration space, we have the following qualitative picture:

energy (H)

‘ — state (X)
metastable stable
state state
critical

droplet
Fig. 3. Qualitative energy landscape.

The metastable regimes in (2.11) correspond to the situation where
H and O are local minima of the energy (lying at the bottom of a
larger valley), BH and B are global minima, and for the dynamics to
move from one to the other it has to “go over an energetic hill”. In
physics language, we say that H and [0 are metastable states, H and
B are stable states, and the top of the hill separating them are critical
droplets. We will address the following two questions (see Fig. 3):

(A) What are the critical droplets for the transitions H — H and
0—m

(B) How large are the crossover times 1m and 7 starting from B and
O, respectively?

2.3 Communication Height and Level Set

Write w: n — 7’ to denote a path of allowed transitions from 71 to 7'



230 F. den Hollander

Definition 2.2. The communication height between H and H is
defined as

: I'=T(S,8) = min_max [H(E) - HE)L (2.17)

The corresponding communication level set is
D): S=8(B,8) = {g € X: Jw: B — B withw > ¢ such that

max [H(§) ~ H(E)] = H(C) ~ H(E) = I'}.
(2.18)

Similar definitions apply for O, B (with H(O) =0).

In words, I is the minimal amount the energy has to increase in a path

that achieves the crossover, called the activation energy, while S is the

set of all saddle point configurations in the path (recall Fig. 3).

Our intuitive guess for the answer to question (A) is that the critical
droplets are the configurations in S, and for the answer to question (B)
that

T, e~ Pl as B — . (2.19)
We will show in Lecture 2 that (2.19) is correct, obtaining in fact sharp
estimates on Eg(mm) and Eq(mm), but that the critical droplets actually
form a smaller set of configurations than &, with an interesting geom-

etry. We will see that models (I) and (II) show interesting similarities
and differences.

3 Lecture 2: Finite Systems at Low Temperature,
Theorems

In this lecture, we formulate two theorems that quantify the metastable
behavior of models (I) and (II) in the regimes (2.11) by providing
detailed answers to questions (A) and (B).

3.1 Glauber Dynamics

Theorem 3.1. (Neves and Schonmann [22], Bovier and Manzo [10])
(a) There exists a set of configurations C* C S such that

ﬂlim Pg(res < mg | /@ < ™8) =1, (3.1)
—00

while this fails for any smaller set.

(b) The configurations in C* are those where the up-spins form an
le X (L. — 1) quasi-square, with a single protuberance on one of the sides
of length £..
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(¢) The entrance distribution on C* is asymptotically uniform:

lim Pg (X (7¢«) =n | 170+ < 1B) = |C*]_1 VnecCr. (3.2)

p—o0

(d) There ezists a constant 0 < K = K(A,{.) < co such that

ma e PlEg(m) = K (3.3)
with
I = H(C*) = J[4l,] — hll.(t. — 1) + 1], (3.4)
and
ﬁlim Pg(rm > tEg(tg)) =e*  Vt>0. (3.5)
(e) For all A,
3 1

Parts (a)—(b), together with the crude estimate limg_. % logEg(mm) =
I', were proved in [22]. Parts (c)—(e) were proved in [10].

Theorem 3.1(a) says that the configurations in C* are the criti-
cal droplets that represent the gate for the crossover. According to
Theorem 3.1(c), the entrance distribution of this gate is uniform.

Theorem 3.1(b) is explained as follows (see Fig. 5). Since the dynam-
ics flips one spin at a time, on its way from H to H it must pass through
a configuration that has ¢.(¢. — 1) up-spins. Among the configurations
with precisely this number of up-spins, those where the up-spins form
an {. x (¢, — 1) quasi-square (of any location and orientation) have
the smallest energy (due to a discrete isoperimetric inequality; see e.g.
Alonso and Cerf [1]). Continuing on its way from B to H, the dynam-
ics must flip one more spin upwards. The configurations with smallest
energy are those where this spin is attached to one of the sides of the
quasi-square, forming a protuberance (see Fig.4). Next, if this protu-
berance sits on one of the sides of length ¢., then the dynamics can
proceed downwards in energy by successively flipping up the spins next
to the protuberance, to end up in an /. x £. square. This square is “over
the hill” (see Fig. 3), because both its side lengths are supercritical (re-
call (2.16)). On the other hand, if the protuberance sits on one of the
sides of length ¢. — 1, then the dynamics can proceed downwards in
energy to form an (€. —1) x (¢.+1) rectangle, but this rectangle is “not
over the hill”, because one of its side lengths is subcritical.
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lo—1

Fig. 4. A critical droplet for model (I): The up-spins lie inside the shaded
area, the down-spins outside.

Fig. 5. A nucleation path.

Here is an explanation of Theorem 3.1(d-e). The exponential law
comes from the fact that the crossover only occurs after many unsuc-
cessful attempts to create a critical droplet and “go over the hill”. The
average time needed to enter C* is

1

W P14 0(1)] as 3 — oo. (3.7)
Let 7(¢.) denote the average probability with respect to the uniform
entrance distribution that the critical droplet is exited in the direction
of H rather than H. Then the average number of attempts to go over
the hill after reaching the top is

) 1+ o0(1)] as 3 — oo. (3.8)
The product of (3.7) and (3.8) is the average crossover time, and so
1
K=— . (3.9)

€| (Le)
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Now,
IC*| = |A] 4L, (3.10)

because the droplet can be centered anywhere in A, has 2 possible
orientations, and the protuberance can sit in 2/, places. Moreover,

1 1 2
w(le) = 7 (2 5 + (6. —2) 3> . (3.11)
Indeed, if the protuberance sits at one of the two extreme ends of a side
of length ¢., then the probability is % that its one neighboring spin on
the same side flips upwards before the protuberance flips downwards.
On the other hand, when the protuberance sits at one of the £.—2 other
locations on this side, then it has two neighboring spins on the same
side and so the probability for one of them to flip upwards before the
protuberance flips downwards is 2. Combining (3.9-3.11), we get (3.6).
In Theorem 3.1(a), an example of a configuration in S\C* is ob-
tained by picking any configuration in C*, flipping up any spin next to
the protuberance (at gain h) and afterwards flipping down any spin at
a corner of the quasi-square (at cost h). For the dynamics, this config-
uration is a dead-end. Indeed, the last flip must be reversed before the
dynamics can initiate the motion downhill to the ¢, x £. square.

3.2 Kawasaki Dynamics

Theorem 3.2. (den Hollander, Olivieri and Scoppola [19], Bovier, den Hollander
and Nardi [8])
(a) There ezists a set of configurations C* C S such that

Jin Po(re- <mm | m<m)=1, (3.12)
—00

while this fails for any smaller set.

(b) The configurations in C* are those where the particles either form
an (b. —2) x (L. — 2) square, with four bars attached to the four sides
of total length 30, — 3 and 1 free particle, or form an (£ —1) x (b, — 3)
rectangle, with four bars attached to the four sides of total length 3¢.—2
and 1 free particle.

(c) The entrance distribution on C* is asymptotically uniform:

ﬁlim Po(X(7ex) =n | 1ex <) = |[C*]7' VnecCr (3.13)

(d) There ezists a constant 0 < K = K(A,{.) < oo such that
lim e #TEq(rm) = K (3.14)
B—o0
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with
I'=H(C*) = ~U(202 — 4l +2) + A(* — 1. +2), (3.15)
and
ﬁhj& Po(rm > tEq(mm)) = e Vt>0. (3.16)
(e) As A — 72,
K(A,0,) 5 log | 4] (3.17)

T im2(2 —1) |4

Part (a), together with a partial description of C* and the crude esti-
mate limg_,o(1/5) log Eg(mm) = I', were proved in [19]. Parts (b)—(e)
were proved in [8].

Comparing Theorem 3.2(b) with Theorem 3.1(b), we see that the
critical droplet for Kawasaki is more complicated than for Glauber.
Once the dynamics has created a protocritical droplet (= quasi-square
plus protuberance without free particle), it must wait for the next par-
ticle to arrive from the boundary (which is the free particle in Fig. 6).
This takes a time of order e?2. Because A > U, this time is much
larger than efV | the time for the dynamics to make moves that cost U.
Therefore the droplet will “explore” all shapes that can be reached
from its protocritical shape via a U-path, i.e., a path between two con-
figurations with the same energy that never goes more than U above
this energy. For instance, the protuberance may detach itself from the
side of length ¢, and reattach itself to the side of length ¢. — 1. But it
is also possible for particles to slide along the boundary of the droplet,
in a train-like motion around corners (see Fig.7), so as to modify the
four bars in the annulus of the droplet.

Fig. 6. A critical droplet for model (II): The occupied sites lie inside the
shaded areas, the vacant sites outside.
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IR ESmE

(&) (2) (3) (4) (5)
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LrLrere

(14) (15)

Fig. 7. Motion along the border of the droplet. Configurations (3-13) form a
U-path.

Theorem 3.1(d—e) is explained as follows. Write C to denote the set
of protocritical droplets. The average time needed to enter C* is

1

76[‘ o as — OQ. .
e @ o] as 8 (31)

Let (A, ¢;) denote the average probability with respect to the uniform
entrance distribution that the critical droplet is exited in the direction
of M rather than [J. Then the average number of attempts to go over
the hill after reaching the top is

A0 [140(1)] asf — oo. (3.19)
The product of (3.7) and (3.8) is the average crossover time, and so
K= ! . (3.20)
C[10A] (A, L)
Now,
wypuﬁW—n as A — 72, (3.21)

where the first factor comes from centering the droplet anywhere in A
not touching dA, while the second factor comes from a combinatorial
calculation counting the number of sizes and locations of the four bars
in the annulus. Moreover,
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47

log |A]

|0A| (e, A) ~ as A — 772 (3.22)
Indeed, the right-hand side is the probability that a particle detaching
itself from the critical droplet reaches 94 and exits A before reattaching
itself. This probability is asymptotically independent of the shape and
the location of the critical droplet, due to the fact that the free particle
moves like a two-dimensional simple random walk (which is recurrent
on Z2). By reversibility, the reverse motion has the same probability,
which is the left-hand side. Combining (3.20-3.22), we get (3.17).

In Theorem 3.1(a), an example of a configuration in S\C* is an
le x (0. —1) quasi-square plus a dimer at distance 1. For the dynamics,
this configuration is a dead-end. Indeed, one particle of the dimer must
jump back to the droplet and create a protuberance (at cost 0), and
the remaining free particle must attach itself next to this protuberance
(at gain U) to initiate the motion downhill to the £. x ¢, square.

3.3 Potential-Theoretic Approach

We give a sketch of the techniques that are used to obtain the fine
asymptotics of the average crossover time in Theorems 3.1(d—e) and
3.2(d—e). A key role is played by the notion of capacity between two
sets of configurations, in particular, between the metastable state and
the stable state. We refer to Section 3-5 in Bovier [4] for the general
background of this notion within the context of metastability and for
other applications.
Define
£(h) :% > ulmeln,n)h(n) = b, b X —[0,1). (3.23)
n,n exX

This is the Dirichlet form associated with the dynamics, whose argu-
ment is a potential function on the configuration space X. Given two
non-empty disjoint sets A, B C X, the capacity of the pair A,B is
defined as

CAP(A,B) = . gli»n[og] E(h), (3.24)

hlAEI,h‘BEO

where the minimum runs over all potential functions whose restriction
to A and B equals 1 and 0, respectively. If we think of an electric
network with nodes labelled by X and with conductivities p(n)c(n, n)
between nodes n,n’ € X, then £(h) is the energy produced by an electric
current flowing through this network when the potential on the nodes
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is given by h. The capacity is the minimal energy when the nodes of
A are kept at potential 1 and the nodes of B are kept at potential 0
(“Thompson’s principle”). The minimum in (3.24) is unique, and the
minimizer hA* has the interpretation

h*(n) =Py(14 < 78) forn¢ AU B. (3.25)

What is important about (3.24) is that upper bounds can be obtained
by inserting test functions for h, while lower bounds can be obtained
by removing transitions from X x X' (“Rayleigh’s short-cut rule”). This
gives great flexibility in the calculations.

We henceforth focus on model (IT), but the claims made below apply
equally well to model (I). A key ingredient is the following fact, implying
that {{J, @} is a metastable pair for low temperature.

Proposition 3.3. (den Hollander, Nardi, Olivieri and Scoppola [18])
For all m e X\{OJ, W},

I'(n,{0,M}) < 1T, (3.26)

where

[(AB)= min = min max [H({)— H(n) (3.27)

is the communication height between A, B C X, ANB =10, A, B #0.

Proposition 3.3 implies that no matter where the dynamics starts, it
reaches the set {{J, B} faster than it manages to achieve the crossover
from [ to M. In words, there are “no deep pits” in the energy landscape
that trap the dynamics for a time comparable to the crossover time.

The key to the fine estimate in Theorem 3.2(d-e) is the following
fact, relating the average crossover time to the capacity and relying
crucially on Proposition 3.3.

Proposition 3.4. (Bovier, den Hollander and Nardi [8])
En(m) = [1+ o(1)]/[ZCAP(C, W)] as § — oo.

Thus, to estimate the average crossover time from [J to B, it suffices to
estimate the capacity of the pair [J, . This proceeds in several steps.

(1) A crude a priori estimate yields that for every pair A, B there exist
constants 0 < € < Cp < oo (depending on A, B but not on [3)
such that

C1 < PTAB) 70AP(A, B) < Cs. (3.28)

The lower bound is obtained by picking a minimax path w in (3.27)
and from (3.23) remove all transitions n — 7’ that are not in w. The
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upper bound is obtained by picking a test function h in (3.24) that is
= 1 on the I'-valley around .A and = 0 on the I'-valley around B. (The
I'-valley around a set of configurations S is the set of configurations
&’ 2 S whose communication height with S'is < I'.)

(2) With the help of (3.28), it is possible to obtain sharp bounds on
the minimizer h* of (3.24) given in (3.25) via so-called renewal-type
estimates. These estimates show that ~A* is exponentially close (in 3)
to 1 on the I'-valley around [0 and exponentially close (in () to 0
on the I'-valley around M. Since the configurations with energy > I'
are negligible, because of the Gibbs factor in (3.23) coming form
(2.7), it follows that the sharp asymptotics of CAP(CJ, ) = E(h*) is
determined by the values of h* on & = S(0J, M) and on 9°*!S, the
exterior boundary of S.

(3) Due to the above, the variational problem in (3.24) on the full con-
figuration space X reduces to a variational problem restricted to
SUO“tS. This reduced variational problem has a much simpler struc-
ture, and can be understood in terms of the geometry of the config-
urations that are critical droplets or are close to critical droplets.

(4) For Kawasaki, the reduced variational problem involves the creation
of a free particle when the droplet is protocritical, the motion of this
free particle towards the droplet, and the attachment itself. Since this
is a problem about simple random walk travelling between 0A and
a protocritical droplet somewhere inside A, the reduced capacity can
be sharply estimated.

For Kawasaki, S U 9°*S contains plateaus, wells and dead-ends,
and hence a closed form computation of K = K(/., A) is not feasible.
Fortunately, for large A the details of the geometry of SUJ®**S turn out
to be only partly relevant, and the asymptotics of K can be identified,
resulting in (3.17). For Glauber, the reduced variational problem turns
out to be zero-dimensional, and K = K (., A) can be computed in
closed form, resulting in (3.6).

Remark: Most of the results described above can be extended to other
types of dynamics, such as Glauber dynamics for Ising spins with an
anisotropic interaction or in a staggered magnetic field, or Ising spins
subject to a parallel dynamics given by a probabilistic cellular automa-
ton (see den Hollander [17] for references). Similarly, most of the results
can be extended to three dimensions, despite the more complex geom-
etry of critical droplets (see Ben Arous and Cerf [2], den Hollander,
Nardi, Olivieri and Scoppola [18] for the necessary background).
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4 Lecture 3: Large Systems at Low Temperature
and Moderate Systems at Positive
Temperature, Conjectures

In this lecture we move away from finite systems and investigate what
happens in growing volumes, both at low and at positive temperature.
Most of what is described below consists of target theorems and work
in progress.

Glauber dynamics for large systems at low temperature was studied
in Dehghanpour and Schonmann [12], [13], Schonmann and Shlosman
[30], and Manzo and Olivieri [21], using the pathwise approach.
Current work focusses on trying to improve their results using the
potential-theoretic approach, and on extending the analysis to Kawasaki
dynamics.

4.1 Large Systems at Low Temperature
Glauber Dynamics
Let A = Ag depend on 3 such that
As] =P, O €0,00). (4.1)
Let

— R C X denote those configurations where the circumscribed rectan-
gles of all clusters of up-spins in Ag are contained in non-interacting
protocritical quasi-squares (see Fig.8).

The initial configuration X (0) of the dynamics is drawn according to
the conditional Gibbs measure

~ p(m)1r(n)

pr(n) = TR n € &g, (4.2)

Fig. 8. A configuration in R.
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where 1 is defined in (2.7) and pu(R) = 3_, o p(n). Our goal will be to
estimate the first time a critical droplet appears anywhere in Ag, i.e.,
the first exit time of R.

As before, we will be interested in the metastable regime

he(0,2]), B— . (4.3)

Write P, to denote the law of the dynamics X = (X(¢))i>0 starting
from X(0) =7, and put Py, =3, -z pr(n)Py. Let

TRe = min{t > 0: X(t) ¢ R} (4.4)

denote the first time the dynamics exits R. Write < for asymptotic
equality modulo constants.

Conjecture 4.1. (Bovier, den Hollander and Spitoni [9])

If
Oc(0,—5) with E=h(l.—2), (4.5)

then

1
EHR (TRc> = meﬁp

as 3 — oo. (4.6)
The idea behind Conjecture 4.1 is simple. The dynamics grows and
shrinks droplets essentially independently in different local boxes. Con-
sequently, a critical droplet appears randomly in one of the local boxes,
after a time that is the local crossover time divided by the number of
local boxes in [Ag|. This is the regime of homogeneous nucleation.

I is the local energy of the critical droplet, which plays the role of the
local activation energy for the crossover. = is the local energy needed
to evaporate the largest subcritical droplet. The regime in (4.5) corre-
sponds to the situation where any subcritical droplet has a tendency
to evaporate in a time much smaller than the crossover time.

Kawasaki Dynamics

Keep (4.1). This time, let

— R C X denote those configurations where all clusters of particles in
Ag are either strictly contained in a protocritical quasi-square plus
protuberance (recall Fig.6), or are equal to a protocritical quasi-
square plus protuberance with an empty annulus A* of a size slightly
smaller than the typical interparticle distance (see Fig.9).
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Fig. 9. A configuration in R.

The initial configuration X (0) of the dynamics is again drawn ac-
cording to (4.2). We run the dynamics associated with the Hamiltonian
in the second line of (2.1) without the activity term. Indeed, this term
is no longer needed, because Ag is so large that it takes over the role
of the gas reservoir. In fact, we will supply Az with periodic boundary
conditions, so that no particle enters or exits Ag at positive times. Our
choice to start from the conditional equilibrium with activity, given by
(4.2), is needed at time zero only, and is made for convenience. Thus,
the particle density inside Ag is e P4 at time zero and remains fixed
in the course of time.

In order to have particles at all we must pick ©® > A. We will be
interested in the regime

Ae (U2U), O¢€ (A x), [— . (4.7)

Congecture 4.2. (Gaudilliere, den Hollander, Nardi, Olivieri and Scoppola [16],
Bovier, den Hollander and Spitoni [9])
Suppose that L. > 3. If

Oc(AT—Z) with Z=2U+ . —3)(2U — A), (4.8)

then

1
Eop (TrRe) < 8 —— Pl as 3 — oo. (4.9)
| Ag]
Because of the low particle density, as before, droplets grow and
shrink more or less independently in different local boxes, causing
homogeneous nucleation.
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4.2 Moderate Systems at Positive Temperature

In equilibrium statistical physics, for a system that is at a first-order
phase transition a macroscopically large droplet of one phase inside the
other phase takes on the Wulff shape, i.e., the droplet minimizes its total
surface tension subject to a total volume constraint. This observation,
which is over a century old, has been put on a rigorous microscopic basis
since only fifteen years or so. For the two-dimensional ferromagnetic
nearest-neighbor Ising model at low temperature, Dobrushin, Kotecky
and Shlosman [14] proved that a large droplet of the plus-phase inside
the minus-phase has the Wulff shape. This result was subsequently
extended up to the critical temperature, and its proof was simplified,
by Pfister [26], Ioffe [20] and Pisztora [27].

The Wulff construction requires a careful coarse-graining analysis.
The microscopic phase boundary is approximated on a mesoscopic scale
by a polygon consisting of many segments, which decouple on the meso-
scopic scale. Each segment contributes to the surface tension in a way
that depends on its direction relative to the lattice axes. To handle
the fluctuations of the boundary around the polygon, large deviation
arguments are required. The polygon tends to a smooth curve in the
macroscopic limit, and this curve enters into the Wulff variational prob-
lem, whose solution is the actual phase boundary.

To study Wulff droplets in the presence of a stochastic dynamics is
part of non-equilibrium statistical physics and therefore is quite a dif-
ferent matter. The question of interest is whether macroscopically large
critical droplets for metastable transitions between two phases under a
stochastic local dynamics assume the Wulff shape or not.

In this lecture we allow the box A to grow but only moderately, in a
way that depends not on 8 but on the parameters in the Hamiltonian.

Glauber Dynamics

We suppose that A = A, with

| Ap| :C%, 1< C < 0. (4.10)
We assume that 8 > (., the critical inverse temperature at h = 0 for
A = Z2. The system starts at X(0) = B, the Glauber dynamics is
applied for small h > 0, and the limit h | 0 is taken. The dynamics
eventually brings the system to equilibrium, close to the plus-phase at
h = 0, but it needs a long time to do so. In the limit h | 0, the critical
droplet becomes macroscopically large. The goal is to show that the
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critical droplet scales to the equilibrium Wulff shape and appears after
a time that scales like the exponential of the Wulff free energy. The
size of the box is taken to scale in such a way that the critical droplet
occupies a finite fraction of the box.

Theorem 4.3. (Schonmann and Shlosman [30])
For 8 > 8. and C sufficiently large,

: W (J,3)°

limhlogE =——" 4.11

lim log B (7in1,5)) 1m0, 5)’ (4.11)
where 7,73 s the first time the total magnetization inside Ay, equals
m(J, 3), the spontaneous magnetization on Z2, and W (J, 3) is the total
surface tension of the Wulff droplet of unit volume.

Note that the left-hand side of (4.11) refers to a non-equilibrium quan-
tity, while the right-hand side only contains quantities from equilib-
rium. This is why the result in (4.11) is deep.

The idea behind (4.11) is that, in the macroscopic scaling limit, the
critical droplet has a length ¢ that maximizes the free energy function

f(0) = —=m(J, B)he? + W (J, B)L. (4.12)

(This is a macroscopic version of the parabola encountered in (2.15)!)
The maximum is taken at .. = W(J,3)/2m(J,B)h, giving free
energy

_ W(J.B)?
fUmaz) = Tn(J B (4.13)

This is the exponential of the time needed to create a droplet at a given
location.

Schonmann and Shlosman [30] analyze the problem also on Z? in-
stead of on Ay, subject to (4.10). They show that, in infinite volume, the
critical droplet typically is not created close to the origin, but rather
is created far away and subsequently invades the origin by growing. As
a result, the exponential is three times smaller, because the critical
droplet may occur anywhere in a space-time cone of this smaller size
and invade the origin afterwards.

Kawasaki Dynamics

This time we suppose that A = A with

1
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We assume that 8 > (., the critical inverse temperature for the
Hamiltonian without activity term for A = Z2. The system starts at
X (0) = O, the Kawasaki dynamics is applied for A < 2U, and the limit
A 7 2U is taken. This is the limit of weak supersaturation, when the
critical droplet becomes macroscopically large.

Conjecture 4.4. (Bovier, den Hollander and Ioffe [7])
For B > . and C sufficiently large,
. W (U, B)*

1 2U — A)logE =T 4.1

AITIZHU( U ) og D(Tp(Uﬂ)) 2P(ﬁ7 U) _ 1 ( 5)
where Ty,3) is the first time the particle density inside Aa equals
p(U, 3), the density of the liquid phase on Z2, and W (U, 3) is the total
surface tension of the Wulff droplet of unit volume.

The right-hand side of (4.15) is the same as that of (4.13), with J
being replaced by U/2, because of the link between the Hamiltonians of
models (I) and (II) in (2.1) (recall (2.9)). The reason is that, as already
observed above, the right-hand side of (4.15) only contains quantities
from equilibrium.

A proof of Conjecture 4.4 is currently being attempted, with the
help of the potential-theoretic techniques mentioned in Section 3.3, for
a simpler version of the model where the interaction is of Kac-Dyson
type, i.e., quasi-mean-field. The hard part is that, for growing volumes
at positive temperature, both spatial and temporal entropy need to be
controlled. We need to understand the typical way in which the dy-
namics grows and shrinks large droplets, absorbing and emitting large
numbers of particles with the surrounding gas phase in the box while
keeping the droplet close to the Wulff shape. Droplets are expected to
grow and shrink via “motion by curvature”.
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of ensembles.
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Part I. Fluctuations in Stochastic Lattice Gases
1 Introduction

One good way to learn about possible constructions of nonequilibrium
statistical mechanics proceeds via the study of simple model systems.
Traditionally, the so called stochastic lattice gases are playing there
a prime role. A very early example is the Ehrenfest model. Not only
was it important as one of the many urn models illustrating strategies
and results from probability theory and from statistics, but it remains
useful for learning about relaxation to equilibrium and about detailed
balance, see e.g. [29] where Mark Kac does not seem to hesitate in
calling the Ehrenfest model one of the most important models in all of
physics. We will encounter that Ehrenfest model in the next section.

Over the last decades, many other lattice gas models have been in-
vented. Often they obey simple updating rules and they are rather easy
to visualize and to simulate (at least today). Yet, their behavior is rich,
including sometimes clear examples of emergent behavior. The latter
refers to the organization of robust structures or patterns, of critical
behavior, and of phase transitions, which result from some collective or
cooperative behavior between the many interacting components. They
have appeared in interdisciplinary contexts, varying from models of
traffic, to models of turbulence or to models for the spreading of infec-
tions, in computer science, in economy etc. On the more mathematics
side, we have here an interesting ground for exploring and extending the
theory of spatially extended Markov processes. The role of the spatial
architecture of the processes has recently been more in the center of at-
tention, e.g. in discussions of processes on random graphs, small worlds
etc. In recent versions, the architecture (or graph) also undergoes a
dynamics, in interaction with the particles. Clearly these lattice gas
models have proven their use already. A few books with mathematical
and statistical mechanical introductions to the theory of lattice gases
include [30, 36, 56].

Many good references link stochastic lattice gases with fundamen-
tal problems in physics, be it in the context of turbulence or in the
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derivation of hydrodynamic equations. In the present notes, we bring
together a number of results in the construction of nonequilibrium sta-
tistical mechanics, as they appear for some simple stochastic lattice
gas. The emphasis will be mostly on formal relations, from which both
mathematical and physics treatments can find inspirations. We hope
that this provides some step in a wider understanding of nonequilibrium
issues in other and more realistic models. Indeed, one should remain
aware that stochastic lattice gases are often only effective tools. They
are Markovian from the start and their transition rates depend on some
ad hoc choices. They are stochastic and there is no specification of a
larger environment.

After a short reminder of aspects of a Markov dynamics for one
particle, we introduce the main models in Section 3. That is continued
in Section 4 where the steady state is further specified. In all that we
work with a finite one-dimensional system on which there is a particle
hopping in the bulk of the system and a birth and death process at the
two boundary sites. We consider a time-dependent version of the dy-
namics in Section 5. The main tool is provided by a Lagrangian set-up
in which a Girsanov formula specifies the action (Section 6). Section 7
gives the main fluctuation relations in the form of a Jarzynski identity
(relating the irreversible work with the change in free energy) and of a
fluctuation symmetry in the particle current (a so called steady state
fluctuation theorem). While the results are mainly well-known we are
not aware of a similar unifying presentation in the literature. There re-
main however very many nonequilibrium issues which are not treated
in these notes. Some remarks are devoted to them in the final sec-
tion, where we also describe the more general programme of dynamical
fluctuations theory.

2 One Walker

Consider the set K = {0,..., N} and the discrete time Markov chain
with transition probabilities p(z,2’) = z/N if 2/ = x — 1 and p(z,2’) =
1 —xz/Nif 2’ =z +1 for z,2’ € K. One interpretation is to think of
the state z € K as the number of particles in one of two vessels. The
total number of particles over the two vessels is fixed equal to N. At
each discrete time moment, one of the N particles is randomly selected
and moved to the other vessel from where it was. That model is known
as the Ehrenfest model (or dog-flea model).

As a mathematical object we have here an irreducible (but not aperi-
odic!) Markov chain (z,,) that satisfies the condition of detailed balance
with respect to the stationary measure
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N!
_ o9—N
=2y "eF

That condition of detailed balance

p(z,2") p(x) = p(a’, z) p(z')

expresses the time-reversibility of the stationary process. Indeed, let
P, denote the stationary process on K Z and define y, = x_,. The
process (y,) is Markovian with stationary law p. Its law is denoted by
P ,0 where O stands for time-reversal. We show that P,0 = P, as a
consequence of the condition of detailed balance. The basic observation
is that the transition probability for the process (y,) is via Bayes’
formula

q(y,y') = Problynt1 =y | yn = y] = p(v/, y) [;((‘Z/)) =p(y,y)

Therefore, the condition of detailed balance is equivalent with the time-
reversibility.

There is an easy way to generalize the above set-up. Let us first
make the step to continuous time. We are now speaking about rates
c(x,y) > 0 (or, transition probabilities per unit time) for the transition
x — y. If we assume that

c(z,y) = alz,y) V@ -VWI/2

where a(z,y) = a(y, ) is symmetric, then still

c(2,y) _ v-viy
any) _, 2.1
,7) 21)

and p(x) o exp|—V(x)] is a reversible measure. It is remarkable that
there remains a freedom in the choice of the symmetric function a(x, y).

A new interpretation arises when thinking of the set {0,1,..., N}
as the sites of a lattice interval, with the usual nearest neighbor con-
nections. The rates ¢(x,y) could be taken non-zero only if y = x+ 1 in
which case we have a nearest neighbor walk. The condition of detailed
balance (2.1) assures that the walker will not drift; there is a potential
landscape V (z), = 0, ..., N which could be periodically repeated to
cover all of Z if wished.

There are ways to break detailed balance. One could for example
insert a non-zero transition rate for moving between the states (sites)
0 < N, and then take ¢(z,x+1) = p, c(r,z—1)=q#p, N+1=0.In
that case, say with p > ¢ there is a drift that the particle moves more
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r — x+1 than z — x —1; there appears a net current. More generally,
we can think of parameterizing the rates via
c(z,y) = a(z,y) elV@=VWI/2 gs@y)/2

where s(z,y) = —s(y, x) would be antisymmetric. Of course, that does
not yield a unique decomposition as we can e.g. put the difference
V(z)—V(y) inside s(z,y). On the other hand, the s(z,y) is of the form
s(z,y) = U(xz) — U(y) if and only if it satisfies a gradient condition,
that s(z,y) + s(y,2) + s(z,z) = 0 for all triples (z,y, 2). The more
important point however is that this term s(x,y) has often a relevant
physical interpretation. In what follows we will see it related to the
entropy production. The entropy production is a physical notion that
has arisen within irreversible thermodynamics, see e.g [21]. It goes well
with considerations close to equilibrium.

The influence of the time-symmetric factor a(x, y) is less understood.

The following sections will study some of the aspects above for multi-
particle models. We now have a (possibly variable) number of particles
and they move on the lattice following certain hopping rules. The effect
of having many particles can result in (simpler) hydrodynamic behav-
ior for macroscopic variables such as the density profile, but we will
concentrate on the fluctuations instead.

3 Stochastic Lattice Gases

We start with a description of what is typically involved in stochastic
lattice gases. We do not give the most general definitions but we specify
to one special class.

3.1 States

By a lattice gas we understand a collection of particles whose positions
are confined to the sites of a lattice. In some models the particles still
have a momentum, most often with a finite number of possible values.
Or, the particles can have extra decorations such as color or spin. Here
we do not consider that.! The system thus consists of identical particles
that can jump from site to site on the given architecture. The states
of the system are assignments to each site of the number of particles.

! An important ingredient of the Hamiltonian (or symplectic) structure is thus lost.
In particular the kinematical time-reversal that would normally change the sign
of the velocities is absent.
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To be specific we consider the finite linear chain Ay = {—N,—N +
1,...,0,1,...,N — 1,N}. The endpoints i = £N in Ay will play a
special role in what follows; we call them the boundary of the system
while the other sites are in the bulk. Two sites 7, j are nearest neighbors
when j =i+ 1.

We allow at most one particle per site 7. We say that site ¢ can be
vacant or occupied. The state space (or the configuration space) is the
finite set K = {0,1}4~. Elements of K are denoted by 1,7/,¢, ... and
we write n(i) € {0,1} for the occupation at site i € Ay.

3.2 Energy, Entropy, and Particle Number

One imagines a function H typically referred to as the Hamiltonian of
the system,? that measures the energy of the state 7. There is a great
freedom of choice and all depends on the context or on the specific
purpose. It does not hurt however to suppose something specific, say
an energy function consisting of two terms:

N N—-1
H(p)=-B > n(i)—r >_ nli)n(i+1), (3.1)
i=—N i=—N

where B and k are some constants. The first term contributes an energy
— B per particle being present in the system and the second term takes
into account some form of nearest neighbor interaction related to the
relative concentration of particles on neighboring sites.

Speaking of energy reminds us of its conservation law. We can in-
deed imagine that our system is in thermal contact with a very large
heat bath at inverse temperature $ (Boltzmann’s constant is set equal
to one), and for which all relevant changes are determined by the
transitions in the system. In particular, every change H(n') — H(n)
in energy of the system is accompanied with the opposite change
AE(n,n') = —(H(n') — H(n)) of energy in the bath.? Imagining that

2 Tt is of course not a Hamiltonian in the strict sense of analytical mechanics. The
word Hamiltonian refers here more to the quantum world where one considers for
example the hopping of electrons in a crystal structure. A mathematically precise
correspondence, also for the dynamical properties, can often be achieved via the
so called weak coupling limit or within the framework of Fermi’s Golden Rule.
In a more microscopic set-up, including a description of the degrees of freedom
in the heat bath, one would need to specify a more exact decomposition of the
total energy into the system part and the part that belongs to the reservoir.
There would also be interaction terms, the coupling, that contain both system
and reservoir variables. Obviously, some convention is then needed of what is
system and what is reservoir variable.
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the energy change of the reservoir is thermodynamically reversible, we
associate to it a change of entropy (or an entropy production) in the
reservoir equal to

ASres = »3AE(7L 77/) = —ﬁ(H(U,) - H(U))

In other words, every change  — 7’ in the system’s configuration
entails an entropy flux, that is J times the heat dissipated in the ther-
mal reservoir.* For equilibrium purposes with just one heat bath, the
relevant thermodynamic potential is the Helmholtz free energy. Its sta-
tistical mechanical version is

1
F=-ZlogZz, Z=Y e 10
B
nekK

Observe that if we change some parameter in H, e.g. the coupling
coefficient x in (3.1) (for fixed temperature), then the change in free
energy ' = F(k) equals the expected change in energy:

dF <dH>’ H=H,

dr \dr

where

(9) = % > g(n) e PH

nekK

is the thermal expectation.
Another important observable is the particle number. We write

k

N =3 n(i)

=7

for the total number of particles in the lattice interval [j, k|NAn, —N <
j < k < N. By construction, here we have that the particle numbers
N‘[J}k] < 2N + 1 are a priori uniformly bounded. The total number of
particles is denoted by N' = N_y ). Making the correspondence with
a gas again makes us think of a conservation law, now of the total
number of particles. In what follows, we imagine that the system is
also in contact with a particle reservoir at its boundary. Through the

4 On a scale where one supposes that the 7 give the full microscopic description
of the system, there is no associated change of entropy in the system. The total
change of entropy (also called, the entropy production) is then also equal to
—B(H(n') — H(n)). Most of the time however, there is a further lower level of
description of the system variables with an associated degeneracy.
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endpoints ¢+ = =N particles can enter or leave the system. We can also
speak of a birth or a death of a particle at these sites. In Section 4.2
we will introduce the particle currents. As particles can carry energy
(see e.g. the first term in (3.1)), the flow of particles in and out of the
system can also contribute to the change of energy in the reservoir, and
hence to changes in entropy.

The equilibrium ensemble that allows both the exchange of energy
and of particles is the grand-canonical one. It gives probabilities

1 .
Pﬁ,a[n] — g e? 2 () efﬂH(W) (32)

where Z = Z(a, 3, N) is a normalization factor. The constant a is called
the chemical potential (which is the standard term up to a factor A1)
and in equilibrium it refers to and it is determined by the concentration
of particles in the (imagined very large) environment.

3.3 Dynamics

The dynamics is given by a continuous time Markov process on K. We
distinguish two modes of updating:

e A particle can jump (or hop) to nearest neighbor sites. That is a
diffusion mechanism. We will not add external fields to the dynamics
not to impose a bulk drift or bias;

e Particles can leave or enter the system at the boundary. That is a
reaction mechanism. The system will be boundary driven.

We introduce some further notation to formalize the dynamics. As we
only consider symmetric hopping, it is useful to introduce the transfor-

mation
n(k) ifk#i, k#j;
n" (k)= qn@) if k=3 (3.3)
n(j) k=i

That defines the configuration obtained from 7 after switching the oc-
cupation of the sites 7,j. We allow only the hopping of particles to
neighboring sites j = ¢ £ 1. The rate of the transition due to that
diffusion mechanism is taken as

CGjm) = o[ -S(HO) ~H)], li-jl=1  (34)

where H(n"7) is the energy function after the transition and H(n) is
that corresponding to the initial configuration.



256 C. Maes et al.

Analogously, we define the rate of birth and death n — 7' of the
particles as

Clin) = &1 exp[ =2 (1) — H ) (35)
where H(n') is the energy function after the transition to 7, the new
configuration after the birth or the death of a particle at site i:

{1—n(k) if k=i
n(k) if k £ i

To be definite we take births and deaths only at the boundary sites
i=—N,N.

The physical interpretation of the dynamics is quite simple. Think
of a one-dimensional channel in which particles diffuse while they enter
or leave the system at its boundary. A biophysical realization seems to
be found in the physics of ion channels connecting the inside and the
outside of a living cell. The channel is a sort of opening or gate in the
cell’s membrane through which charged particles can move from higher
to lower concentration, or following the gradient in electric potential
etc. Here the relevant parameters are the values a4y which in fact
represent the (different) chemical potentials of the two reservoirs at
the outer edges.

With these definitions the Master equation governing the temporal
behavior of probability measures on K is given by

' (k) = (3.6)

N-1
%Pt<n) = Z [0(7’77’ + 17 ni’iJrl)]P)t(ni’iJrl) - 0(7’71 + 17 U)Pt(n)]
=1 (3.7)

+C(=N, ") Pi(n™™) = C(=N,n)Pu(n)
+ C(N, ™ )P(n™) — C(N,n)Py(n)

That equation shows how the probability to find a given configuration
in the system evolves in time. Alternatively, the generator L is given by

SUFm) = (i) (3.9

for functions (“observables”) f on K, and where (-) takes the expecta-
tion over the Markov process, including some (as yet unspecified) initial
distribution. Explicitly,
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N
Lf(n)=>_ Cliyi+Ln[fn") = f(n)]
=1

+ N ) = F(m] + CN)f (™) = f(m)] - (3.9)

Let us make a simple exercise by plugging in f(n) = n(:) for some
fixed 7 and by taking § = 0 in (3.4)(3.5). The corresponding evolution
equation is

%@%(i» =i —1)+m(i+ 1) —2n(2))

when i # —N, N, while for i = £ N,
S (i) = i F 1) — (i) + e O[ — 20,(0)])
Apparently, these equations are closed in the density variables (1;(4)),
1 € Ap. In particular, putting their left-hand sides equal to zero, we
get the stationary value (n(i)) = Ci + D for some constants C' and
D that depend on N and on the values a+p. One checks that a_y =
ay = a if and only if C = 0, D = 1/(1 + exp(—a)). When C' # 0,
then there is a linear density profile with slope ~ 1/N. Obviously,
when repeating that calculation for § # 0, we run into a difficulty:
the equation for the (n:(7)) is no longer closed but there is a coupling
with higher order correlation functions such as (n:(7) n:(i + 1)). That
feature is very generally true and it implies that we cannot simply solve
the equations.® The stationary distribution is in general only implicitly
known, as solution of the (time-independent) Master equation (3.7)

with the left-hand side set zero.

3.4 Path-space Measure

One has to remember that a Markov process is a special probability
distribution on paths. In our case, we have piecewise-constant paths.
A path w over the time-interval [0,7] starts from an initial config-
uration 7 after which it changes into 7:,,7,,... at random times
t1,t2,... To be more precise we must add what is the configuration
at the jump times as well. That is just a convention, and we take it

5 The problem appears in all nontrivial dynamics for many particle systems. The
resulting hierarchy of equations is sometimes referred to as the BBGKY-hierarchy,
referring in particular to the hierarchy of equations that appear in kinetic gas
theory for the various particle distribution functions. The study of possible ways
of closing the hierarchy is a major concern in nonequilibrium physics.
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that n,, , = m,— and 1, = 1+, or, the step-function is continuous
from the right. An important transformation on path-space concerns
the so called time-reversal © in which (Ow); = w;_¢, up to irrelevant
modifications at the jump times making Gw again right-continuous.
The random times are called the jump times of the process. The
Markov process assigns a probability law to these times and to the
corresponding transitions. There are two ingredients: the waiting time
and the transition step. The waiting time is exponentially distributed
with a weight A(n) that depends on the present configuration n. That
waiting time is directly (and inversely) related to the escape rate

Am) =>_ W(n—n)

We will use the notation W(n — 7’) when indicating one allowed but
general transition rate. The second ingredient sits in the transition rates
as we have them introduced before. When the waiting time is over, a
new configuration is chosen so that for time ¢ | 0,

Prob[ne = 0" [0 = 1] = (1 = X)) &y, + W(n — n')t + 0(t)
A more explicit realization of that path-space measure goes via
Girsanov’s formula, see Section 6.
4 Steady State
4.1 Detailed Balance

One observes from the definition (3.4) that:

Clingun) _ exp [<BH (19)] _ Boe(yi
C(i,j,n™)  exp[-BH ()] PAaln]

(4.1)

where we have inserted the ratio of probabilities according to (3.2).
That is verified for all values a. Furthermore, with the definition (3.5)
we have

C(i,n)  expl—am(i)] exp[—BH (7')]

C(i,n)  exp[—a;(1 —n(i))] exp[—BH (n)] i=+N (42
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Comparing with formula (3.2), still for i = £ N and for a_ny = ay = a,

Cli,n) _ P[]
C(i,n')  Poefy

(4.3)

Summarizing, when the particle reservoirs left and right have equal con-
centration, then the system dynamics satisfies the condition of detailed
balance
W(n—n) P>y
W —n)  PPan]

for all allowed transitions n — 7’ and corresponding transition rates

(4.4)

W(n — n'). Under that same condition a_n = ay = a we thus have
that (3.2) is a reversible stationary measure. The corresponding process
is the steady state for equilibrium conditions.

Observe that if we consider unequal rates at the boundaries a; # an
then we could still try

POON (g) = — expl-BH(n)] explorn(1) +axn(N)]  (45)

as a candidate stationary distribution. In that case the analogue of
(4.3) is still verified. Yet, the condition (4.1) now fails.

4.2 Nonequilibrium Model

Now comes the question what happens when a; # apy. Let us first
consider the left boundary of the system, for which we can write, see
(4.2),

C=Nm) a0~ Hn)=an Je(nr™)
= - ’ 4.6
N ¢ o
where Jy(n,7~) = 1 when the particle leaves the system via the site

—N,ie., n(—N) =1, and Jo(n,n~ ") = —1 when a new particle enters,
i.e., n(—N) = 0. That is an antisymmetric current of particles, taking
positive when the particles leave the system. In the same way we define
the current J,(n,7') = 1 when n(N) = 1, ¥ = o™ and Jy(n,n) = —1
when n(N) =0, = nV. The currents are zero otherwise.

Taking all transitions together, we have

W —=n) _  slH@) B —a_xTenmn)—axJe(n)
=e A= NI )T AN Jr T 4.7
Wl =) (4.7
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One recognizes the change of entropy in the environment:

S(n.n') = BAE(n, 7)) — e ANy (0, 1) — pe AN (n, 1)

where puy = a_y respectively p, = ay are the chemical potentials (up
to some factor [ that we have ignored) of the particle reservoirs left
and right, and J; = AN}, J, = AN, are the changes in particle number
in the left, respectively right particle reservoir. The form (4.7) or

W(77 - 77/) _ eS(n,n’)

W(n' —mn)
is known as that of local detailed balance.
The currents J; and J, appear in the conservation law for the par-

ticle number. The sum of these currents equals the number of particles
that leave the system,

Je(n,n') + Jr(n,n') = N(n) = N() (4.8)

6

or

a_nJe(n,n")+angr(n,n') = (a_ny —an)Je+an(N(n) =N (1)) (4.9)

From now on, we write ay = a, a_ny = a + 0 so that

Wn—n) _ P _spman
W' —mn) PP

The parameter § thus measures some distance to the equilibrium sit-
uation, and enables the tentative terminology of close versus far from
equilibrium.

As above we define the bulk currents J;(n,7’) to be +1 if in the
transition 7 — 71’ a particle moves over the bond ¢ — ¢ + 1, and equal
to —1 if a particle moves i < i+ 1. More generally,” we consider a path
w = (m)j_y and currents J;(w), i = —N,..., N — 1, defined by

Jz(w) = Ji(770777t1) + Ji(ntmnm) .ot Ji(ntnflvnT)

5 Remark that in (4.7) a possible time-symmetric prefactor to the rates (3.5) or
(3.4) will never appear; there is only the part that is antisymmetric under 7 < n’.
The fact that the entropy production appears as the source term of the breaking
of time-reversal symmetry, is no accident but it is related to more general con-
siderations that here are simply applied in order to obtain a reasonable physical
interpretation of our effective dynamics, see e.g. [38, 40].

7 In fact and throughout we call current what is more like a time-integrated current,
or a change of particle number.



A Selection of Nonequilibrium Issues 261
In particular, J, = Jy and for i < k,

Ji(w) = Jk(w) = Nip1.(07) = Nig1,4)(10)
Jo(w) + J-n(w) = no(=N) = n-(=N) (4.10)

Observe that the currents J; are extensive in the time 7.

All of that is related to the process, be it transient or be it steady.
Except for the following section however, we will be mostly interested in
the steady state regime. It is easy to verify that we have here a unique
stationary distribution p. It satisfies the time-independent Master equa-
tion (3.7) (zero left-hand side). Corresponding to p there is then a sta-
tionary process with distribution P,. If we look at expectations in the
stationary process we write (- ),. From the conservation laws (4.8) and
(4.10) we have

(Jo)p=~(Ju)p=—(Ji)p, i=-N,...,N—1

There are alternative expressions for these expectations by using the
dynamical equations (3.8). For example,

1

—(Jidp = (O, i+ 1,m)(n(0) = ni + 1)), = (L = n(N)[L +e7]),

5 Time-dependent Dynamics

5.1 Modifications with respect to Section 4

Nonequilibrium conditions can be obtained in a variety of ways. The
above gives a set-up for boundary driven steady states. Another way
of driving the system away from equilibrium is by applying an external
bulk field. We consider here a modification which also frustrates the
system (as it cannot simply relax to equilibrium). We remain with the
same states but the updating becomes time-dependent. The idea is
that the values of parameters in the Hamiltonian are changed while
the dynamics enrolls.

We have a time-dependent Hamiltonian H; so that the transition
rates Wi(n — n') are also depending on the moment ¢ of the jump
n — 1. For example, the rate for exchanging the occupation at sites i
and j =1+ 11is

Cilingon) = esp[ -2 ()~ m)]. li-il=1 (1)

(compare with (3.4)) depending on the time .
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There is no longer a very good sense in which we can speak about
the stationary distribution. Still we can consider for each Hy, t € [0, 7],
the corresponding Gibbs distribution

1 .
pt('r]) = Z eaZ n(3) e—ﬁHt(T]) (52)

where Z; = Z;(a, 3, N) is now also time-dependent. There is an asso-
ciated free energy

1
At = —B log Zy (5~3)

In the time-dependent case, we will only work with the dynamics
for which 0 = 0, a_ny = ay = a fixed, i.e., there is just one particle
reservoir and one heat bath reservoir.®

5.2 Work and Heat

When there is an energy exchange between system and reservoir, there
is heat. For a history w = (n){; where the jumps in the configuration
happen at times t1, t9, .. .t,, the total heat Q transferred to the system
is the sum of differences of energy:

Q=Hy (77t1) — Hy, (7’0) + Hy, (nt2) - th(ﬁtl) T+
+th (777') - th (ntnfl) (5'4)

On the other hand, the work W performed upon the system is a sum
of changes of the Hamiltonian at fixed configurations:

W = H:(n:) — H,,(n:) + He, (0, y) — Hep (Mt 1) + - -
+Hz, (n0) — Ho(mo) (5.5)

Therefore, as an expression of the first law of thermodynamics,

Q + W = H’T(TIT) - HO(”O) (5'6)

is the total change of system energy between the initial and the final
configurations ng and 7, in the path w.

8 We can of course make a dynamics such that at every moment the distribution
P; = p: exactly coincides with (5.2). We could e.g. take a transition rate W, (n—
n') = pi(n'). One can think of it as admitting an infinitely fast relaxation of the
equilibrium process. Alternatively, one can think of an ultra-slow time-dependence
in H; so that, before any change, the system has already relaxed to the equilibrium
distribution corresponding to the instantaneous value.
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6 Lagrangian Set-up: Girsanov Formula

As we have seen in the course of our computation around and below
(3.9), the evolution equations give a hierarchy of equations for the var-
ious correlation functions of the stationary distribution. Solving them
is like diagonalizing a large matrix? and it is not even clear whether
it would always permit us to extract the most relevant information.
A more global characterization of the stationary distribution is perhaps
obtained by going to a space-time picture. On that level the process is
space-time local and explicit. The variables are the histories or trajec-
tories of the system. It brings us in line with a Lagrangian approach to
statistical mechanics, [38], as pioneered by Onsager and Machlup.

Given two Markov processes on the same space K, we can consider
two path-space measures P and P with corresponding escape rates A
and A, and transition rates W and W. We consider all paths on the
interval [0, 7] and we assume that for all 7,

{'\Wn—n)#0}={n,W(n—n)#0}

We can then look for the density of P with respect to P. That density is
a Radon-Nikodym derivative and can be written down quite explicitly
in the so called Girsanov formula:

%(w) = e[ /0 " (M)~ A0t + Y Lo

t<rt

I/I/(Tlt— — nt) (61)
W (- — ne)
when restricted to events that are measurable from the trajectory in
[0, 7]. The last sum in the exponential is over the jump times, as they
appear in the path w. We have assumed here that the two processes P
and P start from the same configuration. If they have different initial
distributions v and 7, then a prefactor v(n)/v(n), wp = 1, must be
added to the right-hand side of the Girsanov formula (6.1). The formula
remains intact when the process is not time-homogeneous. One then
adds the correct time-dependence to the escape and to the transition
rates.”

9 In fact, the generator of a Markov dynamics need not even be diagonalizable.
That is a possible consequence of the breaking of detailed balance.

10 The formula is also not really restricted to Markov processes, or to finite state
spaces. The more useful way of considering that formula is as a generalization
of the Boltzmann-Gibbs formula (3.2), where the essential input is that one can
make sense of what is written in the exponential as a sum of quasi-local terms.
Here we can speak about the action as a sum of a local Lagrangian. Indeed, if we
write out the rates W (n — 71’) of our stochastic lattice gas, and we take P say
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Our application of the Girsanov formula will concern time-reversal.
If we have a distribution P on paths, then its time-reversal P@ is
obtained via

W) = (6w

dpP°

for an arbitrary process P which is reversible. The dependence on
initial configurations is again ignored, but it is essential in the consid-
eration of the time-reversal invariant process P.

7 Fluctuation Relations for the Entropy Production

7.1 Jarzynski Equality

Recall the set-up for the time-dependent dynamics in Section 5. We
take the case where a1 = any = a. The Jarzynksi identity is a relation
between the work W of (5.5) and the change in free energy (5.3). In
the context of stochastic lattice gases, we get it as

Ej le”V] = P24, (7.1)

The left-hand side is the expectation in the time-dependent dynam-
ics with fixed chemical potential (left and right) equal to a and with
Hamiltonian H; at inverse temperature 3, started from equilibrium pg
at time ¢ = 0. The right-hand side contains the difference

AA = A, — Ao, (7.2)

of free energies!'! (5.3).

corresponding to 8 =0, a_nx = any = 0 we obtain there a sum over space-time of
local interaction terms. Without trying to formalize the idea, see however [39], one
can thus consider the stationary distribution to be the projection (or restriction)
of that space-time path-space measure to an equal time layer, see e.g. [34]. There
is no a priori reason why that projected measure should inherit a spatial locality,
see e.g. [44].

To make sure, there is no assumption that at any future time ¢ > 0 (includ-
ing at time 7) the distribution should be the p; of (5.2). We are starting from
equilibrium at time zero, but then the system is most likely away from instan-
taneous equilibrium with respect to the Hamiltonian Hy. Yet, the result of (7.1)
is a statement about equilibrium free energies. We can measure these (and how
they possibly depend on some parameter) via some nonequilibrium procedure.

11
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Proof. To prove (7.1) we make a first application of the Girsanov for-
mula. The two distributions correspond to our time- dependent process
P} on the one hand and to the time-reversed process P _© on the
other hand. By P p, We mean the process started at tlme zero from
the distribution p, and with time-reversed protocol, i.e., the rates are
Wiy = Wiy,

We have therefore for a fixed path w with jump times ¢1,...,t, in
the interval [0, 7], that
aP; (w0)
£0 Lo \wo
— w) = exp R(w 7.3
dPZr@( ) pr(wr) xp R(w) (7.3)

with, from (6.1),

Wi (o = 16 )Wey (e, = M) -+ Wi, 0ty — 0r)

R—
W, (777' - ntnq) N (77152 - 77t1)Wt1 (77151 - 770)

(7.4)

By using the detailed balance relations

Wi(n — ')

Wy =n) exp[—B(H (1) — Hy(n)) + a(N'(n") — N ()]

and combining that with the expression (5.4) for the heat, the ratio

(7.4) reduces to
R(w) = e BQ calN (nr)=N(m0)]

Hence, looking back at (7.3) and substituting (5.2), (5.6) and (7.2),

we have

log d(iipb (w) = —BQ(w) + log Z - Pl = H )
= W(w) — AA] (7:5)

The Jarzynski equality (7.1) is then an easy consequence of the
normalization of path-space measures:

“ 0
/ AP} (@) e (@) =1 (7.6)

For further background information on these relations between irre-
versible work and free energy differences, one can check e.g. [7, 25, 38].
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7.2 The Direction of Particle Current

We come back to the time-homogeneous nonequilibrium process as we
had it first in Section 4.2. Physically we expect that there will be a
particle current flowing from higher to lower concentration. To be spe-
cific, let us assume that § > 0, a_nx > ay, so that the physical picture
suggests that the mean particle current (J;), > 0. The question is how
to actually see that. Remember that we do not know a thing about the
stationary distribution p in general. Nevertheless the direction of the
particle current will easily follow within our set-up.

From the Girsanov formula (6.1) for P, with respect to P,60, both
started in the stationary distribution p, we have

dpP, p(wo)
= —B(H(w,)—H AN —§ )
TP 5 ) = by e[ (H(or) — Hlwn) +aAN —51(w)
(7.7)
Again from the normalization we have:
dP,0
/de(w) dep (w) = 1.
and hence, by concavity,
dP,0
/de(w) log dep (w) <0.
But, from (7.7) and by stationarity
dP
0< / AP, log {525 () = ~3()p = 8070 (7.8)
We conclude that
5(Ji)p >0 (7.9)

which shows that the average direction of the particle current depends
only on the sign of 0. See [42] for a very similar analysis in the case
of heat conduction. To get a strict inequality (J;), > 0 is also possible
for § > 0; it suffices to see that there is a non-zero probability that the
current J; as a function of the path w is not constant equal to zero even
when wy = w,.

7.3 Fluctuation Theorem

The previous results were all a direct consequence of the normalization
condition applied to the Radon-Nikodym derivative (6.1) between two
path-space measures. Here we go for a result that is somewhat more
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detailed and concerns a symmetry in the fluctuations of the current.
We follow the method of [38, 39, 43] but the present model can also be
treated via [35].

We fixani = —N,..., N —1 and consider the current J; as function
of the path over the interval [0, 7]. Define the generating function g(\),
A € R by

o) = lim ~log(e ™), (7.10)

71400 T

The limit exists by the Perron-Frobenius theorem, and is independent
of i = —=N,...,N — 1 because of (4.10). The fluctuation symmetry is
that

q(A) = q(6 = X) (7.11)

Before providing a proof observe that ¢(\) is the Legendre transform
of the rate functions of large deviations for .J;. The interested reader
is referred to the literature on large deviations (and the Gértner-Ellis
theorem in particular) for more details, see e.g. [9]. The idea is that

P,lJi~71j]~e ™10, T T 400 (7.12)

with
1(j) = mf(=Aj = q(N)) (7.13)

Substituting the identity (7.11), we get
I(G) = inf (=6 + M) (=4) —a(6 = A)) =dj = =dj+1(=j) (7.14)
or
1(G) = 1(=j) = =63 (7.15)
That can be again translated to an identity for (7.12):

P,O(JZ/TZJ) NeTé'
P~ —j) J (7.16)

The interpretation of that expression is that there exists a relation be-
tween the probabilities of having a current +; and —j; the probability
of having a particle current in the direction opposite to the expected one
(65 > 0) is exponentially small with 7 — +o00. The formula (7.16) has
appeared before and many papers have been devoted to proving it in a
variety of contexts. It first appeared in the context of smooth dynamical
systems where it concerned the fluctuations of the phase space contrac-
tion, [17, 16, 54], and the result has become known as the (steady state
Gallavotti-Cohen) fluctuation theorem. We now prove (7.11).
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Proof. By definition and since J;(Ow) = —J;(w),
(e, = / dP,(Ow) M)

Next we insert the Radon-Nikodym derivative

/de(w) dP,0 (@) eMilw) — /de(w) exp|A — 6.J;(w)] Mi(w)

dpP,
(7.17)
where, via (6.1) or via (7.7),

A = log ZE:Ti + 6 (H(ws) — H(wp)) — aAN +§(Jp(w) + J;(w)) (7.18)
0
Notice that | AN |=|N (wr) =N (wo)| < 2N+1. Further, |log p(w:)/p(wo)|
is also bounded because at any rate, p(n) # 0, n € K. Finally, there is
the conservation law

Jo(w) + Ji(w) = —N_n,i)(wr) + Ny, (wo) (7.19)

implying that the sum of these currents is also bounded, and |H (w;) —
H(wpy)| < 4(k + B)N, see (3.1). Hence we conclude that |A| < const
(with a constant that also depends on N but not on 7) which finishes
the proof.

In the case 3 = 0 (the bulk dynamics is that of the so called simple
symmetric exclusion process), more is known about the fluctuations of
the current, see e.g. [13].

8 More Nonequilibrium Issues

Only a limited review has been given in the previous sections of recent
work on nonequilibrium aspects of stochastic lattice gases. It basically
involved dynamical fluctuations of time-antisymmetric quantities only,
such as particle currents and entropy fluxes. We attempt to give some
additional remarks.

8.1 Escape from Equilibrium

Imagine yourself enclosed in a well-isolated room. At time zero some-
body opens doors and windows; how long would it take before you feel
that? Probably you will become aware of the openings because of some
air current, and its intensity will depend on the outdoor conditions.
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In the present section we use our model to ask a similar question. Sup-
pose a probability distribution p on K which is nonzero, p(n) > 0, only
when N (n) = m for some given number 0 < m < N of particles. For
the rest we assume that it is thermally distributed:!?

1
w(n) = z— exp[=BH ()] x(V(n) = m) (8.1)
m
We consider the dynamics of Section 4.2 in the steady state P, and we
ask for the fraction of times that we see a fixed configuration 7:

pr(n) = ! /OT x(ne =mn)dt

-
That time-average is a random variable and it depends on 7. An impor-
tant question in the theory of large deviations is to ask whether these
fractions resemble a given probability measure; here we ask what is the
function I(p) so that

Plpr~ ]~ e ™0, 71 4o (8.2)

That question has been rigorously studied by Donsker and Varadhan,
[9, 14], and we know an expression for I(u):

Lg
I(p) = ;ng< ; >M (8.3)
The expectation is over the distribution p and Lg is as before the
generator of the process acting on a function g (over which we vary in
(8.3)). It is known that in the case of a detailed balance process, the
minimizer in (8.3) is ¢* = \/pu/p.

From (8.3) it is clear that we must find the function g on K that
minimizes

> u {ZCHH m) 90 ) +g(n™N) C(=N.n)+9(n™) C(N.m)}
nekK

The sum is effectively over all  with u(n) > 0 or N'(n) = m. Since the
configurations n™ have one particle more or less than 7, we can put
g(&) = 0 whenever N (§) # m, and the minimization is over

ZMU ZCZZ+17] (zz+1)

neK 77

12y is the indicator function.
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Taking again the complete Donsker-Varadhan functional we have

) = (C(-Non(=N)) + O}~ mt(F2)  (5.)
where the new generator £ only considers particle exchanges generating
a dynamics that satisfies the condition of detailed balance with respect
to our p; in other words, it is typical to ‘see’ the distribution u for that
pure hopping process. It follows that the second term in (8.4) is zero
to conclude that

() = (C(=N,n(=N)) + C(N,n(N))),

As we could expect the fluctuation functional measures the dynamical
activity or intensity that lets the system escape from p. There is in
fact a more general relation between occupation statistics as we have
it here and the time-symmetric notion of traffic or dynamical activ-
ity, as discussed in [45, 46]. Close to equilibrium that traffic becomes
approximately equivalent with the entropy production rate. This obser-
vation lies behind the emergence of certain nonequilibrium variational
principles, see [47].

The issue here is somewhat related to the problem of metastability,
as found also in the contributions by Anton Bovier and by Frank den
Hollander, see also [4]. At the same time, it is related to e.g. Section 5.7
in [9] (diffusion from a domain), and from a physics point of view it is
related to Kramers’ theory, [22].

8.2 Macroscopic Fluctuations

The previous calculation was to give a glimpse of the theory of
dynamical fluctuations. In a more general context it discusses the
statistical properties of empirical time-averaged quantities in both
time-symmetric and time-antisymmetric sectors, including their corre-
lations. There is however another scale of description on which similar
questions become better manageable, that is the level of macroscopic
fluctuations, static and dynamical. For our model, it refers to a hydro-
dynamical scaling in which one observes the evolution of the density
profile. After a diffusive space-time rescaling one finds that the density
profile n4(r) obeys a standard diffusion equation, [30],

Ony(r) 10 0

o QarD(nt(T))ant(’l‘), r e [_1’ 1]

where D(n(r)) is the diffusion ‘constant,” further constrained by im-
posing the boundary conditions p(£1) = 1/(1 4 €?*). In the simplest
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case (corresponding to 3 = 0) the diffusion is truly constant and the
stationary profile n* is linear. One can however ask for fluctuations
around that (typical) behavior. The hydrodynamic equation is the re-
sult of a law of large numbers and we can ask for the plausibility of
a deviating density profile. We refer to [1, 13, 31, 41, 48] for further
results and insights.

Part II. Macroscopic Irreversibility
9 Introduction

Up to now we have been discussing so called mesoscopic systems, or
more precisely, classical mesoscopic systems modeled as stochastic pro-
cesses. Time-reversal symmetry was broken by applying external condi-
tions, frustrating the system in its return to equilibrium. However, the
microscopic laws of nature are time-reversal invariant. One could then
perhaps have expected to find that all resulting behavior is invariant un-
der time-reversal, except perhaps for some microscopic interactions.'?
That is not what we see: systems return to equilibrium thereby showing
the infamous arrow of time. The equations of macroscopic physics are
not time-reversible (or not always). They have often been described
and been used quite some time before their microscopic origin was
clarified. In fact their (macroscopic) irreversibility once casted doubt
on the kinetic and atomistic picture of matter and motion. One of the
greatest successes in the pioneering days of statistical mechanics was
then indeed the explanation of that manifest irreversibility.

That the emergent macroscopic laws are irreversible is not so dif-
ficult to understand at least qualitatively. One should realize that
distinct macroscopic states can be very different in the number of mi-
crostates they consist of. It is the installation of an initial macrostate
that breaks the invariance under time-reversal: unless forbidden by
additional constraints, a less plausible initial state evolves to a more
plausible macrostate and finally to the most plausible, called equilib-
rium, exactly because that is more plausible. The plausibility is mea-
sured in terms of the ‘number’ of microstates or, more precisely, by
the Boltzmann or counting entropy which has a well defined thermo-
dynamic limit (a precise meaning of that counting needs to be and will
be specified). The generic increase of the entropy between initial and

13 All would probably agree e.g. that the weak fundamental interaction is not at all
responsible for macroscopic irreversibility, and most would probably agree that
quantum mechanics is not either (while this is somewhat more tricky).
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final macrostates (traditionally both in equilibrium) is known as the
second law of thermodynamics and can be formulated in various ways.
Still, even more is often true: considerations of entropy via counting
the microstates consistent with a given macrostate, are a priori not
restricted only to the initial and the final states and can be applied to
each intermediate, ‘nonequilibrium’ state as well. Extended in that way,
the Boltzmann entropy is often an increasing function of time, as was
first demonstrated for the Boltzmann equation, the macroscopic evo-
lution equation for rare gases, and rigorously proven in the so called
Boltzmann-Grad scaling limit and for short times by Lanford, [32].
Such a much more detailed or ‘microscopic’ version of the second law
proves to be valid much beyond the Boltzmann equation; for general
theoretical arguments see [26, 27, 28, 18, 20, 21, 52].

From a mathematical point of view, the second law in the form of
an H-theorem in fact claims the existence of a Lyapunov functional for
a class of evolution equations, and it even hints at how to find that:
if we know the underlying microscopic dynamics from which the evo-
lution equation (presumably or provably) follows, one is to search for
the Boltzmann entropy. Understanding why this strategy often works
brings to the foreground some other important observations: the valid-
ity of a macroscopic evolution equation means that there is a typical
macroscopic behavior in the sense that it is a result of some law of large
numbers. The fact that the macroscopic equation is often first order in
time means that this macroscopic behavior is autonomous. On the other
hand, the existence of microscopic configurations violating that typical
macroscopic law is not only allowed but in a sense it is even neces-
sary for a true irreversible behavior and a strict increase of entropy to
occur! When formulated somewhat more precisely, these observations
answer various apparent paradoxes as formulated by Loschmidt and
Zermelo; a qualitative discussion can be found on various places, see
e.g. [33, 6, 26].

Putting these arguments on a mathematically more precise level is
relatively simple but it remains very instructive. First, in Section 10,
we study a model introduced by Mark Kac, [29]. The arguments are
formulated in a substantially more generality in Section 11 (the case of
infinite dynamical systems) and Section 12 (the case of large but finite
systems). In particular, we explain how an H-theorem follows from the
very existence of an (even weakly) autonomous macroscopic dynamics.
The resolution of Zermelo’s and Loschmidt’s paradoxes is understood
via a fluctuation symmetry, in this way drawing a link to the first part
of these lectures. Most of the presented material and some more details
can be found in [11] and references therein.
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Since the fundamental laws of nature are presumably quantum, one
can further ask how the classical arguments leading to H-theorems
need to be changed when starting from a quantum microscopic dynam-
ics. There is no crucial difference up to one important point, namely
that the very notion of a macroscopic state needs to be reconsidered
because it can be (and in nonequilibrium practice it often is) spec-
ified through values of mutually incompatible observables. The non-
commutativity is a genuine quantum-mechanical feature which cannot
be simply waived away by arguments identifying the classical limit
with the thermodynamic limit. Furthermore, entropic arguments and
microscopic derivations all together play on the level of fluctuations,
i.e. before the thermodynamic limit. Starting from Section 13, we ex-
plain a possible approach to the quantum problem along the lines of
reference [12], thereby generalizing some ideas of John von Neumann,
[50]. An interesting side problem is to show how our construction of the
quantum Boltzmann entropy relates to other, mathematically simpler
but physically a priori less plausible constructions. In fact, we show
when two definitions of quantum entropies become equivalent in the
large system limit. That issue is obviously very related to the problem
of quantum large deviations and we will briefly describe the connec-
tions. Finally, as an example, we come back to the Kac ring model and
we discuss its quantum extension along the lines of reference [10]; see
Section 14.

10 Kac Ring Model

There is a simple paradigmatic model introduced by Mark Kac [29]
to simplify the mathematics of the Boltzmann equation. While the
Boltzmann equation is much more complicated, the Kac model is math-
ematically simple and free of those extra technical problems that are not
really important for understanding some crucial aspects of the emer-
gence of macroscopic irreversibility.

10.1 Microscopic Dynamics

Consider the set A = {1,..., N}. We imagine it as a ring in which we
identify the sites 1 = N + 1 and on each site we have one particle and
one scatterer. The particles carry a ‘spin’ 7(i) = £1 and the scatterers
can be off or on, g(i) € {0,1}. The resulting set K = {—1,1} x {0,1}4
is the state space of our model. The dynamics is deterministic and given
via the transformation U on K,
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U, 9)(@) = ([1 = 29(i = D]n(i — 1), (7)) mod N (10.1)

which generates the (microscopic) deterministic dynamics such that the
configuration (7, g;) at time ¢ =0,1,... is

(i) = mo(i — £)[1 = 29(i = )] ... [1 = 29(i — 1)] (10.2)

and g; = g keeps constant. There is an obvious interpretation: at every
time instance ¢, each spin 7;(7) jumps to its successive site, i + 1, either
flipping its value if a scatterer is present, g(i) = 1, or keeping its value
if g(i) = 0. Sampling the initial configuration (79, g) from a measure
o on K, the probability to find (n, g) at time ¢t is

e[ (n, 9)] = pol(me, 9)] (10.3)

That is the present variant of the Liouville equation for mechanical sys-
tems. Here also the Shannon entropy S(u)=—>_, , p[(n, 9)|log u[(n, g)]
is time-invariant, S(u¢) = S(po). There is just no strictly increasing
Lyapunov function for this dynamical system; in fact, the dynamics
is 2N —periodic. Nevertheless the model exhibits relaxation to equilib-
rium; to see that, we need to pass to a macroscopic viewpoint.

10.2 Macroscopic Evolution

There are two natural macroscopic observables, the magnetization m™"

and the fraction of on-scatterers p?:

N
() = ]i,;n(i), o) =5 e (04)

The emergent macroscopic dynamics will have the form
(my, p) = (miy, V) = o(my”, p") (10.5)

at least for very large N. It would imply that the macroscopic data
(mY, pN) evolve autonomously, irrespectively of any actual microscopic
configuration (1, g;) that realize (10.4). A simple heuristics'* suggests
o(m, p) = ([1 —2p]m, p) as a candidate map. Yet, it is easy to imagine
microscopic configurations that violate that and the question arises how
such a macroscopic behavior can/must be understood.

14 Think of N(14m) up (down) spins crossing ‘on average’ Np scatterers every time
step, entirely neglecting possible time correlations. Such a hand-waving deriva-
tion is often referred to as Stosszahlansatz (or repeated randomization, molecular
chaos approximation,...).
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Introducing the counting probability measures

PN((n, g)] =272 (10.6)

and the notation a < b for la — b] < 9, the desired statement has the
form of a law of large numbers:!?

. 0
Jim PY[m™ () = mo(1 = 2p)" | m™ (no) = mo; p™(9) = p] = 1 (10.7)
for all § > 0. This means there is a set of typical microscopic configura-
tions satisfying the macroscopic law with map ¢; those configurations
violating that law make a set of zero limit measure. Such a macroevo-
lution is called autonomous; note that (10.7) is equivalent to

. )
Jim PNt < T+ m™ () = mo(1—2p)" [m™ (no) = mo; p™(g) = p] =
(

for all > 0 and any finite 7.

The relaxation to equilibrium along that typical macroevolution is
obvious by inspection but one can also construct an explicit witness
which is the Boltzmann entropy s(m, p) defined as the large deviation
rate function for the sequence (m™, p™)n14o0 Of Observables:

PN[(m™ (n), o™ (9))] = (m, p)] = VUm0 (10.9)

This is to be understood in the logarithmic sense after taking the limit
N T +00, i.e., it is a shorthand for the limit statement

1
s(m,p) =1lim Jim - logPN[m () £ ms p¥(n) £ g (10.10)

This is simply the binomial entropy,

— L 1og(1 + m)— 152 log(1—m) — plog 2p
s(m,p) = —(1—=p)log2(1—p) if —1<m<1,0<p<1
—00 otherwise
(10.11)

and one checks that s(¢(m, p)) > s(m, p) whenever m # 0 (system off
equilibrium) and 0 < p < 1 (nonsingular macrodynamics). Using the
notation m; = mg(1—2p)’, it yields that s(my, p) is a strictly increasing

5 In fact, a strong law of large numbers is also true for this model, see [29], but the
weak law is sufficient for our purposes. Later we will meet an even substantially
weaker autonomy condition.
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function of time. Following Boltzmann’s terminology, such a statement
is called an H-theorem; the Boltzmann entropy is a Lyapunov function.

It should be clear that we say nothing yet about possible macroevo-
lutions corresponding to those exceptional microstates not verifying the
macroscopic map ¢. That will come in Section 10.3.

Proof of (10.7): Use the shorthand
EN[-] = EN[- [m" (no) = mo; p™ (9) = p]

for the expectations conditioned on the initial macrostate (mqg, p). One
easily checks that (1) PV are permutation-invariant measures, (2) 7o
and ¢ are independently distributed under PV, and (3) the following
asymptotic decoupling is true:'® provided that —1 < mg < 1 and 0 <

ph< 1, there is a sequence Ag\l,f), limp AS\];) =0forall k=1,2,..., such
that

[EN[n(ir) . . i) — EV [p(D))F| < A (10.12)
and

ENg(ir) ... g(in)] — EN [g(D)])] < AY) (10.13)

forall 1 <ig <io<...<ip<N.
Then, one subsequently gets

EN[m™ (n,)] ZEN no(t — {1 —=2g(i —t)}...{1—29(i = 1)}]

i=1
= ENno(D)] EN[{1 — 2¢(1)} ... {1 — 2¢(t)}]
= mo{(1 - 2E¥[g(1)])’ + An}
=mo(1 —2p)" +0(1)
(10.14)

by using that |Ayx| < A%) due to (10.13). Similarly for the second
moment,

EX[(m™ (n o(D]EN[{1 - 2g(1)}... {1 —29(t)}

{I—Qg( )b {1 =29t +t—1)}]

Mz

(10.15)

16 This property can be recognized as an instance of the equivalence between mi-
crocanonical and canonical ensembles.
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Observe that for t +1 < ¢ < N + 1 — ¢ there is no pair of the ¢’s in the
above product, acting on the same site. Hence, using the permutation-
invariance and the asymptotic decoupling (10.12)—(10.13),

~ 1 N+1—t
EN[(m™ ()] = Z {md + By ()H{(1 - 2EV[g(1)])* + Cn (i)}
i=t+1
1 +t N
+=(>C+ X Jmi+ By}
=1 i=N+2—t
x EV[{1 —29(1)} ... {1 - 29(t)}
x {1—2g(D)}...{1—2g(i +t—1)}]
N —-2t+1

= S w120 4 o(1)

=mZ(1 —2p)* + o(1) (10.16)

since the remainders satisfy |By(i)| < Ag\?t), |ICn(7)] < Af,t) for all 1,
and using a simple bound on the last term. The weak law of large
numbers (10.7) then follows from (10.14) and (10.16) via a Chebyshev
inequality.

Remark that there is a considerable freedom in the choice of the
measures from which the initial configurations are sampled. The ‘mi-
crocanonical’ measure

PN[-] = PN |m™N(n) = mo; p" (g9) = p] (10.17)

is most natural but for obtaining (10.7), it can be replaced by various
other ensembles. There is for example the ‘canonical’ measure

wmw,5m2m+m» (10.18)
i=1

with the Lagrange multipliers 3, « being fixed by the conditions

Egu[n(D)] =mo,  Egalg(1)] =p

and Z is the normalization factor. It is easy to check that the auton-
omy (10.7) remains true if replacing PV with PZ ; in fact, the proof is
simpler now since P exactly factorizes and hence the above remain-
ders Ay, By, Cn as in (10.14) and (10.16) are zero. The corresponding

large deviation rate function Scan (7, g) which enters the law
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P [(mN (n), oV (9)) = (m, p)] ~ N oeenlmr) (10.19)

can also be computed (the easiest via the Gartner-Ellis theorem, [9])
with the result scan(m,p) = s(m,p). This equality shows the equiva-
lence of ensembles on the level of entropies, which is well studied in
equilibrium statistical physics. We come back to the problem of equiv-
alence within a quantum framework and in a substantially larger gen-
erality in Section 13.4.

10.3 Irreversibility and Entropy Production

Consider a modification of the microdynamics (10.1) in which the par-
ticles jump to the left instead of to the right. It is given by the map

(U(n,9))(@) = (1 = 29()] n(i + 1), g(7)) mod N (10.20)

which is an inverse of U, i.e., UoU = UoU = 1. The spin configuration
at time ¢ as evolved from 7 through the dynamics U is denoted by 7;:

(1) =no(i +t)[1 —2g(i +t —1)]...[1 —2g(7)] (10.21)

Observe that the sequence (trajectory) (no,n1,-..,n:) is allowed (pos-
sible) under the original microscopic dynamics iff (n;,n.—1,...,7m0) is
possible under U. That invertibility is referred to as dynamical (time-)
reversibility. It can be formulated differently by extending the config-
uration space K with a ‘velocity’ variable v € {—1,1} and by defining
the dynamics via the transformation

(U(n,g),v) ifv=+1

V(n,g,v) = {

With the involution 7, 7(n, g,v) = (n, g, —v) the dynamical reversibility
gets the form: 7oV omr = V1 the time-reversed microscopic dynamics
is then achieved by inverting the velocity v.

The macroscopic time-evolution ¢ in which m +— (1—2p)m € [—1,1]
is invertible as well (provided that p # %) Yet, the typical macro-
scopic time-evolution corresponding to U is not ¢! but rather ¢ again,
i.e., the law of large numbers (10.7) stays true when replacing U and
ny with U and ;! It simply means that the macroscopic evolution
m — m(1 —2p) does not get inverted by starting from a typical micro-
scopic configuration 7 corresponding to the macroscopic state m(1—2p)
and by applying the inverted microscopic dynamics (or by inverting the
velocity). Naturally, there exist microscopic configurations n for which
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the inverted macroevolution m(1 — 2p) + m along the dynamics U
would be observed—this is precisely what the dynamical reversibility
claims—they show up to be exceedingly exceptional under macrostate
m(1 — 2p), however. This physical impossibility to invert the macro-
scopic evolution is referred to as macroscopic irreversibility.

The macroscopic irreversibility in the above sense on the one hand
and the strict increase of the Boltzmann entropy on the other hand,
are often used as synonyms. Let us formulate their relation a bit more
precisely. Observe that the two sets

{(10,9) = m™ (0) £ mo; m™ (m) £ my; pN(9) £ p}
and
{(n0,9) = m™ (i) < mo; m™ (o) < me; p™(9) £ p}

with m; = mg(1 — 2p)* have the same cardinalities (check that the
map U is a bijection between these sets). Hence, they have the same
measures under PV, which we write as

log PN [m™ () £ my [ m™ (n9) < mao; p™(g) < p)
1) )
+log]P’N[mN(770);mo, N(Q)éz P (10.23)
= log PN [m™ () = moImN(no)—mt, P (g) = pl
ol

+1og PN [m™ (310) £ my; p™ (g)

Dividing by N, taking the limits N T oo and ¢ | 0 in this order, and
using the law of large numbers (10.7), we get the large deviation law

1 s
lim lim — log PV mo | m my; pN (g) =
im lim = log P [m N (i) £ mo | m¥ (10) £ my; pN(g) Z ) (10.24)

= s(mOMO) - S(mta p)

or

PN () ~ mo | m"N (no) 2~ mu; pN (g) ~ p] = e Nimer)=stmo.p)]

(10.25)
which is quite a remarkable relation. Notice first that it provides an-
other derivation of the H-theorem: since the left-hand side is less than
one, one immediately gets s(my, p) > s(myg, p). Further, the left-hand
side is nothing but the probability that a configuration 7y sampled from
macrostate m; and evolved according to U (or equivalently U for this
model), exhibits the macroscopic transition from m; to mg, which is
just an inversion of the typical transition mg — my.
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Macroscopic irreversibility amounts to the statement that such in-
verted macroscopic transitions are physically impossible; here we have
a quantitative evaluation how rare they really are: the large deviation
rate function for the backward transition m; — mg with respect to U
just coincides with the entropy production along the typical macroevo-
lution mgy +— my with respect to microscopic dynamics U. Inverting
the logic, this can be read off as a formula for the entropy production,
possibly useful provided that the probability of those rare backward
transitions can be evaluated or estimated.

The seeming inconsistency between the microscopic reversibility and
the macroscopic irreversibility is known as the Loschmidt paradox.
Equality (10.25) in a sense solves this paradox and put it in a correct
perspective: those macroscopic trajectories obtained by time-reverting
the typical ones (¢'(m); t = 0,1, ...) are indeed observable for finite N,
however they are exponentially damped. Notice that (10.25) is nothing
but a macroscopic analogue of the detailed balance condition (4.4) that
we have already discussed in the context of lattice gases.

11 Infinite Systems

The above analysis of the Kac model shows up to be quite generic and
one can easily extend those arguments to a more general setup. The
aim of the present section is to formulate general sufficient conditions
for the existence of a Lyapunov function for a class of macroscopic
dynamics, or, equivalently, for an H-theorem to be valid.

11.1 Dynamical Systems, Macrostates, and Entropy

On a microscopic level, we consider a family of classical dynamical
systems (K™, U, PY)nNy400, Where the label N should be thought
of as a spatial extension of the system and the maps'” (U}¥);>q are
assumed to satisfy the semigroup condition UM UYN = Uy, for all
t,s > 0. The probability measures PV are invariant under the dy-
namics: PV (UN)~! =PV,

The macroscopic level of description is specified by a collection of
macroscopic observables. These are some maps MY : KN — 2 into

a metric space (§2,d) of macrostates. We assign to every m € (2 the

7 Depending on an application, the maps U can be e.g. Hamiltonian flows, possi-
bly with the time and space suitably rescaled with N. The details are not really
important for what follows, we will only require the microscopic dynamics to
satisfy a few general conditions, see below.
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Boltzmann entropy defined as the large deviation rate function under
the measures P'V:

1
s(m) = lim lim sup — log PN [M ™ () 2 ml, m e 2 (11.1)
610 N14o00 N

using the shorthand m 2 ' whenever d(m,m’) < 4. Denote
29 ={m € 2; s(m) > —o0} (11.2)

the set of those macrostates that are admissible; we assume 29 # ().
Note this is a first nontrivial assumption: the parametrization by N
and an eventual rescaling have to be meaningful so that (M") indeed
satisfies the large deviation principle with a finite rate function s(m)
on some large enough space (2.

11.2 Autonomous Evolution and H-theorem

Starting from a microscopic configuration € K, the macroscopic
trajectory is simply the collection (MY (U}Nx));>0. We assume the ex-
istence of an autonomous macroscopic dynamics in the following sense:
let there be a collection (¢¢)i>0 of maps ¢ : 2y — (2 satisfying

1. the semigroup condition

Prods =drys,  t,52>0 (11.3)
2. a weak autonomy condition

. . 1 5 5
lim lim — logPN[MN(UNz) = MN(z)Zml=0 (114
im lim 5 log [M™(U; ) = ¢¢(m) | (z) =m] =0 (11.4)

for all t > 0 and m € (2.

Notice that (11.4) is a much weaker condition than the law of large
numbers (10.7) valid for the Kac model. In particular, no typical macro-
scopic evolution is required to exist; that (¢¢)¢>0 can e.g. be a single
realization of a stochastic process describing a macroscopic evolution of
a system passing through a number of branching points.'® On the other
hand, this condition is generally not satisfied by stochastic systems on
mesoscopic scale and/or without involving the large N limit. In that

'8 To have in mind a specific scenario, think of a ferromagnet being cooled down
from a high-temperature paramagnetic state. When passing the critical tempera-
ture, the system randomly (= depending on the initial microscopic configuration)
chooses one of the ferromagnetic states with broken symmetry.
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sense, condition (11.4) draws a sharp border line between macroscopic
and mesoscopic systems.

Since P is invariant under U}V, conditions (11.3)-(11.4) are equiv-
alent with a single condition

lim lim - log PV (U 2) & gy (m) | MV () £ gufom)] = 0
(11.5)

required for all ¢t > s > 0. Using the invariance PV again, we find that
for any pair m, m’ € {2y of macrostates,

log PV (MY (2) £ m/) = log PY (MY (UNz) £ m)
> log PN (MY (UNz) £ m! | MY (UNz) £ m)

+1log PV (MY (UNz) £ m)
(11.6)
which we are again going to divide by N, to take the upper limit N T

+00 and then to take the limit 6 | 0. Choosing first m = ¢s(m) and
m’ = ¢¢(m), autonomy condition (11.5) yields

s(¢i(m)) = s(¢s(m)),  t=s20 (11.7)

which is an H-theorem. Second, for m = ¢;(m) and m' = ¢5(m) it
yields the inequality

>

1
— lim lim sup — log PV (MY (U} z) 2 ds(m) | MN(UNz) = ¢(m))
610 N14o00 N

> 5(¢i(m)) — s(ds(m)) (11.8)

again for all ¢ > s > 0, which provides an upper bound on the
Boltzmann entropy production.

For an invertible microdynamics (U}Y) inequalities (11.7)(11.8) can
be turned into a single equality by essentially repeating the computa-
tion of Section 10.3, see (10.23)—(10.24). The result reads

s(¢e(m)) — s(¢s(m)) = Ju(¢e(m), ¢s(m)) >0 (11.9)
where
— ;t(m,m')

1 i} _
= limlimsup — log PN MY (TN z) £ m! | MY (T¥2) £ m] (11.10)
510 N14o00 N
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is the rate function for the transition from macrostate m at time s
to macrostate m’ at time ¢ along the time-reversed dynamics U}¥ =
(UN)~1. The conclusions of Section 10.3 apply as well in this gen-
eral case: Js+(¢¢(m), ps(m)) is a natural ‘measure’ of macroscopic irre-
versibility, and we have proven it is just equal to the entropy production
for the transition ¢s(m) — ¢¢(m) fulfilling the autonomy (11.5).

Semigroup condition (11.3) is crucial and cannot be simply relaxed.
Indeed, assuming only the autonomy in the form (11.4), one would still
have the inequality between the initial and final Boltzmann entropies:
s(¢e(m)) > s(m), t > 0, however, s(m;) might not be monotone in
general. As an example, think of the macrodynamics ¢; : R — R given
as ¢¢(m) = mrtcoswt, |r| < 1, which is like the position of an under-
damped pendulum swinging around its equilibrium position.

The missing semigroup property can be recovered by including addi-
tional macroscopic observables; in the case of the pendulum one would
naturally add its velocity as another observable. To conclude, the semi-
group condition is basically a restriction on the choice of the collection
of macroscopic observables, which needs to be in that sense ‘complete.’

12 Finite Systems

In this section we evaluate the necessity of the large N limit in the
above arguments, and we attempt a microscopic formulation of the H-
theorem for an entropy defined upon a finite system and as a functional
on microscopic configurations.

12.1 Zermelo-Poincaré Paradox

For any fixed N the dynamical system (K,U;,P) = (K, UN,PY) is
really a finite size system; this is encoded by the assumption that P
is a probability (and hence normalizable) measure. For simplicity, we
consider in this section a macroscopic observable M : K +— §2 such that

9 ={m € 2; PIM~*(m)] > 0} (12.1)
is finite or countable. As entropy function we take
S(m) =logP[M~Y(m)], me (12.2)

The well-known Poincaré recurrence theorem then reads that for
P—almost every microstate x € K and any time to one has M (Uz) =
M (z) for some t > tp, i.e., the trajectory almost surely returns back to
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the initial macrostate M (x). This is usually phrased as the impossibility
for the entropy (12.10) to be an increasing (nonconstant) function of
time, which is also known as the Zermelo(-Poincaré) paradox. However,
the analysis in the previous section and the Kac example give a clue:
the recurrence time increases with the system size N and is shifted
away to infinity in the thermodynamic limit.'?

In the context of H-theorems it is instructive to reformulate
Zermelo’s objection in still a slightly modified way. There is in fact
a tempting ‘trivialization’ of the argument leading to the H-theorem
which goes as follows:

For our finite system, the autonomy could simply mean that the
macroscopic evolution as specified by a map ¢ : 2y — (2 is just what
takes place for almost every microstate, i.e., that for P—a.e. z € K
one has

M(Uz) = ¢r(M(z)) t>0 (12.3)
Were this indeed true as such, it would automatically imply the semi-
group condition since, almost surely,

M (Upysz) = ¢oo(M(Usz)) = ¢y 0 ¢s(M(2)), t,s >0 (12.4)
Second, it would mean that
P(Uy) " M~ (my) N M~ (m)] = PIM " (m)] (12.5)

with m; = qbt( ), i.e., the set of microstates M~!(m) evolves to a
subset of M~ (my), up to a zero measure set. Hence,

S(my) = log P[(Uy) ' M~ (my)] 2 PIM ™ (m)] = S(m) (126
due to the invariance of P. Finally,
S(my) = S(¢r—s(ms)) > S(ms), t>s>0 (12.7)

On the other hand, by the above Poincaré recurrence, S(my) = S(m)
for infinitely many ¢, and hence S(m;) is constant!

The above computation shows that the assumption of autonomy in
the form (12.3) or (12.5) is too strong. If fulfilled, the macroscopic evo-
lution would necessarily be reversible and the entropy constant. Our
condition of autonomy (11.4) is much weaker and it does not guar-
antee the semigroup property. In the Kac example, the law of large
numbers (10.7) is far stronger than autonomy (11.4), yet still consistent
with a macroscopic irreversible evolution, as we have checked explicitly.

19 For the Kac example the recurrence time is of order N. However, in many dynam-
ical systems it goes exponentially with the number of degrees of freedom, which
is itself e@).
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12.2 Microscopic H-theorem

We come back to the general framework of Section 11.1 and consider
again a sequence of dynamical systems (K, UN,PV)y and a general
macroscopic observable M : KN — 2. macroscopic in the sense that
{2y defined in (11.1) is nonempty. Our aim is now to formulate an H-
theorem for Boltzmann entropy assigned to each microstate of a single,
possibly large finite-size system. Put it differently, we want to see how
much the entropy is allowed to fluctuate around a monotone path when
evaluated along a single microscopic trajectory of a single dynamical
system with N large but fixed.

For N fixed the Boltzmann entropy is no longer unambiguously de-

fined since the sets {z; M () u m} depend on the width 6 > 0 and are
not necessarily all disjoint for different macroscopic states m. To be safe
we assign to every microstate € K¥ the interval [,5”]<V’5(:c)7 S]>V’5 (x)] of
entropies defined as

S20@) = inf {SV0(m); m = MV (x)} (12.8)
S20(2) = sup {579 (m); m L MV ()} (12.9)

where
SN (m) = log PY (MY (2) £ m] (12.10)

We impose the autonomy assumption in the form of a law of large
numbers:

lim lim PV () £ gu(m) | MY (@) £m) =1 (12.11)
for all m € (29, t > 0, and with maps ¢; : £29 — {2y such that ¢; o ¢5 =
Grys, t >85>0,

Let us fix some initial condition m € {2y, § > 0 and a finite sequence
of times 0 = tg < t; < ... < tg. Combining assumption (12.11) with
the semigroup condition, the remainder

DN(s, t:m) i= 1 — PN[MN(UNz) £ gu(m) | MV (UN2) £ 65(m)]
(12.12)

satisfies lims o limn1yoo DN9(s, t;m) = 0 whenever t > s > 0. By
subadditivity,
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3

PVIMN(UN2) £ ¢y (m), j=1,...,Q| MN(x) £ m]

Q
>1- DV0,t5m) (12.13)
j=1
Whenever m™ (Uyx) 2 ¢¢(m) then

SEUUN ) < SN (gy(m)) < S2° (U] ) (12.14)

As a consequence, (12.13) gives

PN[SEO (U, 2) < SN (0, (m)) < ST (U,2), =1, Q| MN () £ mi]
Q

>1-) DM%0,t;;m) (12.15)
j=1

Entropies at successive times satisfy the inequality following from
(12.12):

SN (¢ (m)) > SN0y, (m)) +log(1 — DN (851, t5:m))  (12.16)

Using that

Q
lim i inlog(1 — DNO(t;_1,t;;m)) =0 12.17
im lim min log( (tj-1,t55m)) (12.17)
inequalities (12.15)—(12.16) yield the main result of this section:
For any A > 0, m € 2, and a finite sequence 0 =ty < t; < ...tgQ
of times, one has

. . N6 N,§ . 4
1(31{51]\[1%31001[”]\7[5> (U, 2) > S2°(Uy,_2)—A, j=1,...,QM" (z)=m]=1
(12.18)

Therefore, the finite-system entropy violates the monotonicity as little
as required with probability arbitrarily closed to one, provided that § is
small enough and N large enough. This is the announced microscopic
H-theorem.

Remark that the ambiguity with the definition of finite-system en-
tropy does not arise if the observables M” take only finitely or count-
ably many values (as in Section 12.1 but this time uniformly for all V).
In that case, one can set § = 0 and the entropy is simply

SN (z) := $Y0(z) = S0 (z) = log PN [(MM) "MV ()] (12.19)
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(Compare with (12.2).) The microscopic H-theorem (12.18) then be-
comes, under the same assumptions,

NlTiinooIP’N[SN(Utjx) >SN, ) — A, j=1,..., Q| MN(z) =m] =1
(12.20)

13 Quantum Systems

The arguments presented in the previous section do not dramatically
change when passing from a classical to a quantum dynamics. What
does need to be refined however, is the very description of macroscopic
states due to the inherent incompatibility of quantum observables, as
visible from the noncommutativity of corresponding (self-adjoint) op-
erators before any macroscopic limit is taken.

Obviously, the question of a quantum fluctuation theory and of
quantum limiting behavior is not restricted to nonequilibrium physics.
The difference between equilibrium and nonequilibrium macroscopic
states lies mainly in the choice of macroscopic constraints. The con-
straints describing equilibrium (like energy, particle number) usually
commute and hence the problem we discuss here typically falls in a
nonequilibrium context.

A first attack on this problem dates back to John von Neumann, [50].
His idea went as follows: The single particle position and momentum
operators ), P satisfy the commutation relation?® [Q, P] = i. Hence,
assigning copies Q;, P;,© = 1,..., N to each of N particles, the averages
QN = % >, Qi, PN = % S, P satisty [QY, PN] = ﬁ Although they
do not commute and hence cannot be diagonalized together (nor simul-
taneously measured), one can think of suitable modifications QN, pN
that already commute and that in a sense well approximate the orig-
inals, at least for large N. Indeed, von Neumann explicitly constructs
commuting operators QN, PN which have purely discrete spectra of
nondegenerate eigenvalues (¢, pY),, and whose eigenvectors (¢¥2),
make a complete orthonormal basis system in L?(R"). They approxi-
mate the operators QV, PV in the sense that

(W, QYY) =ai . (Wa, PNyY) =pl (13.1)
and
N Ny N L N _ Ny N i
1(Q _QQ)¢a”§\/ﬁ’ (P pa)%llﬁﬁ (13.2)

with C =~ 60, see [50] for details.

20 Set the Planck constant to one.
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What follows is a slight modification and generalization of the above
idea that comes close to the point of view of quantum information
theory. Instead of modifying the operators themselves, we look for the
largest or typical subspaces that in some sense well approximate the
eigenspaces for given eigenvalues, simultaneously for all macroscopic
observables from a collection. This construction proves to be natural
since the corresponding entropy, measuring the dimension of that typ-
ical subspace, actually satisfies a variational principle. Hence, it can
be directly compared with another, more familiar although physically
less satisfactory construction based on maximizing the von Neumann
entropy. The (non)equality of both entropies is then a problem of
(non)equivalence of ensembles. Looked at from another angle, such an
equivalence gives a counting interpretation to the von Neumann entropy
in the thermodynamic limit, and opens interesting possibilities towards
a consistent and meaningful scheme of quantum large deviations.

13.1 Quantum Macrostates and Entropy

A macroscopically large quantum system is modeled by a sequence of
finite-dimensional Hilbert spaces (H™)n1400 on which we have stan-
dard traces Tr"V. As macroscopic observables we consider a collection
MN = (M,iv Jeer of self-adjoint operators on HY; for simplicity, we
assume I to be finite. For each operator there is a projection-valued
measure Q{CV on R such that, by the spectral theorem,

F(M,ﬁv):/RQ]kV(dz)F(z), F e C(R) (13.3)

(which is just to say that M, ,ﬁv is unitarily equivalent to a multiplication,
or simply that M,ﬁv can be diagonalized.) A quantum counterpart of

the classical set of microstates M ,ﬁv 2 my, for some macrostate my € R
is the projection

mp+0
oY )= [ oaz) (13.4)

mi—0

Commuting Observables

As a warm-up, assume first that M* is a collection of mutually com-
muting operators. In that case, Q™ (dz) = [],c; QF (dz) is a common
projection-valued measure, (13.3) extends to

FMMy= [ oNdz) F(z), FeCR) (13.5)
RI
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and a macrostate m = (my)rer gets represented by the projection

QMo (m) = [T @’ (mu) (13.6)

kel

The classical entropy, say in the form (12.10), extends to
SN (m) = log TN [QN (m)] (13.7)

This is a formalism entirely equivalent to the one for classical systems.

General Observables

For a general collection MY of observables and a macrostate m &
R, projections (PN)NT+OO are said to be concentrating at m, written
PN — m, whenever

Jim VPO | PN = Fm) (13.8)

is satisfied for all F' € C'(R) and k € I, with the notation

TV [PV ]

trV[ | PV = 13.9

1P = Ty (139

for the normalized trace on P H”. Condition (13.8) is a law of large

numbers for observables M}¥ under quantum state (13.9); it can be
equivalently written as the condition

lim trV[Q N =1 13.10

am et {Q (my) | P (13.10)

for any 6 > 0 and k € I. Physically, it means that all M,ﬁv, k € I are
asymptotically dispersionless under state (13.9).

Having in mind the classical situation where the entropy counts the

number of all microstates = such that M (z) 2 m, we are mostly inter-
ested in those concentrating sequences that are maximal in the sense of
dimension counting. Hence, we define the (infinite-system, Boltzmann)
entropy s(m) for any m = (my)rer by the limit

1

s(m) = lim sup — log Tr™ [PV] (13.11)
PN _m N

i.e., s(m) is the largest limit point over all projections concentrating

at m. Any projections PV attaining the entropy s(m) in the large N

limit,
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hmsupilog TV [PN] = s(m) (13.12)
Ni4oo IV

are then called typical projections concentrating at m.2! Clearly, they
provide a variant of the microcanonical ensemble for noncommuting
observables. An example comes in Section 14.

To check that the above definition of entropy is meaningful, we
first revisit the relation between the macroscopic autonomy and the
H-theorem of Section 11.2 in the present quantum set-up. Second, we
link our construction to the canonical construction based on maximiz-
ing the von Neumann entropy, and we prove that they are equivalent
under suitable conditions.

13.2 H-theorem

As a microscopic dynamics we consider a family of automorphisms??

(7/V)i>0 acting on the observables from B(HY) and having the semi-

group property
NN =N, ts>0 (13.13)

S

Denote
2 = {m € RY; s(m) > 0} (13.14)

the set of all admissible macrostates. The conditions on the emergent
macroscopic dynamics now have the following form, cf. Section 11.2.
There are maps (¢¢)i>0 on 2y satisfying

1. semigroup condition: ¢t o @5 = Prys, t,5 > 0;

2. autonomy condition: for every m € () there exist some typical
projections PV — m concentrating at m such that for all F € C(R),
kel ,andt >0,

Jim e FOLT) [P = F((gom)i) (13.15)

or, equivalently,

. . N[N AN, Ny _
lg{gl]\}%rllootr (7 Qp “((pem)) | PY] =1 (13.16)

21 Note a slight difference in the terminology with respect to [12] where the typical
concentrating projections were rather called a microcanonical macrostate. The
present terminology is closer to the one of quantum information theory.

22 This means that 7 (XY) = 7V (X)7V(Y) for any X,Y € B(HY), which is
a noncommutative generalization of classical deterministic map. Physically,
(HN,TtN , TrlY ) models a closed quantum dynamical system; note that
TV (7N (1)) = TrV(-) and hence Tr" corresponds to the invariant (counting,
unnormalized) classical measure.
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Under these condition it is easy to prove that
s(¢ym) > s(psm) me 2y, t>s>0 (13.17)

Indeed, let PN — m be typical projections concentrating at m and
verifying (13.15) or (13.16). Using that 7" is invertible and (V)™ is
again an automorphism such that Tr™V((7/)~1.) = Tr'V(.), one has
N [FOY) () 1PV

teN[(rN) 1PN (13.18)
=tV [P (M) | ()7 PN

¥ [rN F(MY) | PY] =

Hence, autonomy (13.15) implies that (7¥)~!P¥ concentrate at ¢;m,
(M) 7IPYN — ¢ym. % As a result,

1
s(m) = limsup — log TrN[(TtN)_le] < s(¢pym) (13.19)
Nit+oo N

By combining with the semigroup property,

s(pem) = s(Pr—s © psm) > s(sm) (13.20)

as claimed.

Notice that in (13.15)—(13.16) we have required the autonomy con-
dition in the sense of a law of large numbers; compare with a much
weaker assumption (11.4). A possible way how to prove the H-theorem
under a weaker autonomy condition here too, might be via suitably
weakening the notion of concentration and by modifying the definition
of entropy; we do not discuss this issue.

13.3 Canonical Formalism

Von Neumann has introduced the entropy functional on states w™¥ (-) =
TN [pN-] over B(HY) by

S(w) = = TrV[p" log p"] (13.21)
For trace states on subspaces of HY, given as
whn (1) = TN PN ]/ TN PN, (13.22)
the von Neumann entropy boils down to
S(wpy) = log eV [PN] (13.23)

23 Note they do not have to be typical concentrating projections at ¢;m!
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In this light, entropy (13.11) can also be written as

N
s(m) = limsup Slwpy) (13.24)

PN—m N
A general and very successful approach in statistical physics lies in
the idea that a variational principle like (13.24) can often be extended
to a larger ‘test space’, so that (1) a new variational problem becomes
easier to solve, and (2) the resulting entropy s(m) can be proven to re-
main unchanged. This is a standard approach at least when describing
thermal equilibrium, but it is often used in a similar way to describe
nonequilibrium macroscopic states (sometimes then referred to as con-

strained equilibria).

To obtain the canonical description for a given macrostate m € RY,

we write w™ - m for any sequence of states satisfying
lim W™ (M) =my, keI (convergence in mean). (13.25)
NT+o0

Analogous to (13.24), we define the canonical entropy,
S(wh)
N

(13.26)

Scan(m) = lim sup

1
wN =m

Any sequence of states (wW")n1i0o such that limygieo G(wWV)/N =
Scan(m) we then call canonical states at m.

An advantage of this formulation is that one can often find Canonical
states explicitly in a Gibbsian form: consider states wi' (-) = Tr™V[p}- ]

defined as

1
pN = g M 2 = NN R (13.27)
A
with some A = ()\k)kej. If limNTJroowﬁ\V(MéV) = mp, k € I, then
(W) N1+o0 are canonical states at m.
This easily follows from the positivity of relative entropy, see e.g. [5]:

for any w™ - m, WwN () = TeN[pN-],

1 1
lim sup —— w¥ [log pV] < lim sup —— w’¥ [log p¥']
Nitoo N Nitoo N

= lim sup — log Z)\ Z Ak (13.28)
NT—i—oo

1
= lim sup —— wy' [log p¥']
Nitoo N
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as claimed. It also yields the canonical entropy in the form

Scan(m) = p(A) — Z A (13.29)
k
where we have defined the ‘pressure’
. 1 N
p(A) = limsup — log Z3 (13.30)
Nitoo IV

13.4 Macroscopic Equivalence

By construction, scan(m) > s(m). A natural question arises under what
conditions both entropies are actually equal. This is a familiar problem
of the equivalence of ensembles (microcanonical versus canonical in this
case) on the level of entropies, however, the usual arguments, e.g. [37,
55, 19], are mostly restricted to the case of equilibrium and commuting
observables (with the energy and/or the particle number as the only
variables). The generalized microcanonical ensemble in the sense of
Section 13.1 requires some refinement of those arguments. Below we
provide some sufficient conditions for the equivalence.

Let (w))N1400 be canonical states (13.27) with wl’ L m. Assume
that

1. the limit

1
p(A) = N1T1r+noo N log TrN [eN 2k ’\’fMliV] (13.31)

: s tion AP(EA) _ .
exists and has the derivative =5 ‘n:l = >k Ak M

2. for any j € I, the generating function

1
aj(k) = Jim < log TrN [N Zx MM N M (13.32)
exists and has the derivative dqéf(:) ‘ Ly =mj.
k=0
Under these hypotheses we will prove that
s(m) = scan(m) =Y Agmy — p(N) (13.33)

Remark that by the Golden-Thompson inequality,?*

g (1) = pA+(0,...,(K)j,....0)) (13.34)

< e?eP for all hermitian matrices A, B.
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Unless M }{, all mutually commute, this inequality generically becomes
strict and those (g;);er are fundamentally different from the pressure;
they appear naturally when studying quantum large fluctuations, see
Section 13.5.

The proof of equivalence (13.33) comes in a sequence of steps: first
we show that the canonical states wf\v are exponentially concentrating
at m, then we construct typical projections for these states, and finally

we prove that those typical projections concentrate at m too.

Exponential Concentration

By assumption, g; exists in some interval [—ko, ko], Ko > 0. From the
spectral theorem (13.3),

1 N MN
qi(k) = p(\) + Nhgrnoo N logw e NM; ]
=p(\) + lim —log / wy [QF (dz)] e (13.35)
R

=p\) + hgloo N log /R VjN(dz) eV

where we have introduced the (classical) probability measures V]N as

the distribution of M under states wA Denote the last term as 1 (x),
and fix some § > 0. One has the estimate

/Rujj-v(dz) e N > e“(mj+5)NVJJ~V[2 > mj + 9] (13.36)
which implies, by the existence of the limiting generating function,

lim SUp logy [z > mj + 0] < Y;(k) — k(mj +9) (13.37)
NT—l—oo

for all 0 < K < Kg. Since %\,ﬁzo = mj, there exists k1 = k1(0),
0 < k1 < Ko such that d}j(m) < Kkim; + %‘5. Hence,
I€15

lim sup — logu [z >mj+0] < ——— (13.38)
Nt+oo IV 2

Combining with an analogous argument for v/ Nz < mj — 6|, we arrive
at the bound
WX [QY(my)] > 1 — e CON (13.39)
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valid for all 6 > 0 and N > N;(9), with some C;(5) > 0 and N;(0); the
Q" (m;) is given by (13.4).

This in particular implies that states wl are concentrating at m(\)
in the sense of a law of large numbers analogous to (13.10); moreover,
the concentration is exponentially fast. Note that the above argument
is similar to the construction of large deviation upper bounds, cf. any
textbook on the large deviation theory, e.g. [9, 23].

In an analogous way we exploit assumption (1) on the pressure.
This time we consider the observable Y, Ay M} and denote by OV the
corresponding projection-valued measure, i.e., such that

F(3 MMY) = / ON(d) F(2),  FeC(R) (13.40)
& R

Repeating the arguments (13.35)—(13.39), we get the result

WV [QN0] > 1 — e CON (13.41)

with
QN — / QN(dz) XD Mme =0 <2 <> Ny +0)  (13.42)
R k k
valid again for all § > 0, N > N(§), with some C(§) > 0 and N(6).

Typical Projections

From (13.41) there is a sequence dy | O such that the projections
PN = QNN satisfy
lim [PV =1 13.43
NT1+mOOW,\ [P™] ( )

By construction one has the operator inequalities

PN (Z Apmy — 5N) < PN Z )\kM]iV < PN (Z Apmy + 5N) (13.44)
k k k

which yield the upper bound

TN PY] = wl (o)) 1PN] < ZNe N (Sehumu—aw) (N (pN] - (13.45)

and the lower bound

TV [PN] 2 2 e N (Sademeson) N pA] (13.46)
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Using (13.43) and (13.29), this proves®

NhIJPoo — log TN [pN Z MMk = Scan(m) (13.47)

As soon as we prove that projections PN are concentrating at m (see
the next section), the last equation simply means that s(m) > Scan(m).
Since the opposite inequality is obvious, we arrive at (13.33) as claimed.

The arguments used in this section are well known in both classical
and quantum information theory, and projections P satisfying (13.43)
and (13.47) are usually called typical (sequence of ) projections. Their
existence under mild assumptions for a large class of models is a subject
of the Shannon-McMillan(-Breiman) theorem, see e.g. [3] and references
therein. For a nice overview of the principles of quantum information
theory see [8].

Concentration of Typical Projections

To finish the proof we need to show that PV as constructed in the last
section concentrate at m. The following is true for any YV > 0:

NN = TV [(pN) 2 YN (o)) 2]
> TV PN (o) 2 YV (o)) PY]
= TV [(Y V)2 PN pY (Y V)2 (13.48)
> LN NSk Awmi—ox) TN [PN] eV [y N [PN]

A
> 6_2N6NWN[PN] tI‘N[YN | PN]

where we have used inequalities (13.44) and (13.46). Take now YV =
1-— Q;V’e(mj) and use the exponential concentration property of wﬁ\v ,
inequality (13.39); one obtains

1—trV[QY(my) | PN] < e (GO=2mN (N [pN]) =L (13.49)

for any € > 0 and N > Nj(e), which immediately gives®

25 Note that one only needs that limN7 400 % log Tr™Y [PN] = 0. In particular, the
assumption on the differentiability of the pressure is convenient but far from
necessary; see also a comment below.

26 Note it actually yields an exponential concentration, even under that weaker
assumption limy 40 + log Tr™ [PN] = 0.
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; NioNe Ny _
NlTlinootr [Q; “(m;) |[PT] =1 (13.50)

Repeating for all j € I, this proves PV — m.

13.5 Towards Quantum Large Deviations

Using the notation of Section 13.4, the Gértner-Ellis theorem of (clas-
sical) large deviations, [9, 23], teaches us that whenever the generating
function ¢; € CY(R) is differentiable and strictly convex, one has the
law

. . 1 Ni_ 0 -~ ~
16%1 ]1[1%210 i log v [z = my] = —1;(my) (13.51)
for any m; such that m; = % |n—n(m y for some (unique by assumption)
- J

k(m;j), and with the rate function I; being the Legendre transform

7 - o1 N
Ii(m;) = sgp{n mj — NITITOO N log wi [enNM] I}

= sgp[/f m; — q;j(k) + p(\)] (13.52)

= r(m;) m; — qj(k(m;)) + p(\)

(Naturally, for m such that wl’ L m one has k(mj) = 0 and I;(m;)
= 0.) In terms of the canonical states w?, (13.51) becomes simply

1
lim Tim = log ' [Q)" ()] = —1; (1) (13.53)
This is an exponential law for the outcomes of measurements of the
observables M ]N , upon the canonical states wiv . This gives an interpre-
tation to g; as the corresponding generating function.

The existence and differentiability of ¢; gets nontrivial whenever the
observables M év are more complicated than just something like the spa-
tial averages of one-site observables over a lattice (a simple example are
the observables MlN , MQN , Mév in the quantum Kac model, Section 14).
In the usual context of quantum lattice models, no general argument
is known even for the existence of ¢;(x), which is in contrast to the
case of pressure p(\) where the situation is rather well understood,
[55, 24, 5]. For some partial results about the existence of g; in the
so called high-temperature regime see [49, 53]; the differentiability is
studied in [49].

By means of the Varadhan lemma, [9], formula (13.53) can be equiv-
alently written as
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1 N
lim  — logwy [eVFMD)] = sup{F(z) — I; 13.54
Jim logd VO] —sup(F) - L)) (1354)
for any F' € C(R), for simplicity assumed to be bounded from above.
This form provokes still another related question, namely the asymp-
totic limit 1 ( )
lim — log TN [N (Ze A MI+FO) 13.55
Jim - log TrVe ) (13.55)
Although this is likely not directly related to the quantum fluctuations,
such formulas appear naturally when studying lattice models with a
combination of short-range and long-range interactions. Some authors
consider this formulation as a genuine problem of quantum large devi-
ations; see e.g. [51] where the authors show the above limit to exist in
the case of M ,iv being averages over one-site spin observables.?” They
prove the following variational principle:

(13.55) = sgp{F(z) - I(2)}, Ii(2) = Sl;p{liz —q;(k)}  (13.56)

q;-(/*i) = NlTigloo % log TrY [eN (Zk /\kM,iVJF"MJN)] (13.57)
which is similar to (13.51)-(13.52) up to the modified generating
function ¢'.

A general and systematic quantum large deviation theory is lacking,
however, and remains an interesting open question. Possibly even more
ambitious, both physically and mathematically, would be the problem
of correlated large fluctuations for noncommuting macroscopic observ-
ables. Some ideas on this issue can be found in [2]; also the present con-
struction of generalized microcanonical ensembles, Section 13.1, seems
related to this problem.

14 Example: Quantum Kac Ring

This is a quantum extension of the Kac ring model of Section 10, intro-
duced and studied in [15, 11]. Consider a ring A = {1,..., N} again,
and associate with each site i a quantum spin 7(i) € C? and a classical
variable ¢g(i) € {1,0} that indicates the presence respectively the ab-
sence of a scatterer. The state space of the model is hence HY x KN
with Hilbert space HY = C2¥ (spins) and classical space K~ = {0, 1}V
(scatterers).

2T This in particular means that the canonical states w are product states.
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14.1 Macroscopic Description

As macroscopic observables we consider the operators
N
MgzNz;aa(i), a=1,2,3 (14.1)
1=

where o, (i) are copies at site ¢ of the Pauli matrices

o1 = (%) . 09 = (?BZ> , o3 = <(1)_01> (14.2)

representing three components of the local ‘magnetization’, and

N
1
N . .
M0 = 5 D000 (143)
1=
the density of scatterers. By construction, [M{¥, M2] = +M$’ (and

cyclic permutations). The classical (= commutative) case is restored
by keeping e.g. Mév and M:,J,V as the only macroobservables.

It is sometimes convenient to embed KV in C? and to utilize a
compact notation for both operators on HY and classical functions on
KN . In this sense we speak below about states over HN x KN, and we
use the shorthand Tr =37 _en e,

In the canonical framework,

1 . 3 N
N N NS Ao MD
w)\ () = ﬁTr [e Zafo ]
A (14.4)
= e NPV FN [ (hog)+ 550 Maoa() ]

are product canonical states, and the pressure is
1 R .
p(A) = N log TrN[eNZi:O )‘“MLIIV] =1log2[(1+ €M) cosh |A|]  (14.5)

with the shorthands A = (A1, A2, A3) and || = (/\%—i—)\%—i—)\%)%. Further,

1
wf\v — m where

_@_ —Xo\—1
_6)\0_(1+6 ),

dp Ao

o= = ——tanh ||, a=1,2,
m WY anh|Al, «a 3

(14.6)

mo
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The canonical entropy is then, m = (mg, m),

3
Scan(m) - p(A) - Z Aama
=0

= —(1—=mg)log(l —mp) ifm|<1,0<my<1
—00 otherwise,

(14.7)

cf. the classical case, (10.11).

To obtain a microcanonical description in the sense of Section 13.1,
we associate with any macroscopic state m = (mg, m) the modified
macroscopic observable (M, M™N),

Z el ! T30), o= %-0 (14.8)

=1

and the modified macrostate (mo, [m]|).

Since & is unitarily equivalent to e.g. o3, i.e., & = WosW' with
some W1 = W~ we are back at the classical (commutative) situation.
Denoting by Q¥ (dz) the projection-valued measure for (M, M),
one easily checks that any?® QNN (mg,|m|) such that dy | 0, are
concentrating projections at (mg, |m|). Moreover, if N3y 1 +o0 then
these are typical concentrating projections at (my, |m|) and the entropy
is, as essentially can be read off from the classical formula (10.11),

s(mo, |m|) = NlTlgloo % log TrV [QNON (mg, |m|)] = Sean (o, m) (14.9)

In the last step, we need to show that QN (mg, |m|) are also con-
centrating at m = (mg, m), that is the macrostate under the original
(noncommuting family of) macroscopic observables M. This can be
proven by essentially repeating the argument of Section 13.4; we leave
it to reader as an exercise. As a result, those QN (mg, |m|) are typical
projections concentrating at m = (mg, m).

14.2 Microscopic Dynamics

To model the scattering of quantum spins (represented by vector 1) on
the binary variable g, consider a unitary matrix V on C?,

V=em"  h=(hy, ho,h3) (14.10)

28 The notation is the same as in Section 13.1.
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Let the dynamics on HY x K be given as, cf. (10.1),

UN(n:9) = (9(N) Vn(N) + (1 = g(N)) n(N),
g(1) V(1) + (1 = g(1)) n(1), ..

CLg(N=1)Vn(N-1)+ (1 —g(N -1))n (N—l); g) (14.11)

extended to a unitary operator in the quantum sector by linearity. The
associated automorphisms are then

()= UM O (14.12)

14.3 Macroscopic Dynamics

Let us start with a heuristic argument in the spirit of Boltzmann’s
Stosszahlansatz. Any macrostate m = (mg, m) can be associated with
the quantum state of a single ‘effective’ quantum spin, via the 2 x 2
density matrix

1
zi(]l—l—m-a), Trlvog] = ma, a=1,2,3 (14.13)
Each time step the effective spin either meets a scatterer (with prob-
ability mg) or not (with probability 1 — mg). Hence, its evolution is
presumably v — v, = ¢t(v),

d(v) =moVuVT + (1 —mo) v (14.14)

by construction enjoying the semigroup property. Using (14.10) and
(14.13), this can be explicitly written as the evolution on macrostates:
mer1 = ¢(my) where

$(mo, m) = (mg, m—2mg[(nx m)sin |h|cos |h| —nx (nxm)sin® |h])
(14.15)
with the notation n = h/|h|. One easily checks that h - m is invariant

under ¢; the evolution can be visualized as a spiral motion in the plane
perpendicular to n. Provided that |h| # 0,7, 27, ... and mg € (0, 1),

Jim_ 6 (mg, m) = (mo, (n-m)n) (14.16)

and the relaxation is exponentially fast. The monotonicity of the en-
tropy s(m¢) can also be easily verified.
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A rigorous argument showing that the above heuristics is indeed
correct was given in [10], employing a strategy similar to that for the

classical Kac model, Section 10.2. The result reads that for a large class

N

of (sequences of) states w 4 m, including in particular

e the (microcanonical) states tr™[-| QNN (m, |m|)] under those typ-
ical concentrating projections at m constructed in Section 14.1;
e the canonical states w) from (14.4);

one has the law of large numbers:
NN F(MY)] = F((gem)a),  a=1,2,3 (14.17)

for all F' € C(R) and with ¢ given by (14.15). Hence, one verifies the
autonomy condition (13.15).

14.4 Exercise

Consider (MY, MY¥) as a new macroscopic observable. Check that the
data (mg, ms) are macroscopically equivalent with (mqg, 0,0, mg) for the
original ‘full’ macroscopic observable M*; therefore the autonomy just
follows from (14.17). Calculate the entropy s(mg,ms) and show that
it oscillates as a function of time. How can this apparent failure of the
H-theorem be explained?

15 Concluding Remarks

The text has discussed some newer and some older issues of nonequi-
librium physics. Main emphasis has been on fluctuations and on the
relation between entropy and irreversibility. One could say that ev-
erything has been an exploration of the idea that entropy production
is a measure of irreversibility. Some central identities have been (4.7),
(7.5), (10.25) and (11.9) which all point to the deep connection between
source terms of time-reversal breaking and statistical thermodynamic
quantities. They go beyond standard irreversible thermodynamics be-
cause fluctuations play an essential role here. As known since long, the
deviations of thermodynamic behavior are important in the very un-
derstanding of its microscopic origin. These relations go also beyond
the standard schemes as they are not perturbative and they do not
require linear approximations or closeness to equilibrium.
Nevertheless there is also a sense in which all that has been at-
tempted here does remain very close to the standard perspective. We
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do not mean only that there is not really much fundamentally new
since Boltzmann’s statistical interpretation of entropy. It is true that
progress has been very slow and we have been writing mostly from the
point of view of the rear-guard, dissecting arguments and explanations
that have been won long before. What we do have in mind however is
that the theory so far remains very much restricted to direct compar-
isons with equilibrium. The obsession with time has mostly been an
interest in the passing away of structure, of deleting memory and of
ending in equilibrium—all the time centering around the second law of
thermodynamics, and often applying Markovian schemes or justifying
molecular chaos. We hope that the lectures that are summarized in the
preceding sections have indeed clarified some of these issues, but we do
not want to leave the reader without trying to provoke some feeling of
totally different directions.

The most sensational instances of nonequilibrium physics are prob-
ably not to be found in the problem of relaxation to equilibrium nor in
the installation of nonequilibrium via standard thermodynamic forces
for which the linear response theory appears to be working well even
quite far from equilibrium. What needs to be understood is the con-
structive role of fluctuations far away from equilibrium. For example,
understanding nonequilibrium aspects in life processes be it for molec-
ular motors or for the problem of protein folding, requires fundamental
studies in reaction-rate theory. Ratchet mechanisms and the physics of
transport and dissipation on very small scales must be part of it also.
Nonequilibrium issues that are related to macroscopic structure (even
on cosmic scales), to pattern formation and to the organization of ro-
bust steady behavior are mind-boggling, but one has to open them also
via the methods and the traditions of mathematical statistical physics
when one wants its role to go further than “simplification and reduction
of the results of previous investigations to a form in which the mind
can grasp them.”??
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29 J. C. Maxwell, in: On Faraday’s lines of forces.
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a class of interacting particle systems reversible w.r.t. to a simple product
measure. Each dynamical variable (spin) is re-sampled from its equilibrium
distribution only if the surrounding configuration fulfills a simple local con-
straint which does not involve the chosen variable itself. Such simple models
are quite popular in the glass community since they display some of the pecu-
liar features of glassy dynamics, in particular they can undergo a dynamical
arrest reminiscent of the liquid /glass transition. Due to the fact that the jumps
rates of the Markov process can be zero, the whole analysis of the long time
behavior becomes quite delicate and, until recently, KCSM have escaped a
rigorous analysis with the notable exception of the East model. In these notes
we will mainly review several recent mathematical results which, besides being
applicable to a wide class of KCSM, have contributed to settle some debated
questions arising in numerical simulations made by physicists. We will also
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deal with interacting models reversible w.r.t. to a high temperature Gibbs
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1 Introduction and Motivations

Consider the following simple interacting particle system. At each site
of the lattice Z there is a dynamical variable o,, called in the sequel
“spin”, taking values in {0,1}. With rate one each spin attempts to
change its current value by tossing a coin which lands head with prob-
ability p € (0,1) and setting the new value to 1 if head and 0 if tail.
However the whole operation is performed only if the current value on
its right neighbor is 0. Such a model is known under the name of the
East model [18] and it is easily checked to be reversible w.r.t. the prod-
uct Bernoulli(p) measure. A characteristic feature of the East model is
that, when ¢ := 1 — p & 0, the relaxation to the reversible measure is
extremely slow [12]:

Tholax ~ (1/(1)%10{%2(1/(1)
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where Tielax is the inverse spectral gap in the spectrum of the (self-

adjoint) generator £ of the process. Notice that if one writes p = ﬁj
then Tielax =~ eP? as (8 — 00, a behavior that is referred to as a super-
Arrhenius law in the physics literature.

The East model is one of the simplest examples of a general class
of interacting particles models which are known in physical literature
as facilitated or kinetically constrained spin models (KCSM).

The common feature to all KCSM is that each dynamical variable,
one for each vertex of a connected graph G and with values in a finite set
S, waits an exponential time of mean one and then, if the surrounding
current configuration satisfies a simple local constraint, is refreshed by
sampling a new value from S according to some apriori specified mea-
sure v. These models have been introduced in the physical literature
[19, 20] to model the liquid/glass transition and more generally the slow
“glassy” dynamics which occurs in different systems (see [32, 10] for re-
cent review). In particular, they were devised to mimic the fact that the
motion of a molecule in a dense liquid can be inhibited by the presence
of too many surrounding molecules. That explains why, in all physical
models, S = {0, 1} (empty or occupied site) and the constraints specify
the maximal number of particles (occupied sites) on certain sites around
a given one in order to allow creation/destruction on the latter. As a
consequence, the dynamics becomes increasingly slow as the density
of particles, p, is increased. Moreover there usually exist blocked con-
figurations, namely configurations with all creation/destruction rates
identically equal to zero. This implies the existence of several invariant
measures (see [26] for a somewhat detailed discussion of this issue in
the context of the North-East model), the occurrence of unusually long
mixing times compared to standard high-temperature stochastic Ising
models and may induce the presence of ergodicity breaking transitions
without any counterpart at the level of the reversible measure [17].

Because of the presence of the constraints a mathematical analy-
sis of these models have been missing for a long time, with the no-
table exception of the East model [4], until a first recent breakthrough
[12, 13].

In this work we partly review the results and the techniques of
[12] but we also extend them in two directions. Firstly we show that
the main technique can be adapted to deal with a weak interaction
among the variables obtained by replacing the reversible product mea-
sure with a general high-temperature Gibbs measure. Secondly, moti-
vated by some unpublished considerations of D. Aldous [3], we analyze
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a special model, the so called FA-I1f model, on a general connected
graph and relate its relaxation time to that of the East model.

2 The Models

2.1 Setting and Notation

The models considered here are defined on a locally finite, bounded
degree, connected graph G = (V| E) with vertex set V' and edge set E.
The associated graph distance will be denoted by d(-,-) and the degree
of a vertex z by A,. The set of neighbors of x, i.e. y € V such that
d(y,z) = 1, will be denoted by N,. For every subset V' C V we denote
by OV’ the set of vertices in V' \ V/ with one neighbor in V’. In most
cases the graph G will either be the d-dimensional lattice Z? or a finite
portion of it and in both cases we need some additional notation that
we fix now. For any vertex = € Z¢ we define the , the oriented and
the x-oriented neighborhood of x as

Ka :{ye-/\/z: y:CL"{‘Z?:lOéiei, e % 20}
Ky ={yeN;: y:x—l—Z?:laiei, a; = 1,0}

where e; are the basis vactors of Z?. Accordingly, the oriented and
*-oriented neighborhoods d4A, 97 A of a finite subset A C Z% are
defined as 04 A := {UzeaKz} \ A, 07 A := {Upea} \ A. A rectangle
R will be a set of sites of the form

R = [ahbl] X X [advbd]

while the collection of finite subsets of Z% will be denoted by F.

2.2 The Probability Space

Let (S,v) be a finite probability space with v(s) > 0 for any s € S.
G C S will denote a distinguished event in S, often referred to as the
set of “good states”, and ¢ = v(G) its probability.

Given (S, v) we will consider the configuration space 2 = 2y = SV
whose elements will be denoted by Greek letters (w,n...). If G’ =
(V') E’) is a subgraph of G and w € 2y we will write wy- for its restric-
tion to V'. We will also say that a vertex x is good for the configuration
wif w, € G.
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On (2 equipped with the natural o-algebra we will consider the
product measure p =[], oy va, v = v. If G’ = (V', ') is a subgraph
of G we will write py or pug: for the restriction of p to 2. Finally, for
any f € L'(u), we will use the shorthand notation u(f) to denote its
expected value and Var(f) for its variance (when it exists).

2.3 The Markov Process

The general interacting particle models that will be studied here are
Glauber type Markov processes in {2, reversible w.r.t. the measure pu
and characterized by a finite collection of influence classes {C;}zev,
where C, is just a collection of subsets of V' (often of the neighbors of
the vertex x) satisfying the following general hypothesis:

Hpl For all x € V and all A € C, the vertex x does not belong to A.
Hp2 7 := sup, sup 4¢¢, d(x, A) < +00.

In turn the influence classes together with the good event G are the
key ingredients to define the constraints of each model.

Definition 2.1. Given a vertex x € V and a configuration w, we will
say that the constraint at x is satisfied by w if the indicator

e(w) = {1 if there exists a set A € C, such that wy, € G for ally € A

0 otherwise
(2.1)
18 equal to one.

Remark 2.2. The two general hypotheses above tell us that in order to
check whether the constraint is satisfied at a given vertex we do not
need to check the current state of the vertex itself and we only need
to check locally around the vertex. This last requirement can actually
be weakened and indeed, in order to analyze certain spin exchange
kinetically constrained models [11], a very efficient tool is to consider
long range constraints!

The process that will be studied in the sequel can then be informally
described as follows. Each vertex x waits an independent mean one
exponential time and then, provided that the current configuration w
satisfies the constraint at z, the value w, is refreshed with a new value
in S sampled from v and the whole procedure starts again.
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The generator £ of the process can be constructed in a standard
way (see e.g. [27, 26]) and it is a non-positive self-adjoint operator on
L?($2, 1) with domain Dom(L) and Dirichlet form given by

D(f) =) nle Vary(f)), f€ Dom(L)

zeV

Here Var,(f) = [dv(w)f*(w) — ([ dl/(cu;,;)f(w))2 denotes the local
variance with respect to the variable w, computed while the other vari-
ables are held fixed. To the generator £ we can associate the Markov
semigroup P, := e'* with reversible invariant measure p.

Notice that the constraints ¢, (w) are increasing functions w.r.t the
partial order in {2 for which w < W' iff W, € G whenever w, € G.
However that does not imply in general that the process generated by
L is attractive in the sense of Liggett [27].

Due to the fact that in general the jump rates are not bounded away
from zero, irreducibility of the process is not guaranteed and the re-
versible measure p is usually not the only invariant measure (typically
there exist initial configurations that are blocked forever). An interest-
ing question when G is infinite is therefore whether p is ergodic/mixing
for the Markov process and whether there exist other ergodic station-
ary measures. To this purpose it is useful to recall the following well
known result (see e.g. Theorem 4.13 in [27]).

Theorem 2.3 The following are equivalent,

(a) limy_oo Pif = pu(f) in L?(u) for all f € L?(u).
(b) 0 is a simple eigenvalue for L.

Clearly (a) implies that limy,oo pu (fPrg) = p(f)u(g) for any f,g €
L?(p), i.e. p is mixing.

Remark 2.4. Even if p is mixing there will exist in general infinitely
many stationary measures, i.e. probability measures [ satisfying
P, = [ for all t > 0. As an example, assume ¢, not identically
equal to one and take an arbitrary probability measure & such that
f£({S\ G}V) = 1. An interesting problem is therefore to classify all
the stationary ergodic measures fi of {P;};>0, where ergodicity means
that P.f = f (i1 a.e.) for all ¢ > 0 implies that f is constant (i a.e.).
As we will see later, when G = Z? and for a specific choice of the
constraint known as the North-East model, a rather detailed answer is
now available [26].
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When G is finite connected subgraph of an infinite graph G, =
(Vo, Fo), the ergodicity issue of the resulting continuous time Markov
chain can be attacked in two ways.

The first one is to analyze the chain restricted to a suitably defined
ergodic component. Although such an approach is feasible and natural
in some cases (see section 6 for an example), the whole analysis becomes
quite cumbersome.

Another possibility, which has several technical advantages over the
first one, is to unblock certain special vertices of G by relaxing their
constraints and restore irreducibility of the chain. A natural way to do
that is to imagine to extend the configuration w, apriori defined only
in V| to the vertices in Vi, \ V and to keep it there frozen and equal to
some reference configuration 7 that will be referred to as the boundary
condition. If enough vertices in V, \ V are good for 7, then enough
vertices of G will become unblocked and the whole chain ergodic.

More precisely we can define the finite volume constraints with
boundary condition 7 as

c;’v(w) = cyp(w-T) (2.2)

where ¢, are the constraints for Go, defined in (2.1) and w -7 € 2
denotes the configuration equal to w inside V' and equal to 7 in Voo \ V.
Notice that, for any z € V, the rate ¢}y (w) (2.2) depends on 7 only
through the indicators {1, cq}.ep, where B is the boundary set B :=
(Voo \ V) N (U.evC,). Therefore, instead of fixing 7, it is enough to
choose a subset M C B, called the good boundary set, and define

(W) =g y(w) (2.3)
where 7 is any configuration satisfying 7, € G for all z € M and
T, ¢ G for z € B\ M. We will say that a choice of M is minimal if
the corresponding chain in G with the rates (2.3) is irreducible and it
is non-irreducible for any other choice M’ C M. The choice M = B
will be called mazimal. For convenience we will write £52% (L£511) for
the corresponding generators.

Remark 2.5. Without any other specification for the influence classes
of the model it may very well be the case that there exists no boundary
conditions for which the chain is irreducible and /or their existence may
depend on the choice of the finite subgraph G. However, as we will see
later, for all the interesting models discussed in the literature all these
issues will have a rather simple solution.

We will now describe some of the basic models and solve the problem
of boundary conditions for each one of them.
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2.4 0-1 Kinetically Constrained Spin Models

In most models considered in the physical literature the finite probabil-
ity space (S,v) is a simple {0, 1} Bernoulli space and the good set G is
conventionally chosen as the empty (vacant) state {0}. Any model with
these features will be called in the sequel a “0-1 KCSM” (kinetically
constrained spin model). Although in most cases the underlying graph
G is a regular lattice like Z?, whenever is possible we will try to work
in full generality.

Given a 0-1 KCSM, the parameter ¢ = v(0) can be varied in [0, 1]
while keeping fixed the basic structure of the model (i.e. the notion of
the good set and the constraints ¢,) and it is natural to define a critical
value ¢, as

¢c = inf{q € [0,1] : 0 is a simple eigenvalue of L}

As we will prove below ¢. coincides with the bootstrap percolation
threshold qy, of the model defined as follows [34]'. For any n €
define the bootstrap map T : {2 +— (2 as

(Tn), =0 ifeither 7, =0 or cu(n)=1. (2.4)

Denote by (™ the probability measure on 2 obtained by iterating n-
times the above mapping starting from pu. As n — oo ,u(") converges
to a limiting measure p(°) [34] and it is natural to define the critical
value g, as

Qp = inf{q € [0,1] : p> =dp}

where &g is the probability measure assigning unit mass to the constant
configuration identically equal to zero. In other words gy, is the infimum
of the values ¢ such that, with probability one, the graph G can be
entirely emptied. Using the fact that the c,’s are increasing function of
n it is easy to check that u(°) = §y for any ¢ > Qop -

Proposition 2.6 ([12]) ¢. = qp and for any g > q. 0 is a simple
eigenvalue for L.

Remark 2.7. In [12] the proposition has been proved in the special case
G = Z% but actually the same arguments apply to any bounded degree
connected graph.

Having defined the bootstrap percolation it is natural to divide the 0-1
KCSM into two distinct classes.

! In most of the bootstrap percolation literature the role of the 0’s and the 1’s is
inverted
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Definition 2.8. We will say that a 0-1 KCSM is non cooperative if
there exists a finite set B C V such that any configuration n which is
empty in all the sites of B reaches the empty configuration (all 0’s)
under iteration of the bootstrap mapping. Otherwise the model will be
called cooperative.

Remark 2.9. Notice that for a non-cooperative model the critical value
gc is obviously zero since with p-probability one a configuration will
contain the required finite set B of zeros.

We will now illustrate some of the most studied models.

[1] Frederickson-Andersen (FA-jf) facilitated models [19, 20].
In the facilitated models the constraint at x requires that at least j <
A, neighbors are vacant. More formally

When j = 1 the model is non-cooperative for any connected graph G
and ergodicity of the Markov chain is clearly guaranteed by the presence
of at least one unblocked vertex. When j > 1 ergodicity on a general
graph is more delicate and we restrict ourselves to finite rectangles R
in Z%. In that case and for the most constrained cooperative case j = d
among the irreducible ones, irreducibility is guaranteed if we assume a
boundary configuration identically empty on 04 R. Quite remarkably,
using results from bootstrap percolation [34] combined with proposition
2.6, when G = Z% and 2 < j < d the ergodicity threshold ¢. always
vanishes.

[2] Spiral model [9, 8]. This model is defined on Z? with the following
choice for the influence classes

C, = {NE,USE,; SE,USW,; SW,UNW,; NW, UNE,}

where NE, = (x + e2,x + €1 + e3), SE, = (z + e,z + €1 — e2),
SW, = (x —ey,z — ez —ey) and NW, = (r —e;;x —e; +e3). In
other words the vertex x can flip iff either its North-East (N E,) or its
South-West (SW,) neighbours (or both of them) are empty and either
its North-West (NW;) or its South-East (SE,) neighbours (or both
of them) are empty too. The model is clearly cooperative and in [8] it
has been proven that its critical point ¢. coincides with 1 — p?, where
p? is the critical threshold for oriented percolation. The interest of this
model lies on the fact that its bootstrap percolation is expected to
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display a peculiar mixed discontinuous/critical character which makes
it relevant as a model for the liquid glass and more general jamming
transitions [9, 8].

[3] Oriented models. Oriented models are similar to the facilitated
models but the neighbors of a given vertex z that must be vacant
in order for x to become free to flip, are chosen according to some
orientation of the graph. Instead of trying to describe a very general
setting we present three important examples.

Example 2.10. The first and best known example is the so called East
model [18]. Here G = Z and for every = € Z the influence class C,
consists of the vertex x + 1. In other words any vertex can flip iff its
right neighbor is empty. The minimal boundary conditions in a finite
interval which ensure irreducibility of the chain are of course empty
right boundary, i.e. the rightmost vertex is always unconstrained. The
model is clearly cooperative but g. = 0 since in order to empty Z it
is enough to start from a configuration for which any site x has some
empty vertex to its right. One could easily generalize the model to the
case when G is a rooted tree (see section 6). In that case any vertex
different from the root can be updated iff its ancestor is empty. The
root itself is unconstrained.

Ezample 2.11. The second example is the North-East model in Z? [25].
Here one chooses C,, as the North and East neighbor of . The model is
clearly cooperative and its critical point g. coincides with 1 —p?, where
pC is the critical threshold for oriented percolation in Z? [34]. For such
a model much more can be said about the stationary ergodic measures
of the Markov semigroup F;.

Theorem 2.12 ([26]) If ¢ < q. the trivial measure §; that assigns
unit mass to the configuration identically equal to 1 is the only trans-
lation invariant, ergodic, stationary measure for the system. If ¢ > q.
the reversible measure p is the unique, non trivial, ergodic, translation
invariant, stationary measure.

Ezample 2.13. The third model was suggested in [4] and it is defined
on a rooted (finite or infinite) binary tree 7. Here a vertex = can flip iff
its two children are vacant. If the tree is finite then ergodicity requires
that all the leaves of 7 are unconstrained. It is easy to check that the
critical threshold satisfies ¢. = 1/2, the site percolation threshold on
the binary tree.
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3 Quantities of Interest and Related Problems

Back to the general model we now define two main quantities that are
of mathematical and physical interest.
The first one is the spectral gap of the generator £, defined as

D)
gap(£) = Il S

A positive spectral gap implies that the reversible measure p is mixing
for the semigroup P, with exponentially decaying correlations:

Var (P.f) < e 28 Var(f), VYV feL*(n).
1

(3.1)

Remark 3.1. In the sequel the time scale Ty := gap™ which is natu-
rally fixed by the spectral gap will be referred to as the relazation time
of the process.

For a 0-1 KCSM, two natural questions arise.

1. Define the new critical point ¢/ := inf{q € [0,1] : gap(L) > 0}.
Obviously ¢.. > g.. Is it the case that equality holds?
2. If ¢, = q. what is the behaviour of gap(L) as ¢ | ¢.?

As we will see later for most of the relevant models it is possible to
answer in rather detailed way to both questions.

The second quantity of interest is the so called persistence function
(see e.g. [23, 36]) defined by

F(t)i= [ du(a) Ploy(s) = m. vs <1 (3.2)

where {0J}s>0 denotes the process started from the configuration 7.
In some sense the persistence function, a more accessible quantity to
numerical simulation than the spectral gap, provides a measure of the
“mobility” of the system. Here the main questions are:

1. What is the behavior of F(t) for large time scales?

2. For a 0-1 KCSM is it the case that F'(t) decays exponentially fast
as t — oo for any ¢ > ¢L.?

3. If the answer to the previous question is positive, is the decay rate
related to the spectral gap in a simple way or the decay rate of F'(t)
requires a deeper knowledge of the spectral density of L7

4. Is it possible to exhibit examples of 0-1 KCSM in which the per-
sistence function shows a crossover between a stretched and a pure
exponential decay?

Unfortunately the above questions are still mostly unanswered except
for the first two.
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3.1 Some Useful Observations to Bound the Spectral Gap

It is important to observe the following kind of monotonicity that can
be exploited in order to bound the spectral gap of one model with the
spectral gap of another one.

Definition 3.2. Suppose that we are given two influence classes Cy and
C), denote by c(w) and ¢, (w) the corresponding rates and by L and L'
the associated generators on L*(p). If, for all w € 2 and all x € V,
c(w) < czx(w), we say that L is dominated by L.

Remark 3.3. The term domination here has the same meaning it has in
the context of bootstrap percolation. It means that the KCSM associ-
ated to L' is more constrained than the one associated to L.

Clearly, if £ is dominated by £, D'(f) < D(f) and therefore gap(L') <
gap(L).

Example 3.4. Assume that the graph G has n vertices and contains a
Hamilton path I' = {x1,x9,...,2,}, t.e. d(zjp1,2;) =1 forall 1 <i <
n—1and z; # x; for all i # j. Consider the FA-1f model on G with one
special vertex, e.g. x,, unconstrained (c;, = 1). Then, if we replace G
by I' equipped with its natural graph structure and we denote by L
and L the respective generators, we get that gap(L) > gap(L'). Clearly
L describes the FA-1f model on the finite interval [1,...,n| C Z with
the last vertex free to flip. This in turn is dominated by Lgast, the
generator of the East model on [1,...,n], which is known to have a

positive [4, 12] spectral gap uniformly in n. Therefore the latter result
holds also for gap(L’) and gap(L).

Example 3.5. Along the lines of the previous example we could lower
bound the spectral gap of the FA-2f model in Z¢, d > 2, with that in
72, by restricting the sets A € Cp to e.g. the (e, es)-plane.

For a last and more detailed example of the comparison technique we
refer the reader to section 6.

Although the comparison technique can be quite effective in proving
positivity of the spectral gap, one should keep in mind that, in general,
it provides quite poor bounds, particularly in the limiting case q | q..

The second observation we make consists in relating gap(£) when
the underlying graph is infinite to its finite graph analogue. Fix r € V'
and let G, C G be the connected ball centered at r of radius n. Suppose
that inf, gap(£g™) > 0. It is then easy to conclude that gap(£) > 0.

Indeed, following Liggett Ch.4 [27], for any f € Dom(L) with
Var(f) > 0 pick f,, € L*(£2, 1) depending only on finitely many spins
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so that f, — f and Lf, — Lf in L?. Then Var(f,) — Var(f) and
D(fn) — D(f). But since f,, depends on finitely many spins

Var(fn) = Vargm,r(fn) and D(f,) = ng,r(fn)

provided that m is a large enough square (depending on f,,). Therefore

D(f)
Var(f)

and gap(£) > inf,, gap(Lg, ) > 0.

Z lnf ga’p(EQn 'r) > 0
n s

4 Main Results for 0-1 KCSM on Regular Lattices

In this section we state some of the main results for a general 0-1 KCSM
on Z® which have been obtained in [12].

Fix an integer length scale ¢ larger than the range of the constraints
and let Z%(¢) = ¢7Z%. Consider a partition of Z? into disjoint rectangles
A, = Ao+ 2, 2 € Z4L), where Ag = {x € Z%: 0<a; <l —1,i=
1,..,d}.

Definition 4.1. Given ¢ € (0,1) we say that Gy C {0,1}40 is a -
good set of configurations on scale € if the following two conditions are
satisfied:

(a) (Ge) =1 —e.

(b) For any collection {f(x)}a:elcg of spin configurations such that €@
Gy for all x € Kf, the following holds. For any £ € {2 which coin-
cides with €@ in Uzeks Ay, there exists a sequence of legal moves
mside Uxe;g(»;/lgx (i.e. single spin moves compatible with the con-
straints) which transforms & into a new configuration T € (2 such
that the Markov chain in Ay with boundary conditions T is ergodic.

Remark 4.2. In general the transformed configuration 7 will be identi-
cally equal to zero on 93 Ag. It is also clear that assumption (b) has
been made having in mind models like the East, the FA-jf or the N-E
which, modulo rotations, are dominated by a model Wlth influence class
C. entirely contained in the sector {y : y = = + EZ LG, oy > 0}
If this is not the case one should instead use a non rectangular geom-
etry for the tiles of the partition of Z¢, adapted to the choice of the
influence classes. For example for the Spiral Model the basic tile at
length scale ¢ is a quadrangular region Ry with one side parallel to
e; and two sides parallel to e; + ey, Ry := U{SO + (i — 1)(e1 + e2)
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with Sp == {z € Z? : 0 < 1 < £ — 1,29 = 0}. In this case condi-
tion (b) should also be modified by substituting everywhere 07 Ag with
8iA0 = e1p,e; — ey, —E€9.

With the above notation the first main result of [12] can be formulated
as follows.

Theorem 4.3 There exists a universal constant ¢y € (0,1) such that,
if there exists £ and a ey-good set Gy on scale £, then inf ycp gap(L7]*)
> 0. In particular gap(L) > 0.

In several examples, e.g. the FA-jf models, the natural candidate for
the event Gy is the event that the tile Ay is “internally spanned”, a
notion borrowed from bootstrap percolation [2, 34, 14, 24, 15]:

Definition 4.4. We say that a finite set I’ C Z% is internally spanned
by a configuration n € §2 if, starting from the configuration n' equal to
one outside I' and equal to n inside I', there exists a sequence of legal
moves inside I" which connects n’ to the configuration identically equal
to zero inside I' and identically equal to one outside I'.

Of course whether or not the set Ay is internally spanned for 1 depends
only on the restriction of 1 to Ap. One of the major results in bootstrap
percolation problems has been the exact evaluation of the pu-probability
that the box Ay is internally spanned as a function of the length scale
¢ and the parameter ¢ [24, 34, 14, 15, 2]|. For non-cooperative models
it is obvious that for any ¢ > 0 such probability tends very rapidly
(exponentially fast) to one as ¢ — oo, since the existence of at least
one completely empty finite set B+x C Ag (see definition 2.8), allows to
empty all Ag. For some cooperative systems like e.g. the FA-2f in Z?2, it
has been shown that for any ¢ > 0 such probability tends very rapidly
(exponentially fast) to one as ¢ — oo and that it abruptly jumps from
being very small to being close to one as ¢ crosses a critical scale £.(q).
In most cases the critical length ¢.(q) diverges very rapidly as ¢ | 0.
Therefore, for such models and ¢ > /.(q), one could safely take G, as
the collection of configurations 7 such that Ag is internally spanned
for n. We now formalize what we just said.

Corollary 4.5 Assume that limy_,o (Ao is internally spanned ) = 1
and that the Markov chain in Ag with zero boundary conditions on
Uzexy Aez s ergodic. Then gap(L) > 0.

We stress that for some models a notion of good event which dif-
fers from requiring internal spanning is needed. This is the case for the
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N-E and Spiral models, as can be immediately seen by noticing that at
any length scale it is possible to construct small clusters of particles in
proper corners of the tiles that can never be erased by internal moves.
The choice of the proper e-good set of configurations for N-E has al-
ready been discussed in [12]. For the Spiral Model the definition which
naturally arises from the results in [9] is the following. Let R be the re-
gion obtained from R by subtracting two proper quadrangular regions
at the bottom left and top right corners, namely Rg := Ro \ (R UR )
where Ry (Ryr) have the same shape of Ry shrinked at length scale
¢/4 and have the bottom left (top right) corner which coincides with
the one of Ry. The e-good set of configurations on scale ¢, Gy, includes
all configurations n such that there exists a sequence of legal moves
inside R which connects 10 (the configuration which has all ones
outside Ry and equals 7 inside) to a configuration identically equal to
zero inside Ry. Lemma 4.7 and Proposition 4.9 of [9] prove, respec-
tively, property (a) and (b) of Definition 4.1 (with 93 Ag substituted
with ej,e; — eg, —ea, see remark 4.2) when the density is below the
critical density of oriented percolation. Thus, using this definition for
the good event and Theorem 4.3 we conclude that

Theorem 4.6 gap(L >0 at any p < p2.

spiml)

The second main result concerns the long time behavior of the persis-
tence function F'(¢) defined in (3.2).

Theorem 4.7 Assume that gap(L) > 0. Then F(t) < e 98Pt 4
e—Pgapt,

Remark 4.8. The above theorems disprove some conjectures which ap-
peared in the physics literature [21, 23, 5, 6], based on numerical sim-
ulations and approximate analytical treatments, on the existence of
a second critical point ¢, > ¢. at which the spectral gap vanishes
and/or below which F'(t) would decay in a stretched exponential form
~ exp(—t/7)? with 3 < 1.

Theorem 4.7 also indicates that one can obtain wupper bounds on
the spectral gap by proving lower bounds on the persistence function.
Concretely a lower bound on the persistence function can be obtained
by restricting the u-average to those initial configurations 7 for which
the origin is blocked with high probability for all times s < ¢. Unfor-
tunately in most models such a strategy leads to lower bound on F(t)
which are usually quite far from the above upper bound and it is an
interesting open problem to find an exact asymptotic as t — oo of F'(t).
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Finally we observe that for the North-East model on Z? at the
critical value ¢ = ¢, the spectral gap vanishes and the persistence
function satisfies [;° dt F(v/t) = oo (see Theorem 6.17 and Corollary
6.18 in [12]).

4.1 Some Ideas of the Strategy for Proving Theorems 4.3, 4.7

The main idea behind the proof of theorem 4.3 goes as follows. First of
all one covers the lattice with non overlapping cubic blocks { Az },czd
and, on the rescaled lattice Z%(¢) := ¢Z%, one considers the new model
with single spin space S = {0, l}ed, good event G := Gy, single site mea-
sure the restriction of 41 to S and renormalized constraints {c;" },cz4(p)
which are a strengthening of the North-East ones namely

a(m) =1 iffn, € Gforall ye K.

€T

Such a model is referred to in [12] as the *-general model. By assump-
tion the probability of G' can be made arbitrarily close to one by taking
¢ large enough and therefore, by the so called Bisection-Constrained
approach which is detailed in the next section for the case when u is
a high temperature Gibbs measure, the spectral gap of the *-general
model is positive. Next one observes that assumption (b) of the theo-
rem is there exactly to allow one to reconstruct any legal move of the
*_general model, i.e. a full update of an entire block of spins, by means
of a finite (depending only on ¢) sequence of legal moves for the original
0-1 KCMS. It is then an easy step, using standard path techniques for
comparing two different Markov chains (see e.g. [33]), to go from the
Poincaré inequality for the *-general model to the Poincaré inequality
for the original model.

The proof of (a slightly less precise version of) Theorem 4.7 given in
[12] is based on the Feynman-Kac formula and standard large deviation
considerations. However it is possible to provide a simpler and more
precise argument as follows. One first observe that F(t) = Fy(t)+ Fy(t)
where

At) = / dp(n) (o (s) = 1 for all 5 < 1)

and similarly for Fy(t). Consider now Fj(t), the case of Fy(t) being
similar, and define T'4(n) as the hitting time of the set A := {n: 7y = 0}
starting from the configuration 7. Then (see e.g. Theorem 2 in [1])

Fi(t) =P (Ta > 1) <™
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where P, denotes the probability over the process started from the
equilibrium distribution g and A4 is given by the variational formula
for the Dirichlet problem

Aa = inf{D(f) w2 =1, f=0on A} (4.1)

Notice that for any f as above Var(f) > u(A) = g. Therefore Ay > ¢
gap and the proof is complete.

4.2 Asymptotics of the Spectral Gap Near the Ergodicity
Threshold

An important question, particularly in connection with numerical sim-
ulations or non-rigorous approaches, is the behavior near the ergodicity
threshold g, of the spectral gap for each specific model. Here is a set of
results proven in [12].

1. East Model.
tim log(1/ gap)(log(1/4))” = (210g 2) (42)
2. FA-1f. For any d > 1, there exists a constant C' = C(d) such that
for any ¢ € (0, 1), the spectral gap on Z¢ satisfies:

C¢® < gap(L) < C¢® for d =1,
C7'¢*/log(1/q) < gap(£) < C¢*  ford=2,
C'¢? < gap(L) < Cq'ta  ford>3.

3. FA-df in Z%. Fix e > 0. Then there exists ¢ = ¢(d) such that

exp! /)] Zeap(0) < [ (M| dzs
expl—c/) < gap(L) < exp(~ 2 =) q=2
(4.3)

as g | 0, where exp?~! denote the (d— 1)%-iterate of the exponential
function and \; = 72/18.

The proof of the lower bounds is a rather delicate combination of the
renormalization scheme described above together with paths techniques
as described in [33]. The upper bounds are proved instead either by a
careful choice of a test function in the variational characterization of
the spectral gap or by a lower bound on the persistence function F(t)
combined with the upper bound given in Theorem 4.7.

Remark 4.9. Again some of the above findings disprove previous claims
for the East model [36] and for the FA-1f model in d = 2,3 [6].
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The result for the East model actually came out as a surprise. In [36]
the model was considered “essentially” solved and the result for the
spectral gap was gap ~ ¢'°%2(9) as ¢ | 0 to be compared to the correct
scaling ¢'°#2(9)/2_ In [4] the above solution was proved to be a lower
bound and an upper bound of the form ¢'°%2(9)/2 was rigorously es-
tablished but considered poor because off by a power 1/2 from the
supposedly correct behavior.

The scaling indicated in [36] is based in part on the following con-
sideration. Fix ¢ < 1 and consider the East model on the interval
Ay = 10,...,1/q] with the last site free to flip (i.e. zero boundary
conditions). Notice that 1/q is the average distance between the zeros.
Start from the configuration identically equal to one and let T" be the
(random) time at which the origin is able to flip. Energy barriers con-
sideration (see [3, 4, 16]) suggest that E(T") should scale as ¢'%2(9) and
that is what was assumed in [36]. However it is not difficult to prove
that the scaling of E(T) is bounded above by (g gap)~!. Indeed we can
write for any ¢t > 0

exp(—cqgap(Ly,)t) > F(t) > p(all ones)P(T > t) > e 2P(T > t)

where F(t) is the finite volume persistence function. Integrating over t
and using the monoticity of the gap (see [12, Lemma 2.11]) give E(T) <
e’c(qgap(La,))) ! < e?c(ggap(L))~!. This, in view of Theorem 4.3, is
incompatible with the assumed scaling ¢'°82(9).

Moreover one can obtain a lower bound on E(T") as follows. Let A
be such that P(T" > \) = e~ ! then clearly P(T > t) < e #/* and
E(T) > e~'A. We can always couple in the natural way two copies of
the process, one started from all ones and the other from any other
configuration 7, and conclude that

P(the two copies have not coupled at time ) < P(T > t) < e},
<

L'< Nie E(T) >

Standard arguments give immediately that gap™
e 1 gap~!. In conclusion

e Hgap(La,)] " < E(T) < e*clqgap(La,)]

5 Extension to Interacting Models

In this section we show how to extend the results on the positivity
of the spectral gap for 0-1 KCSM on a regular lattice Z? to the case
in which a weak interaction is present among the spins. We begin by
defining what we mean by an interaction.
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Definition 5.1. A finite range interaction @ is a collection @ :=
{PA} AcF where
i)Pp: 24— R for every A € F;
it) P = 0 if diam(A) > r for some finite r = r(P) called the range of
the interaction;
iii) ||| = supyeza - sq 1Palloe < 005
We will say that @ € By if r(@) <1 and |9 < M.

Given an interaction @ € B, 3r and A € IF, we define the energy in A of
a spin configuration o € (2 by

Hy(o)= Y ®alo)

ANAED

For 0 € 24 and 7 € £2,c we also let H}j(0) := Hu(o - 7) where o - 7
denotes the configuration equal to ¢ inside A and to 7 outside it. Finally,
for any A € F and 7 € {24 , we define the finite volume Gibbs measure
on {24 with boundary conditions 7 and apriori single spin measure v
by the formula

1 _ gy
W7(0) = —p=e 3O ] vlow)
ZA e

where Zf’T is a normalization constant.

The key property of Gibbs measures is that, for any V' C A and any &
in A\V, the conditional Gibbs measure in A with boundary conditions 7
given £ coincides with the Gibbs measure in V' with boundary condition
Tpe - €. More formally

P, b7 pc
NAT(' |oye =§) = NVTA 5()

Clearly averages w.r.t. ,ui’T(- |oye = ) are function of ¢ and, when-
ever confusion does not arise, we will systematically drop & from our
notation.

As it is well known (see e.g. [35]), for any r < oo there exists My > 0
such that for any 0 < M < Mj the following holds. For any @ € B, y
there exists a unique probability measure u® on 2, called the unique
Gibbs measure associated to the interaction @ with apriori measure v,
such that, for any 7,

D, )

lim g = p

A1z
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where the limit is to be understood as a weak limit. Moreover the limit
is reached “exponentially fast” in the strongest possible sense. Namely,
for any A C A € F and any two boundary conditions 7,7/,

@7
max :U’gT (UA) -1 S K|DT(T, 7_/)| efmd(A,DT(T,T )) (51)
7a Ty (oa)
where D,(7,7') = {y: 0 <d(y,A) <r, 7, # 7,} and the constants
m, K depend only on M,r,d. Moreover m T +oo as M | 0. When
d =1 the threshold M, can be taken equal to +occo. In all what follows

we will always assume that @ € B, ps for some apriori given r, M and
that M < M.

Remark 5.2. In general the constant My does not coincide with any
“critical point” for the model. It is only a sort of “high temperature
threshold” (see [29, 30, 31] for more details about this issue).

Having described the notion of the unique Gibbs measure corresponding
to @, we can define the generator £? of a 0-1 KCSM with interaction
& and constraints ¢, given by (2.1), as the unique self-adjoint operator
on L?(02, u®) with quadratic form

D?(f) =D u” (ca Varl(f)), f local

where now the local variance Var?(f) is computed with the conditional
Gibbs measure given all the spins outside z. The construction of the
generator in a finite volume A with boundary conditions 7 is exactly
the same as in the non-interacting case and we skip it.

5.1 Spectral Gap for a Weakly Interacting North-East Model

Instead of trying to prove a very general result on the spectral gap
of a weakly interacting KCSM, we will explain how to deal with the
interaction in the concrete case of the North-East model introduced
in section 2.4. Moreover, in order not to obscure the discussion with
renormalization or block constructions, we will make the unnecessary
assumption that the basic parameter g of the reference measure v is
very close to one.

Theorem 5.3 Let {cy},cz2 be those of the North-East model. There
exists qo € (0,1) and for any r < oo there exists My such that, for any
M < min(My, M7) and q > qo,

inf gap(Lf) >0

PEB, M
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Remark 5.4. As we will see in the proof of the theorem, the restriction
on strength of the interaction comes from two different requirements.
The first one is that the finite volume Gibbs measure has the very strong
mixing property uniformly in the boundary conditions given in (5.1).
That, as we pointed out previously, is guaranteed as long as M < Mj.
The second one requires that the zeros, which certainly percolate in a
robust way w.r.t. the unperturbed measure v because of the assumption
q ~ 1, continue to do so even when we switch on the interaction. It is
worthwhile to observe that for the one dimensional East model, the
first requirement is satisfied for any M < oo and that the second one is
simply not necessary. Therefore for the East model the above theorem
should be reformulated as follows.

Theorem 5.5 Let {c,},ez be those of the East model. For any finite
pair (r, M)
inf £?) >0

oot gap(L”)
Proof (of Theorem 5.3). We will follow the pattern of the proof for the
non interacting case given in [12] and we will establish the stronger
result
-1

A) < +o00, wh A::<'f inf c%)
igv( ) <400, where (4) @elgwﬂé\rdlwgap( A)

(5.2)

provided that ¢ > qo is large and M is taken sufficiently small. Above
Max, denotes the set of configurations in (24c which are identically
equal to zero on 07 A. In what follows in order to simplify the notation
we will not write the dependence on the boundary condition of the
transition rates.

As in [12] the first step consists in proving a certain monotonicity
property of y(A).

Lemma 5.6 For any V C A€ F,
0<y(V)<H(4) <0

Proof (Proof of the Lemma). Fix @ € B,y and, for any £ € Maxy,
define the new interaction @¢ as follows:

P _ )0 if ANVE£Q
A(UA) '
ZA’:A’ﬂV:A gzsA’(UA : §A’\A) ifTACV
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Notice that, by construction,

(@) < (@) and  sup Y [95]|o < [|9]oc
x A>x

so that @¢ € B, a- Next observe that the Gibbs measure on A with
interaction @¢ is simply the product measure

p5(0a) = upov) @ uny(ony) on 24= 2y @ 2y

Thus, for any f € L?({2y, u%g) and 7 € Max,, we can write (Varﬁ’T =
Varuqs,T)
A

VarZS () = Varl 7 (£) < 4(A) DL (f) < 7(A) DEE(F)

where, in the last inequality, we used the fact that, for any = € V and
any w € 24, ¢z a4(w) < ¢g,v(w) because & € Maxy, together with

Var? 7 (f [0y yse) = VarP(£ | {oy bysa)-
O

Thanks to Lemma 5.6 we need to prove (5.2) only when A runs through
all possible rectangles. For this purpose our main ingredient will be the
bisection technique of [28] which, in its essence, consists in proving a
suitable recursion relation between spectral gap on scale 2L with that
on scale L, combined with the novel idea of considering an accelerated
block dynamics which is itself constrained. Such an approach is referred
to in [12] as the Bisection-Constrained or B-C approach.

In order to present it we first need to recall some simple facts from
two dimensional percolation.

A path is a collection {zq,1,...,2,} of distinct points in Z? such
that d(z;, x;+1) = 1 for all i. A x-path is a collection {xg,x1,...,2,} of
distinct points in Z? such that x; ., € N for all i. Given a rectangle A
and a direction e;, we will say that a path {xg,...,z,} traverses A in
the #*"-direction if {xg, ..., z,} C A and xg, x, lay on the two opposite
sides of A orthogonal to e;.

Definition 5.7. Given a rectangle A and a configuration w € 24, a
path {xo,...,x,} is called a top-bottom crossing (left-right crossing)
if it traverses A in the vertical (horizontal) direction and wy, = 0 for
all i = 0,...,n. The rightmost (lower-most) such crossings (see [22]
page 317) will be denoted by I1,,.
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Remark 5.8. Given a rectangle A and a path I traversing A in e.g. the
vertical direction, let A consists of all the sites in A which are in I or
to the right of it. Then, as remarked in [22], the event {w : II, = I'}
depends only on the variables w, with x € Ap.

We are now ready to start the actual proof of the theorem. At the
beginning the method requires a simple geometric result (see [7]) which
we now describe.

Let I, := (3/2)%/2, and let F}, be the set of all rectangles A C Z?
which, modulo translations and permutations of the coordinates, are
contained in [0, lx11] X [0, lx+2]. The main property of Fy is that each
rectangle in F, \ F,_1 can be obtained as a “slightly overlapping union”
of two rectangles in Fj_.

Lemma 5.9 For all k € Z, for all A € Fy, \ Fy_1 there exists a finite
sequence {Agl),/lg)}fil in Fr_1, where s, := Ll,lc/BJ, such that, letting
O := %\/T -2,

(i) A=A uAY,

(ii) d(A\ AP, AN\ AS) > o,
(iii) (AP 0 A9 ) 0 (AP 0 AP) =0, if i £ 5.

The B-C approach then establishes a simple recursive inequality be-
tween the quantity v := sup 4¢p, 7(4) on scale k and the same quantity
on scale k — 1 as follows.

Fix A € \Fk,1 and write it as A = A7 U Ay with Ay, Ay € Fi_4
satisfying the properties described in Lemma 5.9 above. Without loss
of generality we can assume that all the horizontal faces of A; and of
As lay on the horizontal faces of A except for the face orthogonal to
the first direction e; and that, along that direction, A; comes before
Ag. Set A = Ay N Ay and write, for definiteness, A = [ay, b1] X [ag, ba].
Lemma 5.9 implies that the width of A in the first direction, b1 — a1,
is at least . Set also

I = [a1 + (bl — al)/2, bl] X [GQ,bg]

and let 9,1 = {b1} X [a2,bs] be the right face of I along the first
direction.

Definition 5.10. Given a configuration w € {2 we will say that w is
I-good iff there exists a top-bottom crossing of I.
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coq

B, By=A,

Fig. 1. The rectangle A divided into two blocks By and Bs. The grey region
is the strip I with a top-bottom crossing.

Given 7 € Max,, we run the following constrained “block dynamics”
on {2, (in what follows, for simplicity, we suppress the index 7) with
boundary conditions 7 and blocks By := A; \ I, By := As. The block
By waits a mean one exponential random time and then the current
configuration inside it is refreshed with a new one sampled from the
Gibbs measure of the block given the previous configuration outside it
(and 7 outside A). The block B; does the same but now the configura-
tion is refreshed only if the current configuration w in B is I-good (see
Figure 1).

The generator of the block dynamics applied to f can be written as

Looaf = cr(pg! () = f) + ug () = f (5.3)
and the associated Dirichlet form is

@, @,
Do (f) = 4™ (e1 Varg, (f) + Varg, (f))
where ¢;(w) is just the indicator of the event that w is I-good.

Remark 5.11. The reader should keep in mind that the notation
¢7
" (er Var, (f))

stands for ) ¢ ,ui’T (&)er(§) Varq;’f( f) and that one can imagine the sum
restricted to those configurations outside By that coincide with 7 out-
side A since otherwise their probability ,u,i’T (&) is zero.

In order to study the mixing property of the chain we need the following
two lemmas.
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Lemma 5.12 ([28]) Fiz (r, M) with M < My. Then, for any ¢ €
B’I‘,M7

¢7 ! ¢7
sup g’ (9) = 137 (9)] < Mellglle Vg : 285 — R
Tl

sup g (9) — 15 ()] < e llglls Vg : e — R (5.4)
Tl

—mdy, /2

where N\, := Krlgyie and the constants K, m are given in (5.1).

Lemma 5.13 There exists qo € (0,1) and for any r < oo there exists
M such that, for any M < min(My, M1) and q > qo,

£ = Imax max M%T(w is not I-good ) < e ™%,
beB. g T 2

Proof. It follows immediately from standard percolation arguments
together with

sup sup (o0 = 1) < (1 - )
@EBT,]W T

O

We can now state the main consequence of Lemma 5.12, 5.13.

Proposition 5.14 There exists qo € (0,1) and for any r < oo there
exists My such that, for any M < min(My, M1) and q > qo,

(k) DT -1 —1
Tplock = Sup  sup <gap(‘cblock)) < (1 — 82\ ‘|‘5k>

@GB,«JW TEMax y
(5.5)

for all k so large that the r.h.s. of (5.5) is smaller than 2.

Proof (Proof of the proposition). Fix r, M and @ as prescribed, let 7 €
Max, and, in order to simplify the notation, drop all the superscripts
@, 1. Let f: 24— R be a mean zero function, the eigenvalue equation
associated to the generator (5.3) is

cr(ps, (f) = f) +up,(f) = f=Af (5.6)

By construction A > —2.
Assume that A > —1 + /) since otherwise there is nothing to be
proved. By applying pp, to both sides of (5.6) and using (5.4) we obtain

L+ Nps, f = ps, (1,(f) = 15, (f)lleo < \/)\»kHMBQ(f)H(o;?)
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If we rewrite (5.6) as

1 C1

F= 1+)\+c1“32(f)+1+)\+c1

KB, (f)
and apply up, to both sides, by using (5.7) together with the assump-
tion A > —1 4+ /Ag, we get

1
1+A+¢

llooll128: (f)lloo

185 (Flloo < N1Ba (Flloo 128, ( oo

I
1+A+¢

< g (Dle (Iom(ye+ V) (59)

+ gl

which is possible only if

Moo > 1=V Ax

[y a—
KBs 1+ A+

1.€.
A< —14+82)\; + €1

and the proof is complete. O

By writing down the standard Poincaré inequality for the block auxil-
iary chain, we get that for any f

VarlT(f) < i w7 (e Var, (F) + Varg,(£) - (5.9)

The second term in the r.h.s. of (5.9), using the definition of v and
the fact that Bo = Ay € Fi_1 is bounded from above by

i (Vard, (1) < 1 30 1y (e, Varl () (5.10)
€ B

Notice that, by construction, for all z € By and all w, ¢; p,(w) =
cz,A(w). Therefore the term > p ui’T (cz,, Var?(f)) is nothing but
the contribution carried by the set By to the full Dirichlet form D§7T( f)-

Next we examine the more complicate term ,ui’T <61 Var?, (f )) For

any w such that there exists a rightmost crossing 11, in I denote by A,
the set of all sites in A which are to the left of II,,. Since Var%1 (f) de-
pends only on w\ g, and, for any top-bottom crossing I" of I, Ty, —ry
does not depend on the variables w’s to the left of I', we can write
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DT D,
w7 (e Varh, () = 157 (g e, (Var, (1)) (5.11)
The convexity of the variance implies that

pi, (Varg, (f)) < Varg,(f)

where it is understood that the r.h.s. depends on the variables in I1,,
and to the right of it. The key observation at this stage, which explains
the role and the need of the event {3 I1, in I}, is the following. For
any w such that I1, exists the variance Varﬁw( f) is computed with
boundary conditions (7 outside A and w\ 4,) which belong to Max,,,.
Therefore we can bound it from above using the Poincaré inequality by

Vard (f) < v(A.)DY,(f) < v(BL1UI)DY (f)

where we used Lemma 5.6 together with the observation that A, C
By UI = A;y. In conclusion

Mi’T (]I{a 11, in I}Mﬁw (Var%?l (f)))
< (AT (]I{a m, DA, (f))

< ’Y(/h)ui’T (1[{3 M, in I} Z Ca, Ay Varf(f))

€A,

(A7) ,uA <Z chVar )

rEN
because, by construction, for every w such that there exists 11, in 1
CrA, (W) = €z a(w) Vz €Ay, (5.12)
If we finally plug (5.1) into the r.h.s. of (5.11) and recall that A; €
Fir_1, we obtain
Ni7T (01 Var%l (f)) < V-1 Mi’T( Z Cz,A Varf(f)) (5.13)
reN

In conclusion we have shown that

Vary () < W1 (PR + 30 i 7 (coa Varu () (5.14)
zeA

Averaging over the s, = Lli/ 3J possible choices of the sets A;, Ay gives

Vara(f) < Ypacvh-1(1+ Slk)DA(f) (5.15)
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which implies that

k
L) & 1.
< (1+ g)'yélﬁcmkfl <o [T+ )iida (5.16)
J=ko J

where ko is the smallest integer such that '71(>]1€§2k < 2. If we now re-

call the expression (5.5) for 'Yl(ﬁck together with Lemma 5.12 and

5.13, we immediately conclude that the product [[72, ’yk()]l'())ck(l + %) is

bounded. O

6 One Spin Facilitated Model on a General Graph

In this section we prove our second set of new results by examining the
one spin facilitated model (FA-1f in short) on a general connected graph
G = (V, E). Our motivation comes from some unpublished speculation
by D. Aldous [3] that, in this general setting, the FA-1f may serve as
an algorithm for information storage in dynamic graphs.

We begin by discussing the finite setting. Let r be one of the vertices
and 7 be a rooted spanning tree of G with root 7. On 2 = {0,1}"
consider the FA-1f constraints:

{c%g(w) =1 if w, =0 for some neighbor y of x 6.1)

0 otherwise

and let ¢, g = cp g if x # r and ¢, g = 1. Let L be the corresponding
Markov generator and notice that associated Markov chain is ergodic
since the vertex r is unconstrained. For shortness we will refer in the
sequel to £ as the (G, r, FA-1f) model. Our first result reads as follows.

Theorem 6.1
gap(G, r,FA-1f) > gap(Z, East)

Proof. By monotonicity ¢, g(w) > é;7(w) and therefore gap(G,r, FA-
1f) > gap(7,r, FA-1f). We can push the monotonicity argument a bit
further and consider the following (7, r, East) model:

(@) 1 if either x =7 or w, =0, where y is the ancestor (in 7') of x
C =
w7 0 otherwise

(6.2)
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Fig. 2. The subtrees A and B.

Clearly ¢, 7(w) > €3 7(w) and therefore gap(G,r, FA-1f) > gap(7,r,
East). We will now proceed to show that

gap(7,r,East) > gap(Z, East) (6.3)

If all the vertices of 7 have degree 2 with the exception of the root
and the leaves, i.e. if 7 C Z, then (6.3) follows from [12, Lemma 2.11].
Thus let us assume that there exists x € 7 with A, > 3 and let us
order the vertices of 7 by first assigning some arbitrary order to all
vertices belonging to any given layer (= same distance from the root)
and then declaring = < y iff either d(x,r) < d(y,r) or d(z,r) = d(y,r)
and x comes before y in the order assigned to their layer. Let v be
equal to the root if A, > 2 or equal to the first descendant of r with
degree A, > 3 otherwise and let I, = {r,v1,...,vg, v} be the path in
7T leading from r to v. Let a be a child of v and let 7, = (V,, E,) be
the subtree of 7 rooted in a. Finally we denote by A and B the two
subgraphs of 7: A:=I,U7,, B :=T \ 7,. (see Fig.2).

Lemma 6.2
gap(7,r,East) > min (gap(A, r, East), gap(B, r, East)) (6.4)

By recursively applying the above result to A and B separately, we
immediately reduce ourselves to the case of a tree 7/ C Z and the
proof of the theorem is complete. 0O

Proof (of Lemma 6.2). In L?(§2, ) consider the set Hp of functions
f that do not depend on w,, = € 7,. Because of the choice of the

constraints ¢, 7(w), Hp is an invariant subspace for the generator of
the (7, r, East) model and
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nf D(f)
reMpu(f)=0 Var(f)

Let us now consider the orthogonal subspace Hﬁ,. Any zero mean
element f € H3 satisfies 7, (f) = 0 and therefore we can write

Var(f) = p(Varz, (f)) < p(Vara(f))

< gap(4,r,East) ™! Z (€x 4 Varg(f))
€A

< gap(A, r, East) "' D(f)
where the first inequality follows from convexity of the variance and the

second one is nothing but the Poincaré inequality for the East model
in A. The proof of the Lemma follows at once from (6.5). O

= gap(B, r, East) (6.5)

Theorem 6.1 has two consequences that will be the content of the
following Theorems. The first one deals with the case of an infinite
graph. The second one deals with the FA-1f model on general graph
G without the special unblocked vertex r but with the Markov chain
restricted to a suitable ergodic component.

Theorem 6.3 Let G, be an infinite connected graph of bounded degree
and let L be the generator of the FA-1f model on G with constraints
{26, * € Vo}, i.e. no apriori unblocked vertex. Then

gap(Goo, FA-1f) > gap(Z, East)
Proof. The proof combines Theorem 6.1 together with the finite sub-
graph approximation described in section 3. O

Theorem 6.4 Let G be as in Theorem 6.1 and let LT be the FA-1f gen-
erator with constraints {cg.g}ecv on the restricted configuration space
2t ={neR: Y (1 —mn) > 1} equipped with the reversible
measure = u(-| 2F). Then

1
+
gap(ﬁ ) = 92gap(Z,East)

Proof. As in the proof of Theorem 6.1 we can safely assume that G is a
tree 7 with root r € V. We extend any f : 27 — R to a function f on
2 by setting f(n, =1Vy) = f(n, =1Vy #r, n, =0). Using Theorem
6.1, we then write

Vart(f) = Vart (f) < (M(Q+))_1 Var(f)
< (M(Q+))_1 gap(7,r,East) ™! Z,u (éxj Varx(f))

where the constraints {¢; 7}zc7 have been defined right after (6.1).



Facilitated Spin Models 337

Let us examine a generic term u (érj Varz(f)) with = # 7. Re-

member that ¢, 7 = ¢; 7 and moreover ¢, 7(n) = 0 if n, = 1 for all
y # x. Furthermore, for any 1 such that there exists y # x with n, = 0,
wt(ny = 1] {ny}y2s) = p. In conclusion we have shown that

o (o Var (D) = (25t (o Varf (£) Vo7 (6.6)

We now examine the dangerous term g <ér,7 Var,(f )) =pu (Varr( f ))

Because of the definition of f we can safely rewrite it as

o (Varr(f)) = 1t (X(3yrin, =0} Var:(f))

Let us order the vertices of the tree 7 starting from the furthermost
ones by first assigning some arbitrary order to all vertices belonging
to any given layer (= same distance from the root) and then declaring
x < yiff either d(z,r) > d(y,r) or d(z,r) = d(y,r) and = comes before y
in the order assigned to their layer. Next, for any 1 such that 7, = 0 for
some y # r, define £ = min{y : 7, =0} and let 7e :={2 €7 : 2> ¢}
(see Fig. 3).

Notice that the subgraph 7¢ is again a tree and we define its root
to be the ancestor v of £ in 7. Then, using convexity of the variance,
we can write

1 (X3 ystrny=0y Vare(f)) = p (xezrp (Var,(f) [€)) < p (Xezr Varr (f))

In order to bound from above Varz, (f) we apply the Poincaré inequality
in 7¢ with constraints {¢, 7, } and root v together with Theorem 6.1:

Varr, (f) < gap(Z, East) ! Z pr, (éx,7, Var.(f))

2€7¢
_________________________________ £o
va 27
22 30
r ¢ 31 28
29 24
23
12345 6... 16 25 26

Fig. 3. An example of a tree 7 on the left, with a choice of an ordering. The
dotted line delimitates the subtree 7¢ that we reproduce on the right, with
root v.
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Notice that, by construction, ¢, 7,(n) = ¢, 7(n) for any 2 € Z¢, includ-
ing the root v of 7¢ where ¢, () = 1 by definition and ¢, 7(n) = 1
because ne = 0. Putting all together we conclude that

H (X{H yF#T: nyZO}VarT (f)) < gap(Z7 EaSt)ilz H (X{H y;érny:()}cx,’]'var:c (f))
xe€T

< gap(Z,East) " tu(27) Z 1 (o Vary (f))
z€T

where we have used once more the observation before (6.6) to write

cz.1 Vary(f) = cp.1 Vary (f).

If we now combine the previous bounds, we get

Var® (f) < 2 (gap(Z, East)) Z ut (cor Vart (f))
€T

and the proof is complete. O
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