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Abstract

This dissertation studies the rate of convergence to equilibrium (mixing
time) of the Glauber dynamics for the Ising model, and its connection with
the geometrical properties of the underlying graph. The results fall into two
main groups.

In the first part we analyze the effect of boundary conditions on the
mixing time for the Glauber dynamics on hyperbolic graphs. Specifically,
we show that the spectral gap of this dynamics on an n-vertex ball in hy-
perbolic tiling with (4)-boundary is bounded by a constant independent on
n at all low temperatures. This implies that in this regime the mixing time
is O(n), in contrast to the free boundary case where it is not bounded by
any fixed polynomial at low temperatures. The influence of the boundary
condition on the mixing time has been long time conjectured, but first rigor-
ous results only appear few years ago in the framework of spin systems on
homogenous trees. The method introduced in the above mentioned work,
is here readapted to the hyperbolic graph setting where, due to presence
of cycles, a non-trivial analysis is required. The proof of our result is given
through the application of analytic methods, and is based on the existence
of a decay correlation between spins when the (+)-boundary condition is re-
garded. This kind of spatial mixing, which strictly depends on the geometric
properties of the graph, is proved by means of a kind of Peierls argument.

In the second part we develop new techniques to study the relaxation
time on random graphs. A first result concerns the Glauber dynamics for
the Ising model on the binomial random graph G(n,p), whit p = ¢/n and
¢ a positive constant. In particular, for all 5 > 0, we prove that asymptoti-

cally almost surely the mixing time of the dynamics on G(n,p) grows with

logn
loglogn

provide a suitable subgraph which slows down the dynamics in a significant

the size of the graph at least as exp (€(

)). Here the main step is to
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way, and then show that this subgraph is asymptotically almost surely con-
tained in G(n,p). When ¢ > 1, we extend this result to the dynamics on the
giant component of G(n, p).

The second result concerns the Glauber dynamics for the Ising model on the
r-regular random graph G(n,r). For every r > 3 and every 3 > 5y = (o(r)
(low temperatures), we prove that asymptotically almost surely the relax-
ation time of the dynamics on G(n,r) is exp(€2(n)). The proof of this result
is based again on the asymptotically almost surely existence in G(n,r) of a
geometrical property, which combined with the analytic techniques provides
the result.

Though there is an increasing number of papers on the equilibrium behavior
of spin systems on random graph, there are very few papers regarding the
stochastic dynamics on them. The results presented here are a first attack to
this kind of hard problems. We hope that they could stimulate further ideas
and works on this direction.
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Introduction

Spin systems are a class of models that originated in Statistical Physics,
though interest in them has expanded to many other areas, including Prob-
ability Theory, Combinatorial Optimization, and Theoretical Computer Sci-
ence. A spin system can be described as follows: let G = (V, E) be a locally
finite graph and associate to every vertex v € V a variable (spin) o, taking
value in a finite space S . A configuration of the spin system is an assign-
ment of a spin value to each vertex of G, denoted by o € Qy = SV. Let
U = {Ua}accv, where A CC V means that A is a finite subset of V/, be a
collection of local functions on §2 determining the local interaction between
sites. We would like to define, at least formally, the Hamiltonian (or energy)
of a configuration o € Qy by

Hy(o) = Y Ua(o) (0.1)
ACCV

and the Gibbs probability measure at inverse temperature 3 > 0 by

pv (o) = Zy(B) "' exp (—=BHy (o)) , (0.2)

where Zy/(3) is a normalizing factor.

If G is a finite graph these two formulas are well defined and can be taken
as a definition. If GG is an infinite graph we can instead consider, for any
A CC V and any configuration n € 2, the set of configurations o € Q2 which
agree with n in A¢, denoted by Q. For any o € 2}, the contribution to the
energy of o coming from A is given by

Hi(o) = Y Ua(o) (0.3)

ANA#AD

and the Gibbs probability measure on 2} is defined as
(o) = Z} ()™ exp (—BH](0)), (0.4)

1
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where Z](8) is a normalizing factor. The measure y}| is regarded as the
equilibrium state of the spin system in the finite region A with » boundary
condition. The term free boundary Gibbs measure is used to indicate that
no boundary condition is specified and is obtained from (0.3) and (0.4)
substituting the sum over A N A # () with a sum over A C A .

As an example we can consider the Ising model. In this model, a config-
uration o = (0, ).cy consists of an assignment of +1 values to each vertex
of V' and the potential U is such that, for every finite A CC V and n € Q,
the Hamiltonian is given by

H](o) = — Z UmUy—hZO'x,
(z,y)EE(A) z€EA

where E(A) C E denotes the edge with at least an end vertex in A and h is a
real constant. According to (0.4), the Gibbs measure on A with 7 boundary
condition is given by

pl(o) = Z(B) texp(p Z O'xO'y+hZO'x).

(zy)EEA) zeh

In this case up assigns higher probability to configurations in which neigh-
boring spins are aligned, as well as to configurations in which many spins
agree with the sign of h. This effect increases with [, so that at high tem-
peratures (low (3) the spins behave almost independently, while at low tem-
perature (high ) a global order may occur.

We refer to the collection of all 7, as A and 7 vary, as the specification
for the system. It turns out that for any given specification one can define
the Gibbs measures on the infinite space 2 through the notion of DLR com-
patibility:

Definition 0.1. A probability measure . on € is called a Gibbs measure for
the specification {4} } o ,, if, for every finite region A and p-almost every con-
figuration o,

p(-loae) = pi(-)- (0.5)

Let G be the set of all (infinite volume) Gibbs measures relative to a given
specification derived as above. It is well known that G is a nonempty convex
compact set, with extremal points (measures) called pure phases [Ge, GHM,
EFS]. If G has more then one element we say that the spin system, described
by the specification giving rise to G, exhibits a phase coexistence.
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Consider for example the Ising model on the d-dimensional Cartesian
lattice Z?. If d > 1, then there exists a critical inverse temperature 3 =
(. (depending on the dimension) such that a phase transition occurs. For
B < (. there is a unique Gibbs measure independent from the boundary
condition and no long-range correlation between spins is present, while for
B > [, there are at least two distinct Gibbs measures (phase coexistence)
corresponding to the (+) or (—) boundary conditions, and correlations are
present at arbitrary distances. See, for instance, [Ge, Pre, Sim] for more
details.

Graph setting

Recently an increasing effort has been devoted to the study of spin systems
on graphs other than the regular lattices. In this area one is interested to
study the basic lattice models from statistical mechanics, but with the typi-
cal Euclidean lattice replaced by a fairly general graph. The current surge of
interest in this subject has various motivations. Firstly, many new phenom-
ena are not present when one only considers Euclidean lattice. This reveals
the presence of an interplay between the geometry of the graph and the be-
havior of statistical mechanics system, and suggests the possibility of setting
results in a more general theory. Secondly, non-Euclidean geometry is im-
portant, and sometimes more natural, in many applications where processes
are modeled on graphs that do not need to be regular in any sense. Thirdly,
problems which remain open on Euclidean lattices may be better under-
stood, and perhaps even eventually solved, by placing them in a broader
context.

One of the basic assumption in the deterministic setting, is the transitiv-
ity (or quasi-transitivity) of the graph, where we say that a graph G = (V, E)
is transitive if the automorphisms group of G acts transitively on the ver-
tices in V. The family of transitive graph is very large and includes, among
others, the Euclidean lattice Z¢, the homogeneous trees and the hyperbolic
graphs (see the description below) . Several interesting results have been
derived for spin systems on infinite, connected, transitive graphs. See e.g.
[BRZ, Iol, SS, Wu2, JS, Lyl, Ly2, Sch, HSS] for the results concerning the
Ising and the Potts model, and [BS, BS2, BS3, GN, H, HJL, Jo, La, LS] for
percolation and random cluster model.

Notable are the results concerning the existence of a second kind of
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phase transition, proved for different statistical mechanics models on non
amenable graphs (see [Ly1, Ly2, Sch, Io1, Wu2]).

For example, it has been proved that the Ising model on trees has two
phase transitions at the critical temperatures 3y < ;. The first one, [,
refers to the uniqueness/non uniqueness phase transition previously de-
scribed, whereas [3; refers to the property of extremality of the free bound-
ary Gibbs measure u/. If # < f3; then i is extremal in G, while for 3 >
it is a convex combination of other extremal measures [BRZ, Iol, I02]. To
better appreciate this result, let us remark that this implies that the Gibbs
measures corresponding to the (+) and (—) boundary conditions are not the
only extremal measures (automorphism invariant), at the contrary to what
happens for Z¢ (see [Aiz, Hi] for the case d = 2, and [Bod] for d > 3). The
landscape provided by this model is thus broader then the classical Ising
model on Z¢, and offer the possibility of new modeling.

In the first part of this dissertation we will consider the Ising model
on a family of non-amenable graphs with a cycle periodic structure: the
hyperbolic graphs (see, e.g., [Mag]). They can be thought as the hyperbolic
plane counterpart of tiling in the Euclidean plane R?; but while in R? there
are only three possible tiling (Z?, the triangular lattice and the hexagonal
lattice), their number is infinite in the hyperbolic plane. Hyperbolic graphs
can be characterized by two integers, both > 3: v, the number of neighbors
of each vertex; and s, the number of sides of each face (tile), and thus
denoted by H(v, s). In order for the embedding in the hyperbolic plane to be
well defined, the integers v and s have to satisfy the relation (v —2)(s—2) >
4. The typical representation of hyperbolic tilings makes use of the Poincaré
disc that is in bi-univocal correspondence with the hyperbolic plane (see fig.
0.1).

In analogy with the behavior of the Ising model on trees, the study of
this model on hyperbolic graphs led to the characterization of two differ-
ent phase transitions appearing at inverse temperatures 3. < (3., where the
strict inequality has been proved when v is large enough or H(v, s) is self-
dual [SS, Wu, Wu2]. The first one, 3., corresponds to the occurrence of
a uniqueness/nonuniqueness phase transition, while the critical tempera-
ture (3, refers to a change of the properties of the free boundary condition
measure /. If B, < B < (. then u/ is not a convex combination of u+
and p—, which implies the existence of an automorphism invariant extremal
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Figure 0.1: The hyperbolic graph H(4,5) in the Poincaré disc representation.

measure different from p* and p~, while if 3 > 3. then u/ recovers the
property u/ = (u* + p7)/2. We remark that this behavior distinguishes
the hyperbolic graph from the regular tree, where pu/ # (u + p~)/2 for all

B> fBo-

Glauber dynamics

While the classical theory focused on the equilibrium properties of the Gibbs
measures, in modern statistical physics the emphasis has shifted towards
dynamical question with a computational flavor. The key object here is the
Glauber dynamics, a (discrete or continuous time) Markov chain on the set
of spin configuration Qy of a finite graph G = (V, E). For definiteness, we
describe the "heat-bath” version of Glauber dynamics: to each vertex z € V
we associate, independently, a Poisson process with intensity one. At each
arrival of the process at x, the associated spin is refreshed by a random
spin drawn from the distribution of o, conditional on all the neighboring
spins. It is easy to check that the Glauber dynamics is an ergodic, reversible
Markov process on 2y, with stationary distribution p,. We denote by Ly
the generator of the dynamics, which is a non positive self-adjoint operator
in £2(Qy, py), and we define the spectral gap of the dynamics cgqp(Ly) as
the first nonzero eigenvalue of —Ly .

The Glauber dynamics is much studied for two reasons: firstly, it is the
basis of Markov chain Monte Carlo algorithms, widely used in computa-
tional physics for sampling from the Gibbs distribution; secondly, it is a
plausible model for the evolution of the underlying physical system toward
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the equilibrium. In both contexts, a central question is to determine the
mixing time, i.e. the number of steps until the dynamics is close to its sta-
tionary measure. Different techniques have been developed to get meaning-
ful bounds on this quantity [Sa, Mar2]. For example, by means of analytic
method, it has been proved that the mixing time 7} of the Glauber dynamics
satisfies the following bounds

1

1
—— << 2+ log —), (0.6)
oLy = ( g—)

- QCgap([,v) s

where 4, = min, py (o). The inverse of the spectral gap is called relax-
ation time and is another a key quantity to understand the relaxation to the
equilibrium of the dynamics.

Advances in statistical physics over the past decade have led to the fol-
lowing remarkable characterization of the mixing time on finite n-vertex
cubes with free boundary in the 2-dimensional lattice Z?: when 8 < 3. the
mixing time is O(logn), while for § > f, it is exp(2(y/n)) ([SZ, MO1, MO2,
Mar]).

Remark 0.1. It has been recently proved that any dynamics which updates
only finite subsets (e.g. the Glauber dynamics) has mixing time at least Q(log n),
where n is the size of the underlying graph [HS]. A mixing time satisfying this
lower bower is thus called optimal.

It turns out that the phase transition in Z? has a dynamical manifesta-
tion in the form of an explosion from optimal to exponential in the mix-
ing time of the process. The relation between equilibrium and nonequilib-
rium properties has been investigated for systems on the integer lattice Z?
[SZ, MO1, MO2, Mar], and more recently some results have been obtained
also for non Euclidean graphs [BKMP, MSW]. However, the subject is con-
tinuously in progress since a complete understanding of this connection,
which would led to a great improvement of many results, is still missing.

Boundary condition and mixing time: first result

One of the most interesting questions left open by the dynamical analysis is
the influence of boundary conditions on the mixing time. To better appreciate
this point, let us go back to the Ising model on Z2. As remarked below, it is
proved that for 5 < . the mixing time is O(logn) and correlations decay
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exponentially with the distance uniformly in the boundary condition. In the
low temperature regime (3 > (.), instead, the mixing time for free bound-
ary condition is exp(£2(y/n)) and correlations persist over arbitrarily long
distances. In contrast to the free boundary case, it has been conjectured
that, in the presence of an all-(4) boundary, the mixing time should remain
polynomial in n at all temperatures [FH]. This captures the intuition that
the only obstacle to rapid mixing for 3 > [, is the long time required for
the dynamics to get through the "bottleneck” between the (+)-phase and
the (—)-phase; the presence of the (+)-boundary eliminates in some sense
the (—)-phase and hence the bottleneck. Further support for this intuition
comes from the fact that a certain spatial mixing property holds under the
all-(4+) boundary condition: specifically, it is known that in this case the cor-
relation between the spin of two sites is exponentially small in the distance
between them. Even though this conjecture have received a lot of attention
in the past decade, obtaining formal results has proved very elusive.

However, recently a new technique to approach this problem has been
introduced in [MSW] when the underlying graph is a regular tree. Whereas
in the free boundary condition case the mixing time, at low temperature, is
polynomial in n with exponent increasing with G [BKMP], in [MSW] it has
been proved the following:

Theorem 0.1. In both of the following situations, the spectral gap and the
logarithmic Sobolev constant of the Glauber dynamics on an n-vertex tree are
Q(1):

(i) B < By or |h| > he, with arbitrary boundary conditions;
(ii) (+)-boundary condition and arbitrary 3, h.

Together with inequalities 0.6 (and with the analogous, and stronger, bounds
concerning the logarithmic Sobolev constant), this implies that the mixing
time is optimal also in the low temperature region, providing that the sys-
tem has (+)-boundary. The behavior conjectured for Z¢, is thus proved for
this model.

The first part of this dissertation is aimed to analyze the influence of
the boundary condition on the dynamics in the hyperbolic graphs case. The
similarity between some properties of the trees and hyperbolic graphs, and
in particular the non amenability, would indeed suggest the possibility to
extend the result stated above. On the other hand the presence of cycles in
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H(v,s) (as in 7%, d > 1) which are absent in the tree, makes the analysis
more difficult and requires the introduction of new techniques. Before state
our result, we recall that in the free boundary condition case the relaxation
time of the Glauber dynamics in a n-vertex ball in H(v, s) is polynomial in n
with exponent growing with 5 [BKMP].

The main result we will prove is the following:

Theorem 0.2. Let H(v, s) such that v>4 and s> 3. Then, for all 5 > 1, the
Glauber dynamics on an n-vertex ball in H(v, s) with (+)-boundary condition
has cgqp = Q(1).

The presence of (+)-boundary condition is thus reflected in the behavior
of the relaxation time, which remains ©(1) for all high  values instead of
growing with n as in the free boundary condition case.

The main ingredient of the proof is a kind of correlation decay between
spins which holds under the (+)-boundary condition. Indeed, essentially
due to the non amenability of the graph, the influence of the (+)-boundary
condition on a given spin weakens the influence from other regions at ar-
bitrary distance. The deduced notion of spatial mixing is then turned in a
temporal mixing condition using analytic and coupling techniques.

Glauber dynamics on Random Graphs: second result

In the second part of this dissertation, we will address statistical mechanics
models on random graphs. A random graph is a random variable defined on
a probability space (€2, §,P), where (2 is a suitable family of graphs and PP is
a probability distribution on ).

For example, given a real number p € [0, 1], the binomial random graph,
denoted by G(n, p), is defined taking as 2 the set of all graphs on n vertices
and setting

P(G) = pee(1 - p)a) e, (0.7)
where e stands for the number of edges of G.

Spin models on random graphs have attracted much attention in recent
years and a sophisticated theory has been developed for computing the ther-
modynamic properties of such systems in great generality (see for instance
[MP] and references therein). The interest in this subject is at least twofold.
On one side one would like to extend to new structures the theory of sta-
tistical physics, in order to obtain new features and behaviors which could
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explain some real physical systems. On the other side, many combinato-
rial problems on random structures, in particular optimization and counting
problems, can be reformulated in the statistical mechanics setting and then
solved, or at least better understood, with the methods of statistical me-
chanics (see [MM]); we think, for example, to the random k-sat problem,
that recently has attracted a lot of attention both from computer scientists
and from mathematical physicists (see [AP, AR, MMZ]).

In contrast with the huge literature on probabilistic and combinatorial
analysis of random graphs, and with the increasing number of papers on
the equilibrium behavior of statistical models on random graphs, there are
very few papers analyzing the nonequilibrium properties of these models.
In particular it doesn’t exist, to the best of our knowledge, any rigorous
result concerning the relaxation time of the Glauber dynamics. To attack
this range of hard problem, new techniques and ideas are then required.

The work in the second part of this thesis is a first tentative of clarifying
the behavior of local dynamics for Ising model on some random graphs. To
this aim, we will combine the standard analytic and probabilistic methods,
used to study Glauber dynamics, with the probabilistic and combinatorial
techniques coming from the theory of random graph.

Firstly we will consider the Glauber dynamics for the Ising model on
the binomial random graph G(n,p), with p = ¢/n and ¢ > 0 (see, e.g.,
[JLR, Bo, Sp2]). For this value of the parameter p, it is well known that
almost surely in the limit of n — oo (a.a.s.), the binomial random graph is
disconnected and has a largest component whose size depends on ¢: if ¢ < 1
it has size O(logn); if ¢ > 1 it has size ©(n) (giant component). The Gibbs
measure on the graph is thus given by the product of Gibbs measures on any
component. We will prove the following results

Theorem 0.3. For every 3 > 0, there exists a positive constant cg such that
a.a.s. the spectral gap of the Ising model Glauber dynamics on G(n,c/n) is less

then §,, = exp (—cg log’ﬁ)gn), ie.

lim P(cgap(La) < 0p) =1 (0.8)
n—oo

Theorem 0.4. For every 3 > 0 and ¢ > 1 there exists a positive constant cg
such that a.a.s. the spectral gap of the Ising model Glauber dynamics on the

logn
—Cp loglogn

giant component C of G(n, c/n) is less then §,, = exp ( ), Le.

lim P(cgap(Le) < 0n, C C G(n,c/n)) =1 (0.9)
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From Theorem 0.3 it follows that for every 5 > 0 and ¢ > 0, a.a.s.
the mixing time of the dynamics on G(n,c/n) grows with n at least as

exp(—cg bg’ﬁ) gn). Moreover, as stated in Theorem 0.4, if ¢ > 1 then a.a.s.
there exists a unique giant component C and the relaxation time of the dy-

namics on C grows with n at least as exp(—cg lolgoﬁ) o )-

The proofs of these results are similar and are both given in two steps.
In the first step, for every integer k£ < n, we define a suitable subgraph Sj
of size k and prove, providing a suitable test function, that the spectral gap
of the dynamics on Sy, is exponentially small in £. In the second step, using
standard techniques like the first and the second moment methods, we prove

that the probability that Sy is contained in G(n,c/n) is asymptotically one

logn
loglogn

for any k < « , with a < 1/2. With some extra work we are also able
to prove that a.a.s. the underlying subgraph belongs to the giant component
of the graph.

Secondly, we consider the r-regular random graph model on n vertex,
that is the set of all graphs with constant vertex degree equal to r, each
one taken with uniform probability [Wo, JLR, Bo]. Here we give a very
simple proof that for every 6 > 3 (low temperatures) and for almost surely
any realization of the random graph, the relaxation time of the dynamics is
Q(exp(n)), as the size n of the graph tends to infinity. The proof consists
again in providing a suitable test function to get results from the variational
characterization of the spectral gap. Here will be determinant a geometrical
property of regular random graph, holding almost surely when n goes to
infinity.

Organization

In Chapter 1 we introduce some elements of graph theory and give precise
notions of transitive graph and hyperbolic graph. In Chapter 2 we define
spin systems, Gibbs measures and Glauber dynamics, and introduce the an-
alytic tools to study the relaxation to equilibrium. A briefly description of
results for the Ising model on transitive graph, both from equilibrium and
the dynamical point of view, is given in Chapter 4. In Chapter 5 we present
and prove our boundary-specific result for hyperbolic graphs. The definition
of random graphs and the relative results are all given in Chapter 6.



Chapter 1

Elements of Graph Theory

1.1 Basic definitions and notation

A graph is a pair G = (V, E), where V is an arbitrary set, called the set
of vertices, and £ C V x V is called the set of edges (or bonds) of G. Given
an edge e = (z,y), the vertices = and y are called its end-points and e is said
to be incident to z and y. If x and y are the end-points of an edge, we call
them neighbors or adjacent and write 2 ~ y. Edges are said to be neighbors
or adjacent if they share a common vertex.

The degree of z € V, deg x, is the number of edges incident with z. A graph
is said locally finite if the degree of each vertex is finite. Let us define the
quantity

A(G) = sup{degz : z € V};

if A(G) < oo, the graph G is said to be of bounded degree, and A(G) is its
maximal degree. A graph of bounded degree is also locally finite whereas
one can provide examples of locally finite graphs with A(G) = oc.
Apathin G = (V, E) is a sequence (eq, e, ..., e,) of distinct edges in E,
such that e; is neighbor to e;; for each j = 1,...n. It can be also identified
with the sequence g, z1, ..., z, of vertices in V such that e; = (x;_1, ;)
for every j = 1,...n, and in this case x( and z,, are called the end vertices
of the path. If o = x,, and n > 3, the path is closed and is called a cycle. In
both cases we call n the length of the path.
Given two nonempty subsets S, K C V such that SN K = (), we say that ~ is
a path from S to K, and writey : S — K, if forsomen € N, v = (zo, ..., xy)
is a path in G with 2y € S and z,, € K.

11
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Two vertices are said to belong to the same connected component of the
graph, if there is a path which has them as end vertices. With this notion the
graph is partitioned into connected components, and it is said connected if
it has a single connected component.

The graph distance d(x,y) between two vertices = and y, is defined as the
minimal length of paths from x to y.

A graph S, with vertex set V' (S) and edge set E(S), is said a subgraph
of Gif V(S) C V and E(S) C E. Given V' C V, we denote by E(V’) the
set of all edges in E which have both their end vertices in V' and we call
G(V'") = (V', E(V")) the induced subgraph on V'. Given a subset K C V, we
define the vertex boundary of K

OyK ={xeV\K :3JyeKstzx~y}
and the edge boundary of K
OpK = {e=(z,y) e Est.ze K,yec V\K}.

For a subgraph S of GG, we will abuse the notation and write Jy/(S) and
O0g(S) for the boundaries of V'(.S).
Its easy to see that for finite K C V,
|0eK|
A(G)

< |OvK| < |0pK| < |0vK[]A(G), (1.1)

where the first and last inequalities become trivial when A(G) = .
All the graphs considered in this dissertation will be infinite, connected
and of bounded degree.

1.2 Transitive graphs

1.2.1 Definitions and examples

Given a graph G = (V, E), an automorphism of G ia a bijection ¢ of
V which preserves the graph structure, i.e. such that £ = {(¢(z),¢(y)) :
(z,y) € E}. The set of automorphism of G forms a group denoted Aut(G).
We say that a group I' C Aut(G) is transitive (or acts transitively) if for all
x,y € V there is some v € T" such that yv& = y. We say that I" is quasi-
transitive if T splits V' into finitely many orbits, i.e. if there is a finite set
Vo € V with the property that each vertex of the graph can be mapped by
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" into one of the vertices of 1{). We call the graph G transitive (or quasi-
transitive) if Aut(G) is transitive (or quasi-transitive). In the sequel we will
ignore quasi-transitive graphs, though the extension of results for transitive
graphs to quasi-transitive graphs is often reachable.

In the sequel we will present and discuss some subclasses of the huge
family of transitive graphs. But before, we want to explain some graph
properties in order to identify these subclasses with properties that they
may or may not satisfy. Let us give a briefly description of properties we will
be mainly concentrated on.

1.2.2 Main properties
Amenability and isoperimetric constants

Given an infinite, locally finite, connected graph G = (V, E), its vertex
and edge isoperimetric constants are defined respectively as

iv(G) = 1nf{aTI(f|Q . K C V finite } (1.2)
i(G) == inf{aff(ff) . K C V finite } . (1.3)

From (1.1) we have

ie(G)
A(G)

< in(G) <ie(G) < A(G)in(G)
so that for graphs of bounded degree i,,(G) > 0 if and only if i.(G) > 0.

A graph G is amenable if its vertex isoperimetric constant (or Cheeger
constant) is 0, i.e. if for every ¢ > 0 there is a finite set of vertices K such
that |0y K| < €|K|. Otherwise G is non-amenable.

A typical examples of (transitive) non-amenable graph is the regular tree
T®. If, for instance, we consider the balls B(l) of radius ! around the root r
(namely the subtree with depth [), for every | we get that |0,B(l)|/|B(l)| <
1/(b—1); one can prove that this is indeed the correct value of the Cheeger
constant.

A typical examples of (transitive) amenable graph is the cubic lattice Z<.
Taking in this case the balls of radius [ around the origin, we see that the
ratio |0, B(1)|/|B(1)] = O(I~!) and then goes to 0 for I — oc.
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Number of Ends

Given a finite subset K of V, the graph G'\ K is the graph obtained from
the graph G by removing the vertices which belong to K and the edges
incident to these vertices. The number of ends of the graph G is defined as

E(G) = sup { number of infinite connected components of G \ K }.
Kfinite
Any Cartesian product of infinite graphs can easily be seen to have a single
end.

It is known that for transitive graphs the number of ends can only be: 1
(e.g., Z% d > 2), 2 (e.g., Z), or oo (e.g., Ty, b > 2). Moreover, when the
number of ends is 2, the graph is amenable and when the number of ends is
infinity the graph is non-amenable. Graphs with a number of ends equal to
1, can be amenable (as Z¢ with d > 2) or not (as the hyperbolic graphs, see
below).

Planarity

Let IT be the Euclidean or the hyperbolic plane. A graph G = (V, E) is
planar if can be embedded in II satisfying the following restrictions.

(i) Each vertex = € V is mapped into a point v, € II.

(ii) Each edge ¢ = (x,y) € E is mapped into the image I'. = ~.([0, 1]) of a
curve v : [0, 1] — II, with 7. (0) = v, and (1) = vy. If e; # ey, then
Ve ((0,1)) N7, ((0, 1)) = 0.

The connected components of IT \ (U.cg)Te are called the faces of the em-
bedding. When G is planar, transitive and one end, it is not hard to show
that each face is bounded.

Given a planar graph, one can construct the dual multigraph (mean-
ing that more then one edge can connect two vertices and edges may have
two identical endpoints) G* = (V*, E*) as follows: to every faces in G is
bi-univocally associated a vertex v € V*; to every e € E is bi-univocally
associated the dual edge e* connecting the two faces which have I, in their
boundary.
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1.3 Cayley Graphs

1.3.1 Construction and main subclasses

An important class of transitive graphs is that of the Cayley graphs of
finitely generated group, defined as follows. Let I a finitely generated group
and S a finite symmetric generating set for I', where, we recall, S is sym-
metric if s € § = s7! € S. The (right) Cayley graph C(T, S) of T is the
graph with vertex set V' := I' and edge set £ := {(v,vs); v € I', s € S}.
From the symmetry of generators, E is well defined and the obtained graph
non-oriented. If the generators’set S is finite, then the corresponding Cay-
ley graph is of bounded degree, with constant vertex degree equal to the
number of generators |S]|.

Cayley graphs of finitely generated groups includes a large number of
examples of transitive graphs and most of those which are of great interest.

(i) The basic examples of graph of interest in statistical mechanics and re-
lated areas are the cubic lattices Z%, with d > 1. The cubic lattice Z¢
is indeed a Cayley graph of the free Abelian group of rank d.

(ii) Another important class of examples is that of the homogeneous or
regular trees, i.e. trees which are transitive and in particular have
constant vertex degree A. We will denote by T}, the homogeneous
tree of degree A = b + 1 (the index b stays for the branching number
of the tree). If A is even, then T, is a Cayley graph of the free group
with A/2 free generators. When A is odd, T} is a Cayley graph of the
group with b/2 free generators and one generator which is identical to

its inverse.

(iii) The third class we want to recall is that of Cayley graphs of discrete
groups of isometries of the hyperbolic spaces H¢, with d > 2 (Fuchsian
groups in the d = 2 case). The vertices of such graphs can be thought
as the center of a tile in a tesselation of H¢, with edges connecting
vertices corresponding to tiles whose boundary intersect in a d — 1-
dimensional surface. Such examples may be seen as ”crystals in a
non-Euclidean space”; their Euclidean counterparts are Cayley graphs
of discrete groups of isometries of Euclidean space, including Z? and
the triangular and hexagonal lattices. We will deepen the case d = 2,
which includes the main objects we will work on: hyperbolic graphs.
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1.3.2 Hyperbolic Graphs

Let H? be the hyperbolic plane and denote by Z(H?) the group of isome-
tries of H2. Consider a finitely generated co-compact subgroup G of Z(H?),
namely such that there is a compact subset K of Z(H?) with GK = Z(H?).
If S is a finite set of generators for G, then the Cayley graph C(G,S) is an
hyperbolic graph. See, e.g., [Mag] for a more detailed introduction to the
subject.

We can embed C(G, S) in H? as follows. Choose a convex finite-sided geodesic
polygon A € H? which is a fundamental domain for G acting on H2. Accord-
ing to the Poincaré’s theorem on fundamental polygons, the set of isometries
S which identify the sides of A is a set of generator for G. Thus fix a point
0 € IntA. The vertices of C(G, S) are the points of g0, with ¢ € G, and an
edge between g0 and ¢'0 is drawn whenever exists s € S such that ¢’ = gs.

The embedding of an hyperbolic graph in H?, gives out a tessellation of
the hyperbolic plane with regular tiles, and indeed the hyperbolic graphs
are also known as hyperbolic tiling. In particular, they can be characterized
by the (constant) vertex degree v and the (constant) number of sides s in
each face (tile), and thus denoted by H(v, s). In order for the embedding
in H? to be well defined, the integers v and s have to satisfy the relation
(v—2)(s—2) > 4. The typical representation of hyperbolic tilings make use
of the Poincaré disc D? that is in bi-univocal correspondence with H?. See
figure 3.1.

It turns out that the hyperbolic graphs are planar. In particular, the dual
graph of a given hyperbolic tiling H (v, s) is an hyperbolic tiling too, and it
is easy to check that [H(v, s)]* = H(s,v).

Moreover, the hyperbolic graphs belong to the class of non-amenable one
ended transitive graphs; as we will see in chapter 3, this class is related
with two interesting conjectures concerning the behavior of some statistical
mechanics models.

As shown in [HJL], the edge isoperimetric constant of H(v, s) is explicitly
given by

. 4
Ze(H('U, S)) = (U — 2)\/1 — m .
For a detailed analysis of the hyperbolic graph we refer, e.g., to [Mag, RNO].
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Figure 1.1: Two examples of hyperbolic tiling in the Poincaré disc represen-
tation : H(7,3) on the top and H(4, 5) on the bottom.
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Chapter 2

Spin Systems

2.1 Preliminaries

A spin system is a collection of particles, each one associated to a spin
variable taking value in a finite space S, referred to as the spin space. Here
we will consider systems whose particles are sited on the vertex set of a
locally finite graph G = (V, E), with V' a countable set.

We use the following terminology and notation. To every vertex x € V
is associated a spin variable o, € S and the state of the total system is
specified by a configuration ¢ € Q = SV, that is an assignment of spins on
V. We endow (2 with the o-algebra F generated by the set of projections
{7z }zev,, from Q to S, where 7, : 0 — o,. For A C V, we also use
the notation o, for the configuration in Q2 := S IAl'and denote by Fj the o-
algebra generated by 7, , © € A. We say that o agrees withnon Aif oy = np
and let Q] = {o € Q|oac = nac} denote the set of configurations that agree
with 7 outside A. We write f € F, to indicate that f is F)-measurable.

The global behavior of the system depends from the interaction between
particles. If there aren’t interactions, then every particle behaves indepen-
dently and the analysis of the system is elementary, since the measure de-
scribing the system is just a product measure. While, if a simple interac-
tion is introduced in the system, the global behavior of the system changes
deeply and non trivial phenomena (like phase transitions) appear.

Let F be the set of all nonempty finite subsets on V'; the general assumptions
on the interactions are the following.

Definition 2.2. A finite range, automorphism-invariant potential (or interac-

19
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tion) J = {J}aer is a real function of non empty finite subsets of V with the
following properties

1. Ja = Jya) for all A finite subset of V and all ¢ € Aut(G)

2. There exists r > 0 such that J4 = 0 if diam(A) > r. r is called the range
of the interaction.

3. Y as0 Al < 00

Given an interaction J with these properties and for every finite subset A €
V', we define the Hamiltonian Hy : Q — R by

Hy(o) = = Y Ja]] o 2.1)
ANAAD z€A
that can be considered as the contribution to the energy of ¢ coming from
A. Though we dropped any subscript, H, clearly depends from the choice
of the potential J. Let n € Q) specify a boundary condition. The finite region
Gibbs measure on A conditioned on 7 is defined as:
W (o) = { ()" expl=BH} (o)) if o € 2.2
0 otherwise,
where Z} is the appropriate normalizing factor and /3 is a non-negative con-
stant often interpreted as the inverse temperature (and sometimes included
in the interaction J). We will also refer to the Gibbs measure on A with free
boundary conditions, denoted by M£> meaning the measure resulting from
the above definition but considering A as disconnected from the rest of the
graph, i.e. taking the sum in (2.1) only over subsets A C A.
Given a measurable bounded function f on Q, p} (f) is the average of f
w.rt. 1 and pa(f) denotes the function o — p3 (f). Clearly pa(f) € Fa.
Spin systems with nearest neighbor interactions are probably the most
studied models. Their are defined by associating to every edge e = (z,y) €
E a symmetric pair potential Ji,) : § x § — R U {oc}, and to every
x € V a self potential J, : S — R U {oo}. Notice that for these models,
the distribution (2.2), of the particle configurations on A, depends from the
boundary conditions only through oy A.
The most famous example of spin system with nearest neighbor interac-
tions is certainly the Ising model. For this model the spin space is S = {£1},
the pair potential is constant equal to 1 for every edge and the self potential
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is constant equal to i € R for every vertex, where h represents the external
magnetic field. For every n € Q b.c. and o € Q, he Hamiltonian of the
Ising model is

Hp(o) = — Z O‘may—{—hZO’x. (2.3)

(zy)NA#D zeA

The relative Gibbs measure distribution 4} thus assigns higher weight to
configurations in which many neighboring spins are aligned with one an-
other, as well as to configurations in which many spins agree with the sign
of h. This two effects increase with 3 and |h| respectively. In particular,
at high temperatures (low 3) the spins behave almost independently, while
at low temperature large connected regions of equal spins tend to form.
The Ising model will be discussed in details in the following chapter, where
different graph structure will be considered.

2.2 Gibbs measures

2.2.1 Construction by DLR equations

It is immediate from the definition, that any finite region Gibbs measure
satisfies the so called DLR compatibility conditions. Namely, for every n € Q
and every o € Y, it holds

pl(loae) =p%() VACAEF. (2.4)

Equivalently, given an event X € F and with the notation px (X) = ua(Ix),
where 1y is the characteristic function on X, it holds

pR(pa(X)) =pl(X) VXeF VACAEF.

We say that 4} is stationary under p 4.

Let us refer to the collection of all finite region Gibbs measures p} as A
and n vary, as the specification . Given a specification u, namely after
specified the configuration space and the potential J that give rise to u, one
can extend the notion of DLR compatibility to measures on the infinite space
that are compatible with all finite distributions.

Definition 2.3. A probability measure v on (2, F) is called a Gibbs measure
for the specification y if, for every finite region A and v-almost every configu-

ration o,
v(-lone) = pi(-), (2.5)
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or equivalently if v(up (X)) = v(X) for every X € F and A € F.

The physical intuition for a Gibbs measure is that it describes a "macro-
scopic equilibrium” in which all parts of the system are in equilibrium with
their boundaries.

2.2.2 Uniqueness and mixing in space

It is well known that, for any specification p derived as above, at least
one Gibbs measure exists. However, several Gibbs measures for a given
specification may coexist (see, e.g., [Ge, GHM, EFS] for details and more on
Gibbs measures).

The question of whether the Gibbs measure is unique or not is central
in statistical physics, because it corresponds to whether one or more macro-
scopic equilibria are possible for the given system. Denoting by G the set of
all Gibbs measures relative to a given specification p, we say that the spin
system described by . exhibits a phase coexistence if G contains more then
one element.

Since G is proved to be a convex compact set, the convex combination of lim-
its of finite volume Gibbs measures along sequences of regions and boundary
conditions is a Gibbs measure. Thus, the question of whether the Gibbs mea-
sure is unique, can be translated to that of whether there is an asymptotic
independence between the configuration on a finite region and a distant
boundary condition. To formalize this concept, let us introduce the follow-
ing notation.

Given two probability measures 11, uo on a finite set Y, their total variation
distance is defined as:

1
1 — pal == B Y " |pa(y) — pa(y)] = sup |p1(X) — pa(X)] . (2.6)
yey XCY

Given A C A € F and the Gibbs measure py on Q,, let ua A denotes the
projection of the measure ;5 on Qa, i.e.

pan(e) = D ualn).
NNaA=0A

The sufficient and necessary condition for the Gibbs measure relative to a
specification u to be unique is the following.
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Proposition 2.1. A specification p admits a unique Gibbs measure if and only
if, for every finite region A, there exists an infinite sequence of regions A; C
Ay C ... C A C...such that|J,.,A; =V, and for any two configurations n
and o,

113, A — 13,4l =0

From Proposition 2.1 one can observe that the uniqueness of the Gibbs
measure corresponds to a particular form of asymptotic independence in
the equilibrium state between configurations on two distant regions. We
call this behavior mixing in space. Following this idea, we can now define
two different notions of spatial mixing.

Definition 2.4. We say that the Gibbs measure p5 has weak spatial mixing in
A if there exist constants C' and m such that, for every subset A C A and every
pair of boundary conditions n and o,

i}, & = H3, all < ClAJe™mHE N, (2.7)

Definition 2.5. We say that the Gibbs measure 15 has strong spatial mixing
in A if there exist constants C' and m such that, for every subset A C A, every
S C 0y A and every pair of boundary conditions n and o that differ only on S,

11}, & = 1% Al < C|AJe™ A S) (2.8)

From definitions above, one can verify that the conditions of weak and
strong mixing both imply the existence of a unique infinite volume Gibbs
measure with exponentially decaying truncated correlations functions. The
exponential decay inside A grows with the distance from the boundary dy A,
in the weak mixing case, or with the distance from the support of the pertur-
bation, in the strong mixing case. Both notions are very useful tools when
analyzing the mixing properties of the Glauber dynamics on graph spin sys-
tem.

2.3 Glauber dynamics on a bounded degree graph

In the previous section we described the equilibrium state of a spin sys-
tem on an infinite, locally finite graph G = (V, E), and defined some prop-
erties which the state may or may not satisfy. In this section, given a finite
graph G = (V, E) and a spin system with configuration space 2 = SV and
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equilibrium measure p, we will define a special class of stochastic process
on 2 known as Glauber dynamics. This is a Markov process with a unique in-
variant reversible measure corresponding to the Gibbs measure p, which is
often used in algorithmic simulation for sampling from the Gibbs measure.
Beyond its relevance in computational problem, Glauber dynamics suggests
a model for how the system converges to the equilibrium state, and thus
enables to analyze nonequilibrium phenomena. As we will point out at the
end of this section, the interest in this subject come also from its connection
with the equilibrium properties of the system; the first of this dissertation is
indeed devoted to these kind problem.

Here we define the dynamics together with its main mixing properties. Then
we introduce some analytic tools to analyze the mixing time of the process.

2.3.1 Construction and existence

Before defining the Glauber dynamics on finite graph, let us recall some
basic facts about reversible Markov process on finite spaces (see [Lig, Sa]).

Given a finite set X, an irreducible continuous-time Markov chain (X;):>o
on X, reversible with respect to the positive probability measure 7, is con-
structed as follows. One first defines the generator £ of the process, namely
a self-adjoint operator on ¢?(X, 7) with kernel £(z,y) whose matrix ele-
ments satisfy:

(D > ex L(z,y) = 0 forany z € X;
(i) L(z,y) >0foranyx #y € X;

(iii) m(z)L(x,y) = 7(y)L(y,x) for any z,y € X (detailed balanced condi-
tion);

(iv) for any pair of z # y € X there exists n € N such that (£")(z,y) > 0.

The Markov semigroup associated to £ is given by P; = ¢** and has kernel
Pi(z,y) = e*@Y), For every x € X, Py(z, -) represents the distribution at
time ¢ of the Markov process (X;):>o starting at x. Notice that

d
£(m,y) = %Pt(xayﬂt:(] )

which justifies the name of jump rate from x to y for the matrix element
L(x,y), with 2 #£ y.
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From the detailed balanced condition (iii) we get that 7 must be the unique
invariant measure for the process, i.e. 7(P.f) = n(f) for any f. From the
Perron-Forensics Theorem (see, for instance [Sa]) then it holds that the dis-
tribution of the Markov process converges to its reversible measure, namely

Jim [IPif = 7(f)loc = 0.

Now, let G = (V, E') be an infinite locally finite graph, S be a finite space
and J be a finite-range, automorphism invariant potential on Q = SV. This
defines a spin system on G with finite volume Gibbs measure ;}; as in (2.2).
The Glauber dynamics on finite subset A C V with boundary condition 7,
is a continuous time Markov chain (o);>0 on Q}, with Markov generator £
given by

(LN)(0) = > calo,a)[f(0™) = f(0)] (2.9)

zEA
a€S

where 0% is the configuration obtained by setting the spin at = equal to the
value a and the quantities ¢, (o, a) are the jump (or transition) rates.

The general assumption on the transition rates, beyond hypothesis (i)-(iv)
above, are

(1) Finite range interactions. If o, = 7, for all y such that d(z,y) < r, then
cz(0,a) = cz(n,a) foralla € S.

(2) Positivity and boundedness. There exist positive real numbers ¢, and ¢y,
such that

0 < ¢y < inf c,(0,a) sup ¢z (0,a) < ey
T,a,0 x,a,0

(3) Automorphism invariance. If, for some ¢ € Aut(G), o, = N (y) for all
y €V, then c,(0,a) = cy(z)(n,a) forallz € Aand a € S.

In the sequel we will focus for simplicity on a specific choice of the jump
rates known as the heat-bath dynamics:

cx(o,a) = pl(a). (2.10)

It is easy to check that the heat bath Glauber dynamics is ergodic and satis-
fies the detailed balance condition w.r.t. the Gibbs measure 1}, i.e. it holds

exp|—Hy(0)]cz(0,a) = exp[—Hy(0%)]|cy (0, 04) .
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Thus, from the Perron-Forensics Theorem, the distribution of the Markov
process (0;);>0 converges to the stationary distribution p}.

When S = {£1} (Ising spin space), for all « € S the difference f(o"®) —
f(o) is non zero only when a = —o,, namely when the new configuration
o™® is obtained from o by flipping the spin at the site z. We denote such a
configuration by o* and we abbreviate the flip rates ¢, (o, —0,) = ¢, (0); the
generator formula then reduces to the following

(Lf)((f) = Z Cm(a)vxf(a)v (2.11)

€V,

where we also introduced the symbol V, f(o) = [f(c”) — f(o)].

2.3.2 Relaxation to equilibrium: coercive bounds

The crucial problem in several applications, like combinatorial compu-
tation and statistical mechanics, concerns the time needed, for a reversible
Markov process (L, m), to be arbitrary close to its stationary measure. The
standard proofs of the Perron-Forensics theorem, do not provide any infor-
mation (or very lousy one) concerning this problem. Thus new technique
are required.

Here we will present the main analytic tools to get bounds on the rate
of convergence to equilibrium of Markov process as defined in the previous
paragraph. We will serve of these methods to prove the main results of this
dissertation.

Let us first consider the general Markov process (£, ) on the finite space
X, satisfying the conditions (i)-(iv) settled at the beginning of the previous
paragraph. Given a real function f on X, we introduce the variance of f
with respect to 7

Var,(f) = 7(f%) — n(f)?

and the Dirichlet form of f associated with the process (£, ), that thanks to
the reversibility condition can be written as

1

D(f) =35 > @)Lz, y)[f (@) = FW)]

Then one can easily prove the equality

%Varﬂ(Pt f) = —2D(P.f), (2.12)
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that suggests the use of functional coercive inequalities, like the Poincaré
inequality or the logarithmic Sobolev inequalities, to obtain bounds on the
long time behavior of the semigroup P;. Let as formalize this idea.

The first quantity of interest is the spectral gap, defined as follows. Recall
that, since the generator £ is a nonpositive self-adjoint operator on ¢?(X, ),
its spectrum consists of discrete eigenvalues of finite multiplicity that can be
arranged as 0 > —\; > —Xo > ..., > A1, | X| = n, with \; > 0 for all
1> 0.

Definition 2.6. The spectral gap of the Markov process (L, m), denoted cgqy,
is the absolute value of the first nongero eigenvalue of L, namely cgqp = 1. It

satisfies

. D(f) .
Cgap = inf {Varﬂ(f)’varﬂ(f) # 0} . (2.13)

-1

Jap 18 the best constant c in the Poincaré inequality

Equivalently ¢
Var.(f) < ¢D(f) Vf € (X, 7),
that together (2.12) and the fact Py(f) = f, implies
Var, (Pif) < e 2% Var,(f). (2.14)

From last inequality, we notice that the spectral gap ”gives a measure” of
the exponential decay of the variance, and indeed the relaxation time, Ty, is
defined as the inverse of the spectral gap.

Moreover, let h¥ denote the density of the distribution at time ¢ of the pro-
cess starting at x w.rt. 7, i.e. hf (y) = %. For 1 < p < oo and a
function f € ¢’(X, m), let || f||, denote the ¢/ norm of f and define the time

of convergence
T, = min {t >0 :sup|lhf — 1, < 61} , (2.15)
x

that for p = 1 is called mixing time. Then it holds the following result (see
[Sal):
Theorem 2.5. Let (£, ) be a continuous-time, reversible Markov chain on a

finite set X with spectral gap cyqp > 0. Denoting m* = min, 7(z), it holds that

- - 1
Cgap < Tp < Couy <2+log7r*) , V1<p<2

1
-1 -1
Cqap <7, < Coap <1—|—log7r*> , V2<p< >
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The bounds provided by this theorem can be proved to be optimal in
some cases; but in other cases, the presence of the term log #, which can
be very large, worsen the tightness of the bounds. In these cases, can be
useful to introduce another quantity, related to a new coercive inequality
for the process (£, 7), which improves the result of theorem 2.5.

Given a function f > 0, let us recall that the entropy of f w.r.t. 7 is given by

Ent(f) = p(flog f) — pu(f)logu(f),
and observe that Ent(f) > 0 from the Jensen inequality.

Definition 2.7. The logarithmic Sobolev constant of the Markov process (L, ),
denoted by cs.p, is defined by

g PWT)
/>0 Ent(f)

In particular ¢y, is the best constant ¢ in the logarithmic Sobolev inequality

Ent(f) < ¢D(\/f), Vf=0.

The main interest for the logarithmic Sobolev constant c,,, comes from its

Csob =

(2.16)

relation with hypercontractivity properties of the Markov semigroup P;, that
we briefly recall (see [Gro]).

Definition 2.8. Given a strictly increasing function q : Rt — [q(0), oo], we

say that the Markov semigroup P; is hypercontractive with contraction function
q if for any function f and any t > 0

1P fllqy < 11 ll400)
We now list a set of results (see [Sa])

Theorem 2.6. Let ¢, the logarithmic Sobolev constant of the Markov process
(L, w). Then:

4t
(i) P, is hypercontractive with contraction function q(t) = 1+ e®sob.

(ii) Ent (P, f) < e%Entﬂ(f)for any f > 0.

(iii) The relaxation time is bounded as follows:

—1
1 c

1
Coap < TIp < 5405 <4+log+log*> , V1<p<2
™

-1

-1
c c 1
?STPS?<3+Iog+Iong) , V2<p< o

where log_ t = max{0, logt}.
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Statement (ii) is the entropy counterpart of inequality (2.12), from which
we can interpret the logarithmic Sobolev constant as a measure of the de-
cay of the entropy. Statement (iv) provides the announced bounds on the
relaxation time.

The results stated above, clearly apply to Glauber dynamics (£, u}),
which is a reversible and ergodic Markov process on the finite space Q7.
When the spin system under consideration is the Ising model, defined by
means of the Hamiltonian in (2.3) (see also chapter 3), and the dynamics is
specified by the generator £ in (2.11) with heat-bath jump rates (given in
(2.10)), then the Dirichlet form of f takes the following equivalent expres-
sion

D(f) = 5 4k (@lVefP) = S uaan (). @17)

reA TEA
In the case of heat-bath dynamics on a graph G with n vertices and
maximum vertex degree A < oo, the main bounds on the mixing time,
obtained through ¢, and ¢, are the following:

—1 —1
Coap < T < Coap X Cin (2.18)
c;alp <7Ti < cgoll) x Cylogn

where C; and C, are constants depending on 3 and A. We refer to [Mar,
Mar2, Sa] for a wider discussion on the relation between cgqp, cso, and the
relaxation time for Markov chains, and to [GZ, St, var] for analysis and
results regarding the logarithmic Sobolev inequalities.

2.3.3 Mixing time and phase transitions

Advances in statistical physics over the last past decade have led to the
following remarkable characterization of the mixing time on finite n-vertex
cubes with free boundary in the 2-dimensional lattice Z2. Let 3. denote the
critical value marking the separation between the uniqueness phase (|G| =
1) and the coexistence phase (|G| > 1). It is proved (see, for instance [Mar])
that for all 5 < [, the mixing time T is O(logn), while for all 5 > g,
Ty = exp(€2(y/n)). Thus the phase transition at ., that is a static and spatial
phenomenon, has a dramatic manifestation in the form of an explosion from
optimal to exponential in the mixing time for the dynamical process. This
result is perhaps the most convincing example of an intimate connection
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between phase transitions and mixing time. In particular, it manifests the
correspondence between the mixing in space, related to the uniqueness of
the Gibbs measure as remarked after proposition 2.1, and the mixing in
time. This relation is still under investigation, though notable results for
spin system on the integer lattice Z? has been derived [SZ, MO1, MO2,
Marl, Wei]. We recall, without proving, some of these results.

We first introduce a notion of temporal mixing for Glauber dynamics
(L, ), with A a finite region of V. Assume that |A| = n.

Definition 2.9. We say that the continuous time dynamics (L, 11} ) has optimal
temporal mixing if there exist constants C and « > 0 such that, for any t > 0
and all o € QF,

[Pi(o, -) — ppll < Cn exp(—at), (2.19)

where P, is the Markov semigroup at time t associated with the dynamics for
HA-

Notice that a simple inversion reveals that optimal temporal mixing is
equivalent to a mixing time 77 = O(logn). Indeed it has been recently
proved (see [HS]) that the mixing time of a dynamics which updates only
finite size regions (e.g., the Glauber dynamics) is at least Q2(logn), where n
is the size of the underlying graph.

The main connections between spatial and temporal mixing for spin systems
on the lattice Z? are captured in the following results (see [SZ, Ces, MO1,
MO2, Wei] and also [Mar] for a nice review on the subject):

Theorem 2.7. If the Glauber dynamics (L, ), with A € Z¢, has optimal
temporal mixing for some boundary condition T then the system has weak
spatial mixing. If in addiction the optimal temporal mixing holds uniformly in
the boundary condition, then the system has strong spatial mixing.

Theorem 2.8. If a system (4, pua) has strong spatial mixing then the Glauber
dynamics has optimal temporal mixing uniformly in the boundary condition.

As a consequence of Theorems 2.7 and 2.8, we get that if the mixing
time of the Glauber dynamics on the lattices is optimal, i.e. 71 = Q(logn),
then the system is in the uniqueness phase region; viceversa, if the system
is in the uniqueness phase region then the mixing time of the Glauber dy-
namics is 71 = Q(logn). In particular, for these systems, the occurrence of
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a “uniqueness/non-uniqueness” phase transition has a dynamical manifes-
tation as an increment of the mixing time from optimal (order logn) to non
optimal.

Remark 2.2. The statement of Theorems 2.7 and 2.8 can be extended to any
graph of subexponential growth rather than just Z¢, as remarked in [Wei].
However, subexponential growth of the underlying graph is required for the
theorem to hold. Explicit counterexamples are provided by regular trees, for
which it has been proved the there exists a region of the phase space where
optimal temporal mixing holds but the Gibbs measure is not unique, and in
particular weak spatial mixing does not hold [MSW].

In the following section we will discuss the Ising model on transitive
graphs, and for some particular system we will give precise statements on
the behavior of the mixing time. We will also provide other examples of the
connection between mixing time and phase transition phenomena.
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Chapter 3

Ising Model on Transitive
Graphs

3.1 Introduction

The Ising model is an extremely simplified description of ferromagnetism.
This is a phenomena that happens, for example, in some metal, when a fi-
nite fraction of the spins of the atoms become spontaneously polarized in
some direction, giving rise to a macroscopic field. This happens, however,
only when the temperature is lower then a characteristic temperature (Curie
Temperature 7T.), whereas above T, the spins are oriented at random pro-
ducing no magnetic field. As 7. is approached from both sides, the specific
heat of the metal approaches infinity and there is phase transition.

The Ising model was introduced by Ising in 1925 following a suggestion
of his thesis adviser Lenz. Ising solved the problem in Z, where non phase
transitions occurs, and conjectured the same behavior to hold in any dimen-
sions. Contrasting the Ising conjecture, in 1936 Peierls stated the existence
of a phase transition for both Z? and Z3, though the Peierls’ method was
made rigorous only twenty years later by Griffiths and Dobrushin. In 1944
Onsager solved analytically the model in two dimension (Z?), in the ab-
sence of an external magnetic field, and confirmed the existence of a phase
transition. The three dimensional model is still not solved exactly.

A lot of works followed this result and the existence of a phase transi-
tion for the Ising model on Z¢, for all d > 1, was established. At the same
time the study of the Ising model on graphs other than the Euclidean lat-

33
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tices started to be analyzed (see, e.g., [Ge, Pre]). Particularly important in
this context is the existence of new phenomena which are not present when
only consider Euclidean lattice. This reveals the presence of an interplay be-
tween the geometry of the graph and the behavior of statistical mechanics
system, and suggests the possibility of setting results in a more general the-
ory. The connection between the geometric properties of the graph with the
behavior of the model, has motivated many recent works, both concerning
the equilibrium properties (see e.g. [BRZ, Iol, [02, SS, Wu, Wu2, JS, Lyl,
Ly2, Sch, HSS]) and the dynamical properties (see, e.g, [BKMP, MSW]).

In this chapter we will present the main results concerning both the
equilibrium and dynamical behavior of the Ising model on the three main
classes of transitive graphs: the integer lattices Z?, the regular trees T® and
the hyperbolic graphs H(wv, s).

3.2 Ising model and phase transition

The Ising model on given infinite, locally finite graph G = (V. E), is
defined as follows. To every vertex = € V is assigned a spin variable o, €
S = {£1} so that the global system is described by configurations o €
Q = {£1}IV]. The potential is given by nearest neighbor interactions with
constant strength J (positive in the ferromagnetic case) and by a constant
self potential equal to a parameter h € R, which represents the external
magnetic field. In the following we will assume .J to be equal 1.

For every finite subset A C V and o € Q,, the Hamiltonian of the Ising
model (with free boundary condition) is

Hy(o) = ). owoy+h > o, (3.1)

(zy)€E(AN) z€EA

and the correspondent finite volume Gibbs measure at inverse temperature
3, is given by (see 2.2)

pa(o) = (Zp) lexp[-BHp(0)] Vo € Qy. (3.2)

Notice that the measure u,, which describes the equilibrium state of the
system, assigns higher weight to configurations in which many neighboring
spins are aligned with one another, as well as to configurations in which
many spins agree with the sign of h. This two effects increase with 3 and
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|h| respectively. In particular, at high temperatures (low 3) the spins behave
almost independently, while at low temperature large connected regions of
equal spins tend to form.

The normalization constant Z, = Zx(3,h), called partition function,
is of importance because of its connections with the basic thermodynamic
quantities. Indeed it is quite natural to define the internal energy per particle
as the expected value of H, divided by the volume, i.e

1 d

a8, 1) = Frrn(H) = ~5(Za(8, )

and thus the free energy per particle

and the magnetization

0
B,h) : |A|ZM ) = =5 fa(B ).

Since the finite volume Gibbs measure is continuous in 3 and h, and it is
invariant under a global spin flip on A, the limit for 4 | 0 of ma(53,h) is
trivially 0. Instead, if we consider a increasing sequence of subsets (Ay)/>o
such that (J,» A¢ = V and we perform the limit

.0, .
mo(B) = lé%élggo ma, (B, h) = —lﬁg %(elir?o fa. (B, h)) (3.3)

a different result can occur.
First of all, for the Ising potential it has been proved that there exists a
function f((, h), concave in h, such that

f(ﬂvh’) = KEH;JfAZ(B’h) °

Let us define D*f(3) := limyo M from the concavity of f we
deduce that the derivatives D* f(3) ex1st and moreover, due to the symme-
try h — —h, it holds that DT f(8) = —D~ f(3) .

If f € C' then DY f(3) = D~ f(B) = 0, mo(B) = 0 and nothing happens;
but if there exists a range of 3 such that f is discontinuous in A = 0, then
mo(3) # 0 for all these values of 5 and we say that a first order phase tran-
sition occurs.
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It is proved that a first order phase transition corresponds to have more
than one (automorphism invariant) infinite volume Gibbs measure. In par-
ticular, if there exists a unique infinite volume Gibbs measure y, then from
the definition of my we get mo(3) = u(op) = 0, otherwise, as p varies
among different (automorphism invariant) infinite volume limit,

mo(B) = p(oo) € [-DTf(B), =D~ f(B)]- (3.4)

More precisely, let G be the set of infinite volume Gibbs measures relative to
the Ising potential on G at fixed temperature 5. We denote by ,uj[e and 14,
the Gibbs measures over Q, with (+)-b.c (all (+)-spins on A§) and (—)-b.c.
(all (—)-spins on A¢) respectively. The measures u* := limy, 1y ui{ satisfy
the following properties:
1) p* are automorphism invariant measures in G.
2) p= < p < ptforany p € g.
3) u* are extremal point of G.
4) |G| > 1if and only put # u~.
5) |G| > 1if and only pt(0g) # u~ (00).
6) " (00) + ™ (00) = 0.
From this properties and (3.4), it holds that " (0¢) = —D~ f(3) and p~ (00)
—D™* f(B). Thus, a first order phase transition occurs if and only if there ex-
ist more then one Gibbs measure.

As we will show in the next section, providing explicit examples, the
structure of the Gibbs measure set G is related to other kind of phase transi-
tion phenomena.

3.3 Ising model on lattices: equilibrium and dynam-
ical properties

As remarked in the introduction, the Ising model on the lattice Z¢ was
the first non trivial example of a phase transition, that can be solved exactly
in Z and Z2.

Here we want to give a brief overview of the main equilibrium and dynami-
cal properties of the model, making distinction between the one dimensional
case, the two dimensional case and the d-dimensional case, with d > 3.
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3.3.1 One dimensional case

The one-dimensional can be easily solved with the method of transfer
matrix (see, e.g, [Sim] ). In particular, given a subset A € Z with labeled
vertices from 1 to n, the partition function Z, can be expressed as

n—1
I\ = Z H V(oi,0i41)V(on, 01)
oeQp i=1

where V (0;,0;) = exp (B(0i05) + gh(aiaj)). Then, given the real matrix V/
with entrances V (o, o) defined as

ViE+) Vo) U emd
V p— pu— ,
V(_7+) V(_7 _) eiﬁ eﬁ(lih)
we get that Zy = TrV". The matrix V' is symmetric and with strictly positive
elements; thus, by the Perron-Forensics theorem, there exist two eigenvalues

A1 and A\ such that A\; > 0 and A\; > \o. Then the partition function is given
by Zx = A} + Xy = XP(1+ (32)"), with 42 < 1, and it holds

log Za

f(B,h) = —; lim = —llog)\l. (3.5)

n—oo n ﬂ

Computing \; one thus obtain the explicit expression for the free energy per
particle and all the thermodynamic quantities which can be derived from
the partition function. The main consequences we want to stress are the
following

1. the free energy is a real analytic function of 5 and h, and thus the
system doesn’t show phase transition.

2. the correlation between two spin o; and o; decays exponentially in the
distance | — j| uniformly in the boundary condition, i.e. u}(o;0;) <
ce~™i=il with ¢,m > 0and V7 € Q.

For all temperature, the one dimensional Ising model is thus described by a
unique Gibbs measure p. Moreover, any finite Gibbs measure 4 has expo-
nential decay of correlations and verifies the strong mixing condition (2.8)
uniformly in the boundary condition. From Theorem 2.8 we conclude that,
for all temperature 8 > 0, the Glauber dynamics on a n-vertex subset of Z
has optimal temporal mixing 77 = Q(logn).
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3.3.2 Two dimensional case

The exact solution of two dimensional model given by Onsager, for h =
0, relays again on the method of transfer matrix, but in this case the proof is
rather difficult, essentially due the complexity in diagonalizing the transfer
matrix. We refer the reader to the books [Sim, ?], where the proof is dis-
cussed in details.
The important consequence of this result, is the existence of a first order
phase transition which occurs at h = 0 and inverse temperature 5. > 0.
We stress that a proof of this fact can be obtained, independently from the
analytic solution, with the Peierls-method, introduced by Peierls and later
made rigorous by Griffiths and Dobrushin. The Peirels method also applies
to the case Z® with d > 3.
For high temperature § < (3. or h # 0, the system is thus in the uniqueness
phase region, whereas for § > (. and h = 0 the system is in the multiple
phase region. In particular, as described in the previous section, the set of
Gibbs measures G at least contains the two extremal measures ™+ and p™~ .

Afterwards the problem of the existence of Gibbs states, different from
", = and their convex combinations, has been considered and solved in-
dependently in [Aiz, Hi] . The result is that in Z? there is no non-translation-
invariant Gibbs state, and p* and p~ are the only extremal measures.

Let us now consider the Glauber dynamics for the Ising model on an
n-vertex squares A € Z2. We recall the following results:

1. For all B < (. or h # 0 (uniqueness phase region) the measure p
satisfies the strong mixing condition (2.8) uniformly in the boundary
condition [MOS]. From Theorem 2.8 then it holds that the mixing
time of the Glauber dynamics on A, with A finite square of Z?2, is
T1 = logn.

Remark 3.3. If 3 < f3. and for any finite subset V € 72, it holds that the
measure py satisfies the weak mixing condition (2.7) (see [Hi, MO1]). The
authors of [MOS] then show that weak mixing for all finite V € Z? implies the
strong mixing for all finite squares A € 7?2, and the result follows.

2. For all 5 > /3. and h = 0 ( phase coexistence region), the spectral gap of
the Glauber dynamics on A decays exponentially with /n, i.e. there
exists ¢ > 0 such that ¢y, = O(exp—(cy/n)) [CGMS, Marl]. From



3.3 Ising model on lattices: equilibrium and dynamical properties

39

Theorem 2.5 then it holds that the mixing time of the Glauber dynam-
ics on A, with A finite square of Z?2, is T} = O(exp(c’\/n)).

The occurrence of a phase transition in Z? is thus associated with a dra-
matic increase of the mixing time, from logarithmic to exponential, of the
associated dynamics. The intrinsic motivation for this behavior is the pres-
ence of a "bottleneck” in the phase space, given by the set of configurations
of zero magnetization. Indeed, let us consider the dynamics started from
all minuses. Since the measure uj with free boundary condition has two
maxima, corresponding to the two configurations identically equal to (+) or
(—), the dynamics, in order to relax to equilibrium, necessarily crosses the
bottleneck. Thus, since the Gibbs measures gives to the latter a weight of
the order of a negative exponential of the surface of A, i.e. \/n, the result
follows.

The same motivations also suggests that if the bottleneck is removed, for
example taking all (+) spin on the boundary of A, then the relaxation time
must be much shorter. In particular it has been conjectured the following
[FH, BM]:

Conjecture 3.1. In the phase coexistence region, the Glauber dynamics for
the Ising model on an n-vertex square of Z*> with (+)-boundary condition has
mixing time T1 = nlogn

Though this conjecture seems very natural, proving results in this di-
rection has proved very elusive and, until now, the only available bounds
are upper bounds on the spectral gap and the logarithmic Sobolev constant.
More precisely, has been proved (see [BM]) that in the same situation of
Conjecture 3.1 it holds: c¢gqp < 1/y/n and csop < 1/n.

This result essentially improves over all the previous existing bounds.

3.3.3 High dimension lattice case

The Ising model on Z¢, with d > 3, is similar in many aspects with the
two-dimensional case, and many results described in the previous paragraph
also apply to this setting. Let us first discuss the equilibrium properties.

As just remarked, with the Peierls’ method one can prove the existence of a
first order phase transition which occur at h = 0 and 3. = (.(d) > 0. Thus
the system is in the uniqueness phase for all 3 < . or h # 0, and is in the
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coexistence pase for all 3 > (3. and h = 0.
Whereas in the two dimensional case there are only two extremal measures,
pu and p, in higher dimensions Dobrushin [Do] proved that for low tem-
perature there exist non-translation invariant measures, which of course are
not combinations of x+ and p~. These state arise from some suitable mixed
boundary conditions which create a rigid interface separating the system
into two regions (see also [DS]).
The problem of whether there exist translation invariant extremal measures,
other then ™ and p—, has been completely solved only recently [Bod] and
it has been proved, as was widely expected, that 4+ and ;. are the only
translation invariant extremal measures.

Consider now the Glauber dynamics on an n-cubes A € Z%, with d > 3.
We recall the following results.

1. For all 8 < . or for 3 > 1 and h # 0 the measure u, satisfies the strong
mixing condition (2.8) uniformly in the boundary condition [MOS].
From Theorem 2.8 then it holds that the mixing time of the Glauber
dynamics on A, with A finite square of Z?2, is T; = logn.

Remark 3.4. Notice that whereas in the two dimensional case it is proved that
optimal mixing time holds inside all the uniqueness region, in higher dimen-
sions this statement excludes the region of h # 0 and (3 near (.. The reason of
this difference is that, in high dimension, the weak mixing condition has been
proved only for B < (. or for 3 > 1 and h # 0 (see [Hi, MO1]). Thus the
result, which is obtained by proving that the weak mixing for all finite V € Z%
implies strong mixing for all finite cubes A € Z% [MOS], only apply in this re-
gion. However there is no result concerning weak spatial mixing in the region
of h # 0 and (3 near ..

2. For all 8 > (. and h = 0, the spectral gap of the Glauber dynamics
on A decays exponentially with nd%il, i.e. there exists ¢ > 0 such
that cgq, = exp (—O(n%)) [CGMS, Marl]. From Theorem 2.5 then
it holds that the mixing time of the Glauber dynamics on A, with A
finite cubes of Z4, is T1 = exp(Qn“T )).

The behavior of the dynamics on Z¢ with d > 3 is thus qualitatively the

same as for Z2. In particular, also in this general case, it is expected the

existence of a the dependence of the dynamics from the boundary condition

[FH, BM]:
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Conjecture 3.2. In the phase coexistence region, the Glauber dynamics for the
Ising model on an n-vertex cube of Z¢ with (+)-boundary condition has mixing
time 11 = nT logn

In [BM], in the same situation of Conjecture 3.1, it is proved that for all
d > 2 it holds the following bound: ¢, < n-i.

3.4 Ising model on regular trees

Regular tree graphs were the first non Euclidean graphs to be consid-

ered as support for statistical mechanics models. (In this context, the tree is
sometimes referred to as the "Bethe approximation” of the lattice). Firstly
because they include, as a particular case, the one-dimensional integer lat-
tice. Secondly because they are simpler in many respect then Z¢, due to the
lack of cycles.
In spite of their simplicity, they exhibits two phase transitions: a first or-
der phase transition with a non trivial dependence from the magnetic field;
a new phase transition, related to the structure of the Gibbs measure set,
which does not appear on the lattice[Ge, Pre, BRZ, Iol, Io2, Ly2]. More-
over, as we will show in section 3.4.2, the dynamical behavior of model,
and its relation with the equilibrium properties, need a completely different
description respect to the lattice case [BKMP, MSW].

3.4.1 Equilibrium properties

We recall that, for every b > 2, T® denotes the infinite regular tree with
vertex degree equal to b+ 1. Let us first consider the case with zero magnetic
field.

This model is known to have two critical temperatures 3y and ;. The first
one, Gy = % log %, marks the line between uniqueness and non-uniqueness
of the Gibbs measure and thus corresponds to a first order phase transition.
In particular, if 5 < 3y then the system is in the uniqueness region, whereas
for 8 > [y is in the coexistence region [Ge, Pre].

However, in contrast to the model on Z<, there is now a second critical

point 3; = 3log gi [BRZ, Io1l, MSW], which delimits the region where

the free boundary condition measure ./ is extremal. More precisely, for all
G such that By < 3 < f then uf is an extremal Gibbs measure, whereas
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if 3 > (3, then uf is a convex combination of other extremal measures.
In other word, in the intermediate region 5y < § < [ the (4) and (—)
boundary conditions exert long-range influence but "typical” boundaries do
not, while in the low temperature region 3 > 3; long-range influence occurs
even for typical boundaries. We refer this phenomenon as an extremality
phase transition.

Let us now examine what happens when an external magnetic fields A
is added to the system. It turns out that for all 5 > [, there is a critical
value h. = h.(8) > 0 such that the Gibbs measure is not unique if |h| < h,,
and is unique when |h| > h.. The landscape of the phase diagram can be
summarized as follows (see fig):

e For 3 < 3 or for all |h| > h. there is a unique Gibbs measure.

e For By < < f31 and |h| < h,. there are infinite Gibbs measures and p/
is an extremal state.

e For 5 > (31 and |h| < h,. there are infinite Gibbs measure and u! is not
an extremal state.

A T=1/B

118,

~1/B)

-(b-1) (b-1)

Figure 3.1: Phase diagram of T. The Gibbs measure is unique above the curve

3.4.2 Dynamical properties

Recently, the analysis of the Glauber dynamics on regular trees yields
interesting results, which clarify the dynamical behavior of such a model.
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The first remarkable result, obtained in [BKMP], shows that the relax-
ation time of the dynamics on finite trees, with zero external field, is Q(1)
for all 3 < [3;. Moreover, at the critical point 5 = (3; the same relaxation
time is bounded above by clogn, and as soon as 3 > (3 it becomes smaller
than an n®®, with () 1 co as 8 — oc.

Part of this result, is obtained generalizing an argument for Z? (see
[Mar, JeS]) to graphs with finite vertex degree. This argument provides
a general bound on the relaxation time depending from some graph param-
eters. Afterwards, the graph structure is analyzed in order to find suitable
bounds on these parameters. More precisely, the authors of [BKMP] prove
the following Proposition.

Definition 3.10. The cut-width £(G) of a finite graph G is the smallest integer

such that there exist a labeling {vy,va, ..., v,} of the vertices such that for all
1 < k < n, the number of edges from {vy,va,...,v5} to {vgs1,...,v,} is at
most £(QG).

Proposition 3.2. Let G a finite graph with n vertices and maximal vertex
degree A. The relaxation time of the Glauber dynamics for the Ising model on
G is at most ne(4€(G)+248)8,

The polynomial bound on the relaxation time then follows by proving, with
a rather simple argument, that the cut-width of the finite tree is bounded by
a quantity proportional to the logarithm of its size.

From this result one can deduce the main differences between the dy-
namical behavior on regular trees and on lattices. Firstly, whereas in the
lattice case, at low temperature, the relaxation time for a box of size n de-
cays exponentially in n%, in the tree case the relaxation time never grows
more than polynomially in the size. Secondly, whereas in the lattice case the
jump in the behavior of the relaxation time, as a function of the size, reflects
the first order phase transition, in the tree case the same behavior appears
at the critical point 31, and thus reflect the extremality phase transition.

The second important result, obtained in [MSW], concerns the Glauber
dynamics on trees with (+)-boundary condition. It is proved the following:

Theorem 3.9. In both of the following situations, the spectral gap and the
logarithmic Sobolev constant of the Glauber dynamics on an n-vertex tree are
Q(1):
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(i) B < By or|h| > he, with arbitrary boundary conditions;
(i) (+)-boundary condition and arbitrary (3, h.

Notice first that together Theorems 2.5 and 2.6, this result implies that
the mixing time is 77 = {(logn) in all the situations described by Theo-
rem 3.9. Of particular interest is the result when 8 > (1, h = 0 and the
boundary condition is (+). In this case, changing the (+)-boundary condi-
tion with a free boundary condition, the relaxation time jumps from ©(1) to
O(n®®)), with () increasing in 3. This behavior shows with evidence that
on the regular tree there is a strong dependence of the mixing time from the
boundary conditions. Notice again, that on Z? not much is known about the
spectral gap when 3 > (3., h = 0 and the boundary condition is (+), and the
only available bounds are upper bounds.

3.5 Ising model on hyperbolic graphs

3.5.1 Equilibrium properties

The study on the Ising model on hyperbolic graphs, when the magnetic
field is zero, led to the characterization of two different phase transitions
appearing at inverse temperatures 5. < (3. [SS, Wu, Wu2]. The first one,
B., corresponds to the occurrence of a first order phase transition; thus if
B < [, there is a unique Gibbs measure, whereas if 5 > [3. there are infinite
Gibbs measures (at least all the convex combinations between p™ and p ™).
The critical temperature (3., is defined as follows:

B = inf{8> B, : p! = (uF+p7)/2}.

Thus, the phase transition at (3, refers to a change of the properties of the
free boundary condition measure u/: for 3. < B < f. then p/ is not a
convex combination of x+ and ., but if 3 > /3 then p/ recover the property
pl = (ut +pm)/2.

The most interesting scenario clearly appears when the strict inequality 3. <
(.. holds, namely when there exists a nonempty interval between (. and f3..
In this case, for all 3 € (f., 3], it holds that u/ # (u* + p~)/2 which implies
the existence of a translation invariant Gibbs measure different from p* and

uwo.
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Remark 3.5. Notice that this behavior does not appear in the Ising model on
lattices and on regular trees. On Z¢ the only translation invariant Gibbs states
are pt and p=. On T® for all § > (., the measure pf never satisfies the
property to be a convex combination of ut and u~.

Although it is believed that the strict inequality 5. < (. holds for any
hyperbolic graph, at the moment it has only been proved for a subclass
satisfying some conditions on v and s (see [Wu2] for details).

For that concerns the dependence of the first order phase transition from the
magnetic fields, we can recall the following result which holds for all non
amenable graphs [JS].

Theorem 3.10. Consider the Ising model on G, with G an infinite non amenable
graph with finite degree. Then there exists h > 0 and (8 € [0, 00) such that G
exhibits a phase transition.

This result clearly applies to the hyperbolic graphs and thus show, as in
the tree case, the existence of a first order phase transition for h # 0.

Other open questions about the Gibbs measures for the hyperbolic graphs

are the following: is u/ extremal when 3. < § < 3.? are u* and u~ the
only extremal measures for § > [3.?
We remark that Series and Sinai in [SS] gave a possible answer to this last
question, proving that for low temperatures there exists uncountably many
mutually singular Gibbs states which they conjectured to be extremal. The
measures they constructed are similar to the non-translational invariant ex-
tremal measures for the Ising model on Z?, d > 3, constructed by Dobrushin
([Do, Do2]). But in contrast of what happens on Z?, they are an uncount-
able set.

Summarizing, the known landscape of the phase diagram for the Ising
model on H(v, s) is the following [Wu, Wu2, SS, JS]:

e For < f3. or for all |h| > h, there is a unique Gibbs measure;

e For . < f < (. and |h| < h. there are infinite Gibbs states and
p! # (ut4p7)/2,i.e. p and p~ are not the only extremal measures;

e For 3 > . and |h| < h, there are infinite Gibbs states and p/ =
(u* +17)/2;

e For 3 >> [3. there exist uncountably many mutually singular, and pre-
sumably extremal, Gibbs states.
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Connection with the bond percolation

Unfortunately sharp estimates of the two critical temperature for the
Ising model on hyperbolic graphs still do not exist. Nevertheless, some
bounds on j. and [ are available thanks to the connection, through the
random cluster model (or FK model), between Ising model and percolation.
Independent bond (and site) percolation on hyperbolic graphs have been
indeed widely studied and many useful results have been proved, see for
examples [BS2, BS3, GN, Jo, La, LS].

The independent bond percolation on a graph G = (V, E) is the ran-
dom subgraph with vertices V, and where each edge is in the percolation
subgraph with probability p, independently. The main focus in this setting
concerns the existence of one or more infinite clusters depending from the
probability p € [0, 1] to keep each edge in the percolation subgraph. For any
p, the number of infinite cluster is almost surely constant taking values 0,
1, or co [BS, NS]. A basic result about percolation on transitive graph G is
that there are two critical points, 0 < p.(G) < p,(G) < 1, which define the
boundaries of three distinct phases described as follows.

1. if p < p.(G) then almost surely there is no infinite cluster;

2. if p.(G) < p < pu(G) then almost surely there are infinitely many
infinite clusters ;

3. if p > p,(G) then almost surely there is exactly one infinite cluster.

In analogy with the results listed above for the Ising model, the existence of
two distinct phase transitions for percolation strictly depends from the graph
structure. For example, it has been proved (see [BK] ) that on amenable
transitive graphs p.(G) = p,(G); moreover on all infinite transitive graphs
with two ends, which are amenable (see section 1.2.2), p.(G) = p,(G) = 1.
On the other hand, there are many examples of non amenable graphs for
which p.(G) < pu(G), such as non amenable transitive graphs with infinity
ends. For this class of graphs, including T?, it has been proved that p.(G) <
pu(G) = 1, meaning that the uniqueness of the infinite cluster only occurs
at the trivial value p = 1.

The landscape for transitive graphs with one end is not really understood
and there are two important conjectures concerning them.
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Conjecture 3.3. Suppose that G is an infinite, locally finite, connected, tran-
sitive graph. Then p.(G) < p,(G) if and only if G is non-amenable.

Conjecture 3.4. Suppose that G is an infinite, locally finite, connected transi-
tive graph. Then p,(G) < 1if and only if G has one end.

As remarked, the first conjecture, due to Benjamini and Schramm [BS],
has been proved for many non-amenable graphs. Benjamini and Schramm
themselves, proved in [BS2] that 0 < p.(G) < p,(G) < 1 for any planar
transitive graph with one end, including hyperbolic graphs.

The proof of the existence of the second phase transition for the Ising
model on hyperbolic graphs ([Wu2]) exploits this last relation and the con-
nection between Ising model and percolation, to obtain the bounds

L+ pu

)< fe<h(APey ()< g <m(zT

In(
1 —pe 1-pe 1—-p, 1—p,

(8. and p,. are the critical points referred to hyperbolic graphs). Using some
estimates of p. and p,, involving some graph properties like isoperimetric
constants and spectral radius, one then get the following bounds

3 49 —
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where i, denotes the isoperimetric edge constant (see definition (1.2).

3.5.2 Dynamical properties

From the dynamical point of view, the Ising model on hyperbolic graphs
has been recently investigated in the work of Peres [BKMP]. In analogy with
the results for regular trees, it is proved that, for every temperature, the re-
laxation time of the Glauber dynamics on an n-vertex ball in the hyperbolic
graph is polynomial in n.

The proof is based again on Proposition 3.2. But in order to apply this
result, a bound on the cut-width of the graph is required. The following
result, proved in [BKMP], provide such a bound for a family of graphs which
includes hyperbolic tiling.

Given an infinite graph G, let G, denote the ball of radius r around a fixed
vertex o, and let |G, | = n,.

Proposition 3.3. For every ¢ > 0 and A < oo, there exists a constant C' =
C(e, A) such that if G is an infinite planar graph with
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e vertex isoperimetric constant at least ¢

e maximum degree bounded by A and

e for every r no cycle from G, separates two vertices of G \ G,,
then £(G,) < C'logn, for all .

Combining Propositions 3.2 and 3.3, we get that for all 5 > 0 the
Glauber dynamics for the Ising models on balls in the hyperbolic tiling has
relaxation time bounded as Ty < en®?), with a(f) 1 oo as f — oo.

The differences of the low temperature behavior of the dynamics between
hyperbolic graphs and integer lattices, shows once again the tight connec-
tion between the graph properties and dynamics.

The dependence of the dynamics from the boundary condition in the
hyperbolic case will be investigated in the next chapter, where we will state

and prove our main result.



Chapter 4

Fast mixing inside the pure
phase: hyperbolic graph case

The goal of this work will be to prove, through spectral properties, fast
relaxation time for the Glauber dynamics of the Ising model on hyperbolic
graphs with (+)-boundary conditions at low temperatures.

This approach first appeared in [MSW], where different spin systems de-
fined on a finite regular tree are considered and the mixing time for the
Glauber dynamics with fixed b.c. on them is analyzed. Whereas standard
techniques do not distinguish between b.c., then giving uniform bounds on
the mixing time, this new approach allows to perform analysis sensitive to
b.c.. This technique is particularly important when the temperature slows
down the critical one (3 > (.) and the system reaches the multiple phase
region. In this case we say that a bottleneck in the phase space appears so
that any uniform estimates of the mixing time give “drastic” bounds. Fixing
for example (+)-b.c., one would like to select the ;T state between the pure
phases in order to avoid such a bottleneck. This could change deeply the be-
havior of the mixing time and it is indeed the case for the Glauber dynamics
on a regular tree of size n, with (+)-b.c., for which the mixing time in the
phase coexistence region remains of order logn, as proved in [MSW].

We point out that the influence of the boundary conditions on the mixing
time for systems in the multiple phase region, is one of the most interesting
and difficult question left open by the dynamical analysis of systems lying on
Z%. Though uniform in the b.c. bounds on the mixing time are of exponen-
tial order in n'~1/¢ (see [Th, Mar]), it has been long time conjectured that,

49
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in the presence of (+)-b.c., the relaxation process is driven by the mean-
curvature motion of interfaces separating droplets of the (—)-phase inside
the (+)-phase. This would suggest that the mixing time should be polyno-
mial in n, most likely n?/@1logn [BM, FH]. In particular it has been argued
that the spectral gap for the Glauber dynamics of the Ising model in the
pure phases at high enough dimension should be €2(1). These conjectures
are supported by the recently proved results obtained on Z? showing that,
with (+)-b.c., the spectral gap in a square with n sites shrinks to zero at
least as fast as 1//n [BM]. Unfortunately not much is known about 7% for
d > 2 in the multiple phase region.

The strong dependence from boundary conditions, proved for regular
trees, does not seem to be a peculiar behavior of these graphs but rather to
be related to some graph properties that trees satisfy.

Among them we point attention on non-amenability.

4.1 Notation and statement of results

Let us consider the infinite hyperbolic graph H(v, s), with V' denoting

the vertex set and E the edge set. The set V' admits a natural notion of
distance as the length of the shortest path between two vertices. For every
x,y € V we denote their distance by d (z, y).
We fix a vertex o € V (origin or root) and for any integer & we denote by
By = (Vk, Ex) € H(v,s) the ball centered in o and with radius &, namely
the finite subgraph induced on V;, = {z € V : d(o0,z) < k}. We will fix an
integer m and let B = B,, denote the corresponding ball. Let us give a few
useful definitions:

(i) For eachi =0,..., m we define the i-th level L; as
Li={zeV :d(z,0)=i}={z eV, : JyeVstae~y},
sothat B, = " L; and foralli > 0 L; = 9y B;_1;

(ii) Foreach:=0,...,m + 1 we define the subset F; C B
m

Fy == {ve| L} = {ve B},
k=i

so that {F;}1! is a decreasing sequence of subsets such that

Vin =FgDF D...DFpy1 = 0;
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(iii) For eachi = 0,...,m + 1 we define the o-algebra F; generated by the
functions 7, for x € Ff = B;_;.

We now consider the Ising model on B at inverse temperature 3, zero
external field and with (+)-boundary condition on Jy B.
The system is specified by configuration o € QF := {41}5Y% B which agree
with the (+)-configuration on 9y B. We endow Q* with the o-algebra F
generated by the set of projections {m;}.ev,,,, from QF to {£1}, where
7 : 0 +— o, Forany A C V,, we also consider the set of configurations in
Q4 := {£1}4 with o-algebra F, generated by 7, , x € A; we write f € Fx
to indicate that f is F4-measurable.
For every n € Q" and any subset A C V, , we denote by Q' the set of
configurations o € ) that agree with  on 9y A and by 1} the Gibbs distri-
bution over Q7 conditioned on the configuration outside A being . Namely
to every o € Q) is assigned probability

(@) = 505 o8 3 o),

xy)eE(A)
where Z([3) is a normalizing constant and the sum runs over every couples
of nearest neighbors in the induced subgraph of A = A U 9y A, otherwise
p’y(o) = 0. When A = Vp,, pf, is simply the Gibbs distribution on B with
boundary condition (+), and we shall use the shorthand p for uJ‘Sm.
Moreover, we will use the short notation ] := py. = p(-|n € F;) for
the Gibbs distribution on F; and boundary condition n € Q%, and analo-
gously we denote by Var] the variance w.r.t. y;.
We recall that if f : QT — R is a measurable function, the expectation of
f w.r.t. the measure g is given by
HOEDIHCYON
0€EQ
We usually think of it as a function of 7, that is x;(f)(n) = . (f); in partic-
ular p;(f) € Fi.
Throughout the discussion ¢ will denote a constant which is independent
from |B| = n but may depend on the parameters (v, s) of the hyperbolic
graph and on 3. The particular value of ¢ may change from line to line as
the discussion progresses.

Given f € L?(Q%,F,u) and an inverse temperature 3 > 1 (multiple
phases region), we will look for a Poincaré inequality for the Gibbs measure
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u of the kind

Var(f) < eD(f),

with D(f) the Dirichlet function defined through rates (2.10) (heat-bath
dynamics) and ¢ = ¢(f3, B) a constant. From definition (2.13) of spectral
gap and inequalities (2.18), we thus get bounds on the mixing time of the
dynamics; the smaller constant c is the better the bound.

The aim of our analysis is to prove that inside the (+)-pure phase, the
measure p satisfies a Poincaré inequality with constant ¢ independent from
the size of the system. In this case the spectral gap remains bounded from 0
uniformly in the system size, implying the an upper bound on the mixing of
the dynamics of order n. We state the following:

Theorem 4.11. Let H(v, s) such that v >4 and s > 3. Then, for all § > 1,
the Glauber dynamics on an n-vertex ball B € H(v, s) with (+)-boundary
condition has cgqp = §2(1) and then it holds:

To=06(1) and T)<cn “4.1)

Remark 4.6. To better appreciate the result, let us remark that for typical
boundary conditions the only known bound on the relaxation time for balls
in an hyperbolic graph is polynomial in n, and more precisely it holds that
Ty < en®®) with exponent a(f3) T oo as f — oo (see proposition (3.2)
and (3.3)). Thus, the presence of the (+)-boundary conditions gives rise to an
abrupt jump of the relaxation time from polynomial in n to non increasing with
n. This behavior provides a convincing example of the influence of boundary
conditions on the spectral gap.

4.2 Sketch of the Proof

Let us first recall the following decomposition property of the variance

Varl,(f) = ulNVarp(f)] + Varklup(f)] , for DCCCV,.  (4.2)
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Applying recursively (4.2) to subsets Fy O Fi D ... D Fp4+1, and with
equalities p;(pi+1(f)) = wi(f) and pim41(f) = f, we obtain

Var(f) = p[Vary(f)] + Var(um(f)]
= p[Vary (tm+1(f))] + pVarm 1 (m(f))] + Var(wm—1 (1 (f))]

= 3 plVar(uia (). (4.3)

i=0
To simplify notation we define g; := u;(f), foralli =0,...,m + 1; clearly
gi € F;. Inserting g; in (4.3) we then have

Var(f) =) p[Vari(git1)] - (4.4)

i=0
There are two key steps that we will perform in order to obtain a Poincaré
inequality for u, with constant independent of the size of the system:

1. proving that V7 € QT, it holds the following Poincaré inequality with
constant uniformly bounded in the size of L;:
Var; (gi+1) < ¢ Z 1 (Varg(gi+1)) (4.5)
reL;
2. relating the local variance of g; = u;(f) to the local variance of f in
order to get an inequality of the kind

SN uVary(giv1)) < eD(f) +€d > p(Vara(giyr)  (4.6)

=0 z€L; i=0 z€L;
with ¢ a small quantity for 3 > 1.

The main ingredient that enables us to prove these two steps, is a kind
of correlation decay between spins on a fixed level L; under the measure
pl with 7 € QF. The proof of this property is based on the fact that the
influence of the (+)-b.c. on a given spin is stronger then the influence of a
nearest spin, also in the worst case (all (-) neighboring spins). In particular,
we will reformulate the problem as the existence of suitable negative con-
nected components. By means of a kind of Peierls argument, together with
some geometrical properties of the graph, we will obtain a precise bound
on the probability of this event and thus the decay correlation property will
follows. The first part on the proof of Theorem 4.11 is aimed to explain this
argument, whereas in the second part we will come back to prove the two
steps listed above.



54

4. Fast mixing inside the pure phase: hyperbolic graph case

4.3 Main tool: correlation decay inside the pure phase

In this section we will analyze the existence of a decay of correlation be-

tween spins sited on a level L;, under the measure ;] , with 7 some boundary
condition in Q.
Essentially due to the non-amenability of hyperbolic graphs, we will prove
that the influence of the positive boundary on a fixed vertex is "with high
probability” stronger then the influence of vertices lying on the same and
previous level. We will give a precise mathematical definition of this event
and introduce new objects in order to estimate its probability. We will prove
that correlation between spins on a level decay with their ”distance on the
level” and that this phenomenon increases with (.

4.3.1 Notation and statement of the result

Let us define a linear order on the levels L; as follows: let Tz be a
shortest path spanning tree of B, namely such that for every x € V,, the
path from o to x in T is a shortest path in B. Clearly the i-th level of Tz
is equal to the level L; of B; we thus choose, for any i = 0, ..., m, a vertex
x} € L; and order in counterclockwise sense all the vertices in L; along 7.
This order clearly depends on the choice of the ), but it does not affect the
next computations.

Notice that taking z?,, ; = z{, then for all i = 0,...,m the vertices z; and
x;+1 belongs to the same tile of B. We will call a pair of vertices in the same
level and with this property level-neighboring vertices.

Let us introduce tho following notion of distance on L;:

Definition 4.11 (L;-distance). Given n,m € {1,---,h} such that n > m
and h = |L;], the L;-distance between z%, and z!, in L; is defined as

di(zh, 2t ) =min{|{k:n <k <m}|, {k:k <nork>m}|}.

ni»r'm

Remark 4.7. Let us remark that d;(z%,x%)) is just the minimal number of
jumps between L;-neighboring vertices from x!, to ' . Notice also that the
definition of L;-distance doesn’t depend from the choice of the ordering on L.
In general, for x,y € L;, we have d;(x,y) # d(x,y), where d(-,-) is the usual

graph distance.
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Let us fix a vertex z C L; and introduce the set K, := {z} U F;;1; as
usually we denote by uf- the Gibbs measure on K, with o € QT boundary
conditions. With this notation we can state the following:

Proposition 4.4. Let B € H(v,s) such that v > 4. Then there exist two
positive constants ¢; and ¢y dependent from the parameters of the hyperbolic
graph such that, for every 3 > By = 2, every configuration o € Q7T and every
couples of distinct vertices x,y € L;, with i € {1...m}, it holds

‘Iu,(;(z (g'w = —|—) — N;;JI (O'x — —|—)‘ < Cefﬁ/di(m,y) , (47)
with 8 :==c¢18 — c3 > 0.

The proof of proposition 4.4 is organized as follows.
Through a geometric argument, we first express the probability of discrep-
ancy in a site, appearing in (4.7), as the probability to have suitable negative
subsets. This last event will be then analyzed by mean of a kind of Peierls
argument.

4.3.2 Negative spin components inside the (+) pure phase

Let us recall the setting of proposition 4.4 just to fix some notation.
We consider two vertices x,y € L; such that d;(x,y) = ¢ with ¢ > 1, and
a configuration o € Q*. The quantity under analysis is the correlation be-
tween site x and y w.r.t the Gibbs measure conditioned on the configuration
outside K, = F; ;1 U {x} being o € O, i.e.

%, (02 = +) = ui, (02 = +)|

Now let 0¥ be the configuration that agree with ¢ in all sites but y and has
a (+)-spin on y, define analogously ¢¥%~ and denote by ,w’;(j and ,wlj(: the
measures conditioned respectively to ¥t and ¥~

With this notation and from the obvious fact that the {o, = +} is an in-
creasing event, we thus focus our analysis to correlation

P (o = 4) = Y (00 =) . (4.8)

Before defining new objects, we want to clarify the main idea that is
beyond this proof. Since the measure p3 fixes the configuration on all the
sites in K¢ (i.e. on B; \ {z} > y), the vertex y can communicate with z only
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through paths going from z to y and crossing vertices in K,. However, the
effect of this communication can be very small respect to the information
coming to x from the (+)-boundary. In particular if every path starting from
y crosses a (+)-spins before arriving to z, then the communication between
them is interrupted. Let us formalize this assertion.

Negative components and correlation decay

For every vertex z € L;, with i = 0...,m, let N, denote the set of nearest
neighbors of z belonging to the level L;, ;.

Then, let us denote by C the set of subsets C' C K, such that C U {y} is a
connected subset in K, U {y}. We call an element C' € C a component of y
and notice that ) € C.

Again, for any configuration o € QF, let C(°) denotes the maximal negative
component of y admitted by o, i.e.

O g s d 2= VEECY
) o=+ VYze (O (COYNK,)

)

where the case C(?) = () corresponds to have o, = + for all z N, with
dy(0) := N,. We define the event A := {0 € Ot : C) NN, = 0} and
write it as

A= ||{oecat:c =cy,
CEC@

where we used the notation Cy := {C € C s.t. C NN, = 0}.
It holds the following computation

W (on=+14) = 3 (0, = +,C) = C|A)
CeCy
Y oee, Hi, (02 = +,01) = C)
> cec, M, (C0) =C)
Yoee, Wi, (00 = +]C) = C ) (C) = C)
Y cec, My, (C9) =C)

> min 4% (0, = @ = ). )
> ggcr;u[(z(ax +|C ) (4.9)

By definition of C'(“), we can observe that i (- C) = ), with C e
Cp, is a measure over the set K, \ (C U0y C) C K, \ N, conditioned to have
¥~ b.c. over K¢, (+)-b.c. over 9y CNK, and (—)-b.c. over C. The presence
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of (+)-b.c. over dyC N K, makes the events in Fg,\ (cus, ¢) independent
from the (—)-b.c. over C, and then it holds the stochastic domination

Hi, (1C =C) = g (cloz =+, 2€ CUBC)
M?;g(.|gzz+,zeCU8VC)

> gl ().

v

Being {0, = +} an increasing event, from (4.9) we get

i (o0 = +14) > pt (00 = +),

which with the obvious fact that py. (0, = 4) > pf. (0. = +|A) py. (A),
implies

Wit (0p = +) — p% (0 = +) < pi (A9). (4.10)
This means that the correlation between x and y in the r.h.s of (4.10), can
be estimated by the probability that exists a maximal negative component
of y intersecting N,. We will argue that this event is very unlikely due to
the presence of (+)-b.c. on the boundary of B. At this point of the proof the
geometrical properties of the hyperbolic graph, and in particular the non-
amenability, become crucial. In the next section we will clarify this point,
and prove, by means of a kind of Peierls argument, the exponential decay in
the distance d;(x,y) of (4.10).

4.3.3 Influence of the boundary on the correlation decay

We first observe that A, the existence of a negative component of y
intersecting N, is a decreasing event. Then, denoting by y. the measure
with o-b.c., where o € Q7 is such that o, = — for all z € K¢ = B; \ {z}, by
monotonicity we get

pi, (A°) < pig, (A9).
Since the decay of the probability yj, (A°) implies the decay in the general
case with 0¥~ -b.c., we will just focus on this quantity.

Let us denote by C_j the set of components of y with nonempty intersec-
tion with NV, and for every m € N, let C,,, be the set of components in C
with m vertices, i.e

Cm={C€Cy st [Cl=m}  Cy=|]Cn

m>0
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Notice that a component of y containing a vertex in N, has at least cardi-
nality ¢, since d;(x,y) = ¢. Thus A° can be expressed by mean of disjoint

events as
A=) | foear: c =cy,
m>tCeCm
and we get
P (A <> > p ({o~CY) (4.11)
m>¢ CECm,

where {0 ~ C'} denotes the set of configurations o € Q. s.t. C(o) = C.
Let us recall the following Lemma due to Kesten (see [Kes]).

Lemma 4.1. Let G an infinite graph with maximum degree A and let K,,
be the set of connected sets with m vertices containing a fixed vertex v. Then
(K| < (e(A+1))™.

Since to every component C' € (C,, is uniquely associated the connected
component C'U {y} with m + 1 vertices, it holds

|Con| < |{C'is a connected component : y € C, |C| = m + 1}| < e®2(m+1)

(4.12)
where in the last inequality we just applied Lemma 4.1.
If we show that for each C € C
pg, ({o~C}) < e~ Al e >0 (4.13)

then by inserting this bound into (4.11) and using inequality 4.12, we get
M[_{T (AC) < |Nx|ec2 Z e@me—clﬁm < CC_BIZ
m>l

where the second inequality holds for ' = ¢18 — co > 0, i.e. 5 > ca/c.

To prove (4.13), we first apply a like Peierls argument that runs as fol-
lows (see also [JS]) .
First, for a given C € Cp, we consider the edge boundary dpC and define

0+C = {e=(z,w) € 0gC : z, w € K}

0_-C :={e=(z,w) € 0gC : zorw € K}

with 0pC = 0;:C + 0_C.
The meaning of this notation can be understood if we consider a configura-
tion o € Q. such that C(o) = C. In this case o has (—)-spins on both the
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end-vertices of every edge in _C' and a (+)-spin in one end-vertex of every
edge in 0,.C.

Then, for every o € Q. such that C?) = O, let o* € Qx. denote the
configuration obtained by a global spin flip of o on the subset C, and observe
that the map 0 — o™ is injective. This flipping changes the Hamiltonian
contribute of the interactions just along the edges in dpC' and in particular
o* loses the positive contribute of the edges in 9, C' and gains the contribute
of the edges in _C'. We get

Hp (0%) = Hp (o) —2(10+C| = [0-C]). (4.14)
and hence
_ e PHK, (0)
MKZ({U ~ C}) = 27_
{oc~C} Ky
—BH, (o)
o Xy
2 {onC) e P, (07)
< em26(0+Cl=1o-Cl) (4.15)

where in the first inequality we reduced the partition function to a summa-
tion on {o ~ C'} and in the second inequality we applied (4.14).

The quantity under analysis is now the difference [0,C| — [0_C|, that
we would like to relate to the size of C' over which the sum in (4.11) runs.
This key step is essentially based on the geometrical properties of the graph
that we will stress in that follows.

Geometrical properties

Before proceeding our analysis, we state the following Lemma concern-
ing the growth properties of the nearest neighborhood of a vertex in B C
H(v, s). This result does not apply to the case s = 3 (triangular tilings)
which is indeed excluded from the result stated in Theorem 4.11 . From
now on we restrict attention to the case s > 3.

Lemma 4.2 ( link-property). For any hyperbolic graph H(v, s), with s > 3,
and any vertex x € H(v, s) at distance i > 0 from a reference point o € H(v, s),
the number of neighbors of x at distance i + 1 from o is at least v — 2.
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Remark 4.8. We recall that the hyperbolic relation (v —2)(s —2) > 4 imposes
that v > 2 for all s, and then the number of neighbors of x in the next level is
always positive.

Proof. Being v the vertex degree of the graph, Lemma 4.2 can be equiva-
lently stated, by saying that each vertex x € L;, with respect a given root
o, is linked to the vertices in the same or previous level by at most 2 edges.
Indeed, as can be directly verified from a figure (see 3.1, case s > 3), only
three situations can appear regarding these edges (see fig. 4.1):

1. z is linked with two ancestors and none vertex on the same level;
2. z is linked with one ancestor and one vertex on the same level;
3. z is linked with one ancestor.

The exclusion of the other possibilities comes from the planarity of the graph
together with the requirement s > 3. O]

Figure 4.1: The three possible connections between a site on a level and the neigh-

bors

Now let us come back to the analysis of the edge boundaries of a compo-
nent C' € Cy; the main step to complete the proof is to show the following
claim

Claim 4.1. Assume that the vertex degree of the hyperbolic graph is v > 4.
Then, for every C € Cyp as defined above, it holds

0+:C| > (1+6)0-C], (4.16)

where 0 = §(v) is a positive constant equal to ”54 forall s > 3.

To verify Claim 4.1 let us consider the subset .S := C'Ndy K¢ correspond-
ing to the set of end-vertices (in (') of the edges in 0_C.
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For every vertex z € L;, with i = 0..., m, we also introduce the notation P,
for the set of nearest neighbors of z belonging to L; 1 U L; (i.e. to the same
or previous level of z).
Due to the shape of K, S is a subset of {x} U L;;1 C L; U L;;1 whereas
K¢ C B;; every edge in 0_C can then be written as e = (z,w) with z € S
and w € P,.

From this observation and using the link property, we get

0-Cl = Y we P wgC

z€S

= Y KweP}-> {weP., ,weC}
z€S z€S

< 208 -> Hwe P ,we S},

z€S

which corresponds to inequality

1

\S]z(!&CH Z!{wePz,weS}]> : (4.17)

2
z€S

To prove Claim 4.1, we want to find a suitable relation between 9, C and S.

To this aim, let us consider the increasing sequence of subsets of C' defined

as follows

Cop=S and CjZCj_lU{ZGCﬂLH_j} Vi>1,

and notice that for some finite integer k, depending on C, C, = C.
For all j > 0, let |0,.C}| := {e = (z,w) € 0g(C;) : z,w € K,}. Then it
holds:

L. ‘a-‘rCO’ = ‘6+S| > ZzGS ‘{w EN;,w¢ S}’7
due to the trivial fact that {w ~ 2z, w ¢ SUKS} D{w e N,,w ¢ S};

2. 104+C5| > [04+Cj—1|+ (v —4) {z € CN Lix5}| Vj>1,

that comes from the definition of {C}} ;> together with the link prop-
erty of Lemma 4.2. Indeed, by construction, C; C B;; forall j > 1
and Cy C Bj11. Then, for every z € C' N L;;; and j > 1, there are at
most |P,| edges between z and C;_1, i.e. edges in 0, C;_; \ 0, C}, and
at least |V, | edges between z and K, \ C}, i.e. edges in 0, C;\ 0:C;_;.
Thanks to the link property, it holds |P,| < 2 and |N,| > v — 2, and the
inequality follows.
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From these last inequalities and being v > 4 by hypothesis, we get

0,C>0,Co>> |{weN.,w¢S}. (4.18)

z€8

Remark 4.9. Since S C {z} U L;y1, z is the only vertex in K, which can
satisfies both the conditions = € S and N;NS # () and then it holds that |{w €
N.,w € S}| =0 forall z € S different from x. However, we prefer to use this
more general notation in order to better understand the possible extension of
this computation to components which satisfy different conditions from those
ones we required. In particular, it easy to verify that all the above construction
continues to holds if we consider, instead of K., a subset U = B;_1 UV with
V € Lix1, y € U and x € UC. This can be useful, for example, to compute the
correlation p¥;" (0, = +) — u¥;~ (0, = +) or simply the probability i (c, =
—). In this last case, since the event {c, = —} corresponds to the existence of
a negative connected component passing through x, we can write (as in 4.11
and 4.15)

=)< Y S o~y <Y S eencl-o-c),

m>1 CECm m>1 CeCnm

where C,, will denote the set of m-vertex connected component in U¢ passing
through z. Thus again the computation reduces to analyze |0+C| — |0_C|.

From (4.17)-(4.18) and again by the link property, it holds

0,C > > HweN,,w¢ S}

— ZEZZ(U_y{wepz}y)—Zgy{weNz,weS}\
> i—2>|5|—z;|{wefzv€z,w65}\
- <v—2>|S|—z:2;|{wePz,weS}|
> 2 o VS jwe b we sy
=
> <1+( ooy, (4.19)

which corresponds to the statement of Claim 4.1.
From Claim 4.1 and trivial computations, we obtain

{ 0+:C| = 10-C| = 12510:.C|

04C| +10-C| < E3|0,.C

— [0.01~10-C| 2 519,
1+6
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Due to the non-amenability of the hyperbolic graphs, we can now use the
isoperimetric inequality OgC' > i. |C|, to obtain

)
_ >
|8+C| ‘8_C| e 1+5Ze|0‘,
that inserted in (4.15) give us the required inequality (4.13), namely
i ({o ~ C}) < e Zeats 101 = g=eslCl

We want to stress that the existence of a positive isoperimetric constant
(i.e.the non-amenability of the graph) is really fundamental for this kind of
argument. Indeed, as shown in (4.13), it allowed to contrast the entropic
term counting the number of components of fixed size and growing expo-
nentially with that size. This conclude the proof of Proposition (4.4). O

4.4 First step: Poincaré inequality for a marginal Gibbs
measure

In this section we will prove that at low temperatures and for any n-
vertex ball in the hyperbolic graph H(s, v), with v > 4, the marginal measure
on a level satisfies a Poincaré inequality with constant independent from the
level size. We first state the result in its main generality and then, by means
of the coupling technique together Proposition 4.4, we prove the statement.

4.4.1 Main result

Definition 4.12 (Interval). A subset S C L; is an interval if its vertices can
be ordered as w;,, wiy,- -+ , w4y, with di(xi;,z;, ) =1forallj=1,--- k-1

Let us fix an interval S and introduce the notation v for the marginal
measure on S of the Gibbs measure conditioned to the configuration in B;\ S
is T, i.e.

vi(o) = Y uln|T € Fpys)-
NNs=0s

We denote by Var,; the variance w.r.t. vJ and then state the following:

Theorem 4.12. For all 3 > 1 and for every interval S C L;, 7 € Q" and
f € L*(Q, Fs, ), the measure v} satisfies the Poincaré inequality

Var,z (f) < e v(Vars(f)). (4.20)

zeS
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with ¢ = ¢(3) = 1 + O(e~?) uniformly in the size of S.

Before proceeding with the proof, we want to point out that this result
includes, as a particular case, inequality (4.5) which is the key object of the
first step of the proof of theorem 4.11. Indeed, taking S = L; and f = g;11
and observing that u( - |Fp,\s) = w; and uj (gi+1) = v, (gi+1), we can apply
theorem 4.12, to obtain exactly the Poincaré inequality

Var; (gi+1) < ¢ Z 1 (Varg (gi+1)) -
iEELi

4.4.2 Proof of the Poincaré inequality for marginal measures

The proof of theorem 4.12 is based on a well known and useful tech-

nique to bound from above the mixing time of Markov processes known as
“coupling”, introduced for the first time in this setting by Aldous [Al] and
subsequently refined to the ”path coupling” [BD, LRS]. See also [Lin] for
a wider discussion on the coupling method, and [Je] for its applications in
combinatorial problems.
We first define the Glauber dynamics on S with reversible measure vg. Then
we construct a coupled process between two dynamics on .S with different
initial configurations. Using Proposition 4.4 together with some properties
of the coupling, we will obtain a bound on the spectral gap of the dynamics
on S, and then a Poincaré inequality for vg.

Glauber dynamics on levels: the coupled process

First of all let us fix some ideas about Glauber dynamics on an interval
S € L; with reversible measure vg and in particular let us explicit the jump
rates corresponding to heath bath dynamics. Given a configuration o € QF,
a vertex z € S and a spin value a € S = {1}, from the definition (2.10) of
jump rates we get

cz(0,a) = vi(ox=alo € Fsy)
- :U'(O—w = CL|J € jrS\xaT S ~FB%-\S)
= pg, (02 =a), (4.21)
where in the second line we used the fact that {0, = a} € Fg and in the

third line we introduced the notation K, = {z} U F;4; as in the previous
section. The generator of this dynamics will be denoted by Lg.
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Let us remark that the flip rate c¢;(0,a) = u% (a) depends from whole
spin configuration on S, rather then only from nearest neighbors of =, due
to the presence of paths in S U F;; connecting = to S\{z}. To analyze the
dynamics we will indeed exploit the correlations decay between vertices on
L; stated in Proposition 4.4.

Let (o4, n:)e>0 be the coupled process on Qg x Qg with initial configura-
tions (o, n) defined as follows.
Using the graphical construction of the Glauber dynamics [Sch, Mar], we
can assume that a Poisson clock with rate c¢y; = sup ¢, (o, a) is associated to

every site x € S. We assume independence as xxgél(lries in S and we denote
by {ts.n }nen the successive arrivals after time ¢ = 0 of the Poisson clock in z.
Both Markov processes evolve at the same time ¢ € {t;,}»en and what re-
mains to specify are the coupling jump rates ¢, ((o, a), (1, bz)sf with a,b € S,
to go from (o, 7) to (o™, n*?) .

Since the jump rate c; (o, - ) just corresponds to the measure p% () on the

spin configuration in = , we can define the coupling jump rate ¢, ((o, ), (1, -)

as the optimal coupling (see [Lin]) between the measures ,uf]’(w( -) and ;/[7(1( -).

Explicitly the coupling process will run as follows. Suppose that ¢t = t,.,, for
some x € S and n € N, and that the process immediately before ¢ was in
the state (o, n); then the coupled jumps are defined as follows

o &((0,4), (n,+)) = min{ug (0z = +); pg, (02 = +)};

o Cu((0,-), (n,-)) = 1 — max{uf (02 = +); py (0o = +)};
o &((0,4), (n, —)) = max{0; pk (00 = +) — pf (02 = +)}:
o & ((0,—), (n,4)) = max{0; pf (0x = +) — pk, (0x = +)}-

We denote by £ the generator specified by the above jump rates, and by P,
the correspondent Markov semigroup (see Section 2.3.1). Notice that this
coupling is monotone and then, taking two initial configurations (o, 7) such
that o > n , we get oy > 1, for all future time ¢.

Now, let us consider the subset H C Qg x Qg given by all couples of
configurations which differ by a single spin flip in some vertex of S. One
can easily verify that the graph (Qg x Qg, H) is connected and that the
induced graph distance D(o,7) between configurations (o,7) € Qg x Qg
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just corresponds to their Hamming distance.

Let also denote by E, ,,[D(o¢,n:)] = E[D(0+,n:)|(0,n)] the average distance
at time ¢ between two coupled configurations of a process starting at (o, n).
Taking 3 > 1, we claim the following

Claim 4.2. For all > 1 there exists a positive constant o = «(f3) such that,
for every (o,m) € H initial configurations, the coupling process (o, m:)t>0
verifies the inequality

d
5 BonlD(onm)] =0 < —a. (4.22)
Proof of Claim 4.2. Let us first explicit the derivative of the average distance
as follows
d d /~ ~
7 BonlD(ot,m0)] =0 = — (PtD) (0,0) =0 = (L D)(0,n)

- Y alam)DE ) - Dem)],  (4.23)

z€S abe{+1}
where the sum over a,b € {£1} can be restricted by monotonicity to the set
a < bora > bdepending if o < 7 or o > 7, respectively.
From the definition of the coupling jump rates, the probability of dis-
agreement in x after one update in z of (o, 7), is given by

Pys(o.m) = |k, (02 = +) — ., (02 = +)].

In particular, since by hypothesis there exists a vertex y € S such that n =
o¥, from Proposition 4.4 it holds that for all 3 = 18 — ¢y > 0

Pin(0,0) = e, (02 = +) = 15 (7 = +)| < e

The distance between coupled configurations after one updates can then be
computed as follows.

() If x = y then P, (0,0%) = 0, which means the disagreement at the
site = is removed after the update in = with certainty so that the new
configurations coincide;

(ii) If z # y then

(a) with probability 1 — P;is(a, oY) the updated configurations have
the same spin at x, and thus their distance is equal to D(o,n);
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(b) with probability P, (o,0¥)(x) the updated configurations have
different spin at z, and thus their distance is equal to D(o,n) + 1.

From these observations and continuing from (4.23), we get

d @
% EO’W[‘D(UYU nt)] |t:0 = -1+ IEZS Pdis(a7 77)
Ty
< —-1l+4c¢ Z e Pt
>1
< —(1- ce_ﬁl) : (4.24)
taking a = (1 — ce=?") and for > 1, Claim 4.2 follows. O

The result of Claim 4.2 can be easily extended to arbitrary initial con-
figurations (o,7n) € Qg x Qg, using the path coupling technique introduced
in [BD]). More explicitly, one can consider a path v in (25 x Q,, H) from
o ton, namely v = {0 = o¢%,0,--- ,0F = n} with (¢?,0") € H for all
i = 0,---,k, and then interpolate the coupling between neighboring con-
figurations. Essentially due to the triangular inequality on the metric in
(Qs x Qg, H), one get

Eqyld(ot,ne)] Ei-1,4d 7Ug)]~ (4.25)

\\Mm

Since by construction (crg 71,0{' ) € Hforall j > 1andallt > 0, we can
apply Claim 4.2 to every terms in the r.h.s. of 4.25 and then obtain

S EID(n,m) | (7,1)] im0 < —aD{o, ). (4.26)
By means of the Markov property, for every time ¢ > 0 and any coupled
configurations (oy,7;) € H we get

d d
pn EsyD(og,me)] = %EU,H[D(UH-& Ni+s)] |s=0
d

= £EUW[E[D(Ut+sﬂ7t+s)|UtaUt]] |s=0

d
= Eo,n % E[D(Ut+sa 77t+s) | (Ut, 771?)] |8=0
< Eoyl—aD(o,m)]
= —aEoy(D(ot,nt)) - (4.27)
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It follows that E, ,[D(o¢,n¢)] < e”**D(o,n) for every (o,n) € Qs x Qg and
then we get

P(oy # m) = Eop(L(or # m)) < Boy(D(o,me)) < e “'D(o,n).  (4.28)

To bound the spectral gap c,,, of the dynamics on S, we then consider an
eigenfunction f of Lg with eigenvalue —cgyqy, so that

Eof(0r) = €5 f(0) = e o f(0).

Since the identity function has eigenvalue 0 and is therefore orthogonal to f,
we have v} (f) = 0 and v5(E, f(n:)) = 0, where v is the invariant measure
for Lg. From these considerations and inequality (4.28), it holds

etrs f(o) Eo f(o¢) — vg(Eyf(ne))

> Vi) Exf(or) — Enf(ne)]
n

2”f”oo SHPP(Ut # 77t)
o

2/ flloo|Sle™". (4.29)

IN

IN

Since the above inequality holds for all ¢, we finally obtain that cye, > «
independently from the size of S, which implies the Poincaré inequality 4.20
with constant ¢ = ! = 1 4 O(e~“) and concludes the proof of Theorem
4.12. U

As previously remarked, applying Theorem 4.12 for S = L; and f = g;41,
we obtain the desired Poincaré inequality for the marginal Gibbs measure
on the level L;, i.e.

Varf (gir1) < ¢ Y pf (Varg(gi)) -
xzeL;

This conclude the first step toward the proof of Theorem 4.11.

4.5 Second step: Poincaré inequality for the Gibbs
measure

With the previous analysis we obtained a Poincaré inequality for the
marginal measures on levels. By means of this result, the formula (4.3)
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becomes .

Var(f) < e > plmi(Vary(gin))] - (4.30)

i=0 zel;

Using the same notation as in [MSW], let us denote the sum in the r.h.s. of
(4.30) by Pyar(f).
The aim of the following analysis is to analyze Pyar in order to find an
inequality of the kind Pvar(f) < D(f) + ePvar(f), with ¢ = () < 1 inde-
pendent from the size of the system. This would imply that

D(f)

C

Var(f) < c-Pvar(f) < 1_¢

and the proof of Theorem (4.11) would follow.

As a first step, we want to extract the local variance of f from the local
variance of g; 1, in order to reconstruct from (4.30) the Dirichlet form of f.
Forz € L; and 7 € Q, let p(7) = pl (0, = +) and ¢(7) = pZ(c, = —), and
then consider the quantity

! (Varg (gi1)) Zuz 7)(Vegisa(r))? w€LineQr

Using the martingale property ¢;+1 = 1i+1(gi+2), the local variance Var,(g;+1)
can be split in two terms stressing the dependence from z of g; 12 and of the
conditioned measure ;1. Let us formalize this idea.

For a given configuration 7 € Q" we introduce the symbols

= +_ o =
Ty + UHy==x

and then define the density

=71, ify#x
=— ify==x

@\“ @\ll

+

ha(o) = P19 Ty (he) = 1
MZ‘T+1(U )
Whit this notation, it holds the following computation
) (Vary(git1)) = Z 1! ()p(7)a(7) [V i1 (giva) (7))
T+ 2
= Z i (7 {Mz+1(gz+2) Mi+1(9i+2)}
- 2
= Z pi (7 |:/“Lz+1(v$gi+2) = pip1(ha, 9i+2)}

IN

DL i) | (452 (a102)) + (nEa (i) | 83D
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Now it is simple to verify that M[L(ng,urg) = /,L;:_rl(vx f).

To understand this fact it is enough to observe that the dependence from
x of gito = pir2(f) come only from f, since the b.c. on B;;; are fixed
equal 77. Substituting ngl(vx f) and applying the Jensen inequality, the
first term of (4.31) can be bounded as

S lr) o) (171 (Vagir2)) < 12 (@) (Vof ) < pNar,() . (4.32)

Substituting this term in the r.h.s. of (4.31) and then summing both sides

over z € L; and i € {0,...,m}, we obtain
m—1 9
Pvar(f) < 2D(f)+2 > Y u [Z:U'Z <M1+1(hmgz’+2)) ] ;
=0 z€L;

(4.33)
where we excluded the value m in the summation over ¢, since in that case
gm+2 = [ is constant w.r.t. p7, ., and thus 4, (he, gm2) = 0.

The more involved analysis of 4] | (h., gi+2) will be discuss in the next sec-
tion.

4.5.1 Recursive Argument

Notation: Recall that for every x € L;, N, denotes the set of nearest
neighbors of x in the level L; 1. Given 2 € L; and ¢ € N, let us define the
following objects:

(i) The ¢-neighborhood of N, in L; 1
Nep:={y € Lit1 : diy1(y, Nz) < L}

(ii) The o-algebra generated by the spin configuration in the vertices of
Bit1\ Ngy
Fou = 0(0y 1 Yy € Biy1 \ Nyy) ;

(iii) The measure conditioned on the configuration in B; 1 \ Ny

() = p (- | Fae) -

We remark that N, o = N, and that there exists some ¢y < |L;;1| such that,
for all integers ¢ > /o, it holds N, , = L; 11 and then p, ¢ = p;.
We also remark that 7,0 D F,1 D ... D Fp e, = Fit1, namely the family
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of o-algebra {F, s}¢=01,.4, is a filtration. In particular for any function

f € LY(Q, Fit1, 1), the set of variables {1, ¢(f)}een is a Martingale.

Let us come back to our proof and recall the following property of the co-
variance (analogous to property (4.2) for the variance)

ul(f.9) = nd(po(f,9) +pl(up(f),up(f)) , for DCCC B. (4.34)

Since the support of p;4 strictly contains the support of 1, ¢, the property
(4.34) can be applied to the square covariance (u7,;(hg, gi+2))? appearing
in (4.33) in order to get

(11 (has gir2))? < 2(pf 1 (1,0 (P, 942)))? +2(1] 1 (0 () 1,0(9i4+2)))? -
(4.35)

Through the Schwartz inequality, the first term in (4.35) can be bound as

(171 (B0 (s gi42)))? < i1 (Vargo(ha)) - ply i (Vargo(give)) . (4.36)

Applying standard argument of probability, the second term can be rear-
ranged and bounded as follows:

[M;—;l (Mm,O(hm)> ,Um,O(.gi—i-Q))]Q = [:U;r-;l (Mw,(](hx) - ,Ui—i-l(hx)a gi+2)]2
£ 2
= [MZ—H (Z N$,€—1(hx) - ,u:c,é(hoc)a gi+2>]
/=1
Lo ~ 9
< ZEQ [Mﬁl(uas,eﬂ(hx) — pae(ha), 9i+2)]
/=1
Lo - 9
= Z€2 [/Lz—i-l (:U'x,ﬁ(/jlz,éfl(h:v)v gi-‘r?))} ’ (4.37)
/=1

where in the second line, due to the fact that p, ¢, = p; for some ¢, we
substituted i, 0(hy) — pit1(hg) by the telescopic sum Zfozl(ux,g_l(hx) —
Lz e(he)) . Applying the Cauchy-Schwartz inequality to the last term in 4.37,
we get

(171 (B0 (ha ), ta0(gir2))]* <
Lo
< Pl (Varg o(pay-1(he)) - 171 (Vare o(giv2)) (4.38)
=1

From inequalities (4.36) and (4.38), there are basically three quantity to
analyze
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(i) piq (Varg(git2)), forall £ =0,1,...,4;
(i) pf(Vargo(ha));
(i) pf, ; (Varg ¢(pz—1(he))), forallé =1,... 4y,

We now proceed to estimate separately these three terms; at the end we will
come back to Egs. (4.36,4.38) and finally to (4.33).

First term: Poincaré inequality for the marginal measure on N, ,

Let us consider the variance Var, ¢(g;+2) appearing in (i).

From definition the function g;,» depends from the spin configuration on
B; 1, but under the measure Mg,e it only depends from N, , and then it
holds

MZ,@(QHQ) =pu! (giv2) -

"L'vZ'Ngc’e

Since 7~ € O, for every configuration n € Q7,; we can apply the Poincaré

xT

inequality stated in Theorem (4.12) to Var"7 ,(9i+2) and then obtain

i (Vare o(giv2)) < ¢ > pli(Vary(gire)), (4.39)
yer,l

with ¢ = 1 + O(e’) independent from the size of system.

Second term: computation of the variance of h,

—+
We first recall the definition h, (o) := Hipao) , from which we can deduce

Nf;q(a')
that h, is a variable with mean one w.r.t. 47, ; and only dependent from the

vertices y € N,. In particular it can be expressed as

exp (20 ZyENx Jy) exp(23 ZyENx (Uy - 1))

hylo) = — = —
) (P @By 7)) (D28 Yy 7y — 1))

)

where in the second equality we introduced a constant in the exponent in
order to get the next computations easier.

Let us consider the (mean) variance 7, | (Var, ¢(h.)) with £ > 0; through
the DLR equations and the Jensen inequality we get

i (Varye(ha)) < plig () = (p7a (ha))® = pl (h3) — 1.
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Using the above expression of h,, u7,;(h2) can be bounded as follows

uﬁl(exp(4ﬁ ZyeNz (Uy - 1))
(1 (exp(283- e, (0y — 1))
< 1/ exp(48 Y pipi(oy — 1))

YEN,
< exp(88v i (oy =—)), (4.40)

M;—;l(hi)

where in the second line we use that o, — 1 < 0 and the Jensen inequality
to bound the numerator and the denominator respectively, and in the third
line we bound the cardinality of IV, by v, the vertex degree of B.

All the computation then reduce to the probability (o, = —). Denoting
by u;_ , the measure conditioned to have all minus spins in B; and plus spins
in Jy B, by monotonicity it holds

Nz‘il(ay =-)< M;-i-l(ay =-).
The event {0 € Qp,, oy = —} corresponds to the set of configurations
o€ Q;M such that there exists a negative connected component C(?) ¢
F; 11 with y € C©), Then, by the same argument developed in the previous
section (see also Remark 4.9), it holds

i (oy==)<> " > i ({o~C}) <ece ™,

m>1 CeCm
yel

with 3’ = ¢13 — ¢o as in Proposition 4.4.
Inserting this result in (4.40) and with the previous computation, we get
that for 5> 1and ¢ > 0

piq (Varg o(hy)) < exp(cBe ™) =1~ cBe? = . (4.41)
We then keep in mind this result and proceed analyzing the last term.
Third term: the variance of p, o1 (h;)

We now consider the variance Var” ,(yi,0—1(h;)) with n € Q" and ¢ > 1.
Applying the Poincaré inequality stated in Theorem 4.12, we obtain

Vary (pze-1(hs)) < Z iy o(Var: (piz,e-1(hs)))
ZeNz,Z

- Z ,qu(Varz (Hzi—1(hz))), (4.42)
2€Ng \Ngo—1
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where the last inequality is due to the fact that the function f, ¢—1(h,)
doesn’t depend from the spin configuration on N, ;.

Notice that the set N, ,\ N, (1 only contains the two vertices (eventually
coincident) at distance ¢ from N,.

For any configuration ¢ € QZI, let us denote by ¢* and ¢~ the configura-
tions that agree with ¢ in all sites but z and have respectively a (4)-spin and
a (—)-spin on z; the summand in 4.42 can then be trivially bounded as

1 + -
Nz,z(varZ(Nx,Efl(hm))) < 5 sup ((M§7471(hm) - Mig,1(hm))2'
2 (e Q,

. . + - .
Due to the stochastic domination ui 1 = ui +_1»> and to the fact that h, is

an increasing function it holds
+ —
Ni7z_1(hﬂc> = Mz,g_1(hm) .

. . . . +
Moreover, there exists a coupling v(o, '), with marginal measure ,ug s, and

,ui /1, assigning probability one to the set {(o,0") € Qn, ,_, x ON, oy 102>
o'}. Then it holds

1S (he) = 1Sy (he) =Y 0(0,0") (ha(o) — ha(d”))

2[|hglloo v(oy # U;ay € Ny;)
20||hy o (v(02 = +) —v(ol = +))

INIA

where we used the fact that the function A, only depends from y € N,.
The quantity ||h,||- can be easily bounded using the same procedure as
in (4.41). Indeed, for all o € Q7, it holds

exp(26 3 yen, (0y — 1))

) @05y (0 — 1))
< 1/exp(28 Y pli(oy—1))
YEN
< exp(dfv (o, = )
< exp(cﬂe‘ﬂ/) =: kg, (4.44)

which implies that ||h,|- < kg. To bound the probability of disagreement
appearing in (4.43), we again refer to Proposition 4.4 and to its proof (see

+ —
2] ha | (“5,271(% =+) - Mfc,g,l(gz =4)), (4.43)
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also Remark 4.9). Denoting by B the event that there exists a negative com-
ponent of z with nonempty intersection with N, it easy to verify, with the
same computations as in (4.9) and (4.10), that Mi}fl(ay =4) _Mi,_eq(az =
+) < Ni,_eq(B)- Since d;(z,y) > d;(z, N;) = ¢, all these components have at
least cardinality ¢ and thus, performing the same computation as in Section
4.3.3, we get

+ - _ Al
o1 (oy = +) = i (o = +) <ce P’ (4.45)

Putting together formulas (4.42)-(4.45), we finally obtain
Varz,f(,u.t,é—l(hx)) < k'/ﬁe_zﬁ/e (446)

with kj; = cky=c(1+ O(e=<P).

Conclusion
Let us come back to inequalities (4.36) and (4.38). Applying the bounds
(4.39),(4.41) and (4.46), we get respectively

o (1 (e 0(hay 9iv2))* < g Y pipi(Vary(gira));
yEN,

4o
o (1 (a0 (he)s o (gi2)) [P < K e 0 N 7wl (Vary(gi42)),
=1 YENL ¢+1

where we included in c¢g and k’ﬁ all constants non depending from /.

For all 8 > 1, there exists a constant eg = O(e~) such that cs < &g
and kkf%‘ﬁ/ﬁ < ep; summing the two terms above and rearranging the
summation we thus obtain

Lo
_ 2 ’ _
(u2+1(hx,g¢+2)) <egy e PN T (Vary(gise))
(=0 yENz,[
Inserting this result in the second term of formula (4.33) and rearranging
the summation, we get

m—1

>N w [Z wi(T)p(T)q(T) (/‘Z—;l(hx,giJrZ))Q] <

i=0 z€L; T
m—1 Lo

< &4 Z Z Z Z e~ P u(Var, (git2))

1=0 x€L; {=0 yE€N,

m—1 /4

< Y > p(Vary(give) Y e in(e), (4.47)

1=0 yGLi_H =0
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where in the last line we introduced the functor n(¢) which bounds the
number of vertices = such that a fixed vertex y belongs to N,. Since n(¢)
growth linearly with ¢, the product e~#n(¢) decays exponentially with ¢
for all > 1. Thus the sum over ¢ € {0, ..., 4y} can be bounded by a finite
constant ¢ which will be included in the factor e in front of the summations.
Continuing from (4.47), we get

m—1 m
Z Z % [Z wi(T)p(7)a(T) (Mz+1(hx,gi+2))2] < €3 Z Z p(Vary(gi+1))

1=0 z€l; i=1yel;
] Pvar(f) . (448)

IN

Inserting this result in (4.33), and noticing that eg < 1 for 3 large enough,
we obtain

Pvar(f) < D(f) + esPvar(f) = Pvar(f) < 5
and from inequality (4.30) we finally get

Var(f) < cPvar(f) < ID(f),

that is the desired Poincaré inequality with ¢ = ¢ /(1—¢5) = 1+0(e~ ), in-
dependent from the size of the system. This conclude the proof of Theorem
(4.11). O



Chapter 5

Stochastic Ising Model on
Random Graphs

5.1 Introduction

Random graph is an active area of research which combines probability
theory and graph theory. The subject was started in 1959-1961 by Erd6s and
Rényi, see [ER1, ER2, ER3, ER4]. At first, the study of random graphs was
used to prove deterministic properties of the graphs. For example, if we can
show that a random graph has with positive probability a certain property,
then a graph with this property must exist. The method of proving deter-
ministic statements used probabilistic arguments is called the probabilistic
method and Erdos was one of the first to use it in the paper [Er], where it
was shown the existence of a graph with a specific Ramsey property. One
can find a good explanation of this method in the work devoted to it The
Probabilistic Method [AS], whereas standard references on random graphs
are [Bo, JLR].

The initial work of Erdos and Rényi has incited a great amount of work
on the field. Over the forty years that have passed since then, the theory has
developed into an independent and fast-growing branch of discrete math-
ematics with applications to theoretical computer science, communications
networks, natural and social science and to discrete mathematics itself.

Spin models on random graphs have attracted much attention in recent
years and a sophisticated theory has been developed for computing the ther-
modynamic properties of such systems in great generality (see for instance

77
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[MP] and references therein). The interest in this subject is at least twofold.
From a side one would like to extend to new structures the theory of sta-
tistical physics, in order to obtain new features and behaviors which could
explain some real physical systems.

On the other side, many combinatorial problems on random (and non
random) structures, in particular optimization and counting problems, can
be reformulated in the statistical mechanics setting and then solved, or
at least better understood, with the methods of statistical mechanics (see
[MM] ). Between the most interesting combinatorial problems with random
structure, it is the case to mention the “number partitioning problem” (see
[BCMNT] for recent result, and reference therein) , and the "random k-sat
problem ”, that recently has attracted a lot of attention both from computer
scientists and from mathematical physicists (see [AP, AR, MMZ]).

We also point out that random graphs give rise to a large number of
threshold phenomena which are evocative of phase transition in statistical
physics, and that one would like to reexamine in a new perspective provided
by statistical models [Mo].

In contrast with the huge literature on probabilistic and combinatorial
analysis of random graphs, and with the increasing number of papers on the
equilibrium behavior of statistical models on random graph, there are very
few papers analyzing the dynamical evolution of these models. In particular
it doesn’t exist, to the best of our knowledge, any result concerning the
mixing time of dynamics but only general, not proved beliefs. Our work
is devoted to obtain some simple results on the behavior of local dynamics
for the Ising model on random graphs. We will consider Erdds-Rényi (or
binomial) random graphs and random r-regular graphs, and we will prove
some lower bounds on the relaxation time for Glauber dynamics.

5.2 Preliminaries

Generally speaking, a random graph is a random variable defined on a
probability space (2, §,P), where Q is a suitable family of graphs and P is
a probability distribution on ). Usually there is also a parameter involved
which measures the size of the graph which typically tends to infinity.

The model introduced by Erdos can be described as choosing a graph
at random, with uniform probabilities, from the set of all 2(3) graphs on n
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vertices. The probability space (€2, F,P) is then defined taking €2 equal to
the set of all graphs on n vertices, and assigning to every G € {2 probability
P(G) =27 (5).
It can also be viewed as the product of (},) binary spaces, each one associated
to an edge of the complete graph on n vertices (denoted by K,).
This simple model gave rise to two basic models of random graphs, namely
the binomial random graph, or Erd6s-Rényi random graph, and the uniform
random graph.

Given a real number p € [0, 1], the binomial random graph, denoted by
G(n,p), is defined letting 2 be the set of all graphs on n vertices and setting

P(G) = pee (1 —p)a) e,
where e stands for the number of edges of GG. For p = 1/2 this corresponds
to the model introduced by Erdos [Er]. The binomial model is a special case
of a reliability network. In this general model, (2 is the family of all spanning
subgraphs of a given graph F, and P(G) = p¢(1 — p)°r~¢¢. Taking F
equal to K,, (the complete graph on n vertices) we thus reobtain the model
G(n,p).

Uniform random graphs are defined by taking the uniform distribution
over a family of graph 2. Clearly there are many kinds of uniform random
graphs, depending from the choice of 2. The model introduced by Erdos
[Er] belongs here too, with ) being the family of all graphs on n vertices.
Between the most popular uniform model we recall the following.

e G(n, M), with M an integer in [0, (})], is the uniform random graph
with €2 being the family of all graphs on n vertices and with M edges.

n —1
For every G € (), we thus have P(G) = <g\24)> . G(n, M) is closely

related to the Erdos-Rényi model. Indeed, providing p(3) is close to
M in a suitable way, one can prove the asymptotically equivalence
between the two models.

e G(n,r), with an r integer such that nr is an even number, is the uni-
form random r-regular graph, where ) is the family of all graphs on n
vertices of equal degree 7.

e random trees are uniform random graph with 2 being the family of all
n"~? trees on n labeled vertices.
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The most interesting discovery made by Erdos and Rényi when investi-
gating random graphs, is the phenomenon of thresholds.
Consider for example a random graph on n vertices identified with (2, §, P),
and let I" denote the family of all 2-element subsets of {1,...,n} (or equiv-
alently the set of edges in the complete graph K,). For any given graph
theoretic property A, let identify A with the family Q of subsets of 2, cor-
respondent to a family of graphs on n vertices, satisfying A.

Definition 5.13. A property A of a random graph (2, §,P), is called increas-
ing monotone if S € Q and S C P imply that P € Q. A is called decreasing
monotone if its complement in 2" is increasing.

Examples of increasing properties are ”containing a triangle” and "be
connected”, whereas examples of decreasing properties are “having at least
one isolated vertex” and “having at most k-edges”. The property "having
exactly k isolated vertices” is not monotone.

The probability that a random graph, say G(n,p), has a property A, de-
pends from the graph parameters (n and p in this case) and it is denoted by
P(A € G(n,p)). Taking p as a function n, one can thus consider the limiting
probability of A. Let us first introduce the following notation: given two
sequences of numbers a,, and b,, depending on a parameter n — oo, we will

write
e a, =0(by,) if 3C such that |a,| < Cb,
e a, =o(by) if nh_)rglo an/bp =0
e a, = Q(by,) if 3C such that |a,| > Cb,
e a, =0(b,) if 3C4, Cy such that C1 b, < |a,| < Cy b,
o a, Kb, if a, > 0 and a,, = o(by,)

Definition 5.14. If A is an increasing monotone property and if there exists a

sequence p = p(n) such that

0 if p<p

P<G<n,p>eA>e{ AN

then p is called a threshold.
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The threshold for a decreasing monotone property is defined as the

threshold of their complements. Notice that the threshold is not uniquely
determined, but only within constant factors; nevertheless, it is customary
to talk about the threshold.
It is proved that every monotone property has a threshold (see for example
[JLR]), whereas non-monotone properties, for which one can give a "local
definition” of threshold as above, may have no threshold or countably many
thresholds (see [Spl]). Classic examples of thresholds refer to the prop-
erty of containing a given graph as subgraph (e.g. isolated vertices, trees,
cycles).

The presence of thresholds allows one to get an asymptotic characteri-
zation of the random graph, as p (or other involved parameters) varies as a
function of n. In the next sections we will consider binomial and r-regular
random graphs and discuss the probability of existence of some properties.
Aside from having a better understanding of the shape of these random
graphs, this will enables to recall the main techniques to analyze random
graphs.

5.3 Binomial Random Graphs

Let us consider the binomial (or Erdés-Rényi) random graph G(n, p). We
recall that it is the probability space of graphs on n vertices such that, for
each G € Q,

P(G) = pe(1—p)2) e,
where e = |E(G)| stands for the number of edges of G. It can also be
viewed as a result of () independent coin flippings, one for each pair of
vertices, with probability of success (i.e. drawing an edge) equal to p.

Definition 5.15. Given an event A,, describing a property of a random struc-
ture depending on a parameter n, we say that A,, holds asymptotically almost
surely if

lim P(4,)=1 (write A, holds a.a.s) .

n—o0
Remark 5.10. In many publications on random graph the phrase “almost
surely” or a.s. is used, thought its normally meaning in probability is different.
To not create confusion, we prefer to adopt this notation, which was introduced
for the first time in [SU]J.
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As just remarked, for any monotone property P of G(n,p) there exists
a threshold p = p(n) such that, for any p > p, P holds a.a.s.. Depending
on the p value, taken as a function of n, G(n,p) can then be characterized
by properties holding with hight probability, and usually analyzed in the
asymptotic limit n — oo. Here we briefly discuss the asymptotic behavior of
certain properties of G(n, p) as p varies in (0, 1) as a function of n. See for
details [Bo], [JLR] and [Sp2].

5.3.1 Thresholds for small subgraph containment

One of the first problems studied in the theory of random graphs was
that of the existence in G(n, M) of at least a copy of a given graph H
([ER2]). Since the graph H is fixed and the random graph grows with
n — oo, copies of H are called small subgraphs, as opposed to subgraphs
which grow with n, like a Hamiltonian cycle. The problem was solved in
full generality in [Bo], though a simpler proof was given later in [RV]. Here
we present the result and just explain the idea beyond the proof. We refer
to [Bo, RV, JLR] for a discussion on the problem and for the details of the
proofs.

Consider a graph H C K, where K, is the complete graph on n vertices,
and denote by vy the number of vertices of H and by ey the number of
edges. We search for the asymptotic probability that G(n, p) contains a copy
of the subgraph H, when vy and ey are finite integers.

Let Xy be the (random) number of copies of H that can be found in the
binomial random graph G(n,p). For each copy H' of H in K, define the
indicator Iy = I[H' C G(n,p)] so that Xg = > ;g 1.

The number of copies of H in K, is given by the function

f(n,H) = ( " >(UH)! Jaut(H) = O(n"#), (5.1)
VH
where aut(H) denotes the number of automorphisms of H. For every copy
H', the probability that H' is a subgraph in G(n, p) is equal to p°#. Then

0 ifp< nvu/en
E(Xg) = f(n,p)p = O(n"HpH
(Xm) = f(n,p)p (n"p )—>{ o ifp s n-vnlen

By the first moment method ( an instance of the Markov inequality for inte-
ger valued random variables) we get

P(Xg >0) <E(Xg)=o(1)  ifp<non/or,
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To prove that p = n~VH/¢H is a threshold for the property that H is a
subgraph in G(n,p), it remains to verify that P(Xy > 0) = 1 — o(1) for
p > n~vH/eH_ But this turns out to be false as can be shown by explicit
examples. The correct threshold for this property is indeed the following.
Let us define
m(H) = max{eK : K CH, vk >0} ;
VK
it holds the following

Theorem 5.13. For any subgraph H € K, with at least one edge,

lim P(H C G(n,p)) = 1 ifp> n—1/m(H)

n—oo

(5.2)

The proof of Theorem 5.13 relays on the so called second moment
method. This is an instance of the Chebyshevinequality holding for ran-
dom variables with positive average. Through this inequality, one obtains
Var(Xpg)

(E(Xg))*’
and thus the probability under investigation con be computed comparing
the variance Var(Xy) with (E(Xp))2.

P(H & G(n,p)) = P(Xy =0) <

From theorem 5.13 one can deduce some first useful consequences. First
of all we observe that any cycle C' of whatever length, has a threshold in
p = n~!, since m(C) = 1. Thus, for any sequence p = p(n) such that
p(n) < n~1, any cycle or subgraph containing a cycle has probability o(1)
to be contained in G(n, p). In particular, for such values of p, only trees are
admissible subgraphs and, more strictly, for any p such that R EeT Lp <K
n~"%", the random graph G(n, p) is a forest of trees with at most k vertices.

For many subgraphs, this result can be refined, by considering the be-
havior at the threshold.

Let H be a graph with vy vertices and ey edges and denote by p(H) =
vy /ey its density. H is called strictly balanced if every proper subgraph H’
has p(H') < p(H) (then p(H) = m(H)). It holds the following

Theorem 5.14. Let H a strictly balanced graph with vy vertices and ey edges
and denote by Xy the number of copies of H in G(n,p). For ¢ > 0 and
p = en~vH/eH it holds

c’H

d .
Xg — Poiss(A\) , A= qut(H) (5.3)
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Cycles are examples of strictly balanced graphs. If C; denotes a cycle of
finite length / and p = ¢/n, from Theorem 5.14 it follows

P(Cl c G(n,p)) = P(Xcl > 0) —1— e_)‘ .

Any cycle of arbitrary finite length has thus asymptotic positive probability
to be contained in G(n, p).

Of course, the problem of subgraph containment is much more developed
and here we only gave some basic results that will be helpful in that follows.

5.3.2 Giant component and connectivity

As we argue by the former analysis, for any p = o(n™!), G(n, p) is asymp-
totically a forest of trees with finite cardinality.
When p = ¢/n, with ¢ > 0, the landscape changes and a largest compo-
nent, with size increasing with n, appears. Moreover, depending on the
value of the constant ¢, the random graph could contain a giant component,
namely a subgraph with size comparable to n. Again, the existence of a
phase transition which appears as a "sudden” jump of the size of the largest
component, has been studied for the first time in the fundamental paper
of Erdos and Rényi [ER2]. A great improvement of these results has been
obtained twenty years later by Bollobas in [Bo2].
Here we present, without prove, the main result due to Erdos and Rényi.

Theorem 5.15. Let p = +, where ¢ > 0 is a constant.

@) Ifc < 1, thena.a.s. the largest component of G(n, p) has at most ﬁ logn

vertices.

(i) Let ¢ > 1 and let p = p(c) € (0,1) such that p + e’ = 1, or in other
terms let 1 — p be the extinction probability of a branching process with
offsprings distribution Poiss(c). Then a.a.s. G(n,p) contains a giant
component of (1 + o(1))pn vertices whereas the size of the other compo-

nents is at most (61_610)2 log n.

The proof of this theorem (see for instance [LRS]) is made analyzing the
size of a connected component through a fixed vertex v. The construction of
this component, usually denoted by C'(v), can be realized defining a suitable
branching process. This explains why in the second part of the theorem
appears the constant p.
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1 is thus a threshold for the existence of the giant

The value p = n~
component; nevertheless, for this p, the random graph G(n,p) is a.a.s. not
connected. Indeed, it is proved that the existence of isolated graphs with
finite cardinality (that is a monotone decreasing property), has a threshold
for p > n=1.

More precisely, one can prove that the existence of an isolated vertex
in G(n,p) has a threshold for p = M. At the threshold, the vari-
able counting the number of isolated vertices in G(n,p) is asymptotically
distributed as Poiss(e™¢).

On the other hand, for this value of p, the probability that exists an isolated
graph with finite size £ > 1 is a.a.s. 0. Thus the threshold for the existence
of isolated vertices and the connectivity is the same. For more details on the

problem of connectivity see [Bo, Sp2].

5.4 Random Regular Graphs

An r-regular graph is a graph with degree equal to r at each vertex. If
the number of vertices are n, then the number of edges is rn/2, so that rn
has to be even.

The random r-regular graph G(n,r) is defined as the probability space of
all r-regular graphs on n vertices, taken with uniform probability. The case
r = 0 and r = 1 are trivial; the first corresponds to en empty graph whereas
the second is the set of perfect matchings, each one taken with probability
1/(n—1)!". Indeed (n—1)!! is the number of perfect matchings on n vertices,
provided that n be even.

Though the definition of random regular graphs is conceptually simple,
it is not so easy to use it; indeed there is no simple formula for the total num-
ber of r-regular graphs on n vertices, and thus also the uniform probability
is unknown. Most work on random regular graphs, both theoretical and
practical, is based on a parallel model, whose construction has two different
versions due to Bender and Canfield [BC] and Bollobas [Bo1].

In the Bollobas version, it is called the configurational model and is de-
fined as follows. Let W the product space between a set V with n el-
ements and a set R with r elements. Then W has rn elements, called
half-edges, that will denoted as the couple (v,z), v € V = {1,...,n} and
re R={1,...,r}
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A configuration is a perfect matching of W, i.e. a partition of W into rn/2
pairs. These pair are called edges. The key point is that the natural projec-
tion = of W onto V, ignoring the second coordinate, maps each configura-
tion F to a multigraph 7(F) on V with constant degree r. We recall that a
multigraph is a graph in which loops or multiple edges are admitted, unlike
of the so called simple graphs; of course the set of r-regular multigraphs
contains the smaller set of r-regular (simple) graphs.

Taking a random configuration /' with uniform probability, namely P(F') =
1/(rn — 1)!!, and projecting on V, we thus obtained an r-regular multi-
graph G*(n,r). Unfortunately the distribution of G*(n,r) is not uniform,
because multigraphs with a different number of loops and multiple edges
arise from a different number of configurations. Instead, if we take the pro-
jection 7(F') of a random configuration and condition on it being a simple
graph, we obtain a random r-regular graph on V' with uniform probability,
namely G(n, r). This is because every r-regular graph on V' is the projection
of exactly r!" configurations.

Many properties of G*(n,r) can be analyzed through combinatorics on
the configuration model and then it is somehow simpler working with it then
with G(n,r). On the other hand it is proved that any property that holds
a.a.s. for G*(n,r), holds a.a.s. for G(n,r) too (see Theorem 5.17 below).
This provides an easy technique of investigation, and indeed many results
concerning G(n,r) were obtained in this way. We give a briefly description
of the main properties of G(n,r), in order to get a better understanding
of its shape. A wider discussion on the subject can be found in the survey
article [Wo] and in [JLR].

5.4.1 Small Cycles: Poisson paradigm

The term ”Poisson paradigm” was introduced for the first time in [AS] to
describe the fact that the sum of many nearly independent rare events has
Poisson distribution. In [Bol, Wol] it has been proved that the number of
short cycles in random regular graph with small degree has asymptotically
Poisson distribution, and thus a kind of Poisson paradigm has been shown.
The method for proving this result is an asymptotic version of the fact that a
Poisson random variable is determined by its moments. The main argument
of the proof is developed on the random r-regular multigraph G*(n,r) and
exploits the properties of the correspondent configuration model. The result
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for G(n,r) is then obtained as a consequence of the result for G*(n, ).

Given an r-regular (multi)graph G, we let Z;, = Z;.(G) denote the num-
ber of cycle of length £ in G; for multigraphs we let k£ > 1, but for simple
graphs we let £ > 3. Taking G to be the random regular graph G(n,r) or
G*(n,r), clearly Z) becomes a random variable. Then it holds the follow-
ing (see [Bol, Wol, Wo2]). By joint convergence of an infinite number of
variables we mean joint convergence of every finite subset.

Theorem 5.16. Let A, = o (r — 1)* and let Z, o 4 P,()\1,) be independent
Poisson distributed random variables for all k > 1. Then the random variables
Z1(G*(n,r)) converge in distribution to Zyso, Zr(G*(n,r)) LN Zoo AS N — 00,
jointly for all k.

Notice now that a realization G of G*(n, r) is simple if and only if Z; (G) =
Z5(G) = 0, since in this way we exclude possible loops or multiple edges,
and that G*(n, r) conditioned on Z; = Z; = 0 yields G(n, ). The next result
follows.

Corollary 5.1. Let \; and Z;, be as in Theorem 5.16. Then the random vari-
ables Zi,(G(n,r)) converge in distribution to Zy, as n — oo, jointly for all
k> 3.

Using this result, much of the local properties of the r-regular graph
can be computed. For example, it is not difficult to prove that, for a given
vertex v € V and k < ¢, logn, with ¢, a positive constant depending on the
degree r, the probability that there exists a cycle of length at most k passing
through v is asymptotically 0. In particular, the structure of G(n, ) inside a
ball centered at a given vertex of radius less then ¢, log n, is a.a.s a tree.

Another consequence of Theorem 5.16, is that one can compute the
asymptotic probability that G*(n,r) is simple. This result, together the fact
that the number of r-regular graph is equal to the number of r-regular multi-
graph times the probability P(G*(n,r) is simple), enables us to obtain an
asymptotic formula for the number of labeled regular graph.

Corollary 5.2. If n — oo, then
P(G*(n,r) is simple) — e~ (P=1/4 S (.

Corollary 5.3. The number L,, of labeled r-regular graph on n vertices satis-
fies, as n — oo for fixed r,

Ln _ \/56—(r2—1)/4(Tr/Qe—r/2/,r!)nn'rn/2(1+0(1))
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From Corollary 5.2, it holds that the asymptotic probability P(G*(n, r) is simple)

is positive. With this information, it easy to prove the following result.

Theorem 5.17. Any property that holds a.a.s for G*(n,r) holds a.a.s for
G(n,r) too.

The converse clearly doesn’t hold, as the trivial example of containing a
loop shows. Theorem 5.17 thus provides a tight connection between the
properties in G*(n,r) and in G(n, ).

5.4.2 Isoperimetric constant

Another important property that we want to point out, concern the edge
isoperimetric constant of G(n, ). For any finite graph G = (V, E), we recall
(see (1.2)) that
_ . |0eK]

ie(G) min K

where the minimum is taken over all subsets K € V with |K| < |V]/2.
Many regular graphs tend to have small isoperimetric constant. For exam-
ple, by folding an n vertex line on a circle, we get a 2-regular graph with
isoperimetric constant about 2/n.

Also the existence, for every n and r, of a regular graph with positive isoperi-
metric constant is a non trivial problem. A useful approach in this context,
comes from the probabilistic method ([AS]).

The existence of regular graph with positive isoperimetric constant, for large
n and r > 3, is consequence of the following theorem due to Bollobas [Bo3].

Theorem 5.18. Let r > 3 and n € (0, 1) be such that
24T < (1 =)A= (1 4 ) FM)
Then a.a.s. G(n, ) has isoperimetric constant at least (1 — n)r/2, i.e.

Pie(G) =2 (1 =n)r/2) — 1 (5.4)

We refer to [Bo3] for the proof of the theorem. We only mention that

the proof is based on the correspondence between G(n,r) and the configu-
rational model, and on combinatorics.
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5.5 Analysis of Glauber dynamics

In this section we will consider the Glauber dynamics for the Ising model
on a random graphs with n vertices; we will concentrate on the two random
graph models previously defined. The aim of our analysis is to shed some
light on the behavior of the relaxation time for the dynamics on random
graphs.

5.5.1 Notation

Let G be a general random graph on n vertices and with finite mean ver-
tex degree, correspondent to the probability space ({2, §, P).
For any graph realization G of G, the Ising model is defined as for determin-
istic graphs. Let us just fix some notation.
Let V denote the n-vertex set of G. To every vertex z € V' we associate a
spin variable o, € {£1}, and denote by Q, := {£1}" the space of spin con-
figurations and by F the o-algebra generated by the projections of 2, onto
the single spin space.
Given G € (), we consider the Ising model on G specified by the Gibbs
measure ¢, which assign probability

pe(o) = Z;(ﬁ) exp (B ) 0u0y)

to every o € ,. Clearly, the measure u¢, and all the quantities derived
from that measure, are random variables depending on the realization G
of G. To denote this dependence from the random graph, we will add the
subscript G to these quantities.

In the following section, we will analyze the heat-bath Glauber dynamics
on G, with Markov generator denoted by L (see section 3.5.2), when G
is a realization of G(n,p) and of G(n,r). In particular we will consider the
problem of determining, with high probability, the behavior of the relaxation

time of the dynamics.

5.5.2 Slow mixing on binomial random graphs at all tempera-
tures: first result

Let us consider G(n,p) with p =  and c a finite positive constant, in
order to get a finite mean vertex degree. For this value of p, we recall that
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G(n,c/n) can be (asymptotically) described as follows (see section 5.3).
e a.a.s G(n,c/n) is not connected;

e if ¢ < 1, a.a.s. the largest component of G(n,c/n) has at most

ﬁ log n vertices;

if c > 1, a.a.s. G(n,c/n) contains a giant component of (1 + o(1))pn
vertices;

e a.a.s the only finite subgraphs in G(n, c¢/n) are trees and cycles. More-
over the number of cycles of given length, say k, is a.a.s a Poisson
variable with mean ¢ /2k.

Consider now the Glauber dynamics for the Ising model on G(n,c/n).

From the analysis of the subgraph containment (see Section 5.3.1), one
can easily deduce that, given a fixed vertex x € V, the log n-neighborhood
of x is a.a.s. a tree. As just recalled in the previous chapters, the Ising
model Glauber dynamics on trees has spectral gap uniformly bounded by
a constant for all temperature bigger then the critical one, which depends
on the maximal degree of the tree. Roughly, this would led to deduce that
there is a finite a range of temperatures such that the dynamics on G(n, ¢/n)
shows a similar behavior. However, the random graph could contain trees
with maximal degree increasing with n, and so having a critical temperature
that goes to infinity with n, where the dynamics slows down in a significant
way for all finite temperature. Since the spectral gap takes in account of
the worst case that can appears in the graph, this would imply that the
relaxation time is increasing with n for all realizations G of the random
graph containing these subgraphs.
To analyze the dynamics on G(n, ¢/n), we will follow this approach: first we
will identify a subgraph on which the dynamics slows down for all 5 > 0,
and then we will prove that, with positive probability, G(n,c/n) contains
such a subgraph.

Remark 5.11. Notice that this kind of approach is conceptually similar to
the one used to analyze the Glauber dynamics for the random Ising model
on a finite volume A € Z% in the so-called Griffhits phase (see, e.g. [CMM,
Fr, Mar]). The presence of peculiar subgraphs in G(n,c/n), on which the
dynamics slows down for all 3 > 0, plays the same role of the presence of "rare
bad cluster” for the random Ising model in A, on which the dynamics slows
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down due to the presence of strong interactions between particles.

There is also a kind of similarity with argument used in [H2], where the author
consider the zero-temperature Glauber dynamics on G(n,p) and G(n, M) and
analyze the problem of whether the dynamics reaches the global minimum
energy for some value of p = ©(n~!). Also in this case, the proof is based
on the observation that there is a subgraph which imposes a certain global
property to the dynamics. Then the proof is reduced to the analysis of the
probability that such a subgraph is contained in the random graph.

Let us formalize these ideas. With the notation introduced above, we state
the following:

Theorem 5.19. For every 3 > 0, there exists a positive constant cg such that

a.a.s. the spectral gap of the Ising model Glauber dynamics on G(n,c/n) is less

logn
—C3 loglogn

then &, = exp ( ), L.e.

lim P(cgap(pa) < 0n) =1 (5.5)
Proof. We will proceed in the following two steps.

(i) for every integer k < n, we define a suitable graph S; and prove that if
G is a graph realization of G(n, p) containing S, then the spectral gap
of the dynamics on G is exponentially small in .

(i) if £k < alog’i Zn’ with a@ < 1, we prove that the probability that Sy, is

contained in G(n, ¢/n) is asymptotically one.

The statement will easily follow.

Proof of (i). Let us consider the graph Sj given by k& + 1 vertices with a dis-
tinguished root-vertex linked to all the other & vertices and no more edges;
we refer to it as k-star. Suppose that Sy belongs to a realization G of the
random graph G(n, p) as an isolated subgraph, and let’s analyze the Glauber
dynamics on Sy.

The way to bound from above the spectral gap, generally consists in
providing a test function f on the spin configuration space having a very
slow decaying. More precisely, from the definition of spectral gap (see 2.13),
for any nonconstant function f € L%(Q, F, ug)

Da(f)
Cgap(MG) S VaI'G(f) .

(5.6)
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Thus, for any configuration o € €, let my(o) denote the magnetization
of S, i.e. my(o) = erv(sk) 0., and take as a test function the following
indicator function

1 lfmk(0)>0

0 if my(o) <0 >.7)

Ix(o) = Tgp,s01(0) = {
Without loss of generality, we can restrict the analysis to even k values.
Since in this case my (o) # 0 for all o, by symmetry it holds that Varg (1) =
1/4 so that the spectral gap is bounded as c¢4qp(Lg) < 4D (1;). We thus
concentrate on the Dirichlet form

1
De(1;) := 5 6;;9 )ua (e [VaIi)?) .
T k

We first observe that V,1;(c) # 0 only if ¢ is such that |my(o)| = 1,
namely for configurations ¢ having (k + 2)/2 spins with the same value on
the vertices of the subgraph S;. Thus, for every configuration o of this kind,
[V.1x(0)]?> = 1 only if x is one of the (k + 2)/2 vertices in S} with spin of
the same sign of my(o); then we get

kE+2
Da(I;) < 0 pa(lmg) =1). (5.8)
Let us state the following:

Lemma 5.3. For every 3 > 0 and k high enough, there exists a positive con-
stant ag such that

pe(lme =1) < eme* (5.9)

Proof. Let us denote by r the only vertex in S, with degree equal to £,
namely the center of the k-star, and label from 1 to k all the other vertices.

Using the notation uf;" () = puc(-|o, = +) (and analogously for o, = —)
and observing that uy;" (|my| = 1) = gy (|my| = 1) by symmetry, we get
1,4 1,
pallmi =1) = i (i = 1)+ iy (il = 1)

= ¢ (Imi| = 1)

IN

k
pet (> 0 <0). (5.10)
=1
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Since Sy is an isolated subgraph, all variables o;, with i € {1,...,k}, are
independent w.r.t ;13" , with probabilities

e

7+ B
e (0i=+) = f=9 = pp
7+ —
He (Ui:—):mzl—m

and with mean and variance

g (o) =2pg —1 5 Varg' (o:) = 4ps(1 — pg).

In particular, if (X;)¥_, are independent Bernoulli random variables with
P-mean pg, then o; 4 2X; —1foralli € {1,...,k} and the sum Zle oL
is distributed as 27 — k, with Z = Zle X; a random binomial variable
Bi(k, pg). Using the Chernoff’s inequality for binomial variables, we get

(pg —1/2)°
2pp k)

N |

k
(e <0) =B(Z < 2 < exp (—
=1

(ps—1/2)°
2p5
a(f) is positive and increasing in [ for all 5 > 0. O

and then inequality (5.9) follows taking a(53) := and noticing that

From inequality (5.8)and Lemma 5.3, we get D(I;) < @ e~k
Thus, for all 5 > 0 there exists an integer ky and a positive constant cg

such that, for all k¥ > kg, it holds
cgap(pa) < (k+2) e~k < gk (5.11)

This concludes the proof of step (i), in which we proved that for every 5 > 0
there exists an integer & and a positive constant c such that, for all £ > ko,
if G contains an isolated Si, then cyqp(1a) < e~°s%_ Notice that this implies

P(cgap(pic) < e %) > P(isolated Sy, C G) .

Proof of (ii). Here we want to compute the asymptotic probability that
G(n, c/n) contains an isolated S;. We thus consider the random variable X},
counting the number of copies of Sy in G(n, ¢/n); clearly it holds IP( isolated Sj C
G(n,c/n)) =P(Xy > 0).

As a first step we can use the first moment method (see subsection 5.3.1)
to rule out the range of k such that P(X; > 0) < E(Xj) — 0. To compute
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E(X}), we first express X as sum of the following indicator functions. For
every v € V, define the event &, that a k-star rooted in v is contained in
G(n,c/n), i.e.

& = {G(n,c/n) O Sk with rootin v} .

Denoting by 1(&,) the indicator function of §,, we thus get that X; =
> vev 1(&) and then, by linearity of expectation, E(Xz) = > .y P(&).
By simple combinatorics, one obtains the formula

-1
ple) = (" ) p e ey

Substituting the value p = ¢/n and applying the Stirling formula for large n
and k£ = k(n) = o(n) but such that k(n) 1 co as n — oo, we get

P(&,) = e "8k (1 4 0(1)). (5.12)

The asymptotic behavior of E(X}) clearly depends from the choice of

. . 1 . .
k(n); taking k = alog"ign, with « a real positive number, we get

E(X;) = nexp(—klogk)(1+ o(1)) = Q(nt™%).

If & = alolgﬁ)gn with o > 1, and in general for all £ > log’ﬁjgn, E(Xg)
tends asymptotically to 0. By the first moment method this implies that
a.a.s. Xj = 0, namely the existence of an isolated k- star has a vanishing

asymptotic probability.

Ifk = alolgoﬁ) gn with « < 1, and in general for all k increasing with n but

such that k£ < 101g°1go gn, the expectation of X becomes large with n. Clearly

this is not enough to assure that P(X; > 0) — 1. We will thus exploit

the second moment method and search for k£ values such that Var(X;) =
o(E(X}y)?), in order to get

Var(Xj)
E(Xk)2 - 0(1) )

=
>
ol
I
=2
IA

which implies that a.a.s G(n, ¢/n) contains an isolated Sj.

In order to bound the variance we first recall the following decomposi-
tion property of the variance (see for instance [Sa]).
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Let (9, Fi, i), @ = 1,...,n be n probability spaces and let (2, F, u) be the
associated product space, with 4 = ®; ;. Then

Var,(f) <> p(Var,,(f)). (5.13)
=1

Notice that the measure P, defined on the probability space G(n,p), is
the product measure of independent Bernoulli variables with mean p asso-
ciated to the n(n — 1)/2 edges of K,,, namely

Let us introduce the following notation: given a function f on (2, F,P), let
Var.(f) denote the variance of f with respect to the Bernoulli(p) measure
associated to e, and define the gradient V. as

Vef (G) = f(G°) = f(&)(G),

where G° denotes the graph obtained from G by switching the value of the

Bernoulli variable 7, € {0, 1} associated to e, or, in other word, by removing

or adding the edge e, depending respectively if e € E(G) or e ¢ E(G).
Applying the decomposition property (5.13) to Var(Xy), we obtain

Var(Xy) < Z E (Var(Xy))

e€E(Kn)
= p(l—-p) D E(VX;)?
e€E(Kny)
= p(l—p) D> E(D VcI()). (5.14)
e=(z,y): veEV
z<YEV

Let us analyze the quantity in the r.h.s. of (5.14).

For any given edge e = (z,y), the vertex v (the root of a k-star) could
correspond to an end-vertex of e, namely v = x or v = y, or it could be
v & {x,y}. We thus introduce the characteristic functions y,—z, xv—y and
Xog{z,y} N the sum over v € V in (5.14), and obtain

E ( Z veﬂ(gv) )2 = E ( Z veﬂ(fv)(XU:m + Xv=y + ng{x,y}) )2

veV veV

< 2B(VeI(&)?+E( ) VI(&))? , (5.15)
vg{z,y}
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where in the last line, due to the fact that e is an unoriented edge, we
identified the quantities V.1(¢;) and V.1I({,). We analyze separately the
two terms appearing in (5.15).

First term: Notice that V. 1(£,)(G) = 1(&;)(G¢) — 1(&,)(G) # 0 if and only
if 1(&,)(G¢) = 1 or 1(&;)(G) = 1. Since each one of these occurrences
excludes the other and in both cases |V .1({;)(G)| = 1, it holds

E(VI(&)? = > PG)(L(&)(G) + 1(&)(GY))

GeQ

= P(&)+ Y P(G)(1(&)(G))

GeQ

e MBE (14 o(1)) + > P(G)(I(&:)(GF)) . (5.16)

GeN

IN

We now observe that if 1(¢,)(G¢) = 1, namely if G° contains an isolated
k-star with root in z, one of the following two properties must be satisfied
in G

P = { 3 a subgraph T}, such that T}, \ {e} is an isolated k-star rooted at z }

P, = { J an isolated (k — 1)-star rooted at x and y is an isolated vertex }
and thus we can write
Y PGO)IENG) < Y BG)I(A)(G) + L(P)(G)) = P(P1) + P(P).

GeN GeN
(5.17)

Since the subgraph T}, is constructed from an isolated k-star rooted at x
adding the edge e, we get

eF1o8k (1 4 (1))

S|

B(P) = ;T B(6) <

To compute the probability of P, we use simple combinatorics and apply
the Stirling formula for large n and k = k(n) = o(n), such that k(n) 1 oo as
n — oo, as for the computation of P(¢,) in (5.29); we get

n—2\ ._ k1) (P 1)

]P)(PQ) _ <k_ 1)pk 1(1 _p)(kJrl)( k 1)+( 5 ) k+1
= e klogk(1 4 0(1))

Inserting these result in (5.16), we finally obtain

E (V. 1(£,))% < e *losk(1 4 0(1)). (5.18)



5.5 Analysis of Glauber dynamics 97

Second term: We first observe that for a given edge ¢ = (x,y) and for any
vertex v & {z,y}, V.1(§,)(G) # 0 only if at least one of the two end-vertices
of e is connected to v in G, namely if 5, ,y = 1 or 5, ) = 1. Otherwise the
structure of the 2-neighborhood of v remains unchanged by switching the
value of 7.

Denoting by 1,,., and by I,.., the indicator functions respectively of
the events {7, .y = 1} and {5, ) = 1}, it holds

E[ Y VI&)] < E[ Y (Lo + Lymy) VeI(&)
v {z,y} v {z,y}
< D PA] Y (@) + Ty (@) (L(E)(G) + 1(6:)(G)) P
G v{z,y}
= RO Y (IE)G) + (@) + ) (G) + TE(E) P (5.19)
G vé{z,y}
where in the second line we used the bound V. .1(¢,)(G) < 1(&)(G) +
1(£,)(G¢), and in the last line we introduced the symbol & for the event
”exists an isolated k-star rooted at v and with a leaf in z”, in order to have
]I(fg)(G) = ]IxHU(G)]I(gv)(G)'
Computing the square of the sum in (5.19) and observing that, from the
definition of isolated k-star, it holds

I(EN(GI(EE)(G) = 1(&)(G)1(€n)(G) =0, Vv #w
I(EN)(G)I(EE)(GY) = T1(&)(G)I(€w)(G°) =0, Vo #w
I(EH(G)I(E)(Ge) = L&) (G)I(Eh)(G) =0, Vo, w
I(E)(G)1(&h)(G) =0, Vo, w
we can continue from (5.19) and obtain
< 2 ) Y P@IEN(G) + LENG))] + (5.20)
v#{zy} G
+ 2 ST B(G)[IE)LEY)(G) + LETEL)(G))]
vwg{zy}t G

Proceeding as for the computation of P(§,) in (5.29), for large n and k =
k(n) = o(n) such that k(n) T co as n — oo, we get

P&) = Y POUE)G) = %G_Mng(lJrO(l))
G

PELE) = Y POIEE)E) = o5 e EH(1 4 o(1)
G
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Then, noticing that 1(¢))(G¢) = 1 if and only if there is a subgraph 7}, in G
such that 7}, \ {e} is an isolated k-star rooted at v and with a leaf in z, and
that 1(£%)(¢4)(G¢) = 1 if and only if there is a subgraph T}, in G such that
Ty, \ {e} is given by two isolated k-stars rooted at v and w, and with a leaf
in x and y, respectively, it holds

SREUENE) = TEoPE) < e 1 o()

G
SPEUEUENE) = TP < e w1+ o(1).
G

Inserting the above expressions in (5.20) and summing over the vertex set,
we finally obtain the bound

E[ ) V.I(&)]* < e FloeR(140(1)). (5.21)
v {z,y}

Substituting the expressions (5.18) and (5.21) in (5.15), and then inserting
the result in (5.14), we obtain

Var(X;) < p(1—p)n?e ¥18k(1 4 (1)) = ne *18F(1 4+ 0(1)) .

Ifk = alog’ﬁj ’g‘n with o < 1, or in general for all £ increasing with n but such

that k < lolgoﬁ)gn, and from the second moment method, it holds

P(X) = 0) < Var(Xy)/E(Xp)? < (ne Flo8F)=1(1 4 0(1)) — 0,

n—oo

completing the proof of step (7).

The statement of Theorem 5.19 will now easily follows.
Indeed, in step (i) we proved that for all 5 > 0 there exists an integer kg
and a positive constant cg such that, for all £ > ko,

P(cgap(pa) < e_cﬂk) > P( isolated Sy C G(n,c/n)),

whereas in step (ii) we proved that for all integers k increasing with n and

such that k < bﬁ gn, it holds

P( isolated Sy, C G(n,c/n)) — 1.

n—oo

logn
loglogn

P(cgan(116) < 62) = B(Sk € Gln,p)) — 1,

n—oo

and d,, = exp (—acg 102)532“)’ with « € (0,1), we obtain

Taking k = «

which completes the proof of Theorem 5.19. O]
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5.5.3 Slow mixing on binomial random graphs at all tempera-
tures: second result

In the previous section we proved that the random graph G(n, ¢/n) con-
tains a.a.s. an isolated subgraph, with size increasing with n, where the dy-
namics slows down in a significant way. Let us now recall that if ¢ > 1, then
a.a.s. G(n,c/n) has a giant component of size (1 + o(1))pn, with p € (0,1)
uniquely determined by the equation p + e~ “? = 1. At this point one can
ask what happens if one restricts the dynamics to the giant component of
G(n, ¢/n): will the relaxation time grow with n for any 3 > 0?

This section is aimed to answer this question.

From now on, we will suppose that ¢ > 1 and denote by {C C G(n,c/n)}
the a.a.s. event that there exists a unique giant component C in G(n, c/n).
We thus state the following:

Theorem 5.20. For every 3 > 0 there exists a positive constant cg such that

a.a.s. the spectral gap of the Glauber dynamics on the giant component C of
logn

G(n,c/n) is less then 6, = exp (—Ca15g1ng7 ) L-€-
lim P(cgap(pic) < 6n; C C G(n,c/n)) =1 (5.22)

Proof. We will proceed in the following two steps.

(i) for every k < n, we define a suitable graph S, and prove that if G is a
graph realization of G(n,c/n) containing Sy, then the spectral gap of
the dynamics on G is exponentially small in & for all .

(i) if k < alog)i gn, with 0 < a < % , we prove that the probability that S,

is contained in the giant component C of G(n, ¢/n) is asymptotically 1.

The statement will easily follow.

Proof of (i). Let us fix a finite integer ¢ and consider the graph Sp = S ()
defined as follows:

a root-vertex r is linked to k vertices indexed by i € {1,...,k}, and each
of them is the end vertex of a segment of line with ¢ vertices, denoted by
Z}j. In other words, §k is a non-regular tree with / levels such that the root
has & children whereas all the other vertices have one child. Notice that
|§k] = (k + 1, and that the graph Sj defined in the previous section is a
subgraph of Sj.
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Suppose that S), belongs to a realization G of the random graph G(n,p)
as an induced subgraph, but in such a way that only the vertices on the leafs
of §k, namely the vertices in the ¢-th level denoted by L,, can be linked to
vertices outside §k In this case we will say that §k is an almost isolated (a.i)
subgraph of G. Let’s analyze the Glauber dynamics on 5.

To bound from above the spectral gap, we use the same test function as
in the proof of Theorem 5.19. Thus, let

k

mg(o) = Z Oy :07»4—20@-

be the magnetization of the subgraph S in S, and consider the indica-
tor function T = Ty, ~o}. Without loss of generality, we can restrict the
analysis to even k values. Since in this case my(o) # 0 for all o, by sym-
metry it holds that Varg (1) = 1/4 so that the spectral gap is bounded as
cgap(pq) < 4Dg(1). We thus concentrate on the Dirichlet form

DG(]Ik:) = % Z MG (CJ: [va:]lk]z) .
eV

We first observe that V,1;(c) # 0 only for configurations o such that
|mg(c)| =1, i.e. for configurations ¢ having (k + 2)/2 spins with the same
value on the vertices of the subgraph S. In particular, for every configura-
tion o of this kind, [V,1;(c)]? = 1 only if z is one of the (k + 2)/2 vertices
in Sy, with spin of the same sign of my(c); then we get

k+2

Dg(1y) < 0 pG(lmy| =1). (5.23)

Let us state the following

Lemma 5.4. For every > 0, there exists a finite integer ¢y = {y(3) and a
positive constant o, such that for every { > (g

pe(me| = 1) < e @o* (5.24)

Proof. Let us first consider the measure g conditioned to the spin at the
root 7. Using the notation up; () = pc(-|o, = +) (and analogously for

o, = —), we observe that u;" (jmy| = 1) = uy” (jmg| = 1) by symmetry,



5.5 Analysis of Glauber dynamics 101

and then we get

1 1 .-
pellml =1) = Sug"(Iml = 1) + 5 pg (Im] = 1)

2 2
= pg" (jmi| = 1)

k
< uet O ow<0). (5.25)

In this case, at the contrary of what happens when we consider the isolated
subgraph Si, the spins on the first level vertices remain correlated under
the measure ,ung, due to the possible presence of paths in V' \ {r} between
them. We thus introduce a second conditioning on the spin configuration
outside §k \ L. Given a configuration 7 € ),, we use the notation

N;;rﬁ_(') = Ng (- ‘Te}-sk\le) )

and then write

pet (> 0 <0) = Z“ "t ZJZ§O (5.26)

Since, by hypothesis, all paths from S to 5’2 intersect Ly, all variables o;

become independent w.r.t ;" +

/L;rJr( i =+)=pi
Mk o;=—)=1-p;

, with probabilities

and mean 4], " (

0;) = 2p; — 1, where p; also depends from 3 and 7.

Notice that foralli € {1,..., k}, p; corresponds to the probability to have
a (+)-spin on the end vertex z; of Z}, given a (+)-spin on its neighbor and 7-
b.c. on the other end vertex. Since the Z; are one dimensional systems, for
any 7-b.c. this probability can be explicitly computed using the method of
transfer matrix (see, e.g., [Sim]). In particular one can verify that for every
8 > 0, the influence of the 7-b.c. on the spin in z; has a fast decay in the
distance between them, which is equal to ¢ — 1. If we take ¢ big enough, o;
becomes independent from the 7-b.c., and thus the (+)-spin at its neighbor
makes the probability of {o; = +} bigger then the probability of {o; = —}.
Moreover this effect increases with 3. It follows that for all 3 > 0, there
exists a finite integer ¢y = ¢y(3) and a number £(3) > 0 such that for all
£> fo

1
mp o =4)=pi > 5 +€(B),  Vie{l,... .k} and VT €.
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If (X,-)f’:1 are independent Bernoulli random variables with P-mean p;,
then o; £ 2X; — 1 foralli € {1,...,k} and the sum Zle o; is distributed
as 27 — k, with Z = Zle X;. Using the Chernoff’s inequality for the sum
of independent Bernoulli variables Be(p;), we get

k
ppt O ei<0) = P(z<
1

(X pi - /2)? )

&
< exp —?k . (5.27)

2
Inequality (5.24) follows taking ag := %’, which is positive forall 3 > 0. [

IA
@

e

o

From inequality (5.23)and Lemma 5.4, we get D(I;) < (k + 2) e~ s,
Thus, for all § > 0 there exists an integer kq and a positive constant cg such
that, for all k¥ > kg, it holds

coap(fic) < (k+2) e 8% < ek (5.28)

This concludes the proof of step (i), in which we proved that for every
B > 0 there exist two finite integers ky and ¢, and a positive constant
cg such that, for all & > kg and ¢ > {y, if G contains an a.i. §k then
cgap(tic) < e~°s* . Moreover, since j¢ is the product measure over the com-
ponents of GG, denoting by C (§k) a connected component containing Sy it
holds cgap(uc(gk)) < e~¢s*, Notice that this implies

P(egap(pc) < e~k. cC G(n,c/n)) > P(a.i §k CC C G(n,e/n)),

where the event in the r.h.s. of the above inequality corresponds to the
existence of an a.i. S in the unique giant component C of G(n, ¢ /n).

Proof of (ii). Let us first consider the property that an a.i. Sy is contained
in G(n, ¢/n). Proceeding as in the proof of Theorem 5.19, we introduce the
random variable X, counting the number of copies of S, in G(n,¢/n) and
such that

P(a.i. S; C G(n,c/n)) =P(X; > 0).

To find the values of k such that P(X}, > 0) — 1, we use again the first

n—0o0

and second moment methods and then proceed by computing the mean and
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the variance of X L.
For every v € V, let us first define the event &, that an a.i. S rooted at v is
contained in G(n, c/n), i.e.

& = {ai Sy C G(n,c/n), Sy rooted at v} .

Denoting by ]1(,5,) the indicator function of 5), we thus get that X, =
Y vev 1(&,) and then, by linearity of expectation, E(X};) = Y vev P(&,).
The probability IP’(gv) can be expressed with some combinatorics as

~ n—1)\ (tk)! D (b1 (F 1)
P(E,) = ( . >(k:!) P (1 — p)E=DR+DE—(E=DR=D+("F )=tk ey

Remark 5.12. Notice that in this case the number of automorphisms of Sy
is k!, which corresponds to the number of possible orderings of the k lines Z}
connected to the root.

For finite ¢ and k = k(n) = o(n) such that k(n) T co as n — oo, substi-
tuting the value p = ¢/n and applying the Stirling formula for large n , we

obtain
P(&,) = e Flo8k (1 4 o(1)). (5.29)
Taking k = 0‘10?1%3 gn, with « a real positive number, we get
E(X)) = nexp(—klogk)(1+o(1)) = Q(n'~®). (5.30)
Thus if k£ < lolgofgogn, and in general for all k < Iogfgogn, the expectation of

X tends asymptotically to infinite. Anyway this is not enough to assure
that P(X;, > 0) — 1, but we need to compute Var(X},) in order to apply the
second moment method.

Using the same notation introduced in the proof of Theorem 5.20 and
applying the decomposition property (5.13) to Var()? 1), we obtain the anal-
ogous of formula (5.14), i.e.

Var(Xp) < p(1—p) > E(D) V.I(E))?. (5.31)
e=(z,y): veV

For any given edge ¢ = (x,y) we introduce the characteristic functions
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Xv=a> Xv=y a0d Xyg{zy} in the sum over v € V in (5.31), and obtain

E() VeI(&))? = E(Y VeIl(&)(Xvmz + Xomy + Xogfa}) )’

veV veV
< 2E(V (&) +E( Y VeI(&,))?
vg{z,y}
< 24E( ) VeI(&))?, (5.32)
v{z,y}

where in the second line, due to the fact that e is an unoriented edge, we
identified the quantities V,1(,) and Ve]I(gy), and in the last line we use
the bound (V. 1(£,))? < 1.

Remark 5.13. Due to the more difficult structure of Sj, with respect to Sy,
at this point we cannot perform the same computations as in the proof of
Theorem 5.19 (see Egs.(5.19)-(5.21)). In that follows, we thus simplify the
analysis bounding in a suitable way the quantities that are more difficult to
analyze, as just made in (5.32). With this approximation, we probably lose a

—klogk in front of every terms. Nevertheless, the effect of this

factor of order e
loss is a worsening (increase) of the value of the constant ¢, in the statement

of Theorem 5.20 that doesn’t modify the validity of the theorem.

From (5.32), it remains to analyze the quantity E (}_,qr, V(&) )2
We first observe that for a given edge e = (z,y) and for any vertex v ¢ {z,y},
Ve 1(&,)(G) # 0 only if there exists a path « in G from at least one of the
two end-vertices of e and v, whose length is at most ¢ — 1. Otherwise the
structure of the /-neighborhood of v remains unchanged by switching the
value of 7.. Notice also that since v ¢ {x,y}, the length of this path is at
least 1.

Denoting by 1,.,.., and by I,.,., the indicator functions of the events
{FvelG: vz —v,|y|<fl—-1}and{Iye G :y:2x — v, |y <l-1},
respectively, it holds

E[ Y V@) € E[ S (Liavw+ Ly VeI(E) 2
vg{z,y} vg{z,y}

El > (Lypew + Lyyio) ]2
vg{z,y}

= 2 > E(lyzw) + > E(Maolyy0)(5.33)

v {z.y} vwgfza)

IN
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where in the second line we used the obvious bound V. 1(&,)(G) < 1.

The quantity £(1,.,..,) corresponds to the probability that there exists
a path in G, between z and v, with length at most £ — 1. With some combi-
natorics and applying the Stirling formula for large n, we get

-1 -1 ;
E(]LY:M)=Z<”._2) =n ) - !(1+o(1))]=%(c()+o(1)),

(5.34)
where ¢y is a finite constant. We assume from now that the particular value
of ¢y may change from line to line as the discussion progresses.

The event 1. ,,.,1,.,.., can be view as the disjoint union of the follow-
ing two events:

1. there exists a path v : x — v of length at most / — 1 and at least 2,
such that y € ;

2. there exists a path v : x — v of length at most ¢ — 1 such that y & ~,
and for some z € ~, a path 7/ : z — y such that the length of +/ is at
most { — 1 —dy(z,x) < ¢ —1.

Then it holds the following computation

/-1

SUBISIEE o{ (905 3{ (17 Z( s

~
—_

1 ot

) i

= n?(1+o(1)) G cj) Z (5 — 1Y 1—1)}

[|
v

J Ji=1

= e +o(1), (5.35)

where we first expressed by combinatorics the probability of the two disjoint
events described above, and then we applied the Stirling formula for large
n and finite /. Inserting the result of these computations in (5.33) and
summing over the vertex sets, we get

> VeI(&)]? < co+o(1) (5.36)
vg{z,y}

that together (5.31) and (5.32) yields

Var(X;) < p(1—p)n? (co + o(1)) = n(co + o(1)). (5.37)
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Taking k& = alog’i gn with @ < 1, or in general for all k increasing with n
but such that k <« %m?fgo gn, and applying the second moment method, from

(5.30) and (5.37) we get

P(X; = 0) < Var(Xy,)/E(X;)? < (ne 28198%) (¢ + o(1)) — 0,

n—oo

which prove that P( ai. Sy C G(n,¢/n)) — 1.

n—oo

To complete the proof of step (ii), we now have to strengthen the state-
ment above, and compute the asymptotic probability of the event

{ai S, CCCG(nc/n)}.

For A € N, let us introduce the symbol A « n if there exists a positive real
number ¢ such that A = en, and notice that the event "there exists an a.i.
S), contained in the unique giant component C” is asymptotically equivalent
to the event { a.i. S, C G(n,c/n), |C(Sy)| x n}. Then we define

o :={ ai. S, C G(n,c/n), Sy rooted at v, |C(Sk)| o n}

and let Y}, denote the random variable counting the number of a.i. §k such
that C(S)) x n, i.e. Yy = > vey I(Gy) - Since, by definition,

P(a.i. Sy CCC G(n,e/n)) = P(Yy >0) = 1—P(Y;, =0),

if we prove that P(Y;, =0) — 0, the proof of step (ii) will follows.

We first consider the event ¢, and notice that by definition it holds that

1(¢,) = 1(&,)I(|C(v)| o n) where C(v) denotes the connected component
of v. Moreover, since for any given vertex v € V there exists at most one
almost isolated §k rooted at v, we can express the event Ek as the union of
disjoint events as follows.
We label the vertices of Sj, from the first to the ¢-th level, in such a way
that the vertices in the first level are labeled from 1 to &, the vertices in
the second level are labeled from k 4 1 to 2k, and so on until the vertices
in the ¢-th level, which are labeled from (¢ — 1)k + 1 to (k. For any & =
(z1,..., zg) € V', we denote by {S; = (v,Z)} the event that G(n,c/n)
contains an almost isolated S), with vertex set specified by (v, z1,..., Zsu).
We can write &, = Uievfk{gk = (v, )} and then
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1(¢y) = &) U(ICw)| oxn) = Y WSk = (v,2))L(IC(v)] o ).
zeVik
With this notation, the probability of (, can be express in the more conve-
nient form

P(¢) = ZP@ = (v,2), [C(v)| ox n)
= Z]P’(gk = (v,7), [C(ze)| < n)
= qucmk)\ x n| Sy = (v,2))P(Sy = (v, 7)) (5.38)

Since x4 is vertex on the /-th level, the conditioning on the existence of
S, = (v,z) does not affect the Bernoulli random variables associated to
edges from x4, to V' \ Si. Thus, for any given Sp = (v, ), we consider the
random graph G(n—(k, ¢/n) obtained from G(n, ¢/n) cutting all the vertices
in S, but x4, and denoting by P_ its probability measure, we get

P(|C(xe)| o< n| Sy = (v,7)) > P_(|C(ze)| x n — Ck).

For all £ < n, the probability in the r.h.s. of the last inequality corresponds
asymptotically to the probability that a given vertex belongs to the giant
component of G(n — lk,c/n).

We now observe that for any ¢y > 1 the probability that a given vertex in
G(n — Lk, co/n — Lk) belongs to the giant component is equal to p(1 + o(1)).
Taking ¢y = ¢ — (¢ — 1)/2, where ¢ > 1 by hypothesis, then ¢y > 1 and
for large n it holds that % = —<- (1 - $1) < < (1 - %) = ¢ In
particular, the probability that a vertex belong to the giant component in
G(n — Lk, c/n) is bigger then the same probability in G(n — ¢k, co/(n — Ck)),
and thus it holds

P(IC(zar)| o< n | S = (v,2)) = p(1+o(1)).

Inserting this bound in (5.38) we can conclude the computation and obtain

P(¢) > p(1+o(1)P(&,) (5.39)
The first immediate consequence of(5.39) is that E(Y},) > p(1 + o(1))E(X})
and in particular, if £k = alog’lgogn with o < 1, it holds

E(Y:) = Q(n'™®) — 0. (5.40)

n—oo
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To apply the second moment method we now have to compute Var(Y}).
With the same notation introduced in the proof of Theorem 5.20 and apply-
ing the decomposition property (5.13) to Var(Y}), we obtain the formula

Var(Yi) < p(1—p) > E(D_ V.I(G)). (5.41)
e=(z,y): veV

For any given edge e = (x,y) we introduce the characteristic functions
Xv=z> Xv=y and Xog{zy} N the sum over v € V in (5.41), and obtain

E(Y Vel(()? = E(D Vel(C)(Xvmz + Xomy + Xog{oy}) )’
veV veV
< 2E(VI(G)?+E( Y Vel
vé{rﬁy}
< 24E( ) Vel(G))?, (5.42)
v {w,y}

where in the second line, due to the fact that e is an unoriented edge, we
identified the quantities V.1((,) and V.1I((,), and in the last line we use
the bound (V.1({;))? < 1. Writing the gradient V.1(¢,)(G) as

Vel(G)(G) = [VeI(€)(GNI(IC(v)] o n)(GC) + [VI(|C(v)] o n)(G)]T(£,)(G)
< VI(E)(G) + Ve I(IC(0)] o n)(G)

and inserting the result in the last line of 5.42, we get

E() Vel(G)® < 24E( Y VI(&)+ VI(IC(v)] x n))?

veV ve{z,y}
< 242E( Y VeI(&)P+2E( D VI(C(v)| o n))?
v@{z,y} v{z,y}
< co+o(l)+2E( > VI(|C(v)] xn))?, (5.43)

v {z,y}

where in the last line we use the bound (5.36).

Now we observe that the gradient V.I(|C(v)| « n)(G) # 0 only if the
connected component C(v) has size proportional to n in G or in G¢, but
it has size o(n) in the graph G \ {e}. In other words, cutting e then v is
disconnected from the component of size proportional to n both in G and
G*°. Since e = (z,y), this event can be described as the existence in G \ {y}
of a component |C(v)| = o(n) such that C(v) > z or as the existence in
G \ {z} of a component |C(v)| = o(n) such that C(v) > y. By the symmetry
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between = and y we can just consider the first case and then, denoting by
P~ and E~ respectively the probability and the mean on the random graph
G(n — 1,¢/n), obtained from G(n, c/n) cutting y, we get

E( Y Vel(C@)ocn))? =E (Y Uz €C(v); [C(v)] = o(n))”.
v {z.y} v
Moreover, since a.a.s G(n — 1,¢/n) has a giant component of size propor-
tional to n whereas the size of the other components is at most of order
logn, we can write I(x € C(v); |C(v)] = o(n)) as the indicator function
I(7, : v+— z) of the event that there exists a path ~ from v to z of length at
least 1 and at most log n. Then we get

E( Y Vel(IC(v)] ocn))® SET(Y Xy : v )

vé{z,y} vFET
< Z]P’_('yn:v»—mv)+ZP_(vn:v»—)x;yn:wr—uE). (5.44)
v;é:c v,ﬂ;ué;éz

To compute these two probabilities, we perform essentially the same com-
putations as in (5.34) and (5.35). In particular we get

logn _ . logn C'
P o) =Y (1) =i Y Sy el)] = e oln).
=1

j—1 = (-
(5.45)
P (yp:v o, w—r) <
logn n— logn logn j _3
< i
< L (o R (e (20
logn Cj logn Cj+l
_ -2
= n [Z<j_2)!(1+0 +lognz TCE] (1+0(1)]
j=2 Jyi= l
logn
= e +o(1)). (5.46)

Collecting formulas from (5.43) to (5.46) we get that E (>, -, V1((y) )2 <
logn (co + o(1)), which inserted in (5.41) yields

Var(Yy) < nlogn (co +o(1)).

Together with the bound in (5.40) we finally obtain that for all k¥ = alog’ign
and o < 1/2 it holds
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nlogn (co + o(1)) — O Ylogn — 0

P(Yr =0) <
Yz =0) < p2n2e—2klogk oo

which implies that P(a.i. S, € C C G(n,¢/n)) = P(Y; > 0) — 1, and
then concludes the proof of step (ii).

The statement of Theorem 5.20 will now easily follows.
Indeed, in step (i) we proved that for all 5 > 0 there exist two finite integers
ko and ¢y and a positive constant cg such that, for all £ > ko and ¢ > £y,

P(Cgap(ﬂc@k)) < e %) > P(ai Sp € G(n,c/n)),

while in step (ii) we proved that for all finite integer ¢ and all integers k

increasing in n and such that £ < %10?1% gn, it holds

P(a.i. S, CCC G(n,¢/n)) — 1.

n—oo

logn
loglogn

logn
loglogn

Taking k = o and §,, = exp (—acg ), with a € (0, 3), we get

P(cgap(pic) < 0n;C € G(n,¢/n)) > P(ai. S, CC C G(n,¢/n)) — 1,

n—oo

which completes the proof of Theorem 5.20. O

From Theorem 5.20 we can conclude that a.a.s the relaxation time of the
Ising Glauber dynamics on the giant component of G(n,c/n) is increasing
in n for all 8 > 0.

5.5.4 Slow mixing on regular random graphs at low tempera-
tures

Here we consider the Glauber dynamics for the Ising model on the ran-
dom r-regular graph G(n, ), with » > 3 and rn an even number.
Let i € (0,1) such that 247 < (1 —7)0="(147)1*7) and recall (see section
5.4.2) that a.a.s. G(n,r) has isoperimetric constant i, > (1 — n)r/2.
Introducing the symbol o« = (1 — n)r/2, we state the following:

Theorem 5.21. For every 3 > log2/a, there exists a constant cg such that
a.a.s. the spectral gap of the Ising model Glauber dynamics on G(n,r) is less
then §,, = exp (—cgn), i.e.

lim P(cgap(pa) < 0p) =1 (5.47)

n—oo
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Remark 5.14. To better appreciate this result, one should keep in mind that
the relaxation time of the Glauber dynamics on deterministic almost regular
graphs, like the lattice Z% and the regular tree T, grows less then exponentially
in the size of the graph. Indeed, as described in Chapter 3, the relaxation time
on n-vertex squares of Z% is at most exponential in nd%-tl, and even, on n-vertex
balls in the regular trees T or in the hyperbolic graphs H(v, s), it grows at
most polynomially in n. Thus, the dynamics on random regular graphs shows
a different behavior with respect to the correspondent deterministic case.

Proof. To prove the statement, we want to exploit the variational definition
of spectral gap, and then provide a suitable test function with a very slow
relaxation. Let us consider the magnetization of a configuration o € ,,
defined by m(o) = > 0., and then introduce the following characteristic
function

I (o) = 1 ifm(o) >0

{m>0} 0 ifm(a) <0

Without loss of generality, we can restrict the analysis to odd n values. Since
in this case my(c) # 0 for all o, by symmetry it holds that Varg (1) =
1/4 so that the spectral gap is bounded as cgqp (1) < 4De(1;). We thus
concentrate on the Dirichlet form

De(Tpsgy) = %Z 16 (e [VaTgmony?) -
zeV
We first observe that V,1y,,~0(0) # 0 only if o is such that |m(o)| = 1,
namely for configurations o having (n + 2)/2 spins with the same value.
Moreover, for every configuration o of this kind, [V, 1,,,~0y ()] = 1 only if
x is one of the (n + 2)/2 vertices with spin of the same sign of m(c); then
we get

n-+2 n+2
= nellml =1) <

Da(Igmsoy) < pe(m =1). (5.48)

Let us analyze the probability ug(m = 1).
For every configuration o such that m(o) = 1, we define the subsets

Vi) ={zeVsto,=+} and V (0) = {z€V st.o, =},

and we observe that, from the condition m(s) = 1, it holds that |V *(o)| =
(n+1)/2 and [V~ (0)| = (n — 1)/2. Thus, any configuration with magne-
tization equal to 1, is univocally correspondent to a partition of the vertex
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set V in two subsets A and B of size (n + 1)/2 and (n — 1)/2, respectively.
Moreover, if o is a configuration such that V* (o) = A and V~(¢) = B, and
we denote by F(A) and E(B) the edge sets in the induced subgraphs of A
and B respectively, and by F(A, B) the set of edges between A and B, we
can write the Hamiltonian of o as

Hg(o) = —([E(A)[+ [E(B)|) + |E(A, B)|.

Denoting by P the set of partitions of V' in two subsets (A, B) such that
|A| = %t and |B| = , it holds the following computation

P ]
pe(m=0) = am%:o Za(PB)
T exp(B(E(A)] + \E B)| - |E(A, B)|))

(A,B)eP

Z exp(B(|E (A)|+‘E(B)| ‘ ( B))))
' mep SPBIEA)] +E(

= Y exp(-2B|E(A,B))). (5.49)

(A,B)eP

IN

We now observe that |E(A, B)| = |0gA|, the edge boundary of A. Thus, if G
has isoperimetric constant i.(G) > ¢, with 0 a positive real number, it holds

the bounds
n + 1

|E(A, B)| > 6|A| = §

and then, continuing from (5.49), we get

pa(m=0) < Z e~ Bo(nt1)
(A,B)eP

n — n
_ <n+1>e Ba(n+1)
2

2716—,6 5(n+1)

IN

ef(ﬁéflogZ)n , (550)

where in the third line we approximated the binomial factor using the Stir-
ling formula for large n.

Inserting this bound in 5.48, we get that for all G such that i.(G) > ¢ and
for all 3 > '°62, there exists a positive constant ¢z such that

2
Dg(]l{m>0}) < n;— e_(35—10g2)”(1 + 0(1)) <e ",
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which implies that g4, (11a) < €™, or in other words that
Plegap(pic) < e”") > P(ie(G) = 0) .

Taking 0 = « and recalling that a.a.s. i.(G) > « (see Theorem 5.18), it

follows that for all 3 > 105 2| there exists a positive constant ¢ such that

B(cgap(iic) < e™™) > B(ie(G) > a) — 1,

and thus Theorem 5.21 follows taking 4,, = e~ ", O



114 5. Stochastic Ising Model on Random Graphs




Bibliography

[Aiz] M. Aizenman, Translation invariance of phase coexistence in the two

[Al]

[AY]

[AP]

[AR]

[AS]

[Bo]

dimensional Ising system, Comm. Math. Phys. 73 (1980), 83-94.

D. Aldous Random walks on finite groups and rapidly mixing Markov
chains, Lecture Notes in Math., Springer, 986 (1983), 243-297.

K. S. Alexander, N. Yoshida The spectral gap of the 2-D stochastic Ising
model with mixed boundary conditions, J. Statist. Phys., 104 (2001),
89-109.

D. Achlioptas, Y. Peres, The threshold for random k-Sat is 2¥log?2 —
O(k), Journal of the AMS (2004), 947-973.

D. Achlioptas, E Ricci-Tersenghi, On the solution-space geometry of ran-
dom constraint satisfaction problems, Proc. of the 38-th annual ACM
symposium on Theory of computing (2006), 130 - 139

N. Alon, J. Spencer The probabilistic method, Wiley-Interscience Series
in Discrete Mathematics and Optimization, Wiley-Interscience, New
York, second edition (2000).

B. Bollobas, Random Graphs, volume 73 of Cambridge Studies in Ad-
vanced Mathematics, Cambridge University Press, Cambridge, second
edition (2001).

[Bol] B. Bollobas A probabilistic proof of an asymptotic formula for the num-

ber of labelled regular graphs, Europ. J. Combinatorics, 1 (1980), 311-
316.

[Bo2] B. Bollobas The evolution of random graphs, Trans. Amer. Math. Soc.,

286 (1984), 257-274.

115



116 BIBLIOGRAPHY

[Bo3] B. Bollobas The isoperimetric number of random regular graphs, Eu-
rop. J. Combinatorics, 9 (1988), 241-244.

[Bod] T. Bodineau, Translation invariant Gibbs states for the Ising model,
Probab. Theory Relat. Fields (2006), 135, 153-168.

[BC] E.A. Bender, E.R. Canfield, The asymptotic number of labeled graphs
with given degree sequences, J. Combin. Theory Ser. A (1978), 24, 296-
307.

[BCMN] C. Borgs, J. Chayes, S. Mertens, C. Nair, Proof of the local REM
conjecture for number partitioning I: constant energy scales, cond-
mat/0501760, (2005)

[BD] R. Bubley, M. Dyer Path Coupling: a technique for proving rapid mixing
in Markov Chains, Proc. of the 28th Annual Symposium on Founda-
tions of Computer Science (1997), 223 - 231.

[BK] R. M. Burton, M. Keane Density and uniqueness in percolation, Comm.
Math, Phys. 121 (1989), 501-505.

[BKMP] N. Berger, C. Kenyon, E. Mossel, Y. Peres, Glauber dynamics on trees
and hyperbolic graphs, Proc. of the 42nd IEEE Symposium on Founda-
tions of Computer Science (FOCS 2001), 568-578.

[BM] T. Bodineau, E Martinelli, Some new results on the kinetic Ising model
in a pure phase, J. Stat. Phys. 109 no. 1-2 (2002), 207-235.

[BS] 1. Benjamini, O. Schramm, Percolation beyond Z¢, many questions and
a few answers, Electron Comm. Probab. 1 (1996), 71-82.

[BS2] I.Benjamini, O. Schramm, Percolation in the hyperbolic plane, J. Amer.
Math. Soc. 14 (2001), 487-507.

[BS3] I. Benjamini, O. Schramm, Recent progress on percolation beyond Z¢,
J. Amer. Math. Soc. 14 (2001), 487-507.

[BRZ] P M. Bleher, J. Ruiz, V. A. Zagrebnov, On the purity of the limiting
Gibbs state for the Ising model on the Bethe lattice, J. Statist. Phys. 79
(1995), 473-482.



BIBLIOGRAPHY 117

[Ces] E Cesi, Quasi-factorization of the entropy and logarithmic Sobolev in-
equalities for Gibbs random fields, Probab. Th. Rel. Fields 120 (2001),
569-584.

[CGMS] E Cesi, G. Guadagni, E Martinelli, R. Schonmann, On the 2D
Stochastic Ising Model in the phase coexistence region near the critical
point, J. Stat. Phys. 85 (1996), no 1-2, 55.

[CMM] E Cesi, C. Maes, E Martinelli, Relaxation to equilibrium for two di-
mensional disordered Ising systems in the Griffiths phase, Comm. Math.
Phys., 189 (1997), 323-335.

[Di] R. Diestel, Graph Theory, Graduate Texts in Mathematics, Volume 173,
Springer (2000).

[Do] R.T.L.Dobrushin, Gibbs state describing coexistence of phases for a three-
dimensional Ising model, Theory Probab. Appl. 17 (1972), 582-600.

[Do2] R.TL. Dobrushin, An investigation of Gibbsian states for three-
dimensional lattice systems, Teor. Veroytn. Primen. 18 (1973), 261-279.

[DS] R.T.L. Dobrushin, S. Shlosman The problem of translation invariance
of Gibbs states at low temperatures, Mathematical physics reviews, 5,
53-195, Soviet Sci. Rev. Sect. C Math. Phys. Rev. 5, Harwood Academic
Publ., Chur (1985).

[Er] P Erdos, Some remarks on the theory of graphs., Bull. Amer. Math. Soc.,
53 (1947), 292-294.

[EFS] A. C. D. Van Enter, R. Fernandez, A. D. Sokal Regularity proper-
tiesand pathologies of position-space renormalizations-grop transforma-

tions: scope and limitations of Gibbsian theory, Journal of Stat. Phys.
72 (1993), Nos 5/6 879.

[ER1] P Erdos, A. Rényi, On random graphs, Publ. Math. Debrecen, 6
(1959), 290-297.

[ER2] P Erdos, A. Rényi, On the evolution of random graphs, Magyar. Tud.
Akad. Mat. Kutato Int. Kozl, 5 (1960), 17-61.

[ER3] P Erdos, A. Rényi, On the evolution of random graphs, Bull. Inst. In-
ternat. Statist., 38 (1961), 343-347.



118 BIBLIOGRAPHY

[ER4] P Erdos, A. Rényi, On the strength of connectedness of random graphs,
Acta Math. Acad. Sci. Hungar., 12 (1961), 261-267.

[Fr] J. Frohlich, Mathmatical aspects of the physics of disordered systems,
In Phénoménes critiques, systémes aléatoires, théories de jauge, Part I,
II (Les Houches, 1984), 725-893. North-Holland, Amsterdam (1986).
With the collaboration of A. Bovier and U. Glaus.

[FH] D. Fisher, D. Huse, Dynamics of droplet fluctuations in pure and random
Ising systems, Phys. Rev. B 35 no. 13 (1987), 6841-6846.

[Ge] H.-O. Georgii, Gibbs measures and Phase Transitions, de Gruyter, New
York (2000).

[Gr] G. Grimmett, Percolation, Springer, Berlin, second edition (1999).

[Gro] L. Gross, Logarithmic Sobolev inequalities, Amer. J. Math. 97(4)
(1975), 1061-1083.

[GHM] H.-O. Georgii, O. Hiaggstrom, C.Maes, The random geometry of equi-
librium phases, Volume 18 of Phase Transitions and Critical Phenom-
ena, Academic Press, London (2001), 1-142.

[GN] G. Grimmett, C.M. Newman, Percolation in +1 dimensions, in Disorder
in Physical Systems (G.R. Grimmett and D.J.A. Welsh, eds.), Oxford
University Press, New York (1990), 167-190.

[GZ] A. Guionnet, B. Zegarlinski, Lectures on logarithmic Sobolev inequali-
ties, Volume XXXVI of the Seminaire de Probabilité Lecture Notes in
Math., Springer, Berlin 1801 (2000), 1-134.

[H] O. Haggstrom, The random-cluster model on a homogeneous tree,
Probab. Th. Rel. Fields 104 (1996), 231-253.

[H2] O. Haggstrom, Zero-temperature dynamics for the ferromagnetic Ising
model on random graphs, Physica A 310 (2002), 275-284.

[Hi] Y. Higuchi, On the absence of non-translation invariant Gibbs states for
the two dimensional Ising model, in Random Fields (Esztergom, 1979),
J. Fritz, J. L. Lebowitz and D. Szsz, eds. (Amsterdam, North-Holland,
1981), Vol. 1, 517-534.



BIBLIOGRAPHY 119

[HJL] O. Haggstrom, J. Jonasson, R. Lyons, Explicit Isoperimetric Constants
and Phase Transitions in the Random-Cluster Model, Ann. Probab. 30
(2002), no. 1, 443-473.

[HS] T. P Hayes, A. Sinclair, A general lower bound for mixing of single-site
dynamics on graphs, Proc. 46th IEEE Symposium on Foundations of
Computer Science (2005), 511-520.

[HSS] O.Haggstrom, R. H. Shonmann, J. E. Steif, The Ising model on diluted
graphs and strong non amenability, Ann. Probab. 28 (2000), no. 1,
1111-1137.

[lo1] D. Ioffe, A note on the extremality of the disordered state for the Ising
model on the Bethe Lattice, Lett. Math. Phys. 37 (1996), 137-143.

[lo2] D. Ioffe, Extremality of the disordered state for the Ising model on gen-
eral trees, Prog. Probab. 40 (1996), 3-14.

[Je] M. Jerrum, Mathematical foundations of the Markov chain Monte Carlo
method, in Probabilistic methods for algorithmic discrete mathematics,
Springer, Berlin (1998), 116-165.

[Jo] J. Jonasson, The random cluster model on a general graph and a phase
transition characterization of nonamenability, Stoch. Proc. Appl. 79
(1999), 335-354.

[JLR] S. Janson, T. Luczak and A. Rucinski, Random Graphs, Wiley, New
York (2000)

[JeS] M. Jerrum, A. Sinclair Approximating the permanent, Siam Jour. Com-
put. 18 (1989), 1149-1178.

[JS] J. Jonasson, J.E. Steif, Amenability and phase transition in the Ising
model, J. Theor. Probab. 12 (1999), 549-559.

[Kes] H. Kesten, Percolation theory for mathematicians, Birkhauser, New
York (1982).

[La] S. Lalley, Percolation on Fuchsian groups, Probab. Stat. 34 (1998), 151-
178.

[Lig] T. M. Liggett, Interacting particle systems, Classics in Mathematics,
Springer-Verlag, Berlin (2005).



120 BIBLIOGRAPHY

[Lin] T. Lindvall, Lectures on the coupling method, Wiley Series in Probability
and Mathematical Statistics: Probability and Mathematical Statistics,
Wiley-Interscience Publication, New York (1992).

[Lyl] R. Lyons, The Ising model and percolation on trees and tree-like graphs,
Comm. Math. Phys. 125 (1989), 337-353.

[Ly2] R.Lyons, Phase transitions on Nonamenable Graphs, J. Math. Phys. 41
(2000), 1099-1126.

[LRS] M. Luby, D. Randall, A. Sinclair, Markov chain algorithms for planar
lattice structures, Proc. 36th IEEE Symposium on Foundations of Com-
puter Science (1995), 150-159.

[LS] R.Lyons, O. Schramm, Indistinguishability of percolation clusters , Ann.
Probab. 27 (1999), no. 4, 1809-1836.

[Mag] W. Magnus, Noneuclidian tesselations and their groups, Academic
Press, New York and London (1974).

[Mar] E Martinelli, Lectures on Glauber dynamics for discrete spin mod-
els, Lectures on probability and statistics (Saint-Flour, 1997), Lecture
Notes in Math., Springer, Berlin, 1717 (1998), 93-191.

[Marl] E Martinelli, On the two dimensional dynamical Ising model in the
phase coexistence region, Journ. Stat. Phys., 76 No. 5/6 (1994).

[Mar2] E Martinelli, Relaxation times of Markov Chains in Statistical Me-
chanics and Combinatorial Structures, Encyclopedia of Mathematical
Sciences, Vol. 110, Springer (2003).

[Mo] R. Monasson, Statistical Physics of the Random Graph Model, In Algo-
rithms Seminar 97-98 (1998), B. Salvy, Ed., vol. 3504 of Inria Research
Report, 57-62.

[MM] M. Meézard, A. Montanari Constraint Satisfaction Networks
in Physics and Computation, book in preparation, available
http://ipnweb.in2p3.fr/ Iptms/membres/mezard/.

[MMZ] M. Mezard, T. Mora and R. Zecchina, Clustering of solutions in ran-
dom satisfiability problem, Phys. Rev. Lett. 94 (2005), pp. 197-205.



BIBLIOGRAPHY 121

[MO1] E Martinelli, E. Olivieri, Approach to equilibrium of Glauber dynamics
in the one phase region I: The attractive case, Comm. Math. Phys. 161
(1994), 447-486.

[MO2] E Martinelli, E. Olivieri, Approach to equilibrium of Glauber dynamics
in the one phase region II: The general case, Comm. Math. Phys. 161
(1994), 487-514.

[MOS] E Martinelli, E. Olivieri, R. H. Schonmann, For 2-D lattice spin sys-
tems Weak Mixing Implies Strong Mixing, Comm. Math. Phys. 165
(1994), 33-47.

[MP] M. Mézard, G. Parisi, The Bethe lattice spin glass revisited, Eur. Phys. J.
B 20 (2001), 217.

[MSW] E Martinelli, A. Sinclair, D. Weitz, Glauber dynamics on trees: bound-
ary conditions and mixing time, Commun. Math. Phys. 250 (2004),
301-334.

[NS] C. M. Newman, L. S. Schulman, Infinite clusters in percolation models,
J. Stat. Phys. 26 (1981), 613-628.

[NW] C. M. Newman, C.C. Wu, Markov fields on branching planes, Probab.
Th. Rel. Fields 85 (1990), 539-552.

[Pre] C. J. Preston , Gibbs states on countable sets, Cambridge Tracts in
Mathematics 68, Cambridge University Press, London (1974).

[RNO] R. Rietman, B. Nienhuis, J. Oitmaa, Ising model on hyperlattices, J.
Phys. A: Math. Gen. 25 (1992), 6577-6592.

[RV] A. Rucinski, A. Vince, Balanced graphs and the problem of subgraphs of
a random graphs, Congressus numerantium 49 (1985), 181-190.

[Sa] L. Saloff-Coste, Lectures on finite Markov chain, Lectures on probability
and statistics (Saint-Flour, 1996), Lecture Notes in Math., Springer,
Berlin, 1665 (1997), 301-413.

[Sch] R. H. Schonmann, Multiplicity of Phase Transitions and mean-field crit-
icality on highly non-amenable graphs, Comm. Math. Phys. 219 (2001),
271-322.



122 BIBLIOGRAPHY

[Sim] B. Simon, The statistical mechanics of lattice gases, Vol. I, Princeton
Series in Physics, Princeton University Press, Princeton, NJ (1993).

[Sp1] J. Spencer, Threshold spectra via the Ehrenfeucht game, Proceedings,
ARIDA III, New Brunswick, N.J., Discrete Appl. Math., 30 (1988), 235-
252.

[Sp2] J. Spencer, Nine lectures on random graphs, Lecture Notes in Math.,
Springer, Berlin, 1541 (1993).

[Spi] E Spitzer, Markov Random Fields on an infinite Tree, Ann. Prob. 3
(1975), no. 3, 387-398.

[St] D. W. Stroock, Logarithmic Sobolev inequality for Gibbs states, Dirichlet
forms (Varenna, 1992), Lecture Notes in Math. , Springer, Berlin, 1563
(1995), 194-228.

[SS] C. M. Series, Ya. G. Sinai, The Ising model on the Lobachevsky plane,
Comm. Math. Phys. 128 (1990), 63-76.

[SU] E. Shamir, E. Upfal, On factors in random graph, Israel J. Math. 39
(1981), 296-302.

[SZ] D.W. Stroock, B. Zegarlinski, The logarithmic Sobolev inequality for dis-
crete spin systems on a lattice, Comm. Math. Phys. 149 (1992), 175-
194.

[Th] L. E. Thomas, Bound on the mass gap for a stochastic contour model at
low temperature, J. Math. Phys. 30 (1989), 2028-2034.

[Wei] D. Weitz Combinatorial criteria for uniqueness of the Gibbs measure,
Random Structure & Algorithms 27 (2005), no. 4, 445-475.

[Wo] N.C. Wormald Models of random regular graphs, in Surveys in Combi-
natorics (1999), J. D. Lamb and D. A. Preece, eds., 239-298.

[Wol] N.C. Wormald The asymptotic connecticity of labelled regular graphs,
J. Combin. Theory Ser. B 31 (1981), 156-167.

[Wo2] N.C. Wormald The asymptotic distribution of short cycles in random
regular graphs, J. Combin. Theory Ser. B 31 (1981), 168-182.



BIBLIOGRAPHY 123

[Wu] C. C. Wu, Ising models on Hyperbolic Graphs, J. Stat. Phys. 85 (1997),
251-259.

[Wu2] C. C. Wu, Ising models on Hyperbolic Graphs II, J. Stat. Phys. 100 nos.
5/6 (2000), 893-904.

[var] C. Ané S. Blachere, D. Chafai, P Fougeres, 1. Gentil, E Malrieu, C.
Roberto, G. Scheffer, Sur les inégalité de Sobolev logarithmiques, Soc.
Math. de France, Paris (2000).



