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1 Classical Lattice Systems

Statistical mechanics deals with the task of trying to make macroscopic quantities (usually
thermodynamic ones) emerge from the prescription of a very large system of microscopic entities
and the interactions between them. It turns out that those macroscopic quantities do not de-
pend sharply on the explicit details of the microscopic state, but arise as averages in the set of
such “microstates". So, in order to achieve our goal, it is necessary to know the probability of
occurrence of each microstate. Well known physical arguments may be used to loosely “derive"
this distribution, named as Gibbs distribution, which tends to be proportional to e ?# where
is the inverse of the temperature and H is the Hamiltonian, that is, the energy of the microstate,
as will be better developed later.

One of the most important features of real systems, however, that we would like to reproduce
is the phenomenon of phase transition, which usually is manifested by the non-analyticity of a
function called pressure. It turns out that systems of finite particles have analytical pressure and
thus lack genuine phase transitions. The critical procedure is to take the so called thermodynamic
limit, that is, to take the limit of the number of particles going to infinity, in order to the critical
behavior become apparent.

Among the models of microscopic systems, the easiest ones to mathematically deal with are
the lattice systemsﬂ This case consists of a set of particles, each one lying at a site of a lattice
L, usually taken to be £ = Z? (endowed with the L' norm), in contrast to continuum systems,
where the scenario is usually taken to be R?. In the classical setting (the one that we will treat
in this text), each particle/site has a set of possible states called state space. Those systems can
model more realistically, for example, crystal structures of atoms with spins. By its simplicity,
it is one of the most developed branches and the Ising model, being the most studied one in all
statistical mechanics, will be our focus. This model has {—1,1} as state space corresponding to
“spin up" and “spin down" and was proposed around 1920 by the physicist Lenz for the PhD
thesis of one of his students, Ising, as a simplified way of dealing with ferromagnetic systems.

1.1 State Space

Before diving deeper in the Ising model, we are going to talk a little about classical lattice systems
in more generality. The state space will be a probabilityﬂ space (S, Fo,v) where Sy is a polish
space, Fo is the borel sigma-algebra and v is called “a priori distribution". In most cases, Sy is
a finite set with the discrete metric, Fy, = 2% and v is the uniform measure. This will always
be the case in the following examples where Sy is finite. The examples of state spaces presented
below refer to models that are actually of interested in the area. We remark that to complete
describe a model we should also offer the hamiltonian, which will be done later. We assume that
L = Z% in every example.

'We mention en passant that lattice systems may be generalized a little further replacing the lattice with some
arbitrary graph.

2For the sake of completeness and to please the more demanding readers, we say that there are relevant
situations where the measure space in question is not a probability one. For example, we may have (R, B, \)



( Examples - State Space W

Example 1.1. (Ising Model) As already discussed, Sy = {—1,1}, corresponding
to spin up and spin down states.

Example 1.2. (Lattice Gas) Sy = {0,1}. In this model, each vertex of the lattice
must be seen as a site where may or may not have some particle. Naturally, the
state 0 stands for no occupation and 1 stands for a site occupied. As one might
imagine, the state space is “isomorphic” to the Ising space, and there is in fact
huge similarities in these two models

Example 1.3. (Potts Model) Slightly generalization of the Ising model taking
account of a system with q spins. Viewing strictly as a spin model, the state space
should be rigorously something like So? = {(cos(6,),sin(6,)) € R% 0, = 27mn/q}.
But, more generally (and to simplify the things a bit) we will regard the space just
abstractly as Sp? = {1, ...,q}.

Example 1.4. (n-vector model) In this model Sy is the (n — 1)—sphere of R™
where the a priori measure is Lebesque (naturally, with the borel o—algebra). In
the case where n = 1 this model is just Ising, in n = 2 it is called XY model and
for n =3 we call it Heisenberg model.

Example 1.5. (Gaussian Free Field Model) In this case Sy = R, Fy is the usual
borel c—algebra and the a priori measure has gaussian distribution. This model
can be generalized in order to get Sy = RV

Example 1.6. The discrete gaussian model and the solid-on-solid model (SOS)
uses Sy = 7, with Fo = 2.

1.2 Configuration Space

The configuration space (S, F) is taken to be S = (Sp)* endowed with the product topology and
F being the product oc—algebra, so we are going to spend a little time reviewing the concept
of a product o—algebra and product spaces in general. This theme is rather abstract and quite
confusing, but I will do my best to explain and try to picture the concepts and I hope you will
do your best to understand what I am saying.

We will start by considering the most general case, so let (€2;, F;)icr be a family of measurable
spaces.

1.2.1 Cylinder Sets

A rectangular cylinder in 2 with base J C I is a subset C' of the form C = X, cr A;, where A; € F;
and A; = Q; for every i ¢ J. There is an even more general notion of cylinder that does not need
to be rectangular, but every cylinder we will consider in this text will be a rectangular one, so we
will refer to them simply as “cylinder" without risk of misunderstanding. Notice that:



()(A,-) N ()(BZ) =X A;NB;

Thus, the set of all cylinders with finite base is N—closed. But rarely a set of cylinder is
U—closed. Consider, for example, Q@ = EN with E as simple as {—1,1}. We cannot write the
union of {—1} x E x E x ... with £ x {1} x £ x E X ... as one unique (rectangular) cylinder.

AbOu| the Complement, we ha\/e:
i€l jeJ i€l

Where A{ = (A4;)¢ if i = j and Q; otherwise. Adding the two statements together, we obtain
that:

()1 (x¢2) ~U ()

Where J is the base of Xicr B;.

Actually, we will be more interested in the cylinders with a finite base. In this case, the facts
stated above implies that the set of the finite unions of cylinders with finite base forms a algebra
of sets.

1.2.2 Product c—algebras

The product o—algebra is defined as the smallest c—algebra in €2 := X, _, €; that makes all the
projections measurable.

The product o—algebra is generated by the set of all rectangular cylinders with finite base.
Thus, in the case of a family of countable sets, it suffices to consider the cylinders X._, A;, where
A; = Q; for every i with exception of one, where A; is unitary. The following theorem also holds

[6]:

Theorem 1.1: [6]

If I is countable, each 2; is a polish space and F; is its correspondent Borel o—algebra, then
the product space is polish and the product o—algebra coincides with the one generated by
the product topology. In other words:

Xo(r) =0 (Xn)

i€l iel

Thus, F may be simply regarded as the borel o—algebra in S.

We also define 2, := X, _, &, for any set A C I and Fj, A C I as the o—algebra generated
by the (rectangular) cylinders with (finite) base A C I. If E € F,, then E only depends on the
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coordinates of A, i.e., the restrictions must be made only on the coordinates of A, being the rest
“free".

One way to rigorously make sense of “only depends on the coordinates of A” is the following.
Let 29 be the collection {E € 2% m;(E) = Q;, Vi ¢ A}, m; being the i—th projection. If, for
example, I = Nand A = {4,i+1,...,i +n}, then the sets of 2% are of the for

E=Q x...xd X Qi1 X...

Where o is any subset of €; x ... X ;,,,. This is the collection of sets that only depend on
the coordinates of A. Now, just notice that 2 is a 0 —algebra and it contains all the rectangular
cylinders with base J C A, so Fp C 2%

With this picture in mind, we may remark something relevant: F, may be identified with
®€€A Fy, although the elements of the latter are in XEeA ), and the elements of F, are in XéeA Q.
Similarly, we can identify measures in (X,_, 2, @, F¢) With measures in (€2, Fy).

The way to formalize this identification is by means of the generalized projection maps 7y :
QO — X 2y be the projection: mp(w) = (we)een- If 1 is a measure in (2, Fy), if p is a measure
in Q, we may define a measure p15 as the pushforward: p(E) = pu(my " (E)), for E € @,c Fe-

A sequence (A,), is called absorbing if it is increasing and the union coincides with £. It is
denoted by A, 1 L

1.3 Observables

Observables are just measurable functions. An observable f is called local if there is a finite
subset A C £ such that f(w) = f(w') as long as wy = w), that is, w; = w; for every i € A. An
observable is quasilocal if it is the uniform limit of local functions, or, what is equivalent, the
following limit holds:

lim sup |f(w) — flw)| =0

wA=wh
Proof. [ |

The space of bounded functions B(S) is a Banach space with respect to the supremum norm
and it is also true for the space of quasilocal bounded functions, B, (S), the space of continuous
bounded functions Cy(S) and the space of quasilocal continuous bounded functions, Cj, ;;(S). This
is not necessarily true if we consider only local but not quasilocal functions, such as Bj,.(S) or

Cb,loc<8> .

3This type of set is more similar to the general cylinder. The only difference is that in the general cylinder we
don’t allow & to be any, but has to be “measurable” in some sense (s € @), Fr)



1.4 Interactions and Hamiltonians

Definition 1.1: Interactions and their classes

An interaction is a family ® = {® 4} ac, such that 4 € B(S, Fa), that is, P4 is bounded
and local with respect to A. An interaction is called regular, or absolutely summable if, for
every x € L there exists ¢ such that:

S 1[®all <

A3z

And it is called uniformly absolutely summable if:

[11@[]] = sup > [|Palloo < 00

zel Ao

The set of such interactions forms a Banach space, while the set of regular interactions forms
a Frechet space.

Given an interaction, one can associate an hamiltonian to it. The hamiltonian with free
boundary condition is given by:

H]?,A(U) = Z D4(0)

ACA

Where “f” stands for “free”, although the most useful (and the one we will use) will be the
following;:

In the following we are going to give relevant examples of interactions in the theory. Notice
that all examples will have at most 2—body interactions, that is, 4 =0 if #A > 2

( Examples - Interactions W

Example 1.7. (Ising-type Models) The interaction is given by ®a(0) = —h,o; if
A ={i}, ®u(0) = —Jyoio; if A= {i,j} and 0 otherwise, where (Jj); jeza and
(hi)ieza are families of constants, with the later being called “external field". Later
we give a more detailed motivation of this interaction. The hamiltonian becomes:

HA(O') = — Z JijO'in — Z Jijaiaj — Zhlal

i,jEA iEA,GEA iEA

There are some subtypes that are worthwhile to mention. The model is said to
have “nearest-neighbour” interaction if J;; = J for i,j such that d(i,j) = 1 and
zero otherwise. In the case that Ji; # 0 for i,j arbitrarily far apart from each
other we call the model “long range”. Moreover, the model is called ferromagnetic
if Ji; > 0, Vi, and antiferromagnetic if J;; <0, Vi, j.




Example 1.8. (Potts Model) We have ®4(0) = —hi(o;) if A = {i}, where (h;)
is a family of functions on {1,...,q}, ®a(o) = —J;;6(0s,0;) if A={i,j}, whered
stands for the Kronecker delta and ®4 = 0 otherwise. We will also justify better
this model later and the same considerations made about the Ising model apply
here: we may have a nearest-neighbour model, a finite range and a long range
one, as well as ferromagnetic or antiferromagnetic.

Example 1.9. (Inhomogeneous Potts Model) Instead of letting the coupling con-
stant J depends upon the pair of sites, we may let it depends upon the spins, giving
rise to the inhomogeneous Potts model. For the sake of simplicity, we will consider
the nearest-neighbour case. In this case, ®a(0) =3, 1cqy, gy Jri6(0i,7)0(05,7"),
for A ={i,5} and d(i,j) = 1, ®a equals to the previous example if #A = 1 and
0 otherwise.

Example 1.10. (SOS and discrete gaussian model) The 2-body interaction is
gwen by ®4(0) = |o; — 0;|*, where A = {i,j} and d(i,j). Along the line of
the previous examples, some changes may be made in order to define a long-range
Hamiltonian, an external field, etc. The model is called SOS if « =1 and discrete
gaussian if a = 2.

1.5 Measures

Consider the space of finite signed measures of , M(2). There are several different topologies
we may put on this space. We may endow this space with the uniform topology defined by:

lp—vil = sup [u(f)—v(f)|

[[flloo<1

Where the functions in the supremum is usually taken in the set B(S). This notion of conver-
gence, however, is exaggeratedly strong, so the most useful ones is of the following kind: w,, — u
if pn(f) = wu(f) for every f in a certain class. Notice that we do not demand the convergence
to be uniform in f. The different topologies will arise from different classes of functions. The
typical classes are B(S), Bu(S), Cy(S), Cpq(S), that where already presented.

The following sections will be devoted to the study of special classes of measures that have
connection to the physics of statistical mechanics problems.

1.5.1 Finite Gibbs Measures

As already mentioned, the physical relevant measures are those which are proportional to e ##,
and are called Gibbs measure. This statement, however, only makes sense for finite spaces, once
H, is only well-defined in this case, and will be the theme of this section. We are going to do
some extra work to find the suitable measures in the infinite case, in the next sections.

To better deal with finite subsystems we are going to introduce some useful notation. In
first place, from now on, A will represent a finite subset of the lattice Z¢. An element of Sy



will be frequently denoted by o4. If 04 € S4 and wae € Sye, we usually denote by o4wye the
configuration of § which coincides with ¢ in A and with w outside A.

Thus, the finite Gibbs measure at inverse temperature S and boundary condition w € § is
defined, for every A € F, by:

1
: 7z,

/ Xa(oawae)e PHROAA) dy) (0
Sa

ZX,B = /eﬂH‘%(UAwAC)dVA(UA)

Where v, is the product measure §),., i € Sa. But notice that, the way we have defined,
P 5 are measures in the whole configuration space S, not only in Si.

Quantities like Z¢ 5 above are called “partition functions” and introduced in order to normalize
the measure. However, although being introduced merely as a normalization factor, they play a
completely unreasonable and unexpected fundamental role in the theory.

For free boundary condition we have, for A C Qy

1
ZX7B

1
N?x,ﬁ (A):

= /XA(O'A)(?_BHE(UA)CZVA(UA)_ /e—ﬂH)?(UA)dVA(UA)
ZAﬂ Sa A

ZX,,B = /eﬁHE(oA)dVA(UA)

Or, in a more simplified way:

eiﬁH}? (UA)dVA (UA>

1
dpy glon) =
A,B Z/Q{”B

In the very relevant case where &y is finite and the a priori measure is uniform, one can gets
rid of the integrals with respect to v, as we argue now.

In first place, we remark that, in this case, Sy is finite and v, is simply the uniform measure in
(Sa, Fa), as may be easily shown by a straightforward calculation. So, without loss of generality,
we only need to know uj 4(n), for arbitrary n € Sx. We have:

1 o e~ BHR (), (n) 1 e BHZ(M)
8 _ —BHY (o4) — A\ _

o) = o [ ximp(on)e RV i (y) = -

7 Z35 Jsi " 9% # o Z3

But we then have:

1
ZX,,B = Z G_BH/%(JA)VA(O'A> = _S Z G—BHE(UA)

OAESA

Finally giving us:



e~ BHT ()

—BH®
ZUAESAe B A(UA)

uﬁ,g(n) =

In the case of finite state space (and uniform a priori measures) we usually define the partition

function without the factor #8a, s0 Zyp =), s, e PHX(@2) and we have:

, e—BHR (0)
MA,ﬁ(U) = T,/a

Which is a very well-known formula.

The reasoning is the same for measures with boundary condition.

1.5.2 DLR measures and Specifications

We are going to make the first attempt in defining infinite volume Gibbs measure. The idea, due
to Dobrushin, Ruelle and Lanford (that’s the reason for the name DLR), is gluing each finite
measure with one another. Stating another way, a DLR measure will be such that it has to be
equal to the finite volume Gibbs measure if we restrict our attention to a particular finite region
of the lattice. The way to translate this concept into a rigorous statement is through the usage
of conditional expectations.

Definition 1.2: DLR measure

Let ® be a regular interaction. We say that a measure in (S, F) is a DLR measure for ®
if, for p—qtp w:

E,(AlFae) (W) 1= Eu(xalFac)(w) = p s(A), VA € F,VA € P(Z°)

Where 15 5 is obviously the finite volume Gibbs measure for the interaction ®.

In this section, we will be interested in seeing the finite volume Gibbs measures as functions
both of the set we are measuring and of the boundary condition, so we are going to adapt the
notation a little. We will write ip g(w, A) instead of uf 5(A). pap will be, then, a family of
probability measures indexed by w € §. Moreover, we have the following result:

Proposition 1.1

The map w — pip g(w, A) is measurable for every A € Fy

The previous proposition implies that js g are probability kernels:

Definition 1.3: Probability Kernels

Let (€4, F1) and (€, F2) be measurable spaces. A function 7 : Q x Fo — [0, 1] is called a
probability kernel if the following properties holds:

1. 7(-,A) is a (21, F1)—measurable function, V € F.

2. m(x,-) is a probability measure in (€, F2)

10



More precisely, pa g are probability kernels from (4, F1) = (S, Fac) to (22, F2) = (S, F).

Probability kernels are ubiquitous in probability theory and related areas and it is a very
important and useful concept. One may understand it exactly as a family of probability measures
depending on the point of some space. Actually, there are more properties of finite volume Gibbs
measures besides being a probability kernel that are important. For example, it is straightforward
to see that pp g(-, A) = xa, for every A € Fj. Probability kernels that satisfy this property are
called proper, and this condition is equivalent to saying that 7(-, AN B) = xan(-, B) for every
AEJT"1 aHdBEFQ.

Furthermore, we have:

Proposition 1.2: Consistence Condition

Let A ¢ A. Then:

/S pa,p(n, A)dpR 5(n) = pagw, A)

Which is known as consistence condition. The integral may be abbreviated to /fg,u(')

paps = pa. The last proposition tells us that the Gibbs measures are specifications:

= HA =

Definition 1.4: Specifications and Gibbsian Specifications

A specification v = {Va}aep,(ze) is a family of probability kernels from (S, Fac) to (S, F)
satisfying:

1. 7p is Fpe proper, that is, y4 g(-, A) = xa, for every A € Fje

2. For all A, A € P;(Z%) with A C A, it holds the consistence condition:

()

YAV = VA

A specification 7 is called gibbsian if there is an interaction ® and 8 < 0 such that vy = a5
for every A, where pp g is obviously the finite volume Gibbs measure for the interaction ®.

1.5.3 Equilibrium measures

The idea of equilibrium measures comes from the principle of physics that the state achieved by
a system will be the one (or the ones) that minimizes the free energy function, which is given by
F=U —TS, where U is the average energy, T the temperature and S the entropy. Multiplying
everything by —f, the “equilibrium states" will be those that maximizes the quantity S — SU.
Now we are left with the following question: what in Earth will play the role of U and S7 This
is a subtle question left to be treated.

11



2 Ising Model

In order to reproduce the ferromagnetic behavior, it is necessary to allow one particle spin to
influences the spin of adjacent particles E| In the first models studied, each particle could interact
only with its nearest neighbours. Later, more general models were considered (e. g. the so-called
“long range Ising models"), but we are sticking with the first ones in this essay. One of the things
that made this model so famous was the discover of phase transitions for dimension greater that
one by an ingenious argument of Peierls in 1936.

As already presented, the hamiltonian in a finite subset A in its full glory is given by:

Hn,An,h;0)=—J Z Ouoy — J Z Tully — Z hyou

U~V U VEA N u~vuEAN WEAN uEAN

Where u ~ v if u and v are nearest neighbours, that is, if ||u — v||;1 = 1 and we are assuming
J > 0 (a justification for this restriction will be made above).

A few commentaries are due. In first place h is to be interpreted as a magnetic field external
to the system and h, its value on u. Furthermore, we point out that, in principle, the system
is supposed to assume the state of least energy. Suppose for a moment that h, = 0 for every
u. Once J > 0, the bigger o,0,, the lesser the energy. As the spin can be only 1 or -1, this is
accomplished once o, = 0, that is, one spin has the tendency to be equal to its neighbours, in
order to minimize the energy. Actually, the (two) configurations where every particle has the same
spin are the ones that achieve the minimum. These are called ground states. These configurations
are so important that we will call them special names: ¢ or simply by + for o such that o; = +1
for every i € Z% and o~ and — for the other one. Naively, one might think that these are the
most likely states, and it is in fact the case when the temperature is zero. However, T' > 0 means
that we have some degree of disorder in our system, so the answer is not so obvious in this case.
Notice that all this discussion is possible since J > 0, and that is the reason why we call this
condition on J “ferromagnetic". If this was not the case, however, the ground states would be
the ones with alternate spins.

Coming back to the field issue, there are some well-studied cases at hand. The first one, for
example, is the case where the magnetic field is constant. There is also the case where we have
a decaying field: h, = ho/|u|’. Finally, we have the case we will be interested in this text: the
random field, which will be extensively studied in the next section. Before, however, we will
present a brief summary of the discoveries about the usual Ising Model.

The model was first considered in the 1920s by Lenz and Ising, which proved that this model
does not undergoes a phase transition in one-dimension. In 1936, Peierls proved the existence of
phase transition for dimension greater than one h = 0. In 1941, Kramers and Wannier managed
to find the critical temperature for the two-dimensional model, which was later confirmed by
Onsager who deduced the analytical solution for the two-dimensional model with absence of field
in 1944. Due to contributions by Dyson (1969) and Frolich-Spencer (1982), it was proved that
there is phase transition in the long-range 1D model if and only if the exponent « € (1, 2].

4Seeing it another (and very interesting) way, we are studying countable families of random variables that are
dependent with one another.
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3 Disordered Systems

In the typical Ising model, the parameters J;; and h; are fixed, but it is worthwhile to consider
them to be random variables. One motivation for this is that real solids rarely have a perfect
lattice structure — the sites may be scruffy, some site may be missing or there may be more than
one element, such as in alloys. Consider an alloy consisting of atoms of iron and gold, for example.
We have no hope to be able to tell the exact distribution of the two types of atoms throughout
the solid, so we assume that each distribution may give rise to a different family of parameters
Ji; and h;. In this case, the hamiltonian will be also a random variable. The hamiltonian for
Ising-type models, for example, will become:

Hiwl(o) == Jylwlowo; — > Jylwlom; = hlwlo

ijeA €N, jEA i€A

Where each w is a specific realization. The case where J;; indeed depends on w is usually called
“spin glass”, but in this text we will be concerned on the case where J;; is fixed (and constant, as
in the usual model) in such a way that the source of randomness will be only the external field.
This model is called Random Field Ising Model, or RFIM.

A little bit of history about this model. In 1975, Imry and Ma [5] argued that this model has
phase transition if, and only if d > 3. This argument, however, became controversial when Parisi
and Sourlas [§] used field theory techniques in 1979 to argue that RFIM in dimension d should
behave as the Ising model in dimension d — 2, the so-called dimension reduction argument, so
that the 3d RFIM would not have phase transition. This controversy was finally overwhelmed by
Bricmont and Kupiainen [3] in 1988, showing that Imry and Ma were right, through the usage
of renormalization group theory. Completing the picture, it was the turn of Aizenman and Wehr
[2] to show, in 1990, that Imry-Ma was also correct about the lack of transition in dimension 2
or below.

Reviewing [4], the goal of this essay is to obtain the same results of [3], but without having to
appeal to renormalization group techniques and in such a way to naturally extend the results to
more complex models, such as the Potts model, which is not so feasible with the former method.
This will be accomplished by a variation of the Peierls argument, which will be done in the joint
of the configuration space and the space of randomness associated to the external field.

3.1 Disorder Space

Before going on, we must put the random effects in a more rigorous framework. It may be mod-
eled by a probability space (€2, .4,P) and a family (h,),cze of i.i.d (independent and identically
distributed) real gaussian random variables defined in 2. This way, H, also becomes a random
variable (already defined above), as well as the partition functions ZX}B and the Gibbs measures

/147\,,3'
Explicitly, we have (supposing uniform a priori measure):

Zlw]= 3 e fHlllonme)

OAESA
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o) —BHL)(0)
w1l wl(o) = ———
A0 ZX,B[W]

Notice also that there will be a kind of identification between w and the family (h,), so we
may write the quantities above changing the dependence on w by a dependence on h:

A h O'A Z JZ]O'ZO'J Z Jijainj — Z hiai

ijeA i€, jEA ieA

= 3 Pl

OAESA

, o —BHL (@)
ol =y

To make things more concrete, we will present the basic idea for the construction of (€2, A, P),
which will in turn also justify the identification aforementioned. We may take Q = RZ" and
A = BZ the product oc—algebra of B that is the Borel 0—algebra of R. The most difficult part is
precisely defining a suitable measure P. For that, we may specify the probability in the class of
the union of rectangular cylinders with finite base, which forms an algebra and use some extension
theorem, like the Caratheodory theorem. This is the idea behind the so-called Ionescu-Tulcea
theorem, which is the standard way of constructing measures in a countably infinite product of
spaces. For our needs, it will suffice the following theorem, which is actually a corollary of the
Ionescu-Tulcea.

Theorem 3.1: Countable Product of Measures: [6]

Let I be a countable set and let (£2;,.4;, P;) be a family of probability spaces indexed by
I. Then there exists a uniquely determined probability measure P on the product space
(2, A) which satisfies:

P (Ao X ... X Ay X ;O< QZ> = ﬁPk(Ak) (1)

i=n+1
For A; € A;,i=0,...,n and n € Ny.
P is called the product of the measures (P;). The coordinate maps (X;) are independent
under P.

For obvious reasons, we will call the coordinate maps h; instead of X;. Let Ny be the measure
in R such that:

Noi(A) = /XA(ﬂf)

Where A is the Lebesgue measure. That is, Nj; is normally distributed.

Then, with the aid of the previous theorem, we define P in (R, B)¥%" := (R%", BZ') with
P, = Ny, for every i € Z2. In particular, for A € B:
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B(h; € A) = P(h;l(A»:P(Rx...xAx ) HNOI  Noa(A4) = Noa(A)

So the random variables {h;} are distributed exactly as we wished them to be.

The random variables (h,) are frequently supposed to be “normalized”, in the sense that they
all have variance 1. In order to control the strength of the field (i.e., its variance), one may
multiply each random variable by e. Thus, we are going to be actually concerned about the
random variables (eh,, )uezd If h, is gaussian distributed with variance 1, then eh, is normally
distributed with variance €. This is easily seen in intervals:

b/e 1
P(ch, € [a,0)) = P(h, € [a/e,b/e)) Jﬂ/ o= "7

Where we made the simple change of variables u = ex. Notice that it is defined in the semi-
ring of intervals and we may use standard extension theorems to extend it to B. The uniqueness
guarantees that this is really the gaussian distribution we were looking for. (We could simply
integrate on an arbitrary borel set and procedure similarly with the change of variables).
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4 Long Range Order

For the subsequent discussion, Ay := [—N, N|?N Z? is the box of side 2n centered at 0.

Usually, long range order means that the correlation function of two spins have a positive
lower bound. In [4], however, it is defined with the aid of a quantity that will be called here
as “order parameter”. This quantity has, indeed, something to do with correlation functions, as
showed in [I] and will be presented in the next subsection.

4.1 Order parameter

Coming soon.

4.2 Quenched Measure

Fix N > 0. We will start by defining a measure in (R x Sy, BR*) ® Fa )| remembering
that Sy := (Sp)* = {—1,1}*. For A a borelian from R*¥ and B C S,,,, we define:

Q45 B) = [ 10, () BB

Notice that we are fixing some h € A, calculating ug, An.ch(B) (which depends on h), and
then integrating over A, so it is way we called this measure the “quenched measure”. Writing the
integral in a more explicit way, we will first expand p. As the a priori measure is uniform, we
have:

. ( ) G*BHXJ}L(U) . ( ) efﬁHX,gh(U)
IU’A7 €h )= —n 735 — luA7 h B) = Ton (LY
’ Zx,ﬁ,e(h) g oeB ZX B8 e(h)

So:

Z eXp /BHXN eh( )) dp

oceB

v (AXB :/
B, ) A ZAN,ﬁ, (h)

And using the definition of the fact that h are Gaussian distributed we can integrate with
respect to the usual Lebesgue measure:

1 j
QZ»ANvf(A X B) :/ Zexp AN eh( )) X 2 2 (dh )UGAN
A AN»B 6 7T

O'GB UEAN

5This measure could also be defined in the whole product RZ’ x S as long as the o—algebra of RZ* which
participates in the product o—algebra is generated by cylinders supported on Apy. See the discussion of such
identifications at the end of the subsection m
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/A SO (b o) (dh)ueny M /A Velhi) dAB) @ (o)

o€eB

Where A and # are respectively the Lebesgue and counting mesasure and we have defined:

exp(~BHYul0) | 1r L

n h — N> X

Aradho)= =gy W 7=
g u N

Proposition 4.1

Q is indeed a measure

Proof. Coming soon. [ |

Now, we are going to deduce some intuitive and useful identities to use later. In first place,
notice that:

QxS = [ s 3 (Y, u0) x T] Ze=e Fdhen,

VA
A ZANBie TESA uEAn

:/AH

uEAN

1 n 1 h2
e 2 (dhy), = h e 2 (dhy), = h)dP(h
e E hens = [ ) T] o= Fhdueny = [ xa)ipn)

uEAN

Where we used the definition of the partition function in the second equality. Thus, we
conclude, as expected, that:

QA X Say) = P(A) (2)

4.3 Peierls Argument

In this section we will fix the boundary condition to be the positive.

Definition 4.1

We denote by T = T, the set of simply connected subsets of Ay containing 0. Given
o € Sp,, we denote by A, the smaller simply connected component containing the origin
and its sign component. In other words, A, is the simply connected component enclosed
by the outmost boundary of the sign component at the origin.

For A C A, we define 0 by the configuration in S, such that o = 0;i if i ¢ A and 0* = —0;
if i € A. We define h* analogously. It is easily seen that, for every 7 there is one and exactly one
n such that n = ¢, and so this is a bijective map of S, onto itself.
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With this in mind, we have:

1
A 1 A A
oo~ (o)« [
N,»P,€ UEAN

The most obvious is that the gaussian distribution does not chance with the transformation
h — h” be cause the field is squared in there, so the sign does not matter. By the fact that this
change is a bijection, if we sum up all the configurations, we will have the same result, that is:

S exp(=AH] pal0h) = D exp(=BH, ,al0)) = 28, 5. (0

— /A D vk peht otdh =1 (3)

For the general case, where we not necessarily sum up all the configurations, let’s look how
the hamiltonian changes for an specific configuration:

HY ale) == > Jowoj— > J=o)(-o)— Y. J(=0)(oy)

i~njEAN\A injEA ing; i€A, jEAN\A
- E JO'Z‘ - E J(—O'Z) - E EhiO'Z‘ - E 6(—hl)<—0'z)
i~] ’L'GAN\A7 ]§§AN i~g; 1€EA, ]QAN iEAN\A 1€A

Reorganizing the terms and trying to write in the terms of the original hamiltonian leaves us
with:

H/J\FN,ehA(JA)) = HXN,B,eh<J) +2 Z Joo;+2 Z Joio;
i~g; i€A, JEAN\A i~j; 1€A, jEAN

For the Peierls argument we usually make the assumption that if i ~ j with i € A and j € A°,
then o;0; = —1, so:

H/J\FN,ehA(UA)) = H/J\FN,ﬁ,Eh(U) - Z 2J — Z 2]
invj; i€A, JEAN\A invj; €A, jEAN

Finally, notice that we are summing 2.J over all pairs of points such that i € A and j ¢ A,
which is exactly the elements of 0A, and we get:

HY pa(0™) = HY 5.0.(0) = 2J104]

Apn,ehA
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So:

1 _hy
VXN,B,E(OA’ hA) - ZX 8 (hA) eXp(_BH/—\i_N,B,eh(J) + 26J‘8A|) X H e 2
N>P,€ ueA N

+ + A
VAN,B,e(Ja h) ZAN,B,e(h )6_2[3]|8A‘

Uiy p.e(04, h4) - Zy . g(h)

(4)

We will need to bound the quotient of the partition function, which depends on the external
field. Indeed, the probability that this quotient is large is very small, as the next subsection will
show.

4.4 Interlude: A bound for Extreme Events

In order to study the quotient of the partition functions, we define:

1
n Aa(h) = 55 2 5 (0" = Z{, 5 (1)

Define:

+ A
E=<N M < eﬁJlaAI’ VA eT,
ZXN,ﬁ,e(h)

Intuitively, £ is the set of fields that makes the quotient of the partitions functions do not be
so big. We have:

Z5 s s ()
h¢é — ﬁ > #1941 for some A € T,
AN,B,e( )
But:
2t sl
Zﬁvﬁ—’h =exp(InZy 5.(h") —InZ{ ; (h)) = exp(BJA4(h))
AN,B7E( )
So:

he& = PRl 5 BTl for some A €T,

Ay(h)

A A
< Au(h) > |04| = 4]

> 1, for some A €T,
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<= sup > 1

aer, |0A]

And we conclude that:

A(h) }
E°C= 4 h; > 1
{ Aet, [04]

For d > 3, it is true that:

P(£°) < exp(—c/€)

4.5 Peierls Argument - Continuation

The previous section will imply that a singular configuration must not be “so disordered", and
now we have to bound the number of such configurations. This will be our next goal.

#{A € Ty; |0A] =n} < (2dn)*(16d%)*"

Proof. [ |

All that was done until now allows us to prove the following:

There is ¢ > 0 such that:
QT (RM™ x g5 (—1)) < e P/e e/

For (8 large enough.

Proof. We have:

Q (e x 05! (1)) = QN (€ x (05 ' (-1)) U (E° x 05 (1))

=Q"(& x 05! (1)) +QH(E° x 05 (1)) S QH(E x 057 (—1)) + Q (£° x Sa,)

By , we conclude that Q(£¢ x Sx,) = P(£°). And thus: Q" (R x o5 (—1)) < QT (€ x
05 (—1)) + P(£°). As for the first term, in first place, we remark that the set of configurations

o € Sp, such that oy = —1 is a subset of the configurations such that A, € I',, and hence:
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QF (€ x o5} (— / > vl se(h, o) (dhy) ueANgZ/ > VANBeha(dh .

o; op=—1 Aely o; A=

By , we have:

/ D7 Adh</ZyA se(ht oM)dh =1

o A=A

Je > aoavty pe(hoo)dh
= Q"(E xa;'(-1)) < o Ae=A VAN B
’ AGZFO fg zO’;.AU:A VX_N,,B,E(hA7 UA)dh

Focusing for a moment on the numerator:

+
LN 5e(h70) A _A
> vk pelhio)dh = / e 2 P N
/U e A, i V/J{N,,B,E<h7a An B,

+
LN B e(h7 U) A A
< sup AN BV T+ WA oA)dh
/EU; ;:A he€, o Ao=A ( VXN75,6(h7 pu A B )

V+
= sup (TL) / Z VAN 56 hA A)dh

heeg, o;A,=A VAN B e(h o A=A

The integral cancels out with the denominator and we are left with:

QT (Exop'(-1)< Y sup (—VXN’ﬁ’f(h’ U)> S sup <—ZA+NﬁG(hA)€—26JaA|)

+ +
AT negs sido=a \ Vay el o Aer, €€ Ziyp.eh)

Now we use the definition of £ and separate the summation to get:

+
@—i—(g > 0_0—1(_1>> < Z Z 6—25J|8A\ sup (ZZAiV 56 ) Z Z —2,8J|8A|+,3J|8A|
A Be

n<1 A€To,|dA|=n hee n>1 A€To,[0A|=n

QT (€ x 05'(=1)) <> _#{A€Ty; [0A] =n}e P

n>1

Invoking 7?7, we are left with:
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QT (€ x 05! (=1)) <D _(2dn)*(16d%)" e

n>1

So now we are going to prove that there exists § > 0 which makes this series be less than
e~ B7¢. The idea is to make each term less than 2 "e #/¢ and the conclusion will follow. The
detail of the multiplicative factor of the exponential is not important, so we are going to write it
as AnYB", with A, B,~ constants. To simplify, we will divide both sides by 27"e~#7¢, so we will
need to find a ¢ such that:

An"B™

Theorem 4.1: [4]

For d > 3, there exists a constant ¢ > 0 such that, for all 0 < T,e < cand all N > 1, we
have:

P(uf 5(00=—1)) S e 4 e/F) > 1 — P — e/

Proof. Markov inequality says that:

E(NX (o0 =—1)) Q(op = —1)
]P’(:“/J{N,ﬁ,eh(go =—1)>a) < N8 - _ -

So, 77 says there is a constant ¢; such that:

P(if, sen(00 = 1) > a) <

Now, let ¢ = ¢;/2. Then we get:

e—clﬁJ 4 6—01/62

—C, —C 62
= P(ui, paloo=—1)<e e ) > 1~ e~cBJ 4 e—c/e

But notice that:

(e—c,BJ +6—c/52)2 _ e—clﬁJ + 6—61/62 + 2€—clﬁJ—cl/62 > e—c1ﬂJ + e—cl/e2

e—cl,BJ 4 6—01/62

— _ _efcﬁJ . efc/e2

e—cBJ 4 e—c/e¢ —
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And then:

P(’u;\i_mﬁ,eh(ao = _1) < e~? + 6_6/62) >1-— e~BI _ 6_0/62

As we wanted.

4.6 Ergodicity

We did not prove the existence of phase transition yet. What we really want to prove is that the
set of fields which makes p; and p, differ has probability one. We will present some important
definitions we must deal with in order to prove so.

Definition 4.2

Let (2, A,P,7) be a probability space with 7 : Q@ — Q a measurable function (i.e. a
dynamical system). A set A € A is called invariant if 77'(A) = A. P is called invariant if
P(r71(A)) = P(A) for every A € A.

We say that (2, A,P,7) is ergodic if P is invariant and P(A) = 0 or P(A) =1 for every A
invariant.

We say that (2, A4, P, 7) is (strongly) mixing if P is invariant and:

lim P(A N7 "(B)) = P(A)P(B) (5)

n—00

for every A, B € A

It is a classical result that strongly mixing dynamical systems are ergodic, so the idea is to
prove that our system is mixing and then prove that the set of interest is invariant. We will start
by showing that P is invariant.

But what will be our dynamic 77. We define 7(w); = w;_,, where ¢; = (1,0, ...,0)

We notice that P is invariant for the cylinder sets. Indeed, let 6;(A) := Xeza Ak, where
A =Rifk# jand A; = A. It is straightforward that 7(6;(A)) = €;1¢, (A) and 77 (6;(A)) =
6,_c, (A). By the construction of P and the previous remark we easily have that P(77!(6;(A))) =
P(6;(A)) for every j € Nand A C B.

The next step would naturally be to prove that the class of all sets which makes [P invariant
forms a o—algebra, and it would follow that every measurable makes P invariant. This is not the
case, though. It is not difficult to see that the class of such sets is closed by complements, by
disjoint union and by difference of sets such that A C B.

Consider the following example. Take Q = {a,b, c,d}, with the c—algebra of the parts and
such that p(a) = p(c) # u(b) = u(d). Let T be defined by T'(a) = b,T(b) = a,T(c) = d,T(d) = c.
If A={a,b} and B = {b,c}, then A and B are invariant, so in particular they make u invariant.
However, AN B = {b} which clearly doesn’t make p invariant. The situation is bad even with
reasonable hypothesis, just notice that 7" is a bijection and that the class of sets that makes u
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invariant generates the o—algebra. This fact hampers the proof that P is ergodic in our case, so
we will need another strategy. In order to better tackle this problem, we will make use of the
Dynkin m — X\ theorem:

Definition 4.3: \—system

A class of subsets D of Q is called a A—system for Q if: (i) Q2 € D, (ii) D is closed under
complements and (iii) D is closed under countable union of disjoint sets.

For some X C 2%, §(X) is defined as the minimal A system that contains D, and called the
A—systems generated by X.

Theorem 4.2: Dynkin 7 — )\ theorem [6]

Let X C 2 be closed under intersections (i.e., a m—systems). then:

o(X) = (%)
In particular, if D is a A—system that contains X, then o(X) C D

Notice that the lacking hypothesis in our counterexample is the fact that the class of sets
which makes the measure invariant was not closed under intersection, but fortunately this is the
case for the cylinder sets. Recall that the intersection of two cylinders with finite base is also
a cylinder with finite base, and it is straightforward to prove that every such cylinder makes P
invariant.

Proposition 4.2

The dynamical system (€2, A, P, 7) is strongly mixing.

Proof. We already proven that P is invariant. Now, let B be an arbitrary cylinder and let Ag be
the collection of sets such that:

lim P(AN7"(B)) = P(A)P(B)

n—oo

I will show that Ap is a A—system.

(a) Q€ Ap

lim P(Q N r"(B)) = lim P(r—"(B)) = lim P(B) = P(B) = P(Q)P(B)

n—oo n—oo n—o0

(b)AEAB = A°c Ap

lim P(A° N r(B)) = lim P(r—"(B)\A) = lim P(r—"(B)) — P(AN7""(B))

n—o0 n—oo n—oo

— P(B) — lim P(AN7~"(B)) = P(B) — P(A)P(B) = (1 — P(A))P(B) = P(A°)P(B)

n—oo
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(c) If (Ax)r>o is a pairwise disjoint sequence of sets such that Ay € Ap for every k, then
A= Ukzo Ak € AB

Defining AY := (J,. y Ak, then:

k=0

((U AU AN) N T—"(B)) —P (L]j Ay UAN> P(B)

P(B)

P (U Ak> +P(AY)

k=0

)| +P (AN N7t7(B)) + P(AY)P(B)

k=0 k=0

Now, given € > 0, we take N such that P(AY) < ¢/3, and this exists because limy_,, P(AY)
0 by the fact that N>0 AN = () and the semicontinuity. Now, we remark that, for n sufficiently

large, we have:
N
]P)(U AkﬂT_n( > (U Ak>
k=0

This happens because:

)| < €/3

N N N
lim P (U AgnNT ) Zg&@ (Axn7"(B)) = P(A,)P(B) =P <;€L-J0Ak> P(B
And we get |[P(ANT"(B)) — P(A)P(B)| < ¢ for sufficiently large n, as we wanted.

Using the m — A theorem, we get that lim,, .. P(ANT"(B)) = P(A)P(B) for every B cylinder

and every borelean A.

Now, let B be the collection of sets B such that lim,,_,. P(ANT"(B)) = P(A)P(B) holds for
every borelean A. We just proven that B contain the cylinder sets and now we are going to prove

that B is a A—system:
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(a) Qe B

lim P(AN7"(Q)) = lim P(ANQ) = lim P(A) = P(A) = P(A)P()

n—oo n—oo n—o0

(b Be B = B°eB

lim P(AN7"(B%) = lim P(AN (r(B))°) = lim P(A\r"(B)) = lim P(A) — P(AN7""(B))

n—oo n—o0 n—oo n—oo

= P(A) — lim P(AN7"(B)) = P(A) — P(A)P(B) = P(A)(1 — P(B)) = P(A)P(B°)

n—oo

(c) If (Bk)r>o is a pairwise disjoint sequence of sets such that By € B for every k, then
B = Ukzo B, enB

Defining BY := By, then:
k>N

= |P (A N <r—” (LNJ Bk> U T_n(BN)>> —P(A)P (LNJ By U BN>

P (L]j Bk> +P(BY)

k=0

=P (A nr" <LNJ Bk)> ~P(A)P (LNJ Bk> +P(AnT(BY)) —P(A)P(BY)

k=0

<l (a0 (Un)) -pee (U
c(snr (1)) e ((0)]

Now, given ¢ > 0, we take N such that P(77"(B)) = P(BY) < ¢/3, and this exists because
limy o P(BY) = 0 by the fact that () N>0 BN = @ and the semicontinuity. Now, we remark
that, for n sufficiently large, we have:

+|P(AnT™(BY)) — P(AP(BY)|

(77(BY)) + P(A)P(BY)

26



<€/3

p<m—n (UB>) _P<A>P<g3k)

This happens because:

nlgﬁlop (AF‘IT_" (U Bk>) = nlg&[?’ (Aﬂ (U T_”(Bk)>) = ZJEEQP(AQ 7 "(Bk))

- iP(A)IP(Bk) = P(A)P (CJ Bk>

And we get |[P(ANT"(B)) — P(A)P(B)| < ¢ for sufficiently large n, as we wanted.

We conclude that B O A, so for every A, B € A, lim,,_,. o P(ANT"(B)) =P(A)P(B). |

4.7 Phase Transition

Let A = Ag = {h; puf (00) — pz > 0} Our first aim is to use theorem ?? to prove that
P(2() > 0. There are two steps from the previous result to the aimed one: we need to (i) rewrite
it as a result about the expected value of oy instead of measure of sets and (ii) use the fact that
the result holds for every A is order to take the thermodynamic limit and get a inequality for the
infinite volume measures instead of the finite volume ones. So let’s get the hands dirty.

For h € ), we have:

MXN,ﬁ76h(UO> = /'[’XN7B76}1(0-0 = 1) - ILLXN,ﬁ,Eh(O-O = _1>

:> MXN,,[’},Eh(O-O) - 1 - QMXN,ﬁ,Eh(O-O - _1>

Then:

1y gan(00) > 1 —2(e” % + /) = ph pan(o0 = —1) <e P+ e=e/

We can define:

EY ={heQ; ux, galoo=—1) < e P e/}

={h e 1, sn(00) =1 —2(e % 47/}
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We define analogously the family of sets (E). Simple facts from measure theory give us
P(EyNEy) > P(EY) +P(Ey) — 1, so:

P(EL N Ey) > 1—2(e % 4 e¢/)

Notice that £y N Ey correspond to those A such that pf 4 (00 = —1) < e7#/ +¢7¢/< and

Iy gen(00 =1) < e+ e~¢/¢ simultaneously, so the sum will be less than 2(e~#7 4 ¢~¢/<") for
every h in this set. In particular:

P(h; 1if, sen(00 = —1) + px, (00 = 1) < 2(e™ 7)) > 1 = 2(e7 + e/

Using the equality proved above and a similar equality for =, we have:

MXN,ﬁ,Eh(O-O) - M/_\N,,B,eh(o-()) - (]‘ - QMXN,B7€h(O-0 = _1)) - (2/1“/_\N,ﬁ,eh(0-0 = ]‘) - 1)

=2- Q(MXN,ﬁ,eh(UO =-1)+ M/_\N,,B,eh(ao =1))

As X <k <— 2—-2X > 2 — 2k we are left with:

P(Fy) = P(hy i}, 5.(00) = finy pen(00) =2 — 4(e™ 4+ e7/¥)) > 1 — 2(e™ 4 79/)

Consider the intersection (7, F. This set is the set of fields h such that iy 5, (00) —
By p.en(00) = 2 — 4(e=P7 4 e7¢/¥) for every N > 1. By the FKG inequality, we have that, for

A C A, pfsa(00) > By gen(00) and py 4 (=00) > iy 54 (=00), 50 pix 5 (00) =ty g.en(00) >
A g.en(00) = pia 5.en(00) and hence (Fi)y is a non-increasing family of sets. By the upper semi-
continuity: we have:

' <ﬂ FN) - J\}I_I)I;OP(FN) > 1—2(e~P 4 e/

N>1

Clearly, if A is in (\ys; Fiv, then Bmy o0 p1y o 5.60(90) = iy o 5.0 (90) = 115 4 (00) — 115, (00) >
2 — 4(e=?’ 4+ ¢7¢/<"), and we conclude:

P(h; 16} (00) = 15.(00) = 2 — A(e™P +e7/¥)) > 1 — 2(e™ 4 79/)

In particular, if we take ¢, e and 3 such that e=#/ 4 e~/ < 1/2, then:

P(h; 1if o (00) — 5.0, (00) > 0) >0
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Finally, lets prove that 2 is invariant, that is 771(2) = 2L

Let’s start by proving that HY, ,,(¢o') = HJ (), where h' = 7(h), ' = 7(n) ¢’ = 7(0) and
={i € Z%i—e; € A}. In fact:

7' n o ! /ot !t
HA’,eh’(U) = - E 0,05 — E on; — § h;o;

injEN inj iEN, JEN icA
- - § O-i—elo-j—el - § O-i—e177j—el - E hi—elo-i—el
injEN inj i€EN!, jEN iEN
_ n
= — E 00 — g oin; — g haz—HAEh o)
i~njEA i~j 1EA, JEA €A

Where we used that ¢t ~ j <= ¢ —e; ~ j —e;. With this in mind, we have:

ZXl,ﬂ(h’) = Z e PHY (@ Z e PHE () Z e PHA n(@ Zxﬁ(h)
O’GSA/ o ESA/ oESA
And hence:

/ 1 / 1 —1( 4/

N / —5H/ (o) _ —BHY , (t7(a"))
Hg ch ,(A) = — e ATk < (& Ak

B,eh’ A ZX/7 (h/) Z Z”i (h) Z

o/cA’ o'eA’

| R
~ 7y ,(n) D e =y A (A)
AB occA

Where A = 771(A). Now, since 77 ({050, = a}) = {0500 = a} for a € {—1,1}, we have:

Ug,eh,A(UO) = Mg,eh,/\(ffo =1)— Mgeh’A(ao =-1)=

/ / /

“z,eh',A'(Ul =1) - Mg,eth/(Ul =-1)= ”Z,eh',A/(Ul)

As we will be interested in n = +1, ' =7, so we have:

Ng,eh(UO) - ]\}grcl)o Mg,ehAN (00) - ]\}EI;O Mg,eh’,A/N (Ul) - Iu’g,eh’(o-l)

Because pj3 ., does not depend on the sequence A, we may take either (Ay)y or (Ay)n.
Furthermore, these states are translation invariant, which implies that i3 ;. (1) = 3 4 (00), and
we conclude, finally:

NE,Eh(Uo) - ME,eh(Uo) = ME,Eh/ (00) — Hg ehy (00)
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Which means that h € A < I € A, so 77 }A) = A.
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