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1. Introduction

This article is addressed to those physicists working in statistical physics
who would want to learn modern mathematical methods and concepts
used by mathematicians also working in this area. Although both com-
munities study the same object, there exists a serious gap between the
ways of getting and expressing knowledge, which quite often impedes
substantially the exchange of this knowledge between them. The inten-
tion of the article is to help to make just first steps towards treating
equilibrium states, phase transitions, critical points, etc., as mathemati-
cal objects. As a continuation, a serious work on such classical sources as
Refs. [1]- [14] is recommended. The article is more or less self-contained,
nevertheless the reader is supposed to possess certain knowledge in
functional analysis (linear operators on Banach and Hilbert spaces, see
Ref. [15]), analytic functions (holomorphic functions of one and several
complex variables, entire functions, see Refs. [16], [17]), measure theory,
see Refs. [18]- [20], probability and stochastic processes, see Ref. [21].
The article is mainly a review, although certain results and approach-
es are new. Among them — a new approach to the description of the
critical point in one-dimensional models (classical and quantum) with
long-range interactions.

The Ising model was introduced in 1925. Ising solved the model in
the one-dimensional case [22] (see also Refs. [23], [24]) and came to the
conclusion that it has no phase transitions in all dimensions. Later, due
to Onsager’s solution [25], it had become clear that the two-dimensional
version of the model does have a phase transition and a critical point.
Since that time, the Ising model has become one of the most popular
models of statistical physics. A very important conclusion, which one can
come up to by analyzing Onsager’s solution, is that the phase transition
singularities of thermodynamic functions, such as the free energy density,
magnetization etc., occur only in the infinite-volume (thermodynamic)
limit. Another important peculiarity of Onsager’s solution is that it can-
not be extended to the three-dimensional case!. This fact stimulated a
more serious mathematical approach to the description of lattice models
of this kind. The state of the art account in this area may be found in
the monographs Refs. [13], [14].

Originally the Ising model was considered as a quantum model de-
scribed in terms of spin operators. Later, it was understood [29] that

1t is believed [26] that the three-dimensional and two-dimensional Ising models
have different types of time complexity. The 3D-model has a non-polynomial time
complexity, whereas the 2D-model — polynomial. More about complexity — a very
popular conception of modern science — see Refs. [27], [28].
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there exists a deep connection between the Ising model, the p*-models of
the Euclidean quantum field theory and classical lattice models. More-
over, due to its diagonality, the Ising model may be considered as a
classical model as well. In accordance with this duality the main body
of the article consists of two parts dedicated to classical and quantum
models respectively. In the first part (section 2) we consider a number
of generalizations of the Ising model, which may be described in terms
of systems of depending random variables (spins) indexed by the ele-
ments of a d-dimensional simple cubic lattice of unit spacing Z¢. In this
context the Ising model describes a system of interacting spins taking
values +1. In its generalizations the spins take values: (a) from a finite
sets si,...,$n (discrete spins), (b) from intervals like [a,b] (bounded
continuous spins); (¢) from the whole real line (unbounded spins). These
values are taken with certain probability (in the Ising model both +1 are
taken with probability 1/2). Different types of probability laws, which
prescribe these probabilities are discussed. Local Gibbs states are intro-
duced as probability measures, which are constructed by means of local
Hamiltonians and the probability laws discussed above. Here and below
local means related to a finite subset of the lattice Z¢. The central no-
tion of this part is the infinite-volume Gibbs state, which is defined by
means of local Gibbs states as a probability measure. As it has been
pointed out above, the only possibility to describe phase transitions in
such models is to construct these infinite-volume states, or at least to get
information about their properties. Such information may be obtained
by studying local Gibbs states, in particular analytic properties of local
partition functions. Valuable information may be obtains with the help
of correlation inequalities, which we discuss in subsection 2.3 . In sub-
section 2.6 we show how to prove that the infinite-volume Gibbs state
of the Ising model with a nonzero external field is unique at all tem-
peratures. This uniqueness means that only one phase may exist hence
no phase transitions are possible. The proof is based on the correlation
inequalities and analytic properties of the model partition function as
a function of the external field. Among the main problems of statistical
physics a special place belongs to the problem of criticality. At a critical
point the infinite-volume Gibbs state possesses unusual properties. In
particular, it is characterized by large fluctuations due to which the usu-
al central limit theorem fails to hold whereas the law of large numbers
is still valid. Such a phenomenon is interesting not only for physicists
- the appearance of the strong dependence between random patterns is
studied in population genetics, mathematical finance, etc. In subsection
2.7 we consider some new aspects of the theory of critical points in a
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number of models discussed in this section.

In section 2 we have restricted ourselves to real-valued spin models.
Therefore, we do not consider classical models with vector spins, taking
values in R™ with n > 1. We also leave without consideration models
like the Potts model, the clock model, etc. Finally, we do not consider a
very interesting class of spin models on graphs (like the Bethe lattices),
which now are getting more and more popular (see e.g., Refs. [30], [31]
and pp.170-173 in the book Ref. [13]).

In the second part (section 3) we discuss how to construct local Gibbs
states of quantum lattice models, which can be considered as general-
izations of the Ising model. We consider two types of such models: (a)
non-diagonal spin models (like the Heisenberg spin model), which may be
described by means of finite complex matrices; (b) models of interacting
localized quantum particles, described by unbounded momentum and
position operators. A typical example of the latter models is the model
of quantum anharmonic oscillators, which now is extensively employed
in the theory of structural phase transitions [32]. The local Gibbs states
of quantum models are constructed as positive linear normalized func-
tionals on non-commutative algebras of observables. Such functionals are
defined by means of density matrices, which in turn are defined in terms
of local Hamiltonians. All these objects - local Hamiltonians, density ma-
trices, observables, may be realized as operators acting on certain Hilbert
spaces. In subsection 3.1 we give a brief introduction and some exam-
ples on this matter, including a number of facts from the theory of such
operators. In subsection 3.2 we discuss the main technical tool in quan-
tum statistical physics which gives a possibility to describe local Gibbs
states by means of Matsubara functions constructed for observables tak-
en from a commutative subalgebra of the algebra of all observables. In
the approach to the description of the models of quantum anharmonic
oscillators initiated in Ref. [33], the Matsubara functions are written as
integrals on function spaces, which makes this description similar to the
description of models of classical statistical physics, the models consid-
ered in section 2 in particular. The only difference is that now the spins
are infinite-dimensional. This approach is called FEuclidean because of
its similarity to the corresponding approach in quantum field theory.
Within this approach it is possible to construct infinite-volume Gibbs
states on the same base as in the case of classical models. We present
here certain aspects of this approach, a full description of which may
be found in Ref. [34]. In subsection 3.3 we give some statements regard-
ing phase transitions and critical phenomena in the models of quantum
anharmonic oscillators obtained in the Euclidean approach.
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2. Classical Models

2.1. Local Hamiltonians and Gibbs states

We denote by N, Ny, Z, R, C the sets of positive integer, nonnegative
integer, integer, real and complex numbers respectively. For simplicity
reasons, we consider a simple cubic lattice of unit spacing, i.e., our lattice
is Z¢, d € N. Let A be a finite subset of the lattice Z¢. Among such
subsets we will distinguish boxes

A=(-L,Lnz¢ LeN. (2.1)

Below, otherwise explicitly stated, A, respectively A, will always stand
for an arbitrary finite subset of Z%, respectively a box (2.1). The number
of lattice points in A, A will be denoted by |A|[, |A|. Since A is a particular
case of A, everything stated for subsets A will be valid also for boxes A.
We start the description of the models we consider by introducing
the measure ¢ on R which describes a priori probability distribution
of a random variable corresponding to a “particle". The measure which
would describe a system of non-interacting such particles, each of which
is labelled by an element of a subset A, should be the product of this o
taken over A. If the particles interact with each other, the measure which
describes this system is obtained [6] as a “Gibbsian reconstruction" of
the product measure performed by means of the energy functional. In
the simplest case this is a quadratic form on the Euclidean space RI2!
consisting of vectors oa = (01)1ca with the components 01,1 € A, which

reads 1
Hp = —3 Z Jw ooy — Zhlal, (2.2)

LI'eA leA

where Jyy = Jy, Iy are real parameters of the model defined for all 1,1’ €
7¢. By means of these objects, we introduce the following probability
measure on the space RI4!

aalos) = Zihew(-pHs) [[dolo). (23
leA
Za = [ ewiois) [Jasto

where (3 is the inverse temperature measured in energy units. This mea-
sure is called the local Gibbs measure, or equivalently the local Gibbs
state, corresponding to the zero condition on the boundary (i.e., outside)
of A. The mentioned reconstruction was performed by multiplying the
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product measure in (2.3) by the corresponding factor, which turns to
be one for 5 = 0 when the particles become non-interacting. The nor-
malization constant Zg a, which provides that [dva =1, is called the
partition function in the subset A and

1

F =———In~Z 2.4
B8,A /BlAl NZg A, ( )

is called the free energy density.
A particular case of the above model, where the reference measure o
is

do(o) = 8(02 — 1)dor = % (01 — 1) + 6(0 + 1)] don, (2.5)

is nothing else but the Ising model with the interaction potential Jy
in the external field h;. This field is called homogeneous if hy = h for
all1 € Z4. In (2.5) § is the Dirac d-function, thus the above measure is
symmetric and concentrated at +1.

Due to the fact that the Ising model is a particular case of the model
described by (2), the random variables in a general situation are called
“spins", the energy functional (2.2) is called “Hamiltonian", the measure
o is called “single-spin measure". The models for which, like for the Ising
model, the measure p is concentrated at points si, s2,...5, € R are
called models with discrete spin. Such a model with s; = —1,89 =
0,s3 = 1 and with the single-spin measure

do(o1) = ¢[d(o1+ 1)+ 6(o1 — 1)) + (1 — 2¢)d(c1), ¢ €(0,1/2),

was studied in Ref. [35]. The models for which the measure ¢ is not
concentrated at any points are called models with continuous spin. As
an example here one may take the model with the single-spin measure

1
do(o) = 3 @111 (o1)don, (2.6)

where wy_y1)(t) = 1 if t € [-1,1] and w[_q4)(t) = 0 otherwise. The
models for which there exists @ > 0 such that

/ do o / do =1,
[—a,a] —a

are called models with bounded (compact) spins. Thus, discrete spins are
always bounded. The models for which the measure p is not concentrated
on a bounded interval are called models with unbounded spins. Among
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such models, a significant role belongs to the so called polynomial models,
for which

do(or) = C—L exp (— P(o1)) don, Cz/Rexp(—P(al))dal, 2.7)

where P is a polynomial, i.e.,
P(o1) = bior+ ... baroi",  bay > 0. (2.8)

Such a polynomial is semi-bounded, which means that for all its argu-
ments P(o1) > by for some real by. A measure p on R is called symmetric

if for every 0 < a < b,
b —a
/ do = do.
a —b

The measure (2.7) is symmetric if P is even, i.e., only even powers ap-
pear in (2.8). A typical example of such a measure is the symmetric
Gaussian measure, for which P(o1) = (b/2)o?. Another typical example
one obtains by setting r = 2,

do(o1) = Clexp(—aof —bof)dor, a€R, b>0; (2.9)

C = /Rexp(—P(al))dal,

which is known as the ¢* measure.
Such polynomial models have another interpretation. For the above
P and the Hamiltonian (2.1), set

EA = —% Z Jw ooy — Zhlal + ZP(UI)' (2.10)

LIVeA leA leA

This functional may be considered as the potential energy of a sys-
tem of interacting classical (non-quantum) oscillators, in which the first
term is responsible for the inter-particle interaction whereas the second
and the third ones represent the single-particle potential energy. In case
P(o1) = (b/2)0, b > 0, for all 1 € Z%, these oscillators are harmonic. A
generalization of (2.7) and (2.10) may be made by replacing the polyno-
mial P by a differentiable semi-bounded function. With the help of the
potential energy (2.10) the measure (2.3) may be written in the form

dva(oa) = Z5 5 exp (—BEa) [ [ don, (2.11)
leA




7 IIpenpunT

which is the Gibbs measure of a system of classical oscillators, it is Gaus-
sian if they are harmonic. Let us describe the latter case in more details.
For P(o1) = (b/2)o?, we set

Sw = bow — Jw, L1 €A, (2.12)

where 0y is the Kronecker delta. Let .S be the |A|x|A| symmetric matrix
which elements are given by (2.12). It may be diagonalized and all its
eigenvalues have to be real. The measure (2.11) will exist for all d € N if
all these eigenvalues are strictly positive. In this case the inverse matrix
S~1 exists and the partition function may be written explicitly

1
Zg.a = (2m) 2172 [det S]72 exp 5 ST (S Hwhihe p. (2.13)
L’'eA

If Jiy > 0 for all 1,1 € Z%, the necessary and sufficient condition for the
mentioned eigenvalues to be positive is

b > rlréan Z Jw . (2.14)
I'eA

The thermodynamic properties of the model make sense to consider only
if the following

> < o, (2.15)

I'ez?

holds for all 1 € Z9. In this case the condition (2.14) will be satisfied for
any A if
b > sup Z Jir. (2.16)
1€2% yega

If the latter condition fails to hold, the same will be with (2.14) for suf-
ficiently large subsets A. In this case the infinite-volume Gibbs measure
does not exist.

By means of the local Gibbs measure (2.3), one obtains physical
quantities as the integrals

floa)dva(oa) € (Fua, (2.17)

Qa

where we have set Qa = RI2l. Such integrals are called expectation
values of the functions f with respect to the measure va. In particular,
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the mean magnetization in the set A, the two-point correlation function
and the susceptibility of the model read respectively

1
Ma= g S K= @00)us — (b lovha, (1)
1eA
1 A
XA = TRy > K. (2.19)
LleA

The infinite-volume limit of such quantities, if it exists, will describe
thermodynamic properties of the model. In general, the integrals (2.17)
exist not for all functions f : Qa — R. If such a function is continu-
ous and polynomially bounded, its expectation value (f),, exists for all
measures ¢ of the type of (2.7). A polynomially bounded function by
definition is a function f : QA — R, which satisfies the condition

> (712‘| , (2.20)

leA

|f(oa)l < fo+

with certain fo > 0 and n € N. In the case of compact spins, the inte-
grals (2.17) exist for all continuous functions. It should be pointed out
here that the integrals (2.17) exist not only for continuous function, but
their extension to wider classes of functions will complicate mathemat-
ics, which we are going to avoid in this article. Moreover, all functions,
for which the expectations (f),, have a physical reason, are continu-
ous, hence we may restrict ourselves to considering such functions only.
Thereby, by Fa we denote the set of all polynomially bounded contin-
uous functions f : QA — R. All the single-spin measures we consider in
this article are supposed to satisfy the condition

/Rexp (as?) do(s) < oo, (2.21)

with a certain @ > 0. In this case all function from Fa will be integrable
with respect to the local Gibbs measures (2.3).

2.2. Analytic properties of local Gibbs states

In this subsection we study the dependence of the partition function
Z3,n, and hence of the free energy density Fj3 A, on the parameters Ji
and hy. Here we extensively use notions and fact from the theory of entire
functions, which may be found in the books Refs. [16], [17].




9 IIpenpunT

For discrete spins, the partition function Zga, as a sum of ex-
ponents, may be extended to an exponential type entire function of
ha = (M)iea € ClAl. The same remains true for all types of bound-
ed spins — a fact which follows from the Paley-Wiener theorem (see. e.g.,
Ref. [17]). For the model of classical harmonic oscillators, i.e., for Gaus-
sian va, it may be extended to an entire function of ha of order two (see
(2.13)). For unbounded spins with the measure g in the form (2.7), Zg a
may be extended to an entire function of order between one and two, de-
pending on the degree of the polynomial P (see below). Since for real hy,
the function exp (—3HA) takes positive values only, the partition func-
tion Zg A is also positive, which means that the free energy density Fjz A
is an analytic function on a domain in C!®l, which contains RI*!. This
shows one more time that no phase transitions can arise until the volume
(i.e., the subset A) remains finite since these phenomena are connected
with the singularities of the free energy density (see Refs. [8], [10], [14]).
On the other hand, by (2.4), the singularities of the free energy densi-
ty may be connected with the zero points of the partition function. A
classical result in this domain, known as the Lee-Yang theorem [36], see
also Refs. [10], [11], states that for the Ising model, the only point of the
real line which such zeros may reach in the infinite-volume limit is the
origin. Here we present a generalization of this statement proved in the
article Ref. [37]. To this end we introduce the following notion.

Definition 1: A symmetric probability measure g on the real line R is
said to possess the Lee-Yang property if

o(z) = /]Re”dg(t)7 z e C, (2.22)

is an entire function which has imaginary zeros only or has them none.

Then the Lee-Yang theorem in the version of E.H. Lieb and A.D. Sokal
may be formulated as follows.

Proposition 2: Let the spin model defined by the Hamiltonian (2.2)
and the single-spin measure g possess the properties: (a) Jy > 0 for all
1,I' € Z4; (b) the measure o has the Lee-Yang property . Then, for every
finite subset A C Z% and every (3 > 0, the partition function (2.3), as a
function of ha, can be extended to an entire function, which has nonzero
values whenever R(h1) > 0 for alll € A.

Here R(z) stands for the real part of z € C. The spin model for which
Jur > 0 is called ferromagnetic . A corollary of the above statement, a
particular case of which is equivalent to the original theorem proved by
T.D. Lee and C.N. Yang (see below), is formulated as follows.
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Proposition 3: Let the conditions of the above proposition be satisfied
and let hy = z for alll € A. Then, for every 8 > 0, the partition function
(2.3), as a function of z € C, can be extended to an entire function,
which has nonzero values whenever R(z) # 0.

Let us analyze this statement in more details. For h; = z, one has from
(2.2) and (2.3)

ZB,A(Z) = / exp ﬁzZUl + = Z Jw ooy H dg 01 2 23)
Qa

leA II’GA leA

As it has been mentioned, the order p of Zg a, as an entire function of
z, belongs to the interval p € [1,2]. Since the measure g is supposed to
be symmetric, this function ought to be even. Thus, it can be written as
the following infinite product (see e.g., Ref. [17])

Zs,a(2) = Zs a(0) exp (0(8, A H L+7(8,4)2%),  (2.24)

where Zg A(0) > 0, v,;(8,A) > 0, for all j =0,1,2,.... The case of all
v; (8, A) = 0 is degenerate, it holds if and only if the single-spin measure
is concentrated at zero, i.e., do(s) = d(s)ds. The case v(5,A) > 0 and
v;(B8,A) = 0 for j € N, corresponds to the model of harmonic oscillators,

for which the single-spin measure is Gaussian. In this case the function
(2.24) may be written (see (2.13))

2
ZﬂA(Z) = Zﬁ’A(O) eXp % Z (Sil)ll/ Z2
Ll'eA

It has no zeros at all and the corresponding infinite-volume free energy
density exists and has no singularities. For polynomial models with even
polynomials, for which the single-spin measure has the form (2.7), (2.8)
with r > 2, one has vy(8,A) = 0 and v;(5,A) > 0 for all j € N. In this
case the order of grows of the function (2.24) is p = 2r/(2r — 1). This
function has imaginary zeros at the points z = £i//v;(8,A), j € N. An
immediate consequence of the above analysis is that the only value of
the homogeneous external field hy = z at which the infinite-volume free
energy density may have a singularity is z = 0. It occurs, when the zeros
of Zg a(2) reach the origin as A — Z<. Further analysis of measures
with the Lee-Yang property may be found in Refs. [38], [39]. So far, we
have had no examples of measures ¢ possessing the Lee-Yang property.
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Two such measures are well-known. These are the measure (2.5) and

the symmetric Gaussian measure, i.e., a polynomial measure (2.7) with
P(o1) = (b/2)a}

do(s) = [b/27]"? exp (—(b/2)s?) ds, b > 0. (2.25)

In fact, for the former measure, one has ¢,(z) = cosh(z), whereas for
the latter one, ¢,(z) = exp (22/2b). The original Lee-Yang theorem is
equivalent to Proposition 3 with the single-spin measure (2.5) and with
the nearest-neighbor interaction potential Ji = Joy j_y|, J > 0.

Another examples of measures possessing the Lee-Yang property are
described by the following statement, which was proved in Ref. [40] (see
also Refs. [41], [42]). Let L stand for the class of entire functions of a
single complex variable, which are the polynomials possessing real non-
positive zeros only or the limits of sequences of such polynomials, taken
in the topology of uniform convergence on compact subsets of C. Such
functions are called Laguerre entire functions, their theory may be found
in Ref. [16].

Proposition 4: Given an entire function g : C — C let: (a) for every
real z € [0,+00), this function have real values; (b) there exist b > 0
such that the function ¢(z) = b+ ¢'(z), where ¢ = dg/dz, belongs to
the class L. Then the measure

do(s) = Cexp (—g(s?))ds, C = /Rexp (—g(s%)) ds, (2.26)

possesses the Lee-Yang property. For this measure, ¢, is of order p =
2r/(2r — 1) if g is a polynomial of degree r € N, and p = 1, if g is a
transcendental function.

An immediate consequence of this statement is that the ¢* measure (2.9)
possesses this property (see also Theorem IX.15 in Ref. [11]).

2.3. Correlation inequalities

As it was mentioned in Introduction, correlation inequalities constitute
the base of a number of powerful methods in the theory of models we
consider. Here we describe the most important of them, a more detailed
description of such inequalities and their applications may be found in
the book Ref. [3]. Mostly these inequalities hold for ferromagnetic spin
models only, i.e., for the models with Jy; > 0, though some of them may
be extended to more general interaction potentials. Therefore, in the
statements presented below all inequalities hold for ferromagnetic spin
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models described by the Hamiltonian (2.2) and a single-spin measure g,
which satisfies (2.21). In some cases we impose more specific conditions
on the measure g. The model with h; > 0 (respectively h; = 0) will be
called a model with a nonnegative (respectively with the zero) external
field.

The first example is known as the Fortuin-Kastelyn-Ginibre (FKG)
inequality [43]. To formulate it we will need the following notion. For
oa = (01)1ea and oy = (0])1ca, we write oa < o'y if oy < oy foralll e
A. A function f € Fa is said to be monotone on Qa if f(oa) < f(oh),
whenever oa < /.

Proposition 5: For any two monotone functions f,g € Fa

(f9va = (Fvalglva- (2.27)

The next correlation inequalities are known mostly due to R.B. Griffiths
[44], they are called Griffiths-Kelly-Sherman (GKS) inequalities.

Proposition 6: Let the functions fi,..., fn,91,-.-,9n € Fa be giv-
en. Suppose that each of them satisfies the following conditions: (a) it
depends on one component o) of the vector oa only; (b) as a function
of this oy, it is either odd and monotone or even and monotone as a
function of |o1|. Then for any ferromagnetic spin model with the zero
external field,

(freo fu)va =05 (2.28)
<f1 .. ~fngl .. 'g’I’L>IJA > <f1 oo fn>VA <gl .. 'gn>VA' (229)

Definition 7: A probability measure g on the real line R is said to be a
Bridges-Frohlich-Spencer (BFS) measure if it is of the form

do(s) = C'exp (—v(s%))ds, C= /]Rexp (—v(s?)) ds, (2.30)

where the function v : [0,+00) — R has the following properties: (a)
there exist vg € R, v1 > 0 such that v(s?) > vg + v1s% for all s € R; (b)
it is convex on [0, 4+00), i.e., for any 7,72 > 0 and 6 € [0, 1], it obeys
v + (1 —0)12) < bv(my) + (1 — O)v(r).

Definition 8: A probability measure ¢ on the real line R is said to
be a Ellis-Monroe (EM) measure if it has the form (2.7) with an even
polynomial (2.8), in which by € R, by, ... ,ba—2 > 0, ba, > 0.
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The Gaussian measure (2.25), the ¢* -measure (2.9), the measures (2.26)
are both BFS- and EM-measures. Moreover, every EM-measure is a BFS-
measure.

Now we introduce the Griffiths-Hurst-Sherman (GHS) inequality, its
proof may be found in the article Ref. [45].

Proposition 9: For any ferromagnetic model with a nonnegative exter-
nal field and a EM single-spin measure p, the following inequality

<011 01,013 >VA < <011 >VA <012 Ol >VA + <012 >VA <011 Ol >VA + (2'31)

+<013 >VA <011 Ol >VA - 2<O'11 >VA <012 >VA <013>VA )
holds for any 11,153,135 € A.

The proof of the Lebowitz inequality, which we formulate below, may be
found in the book Ref. [3].

Proposition 10: For any ferromagnetic model with the zero external
field and a BFS single-spin measure g, the following inequality

<011 01,0130, >VA < <011 01y >VA <013 Ol >VA + <011 Ol >VA <012 Ol >VA +
+<011 014>VA <012 0-13>UA7 (2.32)

holds for any 11,15,13,14 € A.

Remark 11: All the above correlation inequalities hold for the ferro-
magnetic Ising model with the corresponding external field.

The proof of this statement follows from the fact that the Ising model
can be approximated by the model with the single-spin measure of the
form (2.9), for which all these inequalities hold. Let us provide some
more details. The measure

dox(o1) = C; ' exp (=A(of —1)*)doy, Cr= / exp (—A(of —1)?) doy
R

(2.33)
with A > 0 is evidently of the type of (2.9). By means of the Laplace
method [46], one may prove the following statement. For any continuous
polynomially bounded function f : R — R,

tim [ flondeston) = [ flenddo) = 5 A1)+ F-1]L @34

A——+oo

where ! is the measure (2.5). This statement has the following important
corollary. Let v} (respectively v}) denote the local Gibbs measure (2.3)
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corresponding to the Ising mode, i.e., the model with the single-spin
measure (2.5) (respectively to the model with the single-spin measure
( 2.33)). Then for any continuous polynomially bounded function f :
R4l — R, the following holds

lim floa)dvp(oa) = [ floa)dvj(oa), (2.35)
A——+o0 Qa Qa
which proves Remark 2.3. On the other hand, for any A > 0 the measure
vA may be approximated by v [29].
For the measure v with the zero external field, the function

Ya(z) = /Q exp <z201> dVIA(O'A), (2.36)

leA

may be written also as ¥a(2) = Zs A(87'2)/Z5,4(0), where Zs A (57" 2)
is defined by (2.23) with the single-spin measure o'. By the Bochner
theorem [18], there exists a unique probability measure ga on R, such
that this YA may be written (c.f., the equation (2.22))

va(e) = [ explet)dea )
R
The measure poa defines the probability distribution of the total spin

SA = ZS].

leA

By (2.24) and Definition 1, this measure has the Lee-Yang property.

Let D be a sequence of subsets A C Z¢, such that for any two its
elements A, A’, one of them is contained in the other one. We also sup-
pose that this sequence exhausts the lattice Z¢, which means that any
finite subset A C Z¢ is contained in a certain A € D. As a countable set,
the sequence D can be enumerated in such a way that for any two its
elements A,,, A,,, their numbers satisfy n < m if and only if A,, C A,,.
Then we may write D = {A,, }nen. For a sequence {ca}aep indexed by
the elements of such D, we write limp ca or, if the sequence D has been
specified, lima _,z4 cA meaning lim,_, 4. ca,, .

Definition 12: A sequence of probability measures {ii, }nen is said to
converge weakly to the measure p if for any bounded continuous function
[ R—=R,

tim [ 700 = [ o) (237)

n—-+o0o
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Definition 13: A probability measure ¢ on R is called a Griffiths-Simon
(GS) measure if it may be written as the defined above pa with corre-
sponding A and nonnegative Jy or it is the weak limit of a sequence
{oa}aep of such measures.

Thus by Ref. [29], the ¢*-measure is a GS-measure. Another example is

do(t) = =[6(t — 1) + 6(t) + 6(t + 1)]dt.

co|>—«

One may show that the sequence of ¢,,,, , defined by (2.22) for the above
measures (i, converges uniformly on bounded closed (i.e., compact) sub-
sets of the complex plane C to the function ¢,, which means that ¢,
has the representation (2.24) and hence the measure u possesses the
Lee-Yang property. It should be pointed out that not all of the EM- and
BFS-measures possess this property (c.f., Proposition 4 ).

The Lebowitz inequality (2.32) may be generalized to the case of
nonzero external field, but for another type of single-spin measures. The
result presented below was proven in Ref. [45].

Proposition 14: For any ferromagnetic model with a nonnegative ex-
ternal field and a single-spin measure g, which is either of EM or of GS
type, the following inequality

<Jl1 01, 01301, > va < <Ul1 01, >VA <Ul3 Ol > va T <Jl1 Ol >VA <012 Ol > va T

+<Jl1 014>VA <012 013>VA - 2<Ul1 >VA <012 >VA <013 >VA <Ul4>VA ) (2'38)

holds for any 11, 12, 137 I, € A

Yet another result connected with the Lebowitz inequality (2.32) was
proven in Ref. [47], it is called the Aizenman-Frohlich inequality (see
also Ref. [3]).

Proposition 15: For any ferromagnetic model with the zero external
field and a GS single-spin measure g, the following inequality

<011 012013014>VA - <011 012>VA <Ul3014>VA <011 013>VA <012014>VA - (239)
—(01,01)va (01,015 )va = =2 (01,01)14 (01,0104 (915014 (01,011
leA

holds for any 11,15,13,14 € A.

It is worth noting that the Lebowitz inequality (2.32) gives an upper
bound (it is zero) for the left-hand side of (2.39), whereas the latter
inequality gives its lower bound.
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By Proposition 2, the partition function of the Ising model Zg A (ha)
can be extended to an entire function of complex ha, which does not
vanish in the vicinity of the point ha = 0. Therefore, in this vicinity its
logarithm will be holomorphic and hence may be written

q’@A(hA) def In ZB,A(hA) =In Z@A(O) + (2.40)
- 1 (277,)
+ZW > USRM,dan)hy o,
n=1 11,...,lap €A
where
6271

(277,) .
U (14, 1an) = <78hh o cI>M> 0), neN,  (241)

are called Ursell functions. They are also called cumulants or semiinvari-
ants. By direct calculation,

Ul(f)A (117 12) = Kl?lg (0)7

where the latter is the correlation function for this model with the zero
external field (see (2.18)). By Remark 2.3 and Propositions 2.3, 2.3

— 2> UM,

leA

A, DUSA (15, DUSA (1, 1) <
<UA(,... . L) < 0. (2.42)

For certain models, U[(fz) (Li,...,12,), n € N satisfy the following sign
rule [48].

Proposition 16: For all § > 0 and any finite subset A, the Ursell
functions (2.41) for the ferromagnetic model with the zero external field
and a GS single-spin measure, satisfy the sign rule

(—1)" UER . 120) 20, meEN. (2.43)

Moreover, equality in (2.43) occurs either if the single-spin measure g
is Gaussian, or if and only if among the indices 11, ... ,1s, one finds the
pair 1;,1; such that A may be divided onto disjoint A1, Ag, 1; € Ay and
l; € Ay, such that for any 1 € Ay andl' € Ay, one has Jy = 0.

The following statements are important corollaries of the inequalities
presented above. First, we obtain a property of the correlation functions
K& (ha) defined by (2.18).
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Corollary 17: For any ferromagnetic model with a nonnegative external
field
K (ha) > 0. (2.44)

Proof: By (2.18),

Kl%(hA) = <fg>VA - <f>VA <g>VA >0,

where we have set f(oa) = o1, g(ca) = or and employed the FKG
inequality (2.27).

Recall that ha < h/y means h; < hj for all 1 € A, moreover, 0a stands
for such a vector ha with all h; = 0.

Corollary 18: For any ferromagnetic model with a EM single-spin mea-
sure g, the correlation function, has the property

Kip (k) < Kip (ha) < Kf (0a), (2.45)

for any ha, W)y such that 0a < ha < h/y.
Proof: By (2.18) and (2.2), (2.3), one has

0
Ohyr Kll/ (hA) <O'10'1’ 01//>UA - <O'10'1/>DA <01”>VA - <0101//>VA <01'>VA -
_<01'Jl//>VA <UI>VA + 2<JI>VA <Jl/>VA <Ul">VA <0,

where we have used the GHS-inequality (2.31). Thus, as a function of
ha, K{(ha) is monotone decreasing for all ha, for which (2.31) is valid,
i.e., for ha > 0.

Corollary 19: For every monotone function f € Fa, the expectation
value (f),, is a monotone function of the external field ha. This means
that for any ha, h's, such that ha < h/x, the following holds

<f>l/A < <f>u'A7 (246)

where va (respectively v\ ) is the local Gibbs measure (2.3) correspond-
ing to the local Hamiltonian (2.2) with the external field ha (respectively

a)-

Proof: For ¢ € [0,1] and the mentioned ha, hx, we set za(t) = ha +
t(h'x — ha) and let va(t) be the measure (2.3) corresponding to the
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external field za (), which obviously satisfies the following “boundary
condition" va(0) = va and va(1l) = v/,. Then

(Foa) = (2.47)
1
B floa)exp Z Jw ooy + ﬁle H do(ay),
Zg.a(t) Jau ll/eA lea leA
where
Zpa(t) = / €xp Z Jworor + ﬂZan H do(oy).
ll’eA leA leA

(2.48)
Differentiating both parts of (2.47) and taking into account (2.48) one
obtains 9

§<f>uA(t) =D vat)y = (vaw)(Dva); (2.49)

where
gloa) & B> (hi =)o,
leA
which is a monotone function since ha < h/y. Now we apply in (2.49)
the FKG-inequality, which obviously holds for the measure va(¢) with
any t € [0, 1], and obtain

0
a<f>l/A(t) >0,

for all ¢ € [0,1]. Therefore, (f),, () is a monotone function of ¢, which
yields (2.46).

Corollary 20: For every monotone function f € Fa and for any ferro-
magnetic model with the zero external field, the expectation value {f),
is a monotone function of the interaction parameter Jy . This means that
for 0 < Jy < Jj, for all 1,1 € A, the following holds

<f>l/A < <f>V/A’ (250)

where va (respectively v ) is the local Gibbs measure (2.3) correspond-
ing to the local Hamiltonian (2.2) with the interaction potential Jy
(respectively Jj},).

The proof of this statement is almost the same as the proof of the for-
mer one and is based on the GKS-inequalities. Below we give another
applications of the above inequalities.

A wide variety of correlation inequalities and examples of their ap-
plications are presented in the book Ref. [3], see also Ref. [49].
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2.4. Infinite-volume Gibbs states

As has been pointed out above, phase transitions are possible only in
the infinite-volume limit A — Z<¢. In order to pass to such a limit, we
have to relate with each other functions belonging to Fa and Fas with
A C A’. Thus, each f € Fa will be considered also as an element of Fa/,
which is independent of oy with 1 € A’ \ A. This defines an embedding
Fa C Farfor A € A’. We recall that a sequence D of subsets A is called
increasing if, for every two its elements, one of them is a subset of the
other one. It exhausts the lattice Z? if every finite subset of the latter is
contained in an element of D. For such a sequence D, we set

F=J 7a. (2.51)
AED

Therefore, for every f € F, one may find Ay, such that f € Fa,, and
a sequence D in which this Aj is the first element. Then the infinite-
volume limit limp(f),, will make sense. By limp we mean the limit
in which A — Z% along the sequence D. At first glance, this setting
is sufficient to describe possible phase transitions in our model. But a
more detailed consideration immediately yields that it is not. For exam-
ple, in the case of symmetric ¢ and all h;y = 0 there is no way to break
the symmetry o1 — —o; of the model in such a limit. This means that
certain thermodynamic properties of the model, especially those related
to phase transitions, are described by quantities, which cannot be ob-
tained as infinite-volume limits of expectations (averages) with respect
to the measures (2.3). To obtain such quantities N.N. Bogolyubov [50]
introduced a notion of quasi-averages. They are obtained by adding to
the Hamiltonian (2.2) corresponding infinitesimal fields, which are to be
removed after passing to the infinite-volume limit. At the same time,
an approach to the construction of “all possible" infinite-volume Gibbs
measures® on the base of conditional probabilities was elaborated by
R.L. Dobrushin [51], [52] and by O.E. Lanford and D. Ruelle [53]. In
this approach such measures are obtained as solutions of a certain equa-
tion, now known as the Dobrushin-Lanford-Ruelle (DLR) equation. A
detailed description of this approach is given in the book Ref. [4]. Here
we present a short introduction into this theory.

First of all we will need the space on which such infinite-volume
measures are defined. Set

Q= {o=(01)1eze | o1 € R}. (2.52)

2More details on the relation between infinite-volume Gibbs states and phase
transitions are given in the next susection.
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This set consists of vectors ¢, which have infinitely many real compo-
nents o] indexed by the points of the lattice. Such vectors are called
configurations. This set can be metrized by introducing the following
“distance" between any two its elements o, o’

1 _ !
d(o,0') = o ozl (2.53)

22 Tl —o]

where |1| = \/|l1]2 + - - + |l4|?. This enables us to introduce the set of all
probability measures on 2 , which will be denoted by P(£2). It appears,
see Ref. [4] p. 59, that the above introduced set of functions F separates
the points of P(Q2). This means that if the measures 1, pa € P(Q) have
the property (f)u, = (f)u, for all f € F, then they coincide. Here we
write

f>u:/ﬂfdﬂ~ (2.54)

In order to have the things we deal with as much simple as we can
we suppose in this subsection that the interaction potential Jy in the
Hamiltonian (2.2) has a finite range, which means that this potential
takes zero values whenever the distance |l — 1’| exceeds a certain R > 0.
Given a subset A and a configuration £ € €, we define the following
probability measures

dva(oalé) = Z5 5\ (&) exp (—=BHA(E)) [ ] de(on), (2.55)

leA
dra(ol€) = dva(oalé) T] 6o - &)don], (2.56)

leAc
where
Ha(§) = —% Z Jworor — Zhlm - Z Jw oy, (2.57)
LI'eA leA IEAVEA®

202 = [ exp(-5Ha(©) ] deton) (2.58)

Qa leA

and A¢ = Z4\ A. The first two terms of the latter Hamiltonian describe
the energy of the self-interaction of the spins located in A whereas the
third term corresponds to the interaction of these spins with the fixed
configuration £ outside A. Due to our assumption regarding the range
of Jy, the sum in this term is finite hence no convergence problems




21 IIpenpunT

appear. The essential difference between the above introduced measures
is that va(+|€)? is defined on the space Qa consisting of vectors oa of
finitely many components. The measure wa(:|£) is defined on the space
Q, but due to the presence of the J-functions on the right-hand side of
(2.56), the components of ¢ labelled by 1 € A€ are “frozen", i.e., they
should coincide with the corresponding components of the configuration
&. The partition function Zz A(§) is defined in the same way as in (2.3).
In what follows, the measure (2.3) is a particular case of (2.55), which
corresponds to the zero configuration & = 0. Hence v is called the
local Gibbs measure with the zero boundary condition, whereas va (-|€)
is the local Gibbs measure with the boundary condition defined by the
configuration &, or simply, with the boundary condition £. For a function
f € Fa, one readily has

f(JA)dV@A(UAIﬁ):/ f(o)dms,a(olf),
Qa Q

where the function under the integral on the right-hand side is the same f
but considered as a function defined on the whole 2, which is independent
of the components of ¢ labelled by 1 € A¢. The measure m3 A has the
following property. For every p € P(Q2), the integral

eI}
Q

is again a probability measure on 2. We will denote this new measure
by mg,a o 1, that is we set

d(mp a0 1)(0) = / drms a(01€)dpu(€). (2.59)

The above integration has the following interpretation. Given a configu-
ration £ € €, the measure 7g a(:|§) defines a probability distribution of
configurations o € Q which ought to coincide with this £ outside A. In
the course of integration (2.59) the boundary conditions are averaged,
i.e., they are taken with their weights which are prescribed by the mea-
sure u. Suppose now that this new measure (2.59) coincides with the
averaging measure p and this takes place for every finite subset A. Then
for any f € F, one finds A such that f € Fa and then

[ san= [ (] for1amatcle)) aute) = [ satmonom,

3In this way we indicate the dependence of va, TA on &.
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which means that the expectation value of f with respect to the local
Gibbs measure with averaged boundary conditions is the same as its
expectation taken directly with respect to the measure u. In other words,
a kind of equilibrium between configurations inside and outside each such
a A holds.

Definition 21: A probability measure p € P(Q) is called an equilibrium
(Gibbs) measure if, for any finite A C Z9, the following equilibrium
condition holds

TB,A O [ = L. (2.60)

The set of all Gibbs measures existing at a given 3 will be denoted by Gg.
It is defined by the family of all local Hamiltonians (2.2). The equality
(2.60) may be considered as an equation, in which the unknown is p. It
is called the Dobrushin-Lanford-Ruelle equation. On can show (see e.g.,
Ref. [4]) that under the assumptions (2.21) made regarding the single-
spin measure o the set Gg in nonempty for all 3 > 0. Its elements are
also called phases . If for a given [, it contains more than one element,
the system considered may exists in more than one phases at the same
conditions. And alternatively, if this set consists of exactly one element
at all temperatures, no phase transitions are possible for this system.
Suppose now that pi,ps are two different elements of Gg. Then, for
every 0 € [0, 1], the combination

p=0p1 + (1 —0)us, (2.61)

which is called a mixture of the measures p1 and po, is a probability
measure (it is normalized since 6 + (1 — #) = 1). It solves the DLR
equation (2.60) hence belongs to Gz. This means that the latter set may
contain either one or infinitely many elements. If an element p € Gg
cannot be written as a convex combination (2.61) with 6 # 1,0 of any
other elements of this set, it is called a pure state. In the case of the
Ising model such pure states g+ may be obtained as infinite-volume
limits of the measures (2.55) corresponding to the boundary conditions
&4, all elements of which are equal +1. For d > 2 and large enough 3,
P F P

Now let us discuss how, for a given model, one may get its Gibbs
states or at least how to get information regarding such states. Another
question of this kind is whether one can get such states as infinite volume
limits of local states, which would be very natural. The direct construc-
tion of Gibbs states may be made only for simple models, for example in
the case of the Gaussian single-spin measure ¢. In more nontrivial situa-
tions such states are studied by means of the DLR equation without their
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explicit construction. As for the second question, the answer is yes. It
was obtained recently [54] and even for much more general objects than
those we consider. In order to formulate the corresponding statement we
have to make precise the notion of convergence. Recall that the set F
consists of local polynomially bounded continuous functions f : Q2 — R,
where “local" means that there exists a finite subset A, depending on f,
such that f depends on oy, 1 € A only. By F(©) we denote the subset of F
consisting of bounded functions. Let again D be an increasing sequence
of subsets A, which exhausts the lattice Z¢ and for which we write limp
meaning the limit A — Z? taken along this sequence.

Definition 22: A sequence of probability measures {ua}aep, defined
on the configuration space () is said to converge locally weakly to a
probability measure p if for every f € F(©),

1%11 (/Q fd,uA> = /Qfdu. (2.62)

Then we have the following result [54].

Proposition 23: For every £ € Q) and any sequence D, the locally weak
limit of the sequence of {m3 a(-|€)}aep, if it exists, is a Gibbs measure.

Another result of this kind is taken from the book Ref. [4]. Pure states,
i.e., the Gibbs measures which cannot be written as nontrivial convex
combinations (2.61), are called extreme elements 4 of Gg. Theorem 7.26
of Ref. [4], p.13 has the following corollary.

Proposition 24: The set of extreme elements Gg* C G is nonempty. If
IG5| = 1, then |Gg| = 1.

Another result of this book (Theorem 7.12 on p.122) reads as follows.
Proposition 25: For every u € Qg" and any sequence D, the sequence
{ms,a(:|§) }aeD locally weakly converges to p for almost all £. The latter

means that this convergence may fail to hold only for boundary condi-
tions &, which belong to a subset A C ), such that u(A) = 0.

Given 1y € Z¢ and a configuration o0 = (01)jcze, We set ¥y,0 =
(01419 )1ez4- Now for a function f € F, we set
t, (f) (@) = f(,0), (2.63)

i.e., U1, and t;, are translations defined on the set of configurations and
real valued functions of configurations respectively.

4The extreme elements of a plane triangle are its vertices.
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Definition 26: The model, described by the family of Hamiltonians
(2.2) with all possible finite A C Z?, is called translation invariant if, for
every lg € Z%, its parameters satisfy the following conditions

V1, | VAR Jy = J(1+10)(1’+10)7 vl € VAR hy = h1+10.

The external field h; which satisfies the above condition is homogeneous,
i.e., it is constant h; = h. A particular case of the translation invariant
interaction potentials is Jy» = ¢(|1—1']), where ¢ is a real valued function.
One has to remark here that each Hamiltonian (2.2) is not translation
invariant but for a translation invariant model, in accordance with (2.63),

tiyHa = Har,

where A’ is obtained as a translation of A on the vector lj.

Definition 27: A Gibbs measure y is called translation invariant if, for
every f € F and 1y € Z4,

(P = (o ()

One can show that, for any lg € Z¢ and every pu € P(Q), there exists
it € P(Q) such that, for every f € F |

(i = ()

If this p is translation invariant, then i = . On the other hand, since F
separates the points of P(Q) , there exists exactly one such fi. By Defi-
nition 21, for every p € Gg and every ly € Z4, its i will also belong to
Gs provided the model is translation invariant. Therefore if, for a trans-
lation invariant model, the set of all Gibbs measures consists of one u,
this element should be a translation invariant measure. R.L. Dobrushin
proved in Ref. [55] that, for the three-dimensional Ising model with the
zero external field, below its critical point there exist infinitely many
non-translation invariant phases. This is a consequence of the fact, also
proved by R.L. Dobrushin [56], that in the Ising model on the lattice Z<
with d > 3, below T¢ different phases may coexist separated by stable
surfaces, which is impossible in the case d = 2 (see also Refs. [57], [58]).

Now we present some facts about the infinite volume convergence of
thermodynamic functions. By means of estimates proven by D. Ruelle
[59] , J.L. Lebowitz and E. Presutti [60] proved the existence of the
infinite-volume free energy density, which is independent of the boundary
conditions. Below we present this result in a simplified version, for more
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details and generalizations we refer the reader to the original work Ref.
[60]. Given N € N and a finite A C Z¢, we set

QIN,A)={oceQ| > of <NA}. (2.64)
leA

The set of tempered configurations Q° by definition consist of those o € €
for which there exists N € N such that, for any finite A, o € Q(N, A).
Of course, the zero configuration, for which all oy = 0, is tempered. Let
L be the sequence of cubes (2.1) defined by a sequence {Lj,}nen such
that L,4+1 > Ly, henceforth L, — +o00. We say that the external field
is bounded if there exists a constant a such that for all 1 € Z4, |h| < a.

Proposition 28: For the spin model described by the Hamiltonian (2.2)
with a bounded external field and with the single-spin measure ¢ which
has the form (2.7), (2.8) with r > 2 or (2.5), the free energy density

1
Fa(§) = —MIHZAA(SL (2.65)

with € € QF converges, as A — Z% along any sequence L, to a limit,
which does not depend on the choice of L and on &, hence it is the same
as for the zero boundary condition.

We complete this subsection by describing a special kind of transla-
tion invariant Gibbs measures. Of course, they may be constructed for
translation invariant models only. We suppose that the interaction po-
tential has the form Jiir = ¢(]1—1'|). These measures are built by means
of cubes (2.1). Given such a cube A , we define

L-Via=y/l = BB+t LR,

where | I; — [y = min{| l; — I3[;2L — | l; — l;|}, j = 1,...,d. The
above introduced function gives a periodic distance between the points
LI € A, it may be interpreted as a distance on the torus which one
obtains by identifying the opposite walls of the cube A. Thereby, we set
Ji = ¢(]1 = V|a) with the same ¢. The Hamiltonian

1 A
Hy=—3 > Jvewor =Y hay, (2.66)
LIeA leA

is invariant with respect to translations on the mentioned torus. Such
Hamiltonians are said to satisfy the Born-von Karman boundary condi-
tion. By means of this Hamiltonian, one may construct the corresponding
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(periodic) local Gibbs state V[(Xp ) exactly as it was done in (2.3) for the
zero boundary condition. The only difference is that such periodic local
Gibbs states may be defined only for boxes like (2.1) or their translates.
The following statement may be proven on the base of the results of
Refs. [54], [61].

Proposition 29: There exists a tending to +o0o sequence {Ly}nen C
N, which defines by (2.1) the sequence of boxes {A;,}nen, such that

the sequence of periodic local Gibbs states {I/gj an}neN locally weakly
converges to an element of Gg, which is a translation invariant Gibbs
state.

2.5. Phase transitions and critical points

As it has been pointed out in the preceding subsection, phase transitions
correspond to the fact that the set Gz contains more than one element
— i.e., more than one phase. There exist several methods to prove that
|Gs| > 1, depending on the model considered. A profound and extended
description to this problem is done in Part IV of the book Ref. [4].
We recommend also Refs. [8], [62]- [66] for further information on this
subject.

In the case of the Ising model, the most known result, which inspired
many of the approaches developed in the sequel, is due to R. Peierls [67]
who proposed his famous contour method. One of its offsprings is now
known as the Pirogov-Sinai theory, first publications on which are due
to S.A. Pirogov and Ya. G. Sinai [68]. Its further development was done
by several mathematicians, a complete description of this theory may be
found in the article Ref. [69].

If the model possesses a symmetry, this symmetry should be pre-
served in the case |Gg| = 1, i.e., a phase should possess this symmetry if
it is unique. A typical example here is translation invariance, which was
discussed in the preceding subsection. If |Gg| > 1, the symmetry may be
“distributed" among the different phases, whereas each of them does not
possess this symmetry. Then the phase transition is connected with the
loss of symmetry and is often called “spontaneous symmetry breaking".
Another example, appropriate for our model (2.2), is the Z3-symmetry,
i.e., the symmetry with respect to the transformation oy — —oj for all
1 € Z%. Of course, to have this symmetry one has to take h; = 0 at all
1 € Z4. In the following section we show that in the case of the Ising mod-
el |Gg| = 1 at all temperatures for a nonzero external field. Therefore,
the only possibility to get a phase transition in this model is connected
with the Zs-symmetry breaking.
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Here one has to point out that phase transitions may occur without
symmetry breaking (see Chapter 19 in Ref. [4] and the references there-
in). An example here is the model (2.2) with d > 3, a nearest neighbor
interaction, zero external field and with the polynomial single-spin mea-
sure (2.7) for which the polynomial P has two asymmetric wells. If one
well is deep and steep and the other one is wide and shallow, and if the
barrier which separates the wells is high enough, there exist the phases
in which the particles are located mostly near the deep wells (one phase)
and near the shallow wells (the other one). This result was proved by
R.L. Dobrushin and S.B. Shlosman [70].

Now let us discuss how to detect that |Gg| > 1, i.e., how to prove a
phase transition. One way may be described as follows. For the model
(2.2) with the homogeneous external field which takes two values hy = +h
and with a symmetric single-spin measure p, one calculates the mean
magnetization M (h), corresponding to these values (see (2.18)). Then
one has to show that there exists S¢ such that, for 8 > (¢

g, g, MA() 7 Ty, g, M (),
which obviously contradicts uniqueness of Gibbs states. In fact, if the
phase is unique, both limits ought to coincide with the mean magnetiza-
tion calculated for this phase. This way is very natural from the physical
point of view but its mathematical realization may be technically impos-
sible. Of course, instead of calculating Mf(h) and then the above limits,
one may just to show that the difference M} (h) — M (h) is separated
from zero for all A > 0 and A, but this task may be too difficult as well.

Another way to show that |Gg| > 1 is based on the following impor-
tant notion. For a probability measure p on the set 2, defined by (2.52),
and a subset A C 2, we write

H(A) = /A g, (2.67)

if the above integral exists®. Given such a subset A and 1y € Z9, we set
A = {%h,o | o € A}, i.e., this set is obtained by translating on Iy
every configuration which belongs to A. For A, B C ), we denote by
AN B = (AUB)\ (AN B) their symmetric difference, i.e, the new set
consists of those configurations which belong to exactly one of these sets.

5Such integrals exist for measurable subsets, which form a o -algebra — a family
of subsets of €2, which contains €2 and is closed with respect to taking complements
and countable unions. In our case this is the Borel o-algebra — the smallest o-algebra
which contains all open subsets of 2. To define which subsets are open one uses the
metric (2.53).

ICMP-03-08E 28

Definition 30: A translation invariant probability measure g on the
set of all configurations €2 is said to be ergodic, if it has the following
property. For every subset A such that, for all 1y € Z¢

u((91,4) A 4) =0, (2.68)
one has u(A) =0 or u(A) =1.

Below we present a number of statements, proven in the book Ref. [13],
which describe the properties of such ergodic measures.

Proposition 31: A translation invariant Gibbs state p € Gg is ergodic
if and only if it is a pure state. If |Gg| = 1, then its unique element is
ergodic.

Thus, in order to prove that |Gg| > 1 it is enough to show that there exists
a nonergodic Gibbs state. This may be done on the base of the following
von Neumann ergodic theorem (see Theorem III.1.8 in Ref. [13]).

Proposition 32: A translation invariant state p € Gg Is ergodic if and
only if, for every f,g € F,

Ah_{led |%| {Z [<(tlof)g>u - <f>u<9>u]} =0, (2.69)

lpeEA

where A is defined by (2.1) and the above limit is taken in the sense
L — +4o0.

Now let u € Gg be the periodic Gibbs measure to which a sequence
of periodic local Gibbs states converges by Proposition 29. Let us take
in (2.69) f(o) = g(o) = 0o. Set in (2.66) h = 0, then the state p is
Zs-invariant, hence (f), = (g), = 0. By Proposition 29, one has

<U1000>u: lim <UIOUO>V(p) . (270)
n—-+4oo B,An

In view of the von Neumann ergodic theorem this immediately yields
that the state p is nonergodic if
) 1
0 n

for a certain sequence of boxes {A,, }»en. Since the local Gibbs state Vé’? 1)\

is invariant with respect to the translations on the corresponding torus,
the above condition is equivalent to the following

def . 1
P(B) = RETOOW“/%\ <0101/)V[<53\n > 0. (2.72)
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This P(() is called an order parameter. By (2.28), P(3) > 0. If P(3) > 0,
there exists a periodic nonergodic Gibbs state, which contradicts |Gg| = 1
since if Gg is a singleton, its unique element has to be ergodic. Therefore,

P(B) > 0 implies nonuniqueness of phases, i.e., a phase transition. On
the other hand, by (2.18),

= lim = lim
X A—7Za XA

1
L D o 2.73
AP

LIeA

is the infinite-volume susceptibility if the above order parameter P(03) is
zero, i.e., above the Curie temperature T = 8, ! The Curie temperature
is defined as the supremum of the values of 3! for which P(3) > 0.
Comparing (2.72) and (2.73) one comes to the following conclusion:

e If x < oo, then certainly P(8) =0 and T > Tc.

e If P(3) > 0, then certainly the right-hand side of (2.73) is equal
to +00, then there exist many phases, i.e., T' < T and one has to
calculate susceptibility taking into account this fact.

o If x =00 but P(5) =0, then T'=T¢?

The answer on the latter question depends on the model. It may be
negative if one has a first order phase transition at 7' = T¢. In this case
the third possibility does not occur. If it occurs, one has a second order
phase transition at T = T, or T¢ is also called a critical point. At this
point one may find A € (0,1) such that

. 1
0< Ali,nzld W 1;}\(0’10’1»[/};3\ < 00. (274)

Such A is known as a critical exponent. Calculation of such exponents
for a given model is the main goal of many works in this field. Finally,
let us remark that for the model described by (2.2) with h; = h # 0 and
with the single-spin measure possessing the Lee-Yang property, x < co
for all temperatures. This fact was proven in Ref. [71].

2.6. Uniqueness of Gibbs states for the Ising model

In this subsection we prove that the set of Gibbs states Gz of the fer-
romagnetic Ising model with a homogeneous external field % is unique
at all temperatures and all dimensions of the lattice if & # 0. Our proof
will be an extended version of the proof given by J.L. Lebowitz and A.
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Martin-Lof [72]. On the other hand, it is a simplified version of the proof
given in Refs. [73], [74] for quantum Gibbs states.

We consider a ferromagnetic Ising model with the homogeneous ex-
ternal field, i.e., hy = h for all 1 € Z?, with the interaction Ji > 0, which
satisfies the condition (2.15).

Theorem 33: For every § > 0 and d € N, the set of Gibbs measures
Gp of the Ising model with a homogeneous external field h consists of
exactly one element if h # 0.

To prove this statement we will need a number of new notions and aux-
iliary facts. For the Ising model, the set of local continuous functions F
defined on the space of all configurations {2 is measure defining, i.e., it
has the following property. If for given measures 1, 12 € Gg, the expec-
tations (f),,, (f)u. coincide for all f € F, then p; = p. One could use
this property in proving our theorem but the set F is too big and it would
be natural to look for a smaller set possessing the same property. Before
formulating a statement, which describes the properties of such sets, we
remark that F is closed under pointwise multiplication, i.e., if one defines
that for f, g € F, their product fg has the value (fg)(c) = f(0)g(o) at
every o € (), then fg € F. The following statement is a corollary of the
monotone class theorems (see e.g., Ref. [21], p.6).

Proposition 34: A subset ¢ C F is measure defining if it has the
following properties: (a) it is countable; (b) it is closed under pointwise
multiplication; (c) for any o € Q,0' € Q one finds f € & such that

flo) # f(0') if o # 0.

Givenn € Nand Ly,...,1, € Z¢ | we set
flo)y=o01,...01,. (2.75)

Every such a function is continuous and local, the set @ of all such
functions (all possible choices of n € Nand 11,...,1, € Z%) is a subset of
F. This set is countable since the set of all finite subsets of the countable
set Z< is countable. For every f,g € &, fg € &. Finally, it separates the
points of . In fact, if ¢ # o, then one finds 1 € Z¢ such that o1 # of.
The function f(c) = o] takes different values on such o, o”.

Now we introduce two specific configurations of spins, i.e., two specific
elements of 2. Recall that for the Ising model, all spins take values
+1, thus the set Q consists of vectors o = (01)1ezd¢, o1 = 1. We set
&t = (01)1ez4, with all o3 =1 and £ = (01)1¢z4, with all o = —1.

Let £ be a sequence of boxes A defined by (2.1). The following lemma
plays a key role in the proof of our uniqueness theorem.
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Lemma 35: Suppose that for any 1 € Z¢ and for a sequence of boxes L,
each of which contains this 1, the following convergence

<UI>VB,A('|§+) - <01>V5,A(-|£—) —0, as A—Z (2.76)

holds. Then the set of all Gibbs measures Gg contains exactly one ele-
ment.

Here the expectations are taken with respect to the conditional Gibbs
measures (2.55) with the corresponding boundary conditions & .

Proof: We prove this lemma by showing that for any f € & and two
arbitrarily chosen Gibbs measures ;11 and o, one has (f),, = (f)u, if
the condition (2.76) holds. This should yield p1 = ug since @ is measure
defining. Hence all elements of G coincide, which means |Gg| = 1.

Take an arbitrary f € ¢ and write it in the form (2.75) with certain
l;,...,1,. For this f, one may pick up A > 0 such that the function

¢(0) =1 o1, +0f(0), (2.77)

Jj=1

will be monotone for both values § = 1. Indeed, for any 0,0’ € €, such
that o’ > o, one has O’{]_ > o1, with j =1,2,...n. Then by means of the
following identity '
n
! ! / ! ! / /
ayay...a, —apay...a, = )y ajay...a;_q[a; —ajlajii ... an,
j=1

which holds for any n and any sets of numbers ay, ..., a,, a},...a,, we

c N
get

(') — o) = (o], —a,) [A +001,...00_on,, .. .oln] . (2.78)

=1

Obviously, the latter sum is non-negative if A > 1.

We recall that G§* denotes the set of extreme elements of Gg, i.e.,
the elements which cannot be written as nontrivial convex combinations
(2.61) of other elements of Gs. By Proposition 25, [Gs| = 1 if |Gg*| = 1°.
Thus, the lemma may be proven by showing that for any f € @ and any
two 1, p2 € Gg*, one has (f),, = (f)u, if (2.76) holds. By (2.55), (2.56),

(Foacres) = (Dracles) (2.79)

6Like a triangle with just one vertex.
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which holds for any A such that 13,1s,...1, € A. Then by Proposition
25,

(P = (P (2.80)
provided

<f>VA(.‘§+) - <f>l,A(.|§_) — 0, as A — Zd, (2.81)

along a sequence L each element of which contains 1i,1s,...1,. Thus,
it remains to show that (2.76) implies (2.81). To this end we employ
Corollary 19. Recall that for the case considered, the Hamiltonian which
determines v (-|€) has the form (2.57), see also (2.55), with the external
field hy = h for all 1 € Z?. Then for € = £, it can be rewritten

1
Hy = -3 Y Jwoor =Y |hE Y J“'] = (282)
LI'eA 1eA VeAe
1
= —5 Z JII’UIUI’ —Zhli(A)Ula

LI'EA 1€A

where hif(A) = h + > vene Jw. Our model is ferromagnetic, i.e., all Jyy
are nonnegative, which yields ;" (A) > hy (A). Then by Corollary 19,

(Bhuaclesr) = (Dhuaclen)s (2.83)

since the function ¢ defined by (2.77) is monotone. Then by (2.77), one
gets

A

J

(1) uncien) = (o1 0uacle )] Z 0 [(Funcier) = (Fluacle] -

n

Since the latter estimate holds for both § = 41, it may be rewritten

A

J

[(01,)un ey = (O10uncle )] 2 [(Fhuaclen) = (Fluacren ], (2:84)
1

n

which yields (2.81) if (2.76) holds.

The next step in proving Theorem 33 is to show that (2.76) always
holds if A # 0. To this end we employ the infinite-volume free energy
density and its properties as a function of the external field h. We recall
that a function f : R — R is called convex if for every 6 € [0,1] and any
s,t € R, one has f(6t+(1—6)s) <0f(t)+(1—0)f(s). A wide variety of
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the properties of convex functions and their applications in the theory
of lattice models may be found in Refs. [5], [13]. In particular, they have
the following property (see Ref. [13], pp.35 -39).

Proposition 36: Let a sequence of convex function {fy}nen converge
pointwise on R to a function f. Then this function is also convex, it is
differentiable for all but countable values of its argument. If all f, and
[ are differentiable at a given xo € R, then f] (x0) — f'(z0).

For the model considered, the partition function in a box A with the
external field A = z and with the zero boundary condition is given by
(2.23) with the single-spin measure (2.5), it also may be written in the
form (2.24). We set
1

pa(z) = o] InZg p(2). (2.85)
In the lattice gas terminology [13], such a function is called pressure. Its
connection with the free energy density Fj A (0), where 0 means the zero
boundary conditions, may be established by means of (2.65). Taking into
account Proposition 28, we can state the following.

Proposition 37: For every z € R and 8 > 0, the sequence {pa(2)}rcr
converges as A — Z%. Its limit p(z) is a convex function of z. Moreover,
for any £ € (Q,

p(z) = =B lim Faa(é) (2:36)

where Fg 5 (§) Is the free energy density of the model with the homoge-
neous external field hy = z.

Let us prove that the only point at which p(z) may fail to be differentiable
is z = 0. To this end we employ the Lee-Yang theorem in the form of
Proposition 3, which yields (2.24), as well as the following well-known
theorem of complex analysis ( Vitali’s theorem, see e.g., Theorem VIII.19
in Ref. [11]).

Proposition 38: Given a domain D C C, let a sequence of functions f, :
D — C, n € N have the following properties: (a) each f,, is holomorphic
on D; (b) for every bounded closed subset K C D, there exists Cx > 0
such that |f,(z)| < Ck for alln € N and z € K; (c) there exists a subset
F C D, which has an accumulation point, such that, for every z € F,
the sequence { fy,(2)}nen converges to a function f : D — C. Then this
function is also holomorphic on D.

This theorem has the following interpretation. If a sequence of holomor-
phic on D functions has the properties: (a) it is uniformly bounded on
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compact subsets of D; (b) it converges pointwise on D to a function,
which is just defined on D. Then this sequence converges to the latter
function uniformly on compact subsets of D, hence the limiting function
is holomorphic on D.

Now we may prove the following result.

Lemma 39: For every § > 0, the limit of the sequence {pa(z)}arec is
an infinitely differentiable function at any z € R\ {0}.

Proof: For the Ising model, one has in (2.24) 4(8,A) = 0 (see the
analysis following after (2.24)), which yields

pa(2) = Zp A(0) + > In [1+7;(8,A)2%]

Jj=1

and hence

PAlz) = 2%(B,0)
= —_— 2.87
Z 14,8, A)z2 ( )
This means that all the functions pp are holomorphic in the domain
C\ A, where A=A, UA_, Ay = {z =it | t € [(11(B,A))/2, +00)},
which includes the whole real line R. Then, for z = 2 4+ iy € C\ A, one
has

' 27;(8,A)
14+ (B, A)22

j=1

2 493 (8,A) -
(145 (8, M) (a2 — y?)]2 + 497 (8, N)a2y? ~
473 (6, A)
[1+7;(8, A)(a2 — y2)]2

Given 0 > 0, we set
By={z=z+iyecC |z >0, x2—y2202}.

Applying the above estimate in (2.87) we get for z € By

Pa(z)

29BN pi(9)
SZH%(@A)GQ_ A (2.88)

Jj=1

By Proposition 37, the limiting function p(z) is convex on R hence it
is not differentiable on a subset £ C R, which is at most countable.
This means that for any ¢ > 0, the interval (0,¢) contains points at
which p'(z) exists. Moreover, by the same statement, p, (z) — p'(2), as
A — 74, at each such a point. Thus, we take an arbitrary € and pick up
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6 € (0,¢) such that p’(6) exists. Then the sequence {p, (6)} converges to
P’ () hence this sequence is bounded. Now we take ¢ > 6 and set

Boy={z=x+iyeC|2®>—y*>6* x€[0,t}. (2.89)

This set contains [f,t] C R. Then, for z € By, one has

2| = Va? + 7 < V222 — 0% < V22 - 62,

and, by the estimate (2.88),

pA2)l < (V2(/8)7 = 1) pp(6).

Since the sequence {p/y (§)} ac is bounded, the sequence of holomorphic
in By, functions {p/ }acc is uniformly bounded on By ;. Moreover, one
has p/\ (z) — p'(2) for all z € [0, t] except possibly for a countable subset
of this interval. Thus, the subset of [0,¢] on which p),(z) — p'(2) has
an accumulation point, which yields by Proposition 38 that p’ is holo-
morphic on By ¢, hence p is infinitely differentiable on (6,t). Since this is
true for any ¢ > 6 and 6 may be chosen arbitrarily close to zero (recall
that 6 € (0,¢) with any € > 0), this is true for all z € (0, +00). Since all
the functions py and p are even, the same is true also for z € (—o0,0).
Thus, the only point where it may fail to hold is z = 0.

The next step is based on the following simple result.

Lemma 40: The Ising model with the homogeneous external field h and
the zero boundary condition has the following property. For any A and
[ € Fa,

m (Fuam = f(oR), (2.90)

where O’X is the configuration on = (o1)1ea for which oy = 1 for all

le A.

Proof: Set Sa = Zle A 01. The values of this total spin variable consti-
tute the set Sa = {—|A|, = (|A| = 2),...,|A| — 2,]Al}. Furthermore, let
Sh =Sa \{|A[} (ie., the latter set coincides with the former one up to
the element |A|). Then

<f>VA(h) = (291)
= L hS B Ji
= Zoalh) Z Z floa)exp | BhSA + 3 Z o0y

BANY) GeSA on: Sa=S LIeA
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When dealing with the Ising model, for which spin variables take discrete
values, it is more convenient to use notations in which expectations with
respect to the corresponding local Gibbs measures are written as sums
over the values of spins instead of integrals. Thus, for a given A, the sum
ZUA is taken over all values of o7 with 1 € A. The second sum in the
above expression is taken over all such values but with the restriction
> 1ea 01 = Sa = S. In such notations the partition function is

Zga(h)= Y > e ﬁhSA-i-g > Jwowoy |,

SeESA oa: SA=S Ll'eA

which may be written in the form

Zg,a(h) =exp | Bh|A| + g 1§A Jw | x (2.92)

1+ ) exp(B(S—1A]) > exp g > Jwloor — 1]

SeS), oa: SA=S Ll’eA

Similarly (2.91) may be written as

1

(Flva = flok) + T 4a()

> exp (Bh(S — |A]) x (2.93)

SeS,

X Z floa)exp gZJu/[UlUy—l] ,

oa: SA=S LI’'eA

where Aa(h) stands for the second term in the figure brackets in (2.92).
For all S € §), one has S < |A|, which yields exp[Sh(S — |A])] — 0 as
h — +4o0. Furthermore, the sums over S are finite, hence both Aa (h)
and the second term in (2.93) tend to zero as h — +o00, which completes
the proof.

Another result which we use to prove our theorem describes the expec-
tations (f),(je,)-

Lemma 41: The ferromagnetic Ising model with an arbitrary external
field ha = (m)iea has the following property. For every 8 > 0, any
finite subsets A, A’, such that A’ C A, and for any monotone function
f€Far,

(Fvacien) < Fuprlen- (2.94)
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Proof For A’ C A, we write A” = A\ A’. By £ar X na» we denote the
configuration (a such that = & for1 € A/, and § = for 1 € A”.
Then for the mentioned A, A’, we may write cao = oar X oa~. Obviously,
for appropriate functions,

Zf(UA) = ZZf(O’A/ X O'A//).

Then the Hamiltonian Ha (2.2) may be written

Hpa = Har + Harv — Z J1112O'11012. (2.95)
LEeA L eA”

For ¢ € [0, +00), we set

= 2.
(1) ZM Zf oa) (2.96)
X exp (—,BHA +,BZJI Z Juw +t Z Jl> ,
leA I'eAc leA””
where
Zgalt Zexp (—ﬁHA +BY o Y Jwt Y 01> (2.97)
leA IreAc leA”

Here the terms Zl NG Zl’ cae Ji describe interaction with the external
spins &, fixed at &€ = &, (recall that A® = Z4\ A). Thus, we have

?(0) = (flvaclen)- (2.98)

Taking into account (2.95) and the fact that f € Fas (which means f is
independent of the components of ca withl € A" ie., f(oca) = f(oar)),
one can rewrite the above expressions as follows.

o) = Zf OAr)exp <—5HA' + 8 201 Z Jll’) X

Zs a(t)
palt IEA’  VEAe

X Zexp (—ﬁHAu +4 Z o1 Z Jir+

ann leA”  TeAc©

+ g Z Jwoyo, +t Z o |, (2.99)

LeA LLeA” leA””
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and

Zﬁ,A(t) = Zexp <_6HA’ + 0 Z o1 Z J11/> X

leA’  TeAec

X ZeXP <—ﬂHA~ +0 Z o1 Z Jw+

leA”  TeAc©

[y NG

(NG

+ B8 Jwoyot+t) o (2.100)

LeA’ lL,eA” leA”

The external field in exp (+) in (2.96) is b’y = (h1+t)1ea, where by, 1€ A
is the external field in Ha. Since t > 0, h/y > ha, which by Corollary 19
yields

¢(t) = $(0) = (Fvacler): (2.101)

We recall that f is monotone. Set

F(UA”) = Zf UA’ exp Z J1112011012 -
Zﬁ A’ O'A// 11€A/,12€A~
— BHA+B8Y o1 ) Ju/> : (2.102)
lIeA’  VeAe
where

Zpn(oar) = ZGXP p Z Ji,1,01,01, —

[N\ LLeA I,eA”
— BHA+BY o1 Y Ju/> : (2.103)
leA’  TeAc©

Let van(t) be the local Gibbs measure of the Ising model in the set A”
corresponding to the Hamiltonian Ha» — 871t > 1ear 01 (we have fixed
[ which, by the end of this proof, is just a parameter) and to the zero
boundary condition. Its partition function is

Zoan(t) = exp (—ﬁHN s al> .

[N leA”
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By means of this measure, the above expectations may be rewritten as
follows

Zoar(t) = ) {Zﬁ,A'(UA“)eXP (ﬁ Yoy, Ju/>} x

leA”  TeAc

X exp <_ﬁHA// +t Z 0’1> =

leA”

[N

=Zpar (1) (Zpa(oar)exp (ﬂ Yooy, J11/>>VA,,(t) (2.104)

leA” I'eAc

And similarly

-1
Zs.a0(1)(Z.r(05) 03D <ﬁ Sy Jllf)>uA,,<t>] x

leA”  TeAc

¢(t)

X Z Zf(UA')eXP —BHA + Z J1,1,01, 01, +
oar \oar LEA LeA”
+ B> o Y Jll’) } exp <—5HA“ +t Y Ul) =
leA’ I'eAc 1EA”
-1
= |(Zp.ar(oar)exp (ﬂ Z a1 Z Ju/))uA,,(t)} X
leA”  VeAe
X (Zg,a(oar)F(oar)exp <ﬂ Z o1 Z J11/>>VA,,(t). (2.105)

1eA”  TeAc

Passing here to the limit ¢ — +o00 and employing Lemma 40 we arrive
at

lim ¢(t):Z‘3’A' (oA F(oxn) exp (B2 1ear Xveachr)

=F(cf.).
oo Zg.a(0xn) exp (B 1ean Lveac )
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y (2.102), this yields

tilgl(xﬁ Zf (oar) exp <—5HA'+5 Z oy, Z Ju1,+

[N\ LeA! loe A

+3 E oy, E J1112> X
lLeA’ loeAc
1

X[y exp <—5HA’ +4 Z o1 Z Ju,+p6 Z oy, Z J1112> =
N

lLeA’ loeA” lLeA’ loeAc

:Zf(UA')GXP —BHA + Z oy, Z Ju, | ¥

N LeA! 126 A/)
—1
doexp | “BHa+B Y on D = {Pvastier:
N LLeA’ loe(A’)e

Taking into account (2.101) we obtain (2.94).

Recall that we are studying the Ising model with a non-zero homogeneous
external field h. Since the interaction term in the Hamiltonian (2.2) and
the single-spin measure o' are symmetric with respect to the change
0 — —o, it is enough to consider the case h > 0 only.

A function f : R — R is called right-continuous at zy € R if

limg 5040 f(z) = f(xo). Such a function is left-continuous at xzq if

g(x) def f(—=z) is right-continuous at —z. If a sequence of mono-

tone increasing continuous functions {f,}nen, frn : R — R converges
pointwise on R to a function f, then this f is right-continuous.
The next statement follows from the one just proven.

Corollary 42: For every > 0 and h € R, the infinite-volume limits of
the expectations

Mz (h) = lim (1) jes), (2.106)

exist. They do not depend on 1. Moreover, M (h) (respectively M_(h))
is right-continuous (respectively left-continuous).

Proof: Let us prove the above statement for M (h). Since the function
f(o) = o1 is monotone, the above lemma yields

<U1>VA('|€+) < <UI>VA/(.\§+), (2.107)
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for any two boxes A’ C A. On the other hand, since o7 = +1,

—1 < (o) y <1,

va (-4

hence {(01),,(.|¢,)}a converges as a bounded monotone decreasing se-
quence. By the FKG inequality,

0
8h< Cley) = 5ZK11/

reA

hence (01),, (.le,) = 0 for A > 0. Since for every A, (01),,(.|¢,) is a con-
tinuous and monotone function of h, the limit of the above sequence is
right-continuous. Finally, since the locally weak limits of m(-|+) are
the extreme translation invariant states uy, the above M, (h) is inde-
pendent of 1. We remark here, that all our conclusions regarding M (h)
are valid for all h € R since no assumptions restricting h were made
in the above lemma. Now let us prove the statement for M_(h). By
symmetry, (1), (-|c_) = —(01) s, (-|e,), Where DA(:|§1) is the local Gibbs
measure with the external field equal to —h. Then the convergence of
the sequence of (01),,(.|¢_) and the translation invariance of its limit
follow from the above consideration. Moreover, for these limits one has
M_(h) = —Mi(—h). Finally

. AN . N - _ _ —
Jlim M) == lim Mo(=B) = =M (=h) = M- (h)

Proof of Theorem 33: By (2.65)

d
—ontaalés) = 1A Z T wa(-fex)- (2.108)
leA

By Proposition 37, both —Fj 5 (£+) have the same limit, which coincide
with Op(h) studied in Lemma 39. This limit, as a convex function of
h € R, has one-sided derivatives at any h, which are the limits of the
derivatives (2.108). This means

B =p(h) _ . el H) = Faal€e, )

W' —h+0 B —h T W Shto Alinzld W —h -
= lim, Al Z ) un (Jex) =M (h). (2.109)

Here we have used the results of Corollary 42. By Lemma 39, p(h) is
differentiable for h # 0, which means that both its one-sided derivatives
coincide at such h. Therefore, M (h) = M_(h) if h # 0, which means
(2.76). Then we may apply Lemma 35 which completes the proof. O.
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2.7. Self-similarity, one-dimensional and hierarchical models

As it was mentioned in Introduction, the one-dimensional Ising model
with the interaction potential of finite range has no phase transition.
Moreover, one may show that the set of its Gibbs states is a singleton
for all 8 > 0 (see Ref. [4], p.164). Is it true for the case of long-range
interactions? The answer was given by F.J. Dyson in his articles Refs.
[75], [76]. Namely, the one-dimensional ferromagnetic Ising model with
the zero external field and the translation invariant interaction potential
Jw = ¢(]l = 1|) such, that ¢(z) ~ ¢z~ '~ as * — +oo with A €
(0,1), has a phase transition. The same model with A > 1 has no phase
transitions. The borderline case A = 1 was studied in the paper Ref. [77],
where it was shown that the model has a phase transition, but in contrast
to the case A < 1, the order parameter has a jump at g = (..

To obtain his results Dyson introduced in Ref. [75] a spin model with
a specific hierarchical structure. Later it was understood that this struc-
ture has a very deep connection with a certain property of lattice spin
models, which appears at their critical points. This property is called
self-similarity. The first publication where it was discussed, though yet
without this name, is L.P. Kadanoff’s paper [78] (see also Refs. [79], [80]
and the references therein) in which he presented his known block-spin
construction. A similar arguments were developed also in R.B. Griffiths’
paper Ref. [44]. Later there was an explosion of activity in this direction,
a consequence of which is an approach in the theory of critical phenom-
ena known as the renormalization group method. In fact, it is not a
method but a vast variety of methods and tools with different levels of
mathematical background. The notion of self-similarity, first appeared in
Ya. G. Sinai’s paper Ref. [81], was formulated as a property of a random
field. Later the conception of self-similar random fields became a part of
the mathematical theory of critical phenomena in models of statistical
physics, lattice spin models in particular. A full and comprehensive de-
scription of this conception is given in Refs. [14], [66]. In this connection
we mention also papers of K. Gawedski Refs. [82], [83], [84].

Renormalization group methods developed in theoretical physics have
produced and still are producing a very strong impact on the theory of
critical phenomena. One may say that they created a new philosophy
with its own set of concepts. In this context we mention brilliant works
of K.G. Wilson Ref. [85] and I.R. Yuknovskii Refs. [86], [87].

At the same time, the mathematical tools used in modern renormal-
ization theories, especially those applied to more realistic models, are
not sufficiently elaborated. Moreover, quite often ill defined mathemati-
cal objects are employed here. As examples, one can mention nonexisting
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integrals, series expansions with zero convergence radii, etc. An attempt
to bridge the gap between the treatments of renormalization in physics
and the mathematically rigorous approach was made in a recent book
Ref. [88].

Let us described, briefly and schematically, the mathematical aspects
of the renormalization group approach to the models we consider here.
Recall that we study spin models defined on the lattice Z¢ and described
by the Hamiltonian (2.2) and single-spin measures g, which belong to one
of the types described in the preceding subsections. Recall also that €2
, P(2) and Gg stand for the set of all spin configurations, the set of
all probability measures on this set and the set of all Gibbs states of
our model existing at a given [ respectively. Suppose there is defined a
surjection s : Z% — Z? (a map such that for every 1€ Z¢, there exist
' € Z4, for which s(1') = 1). Suppose also that, for every 1€ Z¢, the
set

N ezt ) =1}, (2.110)

contains a fixed number of elements, the same for all such sets, i.e.,
|[Vi| = v € N. We will call such Vj blocks. Given a configuration o € Q,

we set

w=v""¢ Z ov, (2.111)

rev;

where ¢ > 0 is a parameter of our theory. Clearly, the vector w = (w1)1ez4
is again an element of € | i.e., it is a configuration. This defines a
transformation O,. ¢ : & — , which maps configurations into config-
urations and depends on the initial map » and on the parameter (.
As a linear bounded (in the metric d defined by (2.53)) transforma-
tion, O, ¢ is continuous, hence for every open A C €, its preimage
O;}C(A) = {0 € Q| O,c(o) € A} is also an open subset. This imme-
diately yields that O, ¢ is a measurable map, i.e., for every Borel set
A C Q, its preimage O;lc(A) is also a Borel set (see subsection 2.5). For
a probability measure € P(Q), we define a new measure [ by its values
on Borel subsets of 2 as follows:

i(4) = n (024 (4). (2.112)

which is correct in view of the properties of O, ¢ discussed above. This
new measure is again an element of P(2), thus we have defined the map

(i) = i (2.113)

This map is called the renormalization transformation. The above defini-
tion of this transformation, although correct mathematically, may seem
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to be too formal from the “physical point of view". Let us try to explain
it. First one takes an “initial" spin configuration ¢ and transforms it
into the configuration of renormalized block-spins, i.e., into w given by
(2.111). Then one fixes w and “integrates out" the measure p under the
condition that the sums (2.111) are fixed. The new measure [ obtained
in such a way is called a renormalized measure R, (p). This program
of passing from the distribution of spins to the distribution of renor-
malized block-spins was a key element of all constructions mentioned
above, starting form the pioneering paper of L.P. Kadanoff. A measure
w € P(Q) is called self-similar if it is a fixed point of R, ¢, that is it is a
solution of the following equation

Rocc(p) = p. (2.114)

The basic idea of the renormalization group theory of critical phenomena
is the so called universality hypothesis, which states that at the critical
point B8 = [3., the set of all Gibbs states of the model Gg consists of one
element and this element is self-similar. In other words, at the critical
point the individual spins have the same probability distribution as the
renormalized sums of such spins, as well as the renormalized sums of
these sums, and so on. If this is the case, the critical point properties of
the model may be obtained by studying R.. . Here we are at the point
of this theory where it is natural to show why it may fail to give the de-
scription of the mentioned properties. Since R,, ¢ is defined on the whole
set P(£2), it is also defined on its subset Gg, but it may not be a self-map
of the latter set. This means, that for a given Gibbs measure p € Gg, the
renormalized measure R, (¢) may not be Gibbsian, i.e., it may be out
of Gg. Since, except for simple situations, one renormalizes local Gibbs
measures, not the elements of Gg directly, it is not clear whether or not
the renormalized local Gibbs measures may give the elements of Gz. The
problem of this kind did appear in practice, for example it appears in
the case of the Ising model with the interaction potential of finite range.
In order to be able to proceed with the renormalization, physicists ap-
ply certain approximate “decouplings" that effectively corresponds to
considering not the model itself but its caricature, for which such de-
couplings may be justified. This gives a hint that there might exist the
models for which the mentioned problems do not appear and the renor-
malization scheme may be realized rigorously. Proceeding along this line
of arguments, the authors of the paper Ref. [89] discovered that the ap-
proximate scheme developed in Refs. [86], [87] for the three-dimensional
Ising model becomes rigorous being applied to Dyson’s hierarchical mod-
el, which was invented and used by F.J. Dyson as a tool in the study of
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the one-dimensional translation invariant spin model. First critical point
properties of Dyson’s hierarchical model were studied in the papers of
P.M. Bleher and Ya. G. Sinai Refs. [90], [91] (a complete description of
these results is presented in the article Ref. [64]). Among other papers
on this subject we mention here Refs. [82], [83], [84], [92].

Tt is not surprising that the hierarchical model (we describe it below)
has that nice property. Instead of translation invariance possessed by the
models we have considered so far this model has a symmetry which ide-
ally fits the renormalization scheme — it is self-similar in some sense. The
idea to substitute translation invariance by such a symmetry was (more
or less consciously) used in the method developed by I.R. Yukhnovskii.
In the paper Ref. [89] (slightly different version of the construction de-
scribed in that paper was used in Ref. [42]) it was explicitly shown how
does it lead from translation invariance to self-similarity possessed by hi-
erarchical models. In this subsection we show that the translation invari-
ant one-dimensional spin model with the power-like decaying interaction
potential also fits the renormalization scheme. A preliminary version of
the theory given below has appeared in Ref. [93].

We consider the model defined on the lattice Z and described by the
Hamiltonian (2.2) with the interaction potential

Jw = [1=1+1]71*, (2.115)
Set
Vl(n) _ {1/ €Z|2M< I <2onl+42m — 1}7 neNg, leZ. (2.116)

The subsets Vl(l) are the blocks mentioned above, for which v = 2. Then
2 maps the two elements of such a block Vl(l) into 1. Considering the
blocks Vl(l), 1 € Z as elements of a new lattice, which however is the same
(1)

Z, we may apply the map s to these elements, which will map V},”’ into

Z exactly as it was above. This produces a hierarchy of subsets Vl(n) of
the lattice Z, defined by (2.116), organized according to the following
rule

W= J WY neN k=01,..,n-1 (2.117)

I/EVI("—k)

Given n € Ny, we set V(™) = {Vl(n)}lez.

Definition 43: The family {V("}, cy, is called a hierarchical structure
on the lattice Z.
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For a, 0/ = 0,1 and L,1I" € Z, we set

I(21+ o, 2l + o) = (2.118)
1 2—(1+)\)
(214 ) — 2V + o) + 1] [1=V]+ 1]+

which defines I(1,1) for all LI’ € Z. In order to introduce a lattice
spin model one often uses its formal Hamiltonian written on the whole
lattice, which has no rigorous mathematical meaning but shows how one
can define local Hamiltonians (2.2). Such a formal Hamiltonian in the
case of the model we consider now is

1 1

H=—- —_— / 2.119

2 Z = v+ 77 ( )

Lrez

which by means of (2.118) may be rewritten (more details on how to
pass to the expression below may be found in Ref. [93])

100
_ = —n(14+X) / (n) (n)
H=g 3 3 2ot o), a0

where for a set A C Z,

o(A)=> o (2.121)

leA

The essence of the above representation of H is that it has a block-spin
structure, which enables us to apply here the renormalization scheme
described above. The local Hamiltonians may be defined on the base of
(2.120) by restricting the sums to finite subsets of the lattice Z, which
now are to be taken in a special way if one wants to preserve the block-
spin structure of these Hamiltonians. In particular, the local Hamiltonian
in

Am E {leZ| —2"<1<2™ 1}, meN,,

with the zero boundary conditions is

Hy, = %Z ST 2 VAo (VY), me N
n=01VENn_n
(2.122)
It should be stressed here that this Hamiltonian does not coincide with
the one which can be obtained from the formal Hamiltonian in the form
(2.119) by restricting the sums to A,,. But, in order to construct Gibbs




47 IIpenpunT

states according to the scheme based on the DLR equation (see sub-
section 2.4) we would need such local Hamiltonians defined on different
subsets A C Z and with boundary conditions outside such A. This means
that following this scheme we could not preserve the block-spin structure
of local Hamiltonians, which would make the above construction useless.
This problem may be overcome as follows. Given m € N, we set

1 m
H, = —- 9+ (1 1/ (n) )y, 2.12
2;“2632 LYo (V™) (V™) (2.123)

In contrast to (2.122) this is still a formal Hamiltonian since the sums
over 1,1’ run through the whole lattice. In view of the way how we pro-
duced it one can call such an expression a truncated Hamiltonian. By
means of (2.121) we may rewrite it in the form (2.119) but with a certain
interaction potential J,,,(1,1') instead of [[l — I'| +1]7'=* . The effect of
the above truncation is that this potential has the following asymptotics

T (L) ~ JON 1722 11| — +o0. (2.124)

Due to Dyson’s results mentioned above the model with such a formal
Hamiltonian has no phase transitions. Moreover, for a similar model
with the above asymptotics of the interaction potentials, it was proven
that their sets Gg are singletons for all 5 (see the paper Ref. [94] and
subsection 8.3 in the book Ref. [4]). This opens a possibility to construct
Gibbs states of the model described by (2.120) in the following way.
First one constructs the states p,, for (2.123), which are unique for
every m € N, and then passes to the limit m — +o0o0. By construction,
these states satisfy the recursion

Rocpa(tm+1) = pm, (2.125)

and the limit of the sequence {iu,,} should be a fixed point of R, 14x.
We are going to realize this program in a separate work.

Now let us turn to hierarchical models. The simplest way to get
such a model from the translation invariant model we consider in this
subsection is to put in (2.120) I(1,1") = 0 for all 1 # 1I'. As a consequence,
the formal Hamiltonian of this new model is

H = —% i szn(ux)[(l?l) {J(Vl(n))r' (2.126)

n=0 1€Z

Since I(1,1') > 0, such an action decreases the interaction potential of
the model (2.120). Thus, by Corollary 20, the order parameter of the
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hierarchical model P"(/3) (see (2.72) will not exceed the corresponding
parameter P(f3) of the model (2.120). Hence if the former one is positive
for big enough 3, P(8) should be positive as well. This argumentation
was used by F.J. Dyson in Ref. [75], although no direct comparison
of these models was made in that paper. Comparing the Hamiltonians
(2.120) and (2.126) one can conclude that in the hierarchical version
the interaction between different blocks of the same hierarchy level is
neglected. The effect of this is that the Hamiltonian (2.126) is additive
in 1, which in turn implies that instead of considering measures on infinite
dimensional spaces of configurations, such as the measures i, ftmt1 in
(2.125), one considers measures just on the space R, which define the
probability distributions of block-spins. The corresponding recurrence
will have the form of (2.125) but with the renormalization transformation
acting on such one-dimensional measures. For further details the reader is
referred to the articles describing hierarchical models mentioned above.
Finally, we remark that the hierarchical models are studied very well,
one can say that almost all critical point properties of such models are
known. In particular, a self-similar Gibbs state of such a model was
constructed in the paper Ref. [95].

3. Quantum Models

3.1. Local Gibbs states

For quantum lattice systems, Gibbs states are defined by means of
their Hamiltonians, which now are operators on certain complex Hilbert
spaces. These spaces consist of wave functions, as usual they have count-
able bases — complete orthonormal systems of functions, such that every
wave function may be written as countable linear combination of the
elements of such a system. For a given finite subset A C Z%, let Ha be
such a Hilbert space and {¢, }nen be its base. Let also L(Ha) be the
set of all linear operators acting from H to H.

An example of a quantum lattice system is the spin model described
by the following Hamiltonian

1
Ha=—5 > > Jiofoi =) > ko, (31
LIeA a=z,y,z leA a=z,y,z

where, as above, Jj/, h{* are real parameters of the model, defined for
all,l’ € Z% and o = z,y, 2, and oy, of, of are the Pauli matrices. With
every 1 we associate the space H) of two-dimensional complex vector-
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columns with the scalar product

1) (€] - -
o=( G ) v=(Um ). <wos=ien g,

where (9) | j = 1,2 stands for complex conjugate. The action of the Pauli
matrices on such vectors is defined as usual multiplication of matrices.
The Hilbert space Ha is defined as a tensor product

Ha = ®H1~ (3.2)

leA

Its canonical base consists of the following vectors

o3 =@ e =l en=( ). n=(]).

leA
(3.3)
Here, similarly as it was above, sa is a vector with the components sy,
1 € A taking values +1. Thus, the space Ha is finite-dimensional and
dim Ha = 2!A1. Every of acts on the above vectors as follows

aﬁgmz(ﬁ¢m@@ R elor).

I'eA\{1}

In particular
ore(sa) = si€(sa).

Each element of the space HA may be associated with a 21Al_dimensional
complex vector-column. Then every element of L(Ha ) may be represent-
ed by a 2/21 x 21281_complex matrix with the standard definition of its
action on the above vectors.

Various versions of the model (3.1) are employed as the so called
quasi-spin models [96]. If in the Hamiltonian (3.1) all Jj}, = Jjj, = 0 and

¥ = h{ =0, it turns into the Ising model in the external field hf. The
Heisenberg model, the Ising model in a transverse field may be obtained
from (3.1) in an evident way.

Another example of quantum lattice models which is widely employed
in the theory of structural phase transitions (see e.g., Ref. [32]) is the
model of interacting quantum anharmonic oscillators, described by the
following Hamiltonian (c.f., (2.10))

Hp = % S+ Pla)—> ma- % > Jwaq.  (34)

leA leA leA LI'eA
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Here m is the particle mass, P is the same polynomial as in (2.7)-(2.10),
the external field h) and the interaction potential Jy are also the same
as in the classical case. But now p; and ¢ are canonical momentum
and position operators, defined in the complex Hilbert space L?(R) of
functions, which are square integrable on R with respect to Lebesgue’s
measure. These operators obey the canonical commutation relation

nq — qp1 = —ih,

and are unbounded (see below), which strongly complicates the theory of
this model. The Hamiltonian (3.4) is also unbounded, all these operators
are essentially self-adjoint.

For every ¢ € Ha, we define its norm as usual ||¢| = V< ¥, ¢ >.
An operator T' € L(Ha) is said to be bounded if there exists a constant
C > 0 such that, for every 1,

1Ty < Clill.

The least such C will be denoted ||T||. We will also denote by Ly(HAa)
the set of all bounded linear operators acting from Ha into Ha. As usu-
al, every such an operator is defined on the whole space Ha. For the
quantum spin models described above, Ly(Ha) = L(Ha) since the cor-
responding Hilbert space is finite-dimensional. For every T' € Ly(Ha),
we define its Hermitian conjugate T as an operator satisfying the fol-
lowing relation < T*¢, 9 >=< ¢, Ty > for all ¢,9p € Ha. An operator
T € Ly(Ha) is said to be positive if

<P, T >> 0,

for all ¢» € Ha. For such an operator, one may define /T For every T €
Ly(Ha), the operator T*T is positive, hence one may set |T| = vT*T.
An operator T' € Ly(Ha) is said to be trace-class if, for an orthonormal
base {¢n}n€N7

Z < ¢n7 |T|¢n >< Q0. (35)
n=1
Then one may set
trace(T) = Z <y, Ty, > . (3.6)
n=1

The latter series converges absolutely, its sum is independent of the par-
ticular choice of the base. The set of all trace-class operators will be
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denoted by Ly (Ha). For every T € L;(Ha) and Q € Ly(Ha), the prod-
ucts T'Q and QT are trace-class. Clearly Ly(Ha) C Ly(Ha) C L(Ha).
In finite-dimensional spaces all these sets coincide, but in the infinite-
dimensional case the inclusions are proper.

For T € Ly(Ha), the above introduced ||T'|| is a norm, we shall call
it operator norm. The set Ly(Ha) equipped with the operator norm
turns into a complete normed space — a Banach space. In addition to the
linear space structure we have also multiplication on the latter space. By
definition, for any T, Q € Ly(Ha),

el <l 1T =71 (3.7)

Banach spaces with multiplication and an operation T +— T*, which
possess the above properties, are called C*-algebras. A detailed presen-
tation of the theory of these algebras and their application in quantum
statistical physics may be found in the book Ref. [2].

For an entire function F : C — C and T € Ly(Ha), we set

=1 ., . o d'F
F(T) = ZEF( J0)r", F™ = ——(0).
n=0

If this series converges in the operator norm, it defines a bounded op-
erator F'(T'). In both above examples the Hamiltonians (not necessarily
belonging to Ly(Ha)) are such that exp(—8HAa) € Li(Ha) for any finite
subset A and every [ > 0. For such models, one may set

Zg,a = tracelexp(—BHA)];  pga = Zﬁle exp(—BHA). (3.8)

The latter trace-class operator is called a density matrix. Then, for every
T € Ly(Ha), one may define

T — (Tg A = trace (Tpg,a), (3.9)

which is a normalized positive linear functional on the C*-algebra
Ly(Ha). It is called a local Gibbs state of the model and the elements
of Ly(Ha) are called observables. Comparing with the case of classical
models one can conclude that here taking trace corresponds to integra-
tion, the density matrix corresponds to the local Gibbs measure (2.3),
the algebra of observables Ly(Ha) corresponds to the set of functions
Fa.
To simplify notations we set

Axr = Ly(Ha).
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As above, for A C A’, we may include 2 into 2, and define

A= [J Aa, (3.10)
A€ED

where D is an increasing sequence of subsets, which exhausts the lattice
74,

3.2. Green and Matsubara functions

The time evolution of a quantum system is described by the correspond-
ing Schrodinger equation, the solutions of which define the evolution of
the states (3.9). In the Heisenberg approach wave functions, and hence
the states, do not evolute. Instead the evolution of the system is de-
scribed by the evolution of observables, which constitute the algebras
A. It is described by the following map. Given t € R, considered as
time, we set

o'\ (T) = exp(i(t/R)Ha)T exp(—i(t/R)Ha), T €Ax.  (3.11)

In what follows, an observable T" at time ¢ = 0 evolutes into the observ-
ables aly (T'). The evolution maps a’, have the following properties. Since
U; = exp(i(t/R)HA), t € R is a unitary operator, one has

laa (T =117, (3.12)

i.e., aly are norm-preserving hence continuous as maps acting between
normed spaces. Furthermore, they are linear, that is

ap (KT + Q) = raxy (T) + Aax (Q),
forall kK, A€ Cand T,Q € Ax . For any t,s € R and T € A, one has
i (a4 (T)) = (), (3.13)

which means that they constitute a group of algebraic isomorphisms.
Finally, they are called time automorphisms since they map the algebra
of observables A into itself. For TY,...,T,, € Ax and tq,...,t, € R, we
set

GR2 7 (t1,.. . ty) = trace (al (T1) ... a% (Tn)pp.a) | (3.14)

where the density matrix pg a was defined in (3.8). For fixed T, ...,T), €
A, this is a function of ¢1,...,¢, defined on the whole R". It is called
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a Green function for those observables. Clearly, the whole information
about the evolution is contained in these functions defined for all observ-
ables T' € 2. Here it would be quite natural to try to find a smaller set
of observables such that the Green functions defined for the elements of
this set completely describe the evolution of the whole algebra. For the
models considered in this section, such a smaller set was found by R.
Hgegh-Krohn in his paper Ref. [97]. In order to formulate its results we
have to introduce new notions. A subset 9 C A is called subalgebra if
it is an algebra with respect to the linear operations and multiplication,
which means that it is closed with respect to these operations. A subalge-
bra is called abelian if all its elements commute with each other. For the
model of interacting quantum anharmonic oscillators described by the
Hamiltonian (3.4), such a subalgebra consists of multiplication operators
on bounded continuous functions. An operator T : L*(RI2l) — L?(R)
is called a multiplication operator on the bounded continuous function
F :RIAI — C if for every ¢ € L2(RIA]),

(TY)(xa) = Fza)p(za). (3.15)

In the sequel, we will denote such operators also by F'. Of course, linear
combinations and products of multiplication operators are again multi-
plication operators, they commute with each other. The algebra of such
operators will be denoted by §A. Now we are at a position to present
the result of R. Hgegh-Krohn.

Proposition 44: Let Ql(AO) C A be the set of all observables which are

linear combinations of the operators
al(F1)...a} (F)

for all possible choicesn € N, t1,...,t, € R and F,...F, € §a. Then
the strong closure of this set coincides with the whole algebra .

The meaning of this statement is that the Green functions defined on
the multiplication operators only fully determine the local Gibbs state
(-),a defined in (3.8). A similar statement may be proven also for cer-
tain quantum spin models described by the Hamiltonian (3.1). In this
case the role of Fa will be played by the algebra generated by the Pauli
matrices of with 1 € A. The next step in developing the tools for study-
ing local Gibbs states of quantum models is to extend analytically the
Green functions to imaginary values of ti,...,t, and to obtain Mat-
subara functions. In a general situation the corresponding theorem was
proven in the paper Ref. [98]. The proof is quite complicated. For the
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model of interacting quantum anharmonic oscillators, the proof was done
in the paper Ref. [33], its extended and simplified version may be found
in the review article Ref. [34]. Given n € N and a domain O C C", let
Hol(O) be the set of all functions holomorphic on O. Given § > 0 and
n € N, we set

DP ={(t,...,tn) €EC" | 0 < 3(t1) < S(ta) < - < S(t,) < B},

(3.16)
where $(t;) stands for the imaginary part of t;, j =1,...,n. By Dl we
denote the closure of DS. Given &1, ...,&, € R, we also set

DE(&, ... &) ={(tr,...,tn) €EDE | R(t;) =&, for j=1,...,n}.

(3.17)

Proposition 45: For every T1,...,T, € A,

(a) the function G%A o+ may be extended to a holomorphic

youay

function on DZ;
A

(b)  this extension (which will also be written as G§~’17___7Tn) is
continuous on Dl and for all (t1,...,t,) € Dh,
A
G2 ()] < Tl Il (3.18)
where || - || stands for the operator norm;

(c) for every &1, ...,&, € R, the set D?(&y,...,&,) is such that
for any f,g € Hol(D?), the equality f = g on D3(&1, ..., &)
implies that these functions are equal on the whole D5,

The meaning of this result may be explained as follows. If one has the
Green functions for all possible choices of F; € §a, defined on one of such
DB(&y,...,&,) only, then one has the complete information about the
state. Indeed, by claims (a) and (c¢) of the above proposition, the values
of the Green functions for real ¢1,...,t, may be uniquely determined by
their values on such D2 (&, .. .,&,). Then, by Proposition 44, the values
of the Green functions constructed for F; € §a only uniquely determine
the values of such functions constructed for all operators, which in turn
determines the state (-)g a. By claim (a) of Proposition 45, the Green

functions are differentiable for all real t¢1,...,t,, which can be used to
study them by means of differential equations.
The restrictions of the Green functions G%A 7, to D5(0,...,0), ie.,
A A . .
R p(re ) = G2 g (ity, . ity), (3.19)
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are called Matsubara functions for the observables Ti,...,7;,. In the
light of the above discussion, these functions constructed for all possible
choices of Fi,..., F, € §a completely determine the state (-)g .

3.3. Euclidean approach

Integration in spaces of functions is one of the most popular and pow-
erful methods of modern quantum theory. It appeared as a result of
mathematical development of R. Feynman’s ideas [1] to formulate quan-
tum theory in terms of path integrals. In the course of this development
deep connections between quantum theory and stochastic analysis has
been revealed. A profound description of these connections, as well as
of the method and its various applications, is given in B. Simon’s book
Ref. [12].

In 1975 in the papers Refs. [33], [97] an approach to the construction
of Gibbs states of quantum lattice models of the type of (3.4) based on
integration in function spaces has been initiated. In the case of the Ising
model with transverse field a similar methods were used in the paper
Ref. [65]. The essence of the approach of Ref. [33] may be expressed in
the following formula derived in that paper

A L (.. m) :/ Fi(oa(m)) ... Fa(oa(m))dvs a(oa),
QBYA

(3.20)
which strongly reminds expressions from the preceding section like
(2.17). The main dissimilarity of (3.20) and (2.17) is that the above inte-
gral is taken in an infinite dimensional space. Let us describe all compo-
nents of the right-hand side of (3.20). First we introduce Qg a. By C[0, 5]
we denote the real linear space of continuous functions ¢ : [0, 5] — R.
This space endowed with the norm ||¢| = sup{|é(7)| | 7 € [0,5]} be-
comes a Banach space. Set

Cs ={0 € C[0,8] | (0) = ¢(B)}- (3.21)

This space consists of continuous periodic functions on the interval [0, 3].
This is a closed subspace of C[0, 3], which means that it is a Banach space
with the same norm. Furthermore, we set

Qg}A = {JA = (UI)IEA | o] € Cﬁ} (3.22)

Each element of Qg A is a vector cao = (01)ica with the components
o1, which may also be called spins, but this time the spins are periodic
continuous functions defined on [0, 3], i.e., they are infinite dimensional.
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Now we describe the measure dvg a, which plays here a similar role
as the local Gibbs measure dva (2.3) does in the classical case. First we
define a reference measure 3. It is a symmetric Gaussian measure on the
Banach space Cg (the theory of such measures may be found in the books
Refs. [12], [19], [20]), which is completely determined by its covariation
operator. The latter is an integral operator with the following integral
kernel

Sirry = L e (e = T/ + exp (<(8 — | = 7))
N 1= exp (—B/v/m) ’
(3.23)
where m is the same as in the Hamiltonian (3.4), i.e., it is the particle
mass. It appears that this is nothing else but the Matsubara function of
the quantum harmonic oscillator of mass m described by the Hamiltonian

har 1 2 1 2
o™ = 5P + 54"
On the other hand, S(r,7’) is the correlation function of the so called
periodic Ornstein-Uhlenbeck process with period . First this process
has appeared in the pioneering paper Ref. [97], the study of such pro-
cesses and their applications in quantum statistical physics is given in
the papers Refs. [98], [99].

In what follows, the Gaussian measure g describes the states of a
single quantum harmonic oscillator. The states of interacting quantum
anharmonic oscillators located at sites of the subset A are described by
the measure which is constructed from 73 and the energy functions Eg a
on the base of the famous Feynman-Kac formula (see e.g., Ref. [12])

1
dl/@A(O'A) = 7 exp{—EﬁA(aA)} H d’yﬁ(al), (3.24)
BA leA
where
Zoa= [ exp{-Bpalon)) [] duslov). (3.25)
Qp,a leA
and
1 B8 B8
Esalon) = -3 Z Ju// U](T)O’1/(7‘)dT—Zh1/ o (r)dr +
LVeA 0 leA 0

B .
+ Z/o P(oy(7))dr, (3.26)
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where P(t) = P(t) — (t*/2) — we have extracted #2/2 into the Gaussian
measure vg. The measure (3.24) is called the local Euclidean Gibbs mea-
sure. Since this measure completely determines the Matsubara functions
(3.19) for all Fi,..., F, € §a, it determines the local Gibbs state (-)g A,
it is also called the local Euclidean Gibbs state. In what follows, the Eu-
clidean approach allows one to study local Gibbs states of the model (3.4)
by means of probability measures as if it is a system of classical spins
with the only difference that these spins are infinite dimensional. This ap-
proach was developed in the papers Refs. [34], [54], [61], [73], [74], [100]-
[111]. Tts full description and an extended related bibliography is given
in the review article Ref. [34]. Here we mention certain results obtained
in this approach. First of all it would make sense to study these states
in the quasi-classical limit m — +o0. In Ref. [101] (see also section 3 in
Ref. [34]) a statement describing such a limit was proved. Its corollary
may be formulated as follows. We recall that in section 2 we have in-
troduced the set Fa of all continuous polynomially bounded functions
f:Qa =RA S R, Let .7-'(AO) C Fa be the set of such functions which
are bounded. We shall use the set Fg o consisting of all bounded contin-
uous functions F': Q5 A — R, where Qg A is defined by (3.22). By Qf A
we denote the subset of {23 A consisting of all constant vectors, i.e.,

ga = {oa=(o)iea € Qa | Fa = (S)iea € Qa
Vrel0,8] Ve A: af(r) =4}

For the elements of this set we write oa(7) = A meaning that all the
components of oa, which are constant functions of 7, coincide with the
corresponding components of the vector £ € Qa. Given a function

fe ]-"(AO), we set
Uy ={F €Fpn|Yoa €Q3r: Floa)=f(a)} (3.27)

In other words, the above set consists of the functions which have on con-
stant oA values coinciding with the corresponding values of this chosen
function f.

Proposition 46: For any finite A, for every 3 > 0, for any f € .7-"(AO)

and all F' € Uy,

lim Floa)dvgaloa) = [ f(€a)dva(éa), (3.28)

m—+oo Qp A Qa

where the measure va is defined by (2.11) with the same P, hy and Jy
as in (3.24) - (3.26).
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We recall that the Gibbs states of classical systems were introduced
as solutions of the DLR equation (see Definition 21). In the quantum
case the equilibrium states are defined by means of the Kubo-Martin-
Schwinger (KMS) conditions (see the second volume of Ref. [2]). We are
not going to pay here more attention to this condition and just remark
that for the models with unbounded operators, like the one described by
(3.4), this construction is impossible (see the discussion in Ref. [34]). The
only possibility for such models, at least so far, is to construct Euclidean
Gibbs states following the scheme:

local Gibbs measures = DLR equation = Gibbs measure, its solution

described in the preceding section. We refer to the article Ref. [34] where
this scheme has been realized.

3.4. Phase transitions and critical points

Since the main place in our consideration of quantum models belongs to
the model (3.4), we restrict ourselves to presenting here results on phase
transitions and critical phenomena on the base of this model only. The
corresponding results for a number of quantum spin models described by
the Hamiltonian (3.1) may be found in the papers Refs. [65] and [112].

Thus, we consider the model described by the Hamiltonian (3.4) with
the zero external field and an even polynomial P. All the methods em-
ployed to prove the existence of the long range order for the model (3.4)
are based on the so called infrared bounds [113] (see also Ref. [112] for
more details and appropriate modifications to the quantum case). As in
the classical case the order parameter is defined by the following expres-
sion

1
P(B) = lim e > <(I1qv>(gp73\7 (3.29)

n—-+4o0o LA,
where, as in (2.71), {A,, }nen is a sequence of boxes and the state <>§3p3\ is
defined by (3.8), (3.9) with the Hamiltonian (3.4) in which the interaction
potential has been modified to take into account the periodic boundary
conditions, exactly as it was done in the classical case. Here one has to
mention that the states (-)5 4, and hence the periodic state <>g’3\, were
defined for bounded operators only, whereas the displacement operators
q1 are unbounded. In general, this is a problem, which takes some efforts
to be overcome, see Refs. [114], [115]. But in the case considered we may
use the representation (3.20) (fortunately g is a multiplication operator),
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which yields

()P, = / 01(0)01 (0)dvP) (on), (3.30)
QB’A

where the Euclidean Gibbs measure z/gj 3\ is defined by (3.24) - (3.26)
with iy = 0 and J}}, instead of Jy/ (see (2.66)). We also suppose that
J{ > 0 and the condition (2.15) is satisfied. The following statement
was proven in Ref. [105], see also Refs. [61] and [107].

Proposition 47: Let the polynomial P (2.8) in ( 3.26) be even, with
r > 2 and possess two nondegenerate minima at some points £ty with
to > 0. Then for d > 3, there exists m, > 0 such that for the particle
mass m > m,, there exists B¢ > 0 such that: (a) for 8 < B¢, the order
parameter (3.29) is zero; (b) for 8 > B¢, P(8) > 0.

A particular case of this statement, where the polynomial P was as above
but with » = 2 was proven in Refs. [65] and [116].

The only theorem describing a critical point of a model of this type
was proven in Ref. [103], where a hierarchical version of the model (3.4)
was considered. Its formal Hamiltonian may be written in the following
form

1
H = o= i+ [ogf +bg] -
1€Z 1€Z

- % i > 2L [q(Vl(”))] g (3.31)

n=0 1€Z

where I(1,1) and V| are the same as in (2.126), a € R, b > 0 and

qV" =" a

1ev™

The statement below is a corollary of the main theorem of Ref. [103].

Proposition 48: For the model described by (3.31) with A € (0,1/2),
there exist such values of the parameters m, a and b that the following
holds. There exists 3, > 0 such that: (a) for 8 = B, (c.f., (2.74)),

0< lim 27" 3" (gigr) ;o < oo; (3.32)
10

n—-+o0o
Lrevi™
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(b) for B < s
27" D @)y e < C < oo (3.33)
LIev{™

for all n € N.

We remark here that (3.33) means that the static susceptibility X m
o]

(c.f., (2.73) and the final part of subsection 2.5) remains bounded as
n — +oo. Here for a finite subset A, we set

1
X8 = 1A] > {aar)sa- (3.34)
1Lrea

As follows from Proposition 47, the long-range order appears when
the particle mass is big enough, which corresponds to the quasi-classical
limit (see Proposition 46). What can be said about the opposite limit
m — 07 In other words, which quantum effects one may expect in such
models. This question was first studied in the paper Ref. [117], where
it was shown that the long-range order does not appear in the small
mass limit. A mathematically rigorous proof of this effect was done in
Ref. [118]. Here we present a result, proven in Ref. [100], which shows
that not only the long-range order, but any critical point anomaly, are
suppressed if a certain condition involving the particle mass is satisfied.

The Hamiltonian (3.4) may be written in the form

1
Ha =Y H - 3 > Jwaagr, (3.35)
lea LVea

where the one-particle Hamiltonian is

1
Hy = 5=} + P(q1). (3.36)
It is well-known that its spectrum consists of non-degenerate eigenvalues
An, 1 € Np. Set
0= meill\ll(/\n = An-1), (3.37)

which is the minimal distance between the one-particle energy levels.
For the quantum harmonic oscillator described by (3.36) with P(q) =
(b/2)g?, where b > 0 is its rigidity, one has

5n = hy/b/m. (3.38)

The following statement is a corollary of the main theorem proven in
Ref. [100].
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Proposition 49: For the model described by the Hamiltonian (3.4),
(3.35) let the following condition be satisfied

(mé2/m%) > [|J] € sup S . (3.39)
lez¢ ezd

Then for every (3 > 0 and for any increasing sequence D of subsets which
exhausts the lattice Z¢, the sequence of static susceptibilities {xa}aep
defined by (3.34) remains bounded, i.e., no critical point anomalies are
possible at all temperatures.

As it was shown in Ref. [100], if in (3.35) P is an even polynomial
of degree 2r > 4, then md? is a continuous function of m such that
md?2 ~ Cm~(=1/+1) a5 m — 0, which means that there should exist a
constant m., depending on ||J|| and on the coefficients of the polynomial
P, such that the condition (3.39) is satisfied for m < m.. This yields the
following corollary of the above statement.

Corollary 50: For the model described by the Hamiltonian (3.4), (3.35),
there exists a constant m, > 0, which depends solely on the coefficients
of the polynomial P and on the interaction parameter ||J|| and is inde-
pendent of 3, such that for m < m., no critical point anomalies, and all
the more no long-range order, are possible at all temperatures.

The extension of the above results to the case of vector quantum oscil-
lators was given in the papers Refs. [108], [109].

Let us analyze these statements. By (3.38), for the harmonic oscilla-
tors, one has mdZ = h?b. Then the condition (3.39) gets the form

o> |71,

which is nothing else but the stability condition (2.16). Then for the an-
harmonic oscillators, the parameter mé? may be considered as a measure
of its quantum rigidity and the effect described by the above statements
may be called a quantum stabilization of the system of quantum anhar-
monic oscillators described by (3.4), (3.35). Stronger statements of this
kind establishing uniqueness of Euclidean Gibbs states for this system,
were proven in Refs. [73], [74], [102].
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