Communications in
Commun. math. Phys. 50, 195218 (1976) Mathematical
Physics

© by Springer-Verlag 1976

Statistical Mechanics of Systems of Unbounded Spins

Joel L. Lebowitz
Belfer Graduate School of Science, Yeshiva University, New York, N.Y. 10033, USA

Errico Presutti
Istituto Mathematico Universita, dell’Aquila, L’Aquila, Italy

Abstract. We develop the statistical mechanics of unbounded n-component
spin systems on the lattice Z" interacting via potentials which are superstable
and strongly tempered. We prove the existence and uniqueness of the infinite
volume free energy density for a wide class of boundary conditions. The
uniqueness of the equilibrium state (whose existence is established in general)
is then proven for one component ferromagnetic spins whose free energy is
differentiable with respect to the magnetic field.

1. Introduction

The study of continuous unbounded spin systems on a lattice has received great
impetus in recent years from its close connection with Euclidian quantum field
theory [1,2]. While the applications to field theory require the passage to the
limit of zero lattice spacing which poses great difficulties (yet to be overcome for
the physically interesting situations) the lattice results are of interest in their
own right and many of them carry over, more or less directly, to field theory once
the existence of the latter is proven. Indeed certain lattice results are very helpful
in proving the existence of the corresponding field theory.

In this paper we develop the general statistical mechanical theory of such
systems: making use of what was done for continuum particle systems and Ising
systems in the last decade [3, 4]. For this reason we consider interaction potentials
of fairly long range and not necessarily of ferromagnetic type, although these are
not currently of interest in field theory. We do however restrict ourselves es-
sentially to pair-wise interactions; all higher spin interactions would have to be
bounded. More general many spin interactions can be dealt with by an extension
of those methods [5] but they will not be considered here.

Our main results are: a) the existence and uniqueness (independence of
boundary conditions) of the infinite volume free energy density F, b) the existence
of infinite volume “regular” equilibrium states as limits of finite volume Gibbs
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states and as solutions of the DLR equations and c) the existence of a unique
regular equilibrium state for one component ferromagnetic systems at all values
of the magnetic field & at which 0F/oh exists. Part c) is an extension of the result
of Lebowitz and Martin-L6f [6] for spin-3 Ising systems and implies in particular
that for ferromagnetic systems satisfying the Lee-Yang theorem there is a unique
regular equilibrium state whenever h=+0. No comparable results have yet been
derived for field theory: only equivalence of a few boundary conditions has been
shown so far [1,2, 7]. It seems reasonable to expect however that our stronger
results also hold in field theory. We might even hope that the connection between
properties of the free energy and equilibrium states extends to more general
systems [8].

Notation and Assumptions. We consider the lattice Z’ at each site of which there
is a vector spin variable S,, xe Z", S,eR% Each S, has associated with it an intrinsic
or free, positive measure u(dS), the same for all sites, and we will consider both
interactions between the spins as well as self interactions. We use the following
notation, essentially the same as in [5].

Definition 1.1. A configuration of spins in Z’ is a function S:Z*—IR? with values
S, at xeZ'. S,, ACZ’, is the restriction of S to A and denotes a configuration of
spins in A. We denote by X(A) the configuration for the region A. Both X and
X(A) are topological spaces for the product topology of R

Definition 1.2. For x=(x*, ..., x"), S=(S*, ..., $9)

d
x| = max [x' ISI={}: (s

1gigy i=1

1
2

A and 4 will hereafter denote bounded sets in Z".
Definition 1.3. We assume u to be a Borel measure on R? and
fudS)e=**  for every a>0. (1.1)

Definition 1.4. The energy is a real function U on the configurations of all A
satisfying the following conditions:

(a') U(S,)is a Borel function on (IR%).

(a?) U is invariant under translation of Z".

(b) Superstability. There are 4 >0 and ceR such that for every S,

US)z Y [ASi—c].

xed

(c) Regularity. Let A, and A, be disjoint sets in Z* with A=4,UA4, and S,
a spin configuration in A with restrictions S, and S 4, in A, and A, respectively.
The interaction between the spins in A, and A, is defined as

W(S4,184,)=US)—U(S4,)—U(S4,). (1.2)
The following regularity condition is assumed for the interaction. There is a
decreasing positive function on the natural integers such that

WS4 ISLIS3 Y, Y Plx—yIS3+53) (1.3)

xeAdy yeda
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with
Yr=<Kr=>¢ (1.4)

for some K and ¢>0.

Remark. Many results in this paper hold also with a regularity condition weaker
than Definition 1.4 (c), namely

Y P(lx) < + o0 (1.5)

xeZ¥

In particular the basic estimates in [4,5] are proven under the assumption of
Equation (1.5). We actually need Equation (1.4) only when we fix the external
spins in Sections 3, 4, 5, as S2<alog|x|. Equation (1.4) implies then that the
interaction of any spin with all the others is finite.

It is convenient to state explicitely the following consequence of Definitions
1.4 and 1.3 (see [5]).

Definition 1.4 (d). There is a bounded Borel set X in IR? and b>0 such that
§ TT mdS,) exp[— U(S )]z b

34 xed

Definition 1.5. The finite region partition function with zero boundary conditions,
Z(A), is defined as

Z(A)={ (a8 5) exp[ — U(S »]=exp[|AIF(A)]

where F(A) is the free energy per site and

udS =TT uds,).

xeA

The finite volume equilibrium measure v (dS ) is given by
v4(dS ) =Z(A) "' u(dS 4) exp [~ U(S )] -

The dependence on temperature and magnetic field is included in U(S ,): it will
be made explicit when necessary. (Later we will also consider partition functions
and finite volume equilibrium measures with non-zero boundary conditions.)

Definition 1.6. For A and 4CA we denote by o,(S,)u(dS,) the restriction of v,
to X(4), that is

o4(S)=exp[—U(S)1Z(A)~ ! jﬂ(dSA\A) exp[— U(SA\A) - W(SA|SA\A)] .
We also introduce the set of bad configurations

B,(N?, A)= {SA

Y SﬁgNﬂA[}.

xed

The main tool in our analysis will be the following theorem due to Ruelle [5].
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Theorem 1.1. Let the conditions Definitions 1.3, 1.4( a'), (b), (c) be satisfied. Then
there are y, 0, 7, 0 such that for every AL A

xed
vALB4(N?|4)] Sexp[ —(yN?—4)|4[], 7>0. (1.7

Proof. Equation (1.6) is proven in [5]. Equation (1.7) is easily obtained from
Equation (1.6) with y<7 and

=’ | u(dS) exp [(y—7)S*1,

where the integral is finite because of Definition 1.3.

2. Thermodynamic Limit of the Free Energy with Zero Boundary Conditions

Using the estimates given in Theorem 1.1 we essentially reduce the problem
to a “bounded spin” lattice system; the strategy of the proof is then the usual one
[3,4]. We first prove that the free energy is uniformly bounded. Then by com-
pactness there exists an increasing sequence of cubes I',—Z" for which the free
energy F(I',) has a limit, F. We then consider a general sequence of domains
A,—Z" in the Van Hove sense (see Def 2.3). For n sufficiently large we will be
able to decompose (almost completely) A, in cubes I',, and find upper and lower
bounds for the interactions between the spins in different cubes. At this point use
of Theorem 1.1 is crucial since the interactions are not uniformly bounded:
what we actually prove is that they can be bounded in a set of configurations of
sufficiently large measure. As a result we obtain that the free energy F(A,) differs
from F(I',) by a quantity for which we have explicit bounds. As n increases I',,
can be made larger and the error smaller, so that in the thermodynamic limit
F(A,)—~F.

We carry out the above program through a series of partial results stated as
lemmas, some of whose proofs will be given in an appendix.

The first point is to obtain a uniform bound on the free energy of a finite
region A. The upper bound is a direct consequence of the superstability assump-
tion (Def. 1.4b) and of the finiteness of the measure p, Equation (1.1). The lower
bound is obtained by restricting the spins in each site to belong to the bounded
set X (see Def. 1.4). We therefore obtain the following lemma.

Lemma 2.1. Let the assumption of Section [ hold, then there exists a A such that
for every A, |F(A)| L A.

It now follows by compactness that
Corollary 2.2. There is an increasing sequence of cubes I',,—Z" such that
lim F(I',)=F.
Our next step will be to consider general domains A and to fill them up almost

completely with some cube I',, of the sequence used in Corollary 2.2. For this
purpose we restrict the sequences of domains {A,} as follows [3].
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Definition 2.3. We say that {4,} tends to Z' in the sense of Van Hove if:
a) A,,104,, b) 4,04Y4 and some n, ¢) given any parallelepiped I' and the
partition II(I') of Z® generated by translation of I

EmN;(A)=00 limN;(A,)/Nf(4,)=1

where N (A,) is the number of sets of IT(I') contained in A,, N; (A4,) the number
of sets with non-void intersection with A,.

The main point in the whole procedure is to control the interaction between
two disjoint regions, 4, and 4,, contained in some region A. We proceed as in
the proof of Lemma 3.1 of [4]. Assumption Definition 1.4c gives the following
bound

W(S4l8:)S5 Y Y Px—yNSI+S))
xedy yed, (2.1)
=32 Si( > l1"(|x—y|))+% > Sﬁ( > ‘I’(IX—yl)>‘
xedy yedy yeds xedy
We observe that the first sum in the r.h.s. of Equation (2.1) depends only on the
sum of the S2 for x varying in the equipotential surfaces of the potential

Y. ®(jx—yl|). This enables us to bound W on a set of configurations which have
yed

a nzon-vanishing equilibrium measure. Let Vi(4,,4,), i=1,2,..., be the values
taken by the function ) ¥(x—y|) when x is in 4, ordered in decreasing order.
Let yed;

g?(Al,A2)={SA Y SigNzwi(Al,Az)!} 2.2

xe (41, 42)

where

VPR A2)={xeA1

Z Y(x—yhzVid,, Az)}

yed;
and let

941, )= g4, 45). (2.3)
I
A direct consequence of the definition of g and of Equation (2.1) is the following

Lemma 2.4. Let A, and A, be contained in A and be disjoint. Let the interaction
satisfy D.1.4c, then with the notation of Equations (2.2) and (2.3)

IW(S4,IS,ISN? 3 % Plx—yl) 24

xedy yed;

for S 4eg(4;, 4;)ng"(4,, 4,).

Lemma 2.4 allows us to bound the interactions in regions of the configuration
space whose equilibrium measure can be easily controlled by the superstability
estimates given in Theorem 1.1. In the Appendix we prove

Lemma 2.5. Let A,nA,=0 and A, CA. Let the assumptions Definition 1.4 hold
then there is N independent of A, A, 4, such that

V)= Z A fop(dS 1) exp(— U(S ) <3 (2.5
where g¢=complement of g*(4,, 4,).
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From now on N will be considered fixed as in Lemma 2.5. By Lemma 2.4 and
2.5 we can obtain estimates on the additivity of the free energy. We prove in the
Appendix the following

Lemma 2.6. Let the assumptions of Section ! hold and let

A=A, 4,04;=0 for i*j.
Then

ﬁ{%Z(Aoexp(—NZ/z ISR gﬁ{zzwi)

xed, y¢d,

exp<N2/2 oy ‘P(]x—yl))] .

xed, y¢d,
It is now straightforward to prove the following theorem

Theorem 2.7. Let the assumptions of Section ! hold and let A,—Z" as in Definition
2.3; then the thermodynamic limit for the free energy exists and is independent
of the sequence A,

Proof. Let F be defined as in Lemma 2.2 then we will prove that
lim supF(A,)<F<liminfF(4,).

We only give the proof for the lower bound, the upper one can be proven anal-
ogously.
Let >0, we then fix n, so that

() [T, " InZ(I,)—F<e/4, || ' In2<e/4,
(@) 1 TIN?/2 ) ) Plx—)D<e/
Xel'n, y¢In,

we then fix m, so large that for n=m, condition (iii) on A,, which will be stated
later, holds.

For nzm, we decompose 4, into cubes of the decomposition II(I',,), see
Definition 2.3, which are contained in 4,, their number is N, (4,) and the in-
dividual remaining points in A,, their number is |A,|—Nr,, (4, )IF .- We then use
for this decomposition of A, the upper bound of Lemma 2.6 and we have

log Z(4,)/|4,) éNr",,o/IAn|[10g{2Z(F no)-eXp<N FZ2DYEDY

xel'n, y¢In,

W(x—yD)}] +14, 714 = N, (A)IT, ) log 2Z((0))
exp [N*/2 3, (||

<Ny, (A)IN7, (A1 logRZ(T )
M) TNY2 Y Y W(x—y)

xern yél"n

# (15 Jlog 2O exp N2 3w}

y+0
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Therefore the theorem is proven if m,, is so chosen that for n>m,

.. N (4,) _

i) —= " >1—¢|log|2Z({0}) exp(N?/2 Y W 1

(iii) N7 ()= l g{ ({0} p( / y;o (Iyl))H
This is possible because of Definition 2.3 and since by assumption Definition 1.4(c)
and (d) the denominator in the rhs of (iii) is bounded.

3. Non-Zero Boundary Conditions: Free Energy

We first establish the notation used for the free energy and Gibbs measure with
non-zero boundary conditions (b.c). We then prove that the thermodynamic
limit of the free energy exists and is the same for “all” b.c. In the next section
we discuss the thermodynamic limit of the Gibbs measures.

We will consider pure b.c., general b.c., and periodic b.c.

Definition 3.1. Pure b.c.: For a>0 let

X(a)=1{8|Si=aloglx|, |x|=1} . (3.1)
For SeX(a) we define the partition function, free energy and Gibbs measure as
Z(A18)= [ u(dS 4) exp[— U(S 9 — W(S 415 4] (32
F(A18)=|4]"" log Z(4]S) (3.3)

v ((dS 418)=Z(A|8) "' 1(dS o) exp [ — U(S ) = W(S4IS 41 = oS 4l)u(dS ) . (34)
For ACA let
v (dS,|5) be the projection of v (dS ,|S) on X(4), (3.5)

v (dS 418) =0 4(S419)u(dS 1) = p(dS ) | 1(dS 1, N(S 41S) . (3.6

Remark. The choice of X(a) in Definition 3.1 is quite arbitrary. The criterion was
to include sufficiently many configurations in the allowed external conditions.
We assumed Equation (3.1) to hold because when a is sufficiently large any spin
configuration is asymptotically in X(a) with probability one for the (physically
relevant) infinite equilibrium measures v, see Section 4: namely for sufficiently
large a the set

X(a)={S|134(8):S;<alog|x| for x¢A(S)}, 3.7
has

v[X(a)]=1. (3.8

To introduce general b.c. we first give the definition of regular measures on X.

Definition 3.2. A regular measure A is a Borel probability measure on X whose
projection A(dS ) on any X(A) satisfies (1.6), i.e. 3

g(S414) =exp [— > ()7535—5)],)50 (3.9

xeA

such that
AdS )= pldS )g(S 414) - (3.10)
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As in Theorem 1.1 we can deduce from Equation (3.9) that there are y>0, J such
that for every 4

A[B(N?|A)]Sexp[~|4I(yN? - é)] .
The following property holds for regular measures:

Lemma 3.1. Let / be regular with coefficients 7 and 0. Then there is an a sufficiently
large so that A[ X (a)]=1.

Proof (c.f. [9]). We have for every A
compl X(a)C () X (a)

xéd
where

X (@)= {883 >alog|xl} .
Hence

AecomplX(a)]<lim Y, A[X (a)].

A x¢A

If A is sufficiently large
ALX (@)1= | m(dS)e(S| (S3 > alog|x)
< const exp(—ya log|x|)
and therefore the result is obtained if ya>v;v the dimension of the space Z'.

Definition 3.3. General boundary conditions: For a regular measure 4 we define
the free energy as

F(A[2)= [ MdS)F(A|S). (3.11)
The Gibbs measure v ,(dS 4]2) is defined via

[A(dS 412) £(S.9=] MdS) v (dS 418) £ (5., (3.12)
where v (dS,,|S) is defined in Equation (3.4). We finally define for 4C A

v4(dS 4]4) as the projection on X(4) of v ((dS 4|4 ‘ (3.13)

VA(dS 41 2)= 0 4(S 4| (S ) = 14dS 1) | 1(dS 4, S 1S A1) (3.14)

Remark. In Definition 3.3 we defined the free energy as the A-average of the free
energies with pure b.c. We could have given a different definition by taking the
A-average of the pure b.c. partition functions and take the logarithm to define the
free energy. By our choice the thermodynamic potentials are A-average of the
pure b.c. ones. This makes them generating functionals for the correlation func-
tions with 4 b.c.

Definition 3.4. Periodic B.C. Let I' be a parallelepiped in Z, then periodic b.c.
amount to considering a new energy defined as

USp)—U(Sp)+WI(SrISr)=U (Sy) (3.15)
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where Sy. is obtained by translations of S; by I' all over the lattice Z". To treat
periodic b.c. we strengthen the superstability condition Definition 1.4(b) by
asking that

A— Y W(x)=4,>0. (3.16)

|x|>0
We define the partition function and the free energy as

Z,(I)={udSy) exp[— U,(Sp)], (3.17)
FP(F)=|F|”110gZp(F). (3.18)

The Gibbs measure is naturally obtained from the zero b.c. by the substitution
given in Equation (3.15).
In the Appendix we prove the following (see Note added in proof)

Theorem 3.1. Let the assumptions of Section 1 hold and let A,—Z" as in Definition
2.3. Then F(A,|8) and F(A|2) have the thermodynamic limit F, the same as for zero
b.c. in Theorem 2.7. If T’ is an increasing sequence of parallelepipeds then F (I',)
also has F as its thermodynamic limit.

4. Equilibrium States

In this section we study infinite volume equilibrium measures. We use compactness
arguments to prove the existence of limits of finite volume Gibbs measures with
zero and non-zero b.c. The main technical tool is again the superstability estimates
of Theorem 1.1, and their “extensions” to the non-zero b.c. case, Theorem 4.1 and
Corollary 4.2 below. In the remainder of the section we introduce a DLR equation,
[10], whose solutions are all the limiting measures of the finite Gibbs measures.

First of all we observe that, because of the assumption (3.16), the periodic b.c.
can be treated as the zero one, just as in Section 3 for the free energy. For the
sake of brevity we therefore do not mention it explicitely.

As we said before the main point is to extend the estimates of Theorem 1.1
to non zero b.c. In the pure b.c. case the external spins can be very large and can
“drive” the spins of sites close to the boundaries to large values also. The idea
therefore will be to look well inside the region, and then arguments similar to
those of [4, 5] can be reproduced.

In the Appendix we prove the following

Theorem 4.1. Let the hypotheses of Section 1 hold. Then there exists y>0 and )
such that the following holds: For every A there is A(A) such that for SeX(a)

04(5415) <exp[ Y (82— 5)] for A2 A(4)

xed

where @ , is defined in Equation (3.6).

The extension of Theorem 1.1 to general b.c. can be related to Theorem 4.1
as follows:
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Corollary 4.2. Let the assumptions of Section 1 hold, then there are y>0 and 0
such that the following hold: For every ¢ >0 and A there is A(e, A) and a decomposition
of 04(S 4| 4), see Equation (3.14),

04(S412)=@u(S412) +@4(S 41 ), 4D Ae, A)
such that
0= 04(S4l M) <exp [— Y (ys,%—é)},AzA(s,A),

xed

0=0(S41), J u(dS Dei(S 4l ) <&, 4D Ale, 4).

Proof. Since 4 is regular there is an a such that A[X(a)]=1 see Lemma 3.1. Then
for f(S) cylindrical and bounded in X(4) define v/, by

[VA(dS ) f(S )= MdS)x{Si<aloglx| where x¢ A}
Z7HAIS 4 [ i(dS 1) exp { = U(S )= W(SAIS 4} S (S,5) -

For this measure we have the estimates of Theorem 4.1. The proof is then com-
pleted by noting that for A sufficiently large

[A@S)y{S2<alog|x| when x¢A}=1-e.
We restrict our attention to the following class M of measures on X.

Definition 4.1. A measure ve M is
(i) vis a Borel probability measure on X,
(i) vis tempered [4]: it is carried by the union over N of the sets

R~={§|\ﬁez+, ) Si§N2<2j+1)V}.

[xl=J

(iii) v(dS ,) is absolutely continuous w.r.t. u(dS ,) and its density is denoted by

0A(S41v).
We will say that v,e M converge to ve M if for every Borel cylindrical set f,
limv,(f)=v(f). (4.1)

We have the following

Theorem 4.3. Given any sequence A,, increasing to Z' and the corresponding zero
(pure, general) b.c. Gibbs measures, there is a subsequence A,, and a measure ve M
such that

limv, =v
in the sense of Equation (4.1).

Proof. To fix our ideas let us consider the measures v, as general b.c. Gibbs
measures w.r.t. a regular measure A [the other cases can be treated analogously].
We fix A and consider the sequence of measures v, (dS,|4) on X(A), ACA,,. As
in Corollary 4.2

V4, (S | A) =V}, (dS 414) + v}, (dS 412)
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and v} (dS,|2) approaches zero in the sense of Equation (4.1) for f'=f(S,) in
X(A). Again by use of Corollary 42 and then by compactness arguments, a
subsequence can be found for which v/, (dS,) and therefore v, (dS,) have a limit.
By a diagonalization procedure and the Kolmogorov theorem we therefore
prove that the subsequence {A,,} and the measure v exist. Still by Theorem 4.2
it is finally proven that v is tempered and therefore in M; the proof is then com-
pleted.

Theorem 4.3 tells us that the limits of finite volume Gibbs states exist. To
characterize them we use equilibrium equations. For any 4 we introduce the
operators 7, on the Borel cylindrical sets as

(T4 YO =[valdS,1S)f(S). “.2)

Definition 4.2. We say that a measure v satisfies the equilibrium equations if
ve M and for any Borel cylindrical set f

Wt f)=wf). 4.3)
The same arguments as used in [4] allow us to prove the following

Theorem 4.4. Let the hypotheses of Section 1 hold. Then there are 7, § (the same
as in Theorem 1.1) such that if v satisfies the equilibrium equations and o(S ,)u(dS ,)
is its relativization to X(4), then

oS)sexp{- 3, (7510} (44)

As a consequence v is a finite volume Gibbs measure with general b.c. deter-
mined by a regular measure A which is just v. Therefore v is the (trivial) limit of
general b.c. Gibbs measures.

With the next theorem we prove a converse of the last statement in Theorem 4.4
and we show that there are solutions to the equilibrium equations which charac-
terize the limiting Gibbs measures.

Theorem 4.5. Let the hypotheses of Section 1 hold. Let v, be a sequence of Gibbs
measures for the regions A,—Z". Let v be the limiting measure, then v satisfies the
equilibrium equations.

The proof is given in the appendix.

5. Uniqueness of Equilibrium States for Ferromagnetic Systems

Definition 5.1. The one component spin system, S, e R, will be called ferromagnetic
[1,11] if the energy has the form

US)=— Y Jxy8.S,— Y PS)— > hx)S,, with J(x,»)=0. (5.1)

x$yed xeA xed

A ferromagnetic system satisfies the FKG [1, 11] inequalities: Let v,(f|S)
be the expectation value of f(S) with respect to the Gibbs measure in A4 with
b.c. S,

VAS1) =1 £(S 1 S adol(S 4l u(dS 1), (52)
where oS AIS) is defined in Equation (3.4).
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Define a partial ordering on the configurations X ; S > S, if and only if S, =S’
We call f an increasing function if f(S)= f(S’) whenever S >S§'.

Lemma 5.2.(FKG). Let f and g be increasing functions then, for a ferromagnetic
system,

vA(fgI9)ZvA(f1SV4g]S) - (5.3)
The inequality clearly remains valid in the limit A— oo.
It follows directly from the FKG inequalities that

Corollary 5.3. If f(S) is an increasing function then so is v 4 f|S), considered as a
Junction on S 4.

Proof. There are two ways in which v,(f|S) can depend on S,: a) an explicit
dependence of f on S . and b) through o(S4|S) in (5.2). Since f(S) is increasing the
explicit dependence a) certainly satisfies the corollary. To treat b) we differentiate
v4(f18) with respect to S, ye A°, ignoring any dependence of f on S 4. Using (5.2)
we find,

VA(flS 2 IO VAL SS) = vA(f18)v4(S,19)] 20,

xed

since Sx is an increasing function and J(x, y)=0.
It follows from Corollary 5.3 that for an increasing function f

VASISD) S vA(fISP) S vu(f18P) (54

where S1, i=1,2, 3, are configurations of spins in A° such S{' <SP <SP, xe A
Let us now introduce the following increasing functions:

A N -
=0,(S,)= >1,
S SRS
»=3(1+0), (5.52)
=1 0w Zs= ) 8., Qu=2Z4—Ry, (5.5b)
i=1 i=

where x;e 4; not necessarily distinct (note that 0< R, <1).
It then follows from (5.4), cf. [6], that

0=V4(RIST)—v4RIST) = Z [VASIST) —vaS, IS )] xedC 4, (5.6)
whenever S; =S, ye A° and we have dropped the subscript 4 from R since 4
will be kept fixed from now on.

It is seen from (5.4) and (5.5) that iff v(S,|S™)—v(S,|S 7)—0 as A0, xe Z°,
then /{im v4(R|S) is independent of the b.c. S, whenever S;.<S,.<S}. for

sufficiently large A. Since the functions R form a total set (by letting A— co) for all
cylinder functions f(S,) and 4 is arbitrary the same will be true for the infinite
volume limit of v ,(f'|S). This was the method used in [6] to prove the uniqueness



Statistical Mechanics of Systems of Unbounded Spins 207

of the equilibrium state for a spin one Ising ferromagnet (S, = + 1), in a uniform
magnetic field 4 and J(x, y)=J(x—y) whenever the free energy density F(h) is
differentiable. Their proof consisted of showing that the differentiability of F(h)
implies v, (S,)=v_(S,) where v, are the equilibrium states obtained with +b.c,
{S%:;Sy =—S8, =1, yeA}. The analysis of [6] carries over unchanged to the
case of compact spins, u(dS)=0 for |S|> 1.

In the unbounded case, also, extremal measures can be introduced which
play the role of v,. We assume hereafter that the hypotheses of Section 1 hold,
then by Lemma 3.1 we can fix a so that v[X(a)]=1, when v is any tempered
equilibrium measure, see Theorem 44 and 4.5. In this class there are extremal
states, determined for each A by the values of the external spins:

St =ta(loglx|)t,x¢ A.
We write
VAdS IS F)=v,(dS 4] £) . (5.7

Since X (a) has full measure we will find that the interesting measures are between
v(dS 4 +) and v 4(dS 4] —) as in the unbounded case. Also as in the bounded case
we have the + and — limiting states:

Theorem 5.4. Let the hypotheses of Section 1 hold and let the interaction be ferro-
magnetic. Let A,—Z" in the Van Hove sense. Then there are equilibrium measures
w(dS| &) which are limits (in the sense of Eq. (4.1)) of v 4dS 4] ).

Proof. It is sufficient to prove that for any sequence A,—Z' the limits for
v, (dS 4| &) exist. Let 4,17 be fixed. We consider 4 and R, as in Equation (5.5).
By Theorem 4.1 and 4.3 there is a subsequence A, such that v, ,.—v and

limsupv, (R4 +)=WRH=1. (5.8

Given ¢>0 we can find A,,, m sufficiently large, so that [see Eq. (3.12)]
V(R )= v(dS)[v4,(dS 4, IS)R S )
vy, (Ryl+)+e¢ (59

where

1—e<v[{S|S:<alog|x| for x¢A,}]. (5.10)
By Equations (5.9) and (5.8)

Vo (R4l +)= —e+limsupv, (R4 +).

Since ¢ is arbitrary the existence of w(dS|+) is proven. The analogous holds for
v(dS|—) and so the thesis is proven. By standard arguments [6, 8] we have

Corollary 5.5. The states w(dS|+) defined in Theorem 54 are translationally
invariant.

We are now able to prove the following
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Theorem 5.6. Let the hypotheses in Section 1 hold. Let the interaction be ferro-
magnetic. Define M(h) as the set of tempered equilibrium states at magnetic field h
and F(h) as the corresponding free energy defined via Theorem 2.7. Then if F(h) is
differentiable at h, M(h) contains only one measure.

Proof. Equation (5.9)—(5.10) and Theorem 4.4 applied to ve M(h) show that for
any R,

VR4 —)SV(R)EVR|+). (5.11)

We also have as a consequence of Equation (5.6) and of Theorem 5.4 that
VR4 )= VR4 =)= Y, DS, +) = WSy | -], x;e4. (5.12)
i=1

Using now Corollary 5.5 in Equation (5.12) we obtain for xe Z"
VR, +) = YR, =) =n[v(S.+)— V(S| —)]
=147 Y [(SL+) =Sy -)]

xeA
<n{fdS|+)[v,dS 4191~ 12 S.]— [ v(dS|—)[v(dS 419
A7t Y 813
xeA
d d
F(A v(dS|+); h)——F(A v(dS|—); h) (5.13)

where F is defined in Definition 3.3 (general b.c.) and its dependence on h has
been made explicit. Taking the limit A1Z" it follows from the independence of
F(h) on the boundary conditions, and the convexity of F as a function of & [8, 6]
that the right side of Equation (5.13)—0 whenever F(h) is differentiable. Q.E.D.

Remark. 1t follows from the convexity of F(h) that it will be differentiable, and
there will thus be a unique equilibrium state, except possibly at a countable
number of values of 4. If furthermore the system is of the Lee-Yang type, [1, 12]
e.g. U(S) and p(dS) even and [exp [hS— U(S)]u(dS)#0 for Reh=+0, then for real h
only h=0 can be a place of non-analyticity of F(h) and therefore of non-uniqueness.

(Note that in proving Theorem 5.6 we did not require that U and p be even,
i.e. the system need not have any symmetry for h=0.)

Acknowledgements. We would like to thank D. Ruelle for providing us with Theorem 1.1 prior to
publication and for many stimulating discussions.

Appendix to Section 2

Proof of Lemma 2.5. By Equation (2.2) we have |g{(4,,4,)|Zj so that using
Equation (1.7)

valgi(44, 45)1= Z v,lgi(41, 4,)] §Z exp[—(yN>—9d)/]

for N>=4/y. The r.h.s. goes to zero as N increases so that the thesis is proven
for N sufficiently large.
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Proof of Lemma 2.6. We first prove the following Lemma A2.1. The proof of
Lemma 2.6 is then obtained as a corollary.

Lemma A2.1. Let the assumptions of Section 1 hold. Let A=A4,04,, A,n4,=0.
Then

72(4,)Z(4,) eXP[- N* Y Yx —yl)} SZ(A)S2Z(4,)Z(4))

xed; yeds

exp[N2 YOy ¥(x— yl)}.

xedy yed,

Proof. Let g=g*(4,,4,)ng’(4,, 4,) then using Equations (2.4), (2.5) we find

Z(A)= | dS 5) exp[— U(S )]+ p(dS o) exp[ — U(S,)]

g¢ g

STZ(A)+J w(dS 4 Ju(dS 5,) exp[— U(S4,)— U(S 4,)]

exp NZ[Z ) ‘F(lx—yl)}

xedy yeda

é%Z(A)JrexpNz[ >y T(IX—J/I)]I (S 4 )u(dS 4,)

xedy yedy

exp[—U(S,,)— U(S4,)]

so that the upper bound is proven. To obtain the lower bound we write
Z(AN)z[ w(dS ,) exp [~ U(S )] = [ u(dS 4, )u(dS ,)
g g

exp[- U(S,)—USL)—N* Y 3 ‘P(Ix—yl)} :

XeAy yeda

Thus
xp[N? 3. %, Wllx =] Z(4)2 ] WdS,udS.,)

exp[— U(S,,)— U(S, )12 Z(4 ) Z(4,)~ | u(dS,,)

pos
u(dS 4,) exp[— U(S4,) — U(S4,)]

with the notation of Equations (2.2), (2.3) we have
g =g(4,, 45)0g(4,, 4y)

hence

fc H(dS 4, )u(dS 4,) exp [ — U(S 4,)— U(S 1,)]

§Iﬂ(dsaz) exp[— U(SAZ)] {j‘gc(dl,Az):u(dSA‘) exp[—U(S4,)]1}
"'f/i(dsal) exp[ — U(SAl)] {ng(Az,Al):u(dSAz) exp[— U(SAZ)]}
SEZ(ANZ(Ay)+5Z(A,)Z(A )

where Lemma 2.5 has been applied twice with A=A, and 4=4,.
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Proof of Lemma 2.6. It is obtained from the previous Lemma by induction on the
number n of the decomposition. For n=2 we are in the case of Lemma A2.1.
Therefore we assume the Lemma true for n—1 and we have to prove it for n. We
consider the decomposition in n—1 sets given by 4,04,, 45, .... Then we have
by hypothesis and Lemma A2.1 applied to 4,4,

Z(M)z3Z(4,04)) exp[—%Nz ) ) ’P(Ix—yl)}

xediudy yéAdudy

11 fizayen| -3 3 3 vz

=3 xed; yéda,

=33 Z(4,)Z(4,) CXP[ N2y Y 'l”(lx—J’l)]
-

xedy yeda

1N2( Yo+ Z) D ‘P(Ix—yn}

xedy yeday) y¢diudsy

n 3Z(4;) exp
i=3

SIN'Y Y wux—yn}.

xed, y¢A;

We proceed analogously for the upper bound, therefore the corollary is proven.

Appendix to Section 3

Proof of Theorem 3.1, General B.C. We divide the potentials for which the super-
stability condition Definition 1.4(b) holds into two classes. The first class consists
of potentials whose translationally invariant one site energy U(S,) satisfies the
condition

UGS )= ASt—¢. (A3.1)

It follows then from the regularity condition Definition 1.4(c) on the interaction
that there are 4 and ¢ such that for any bounded 4

US)z ) (ASt—o). (A3.2)

xed

The second class consists of potentials for which Equation (A3.1) does not hold
for any A, c. For this class we can find 4, ¢, A*, ¢* such that for any A

Y (ASZ—SUSH= Y (A"Si—cT). (A3.3)

xeA xeA

First Class of Potentials, Equation (A3.2) Holds. As usual we look for upper and
lower bounds of the free energy. We have

(4,18) Iﬂ(dSA )exp[— U(S4,)— W(S4,[S45)]
<fu(dS ) exp[—U(S,4,)+1(S 4,)] exp[i > > ‘P(Ix—YDSi]

xed, y¢d,
<Z*(4,) exp[% PO 'P(ix~yl)53]

xed, yéd,
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where Z*(A,) is defined by the last two inequalities and

IS4)=% Y 3¥(x—yDSt

xedy yédn
F(A,ME14,)7 In[ZH(A4,)]+ 214,07 V(dS){ }; > T(Ix—yl)Sﬁ}
xedn y¢An
SIAT I ZHA) QAN Y Y Pllx—y)fwas)s;
Xedn y¢dn
SIANT T InZH(A) +HR2IAN T Y Y Plx—y) (A34)

xed, y¢A,

where
0 >k>[v(dS)S; forevery yeZ'.

Fatou’s lemma has been used in the second inequality in Equation (A3.4). It
follows therefore from Equation (A3.4) that

lim sup F(A,|v) <lim sup|4,| ' InZ*(4,). (A3.5)

We will now prove that the r.h.s. of Equation (A3.5) is bounded by F. The partition
functions Z*(A,) are determined by the energies
UtS)=US)=3 2, > Plx—yISi=U,)-I(5,). (A3.6)

xed y¢d

U™ is not translationally invariant, while the energy U is. Nevertheless because
we assumed Equation (A3.2) to hold, all the other conditions in Definition 1.4
on the interaction are fulfilled by U™*. Therefore Theorem 1.1 can be stated for
the finite volume Gibbs measures v} corresponding to the energy U™. Then,
with the notation employed in Theorem 1.1, we have that there are y* >0 and 6
so that

vilB(4, N*)]sexp[—(y"N?—4")/4[] (A3.7)

for any bounded A and A4CA, N*>0. [g, below denotes g(A,, A as defined
in Eq. (2.3).] )

zZ*(4,) =(§ + fc) {u(dS ) exp U™ (S,4,)}
S| udS,4,) exp[—U(S,)+1S 4, +3Z7(4,)

<2Z(A,)expiN? 3 Y P(lx—))

xedn y¢dn
where Z(A,) is the zero b.c. partition function. Use of this inequality in Equation

(A3.5) then gives the required upper bound. For the lower bound the procedure
is analogous and so the thesis is proven (in the case we examined).

Second Class of Potentials, Equation (A3.3) Holds. The difficulty here lies in the
fact we cannot evaluate directly the interaction energy in Z(A,|S) because the
corresponding energy U™ need not be superstable anymore. It is therefore neces-
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sary to prove first that configurations with large spins in a neighborhood of the
boundaries 04, have small probability and therefore do not contribute in the
thermodynamic limit. For the remaining configurations we can bound the
interaction via Definition 1.4(c) and then proceed as in the first case. We need
some notation: given the region A, its “contour” 04, is defined as

oN,NA,=0 A,=A,004,, (A3.8a)
Y P(x—y)<24 forevery xeA, (A3.8b)
Y¢A—n

where 4 is the superstability coefficient appearing in Equation (A3.3). Since 4,
increases to Z’ in the Van Hove sense, Definition 2.3, 04, can and will be chosen
so that.

0.
04 . (A3.9)

lim =
|4,

As usual we look for lower and upper bounds. We have
Z(A,]18)=2Z(A,]8) exp[— U(Sz4,)1 exp [U(Sz4,)]

<[ udS,)exp [— U, uSa)+3 Y Y qu—yl)s,%}

xedn y¢dAn
exp[% Y 3 ¥x—y)S}) explU(Sa,)]
xedn y¢dn
<Z(Ss4,) exp[% PIED) W(lx—yl)sq exp U(Sa,) (A3.10)
xed, y¢dAn

where

Z(S54,) = 1(dS}y, )NS5 4,1S54,) exp[ — U(Siy,) +1'(S),)]

MdSs4,1854,)= 11 2ddS;IS,) (A3.11a)
xedA,
[ 2dS1S,) f(S)= (S, =0)+ f(Sx=S,) (A3.11b)
I'Sy,)=% Y ZA P(lx—y)S7. (A3.11¢)
xed, yéA,

With the above choice 4 satisfies the same properties as the intrinsic free measure u
uniformly in Sz, ; we will then extend Theorem 1.1 to this case. Firstly we have
from Equation (A3.10) by use of Equation (A3.3)

F(A) 14,7 WdS) InZ(Ss, )+ 214N Y, Y

xedn y¢dn
P(x—y)[vdS)S2+|4,1t Y AT [wdS)St
xedd,
<], [v(dS) InZ(S;, )+ KA, Y, ; P(x—yl)
xed, yéd,

+ATK|3A,)/14,) (A3.12)
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where K is the same as in Equation (A3.4) and, by the regularity of the measure v,
w>K'>[vdS)Sy forevery xeZ'.

Therefore from Equation (A3.12)
lim sup F(A4,|7)<lim sup|4,] ! j"v(dS) In Z(SgAn) . (A3.13)

We will now prove that the r.h.s. of Equation (A3.13) is bounded by F. As after
Equation (A3.5) we introduce the new energy

U*(S4,)=U(S5)~1I'S4,)
and correspondingly the Gibbs measure

V(87,1854 = 2(S54,) " [(dS7,1S2,) exp [~ U (531, (A3.14a)
AdS', Sz, = 1(dS} VS5, S, (A3.14b)

Since the “free” measure g and the new energy U™ satisfy the conditions in Defini-
tions 1.3 and 1.4 uniformly in § the estimates of Theorem 1.1 can be extended to
the new Gibbs measure 7} . As a consequence the analogous of Lemma 2.6 can
be proven also in this case and so we obtain uniformly in Sz,

2814)S22(A0Z Sza) x0[N7 T T Wil (A3.152)
Z(A,)= ] 1dS ) exp[—U(S,,) +I'(S1,)], (A3.15b)
Z'(S54,) = AdSi,) exp[ — U(S5 5, )] S exp (|34, ) (A3.150)

for some sufficiently large « independently of S;, and 04, By the estimate in
Equation (A3.15) we reduce Equation (A3.13) to the analogous of Equation (A3.5)
and so we prove that the rhs of Equation (A3.13) is bounded by F.

Lower bound. Given A, we write

A,=A4,=4,004,

where 04, is defined as in Equations (A3.8), (A3.9). By use of Definition 1.4(d)
we have:

Z(A,]8)Z | udSy,) [ s34, 1(dS5,,) exp[— U(S 4,)— W(S'y,|S 45)]
2 [ 1(dS 4,) [s5a,1(dSz4,) exp [~ U(S,,) —I'(S4,)]
exp {—% Yoy ix—wsi-1 Y Y 'I’(lx—yDSZ] (A3.17)

xedy, yéd, xedd, yéd,

where S? is the sup of $2 in X.

By Equation (A3.17) we are essentially reduced to the case in which Equation
(A3.2) holds, in fact the energies in Equation (A3.17) are superstable and the
procedure is completely analogous to the previous case.



214 J. L. Lebowitz and E. Presutti
Proof of Theorem 3.1. Pure B.C. The proof is analogous to the one for general
b.c. The only difference being that estimates of the kind

[v(dS)St<k for m=2,4
used in the latter, now become

[v(dS)Sy=am?1In"?x| m=2,4.

However the condition Equation (1.4) on Y(|x— y|) allows the same estimates as
before.

Proof of Theorem 3.1. Periodic B.C. By Equation (3.15) we have
~5 Y Y Wlx—y)SI+S)+UGSHSULSH<E Y, Y

xel’ y¢I' xel y¢In

P(|x— yI)(SZ+S3)+ U(Sy).

Since we assumed Equation (3.16) to hold we can apply the estimates of Theorem
1.1 to U ,(Sy). The proof is then straigthforward.

Appendix to Section 4
Proof of Theorem 4.1. We fix 4 then A(4) is such that
2lx—yl=|x| for x¢ A(4) and yed. (Ad.1)

For the notation we refer to [4,5]. Let Se X(a) then we choose the function y in
Proposition 2.1 of Ref. [4] as

pr)=bln,r In,r=max{l,Inr} (A4.2)

with b larger than a and fixed as in Equation (A4.7) below. Note that the choice
of y in Equation (A4.2) is allowed by the assumption Equation (1.4). Any S€ X(a)
is in some set either of the form

(1T si<nt, vazP) (A4.3a)
xelq)
or
{§ |there is a largest ¢ = P such that ), S2 gtquq} : (A4.3b)
xelql

b will be chosen larger than 2a so that the statement remains true for translations
of the origin of Z" to any point in 4, see Equation (A4.1).

As in [5] we split up g, into two parts ¢, 0. For ¢/, we can proceed as in [5].
0’y 1s expressed as a sum over g still no difference arises when the cube g (centered
somewhere in 4) is in A. For the other cases, in [5] there appears a factor
exp[— U(S;,)] while we have exp[ — U(S 4)] therefore we lack a factor

exp[— Y (ASi—c)}gexp{— Y (2aAln|x|—c)

xelql/4 xe[ql/4

<exp{—V,[2adyp,/b—c]}. (Ad.4)
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In [5] the sum on g was of the form

exp[~ Y vSi} Y exp{—cPye1Vys 1+ D Ve )i >0, (A45)

xed qzP

In our case therefore we have

exp [" Z VS?(} Z exp[— C”‘Pq+ Va1t D'V q+ 1 +(2aA/b)1Pq+ 1Vg+ 1 (A4.6)
xed qzP
which is again of the form of Equation (A4.5) if
c¢">2aA/b
and therefore b has to be chosen so that

b>2a and b>2aAd/c". (A4.7)

Proof of Theorem 4.4. For N?<oo and A bounded we introduce the operator
%D on the bounded Borel cylindrical functions, f €.#

(@D £)S) = u( dSA)x[Z S2<N2] exp[— U(S )~ W(SAIS )1 £ (S S s0)

xed

{TudS 2 3. 53 <N?| exp[—U(S.)- W(SAiﬁA)]}-l (A4.8)
xed
with range on the same space.
Let the measure v be the limit of finite volume Gibbs measures v,, where n
refers to the bounded region A,. We have to prove that for every fe.#, t,f is
v-integrable and that

vty f)=wf). (A4.9)
We have for every N2, A
limv, [t f]=v[zV*4D ] (A4.10)

and by the (Lebesgue) dominated convergence theorem [ f is bounded] we have
that 7,/ is v-measurable and

Jim [ f1=v(r, ). (Ad.11)
{A—>Z°8
The idea of the proof is the following: we have by Equations (A4.10), (A4.11) that
M) =v(Ta N Set+(f) =z )
L3+t f)— v 1) (A4.12)
for N2, A, and n sufficiently large. The proof is then completed if we can show that
Ty f)= V(TN [l <e. (A4.13)

More precisely we ask that given >0 there exist A,, N2, n, such that Equation
(A4.13) holds for all n>n,, N> N, AD A, In proving Equation (A4.13) we shall
for the sake of simplicity, consider v, as the pure b.c. Gibbs measure, the general
case can be treated analogously.

The estimates we need are collected in the following:
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Lemma A4.1. Let v, be the pure b.c. Gibbs measure, and let the assumption in
Section 1 hold. Then the following is true:
(i) given >0 and A bounded in 7’ there are N* and A(s, A) such that

vA{{SIZSﬁgNZH<8 for ADA(s A);

xed

(i) given A bounded and ¢>0 there exists A'(g, A) such that
vz l—e A A 4)>4
where y (A') is the characteristic function of the set

{S|lfq is the largest integer such that 'y, S:zwy,V,,
xelql
then AC[qg+1]CA";
(iii) given A bounded, e>0, N? there is A"(e, A, N*)D A'(s, A) such that
{exp[j: YooY Px—y)A(S2+S2) }i1g1+s

xed y¢d"

for all the configurations Sey ,(A") and such that
Y SI<N?.

xed
Proof. (i) is proven in Theorem 4.1. (ii) is also proven in Theorem 4.1. (iii) is a
consequence of Lemma 2.2(b) and Lemma 2.4(b) of Ref. [4].

We now proceed in the proof of Equation (A4.13). Given ¢>0 we fix 4,, N, n,
as in Equations (A4.17)—(A4.19). We will obtain upper and lower bounds for
(v4 T4 f) in which

V(T f)
appears. For the sake of brevity we employ the following notation
W(S 418 40 =W(S,I5), (A4.14)
(S oS Ss({Ssl 3. STEN =105 )9S 5 S (A4.15)
for any ge #£.

We then have, with v, =v,

§vudS)f)=[v(dS)[[y2 1(dS 1) exp[ — U(S ) — W(S IS £(S4» S se)]
[ 1u(dS 5) exp — U(S ) — W(S,418)] !
+ [ udS)| HdS,) expL—U(S,) = W(S 91/ (S S.)
Y S2>N2H {fu@dS,) exp[—US,)— WS, (Ad.16)

xed

The second term in the rhs of Equation (A4.16) is not larger than (| f|<1)
[VuLd(S 4 D1 1dS 1) exp [~ U(S )~ W(SA|S)]X{ 2 S:zN7
xed

s

nggNZHQ for A,D A(e, A) (A4.17)

xed
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where (i) of Lemma A4.1 has been used and the notation
Vld(S ge, )= (S 4,1) xP L= US 4,1 = WS 4,1al S Z(4, §) 1 (A418)
has been employed. Therefore by Equation (A4.17) from Equation (A4.16)

§vdSyeaf e+ v (dS)yuA", 8)|fx-pdS) exp[-1f]
[[yoru(@S ) exp[-1] 1+ [ v(dS)[1— 44", S)] (A4.19)

where y,(A",S) is the characteristic function as introduced in Lemma A4.1(ii)
and we used the inequality

12 fy2p(dS s exp[-1f {{n1(dS ) exp[ -1} 71

Therefore for 4,2 A”(e, A), see Lemma 4.1(ii), we have

V(taf) S 26+ v, (dS) 144", §) [y2 1(dS 1) exp[-1f
{In2u(dS ) exp[- 1371, (A4.20)
We now finally consider 4,2 A2 A"(e, 4, N?), see Lemma 4.1(iii)

V(T f) S 56+ [ v (dS)x (A", S) [ x> p(dS ) exp[ — U(S ) — W(S4IS ) f]
{{y21(dS ;) exp[ — U(S ) — W(S,IS 91} !
<Se+ [v,(dS) P f). (A4.21)

Lower Bound. We have, with the same notation as in the upper bound:
§vuldSye 4 f 2§ v, Ld(S s )] fy2p(dS ) exp [ — U(S )= W(S41S 41 f
gj v, d(S 4o By A(A”, S) §N2 wdsS 4) exp[U(S )
—WI(S4S )11 —=2)f

= — o4 [, [d(S 4os D1 2(A", §) [ 32 (dS ) exp [ 1S

2 — o+ [V, [d(S 4o O] 1A, §) [ 32 1(dS ) exp [ — U(S,)
— WS, D13 f)

2 — 264 [V, (d(S 4o, B) 244", §) [ 1(dS ) exp[— U(S )
— WS AN ) = [vu[d(S 4o, O)] 244", S) | 1(dS )
exp[[-17 {SAlxgd S: zNZH

2 =36+ [,(dS) A", HEY f)

= — 4o+ [v,@dS)(x§H1f).
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Note Added in Proof. In Theorem 3.1 the following additional hypothesis is needed: the sequence
A,—~Z' as in Definition 2.3 in such a way that

lim 4,7 (Y Y ‘I’(Ix—yl)(ln+iy|)2}=0~
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