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ABSTRACT. We consider a quantum spin system with Hamiltonian
H=HO 4V,

where H(?) is diagonal in a basis |s) = @, |sz) which may be labeled by the config-
urations s = {s;} of a suitable classical spin system on Z%,

HO |5y = HO(s) |s).

We assume that H(O)(s) is a finite range Hamiltonian with finitely many ground
states and a suitable Peierls condition for excitations, while V' is a finite range or
exponentially decaying quantum perturbation. Mapping the d dimensional quantum
system onto a classical contour system on a d+ 1 dimensional lattice, we use standard
Pirogov-Sinai theory to show that the low temperature phase diagram of the quantum
spin system is a small perturbation of the zero temperature phase diagram of the
classical Hamiltonian H( | provided X is sufficiently small. Our method can be
applied to bosonic systems without substantial change. The extension to fermionic
systems will be discussed in a subsequent paper.

1. INTRODUCTION

1.1. General ideas.

Many models of classical statistical mechanics provide examples of first-order
phase transitions and phase coexistence at low temperatures. It became clear al-
ready from the first proof of such a transition for the Ising model by the Peierls
argument [Pei36, Gri64, Dob65] that a convenient tool for the study of phase co-
existence and first-order phase transitions is a representation in terms of configura-
tions of geometrical objects — contours. This has been systematically developed in
Pirogov-Sinai theory [PS75, Sin82], see also [KP84, Zah84, BI89], which allows one
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to prove these phenomena for a wide class of models, with or without symmetry
assumptions on the coexisting phases.

For quantum spin systems, the theory of first-order phase transitions and phase
coexistence is much less developed. While several papers deal with this problem in
the presence of a symmetry relating the two phases, [Gin69 , Ken85], no general
theory is known which provides a systematic approach to quantum spin systems
once the symmetry constraint is relaxed.

In this paper we propose to develop such a theory for low temperature quantum
spin systems which are small perturbations of suitable classical systems. To be more
precise, we assume that the Hamiltonian of the system is of the form

H=HOY £ \v (1.1)

where H(® is diagonal in a basis |s) = @, |s.) which may be labelled by the
configurations s = {s,} of a classical spin system with finite single spin space
S ={1,---,|9|} and Hamiltonian

(s| HO |s) = HO (), (1.2)

while V' is a local or exponentially decaying quantum perturbation,
V=) Vi (1.3)
A

where the sum goes over connected sets A and V4 is an arbitrary operator on
Ha = @ ca Ha, except for the constraint that its norm ||V, is exponentially
decaying with the size of A.

Assuming that the classical system has a contour representation in d dimensions
that allows to apply the methods of Pirogov-Sinai theory for sufficiently low temper-
atures, we propose to study the quantum perturbation of this system by mapping
it into a suitable contour system in d + 1 dimensions, which can again be analysed
by the methods of Pirogov Sinai theory. Actually, our method is very similar to
the method developed in [Bor88], were this strategy was used to develop weak cou-
pling cluster expansions for lattice gauge theories with discrete gauge group and
continuous time.

Our approach differs, however, from that used by Ginibre [Gin69] and Kennedy
[Ken85]. In order to explain the main difference, let us first recall their method.
It is based on the idea of developping the density matrix e ## of the model (1.1)

arround the unperturbed matrix e =A% © using Trotter’s formula

n
e PH = lim (e*(ﬁ/”)H(O)(l - éV)) . (1.4)
n
While the leading term of this expansion gives the partition function of the classical
spin system at temperature (3, the expansion of V according to (1.3) will intro-
duce transitions between classical contours at various times, leading therefore to a
representation in terms of “quantum contours” on Z? x [0, 3].
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In the symmetric case considered in [Ken85] and [Gin69], these quantum contours
could be controlled with affordable effort using standard methods. The asymmet-
ric situation considered here, however, obviously requires significant modifications
involving something like a “Quantum Pirogov-Sinai” theory. Such an approach
is currently being pursued by Datta, Fernandez and Frohlich [DFF95], leading to
results very similar to those presented in this paper!.

Here, we follow an alternative approach, motivated by [Bor88|. The main idea is
not to consider contours on Z% x [0, 3], but to use a suitable blocked approach, which
allows to map a d-dimensional quantum system onto a classical contour system
on the (d + 1)-dimensional block lattice. As a consequence, our results make it
possible to apply directly the usual Pirogov-Sinai theory to quantum spin systems
as well, thereby allowing to analyze questions concerning the low temperature phase
structure, finite size scaling, analyticity properties, etc. using the well developped
machinery of standard Pirogov-Sinai theory.

1.2. Contour representations of quantum lattice models.

In the remaining part of this introduction, we present the main ideas of our
approach. In the first step, we rewrite the partition function Z = Tre ?H of the
quantum spin system as

Z=TrT" where T=e¢P? and p=Mp (1.5)

with an integer M to be chosen later. We then expand the partition function

Z of the quantum system around the partition function Z¢2s8 = Tre P#H @ of
the classical spin system using the Duhamel formula (a reference concerning the

Duhamel formula is e.g. [SS76]) for the transfer matrix 7' = e=BH  Introducing the
family Ag of all sets A contributing to (1.3), the Duhamel expansion gives

_ ~ _\\na B
T = PHY=BAEaca, Vs = Z[ 1T =A™ )\)v / drj...dm3*|T(T,n), (1.6)
n AcA, A Jo

where n is an multiindex, n : A9 — {0,1,2,...}, and T(7,n) is obtained from
T = e=PH by “inserting” the operator V4 at the times 7}, ... 7%, see Section 2
for the precise definition. Next, we resum (1.6) to obtain the expansion

T =Y T(B), (1.7a)

where

T(B) = > T(A), (1.7b)
A={A;,... Ax}
U;A;=B

I Results of this type were announced some time ago in [Pir78]. However, a detailed discussion
and proofs have never been presented. It was only after we learned from the author that he is not
planning to pursue this research, when we started to work on this topic.
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with

- _\\na B8
TA)= > [H %/0 drl ... dri4 | T(T,n). (1.7¢)

n:suppn=A4 A€Aq

Using the basis |s) to rewrite (1.5) as

Z= > (sPT|s®) . (M T s (1.8)

s ... s(M)

and inserting the formula (1.7) to expand T around T®), we obtain

M
Z= > J[E"PITBY) M), (1.9)

s s =1

B .. . BXM)

where we have identified s(*) and s(M).

At this point, the quantum spin system is easily mapped to a classical contour
system in d+ 1 dimensions. Before doing so, let us discuss the expansion (1.9) from
a more heuristic point of view. Starting with the leading term in BM, ... B(),
namely the term where all B®) are empty, the matrices T(B®) reduce to the
unperturbed transfer matrix 7%, which implies that only the term with s(!) =
s = ... = sM) contributes to the sum over s, ..., (M) giving the partition
function of the classical spin system at the inverse temperature 5. A non empty set
B® on the other hand, corresponds to the insertion of one or several operators Vi,
A C B®,| inducing transitions between different classical states s¢~1) and s®). It
should be noted, however, that for a fixed set of B(*)’s only those spin configurations
s = 52 = ... = sM) contribute to (1.9), for which s¢~1) and s(*) are identical
on all points x for which z ¢ B®,

In order rewrite (1.9) in terms of contours, we assign contours to “configurations”
specified by s, ..., sM) and BM ... BM) Namely, we introduce elementary
cubes as the unit closed cubes C' C R4! with centers (z,t) where t € {1,2,..., M}
and z € Z%. We say that an elementary cube C with center (x,t), x € Z¢, lies in
the ¢'th time slice; we say that it is in a quantum excited state if x € B®), while
we say it is in a classical state if this is not the case. Consider now a cube C' in the
t'th time slice which is in a classical state. Then s¢~Y and s*) must assume the
same value s, € S on the corresponding point = € Z¢, and we say that the cube C
is in the (classical) state s,.

In order to explain our definition of contours, let us assume for the purpose of this
introduction that H(®)(s) is the Hamiltonian of a classical spin system with nearest
neighbor interactions, and that the contours of the classical system correspond to
bonds (zy) for which s, # s, (see Section 2 for the more general case). We then say
that a cube C'is part of the ground state region W,,,, m € S, if it is in the classical
state m, and if all neighboring cubes in the same time slice are in the classical state
m as well. All cubes which are not part of a ground state region are called excited.
As usual, we define a contour as a connected component of the set of excited cubes.
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Resumming all terms in (1.9) which lead to the same set of ground state regions
and contours, we finally obtain Z as a sum over sets {Y1,...,Y,,} of non-overlapping
contours. Given our definition of excited cubes, it is an easy exercise to show that
the weight of each such configuration factors into a product of contour activities
p(Y;) and ground state terms e~ PemWml  where e, is the classical groundstate
energy of the ground state m, while |W,,| is the number of cubes which are in the
ground state m. This gives the representation

z= Y e e, (1.10)

{Y1,....,Y,} ¢

which is exactly of the same form as the contour representation of a classical spin
system. We can therefore apply standard Pirogov-Sinai theory to analyze the quan-
tum spin system considered here, provided we can prove a bound of the form

p(Y)] < eV le=ieolY] (1.11)

where « is a sufficiently large constant, and ey = min,, e,,.

Observing that cubes in a quantum excitation are supressed by a small factor
proportional to A3, while excited classical cubes are exponentially suppressed by a
“classical” contour energy proportional to B, such a bound can easily be proven,
see Section 4 for the details.

Notice that the weights p(Y') are in general complex. The version of the Pirogov-
Sinai theory to be used thus must deal with this fact. Actually, such a case has
been discussed in [BI89] and we are closely following their approach.

A novel feature of the models considered here stems from the fact that the result-
ing classical model resides in a finite slab of thickness proportional to 3; actually we
should talk of a cylinder because of the periodic boundary conditions. It is therefore
not possible to directly apply standard Pirogov-Sinai theory. Actually, this gives
rise to an interesting problem in both quantum and classical spin systems: dimen-
sional crossover for first order phase transitions. We will not discuss the physics of
dimensional crossover in this paper, but the technical modifications needed to deal
with finite temperature quantum spin systems do actually provide the necessary
framework to deal with this problem as well.

The organization of this paper is as follows: In the next section, we state our main
assumptions and results. In Section 3, we derive the contour representation (1.10),
proving in particular the needed factorization of contour activities. In Section 4 we
prove the exponential decay of the contour activities. Section 5 is devoted to the
discussion of the resulting contour model including the discussion of modifications
to Pirogov-Sinai theory on a finite slab. In Section 6 we discuss expectation values of
local observables, and in Section 7 we combine the results of the preceeding section
to prove the theorems stated in Section 2. Details of the necessary modifications to
Pirogov-Sinai theory on a finite slab are deferred to an appendix.

We close this introduction with a discussion of possible extensions. We recall
that we assumed that H() is diagonal in a basis |s) = ®, |s,), where s, lies in a
finite spin space S. While this is a natural setting for quantum spin systems as, e.g.
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the anisotropic quantum Heisenberg model, it is not for the discussion of bosonic
or fermionic lattice gases. In this situation, a typical choice for H(® would be an
operator which is diagonal in the usual bosonic or fermionic Fock representation
where basis vectors are characterized by eigenvalues of the corresponding number
operators n,. While the correponding classical system still has a finite state space
(ng = ny +n; = 0,1,2) in the fermionic case, bosons now give rise to a state
space which contains infinitely many classical states per site. In most application,
however, this is not a serious problem, because the hamiltonian H(?) supresses high
values of n, (or, in the usual field representation, high values of the boson field ¢..).
Our methods and results are therefore applicable to bosonic lattice gases without
major modifications.

For fermions, on the other hand, the antisymmetrization of the wave function
leads to sign problems in the contour representation (1.10) which have to be dealt
with carefully. While this is a priori not obvious at all, it turns out, however, that
fermion signs do not spoil the factorization properties needed to apply Pirogov-
Sinai theory (see [BK95], where the methods developed here are used to prove the
existence of staggered charge order in the narrow band extended Hubbard model).

2. DEFINITION OF THE MODEL, STATEMENTS OF RESULTS

2.1. Assumptions on the classical model.

We start this section by stating the precise assumptions for the classical model.
We consider a classical spin system with finite spin space S = {1,...,|S|}, spin
configurations s : Z¢ — S, x + s,, and finite range Hamiltonian H®)(s) with
translation invariant interactions, depending on a vector parameter u € U, where
U is an open subset of R”. We assume that H(?)(s) is given in the form

HO(s) = 3" @, (5), (21)

where ®,(s) € R depends on s only via the spins s, for which y € U(z) = {y €
Z% | dist (z,y) < Ro}, where Ry is a finite number. In our notation we supress the
dependence of H® on ®, and p.

As usually, a configuration g which minimises the Hamiltonian (2.1) is called a
ground state configuration. For the purpose of this paper, we will assume that the
number of ground states of the Hamiltonian (2.1) is finite, and that all of them are
periodic. More precisely, we will assume that there is a finite number of periodic

configurations ¢V, ..., ¢, with (specific) energies
. 1 m
em = em(u) = lim, 2%%(9( M, (22)
re

such that for each p € U, the set of ground states G(p) is a subset of {g™), ..., g(M}.
Obviously, G(u) is given by those configurations ¢(™ for which e, () is equal to
the “ground state energy”

eo = eo(p) = min e, (p1). (2.3)
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Note that we may assume, without loss of generality, that ®,(g(™)) is independent
of the point x for all ground state configurations ¢("), because this condition can
always be achieved by averaging ®,(s) in (2.1) over the minimal common period of
g, g,

Our goal will be to prove that the low temperature phase diagram of the quantum
model is a small perturbation of the classical ground state diagram provided the
quantum perturbation is sufficiently small. In order to formulate and prove this
statement, we need some assumptions on the structure of the ground state diagram.
Here we assume that for some value of o € U all states in {g), ..., g(")} are ground
states,

em (o) = eo(to) for all m=1,...,m (2.4)

that e, (1) are C? functions in U, and that the matrix of derivatives

E-= ((%g@ili“)) (2.5)

has rank r—1 for all u € U, with uniform bounds on the inverse of the corresponding
submatrices. We remark that this condition implies that the zero temperature phase
diagram has the usual structure of a v — (r — 1) dimensional coexistence surface
Sy where all states g™ are ground states, r different v — (r — 1) — 1 dimensional
surfaces S, ending in Sy where all states but the state ¢g("™) are ground states, ...

Next, we formulate a suitable Peierls condition. In order to present it, we intro-
duce, for a given configuration s, the notion of excited sites € Z¢. We say that a
site x is in the state g™ if the configuration s coincides with the configuration ¢("
on U(x), i.e. on all sites y for which dist (z,y) < Rp; a site is excited, if it is not in
any of the states ¢(1), ..., ¢™. Given this notation, the Peierls assumption used in
this paper is that there exists a constant vy > 0, independent of u, such that

D, (s) > eo(p) + Yo for all excited sites x of all configurations s. (2.6)

Finally, we assume that the derivatives of ®, are uniformly bounded in ¢/. More
explicitely, we assume that there is a constant Cy < oo, such that

(6%%(5)\ < Gy (27)

foralli=1,...,v, u €U, x € Z%, and all configurations s.

Remark. Given the assumptions stated in this subsection, standard Pirogov-Sinai
theory implies that the low temperature phase diagram of the classical model has
the same topological structure as the corresponding zero temperature phase diagram
(see above).

2.2. Assumptions on the quantum perturbation.
As pointed out in the introduction, we propose to develop a theory which allows
to control low temperature quantum spin systems that are small perturbations of
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the classical system introduced above. We consider quantum spin systems with

Hamiltonians of the form
H=HOY £ \v (2.8)

where H(©) is diagonal in a basis |s) = &, |s,) that may be labelled by the con-
figurations s = {s,} of the classical spin system,

HO |s) = HO(s)|s). (2.9)
We assume that V is of the form

V=Y Vi (2.10)
A

where the sum goes over connected sets A and Vj is a self-adjoint operator on
Ha = ®I€ 4 H.. In addition to translation invariance, we assume that V4 and

its derivatives, 8%_VA, 1 =1,...,v, are bounded operators, with a suitable decay
0
constraint on the corresponding operator norms ||V4| and H 3 VAH. In order to
K
formulate this constraint, we introduce the Sobolev norm
~|.9 74|
VI = > (IVall+) 5. VAl ) (2.11)
A:zcA i1 | OHi

where |A| is the number of points in A. Given this definition, our assumption on
the decay of V' is the assumption that

IV llg < o0 (2.12)

for a sufficiently large constant 7.

Remarks.

i) For a finite range perturbation, where V4 = 0 if the diameter of A exceeds the
range R¢ of the interaction, the assumption (2.12) is automatically fulfilled for
arbitrary large vq < oo.

i) If ghe quantum perturbation V is of infinite range, we need that ||V4]| and

H aui
cay with a sufficiently large decay constant v, and observing that the number
of connected sets A of size s that contain a given point z € Z¢ is bounded by

(2d)?*, the condition (2.12) can be satisfied provided v > g + 2log(2d).
iii) Strictly speaking, an exponentially decaying pair potential, V' = Z%y Ve,y Where

VAH decay exponentially in the size |A| of A. Assuming exponential de-

the norm ||V, ,|| decays exponentially with the distance between = and y, is not
in the class considered in this section because V' is not given as a sum over
connected sets A. It is obvious, however, that such a potential can be rewritten
in the required form, by artificially connecting the two points x and y by a nearest
neighbor path. In (2.11), this effectively replaces the size of the set A = {x,y}
by its ¢1-diameter ), |z; — y;l.
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2.3. Finite volume states for the quantum system.

In order to discuss the phase diagram of the quantum spin system, we will con-
sider suitable finite volume states (+), o which are analogues of the classical states
with boundary condition ¢, where ¢ = 1,...,r. We first introduce, for any con-

figuration s and any finite set A, the vector [sa) = @, c4 [5z). Given a finite

set A C Z?, we then define suitable finite volume Hamiltonians H/(\) and Hp on

the Hilbert space Hx = @,z He, where A = UgeaU(z). Namely, we introduce
operators

HO® =Y "0,(s3) |sa)(sal, (2.13)
SA
HY =3 HY, (2.14)
TEA
and
Hy=HY +2 Va (2.15)
ACA

The Hamilton operator with boundary conditions ¢ is then defined as the “partial
expectation value”

Hyn = (g5 Ha lgSR), (2.16)

where OA is the set A\ A. More precisely, H, 5 is an operator on H, whose matrix

elements are
(9) (9)

(sal Hon Ish) = (sa] ® (98, | Ha lg2,) ® [5h). (2.17)
Given the Hamiltonian with boundary conditions ¢, we introduce the quantum state

(g as
1

7 Tr HA('e_ﬁHq’A)a (2.18)
a,A

<'>q,1\ =

where
Zyp = Trog e PHan, (2.19)

Note that H, ©) and H A are operators on Hjy, while H, A and it’s analogues,

HO = (g H® |g5) (2.20)
and . .
H = (g5 HY 1952), (2.21)

are operators on Hy.

Remark. Following Ginibre [Gin69], it might seem more natural to implement the
boundary conditions with the help of suitable projection operators Pa(?\)- Here,

this would amount to defining ng\) = Ig(q))<g§’A) With the help of this projection
operator, one would then define

Zq A= Tr P{gQ) —BHA
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and similarly for the finite volume states (2.18). Observing that
Try We™ BHgn — TrHAWPéq) —BHA

for all operators W on Hy, these two implementations of boundary conditions are
actually equivalent.

2.4. Statement of results.

In order to state our results in the form of a theorem, we recall that a local
observable is an operator which is a selfadjoint bounded operator on H, for some
finite set A. We also introduce, for each x in Z? and any local obserbable ¥, the
translate ¢, (¥). Defining finally A(L) as the box

AML)={ze€Z||z;| <L forall i=1,...,d}, (2.22)

our main results are stated in the following two theorems.

Theorem 2.1. Let d > 2 and let H®) be o Hamiltonian obeying the assumptions
of Section 2.1. Then there are constants 0 < By < 00 and 0 < v < 00, such that
for all quantum perturbations V obeying the assumptions of Section 2.2, all 5 > By

and all A € C with .

A < Ao 1= e (2.23)
eBol[IVllyq
there are constants &, and continuously differentible functions f,(pn), ¢ = 1,...,r,
such that the following statements hold true whenever
aq(B, A, 1) == Re fy(p) — mnjbnRe fm(u) =0. (2.24)

i) The infinite volume free energy corresponding to Zy a(ry ewists and is equal to fy:

1 i 1
fq = _B L—>oo |A( )| log Zq A(L) (2.25)

it) The infinite volume limit

(W)g = Lh_)m () g,A(L) (2.26)

exists for all local observables W.
iit) For all local observables ¥ and ®, there exists a constant Cy ¢ < 00, such that

(Ut (@) — (V)g (t(®))g] < Cy,pe™ /%0, (2.27)

iv) The projection operators

P =l o] (2.28)
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onto the “classical states” ggl()m) obey the bounds

1

(a)
[Pyl =1 < 5 (2.29)
and )
(m)
|<PU(:U)>Q‘ < 2 (2.30)
for all m # q.

v) There ezists a point fig € U such that an,(fio) = 0 for allm = 1,...,r. For all
w € U, the matrixz of derivatives

F= (%ﬁ’:(m) (2.31)

has rank r — 1, and the inverse of the corresponding submatriz is uniformly
bounded in U.

Remarks.

i) Following the usual terminology of Pirogov-Sinai theory, we call a phase with
aq = 0 stable. By the inverse function theorem, statement v) of the Theorem implies
that the phase diagram of the quantum system has the same structure as the zero
temperature phase diagram of the classical sytem, with a v — (r — 1) dimensional
coexistence surface Sy where all states are stable, r different v — (r — 1) — 1 di-
mensional surfaces S, ending in S, where all states but the state m are stable,

ii) Choosing 3 sufficiently large and A sufficiently small, the bounds (2.29) and
(2.30) can be made arbitrary sharp. In this sense, the quantum states (-), are small
perturbations of the corresponding classical state whenever ¢ is stable.

iii) While Theorem 2.1 is stated (and proven) for general complex A, the phys-
ical situation corresponds, of course, to real values of A, as required by the self-
adjointness of the Hamiltonian H. As we will see in Section 5, the “meta-stable
free energies” f, are real in this case, making the real part in (2.24) and (2.31)
superfluous.

In order to state the next theorem, we define states with periodic boundary

conditons on A(L). To this end, we consider the torus A pe: (L) = (Z/(2L + I)Z)d
and the corresponding Hamiltonian

H e a) = Z HO + X Z Va, (2.32)
TEA per (L) ACAper (L)

where the second sum goes over all subsets A C A e (L) which are do not wind
around the torus A e, (L). With these definitions, we then introduce the quantum
state with periodic boundary conditions as

1

<'> per,A(L) — Zi

Tr g, (1) (- e FHpera@), (2.33)
per,A(L)

where
Z pera(ny = Trogyrye” P rena, (2.34)
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Theorem 2.2. Let H®, V, 5 and )\ as in Theorem 2.1. Assume in addition that
A is real. Then the infinite volume state with periodic boundary conditions,

<\Ij> per — Lll_{r;o<qj> per,A(L) (235)

exists for all local observables ¥, and is a convexr combination (with equal weights)
of the stable states,

) per = Y g (Ve (2.36)

q€Q(p)
Here
Q(u) ={q€{l,...,r} | aq(p) = 0}. (2.37)

3. DERIVATION OF THE CONTOUR REPRESENTATION

As explained in the introduction, we start with the Duhamel expansion for the
transfer matrix. In this section, we will consider a fixed finite volume A = A(L) =
{x € Z% | |z;) < Lforalli =1,...,d}, and a fixed value ¢ € {1,...,7} for the
boundary condition; further, we are not explicitely specifying this in our notation.
Introducing the transfer matrices

T() = =PH (3.1)

and 3
T = e PHan (3.2)

we rewrite the partition function Z, 5 as
Zgp =TT, (3.3)
where B and M € N are related to the inverse temperature 3 by the equality

B=M§p. (3.4)

The Duhamel expansion (or Dyson series) for the operator T yields

_\\na B
r=Y[1I (=) /0 drl ... dr"a ] T(r ). (3.5)

|
TA-
n AcA, A

Here, Ay is the family of all sets A contributing to the sum (2.15), n is an multiindex
n: Ap — {0,1,...,} with finite n = >° 4 na, T = {7h,...,Th* A € Ao} €
[0, B]”, and the operator T'(T,n) is obtained from 7 by “inserting” the operator
V4 at the times 7},...,74*. Formally, it can be defined as follows. For a given
n and 7, let suppn = A = {A;,..., Ax} be the set of all A € Ay with ny # 0,
n; =mna,, and V; = Vy,. Let

(Sl,...,Sn):7T(7'}11,'--,Tgiw",T}lk?“'JTZ:)
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be a permutation of the times 7 such that s; < s5 <--- < 's,, and set
Voo s V) =a(Va, oo Vi oo Vi oo, Vi),

where on the right-hand side each V; appears exactly n; times. Then T'(7,n) is
defined by

T(’T,n) —e SlH(Ave_(82 SI)H(AVQ —(Sn_sn 1)H<AV e_(ﬂ Sn)HqA‘ (36)
Next, we resum (3.5) to obtain the expansion

T=)>Y T(B), (3.7)

BCA
where .
T(B)= Y, T(A), (3.8)
A={A1,.., Ay}
U; A;=B
with

T4 = Y [H ("A)TA /O ﬁdT},...dTgA]T(T,n). (3.9)

nA.
n:suppn=A4 AcA A

Before continuing with the expansion for the partition function as sketched in the
introduction, we discuss the factorization properties of the operator T'(B). Given
a subset A’ of A, we introduce the operators Tp/(7,n), Ta(A), and Ty, (B) that
are obtained from T(r,m), T(A), and T(B), respectively, by replacing H é?/)\ =

Y oA Hé?;g by the operator ) ., Héf’ﬁ,. Using the fact that

HE), HOT=0  forall z,y€A, (3.10)
while
[HE), va)=0 if  dist(z, A) > Ry, (3.11)

one immediately obtains that

0 0
T(B) = T\\5 Ta(B) = Ta(B) T\\s, (3.12)
where B is the set B
B = {x € Aldist (z, B) < Ro}. (3.13)

Let us now consider a set B that can be decomposed as B = B;UBs, with BN By =
(. Then
T3(B) =Tp,(B1)Tp,(B2) = T,(B2)Tp, (B1), (3.14)

due to (3.10), (3.11), and the fact that

[VA, VA/] =0 if AN A =1. (3.15)
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For B C A, we therefore get the decompositions

k
Ts(B) =[] T5.(B:) (3.16)
i=1
and
(0) :
TA\B (3.17)
provided B = U¥_, B;, where By, ..., By are pairwise disjoint.

Deviating a little bit from the strategy explained in the introduction, we further
expand the transfer matrix 7. Using (3.17), we observe that

(sB] ® (sa\B|T(B)[sh\p) @ |s) =
-8 5 Pe(sU(a _
= Gspimsp € e POV (551 @ (s 5| T (B) sy 5) @ ). (3.18)
Introducing thus the operator Tg(s5z5) on Hp as the partial expectation value

Tg(szg) = (sa\Bl T5(B) [sa\B): (3.19)

we get

T(B) — Z e_ﬁZzeA\B (I)x(SU(I))(‘SA\B><8A\B‘ ®TB(8ﬁ)) (3.20)

SA\B
As before, U(x) = {y € Z%|dist (x,y) < Ro}, while OB is the set
0B = {x ¢ B|dist (z, B) < 2Ry} (3.21)

Considering “configurations” ¥ = (B, s\ g) on A specyfiyng the set B as well as the
configuration s\ p outside it, we can combine (3.7) and (3.20) to get the expansion

T=> K(%). (3.22)
D)
Here the operators K(X) (on Hy) are defined by
K(E) = K(B, SA\B) — e—B ZIeA\B @I(SU(Z)) <|SA\B><5A\B’ X TB(88—3)>' (3.23)
Remarks.

i) The operator Tp(s55) inherits from T5(B) the factorization property (3.16).
Namely,

5(555) ®TB (s557) (3.24)
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provided B = U, B; with By, ..., B, pairwise disjoint.
ii) For  and B near to the boundary of A, the spin configurations s,y and sz

appearing in ®, and Ts(sz5) involve spins s, with y ¢ A. A more precise notation

would therefore involve the spin configuration sy\pU g(qu) restricted to the sets U(x)

and 0B, respectively.
Next, we combine the representation (3.22) for the transfer matrix 7" with the
formula (3.3) to rewrite Z, 5 as

Zen= Y w(E1,...,5y) (3.25)
1,5
with the weights
M
w1, ..., Sa) = Trog, [JE(S0). (3.26)
t=1
For a given collection of configurations »,..., X, ¢ = (B(t)7 SE\?BW)’ on “time
slices” t = 1,..., M, we now assign a variable o(, ;) € S = {0,1,...,|S|} to each
point in “space-time” lattice
L=2%x{1,...,M} (3.27)
by defining
gg(gq) if v ¢ A,
Owr =1 s ifxe A\ BO, (3.28)
0 ifzeB®,

Considering elementary cubes, i.e. the closed unit cubes C(z,t) with center (x,t)
in

Ly=Ax{1,...,M}, (3.29)

we say that a cube C(z,t) is in the ground state m, if the configuration o,
coincides with the configuration g™ on all points y € U (). Otherwise, the cube
C(z,t) is called an excited cube. Note that a cube C(z,t) may be excited for two
reasons (possibly both): either the Rgp-neighborhood U(z) of = contains a point
y € B® corresponding to the insertion of some operator V4 with y € A, i.e. due

to a quantum excitation, or it contains a point y for which the classical variable s?(f)

differs from the ground state value gém), which corresponds to a classical excitation.

Note also that a configuration where two succesive cubes C(z,t) and C(x,t + 1)
are in a classical state, o, ) = s;(nt) and oz ¢41) = S;S;tﬂ), has weight zero unless
O(z,t) = O(z,4+1); indeed, otherwise one has <s§f>| K(3)K(341) |s§f+1)> = 0. This
is true also for t = M once we identify ¢ = M + 1 with ¢ = 1 (periodic boundary
conditions on L).

Recalling the relation (3.23), we now extract a factor e=B2=(9") = e=fem for
each cube C' in the ground state m, leading to an overall factor of

e L om|Wonl, (3.30)
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where |W,, | is the number of cubes in the ground state m. Considering, on the other
hand, the union D of all excited cubes, we assign a label ap(F) to all elementary
faces F' in the boundary of D, by defining ap(F) = m if F' is a common face for
a cube Cp in D and a cube C), outside D in the ground state m, F' = Cp N C,,.
Defining the reduced weight w(oy,) by

W(E1, ..., Sy) = e P mem Wl (o), (3.31)
we observe that w(oy,) depends only on the configuration op and the label ap,
w(oL) =w(op,ap). (3.32)

(The configuration outside D is entirely determined by the labels aup.) The weight
w(op,ap) inherits from (3.24) the factorization property

n

w(op,ap) = HW(UDwO‘Di)- (3.33)
i=1
Here Dy,..., D, are the connected components of D.

At this point, the rest is standard. One considers the sets

Ta= |J Clat) (3.34)

(z,t)ELA

and

T= |J C(1), (3.35)

(z,t)ELo

imposing periodic bundary conditions in the “time direction”, and defines a (la-
beled) contour Y as a pair (suppY, «), where suppY C T, is a connected union of
closed unit cubes with centers in Ly (considered as a subset of T), while « is an
asignment of a label a(F") to faces of dsupp Y which is constant on the boundary
of all connected components of T \ supp Y.

The contours Y7, ...,Y,, corresponding to a configuration oy, are then defined
by taking the connected components of the set D of excited cubes in T, for their
supports supp Y,...,supp Y, and by taking the labels m of the ground states for
the cubes C' in Ty \ supp Y; that touch the face F', see above, for the corresponding
labels a; (F').

Resumming over all configurations in (3.25) that lead to the same set of contours,
and taking into account the factorization property (3.33), it is an easy exercise to
show that the resulting weight factors into a product of contour activities p(Y;) and

ground state terms e=Pem| Wil This yields the representation

Zoa=y [Ie( e el (3.36)

(V1,..Y,} i m
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which is exactly of the same form as the contour representation of a classical spin
system. We can therefore apply standard Pirogov-Sinai theory to analyze the quan-
tum spin system considered here, provided we can verify its basic assumption —
the Peierls condition. Namely, we should prove a bound of the form

p(Y)] < oY1 g—BeolY| (3.37)

where «y is a sufficiently large constant, ey = min,, e,,, and |Y| is the number of
elementary cubes in supp Y. This will be done in the next section.

Remark. The weights p(Y') are in general complex, even if the coupling constant A
is real. Observing that the operators K (3;) in (3.26) are selfadjoint for real A\, we
have, however, that

w(S1, .. S = w(Sa,. ., ). (3.38)

Considering two contours Y and Y* which can be obtained from each other by a
reflection at a constant time plane, we therefore get

p(Y)" = p(Y™) (3.39)
provided A € R.
4. EXPONENTIAL DECAY FOR CONTOUR ACTIVITIES

We first give an explicit expression for the weight p(Y"). Combining (3.25), (3.31),
(3.32), and (3.33) we have

n
Zyn = Z e B2 m em Wl Hw(oDi,api), (4.1)

S1,e S0 i=1
where D1, ..., D,, are the connected components of the union D of all excited cubes
corresponding to X1, ..., 3. This expression is equivalent to (3.36) once we take

for a contour Y = (D, ap) the weight
p(Y)= Y w(op,ap). (4.2)
op—Y

Here the sum is over all configurations op consistent with the contour Y, i.e. over all
configurations op on D = supp Y that, if extended outside supp Y by appropriate
ground states determined by the labels ap, yield the contour Y.

Proposition 4.1. Let A € R, 3> 0, and g > 1 be such that, for all x € 77,

(e —1)BIA Z [Vallere 4l < 1. (4.3)
AcAgy:
x€EA
Then :
Ip(Y)| < e~ (Beo+)|Y] (4.4)
where }
v = min{By0, Ry *(vq — 1)} — log(2[9]). (4.5)

The proof of the proposition relies on the following lemma.
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Lemma 4.2. Let B C A, and let sp, 5 and szg be arbitrary classical configura-

tions on B and OB = {x ¢ B | dist (z, B) < 2Rq}, respectively. Let g, 3 and \ be
as in Proposition 4.1. Then

|<SB’TB(33—B)\§B>| < e—BeolBlo—(ve—1)IB| (4.6)

Proof of Lemma 4.2. Let sy be an arbitrary extension of the configuration s, 75
to the full set A, and let §5 be the configuration which agrees with sy on A\ B,
and with s on B. Then

(sB| TB(sgm) 158)| = [(sal Ta(B) [54)| < (| T5(B), (4.7)

where, in agreement with (3.8) and (3.9), the operator Tz(B) is defined by

A:{A17~"5A/€}
A;€EAQ, UjAj:B

and

T5(A) = Z [ H (_A)'HA /OB dry ... dTZA]TB(’T, n). (4.9)

na:
n:suppn=A4 AcA A

The time-ordered operator Tz(7,n) is defined as in (3.6), with the Hamiltonian
Y e H(S?gg replacing H é?x)\- Observing that for all s > 0,

e Zecn Hi | = e=olP1e, (4.10)
we now bound o
|T5(r,n)|| < e P1Bleo TT [[Val™. (4.11)
AcA

Combining (4.7) — (4.9) with the bound (4.11) and the fact that the assumption
(4.3) implies that G|A|||Val| < 1 for all A € Ay, we obtain

(AL D SR | (O DR S VAR

A:{Al,...,Ak} AE.A ’I’LAZl
A;€Ap,U;A;=B

<efeoltl St T (te=1BINIVaA)

A={A1,.., A} AcA
AieAO, U]AJ:B

< e~ PeolBlg—0lB] 3 I1 ((e _ 1)6‘AH|VAH67Q|A|>_

A={A1,.., A} AcA (4.12)
A;€Ag,U;A;=B
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We proceed with the bound

> T (e=vBnivalere) <

A={A1,...,Ar} AcA

i::k_n( > (e=1D)BIN||Va, Hemw)

A;€EAQ:
A mB;&@

k=1 rz€EB A; eAO
zG i
=1
<> Bl (4.13)
k=1

where we have used the assumption (4.3) in the second to last step. Combining
(4.12) and (4.13), we obtain the lemma. O

Proof of Proposition 4.1. In order to bound the sum in (4.2), we first derive a more
explicit representation for the activity p(Y). We decompose the torus T and the
set of excited cubes D into time-slices, T = UM, T®) and D = UM, D® and recall
that o, = 0 iff the cube C(z,t) belongs to B® | the set of sites where transi-
tions between times ¢t and (¢ + 1) may occur. Summing over all configurations op
consistent with the contour Y then corresponds to the following three restrictions:

(1) The configuration op is such that the Ry-neighbourhood of each (z,t) with

O(z,) = 0 is included in Dj i.e. B DO for each ¢ — 1,..., M.

(2) All cubes C(z,t) C D are excited; i.e. either o, ;) = 0 for some y € U(x)
or SS)(w) # g((]nz)) forallm=1,...,r.

(3) Let F be a vertical face in the boundary of D, let m = ap(F) be the label
of F, and let T® be the time-slice containing F. Then o(z,t) = gé ™) for
all z € D® whose distance from F is less then Ry.

Let us observe that since [sy\p,) ® [sB,) = |sa\B,) ® |sB,) for any By, By C A, we
may write the expansion of unity 1 =3 [sa)(sa| on H, in the form

1= lsag) ® |sB,) (528, ® (s8,]. (4.14)

SA

Inserting now (3.26) with (3.31) and (3.32) into (4.2), we may use the above obser-
vation to get the expression

= 3 > S e Seennnn B,

B . B M) gD s (M) t=1
B®cp® D(l)\B(l)’ ’ D(M)\B(M) Sry o8
(1) (t+1) (1) (1) (t+1)
X ( D(t)\B(t)|SD(t>\B<t>>< B(t)|TB(t)<Sﬁ(t)) Sp) > (4~15)
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Here we defined I®® = B(t—1 0 B(®) The first two succesive summations are
equivalent to the sum in (4.2), while the third one implements the trace in (3.26).
Namely, the sum over B, ... B() in (4.15) obeys automatically the first restric-
tion above; the second sum must respect the two others (and there is no restriction

on the third sum). Observe that the choice of a contour Y (or of several contours),

(*) HO)
DWO\B®: S

defines completely the configurations between each time slice.

In order to get a bound on |p(Y)|, we estimate the absolute values of the factors
of the terms on the right hand side of (4.15). Taking into account the condition (2)
above and the assumption (2.6) on the classical part of the Hamiltonian, we have

together with the choice of partial configurations s at each time t

G_BZ:CGD(U\B“) %(83@) < 8—5(60+V0)\D(t)\3(t)|‘ (4.16)

The scalar product between the two base vectors is equal to 0 or 1. In fact, we
could use it to reduce the number of terms appearing in the second sum in (4.15);
however, we just bound it by one. Combined with Lemma 4.2, we finally get

)< 3 H > Ze—meoﬂo)lD(”\B(”\ ~Beal BY| (10 —1)| BD|

B .. . BWM) t= 1.@®
B(t)CD(t) D(t)\B(t) I(t>

(4.17)
The summands do not depend any more on the partial configurations sg)(t)\ B and

s

S(r- Their number is bounded by

M
HT'D<t>\B(t>|+|I<t)| < ’S||Y‘. (4.18)

t=1

To estimate the exponential in (4.17) we use the equality |[D®\ B®)| = |[D®)|—-|B®)|
and the bound |B®| < RYB®|. Thus e~(e=DIBY| < ¢=(re=DE;“IBY| 4nq

M
(V)] < [re P max{e B0, e=0a- DR VITT S™ 0 (a19)
t=1 B®
B®cp®

The last sum can be easily bounded, yielding

oo Y 1=22Y (4.20)

B® B®cp®
BM®cp®
Combined with (4.19), this completes the proof of Proposition 4.1. O

We close this section with a proposition providing the necessary bounds on deriva-
tives:
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Proposition 4.3. Let A€ R, 3> 0, and Yo > 1 be such that, in addition to (4.3)

we have
HewlA\ <1. (4.21)
AcAy
zEA
Then 9
i p(Y)‘ < (BCo + 1) [y |~ BeotnIY], (4.22)

Here Cy is the constant from (2.7) and ~ is the constant defined in (4.5).

Proof. We first derive an analogue of the bound (4.6) in Lemma 4.2. To this end,
we have to bound the norm of 0Tz(7,n)/0u;. Using the representation (3.6) in
conjunction with the assumption (2.7) and the bound (4.10), we get

HaiiTB(T’”)H = 6_53'60{BCOIB!£4!\VAH"A+

8VA

™ T Ivalm ) (23)

AcA\{A;}

+ZnA

Proceeding as before, we obtain

0 .
(5] a—M_TB(Sa—B) 58)| <

(2

<e Pl N7 {BColBl T (e = VANIVAl)+

A={ A1, AL} AcA
A;€Ap,U;A ;=B
+ E BN |5,

< o—PeolBl, —m|B|Z (| BIF{5Co|B| + &}

OVa,

(e = DANIVAI | <

< 6—ﬁeo|B|6—’YQ|B|{ﬂCO|B| + |B|}6|B|
< (BCy + 1)|Ble~Peol Ble=(ro-DIBI (4.24)

Inserted into (4.15), and continuing in the same way as before, we obtain the bound
(4.21). O
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5. TRUNCATED FREE ENERGIES AND THE STABLE PHASES OF THE MODEL

While the next section will be devoted to a detailed discussion of the mean
values of general local variables, here we will anticipate the fact that the state (-),
can be linked with the “probability” — in the ensemble (3.36) of labeled contours
— that a given site z is in Wy, the area outside contours and in the ground state
¢(?. To discuss the stability of phases in dependence on the “tuning” parameter
w (cf. Section 2.1), we can thus use the standard Pirogov-Sinai theory. There are
only two features that are not entirely standard — the fact that the weights p(Y")
are in general complex numbers and the fact that our model is actually considered
on a slab of thickness M (linked with the temperature ) with periodic boundary
conditions in the “time” direction. The former was taken into account in [BI89]
(also in [GKKS88], but here we will base our discussion on [BI89] and later works
based on it, in particular [BK90] and [BK94]). The latter is a novel feature of
quantum models. Even though it leads only to small modifications, it is important
to realize that the metastable free energies used to determine the phase diagram
will have contributions comming from contours wrapped around T, in the “time”
direction. This leads to certain modifications in the definition of truncated free
energies which will be described in this section.

We start with some notation. As usual (see also Section 3) a contour is a pair
(supp Y, «), where suppY C Tp is a connected union of finitely many closed unit
cubes with centers in Lo, (we call those cubes elementary cubes in the sequel),
while « is an asignment of a label a(F) to the faces F' in dsupp Y which is constant
on the boundary of all connected components of T \ suppY. Its interior IntY
is the union of all finite components of T \ suppY and Int,, Y the union of all
components of Int Y whose boundary is labeled by m. Recalling that we assumed
d > 2, we note that the set T\ (supp Y UInt Y') is a connected set, implying that the
functions «(-) is constant on the boundary of the set V(Y) = suppY UIntY. We
say that Y is a g-contour, if oy = ¢ on this boundary. Two contours Y and Y’ are
called compatible or not touching if suppY Nsupp Y’ = ), and mutually external if
V(Y)NV(Y') = (). Given a finite set of mutually compatible contours Y7, ...,Y,, we
say that Y;,i = 1,...,n, is an external contourin {Y1,...,Y,}, if supp V;NV(Y;) =0
for all j # i. Consider now a set of contours {Y7, ..., Y, } contributing to (3.36). The
contours in {Y7,...,Y,} are then mutually compatible, and all external contours
are g-contours. In addition, the labels of these contours are matching in the sense
that the boundary of each connected component of Ty \ (suppY; U---UsuppY,)
has constant boundary conditions.

Given this setup, it is now standard to derive a second representation for Z, s
which does not involve such a matching condition. To this end, we first introduce
partition functions Z,(V') for all volumes V' C T, for which V¢ = Ty \ V is a
(possibly empty) union of closed elementary cubes in T. We say that Y is a contour
in V,if V(YV) CV, and call a set {Y3,...,Y,} of mutually compatible contours in
V' a set of matching contours in V if the boundary of each connected component of
V' \ (supp Y1 U---UsuppY,) has constant boundary conditions. Denoting the union
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of those components which have boundary condition ¢ by W, we define

z,v)= Y JIed[[e "1, (5.1)

{Y17"'7Yn} i

where the sum runs over all sets of mutually compatible, matching contours in V'
for which all external contours are g-contours. Recalling the expression (3.36) for
Zg4.A, we note that the partition function (5.1) is actually equal to Z, o if V = Tj,

Zy(Ta) =Zgn - (5.2)

We now rewrite the partition function Z,(V'), in a standard way, as a sum over
contours without any matching condition, see e.g. [Zah84] or [BI89]. Introducing
the weights

,

Zp(Int 1Y)

K (Y) = p(Y)elealY]
«(YV) == p(Y)e AUTINGE

m=1

(5.3)

one gets

Zy(V) = e PealVl > ﬁKq(Yk). (5.4)

{Y1,...,Y,, }CVO k=1

where the sum runs over all sets of mutually disjoint g-contours in V.
The weights K,(Y') do not, necessarily, satisfy the bound

Ky (V)] < e (5.5)

with a sufficiently small constant e > 0. While it turns out that such a bound can be
proven for stable phases ¢, it is false for unstable phases. In order to circumvent this
problem, we follow the standard strategy and construct truncated contour activities
K, (Y), truncated partition functions

ZL(V) = e=BealV| > f[ K! (Vi) (5.6)

{Y1,...,Y,,}CVO k=1

and the corresponding free energies f, in such a way that the weights K, (’1 (Y) satisfy
the bound (5.5) and, in the same time do not differ from K,(Y") whenever the phase
q is stable, i.e. whenever the real part of the free energy f, of the truncated model
is minimal, Re f; = min,, Re f,,.

Our definition of the truncated weights K| follows closely the treatment from
[BK94]. The main difference is that since the contours can have only a limited
extension in the time direction, we take their “horizontal diameter” as the parameter
to use in inductive definitions (and proofs). Namely, for a contour Y, we take the
diameter §(Y") defined as the diameter of the d-dimensional projection

{y € R% such that (y,t) € C(x,t),for some C(z,t) C supp Y} (5.7)
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We define (V) in the same way. Notice that §(Y) < 6(Y) whenever suppY C
Int (V).

To introduce the weight K (Y) in an inductive manner, assume that it has al-
ready been defined for all ¢ and all contours Y with §(Y) < n, n € N, and that it

obeys a bound of the form (5.5). Introduce fé”‘” as the free energy of a contour
model with activities

K'(Y9)  if§(Y9) <n-—1

. (5.8)
0 otherwise.

K= (y1) = {

Consider now a contour Y with 6(Y) = n. Since §(Y) < n for all contours Y
in IntY’, the truncated partition functions Z(Int,,Y") are well defined for all ¢
and m. Their logarithm can be controlled by a convergent cluster expansion, and
Zy(Int ,,Y") # 0 for all ¢ and m. We therefore may define K (Y') for g-contours Y’
with §(Y) =n by

K0 =)o )e e T G (5.9
with 3
o) = T x (o = BRe £ ~ Re 2 )5()) (5.10)
m#q

Here « is a constant that will be chosen later and x is a smoothed characteristic
function. We assume that x is a C'; function that has been defined in such a way
that it obeys the conditions

0<x(z)<1l, 0<-—=<1, (5.11)

and
xX(x)=0 if x<-1 and x(x)=1 if z>1. (5.12)

As a final element of the construction of K, we have to establish the bound (5.5)
for contours Y with §(Y) = n. The proof of this fact, together with the proof of the
following Lemma 5.1, follows closely [BK94]. However, since, on the one hand, the
claims of Lemma 5.1 (as well as the definition of K| (Y")) slightly differ from similar
claims in [BK94| and, on the other hand, there is certain number of complications
in [BK94] that are not necessary for the present case, we present the proof in the
appendix.

We use f; to denote the free energy corresponding to the partition function
Z)(V),

1 1
= —= lim —log Z/ 1
fq 3 Jim V] og Z, (V) , (5.13)
and introduce fy and a4 as
fo=minRe f, , (5.14)

aq = B(Re fq — fo) - (5.15)
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Finally, we recall that volumes V' as well as supports of contours, suppY, are
unions of elementary cubes and |Y| or |supp Y| denotes their (d + 1)-dimensional
volume. Similarly for the boundary OV of V' we use |0V'| to denote its d-dimensional
euclidean area.

Lemma 5.1. Assume that p(+) obeys the conditions (4.4) and (4.22) and let
€ = e VTot2 and a=a-—2. (5.16)

Then there exists a constant e¢g > 0 (depending only on d and r) such that the
following statements hold provided € < €y and o > 1.

i) The contour activities K (Y') are well defined for all Y and obey (5.5) and

‘ 0

Opi

i) If a0(Y) <@, then xo(Y) =1 and K (Y) = K (Y).

i) If a,6(V) <@, then Z,(V) = Z,(V).

iv) For all volumes V' C T for which V¢ =Ty \'V is a union of closed elementary
cubes, one has

K(’J(Y)‘ < (3r3Cy + 2)[V(Y)]e¥. (5.17)

|Z,(V)] < e PhlVI+OoV] (5.18)
and
’ 0

a—Zq(V)‘ < (26Co + )|V |e~PhlVI+O@IV], (5.19)
K

Remarks.
i) Here, as in the appendix, O(e) stands for a bound Ke, where K < oo is a
constant that depends only on the dimension d and the number of classical states
T.
ii) For real A, the free energy f independent of boundary conditions and can be
expressed as
1 1
f=— lim —

_ 1 .. 1
3 A, A log Tr 3, e PHad = — = lim ——log Z, 4. (5.20)

B Az |Al
Since H, 5 is a selfadjoint operator in this case, f is real. Rewriting the partition
function in terms of the (d + 1)-dimensional contour model introduced in Section 3,
see equation (5.2), we have
f L lim S log Z,(Ta) = — = i log Z, (V) (5.21)
=——=—— lim —1lo =—= lim —1lo : .
ﬁMA/‘Zd|A’ g q A ﬁV/ g q

iii) By contrast, the meta-stable free energies f, defined in (5.13) do in general
depend on ¢, even if A is real. It is worth noting, however, that the meta-stable
free energies are real-valued in this case. To see this, we first observe that by the
symmetry property (3.39), Z,(V) is real for all V', implying that K (Y)* = K,(Y™).
Using the definitions (5.8) through (5.10), one then establishes by induction that
Z, (V') is real while K (Y)* = K (Y*). Given this symmetry for K| (Y'), the reality
of f, now easily follows from the cluser expansion of log Z; (V).
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6. EXPECTATION VALUES OF LOCAL VARIABLES

To distinguish between different phases we have to evaluate expectation values
of local observables. Whenever we have a local bounded observable ¥, represented
by an operator acting on Hgupp ¢ With a finite supp ¥ C Z?, we have

<le> A= TrHA (\Ile_BHq’A) — TrHA (\IJTM) — Z(;I:A
@ Tr Ha (e_ﬁHq’A) Tr Ha (TM) Zq,A .

(6.1)

Retracing the steps leading to the contour representation (3.36) of Z, o, we can
get in a straightforward manner a similar expression for Z ;Ij A- Namely, introducing

M
wy (X1, ..., Xwmr) :TrHA<\IjHK(Et)) (6.2)
t=1
with K (X) given as before by (3.23), we have
Zin= Y wg(S1,...,5u). (6.3)

S, S

Localizing the observable U, by definition, in the first time slice, we define the d + 1
dimensional support of ¥ as

S@:= |J C(=1). (6.4)

rEsupp ¥

Assuming without loss of generality that supp ¥ and hence S(¥) is a connected
set, we introduce the contours corresponding to a configuration op, in the same
way as before, with the only difference that the supports of these contours are now
the connected components of D U S(¥), where, as in Section 3, D is the set of
excited cubes in Ty. By this definition, one of the contours corresponding to o,
will contain the set S(¥) as part of its support. We denote this contour by Yy.
Continuing as before, we obtain the representation

Zin= > peO) [Le00) e (6.5)

{Y\I’aYl?"'aYk}
supp Yg DS(¥)

where

pu(Yo) = Y wsl(op,ap), (6.6)

op—Y

with the reduced weight wg given by a formula of the type (3.31).
More generally, we introduce, for a volume V' which contains the d+1 dimensional
support S(¥) of W, the diluted partition function

zyvy= 3 ) [Lpv) [Te e, (6.7)

{Yg,Y1,....,Yy}
Y Dsupp ¥



QUANTUM PERTURBATIONS OF CLASSICAL SPIN SYSTEMS 27

where the sum runs over all sets of mutually compatible, matching contours in V'
for which all external contours are g-contours. For V = Ty, Z;I’ (V)y=2 ;1: A» Which
implies that

Zy (Ta)
(W)gn = S, (6.8)

! Z4(Tx)
For every term contributing to (6.7) we consider the collection Yy consisting of the
contour Yy as well as all contours Y among {Y7,---, Yy} encircling it (IntY D S(V))

and define

p(Ve) =ps(Ye) ] »(¥). (6.9)

YeYVy

Y#Yy

Denoting further supp Yo = Uy ey, SUpP Y, Int Yy the union of all finite compo-
nents of T\ supp Yy, Int ,, Vg the union of all components of Int )y that are labeled
by m, and Ext Yy = [y ¢y, ExtY, we introduce, in addition to the weights K,(Y")
defined in the preceeding section for an arbitrary g-contour Y, also the weight

IIlt my\p)

K — Beq|supp V| 1
gv(Vw) = pu(Vw)e H Z4( Intmyq,) (6.10)
attributed to the collection )y. As a result we get the representation
Z}(V)y=e PVl N Ky w(Ve) H (6.11)
y\I/aY17 aY £=1
Here the sum goes over set of all collections Yy and all sets {Y7,...,Y,} of non-

overlapping ¢ contours in V', such that for all contours Y;, i = 1, ..., n, the set V(Y;)
does not intersect the set supp Vy.

Assuming for the moment that the weights K, ¢ (Vy) and K,(Y) decay suffi-
ciently fast with the size of Vg and Y, respectively, we now use the standard Mayer
cluster expansion for polymer systems to get

28%

V ZKq\p yq/ Z ! Z [H }Cbc yq},Yl, aYn)- (6'12)

n=0 {Y1,...

Here ¢.(Vw, Y1, -+ ,Y,) is a combinatoric factor defined in terms of the connectivity
properties of the graph G(), Y1, -+ ,Y,), introduced as the graph on the vertex
set {0,1,---,n} which has an edge between two vertices ¢ > 1 and j > 1, i # j,
whenever suppY; NsuppY; # 0, and an edge between the vertex 0 and a vertex
i # 0 whenever V(Y;) Nsupp Vg # 0. (see for example [Sei82] or [Dob94] for a new
simple and very lucid proof). The combinatoric factor ¢.(Vw, Y7, - ,Y,) is zero if
G(Yy, Y1, -+ ,Y,) has more than one component.

To prove the convergence of (6.12) one has to show that the weights K, ¢ and
K, decay sufficiently fast with the size of Vg and Y, respectively. To this end it is
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useful to introduce truncated models. For a contour Y with V(Y) N S(¥) = 0, we
define K (Y") as before, see (5.9), while for the collection Yy we define

eq|su N7 I tmy /
v (Vo) =pe(V)e Beq|supp V| H Z’ilgt y;’)) || X, (Y), (6.13)
m YeYVy

with x;(Y') as in (5.10). Given this definition, we introduce

Vo {Y1,...,Y,} k=1

and

(O)ov = e (6.15)

¢e(Vy, Y1, ,Y,). (6.16)

= K eV Z Z [HK(’I(Yk)
Yo Y1

k=1

.....

The following Lemma gives the absolute convergence of the expansion (6.16), which
in turn will yield Theorem 2.1 ii), iii) and iv).

Lemma 6.1. Let €, ¢g and @ be as in Lemma 5.1, and assume that € < €y and
o >1. Then:

i) For every collection Yy one has

} ' o (Vw) ’ < || Weletsupp ¥l lsupp Ye\S(V)] (6.17)

i) If
)Y)<a 6.18
aq max §(Y) <@, (6.18)

then K(l]’\l,(yq;) = Kq’q;(yq/)
i11) The cluster expansion (6.16) is absolutely convergent, and

DS R S ol |1 (0T

17 (] n}

(bc(y\IhYb U ;Yn)

< ||\1;||e(a+2+0(e))lsupp \IJI ) (6.19)

w) If ag6(Ta) < &, then (W) n = (¥); 4
v) For an arbitrary volume V C T,

1ZY (V)] < || @etrtDIsuwr V|, —~BfolVI+O(e)|OV] (6.20)
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vi) There is a constant K = K(d) > 0 such that for V. =Ty,

|Z;I’(V)| < ||\1,He(v+1)lsupp\PlefﬁfolvlJrO(e)IaVI maX(ef%lVl,evalaVl), (6.21)

Proof. Observing that 6(W) < JInax d(Y) for all components W of Int Yy, the
€

w
statement ii) of Lemma 6.1 immediately follows from Lemma 5.1.

In order to prove i), we first note that pg (Yy) < ||¥]|p(Yy), where p(Yy) satisfies
an analog of the bound (4.4) (however, Yy is not necessarily excited on S(V)),
namely

5(Ye)| < 6—Beolsupp Yy |,—7|supp Y\p\S(‘I’)l(l + e—W)IS(‘I’)L (6.22)
Hence

p@(y@)eﬁeqlsuppy\pl < ||\1;||6*B(6076q)\suppywIefvlsuppyw\s(‘lf)l(1 + e~ )ISMI

(6.23)
Using Lemma 5.1 we get
H Zm(Inty\I/) < eaq|1nty\p|+0(e)|81nty\p\ ) (624)
ot Z}(Int Yy )

Combined with the bound (e, — e) < a, + O(€) we get

(6.25)
Observing that []y ¢y, xq(Y) # 0 implies that a,|V(Y)| < (a + 1+ O(¢))|Y| for
each Y € Yy, and noting that |S(V)| = |supp ¥|, we finally get

’KZI7W(yQI)‘ < ||\Il||eaq|suppy\pUInt Yo |+0(€)|0Int y\p|e—'y|supp yq,\S(‘I/)|eO(e)|supp Vol

‘K;,\I/(y‘ll)‘ < ||\I;||e—(v—a—1—0(6))|SUPpy\p\S(‘I’)\e(a+1+O(6))|SUPp\P|_ (6.26)

Statement iii) follows from i) and Lemma 5.1, i), while statement iv) follows from
ii) and Lemma 5.1, ii) and iii).
To get the statement v) and vi), we first write Z (V) as

ZY (V)= pu(Va)Zy(Ext Vy) [ | Zm(Int Yy ). (6.27)
Vo m

Using now (6.23) and the bound (5.18) in its strengthened form (A.43), we get

12X (V)| < T[S g=BlolVIgO(IoV] Ze—vlsuppy\p\eO(e)lsuppy\plX
Yo

x  max  (e” TIEXEIR\UI=K@10UI) (g 98)
UCExt Yy
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Extracting a factor

maxe—%|supp)1q;| max (e—%\EXty\I/\U|e—K(d)’Y|8U|) <
Vo UCExt Yw
< max e KNV pax  (em TVl K (@100 <
Ve UCV\V (V) -
< I~nax(e—fq\V\Ule—K(d)vlaUl) . (6.29)
ucv

where V(Yg) = V \ Ext Vg, and bounding

Ze—%\suppywl <(1+ O(e—%))lsur)p ‘I’|7 (6.30)
Vv

we get

|Z(;I’(V)| < H\I;He(%l)lsupp‘lfle—ﬁfo\V\eO(G)laV\ r~max(e—%‘?|V\U|6—K(d)’7|<f‘)ﬁ|) . (6.31)
vcv

Bounding the last factor by one, we get statement v); continuing as in the proof of
Lemma A.3 in the appendix, we get statement vi). U

7. PROOF OF THEOREMS 2.1 AND 2.2

Proof of Theorem 2.1. In order to prove the theorem, we will use Lemmas 5.1
and Lemma 6.1, with a = /2. We therefore need that v > 4 — 2logep, which
in turn requires 8 and vq are sufficiently large, see (4.5). Choosing appropriate
Bo and vq, we take B e (%ﬁo,ﬁo] and choose \g according to (2.13). Then (4.3)
and (4.21) are satisfied once |A| < Ag. For every 8 > [y we now choose M such

that 3 = % € (%ﬁo,ﬁo]. Whenever a, = 0 we can then use the claims ii) from

Lemma 5.1 and ii) from Lemma 6.1 to conclude that K,(Y) = K (Y) for all Y and
K, ¢ (Vo) = Kqw(YVy) for all Yy. As a result the bounds (5.5), (5.17), and (6.17)
are valid for K (Y) and K, ¢(Yy). This allows us to use cluster expansions for
evaluation of Z,(V) as well as Z/ (V).

Hence (2.25) follows directly from (5.2), (5.13) and Lemma 5.1 iii). Similarly,
we get (2.26) (with an explicit formula for (¥),) from (6.12). Finally, given the
absolute convergence of the cluster expansion for the expectation values of local
observables and the exponential decay of the contour activities, the bound (2.27) is
standard.

To evaluate the expectation value of the projection operator (2.28), we apply the

m) _ | (m)
(x

expansion (6.10) for the particular observable ¥ = P[(] ) = |gU(m)><g((]"(2)|. Using

the factor elS"PPY¥\SMWI in (6.17), one can show that the sum of all terms with
supp Yy # S(V) is of the order const ¢, a term that can be made small by taking e
small. We are thus left with contributions coming from the term K, ¢ (Yy) with

suppVe =S(¥) = | Cla,1). (7.1)

zeU(X)
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This means that necessarily Vg = {Yy} with supp Yy = S(¥) and a(9S(¥)) = gq.
The only configurations o yielding this Yy are those for which o = {0, +} agrees
with ¢(?, except possibly for the point (y,t) = (z,1). For the activity

Kqow (Vo) = po({Yo})elealV@1 (7.2)

this gives a contribution O(e) if 0,1 # gg(f)7 and a contribution

M
- 3 (a)
efealAM Ty, (\IJ |g[(\q)><g/(\q)| I I e Pl yen %(gu(y)))
t=1

= Tr 0, (¥ g0V G\]) = 0. (7.3)

if 0,1 = gg(cq). Putting everything together, we obtain the bound

(PYE))g = 0mg + O(e) (7.4)

which proves iv).

Finally, v) is a standard claim in the Pirogov-Sinai theory. Namely, given the
bounds (5.5), (5.17), and the fact that f, can be analysed by a convergent cluster
expansion, we get |f, — e;] < O(e) and a similar bound for the derivatives of f,.
Statement v) then follows from the corresponding assumptions (2.4) and (2.5) on
the functions eq(p). O

Proof of Theorem 2.2.
The partition functions

Zper,A(L) _ TrHAe—ﬁHper,A(L) (7.5)
and
Zyenwy = T, We A peram) (7.6)

have representations Z(Tx (1)) and Z¥(Ty . (z)) similar to (5.1) and (6.5). The
proof of Theorem 2.2 follows from this representation in a standard manner [BI
89, BK90]. One only has to notice that contours contributing to these partition
functions may be wrapped around the torus Ty (z) in time as well as space direc-
tions. Nevertheless, whenever a contour Y satisfies the condition 6(Y") < %, one can
define ExtY" as the largest component of Ty ., \ suppY. For every configuration
containing only such contours, all external contours have clearly the same external
label. Splitting now Z(Ty . (r)) (vesp. Z Y(Ty Jer(2))) into contributions containing
at least one contour such that 6(Y") > % and those where all contributing contours
are such that 6(Y) < £, we get

T

Z(Ta,e) = ZP8(Ta,0) + Y Zi(Ta,,). (7.7)

m=1
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Here Z,,(Tx,..) is given as a sum over all configurations containing only those
contours for which 6(Y) < % and such that the common external label of external
contours is m. Taking into account the fact that term ZP"8(Tx ) is exponentially
suppressed in L (one can use verbatim the proof from [BI89]), we get

‘Z(TAper) _ Z Zm(TAper) < e—ﬁfoM(2L+l)de_const'yL’ (7.8)
m=1

and similarly

‘Z‘P(TAper) _ Z Z;%(TAW) < ||\I;||6(W+1)|Supp V| —~BfoM(2L+1)? ,—constyL (7.9)
m=1

Moreover, whenever m is stable, m € Q(u), we have Z,,(Ty ..) = Z,,(Tx,..)

and we can use the cluster expansion of log Z;, (T4 ,.,) and f,, to show that
‘Zm(TAper) _ e—Bme(2L+1)d| < e—BfOM(2L+1)dM(2L +1)deconst7L (7.10)

Namely, we just observe that the first terms in which these two cluster expansions
differ are of the order e=°"*7L (clusters wrapped around Th ... in spatial direc-
tions).

For m ¢ Q(u), on the other hand, we proceed as in the proof of Lemma A.3 to
get

er

‘Zm(TA bo)| Sexp(M (2L + 1)%e~comsta k) o~ BFoM(2L+1)T

X max{e*%M(QLJrl)d ; e~ K(DyM@L1)* } (7.11)

For m ¢ Q(u) and L sufficiently large, we therefore get

|2 (Ta, )| < 26 PRMELAD KM ELED™ (7.12)

In a similar way, proceeding now as in the proof of Lemma 6.1, we get

’Z;}Iz(TAper) < 2’|\y||e(v+1)|sur>p V|, —~BfoM2L+1)? ,—K(d)yM(2L+1)"* : (7.13)

provided m ¢ Q(u) and L is sufficiently large.

Combining the bounds (7.8), (7.10) and (7.12), and using the fact that f,, =
Re f,, if the couling constant A is real, which in turn implies f,,, = fo if m € Q(u),
we get

Z(Ta,..) — 1Q(p)|e oM LAY < o=BfoM(2LA1) ;) (o —constyL) (7.14)

provided L is sufficiently large.



QUANTUM PERTURBATIONS OF CLASSICAL SPIN SYSTEMS 33
Introducing now the truncated expectation values

Zy" (Tae,)
e 7.15
Watson = 7,0 (7:19)

(cf. (5.6) and (6.14)), we get

-8B € d
Z¥(Th,) = Y e PRemdCE gy
meQ(n)
< Z ‘<qj>lm,TAper (Z;n(TAper) — e_BReme(ZL-H)d) n
meQ ()
i Z ’ZEL(TA )|+ H\DHe(’y—i—l)‘supp\I"e_BfOM(2L+1)de—Const'yL. (7.16)
m¢eQ ()
Next, we observe that <\Il>{m,TA can be bounded in the same way as <\Il>;n7TA7
namely
’(‘I’>/ T < ||\IfH€(Ot+2+O(6))|Supp‘Il| < H\IJ||6('Y+1)|SUPP‘I/|. -
m, Aper | — <

Inserting the bounds (7.10), (7.17) and (7.13) into (7.16), and dividing both sides
of the resulting bound by \Q(u)\e‘ﬁf@M@L“)d, we get

’(\If>per7A(L) - Z (W), Tp o | < eeonst YL ||| (r+1)lsupp ¥| (7.18)
meQ ()

provided L is sufficiently large. In the limit . — oo, this yields the claim of Theorem
22. 0O
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APPENDIX. PIROGOV-SINAI THEORY IN THIN SLABS — PROOF OF LEMMA 5.1

In this appendix, we prove Lemma 5.1. Actually, it is a direct consequence of

the Lemma A.1 below. In order to state the lemma, we recall the definition of fén)
as the free energy of an auxilliary contour model with activities

K'(Y if 5(Y) < n,
0 otherwise,
and define
3" = minRe f{"), (A.2)
a((l”) = B(Re fq(”) — én)). (A.3)

Observing that fo = lim, fén) and a;, = lim,_ aén), Lemma 5.1 follows

directly from the following.
Lemma A.1. Assume that p(+) obeys the conditions (4.4) and (4.22) and let

€= THat? and a=a-—2. (A4)

Then there is a constant €y, depending only on d and r, such that the following
statements are true once (v is such that) € < ¢y and o > 3. For alln >0 and Y
and V' such that 6(Y') <mn, §(V) < n, one has:

)R] <.

ii) (631({1(1/)‘ < (3rBCy + 2)|V(Y) 1.
i) Ifa{"0(Y)<a then x,(Y)=1.

i) Ifao(Y)<a then KL(Y)=K,Y).
v IfayVs(V)y<a then ZL(V)=Z, V).

vii) Z,(V)| < (26Cy + 1)|V]e= I IVIO@IaV],

Em
Proof. We proceed by induction on n.

I. The case n = 0.

There are no contours with 6(Y) = 0. This makes i) — iv) trivial statements
and implies that féo) = e4. On the other hand, §(V) = 0 implies |V| = 0 and
Zy(V) = Z,(V) = 1, which makes v) — vii) trivial statements.

1. Induction step n —1 — n.

Proof of i) for §(Y) = n. Clearly, 6(IntY) < n, and all contours Y contributing
to Z,(Int,,Y") obey the condition 6(Y) < n. This implies that |K(;(§7)| < Yl by
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the inductive assumption i). As a consequence, the logarithm of Z; (Int,,Y") can be
analyzed by a convergent expansion, and

‘log Z) (It Y) + B |Int,,Y|| < O(e)|0Int,, Y. (A.5)
Combining (A.5) with the induction assumption vi), we get

H Zm(Int,Y) < "V Ime Y| 0€) 3, [Tt Y |
L Z; (It Y)

< eaén_1)|1ntY|€O(e)|Y|' (A.6)
Observing that B .
[Bem — BF V] < OCe), (A7)
which implies the bound
B(eq = e0) = a{" V| < O(e), (A.8)

we use the bound (4.4) to evaluate
|p(y)€@€q\Y|| < e~ MY lhlea=e)lY] < o=(v=0(NIY ] gag" "V IY], (A.9)

Applying now the bounds (A.9) and (A.6) to the definition (5.9) and using the
equation |V (Y)| = [Int Y| + |Y|, we obtain

K(V)] < (1) VDl g==0@1Y, (A.10)

Without loss of generality, we may assume that x;(Y) > 0 (otherwise K (Y) =0
and the statement 1) is trivial). Let us notice that

V(YY) <o(Y)|Y]. (A.11)

Indeed, considering a disjoint union 7' of “rows” consisting of elementary cubes
C(x,t) with fixed cordinates xs,...,x4 and ¢, one notices that the set V(Y) inter-
sects at most §(Y") of elementary cubes in each such row and there is at most |Y|
such rows that have a nonempty intersection with V(Y). By the definition of x; (V)
and (A.11), we get

BlF = R V) < 1+ @)Y
for all m # ¢q. As a consequence,
al MV (Y)| < 1+ a)Y], (A.12)
provided x;(Y) # 0. Combined with (A.10) and the fact that x;(Y) < 1, this

implies that
|K(/;(Y)| < e hrmlma= 0@l (A.13)
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which yields the desired bound i) for 6(Y") = n.
Proof of ii) for §(Y) = n. Using (4.22), (2.7), (4.4), and (A.8), we get

‘88 (p(Y)eBqu\)‘ S (QBCO+1)|Y|e—(ﬁ~€0+7)|y|eﬁ~eq|Y| S
K
< (2BCy + 1)|Y [e=O=OEDIYlgad VIVl (A 14)

Using inductive assumption i) and ii) for contours contributing to Z; (Int,,Y"),
we can apply the cluster expansion to get the bounds

)8(; log Z,(Int ,, Y')| < [BCo + (1 + $Cp)O(e)]|Int Y| (A.15)
and 5
B, 0] < [3Co + (14 5Co)0(e)]. (A.16)

Using further the inductive assumption vi) and vii), as well as the bounds (A.5)
and (A.6), we get

0 HZm(Inth)
opi L1z (Int,,Y)

< [(3500 +1) + (1 + BCo)O(e)] |IntY|ear(zn_1)|1nty|eo(e)‘y|

< [(2rBCo + 1) + (1 + BCo)O(e)] [Int Y |eo™ It YOOIV,

(A.17)
With the help of (A.16) and (5.11) we get
()| < 20— DIFC + (14 BC)OA(Y)
< 2(r ~ DIFC, + (1+ A0V, (A18)

Combining now (A.14), (A.17), and (A.18) with (A.6), (A.9) and the observation
that |V(Y)| = |Y| + [Int Y|, we get

K;(Y)\ < {2rBCo + 1+ (1+ BCo)O() YV (V) ]e" IVl g=(r=0DIY]

(A.19)
Using now again the fact that K (Y) (and its derivatives) vanishes unless (A.12) is
fulfiled, we get the desired bound, provided ¢ is sufficiently small.

o

Proof of iii) for k = 6(Y) < n and a((zn)é(Y) < a. We just have proved that i) is

true for all contours Y with §(Y) < n. As a consequence, both fﬁf D and f,(,? ) may

be analyzed by a convergent cluster expansion. Using the definition of j}(ﬁl ) and

the obvious fact that |Y| > 6(Y) (again, d > 2), one concludes that all contours Y
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contributing to the cluster expansion of the difference fﬁf —fm () obey the bound
Y| > k. As a consequence,

BIFED — f)| < (Ke)k (A.20)
and .
BIFE=D — fiMI6(Y) < (Ke)*s(Y) = k(Ke)* < Ofe). (A.21)

where K is a constant depending only on the dimension d and the number of phases
r. Combining (A.21) with the assumption a((ln)é(Y) < @, we obtain the lower bound

a—BIfFD — fEDIY) > a—alM*Y) —O(e) > a —a—0(e) =2 — Ofe),

with & defined by (A.4). Combining this with (5.12) we get the equality x;(Y) = 1.

Proof of iv) and v). The statement follows from the just proven fact that x;(Y) =1

for all contours Y with ¢ (Y)a((ln) < @, the definiton (5.9) of K| (Y) and the relations
(5.6) and (5.4). We proceed by a second induction on the diameters of Y and V. For
6(Y) =0 or 6(V) = 0 the statement is trivial. Assume now that K (Y) = K,(Y)
for all Y with §(Y) < k < n and 5(Y)agn) < a. Comparing (5.4) and (5.6), we
conclude that Z, (V') = Z,(V) for all V With (V) <k <nandd(V)aq (" < & LetY
be a contour with 6(Y) = k+ 1 and (Y )aq (") < &. Then 2/ o(Int 1, Y) = Z,(Int,,,Y")
since 6(Int,,,Y) <o0(Y)—1 = k. Comblned with the fact that Xy (Y) = 1 by iii), we
conclude that K((Y) = K,(Y). This completes the induction on k.

Proof of vi) for 0(V) =n. We say that a contour Y is small if a((ln)é(Y) < a while
it is large if aq )5( Y) > & We then rewrite the partition function Z,(V') given in
the form (5.1) by splitting the set of external contours into small and large contours
and, for a fixed collection of large external contours {X 1, Xk oxt, We resum over

(mutually external) small g-contours in Ext = V\ U V(X;). As a result we get

k
Z,V)= ) Zm M (Ext) H{ )12 (Inthi)} (A.22)

{Xl»"‘7Xk}ext =1

with the sum going over sets of mutually external large contours in V. The partition
function qumaH(Ext) is obtained from Z,(Ext) by dropping all large external g-
contours.

Due to the inductive assumption iv), K,(Y) = K (V) if Y is small. Since
K, (Y)] < el by i), Z Sma”(Ext) can be evaluated by a convergent cluster expan-
sion, and

‘Z;maH(Ex‘c )‘ < e~ PRe [ Ext | ,O(€)|9Bxt | (A.23)



38 C.Boras, R. KOoTECKY, D. UELTSCHI
Here quma“ is the free energy of the contour model with activities

K (Y) if§(Y)<nandY is small,

) (A.24)
0 otherwise.

small
K;™(Y) = {
On the other hand,

3 p(n—1)
H!Zm(lnthi)\ < e Pl ! |Int X;| ,0(e)|0Tnt X;|

m

by the induction assumption vi). Observing that the smallest contours contributing
to the difference of fm and f(n b obey the bound |Y| > n, while

[V(X3)] < 6(X3) | Xa] < nlXf,
we may continue as in the proof of (A.21) to bound
n—1 n A e(n—1 n n
B = £l Xl < BIf" = SV IV (X)] < (K" |Xi] < O)|Xi]

Thus .
[T 1Zm (mt X;)| < e o™ e Xl O (A.25)

Combining (A.23) and (A.25) with the bounds

1(X;)] < e~ N Xil=BeolXil < o= (v=ODIXil =BF5" 1] (A.26)
and
|0Ext | < |9V +Zyav D < OV] +2(d+1) Z\X| (A.27)
= =1

we conclude that

k
|Zq<V)| S 60(6)‘8V|6_Bfén)|vl Z e_B[Re qumall_Re fé")]|EXt| H e—('y—O(e))|Xi| '

{Xla"'sz}ext =1
(A.28)

Next, we bound the difference quma'“ (n) . First, for all large contours X, we have
| X| > 6(X) > by := —. (A.29)

Next, we observe that

BIFM — frmall] < (Ke)fo < ———, (A.30)
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where K is a constant depending only on d and N. Recalling the condition & > 1,
we get
(n)

1
e B M (D)
—log(Ke) ~ 2 o (A.31)

B|f(§n) _ qumall| <

provided e is chosen small enough. Combining (A.28) with (A.31), we finally obtain

_ (n)
1Z,(V)| < O@10VI=BIg™ VI 3
{le" 7Xk}cxt

—yIXil (A.32)

with
A=v-1 (A.33)
At this point we need the following Lemma A.2, which is a variant of a lemma first

proven in [Zah84] (see also [BI89] and [BK94] for the proof of this lemma exactly
in the following formulation).

Lemma A.2. Consider an arbitrary contour activity f(q (Y) >0, and let Zq be the
partition function

Z,(V)= ) H )el¥il)., (A.34)

{Y17' Y}l 1

Let 5, be the corresponding free energy, and assume that f(q(Y) < el where € is
small (depending on r and d). Then for any a > —§, the following bound is true

Z a|Ext| HK < eO(e)|8V| (A35)
{Yla"' aYk:}cxt

with the sum running over all sets of mutually external q-contours in V.

In order to apply the lemma, we define f(q (V) =e 7Vl

and K,(Y) = 0 otherwise. With this choice,

if Y is a large g-contour,

1
< -5, <(Keo< — =~ A.
0< =5 < (Kej* < —lo log(Ke) (A.36)
As a consequence,
N
—3,<a:= ‘ZT (A.37)

provided € is small enough. Applying Lemma A.2 to the right hand side of (A.32),
and observing that € := e~ < ¢, we finally obtain the desired inequality

1Z,(V)| < eO©I0VIe=AI™ VI, (A.38)
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Proof of vii) for §(V) = n.

Beginning from the formula (A.22) above, we first notice that

9 s s
‘07 log Z:™ (Ext V)| < (3Co + (14 BCo)O(e))[Ext Y| (A.39)
(cf. (A.15)) since we can use ii) for small Y. Using further the bound (A.23) we can
conclude that
0 sma 2 2 —BRe f5mall | Ex € x
‘a—mzq “(Ext)‘ < (BCy + (1 + BCH)O(€))[Ext Y |e PRe fa ™ [Ext [ O()[9Ext |
(A.40)

Combining this with the bounds (4.22) as well as (A.23) for ZF™*!(Ext ) and the
inductive assumptions (vii) and (vi) for Z,,(Int,, X;), we get

0 . G
’aMZQ(V)‘ < (OIOVI,-BRVIV]

> (BCo+ (1+ BCo)O(e))[Ext Y| + (26Cq + 1)[Int Y| + (5Co + 1)|Y||

{le"' 7Xk:}ext

k
o—BlRe fm —Re f{™)][Ext | H e~(mOEDIX (A 41)

=1

Proceding now as in the proof of vi) from (A.28), we finally get vii).
This concludes the inductive proof of Lemma A.1. [

For V =T}, the bound from Lemma A.1 vi) can be actually strengthened:
Lemma A.3. Under the assumptions of Lemma A.1 we have
| Z,(Ta)| < o~ Bo|Ta| LO(€)|0TA| max{e—%qlTAl 7 e—K(d)vlaTAl} (A.42)

with a constant K (d) that depends only on the dimension d.

(™)
Proof. Extracting from (A.32) the factor max e 1
{Xla“'an:}ext

k
1...
|Ext | e—§’Y|Xi\7 we

=1
still get the same bound. This factor can be, in the limit n — oo, clearly bounded

_ag _
by gla‘ag(e i [VAUlg K(dMaUl). As a consequence,
C

1Z,(V)] < e~ FFolVIO()oV] max(e_%qW\U'e_K(d)V'aU') , (A.43)
ucv

which is still true for arbitrary V' C T. We now decompose U and V into timeslices,
U=UU, and V =3, Vi, and observe that [V \U| =Y, (|V;| — |U]), while |0U| >
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>, 107(Uy)|, where 7(+) denotes the projection onto R?. Using the isoperimetric
inequality on R?, we now bound

a a—1 a a—1
e~ VAUl =2dK (@101 7T e~ FVel—1U:D —2aK (1U| T

IA
=

max (

max ( o

ucv

&~
I

1

a a—1
TVl o m2dK (d)y|Ve| T }

AN
=

max{e*

~~
I
—_

(A.44)

Restricting ourselves to V' = Ty, we observe that |V;| = |V|/M is independent of ¢
in this case. As consequence,

M
a a—1 a d—1
fUﬂC‘(l’V((e_Tq‘V\U'e_ZdK(d”'U‘ a )S (max{e—TqW/M,e—ZdK(d)7(|V|/M) 7 })

= max{e_%ql‘/',e_K(d)”‘aV'}, (A.45)

where we used that |0V = 2dM(\V|/M)% in the last step. O
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