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Abstract. A class of quantum lattice models is considered, with Hamiltonians consisting of a classical
(diagonal) part and a small off-diagonal part (e.g. hopping terms). In some cases when the classical part
has an infinite degeneracy of ground states, the quantum perturbation may stabilize some of them. The
mechanism of this stabilization stems from effective potential created by the quantum perturbation.

Conditions are found when this strategy can be rigorously controlled and the low temperature phase
diagram of the full quantum model can be proven to be a small deformation of the zero temperature
phase diagram of the classical part with the effective potential added. As illustrations we discuss the
asymmetric Hubbard model and the hard-core Bose-Hubbard model.
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1. INTRODUCTION

Physics of a large number of quantum particles at equilibrium is very interesting and dif-
ficult at the same time. Interesting, because it is treating such macroscopic phenomena as
magnetization, crystallisation, superfluidity or superconductivity. And difficult, because their
study has to combine Quantum Mechanics and Statistical Physics.

A natural approach is to decrease difficulties arising from this combination by starting from
only one aspect. Thus one can use only Quantum Mechanics and treat the particles first as
independent, trying next to add small interactions. In the present paper we are concerned with
the other approach. Namely, to start with a model treated by Classical Statistical Physics,
adding next a small quantum perturbation. Another simplification is to consider lattice systems
(going back to a physical justification for the modeling process, we can invoke applications to
condensed matter physics).

Quantum systems studied here have Hamiltonians consisting of two terms. The first term
is a classical interaction between particles; formally, this operator is “function” of the position
operators of the particles and it is diagonal with respect to the corresponding basis in occupation
numbers. The second term is an off-diagonal operator that we suppose to be small with respect
to the interaction. Typical example for this is a hopping matrix.

The aim of the paper is to show that a new effective interaction appears that is due to
the combination of the potential and the kinetic term. An explicit formula is computed, and
sufficient conditions are given in order that the low temperature behaviour is controlled by
the sum of the original diagonal interaction and the effective potential. To be more precise,
it is rigorously shown that the phase diagram of the original quantum model is only a small
perturbation of the phase diagram of a classical lattice model with the effective interaction.

Thus, we will start by recalling some standard ideas of Classical Statistical Mechanics of
lattice systems. The Peierls argument for proving the occurrence of a first order phase transition
in the Ising model [Pei, Dob, Gri] marks the beginning of the perturbative studies of the low
temperature regimes of classical statistical models. Partition functions and expectation values
of observables may be expanded with respect to the excitations on top of the ground states,
interpreting the excitations in geometric terms as contours. These ideas and methods are
referred to as the Pirogov-Sinai theory; they were first introduced in [PS, Sin] and later further
extended [Zah, BI, BS].

The intuitive picture is that a low temperature phase is essentially a ground state config-
uration with small excitations. A phase is stable whenever it is unprobable to install a large
domain with another phase inside. For such an insertion one has to pay on its boundary, it is
excited (two phases are separated by excitations), but, on the other side, one may gain on its
volume if its metastable free energy (its ground energy minus the contribution of small ther-
mal fluctuations) is smaller than the one of the external phase. It is important to take into
account the fluctuations since they can play a role in determining which phase is dominant.
A standard example here is the Blume-Capel model with an external field slightly favouring
the “4+1” phase; at low temperatures, the “0” phase may be still selected because it has more
low energy excitations (theory of such dominant states chosen by thermal fluctuations may be
found in [BS]).

The partition function of a quantum system Tr e #¥ may be expressed using Duhamel
expansion (or Trotter formula), yielding a classical contour model in a space with one more
(continuous) dimension. If the corresponding classical model (the diagonal part only) has
stable low temperature phases, and if the off-diagonal terms of the Hamiltonian are small, the
contours have low probability of occurrence and it is possible to extend the Peierls argument to
quantum models [Gin]. More generally, one can formulate a “Quantum Pirogov-Sinai theory”
[BKU, DFF1], in order to establish that (i) low temperature phases are very close to ground
states of the diagonal interaction (more precisely: the density matrix %e_ﬁH is close to the
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projection operator |g){g|, where |g) is the ground state of the diagonal interaction only)
and (ii) low temperature phase diagrams are small deformations of zero temperature phase
diagrams of the interactions.

So far we have only discussed the case when the effect of the quantum perturbation is small,
and the features of the phases are due to the classical interaction between the particles. It
may happen, however, that the classical interaction alone is not sufficient to choose the low
temperature behaviour. This is the case in the two models we introduce now and use later for
illustration of our general approach.

e The asymmetric Hubbard model. It describes hopping spin % particles on a lattice
A C 7Z7. A basis of its Hilbert space is indexed by classical configurations n € {0, 7, |
.2}, and the Hamiltonian

H=— Y Y techocyo +UD nupng —p Y (ner +ng) (1.1)

z—ylle=10=T,1 x

(the hopping parameter ¢, depends on the spin of the particle). In the atomic limit
ty = t; = 0 the ground states are all the configurations with exactly one particle at
each site. The degeneracy equals 2/, which means that it has nonvanishing residual
entropy at zero temperature.

e The hard-core Bose-Hubbard model. We consider bosons moving on a lattice
A C Z2. They interact through an infinite on-site repulsive potential (hard-core),
nearest neighbour and next nearest neighbour repulsive potentials. A basis of its Hilbert
space is the set of all configurations n € {0, 1}A, and its Hamiltonian:

H=—t 2 a];ay + U Z NNy + Us Z NNy — ,uan. (1.2)
X

[z —yll2=1 llz—yll2=1 lz—yll2=v2

For Uy > 2Us, and if 0 < p < 8U,, the ground states of the potential part are those
generated by (§9), i.e. any configuration with each two lines empty, and the other anti-
ferromagnetic, is a ground state (and similarly in the other direction). The degeneracy

1
is of the order 22112 (if A is a square), there is no residual entropy.

In these two situations, the smallest quantum fluctuations yield an effective interaction, and
this interaction stabilizes phases displaying long-range order (there is neither superfluidity nor
superconductivity).

In the case where classical and quantum particles are mixed in one model, like the Falicov-
Kimball model, a method using Peierls argument was proposed by Kennedy and Lieb [KL]; it
was extended in [LM] to situations that are not covered by the present paper, namely to cases
of such mixed systems with continuous classical variables.

Results very similar to ours have already been obtained by Datta, Ferndndez, Frohlich
and Rey-Bellet [DFFR]. Their approach is different, however. Starting from a Hamiltonian
H(\N)=H O + AV, HO being a diagonal operator with infinitely many ground states, and V
the quantum perturbation, the idea is to choose an antisymmetric matrix $ = AS®) + X253 in
such a way that the operator H®()\) = 5 H()\) e~ | expanded with the help of Lie-Schwinger
series, turns out to be diagonal, up to terms of order A3 or higher. If the diagonal part of
H® has a finite number of ground states and the excitations cost strictly positive energy, it
can be shown that the ground states are stable. It is possible to include higher orders in this
perturbation scheme (see [DFFR]).

In fact, our first intention was to study the stability of the results of [BS] with respect to a
quantum perturbation, and we began the present study as a warm-up and the first simple step
towards this goal. This simple step turned out however to be rather involved. Even though,
at the end, the paper contains results similar to that of [DFFR], we think that the subject is
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important enough to justify an alternative approach, and that there are some advantages in
an explicit formula for the effective potential and sufficient conditions for it to control the low
temperature behaviour that may be useful in explicit applications.

The intuitive background of this paper owes much to the work of Bricmont and Slawny [BS]
discussing the situation with infinite degeneracy of ground states, where only a finite number
of ground states is dominating as a result of thermal fluctuations, and to the paper of Messager
and Miracle-Solé [MM] which was useful to understand the structure of the quantum fluctu-
ations. Having expanded the partition function Tr e ## using Duhamel formula and having
defined quantum contours as excitations with respect to a well chosen classical configuration,
we identify the smallest quantum contours (that we call loops). Given a set of big quantum
contours, we can replace the sum over sets of loops by an effective interaction acting on the
quantum configurations without loops. This effective interaction is long-range, but decays ex-
ponentially quickly with respect to the distance. This allows, for a class of models, to have an
explicit control on the approximation given by effective interaction allowing to prove rigorous
statements about the behaviour of original quantum model.

An important model that does not fall into the class of models we can treat, is the (symmet-
ric) Hubbard model. Take U =1 and ¢t; = ¢; =t in (1.1). Computing the effective potential
stemming from one transition of a particle to a neighbouring site and back, we find an antifer-
romagnetic interaction of strength ¢2. On the other hand, it is possible to make two transitions
as a result of which the spins of nearest neighbours are interchanged,

ne,ny) = | 1, 1) = —cl eyielear | 1. 1)-

It turns out that this brings the factor ¢2, which is of the same order as the strength of the
effective interaction. In this case we cannot ensure the stability of the phases selected by the
effective potential — we would need a stronger effective interaction. Otherwise the system
jumps easily from a configuration with one particle per site to another such configuration,
i.e. from a classical ground state to another classical ground state. We call quantum instability
this property of the system. In the Hubbard model it is a manifestation of a continuous
symmetry of the system, namely the rotation invariance.

In Section 2 the ideas discussed above are introduced with the precise definitions. The
effective potential is written down in Sections 2.2 (a general formula) and 2.3 (a simpler formula
in special cases). The results of the paper are summarized in Theorems 2.2 (a characterization
of stable pure phases) and 2.3 (the structure of the phase diagram); experts will recognize
standard formulations of Pirogov-Sinai theory. Taking into account that our aim is to describe
in rigorous way the behaviour of a quantum system, some care must be given to the introduction
of stable phases. We define them with the help of an external field perturbation of the state
constructed with periodic boundary conditions. In Section 3 we apply the results to our
two illustrative examples. The rest of the paper is devoted to the construction of a contour
representation (Section 4), the proof of the exponential decay of the weights of the contours
(Section 5), and, finally, the proofs of our claims with the help of contour expansions of the
expectation values of local observables and the standard Pirogov-Sinai theory (Section 6).

Let us end this introduction by noting that given a model which enters our setting, it is not a
straightforward task to apply our theorems. One still has to separate the correct leading orders
that determine the behaviour of effective interaction. This situation has the utmost advantage
that it should bring much more pleasure to users, since the most interesting part of the job
remains to be done — to get intuition and to understand how the system behaves.

Acknowledgments. We are thankful to Christian Gruber for discussions. R.K. acknowl-
edges the Institut de Physique Théorique at EPFL, and D.U. the Center for Theoretical Study
at Charles University for hospitality.
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2. ASSUMPTIONS AND STATEMENTS

2.1. Classical Hamiltonian with quantum perturbation. Let Z”, v > 2, be the hyper-
cubic lattice. We use |z —y| := ||z — y||oo to denote the distance between two sites x,y € Z".
2 is the finite state space of the system at site z = 0, |Q2] = S < oco. Our standard setting will
be to consider the system on a finite torus A = (Z/LZ)" (i.e. a finite hypercube with periodic
boundary conditions). With a slight abuse of notation we identify A with a subset of Z” and
always assume that it is sufficiently large (to surpass the range of considered finite range in-
teractions). A classical configuration np (occasionally we suppress the index and denote it n)
is an element of Q*. If A C A, the restriction of ny to A is also denoted by n4. Ha is the
(finite-dimensional) Hilbert space spanned by the classical configurations, i.e. the set of vectors

> = Zam\ ‘n/\>v Qny € C,
n

with the scalar product

: :anA nA

Given two configurations n4 € Q4 and n’ W € QA , with AN A’ =0, it is convenient to define

nan'y € QA4 to be the configuration coinciding with n4 on A and with n'y, on A

The Hamiltonian is a sum of two terms, H };er =H 58) Per 4 V}fer. The former is the quantum

equivalent of a classical interaction, the latter is the quantum perturbation.

Assumption 1. Classical Hamiltonian.

There exists a periodic interaction ® (i.e. a collection of functions ® 4 : Q4 — R) of finite
range Ry (i.e. ® 4 = 0 whenever diam A > Ry) and period ¢y such that

ng)per ‘nA> = H/(\O)per nA ‘TLA Z (I)A nA ’TLA>
ACA

for any torus A C Z¥ of side L that is a multiple of £y and any nay € QO.

When stressing the dependence on the interaction ®, we will also use the notation H[(\O) P (ny)

HY P (na).

Let us suppose that a fixed collection of reference configurations G C Q%" is given'. For any
n € O, x € 7V, and any (finite range, but not necessarily translation invariant) interaction
U, we use e‘I'( ) to denote the local contribution to the “energy” W of the configuration n at
the site z, ey (n) = > 45, \Il‘“IXTA). Notice that Hy P (na) = 3 ,cp e¥(n) for every n € QA
and A sufficiently large. Finally, let U(x) = {y € Z";|y — 2| < Ro}, A = UgeaU(x) and
Ga={94;9€ G}, ACZ".

We assume that the local energy gap of excitations is uniformly bounded from below, while
the spread of local energies of reference states is not too big:

Assumption 2. Energy gap for classical excitations.
There exist strictly positive constants Ay and &g such that:

e For any x € Z" and any ny(y) ¢ Gy(z), one has the lower bound

€ (n) —maxe () > Ao, (2.1)

T

"n some situations G is simply the set of all ground configurations of ®. When discussing the full phase
diagram, however, we will typically extend the interaction ® to a class of interactions by adding certain “external
fields” . The set G then will actually play the role of ground states of the interaction with a particular values of
external fields (the point of maximal coexistence of ground state phase diagram).
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e and,

max |y (9) — 3 (g')| < do. (2:2)
9,9'€G

Furthermore, we assume the following extension property on the set of reference states G: if,
for a connected A C Z¥, a configuration n is such that ny () € Gy(y) for any x € A, then
ng €< Gj.

For later purpose, we note the following consequence of this assumption.

Property. Let ® satisfy Assumption 2, R be such that RV < Ag/do, and A C Z" with
diam A < R. Then any pair of configurations g5 € Gz and ng ¢ Gz, with nj\ a4 = ga\a;
satisfies the lower bound

Z [(I)A’<nA’) — (I)A’(QA’)} > R7VA. (2.3)
A'CA

Proof. We choose ¢’ € G such that g; = gz. Then we have

> [eartna) = @a(gan] = 3 (eF(naghe) — €l (9))- (2.4)

A'CA z€A

Since nz ¢ Gz, there exists at least one site € A such that ny(,) ¢ Gu(s). From the assumption, this implies
that

S [oatna) - tulo)] > 20— Y
A'CA yEA,y#x

Using |A| < R, we obtain the property. O

The quantum perturbation VXer is supposed to be a periodic quantum interaction. Namely,
V¥ is a sum of local operators V4, VX =" , V4, where V4 has support supp A = A C A
and A is, in general, a pair (A, «), where the index « specifies V4 from a possible finite set
of operators with the same support. We found it useful to label quantum interactions V4 not
only by the interaction domain A, but also, say, by quantum numbers of participating creation
and annihilation operators. Thus, for example, the term A might, in the case of the Hubbard
model, be a pair (<x,y>,1) corresponding to the operator V4 = CLTCM. We refer to A as a

quantum transition.

Assumption 3. Quantum Perturbations.

The collection of operators Vi is supposed to be periodic?, with period £y, with respect to the
translations of supp A. The interactions V4 are assumed to satisfy the following condition,
for fermions or bosons, respectively:

e (Fermions) Va is a finite sum of even monomials in creation and annihilation
operators of fermionic particles at a given site, i.e.

‘{4 = Z 021701 e Cikﬂkcylvﬂﬂ e CythUfg
(€1,01)-5(®k:0%)
(y1,01)->(ye,0p)
with z;,y; € A and o;, o} are the internal degrees of freedom, such as spins; k + £
must be an even number. The creation and annihilation operators satisfy the
anticommutation relations

{c;rw, c;a,} =0, {cposcyo} =0, {CLJ, Cyo'} = 02,400.00

2By taking the least common multiple, we can always suppose the same periodicity for ® and V. Moreover,
whenever a torus A is considered, we suppose that its side is a multiple of 4.
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e (Spins or bosons) The matriz element
(nal Va Injy)
is zero whenever ny\ 4 # nk\A and otherwise it depends on ng and n'y only.

In both cases V is supposed to have an exponential decay with respect to its support: defining
the norm of a (quantum) interaction V' by?

]1/|A|, 25)

VI = g || max (] Va )

we assume that ||V < oo.

When stating our theorems, we shall actually suppose |V]| to be sufficiently small. Notice
also that we do not assume that V is of finite range, the exponential decay suffices.

2.2. The effective potential. It is actually a cumbersome task to write down a compact for-
mula for the effective potential in the general case. A lot of notation has to be introduced, and
one pays for the generality by the fact that the resulting formulae look rather obscure; never-
theless, the logic behind the following definitions and equations appears rather naturally along
the steps in Section 4. In the next subsection we shall discuss a special case where the effective
interaction is due to at most four transitions resulting in much simpler and straightforward
formulee. We would like to stress that for typical concrete models this is entirely sufficient.
The reader might thus skip the present subsection on the first reading and consider only the
simplified situation of the next subsection.

The real meaning of the next definitions (in particular, (2.8)) will appear more clearly only
in Section 4, but, in general case, we cannot leave it aside. First of all, we assume that a list S
of sequences of quantum transitions A is given to represent the leading quantum fluctuations.
The particular choice of S depends on properties of the considered model. Often the obvious
choice like “any sequence of transitions not surpassing a given order” is sufficient. In general
case, certain conditions (specified later in Assumption 5) involving S are to be met. For any
ga € G 4, the effective potential ¥ is defined to equal

I EDY 2

n>1" kl, okn 22 (A}, AL AR AT )ES

Ui jAL=A
n ki
I 7 A'L . 171 lvki 7.7 1 . Z’J
H Z ( 17+ k,ﬂnAgA\A?"'?nA gA\A H A;‘nA>
=1 TLA i ;k} —lgGA :
ki—1 ‘ _ By
/ dTli .. .dT]i_ {H o~ (M=) X arcail®ar(nf)) =@ s (9.47)] } }
co<Ti<...<Tf <00 ' j=1
I |min; 7' <Oand max; 7' >0
i, LI ) ¢ (By,...By). (2.6)
max;,; 7; — min; j T;
To begin to decode this formula, notice first that the second sum is over all sequences
(Al,... ,A}Cl,AQ, ..., Ay ) of transitions that are in the list S and are just covering the set
A, Ui,j/_lé = A. The sum in the braces (for a given ¢ = 1,...,n) is taken over collections of
configurations ni"l, . ,ngk"_l ¢ G4 with ni" = ank = ga, while the integral is taken over

“times” attributed to transitions, with the energy term in the exponent taken over the set
A= Uk AL A = UpeaU(2).

3This is a norm, provided the multiplication of an interaction V' by a scalar A is defined to be AV)a = A4,
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Finally, there are some restrictions on the sums and integrals encoded in functions
! [mm;jl;z;i;ifm?f: ] , ©1(B1,...By), and Z(AY, ..., A}Ci;nzlgA\A, ce ni"k’_lgA\A). The
easiest is the first one. One just assumes that the interval between the first and the last of
concerned “times” contains the origin and the integrand is divided by the length of this interval.
The function T (By, ... B,) in terms of the sets B; = A®x [, T,iz] CZVx[—o0,0¢],i=1,...,n,
is the standard factor from the theory of cluster expansions defined as

1 ifn=1

T
By,...,Bn) = : .
v (B ) {Zg He(i,j)eg(_ I [B; U B; is connected |) if n > 2

with the sum over all connected graphs G of n vertices. Connectedness of a set B C ZY x
[—00, 0] is defined by combining connection in continuous direction with connection in slices
{z|(xz,7) € B} C Z" through pairs of sites of distance one. The most difficult to define is the
restriction given by the function Z that characterizes whether the collection of transitions is
connected, in some generalized sense, through the intertwining configurations. A consolation
might be that in lowest orders it is always true. Namely, whenever k < 5,

o E1 )1 if U;A; is connected and H§:1<nf471| Va, ndy) #0

Tl A nagmas -5 M gma) = {0 if Ujflj is not connected.
(2.7)
To define it in a general case, consider Ai,..., A, C Z” and n',...,n*"1 € Q%". Taking
A = UgeaU(z) and E(n) = {z € A : Ny # Ju) for any g € G}, we consider the set

B(O) C ZV—‘,—l,
BO = § A~x{2r—2] k_w j -
= ¥ j—2} U U [E(n!)x{2j—1}|.
Jj=1 7j=1

Think of layers, one on top of another — configurations on odd levels interspersed with transi-

tions on even levels. The set B(© decomposes into connected components, BO) = Ur>1 ééo).

To any Béo), define the box Eéo) C Z¥*! as the smallest rectangle containing Eéo). Then

(1)

let BO =y, >1 Blﬁo); decompose into connected components B =y, >1 B; , and repeat

the procedure until no change occurs any more, i.e. until Bm) = Ur>1 Bém). The function Z
characterizes whether this final set, the result of the above construction, is connected or not,

T(A1,..., Agnt,. . .0

_ 1 if B is connected
k1) = { (2.8)

0 otherwise.

2.3. Quantum fluctuations with less than four transitions. The equation (2.6) for the
effective potential is hard to handle in general case. However, in many situations it is enough
to consider only small sequences of less than four quantum transitions to define it. We rewrite
in this section the explicit formula for the effective potential in such a case.

We assume thus that a list S of sequences of quantum transitions A, containing at most 4
transitions, is given to represent the most important quantum fluctuations. Let us decompose
S=8@ U8B USW, with S®) denoting the list of sequences with exactly k transitions, and
write

U =0® 496 4 gW, (2.9)

Here U(¥) is the contribution to the effective potential due to the fluctuations from S®).
Let

<M0mw@==§3h%ﬁm0-¢w@w)
A'CA
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Then, for any connected A C Z" and g4 € G4, we define

Wey=- Y 3 <9A|‘{41¢\n(,4n><7.m|)‘{42‘gl4>7 oo
(A1,A2)eS@ nagGa ANA 9A
A1UA2:A
/ /
Won=- Y Y (Ve hatalVa el Vislon )

na; ny;
(A1,A2,A3)eS®) nan ¢G4 ¢A( A gA)¢A( A gA)

Al UAQ UAg =A

The expression for ¥*) becomes more complicated (we shall see in Section 4 that clusters of
excitations are actually occurring here),

\11(4)( )= — Z Z (94l Va, Ina){nal Va, [n)y)(ns| Vag In4) (04| Va, l9a)
A \9A da(nasga)da(n’y;ga)pa(n’yzga)
(A1,A2,A3,A4)eSW nany,ni¢Ga
AIUAQUA3UA4:A

Z (94l Va, Ina)(na|Va, lga){gal Vag In'y){(ns| Va, l94) {¢ - 1 1 }2] . (2.12)
A

D a1(nasga)+¢,2(n'y;94) naiga) | ¢42(n'494)

NN

nan, G a

Above we denoted A' = A; U Ay and A% = A3 U Ay. Property (2.3) implies that all the
denominators are strictly positive.

These equations simplify further if V4 is a monomial in creation and annihilation operators;
indeed in the sums over intermediate configurations only one element has to be taken into
account.

Notice, finally, that the diagonal terms in V' are not playing any role in the previous defini-
tions; we consider that they are small, since otherwise we would have included them into the
diagonal potential.

2.4. Stability of the dominant states. The aim of rewriting a class of quantum transitions
in terms of the effective potential was to get a control over stable low temperature phases. To
this end, the three conditions, expressed first only vaguely and then in precise terms in the
following Assumptions 4, 5, and 6, must be met. Namely, we suppose that

o the Hamiltonian corresponding to the sum ®+ W of the classical (diagonal) and effective
interactions has a finite number of ground configurations, and its excitations have
strictly positive energy?;

e the list S contains all the lowest quantum fluctuations;

e there is no “quantum instability”; the transition probability from a “ground state” g
to another “ground state” ¢’ is small compared to the energy cost of the excitations.

Fach component of the effective interaction W4 is a mapping G4 — R; let us first extend
it to Q4 — R by putting W4(na) = 0 if ny ¢ G4. To give a precise meaning to the first
condition, we suppose that a finite number of periodic reference configurations D C G is given
such that the interaction ® 4+ W satisfies the Peierls condition with respect to D. We choose a
formulation in which it is very easy to verify the condition and, in addition, it takes into account
the fact that the configurations from D are not necessarily translation invariant. Namely, we
will formulate the condition in terms of a potential Y that is equivalent to ® + ¥ and is chosen
in a suitable way. Of course, in many particular cases this is not necessary and the condition as
stated below is valid directly for ® 4 ¥. However, in several important cases treated in Section
3, the interaction ® + ¥ turns out not to be so called m-potential and the use of the equivalent

4Again, when exploring a region of phase diagram at once, we have a fixed finite set of reference configurations
that, strictly speaking, turn out to be ground configurations of the corresponding Hamiltonian for a particular
value of “external fields”. See below for a more detailed formulation.
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m-potential T not only simplifies the formulation of the Peierls condition, but also makes the
task of its verification much easier.

We will consider the interactions ¢ and ¢ to be equivalent’ if, for any finite torus A and any
configuration n € Q*, one has

HEP (n) = HPP (n).
Notice that the above amounts also to the equality

Y efn) =) eln).

xEA €A
Assumption 4. Peierls condition.

There exist a finite set of periodic configurations D C G with the smallest common period Ly,
a constant A such that A > |V ||* for some finite constant k, and a periodic interaction

T ={Ya} (with period y) that is equivalent to ® + ¥ such that the following conditions are
satisfied. The interaction Y is of a finite range® R € N such that

R” < Ag/do, (2.13)

with the constants 6g and Ag determined by the interaction ® in Assumption 2. The value

T

e, (d) is supposed to be translation invariant with respect to x for any d € D, and the

interaction Y satisfies the following conditions:
e For any x € A and any n with ny ) ¢ Gu(s), one has
T T 1
ey (n) — max e (9) = 5A0.

e For any x € A and any n with ny () ¢ Dy, V(z) = {y € A;|y — 2| < R}, one has

xT

T : T
- d) > A.
ez (n) — mine, (d)

The following assumption is a condition demanding that the list S should contain all tran-
sitions that are relevant for the effective potential. We define

m(Va,, o Va) =max s o] Vag In') ' Va In%) (0 Vag )l 210

Assumption 5. Completeness of the set of quantum transitions.

There exists a function by (+) with limy_ob1(A\) = 0 such that for any sequence
(Ai,...,Ay) ¢ S with connected U | A; one has

m(Va,,..., ‘le)m(VAle, cee ‘@kQ) .. .m(‘@kn_ﬁl, 5 Va) <bi(|VI)A.
Finally, we have a condition assuring that there is no quantum instability.

Assumption 6. Absence of quantum instability.

There exists a function by(+) with imy_ba(A) = 0 such that for any sequence (A1,..., Ap),
and any g,9' € G, g # ¢, one has

(91 Va, - - Va, 19)| < (VDA

SUsual notion of (physically) equivalent interactions (see [Geo], [EFS]) is slightly weaker, but we will not
need it here.

bwWe will suppose, taking larger R if necessary, that it is larger or equal to the range Ry of ®, as well as to
the range of the effective interaction ¥ and to Lo.
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2.5. Characterization of stable phases. Notice first that the specific energy per lattice site
of the configuration d € D, defined by

1
= > [®alda) + Ta(da)], (2.15)
ACA

is equal, according to Assumption 4, to e (d) (whose value does not depend on z).

Our first result concerns the existence of the thermodynamic limit for the state under periodic
boundary conditions. Taking Ly to be the smallest common period of periodic configurations
from D, we always consider in the following the limit over tori A  Z" whose sides are multiples
of Lo and ¢g.

Theorem 2.1. Thermodynamic limit.

Suppose that the Assumptions 1-6 are satisfied. There exist constants 9 > 0 and By = Bo(A)
(depending on v, S, R, {y) such that the limit

7ﬁHper
(T)P* = lim TrTe ™7 r (2.16)
B AT Ty e BHRT

exists whenever ||V || < eo, 8 = Bo, and T is a local observable.

Notice the logic of constants in the theorem above (as well as in the remaining two theorems
stated below). We first choose 9. Then, for any ||V|| < g9 one can choose [y (depending
on A that is determined in terms of V' through the effective potential ¥) such that the claim
is valid for the given V and any 8 > [o(A). With |[V|| — 0 we may have to go to lower
temperatures (higher [3) to keep the control. Of course, if A does not vanish with vanishing
IV]| (i.e. Assumption 4 is valid for ® alone) as was the case in [BKU], one can choose the
constant [y uniformly in |V

If there are coexisting phases for a given temperature and Hamiltonian, the state (-) ger will
actually turn out to be a linear combination of several pure states. A standard way how to select
such a pure state is to consider a thermodynamic limit with a suitably chosen fixed boundary
condition. In many situations to which the present theory should apply, this approach is not
easy to implement. The classical part of the Hamiltonian might actually consist only of on-site
terms and to make the system “feel” the boundary, the truly quantum terms must be used. One
possibility is, of course, to couple the system with the boundary with the help of the effective
potential. The problem here is, however, that since we are interested in a genuine quantum
model, we would have to introduce the effective potential directly in the finite volume quantum
state. Expanding this state, in a similar manner as it will be done in the next section, we would
actually obtain a new, boundary dependent effective potential. One can imagine that it would
be possible to cancel the respective terms by assuming that the boundary potential satisfies
certain “renormalizing self-consistency conditions”. However, the details of such an approach
remain to be clarified.

Here we have chosen another approach. Namely, we construct the pure states by limits of
states (~)§a Per defined by (2.16) with HY® = HY ** + VP where ®* is a perturbation of
the interaction ® suitably chosen in such a way that one approaches the coexistence point from
the one phase region. Consider thus Fg,, the space of all periodic interactions of range Rjy.

We say that a state <.>gper, ¢ € FR,, is unperturbable if it is insensitive to small perturbations:

(T)5P" = lim (T) )P (2.17)

a—0

for every ¢ € Fpr, and every local observable 7. We define now a state <>E to be a pure
stable state (with classical potential ® and quantum interaction V') if there exists a function
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[e3
(0,ap) 2 @ — P« € Fp, so that lim,_or P = P, the states <>:§ P are unperturbable, and

* . [l
(T)5= lim (1) (2.18)

for every local observable T'.

Theorem 2.2. Pure low temperature phases. Under the Assumptions 1-6 and for any
n > 0, there exist g > 0 and [y = Po(A) (depending on v, S, R, 4y) such that if |V < eo and
B = Bo, there exists for every d € D a function f°(d) such that the set Q = {d € D; Re f?(d) =
mingep Re fP(d')} characterizes the set of pure stable phases. Namely, for any d € Q:

a) The function f(d) is equal to the free energy of the system, i.e.

1 1 or
im — logTr S

b) There ezists a pure stable state <>% Moreover, it is close to the state |dp) in the sense
that for any bounded local observable T and any sufficiently large A, one has

(T)4 = (| T )| < nlsupp 7|7

where supp 1’ is the support of the operator T'.
c) There is an exponential decay of correlations in the state <->‘é, i.e. there exists a constant

€4 >0 such that
(TT'Y4 — (TYHTY3| < |supp T supp T[T 7] e Curp Tsupw 16!

for any bounded local observables T and T".
d) The state (-)5*" is a linear combination of the states ()%, d € Q, with equal weights,

for each local observable T'.

2.6. Phase diagram. We now turn to the phase diagram at low temperatures. Let r be the
number of dominant states, i.e.r = |D|. To be able to investigate the phase diagram, we
suppose that r — 1 suitable “external fields” are added to the Hamiltonian H Ker. Or, in other
words, we suppose that classical potential ® and quantum interaction V depend on a vector
parameter 4 = (u1,...,pur—1) € U, where U is an open set of R"~!. The dependence should
be such that the parameters u remove the degeneracy on the set D of dominant states. One
way how to formulate this condition is to assume a nonsingularity of the matrix of derivatives
(.

(7).

Assumption 7. The potentials ® and V are differentiable with respect to p and there exist a
constant M < oo such that

0
sup @A(nA)‘ <M

ACZY maeQA Opi
and
r—1
ov
vi+ Y| 5 <M
i+ |5
forallpel.

Further, there exists a point ug € U such that
eto(d) = et (d’) for all d,d € D,



12 EFFECTIVE INTERACTIONS DUE TO QUANTUM FLUCTUATIONS

and the inverse of the matrixz of derivatives

0
et (d;) —et(d
(aﬂi[ () ( T>]>1<i,j<rl

has a uniform bound for all u € U.

Notice that if for some d € D one has e#(d) = e/ := mingep e#(d’), then, according to
Peierls condition (Assumption 4), the configuration d is actually a ground state of Y. Thus,
the assumption above implies that the zero temperature phase diagram has a regular structure:
there exists a point pop € U where all energies e (d) are equal, e/ (d) = e, r lines ending
in po with » — 1 ground states, %r(r — 1) two-dimensional surfaces whose boundaries are the
lines above with r — 2 ground states, ..., r open (r — 1)-dimensional domains with only one
ground state. Denoting the (r — |Q])-dimensional manifolds corresponding to the coexistence
of a given set @ C D of ground states by

M (Q) = {u € U;Ree!(d) = min Reet(d') if d € Q, and Ree”(d) > gleigRee“(d’) if d ¢ Q},

d'eD
(2.19)
we can summarize the above structure by saying that the collection P* = {9*(Q)}ocp deter-
mines a regular phase diagram. Notice, in particular, that Ugc pPt*(Q) = U, M*(Q)NIM*(Q') =
0 whenever Q # Q', while for the closures, M (Q) N M (Q') = M (Q U Q'). Here we set
M) = 0.

The statement of the following theorem is that the similar collection P = {IM(Q)}ocp of
manifolds corresponding to existence of corresponding stable pure phases for the full model is
also a regular phase diagram and differs only slightly from P*. To measure the distance of two
manifolds 9 and 9V, we introduce the Hausdorff distance

dist g (97, ') = max(sup dist (u, M), sup dist (u, M)).
pneM neM’

Theorem 2.3. Low temperature phase diagram

Under the Assumptions 1-7 there exist g > 0 and By = Bo(A) such that if
IV]+30) Ha%iVH < o and B = P, there ezists a collection of manifolds PP = {IM’(Q)}gcp
such that

(a) The collection PP determines a reqular phase diagram;

(b) If u € MP(Q), the corresponding stable pure state <>g exists for every d € @ and
satisfies the properties b), c¢), and d), from Theorem 2.2;

(¢) The Hausdorff distance disty between the manifolds of PB and their correspondent in
P* is bounded,

),

r—1
dist (MM (Q), M*(Q)) < O(e™ + | V]| + ZHg_X
i=1 !

for all@Q C D.

The proofs of these theorems are given in the rest of the paper. Expansions of the partition
function and of expectation values of local observables are constructed, and interpreted as
contours of a classical model in one additional dimension. Then we show that the assumptions
for using the standard Pirogov-Sinai theory are fulfilled, and, with some special care to be
taken due to our definition of stability, the validity of the three theorems follows.
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3. EXAMPLES

3.1. The asymmetric Hubbard model. The state space is Q = {0, 1, |,2} and the Hamil-
tonian is written in (1.1). Hence the classical interaction is
0 ifn, =0
Qrpy(nz) = —p if n, =7 orng, =| (3.1)
U—-2u ifn, =2
(Rp = 0). We choose the chemical potential such that 0 < u < U. The set G is here the set of
ground states of @, i.e.

G={neQ :n, =1 orn, =| forany z € Z"}.
Assumption 2 holds with Ag = min(u, U — p) and dp = 0.
The quantum perturbation is defined to be
Va = {tTCI;TCyT if A=(<z,y>,1)

3.2
ticlie, if A= (<z,y>,]) (3:2)

and we always have A = {z,y} for a pair of nearest neighbours x,y € Z". |V| = |tﬂ% (if
[t] = 12,])-

The sequence S of transitions that we consider is

S={(A,A): A= (<z,y>,1) and A" = (<y,x>,1) for some z,y € Z", ||z — y|]2 = 1}.

The effective potential is given by Equation (2.10). For any z,y € Z", nearest neighbours,
any configuration n such that |n) = cLTcyT lg), g € G, has an increase of energy of

Dlayy (Nzy); Iagy) = U-

Furthermore we have

1 if 9{z,y} € {(T7~L)7 (lvT)}

bt tot _
(9| corCurCyrCot [95eyy) + (Gto gl Cyratcarcyt [9(apy) = {0 othorarige.

(3.3)
Therefore
—82/U if gpyy € {(1, 1), (L, D}
. _ - wy € 10,0, (L 3.4
{zy} (g{@y}) {0 otherwise. (3:4)
Let V(z) ={y € Z" : |y — x| < 1}. Taking T = & + ¥, we have
exT(nV(a:)) = (I){ac} (nw) + % Z \Il{:v,y} (n{x,y}) (3'5)

yillz—yll2=1
(eg(nv(x)) was initially a function Q%" — R, but is actually depends on ny (z) only).
The set D has two elements, namely the two chessboard configurations dV) and d®; if

(=17 = [[= (=D,

Jo )T )T =1 4@ — =
@ | if (=1)T = —1 @ | if (—=1)7 = 1.
The last inequality of Assumption 4 holds with A = %t% JU.

The maximum of the expression in Assumption 5 is equal to 2U max(t% /2, t%) If there exists

e > O such that |¢;| < [t4]'¢, the bound of Assumption 5 can be chosen to be by = 2U|¢;|*. For
Assumption 6 the expression has maximum equals to 2U|t||/|t1] and we can take by = 2U|t1|®
(this Assumption is not true in the symmetric Hubbard model; the effective potential is not
strong enough in order to forbid the model to jump from one g to another ¢’).
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Our results for the asymmetric Hubbard model can be stated in the following theorem (first
obtained by [DFF2]).

Theorem 3.1 (Chessboard phases in asymmetric Hubbard model). Consider the lattice 7,
v > 2, and suppose 0 < p < U and |t|| < [t;|*"¢ with € > 0. Then for any § > 0, there exist
to > 0 and Bo(ty) < oo (limg, o Bo(ty) = 00) such that if [t1| < to and 8 = S,

o The free energy exists in the thermodynamic limit with periodic boundary conditions,
as well as expectation values of observables.

e There are two pure periodic phases, <'>(ﬁl) and (-)g), with exponential decay of correla-
tions.

e One of these pure phases, <->(ﬁl), is a small deformation of the chessboard state |dV):

>1-6 if(-1)7 =1
nat)y’ { <5 if E—lix =1 (na1)y {

The other pure phase, <->(ﬂQ), is a small deformation of |d®).

5 if (~1)® =1
1-6 if (-1)* = 1.

VA

To construct the two pure phases, one way is to consider the Hamiltonian

HY(h) = HY" = h> (=1)"(nag — ng)).-

zEA
Then
(1) : per
(F = Jim ()5 ()
and

where (-) 5 (h) is defined by (2.16) with Hamiltonian H ().

3.2. The hard-core Bose-Hubbard model. The state space is © = {0,1} and the Hamil-
tonian is written in (1.2). Let P a plaquette of four sites; the classical interaction is

Op(np) = %Ul Z ngny + Us Z NgMy — i,uz Ny, (3.6)

z,yeP z,yeP xeP
lo—yll2=1 lo—yll2=v2

and ®4 = 0 if A is not a plaquette. Here Ry = 1. Remark that we have

p(np) = (AU = 300) 3 (metmy— 1P+ 0(Ym -t E) o @)

8Us
z,yeP zeP
lz—yll2=1
with C = —1U1 + 30Uy — fp— &% /Us. @p(np) is minimum if np = (§$), or any configuration

obtained from ((1) 8) by rotation. Hence we define
G = {n € {0,1}Z2 tnp € {(39),(38).(39),(99)} for any plaquette P}

(G is here the set of ground states of the interaction ®). Since ®p(np)—Pp(gp) = % min(p, 8Uy—
w), for any np ¢ Gp, gp € Gp, Assumption 2 holds with Ay = % min(u, 8Us — u), provided
0<p<8U;y. §=0.

We take as sequence of transitions for the smallest quantum fluctuations

S={(A,A): A=<z,y> and A’ =<y,z> for some x,y € Z?, ||z — y||» = 1}.
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The effective potential follows from (2.10). Let Pry = Upnyyy)£0FP and more generally we
denote by P any 3 x 4 or 4 x 3 rectangle. Up to rotations, we have to take into account five
configurations, namely

010 010 101 101 100
000 000 000 000 001
010 101 010 101 100
0(340 000 OOCO 000 001

B D E
g5 95" g 9 95

We find Wp(gf") = —12/201, Wp(gly ) = —t2/4Us, and Up(g)) = Up(gh ) = Up(gh”) =

0.

The equivalent potential T should have a range bigger or equal to 3; in this case, the
corresponding energies e (n) would depend on the configuration on the square 7 x 7 centered
at x. We could proceed in this way, but actually it simplifies a lot to do the following. Looking
in the derivation of the contour model (Section 4.1), we see that beside of Assumption 4, the

only property that el has to satisfy is that
> [@ata) + watma)] = Y el m)
ACAper zeAPer
[see equation (4.29)]. Therefore we do not define Y, but we do define
eX(ny@) =1 ®pnp)+5 D>, Up, (np,)+5 D Tplnp), (3.8)
P>z y|ly—z|[2=1 PCV(x)

where V (z) is the square 5 x 5 centerd at z.
The configurations gy (,) € Gy, are (up to rotations and reflections)

10101 10101 10101 10101 01010 00000 00000 00000
00000 00000 00000 00000 00000 10101 10101 01010
10101 10101 01010 01010 10101 00000 00000 00000
00000 00000 00000 00000 00000 10101 01010 01010
10(1)01 01<810 01(0)10 10((})01 01(0)10 00(}9)00 00(0)00 00(9)00
a c e g 1
v () v (2) Iy () v () v (2) Iy () I () v (x)

We find that eg(g‘(fl()x)) = e;r(gg/e()x)) = eg(g‘(/g()x)) = —2/2U1—t% /AUs, otherwise e} (gy (z)) > —

3t2/4U; — t2/8Us (if Uy > 2Us). This allows to take A = t%ﬁ - ﬁ) in Assumption 4. The

set of dominant states D consists in all the configurations generated by g‘(/c?x), g%f()m) and 9\(/?()33)'

ID| = 8.

The maximum of the expression in Assumption 5 is by = tQ(ﬁ — ﬁ
by = 0, because g # ¢’ means that g and ¢’ must differ on a whole row, and the matrix element

is zero for any finite m.

)~L. In Assumption 6

These eight dominant states bring eight pure periodic phases, <‘>(ﬁl), e <->(ﬁg); each one

can be constructed by adding a suitable field in the Hamiltonian (e.g. the projector onto the
dominant state).

Theorem 3.2 (Hard-core Bose-Hubbard model). Consider the hard-core Bose-Hubbard model
on the lattice 72, and suppose Uy > 2Us and 0 < p < 8Us. There exist tg > 0 and Bo(t) < oo
(limy_,g Bo(t) = 00) such that if t < tg and B = S,

e the free energy exists in the thermodynamic limit with periodic boundary conditions, as
well as expectation values of observables,
e there are § pure periodic phases with exponential decay of correlations.

Each of these eight phases is a perturbation of a dominant state d, and the expectation value
of any operator is close to its value in the state d, see Theorem 2.2 for more precise statement.
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4. CONTOUR REPRESENTATION OF A QUANTUM MODEL

Our Hamiltonian has periodicity £y < oo. Without loss of generality, however, one can
consider only translation invariant Hamiltonians, applying the standard trick. Namely, if ) is
the single site phase space, we let / = Q{1-f0}". 6/ — || = §%. Then we consider the torus
N c z, t§|N'| = |Al, each point of which is representing a block of sites in A of size ¢, and
identify

o ~ o),

Constructing H’ as the Hilbert space spanned by the elements of Q’A/, it is clear that H’
is isomorphic to H. The new translation invariant interactions ® and V' are defined by
resumming, for each A C A’, the corresponding contributions with supports in the union of
corresponding blocks. Notice the change in range of interactions. Namely, it decreased to
[R/{y] (the lowest integer bigger or equal to R/{y).

JFrom now on, keeping the original notation H, S, ..., we suppose that the Hamiltonian is
translation invariant.

The partition function of a quantum model is a trace over a Hilbert space. But expanding
e PH with the help of Duhamel formula we can reformulate it in terms of the partition function
of a classical model in a space with one additional dimension (the extra dimension being
continuous). In this section we present such an expansion, leading to a contour representation,
of the partition function Z{* := Tr e PHX™ in a finite torus A.

Expansion with the help of Duhamel formula yields

eI Z 3 Z/ dry ...dry,

m>0A1, 7 <7'1< <Tm<B
ACA

(0) per (0) per per
e M HAT vy e (I HET Y Wy, e BT EAT (g1

Inserting the expansion of unity Iy, =, = [na)(na| to the right of operators Vj,, we obtain

7 =Y % Z/ dr ...

77.L>0nA7 mAly LA 0<T1<...<TI <
A; CA

R (0| Va, [nd) e (YO V) e BB O0) (4.9

[§]

This expansion can be interpreted as a classical partition function on the (v 4 1)-dimensional
space A x [0,3]. Namely, calling the additional dimension “time direction”, the partition
function Z{ is a (continuous) sum over all space-time configurations ny = ny(7), 7 € [0, 3],
and all possible transitions at times corresponding to discontinuities of my (7). Notice that
n(7) is periodic in the time direction. Thus, actually, we obtain a classical partition function
on the d + 1-dimensional torus Tao = A x [0, Blper With a circle [0, B]per in time direction
(for simplicity we omit in T, a reference to (). Introducing the quantum configuration wr,
consisting of the space-time configuration na(7) and the transitions (A;,7;) at corresponding
times, we can rewrite (4.2) in a compact form

Zpe — / dwr, pP (wr, ) (4.3)

with pP®(wr, ) standing for the second line of (4.2).
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Now, we are going to specify excitations within a spacetime configuration n and identify
classes of small excitations — the loops’ — and large ones — the quantum contours.

A configuration n € Q%" is said to be in the state g € G at site 2 whenever nU@) = 9U(z)
(notice that, in general, g is not unique). If there is no such g € G, the configuration n is said
to be classically excited at z. We use E(n) to denote the set of all classically excited sites of
n € Q. For any A C Z", let us consider the set O} of quantum configurations on the torus

Ta. Whenever w € Q%, its boundary B (w) C T, is defined as the union
BO(w) = (Urepg(B(n(1)) x 7)) U (U (A; x 7). (4.4)

The sets A; x 7; C Ty represent the effect of the operator V' and for this reason are called
quantum transitions. It is worth to notice that the set B (w) is closed.

Next step is to identify the smallest quantum excitations — those consisting of a sequence of
transitions from the list S. First, let us use B(?)(w) to denote the set of connected components
of BO(w) (so that B (w) = Upepo)(w)B)- To any B € B (w) that is not wrapped around
the cylinder (i.e., for which there exists time 75 € [0, f]per with B N (Z¥ x 75) = )) we assign
its sequence of transitions, S(B,w), ordered according to their times (starting from 75 to
and proceeding from 0 to 75) as well as the smallest box B containing B. Here, a box is any
subset of Tzv of the form A x [y, 72| with connected A C Z" and [11, 2] C [0, Blper (if 71 > T2,
we interpret the segment |71, 73] as that interval in [0, B]per (with endpoints 71 and 79) that
contains the point 0 = f3).

We would like to declare the excitations with S(B,w) € S to be small. However, we need to
be sure that there are no other excitations in their close neighbourhood. If this were the case,
we would “glue” the neighbouring excitations together. This motivates the following iterative
procedure.

Given w, let us first consider the set B(()O) (w) of those components B € B()(w) that are not
wrapped around the cylinder and for which S(B,w) € S, where S is the set of all subsequences
of sequences from §. Next, we define the first extension of the boundary,

BW(w) = (U B)U (U

B).

BeBO) (w)\BY (w) BeBY (w)

Using B (w) to denote the set of connected components of BM(w) and B(()l)(w) c BM(w)

the set of those components B in B(l)(w) that are not wrapped around the cylinder and for
which® S(B,w) € S, we define

2)(y) — 3
B (w) - (UBGB(l)(w)\B((]l>(w)B) Y (UBEB(()D(U-’)B).

Iterating this procedure, it is clear that after finite number of steps we obtain the final
extension of the boundary,

B(w) = (U B)U (U B).

BeB® (w)\B{F (w) BeB (w)

Here, every B € B(()k) (w) is actually a box of the form A x |71, 73] (that is not wrapped around the

cylinder) and S(B,w) € S. Let us denote B(w) = B(()k) (w) and consider the set By(w) C B(w)

of all those sets B € B(()k) (w) for which actually S(B,w) € S and, moreover, na(m — 0) =
na(m2 + 0). Finally, let Bj(w) = B(w) \ Bop(w) — it represents the set of all excitations of
w that are not loops. Taking, for any closed B C Tp, the restriction np of a space-time

"Even though the present framework is more general, the name comes from thinking about simplest excitations
in Hubbard type models. Namely, a jump of an electron to a neighbouring site and returning afterwards to its
original position.

8A set B € Bél)(w) may actually contain several original components from B(()O)(w). We take for S(B,w) the
sequence of all transitions in all those components.
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configuration n to be defined by (np)z(7) = ng(7) for any x x 7 € B, we introduce the useful
notion of the restriction wp of a quantum configuration w to B as to consist of ng and those
quantum transitions from w that are contained in B, A x 7 C B (we suppose here that w and
B are such that no transition intersects both B and its complement; we do not define wp in
this case).

Now the loops and and the quantum contours can be defined. First, the loops of a quantum
configuration w are the triplets £ = (B,wB,gi); B = A x [r, 1] € By(w) is the support of
the loop ¢ and gj =na(m1 —0) = na(m2 + 0), a restriction of a configuration g € G. (While
the configuration g is not unique, its restriction to A is determined by the loop £ in a unique
way.) We say that £ is immersed in g. Given a quantum configuration w, we obtain a new
configuration w by erasing all loops (B, wp, gi), i.e. for each £ we remove all the transitions
in its support B and change the space-time configuration on B into ¢ € G into which £ is
immersed. Let us remark that B(w) = Bj(w). Notice that, since we started our construction
from (4.4), we have automatically diam A > 2Ry for a support A x [11, 2] of any loop &.

Quantum contours of a configuration w will be constructed by extending pairs (B,wp)
with B € Bj(w) by including also the regions of nondominating states from G. Namely,
summing over loops we will see that “loop free energy” favours the regions with dominating
configurations from D C G. However, to recognize the influence of loops, we have to look on
regions of size comparable to the size of loops. This motivates the following definitions with
V(z) ={y € Z",|r — y| < R} being an extension of original neighbourhood U(z). Thus, we
enlarge the set E(n) of classically excited sites to E(n), with

E(n)={zez’: Ny (z) # 9v(z) for any g € G}
and we introduce the set F'(n) of softly excited sites by
F(n)={zez"\ EM): Ny (z) 7 dy (g for any d € Dj}.

Then, for a quantum configuration such that w = @, we define the new extended boundary

B(@)= J ([Bmm)uFnm)]x7)J 6([968&1/(95)] x7i),
i=1

TE[O,ﬁ] per

and if w # @, we set Be(w) = Be(w). Notice that B(w) C Be(w), since the first set
is the union of classical excitations, quantum transitions and boxes; obviously the classical
excitations and the quantum transitions also belong to Be(w), and the boxes being such that
their diameter is smaller than R and they contain U(z)-excited sites at each time, they are
V (x)-excited. Decomposing Be(w) into connected components, we get our quantum contours,
namely 7 = (B,wp). Notice that the configuration wp contains actually also the information
determining which dominant ground state lies outside B. We call the set B the support of ~,
B = supp~, and introduce also its “truly excited part”, the core, corey C suppry, by taking

core~y = supp ﬂ(UTe[oﬁ] ber (E(n(T)) X T)U Ugl([ux% V()] x 7'1)) Finally, notice that if
the contour is not wrapped around the torus in its spatial direction, there exists a space-time
configuration w? and we have B = Be(w?).

A set of quantum contours I' = {71,...,7%} is called admissible if there exists a quantum
configuration w! € QY which has T as set of quantum contours. Clearly, if it exists, it is

unique under assumption that it contains no loops (c.aF =l ). We use D/{)er to denote the set

of all collections I' of admissible quantum contours.

Given I' € D, a set of loops 2 = {&1,...,&} is said admissible and compatible with T
if there exists w'“= which has Z as set of loops and I' as set of quantum contours (it is also
unique whenever it exists). More explicitly,
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e two loops & = (B,wB,gi) and & = (B’,w'B,,gi,) are compatible, & ~ ¢, iff BU B’ is
not connected;

e using coreI’ = U cpcore, a loop ¢ = (B, wp, gi), with B = A X |11, 2], is compatible
with T, € ~ T, iff

B U corelI is not connected, (4.5)
g% = (11— 0) = nly(m2 + 0); (4.6)
e a collection of loops = = {&1,...,&} is admissible and compatible with T' iff any two

loops from = are compatible and each loop from = is compatible with I'.

We use kap (T") to denote the set of all admissible collections Z that are compatible with T".
The conditions of admissibility and compatibility above can be, for any given set of transi-

tions {A1, ..., An}, formulated as a finite number of restrictions on corresponding transition
times {7,...,7m}. Given the restrictions on admissibility of I' € DY, the restrictions on = to
loop

belong to D" (T') factorize. As a result, the partition function Z{® in (4.3) can be rewritten
in terms of integrations over DX and DY (') [the summation over I' and Z accompanied
with the integration, a priori over the interval [0, 5], over times 7; of corresponding transitions,
subjected to above formulated restrictions, c.f. (4.2)]. Furthermore the contribution of I' U =

factorizes as a contribution of I" times a product of terms for ¢ € Z [BKU, DFF1]?, we get

Z/{)er:/ dF/ dEpper(wFUE)
DR DI (I)

— er/, I -
_/pgef dLpP" (w )/Dleop(F) d=2 ] =9 (4.7)

fe=
Here, using {(A;,7),i = 1,...,m} to denote the quantum transitions of I' U Z, we put
m
pP (WF) = [[(nhZ (7 = 0)| Va, [nlk=(7: + 0)) exp{ - i d(A,7)Pa(ny (1))}, (4.8)
i=1 A
where [5d(A,7) is the shorthand for foﬁ d7 Y 4.axrcp (used here for B = T,). Similarly for
pP (wh). Further, the weight of a loop ¢ = (B¢, ng,gi) with the set of quantum transitions
{(A;,7),i=1,...,¢} and n® the space-time configuration corresponding to w e, is

(9 =exp{~ [ a4 @amS(r) ~ Paleb iy | Va InS, (m -+ 0))

X (ny, (12 = 0)] Vg [0, (72 4+ 0)) ... (ny, (70 = 0)| Va, |g5,)-  (4.9)

Given I' € DY, the second integral in (4.7) is over the collections of the loops that interact
only through a condition of non-intersection. This is the usual framework for applying the
cluster expansion of polymers. The only technical difficulty is that the set of our loops is
uncountable (the loops depend on continuous transition times), and thus we cannot simply
quote the existing literature. Nevertheless, the needed extension is rather straightforward and
often implicitly used.

Given a collection C = ({1, ...,&,) of loops, we define the truncated function
1
2"(C) = (0) [ =(6). (410)
el

9For spin or boson systems factorization is true simply because any two operators with disjoint supports
commute. In the case of fermion systems there is an additional sign due to anticommutation relations between
creation and annihilation operators, and factorization is no more obvious. That it indeed factorizes was nicely
proved in Section 4.2 of [DFF1].
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with
ifn=1,
Megjyec(L[é ~&] 1) ifn>2,

where the sum is over all connected graphs G of n vertices. Notice that ®T(C) = 0 when-
ever C is not a cluster, i.e. if the union of the supports of its loops is not connected. We

use Lp and Cp to denote the set of all loops and clusters, respectively, and use ch dC
as a shorthand for 37 - [ £y dé . /, ¢, dén, in obvious meaning. Whenever I' € DY is
fixed, we use L;(I") to denote the set of all loops compatible with I' and write C' € Ci(T")

whenever the cluster C contains only loops from L4 (T"). Again, ch (r) dC' is a shorthand for

T _.T _ 1
12 (C)_QO (fl)”'aén) {Zg

Yons1l, car) 961 i) (1) 96n- Finally, we also need similar integrals conditioned by the time
of the first transition encountered in the loop £ or the cluster C'. Namely, using C' to denote
the support of C, i.e. the union of the supports of the loops of C, and I = {11 (C),72(C)}
to denote its vertical projection'®, I = {7 € [0, Blper; Z¥ x 7N C # B}, we use C/(\x’T) for the
set of all clusters C € Cp with the first transition time 7 (C) = 7, for which their first loop &;
with support By = Ay x [11(C), 12|, contains the site , Ay > z. Then fﬁi\z,ﬂ d¢ and fcgz,ﬂ dC

are shorthands for the corresponding integrals with first transition time fixed — formally one
replaces f d& by [T [Al ) a:] d(11(&1) —7)d&r. With this notation we can formulate the cluster
expansion lemma.

Lemma 4.1 (Cluster expansion). For any c € R, a; < (2Ry)™%, aa < R"%*Ag and § > 0,
there exists g > 0 such that whenever |V|| < g9 and T' € DY, we have the loop cluster

expansion,
/ =] =6 = exp{/ dC@T(C)}. (4.11)
DY (I) Ca(T)

Moreover, the weights of the clusters are exponentially decaying (uniformly in A and (3):

/ dCT[C 3 (z,7)]|@T(C)| [] el loslVliAlraalBl < 5 (4.12)
Ca ¢eC
and
T (c—an log | V[])|Al+a2|B|
/CW) acie™(C) [ e <6 (4.13)
A e

for every (x,7) € Ty.

Proof. One can follow any standard reference concerning cluster expansions for continuum systems, for example
[Bry]. We are using here [Pfi] whose formulation is closer to our purpose. Assuming that inequality (4.13) holds
true, we have a finite bound

1 n
o[ dedgle G & ] 1] < BIAL (4.14)
"1 n: La(D)™ i—1
Lemma 4.1 then follows from Lemma 3.1 of [Pfi]. Let us turn to the proof of the two inequalities. Let

£(&) = |2(8)] elee1log[VID|Al+az|B|

Skipping the conditions §; ~ I', we define

n

b=nlf agrms@ols [ aa] [ e ael@ne 6 @)

=1

10Again, if 71 > 72, the segment [11,72] C [0, 8]per contains the point 0 = 8.
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(it does not depend on (z,7) € Ta). The lemma will be completed once we shall have established that
I, < n!(36)" (assuming that § < 1; otherwise, we show that I, < n!/2"). ;From Lemma 3.4 of [Pfi], we
get

loT (&1,...,6)| < Z H I [B; U B; connected]. (4.16)

T tree on n vertices e(i,j)€T

Denoting d, . . ., d, the incidence numbers of vertices 1, ..., n, we first proceed with the integration on the loops
j # 1 for which d; = 1; in the tree 7, such j shares an edge only with one vertex i. The incompatibility between
& and &, with € = (Bi,w),9%.), Bi = Ai x [r{”,7{"], and similarly for &;, means that either B; U[A; x 7{"] is
connected, or [A; X Tl(j)} U B; is connected. Hence, the bound for the integral over the &; that are incompatible

[ A6 1B 0By comnected] (&) < 201l [ A& 1B 3 )] F€) + 2B [ d65(6)
L o £

<2(iad+alsl)( [ as1(s,2 @)+ [ . a61(6)). (@)

a
(The constant « has been introduced in order to match with the conditions of the next lemma). Then

L<ay™ Y [[aatms o]+ [ dalre (4 +als)”

(
T tree of n vertices ¥ £A Lx

n dj—1 1 dj—1
I1 [ [ ag1iB s @nlre (il + ) v [ dere) (14l +alB) } . (a18)
j=2L/ LA Ly
Now summing over all trees, knowing that the number of trees with n vertices and incidence numbers ds, ..., d,
is equal to
(n—2)! (n—1)!

<
(di —D!...(dn — 1) = dil(de — D). (dy — 1)
we find a bound

I, < nl(20)" (1 + o) U d€T[B 3 (z,7)] f(€) APl 1 1/( )dgf(g)e'f“‘M'B' . (4.19)
La @ JeT
We conclude by using the following lemma which implies that the quantity between the brackets is small.
O

Lemma 4.2. Let a; < (2Rg)™ and ag < R™?*Ag. For any ¢ € R and § > 0, there exists
g0 > 0 such that whenever |V|| < e the following inequality holds true,

/ d¢I[B > (%Tﬂ|Z(§)‘e(cfallogHVll)lAlJraz\B\ +/ dg|z(€)| elem o logIVIDIARFaz|Bl 5
La clem)
where (x,T) is any space-time site of Ty .

Proof. Let us first consider the integral over £ such that its box contains a given space-time site. We denote by ¢
the number of quantum transitions of £ at times bigger than 7, and /2 the number of the other quantum transi-

tions. The integral over ¢ can be done by summing over (¢; +£2) quantum transitions Af, ..., Aél VA2 A?z,

by summing over (¢1 + ¢2) configurations n;;{.v, and by integrating over times 74 < --- < 7-511, << Te22.
J

Let us do the change of variables 7t = 74 — 7, 74 = 73 — 7%, ..., %gll = Tgll - Tell,l, and 72 = 7 — 72, ...,

7~'g22 = 7'422_1 — 732. Then we can write the following upper bound

/ de[B 5 (m’T)]|Z(§)‘e(C*allog”VH)‘AH’aﬂB‘ < Z Z Z /OO d7~'11...d7~'g22
LA

> 1 2 1,1 2,0 0
L1,82 21 Al A7, nle nA22 2Ga
Uingzv:Aax 1 £
A connected

L;
T I s Vas ity e o o8 IVIDIAS] o= Sarcal®ar (nii) =% ar(940)] o7jR @2 (4 90)
i=1,2 j=1
where ga € G4 is the configuration in which the loop ¢ is immersed (if the construction does not lead to a
possible loop, we find a bound by picking any ga € G4). Remark that we neglected a constraint on the sum
over configurations, namely ni{l = n2A’1. It is useful to note that the sums over ¢1,¢2 and over the quantum
transitions are finite, otherwise they cannot constitute a loop.
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Using the definition (2.5) of the norm of a quantum interaction, we have
[(n/a] Va na)| < [V,

Furthermore

3 [@ar(n'y)) — Dar(ga)] = R Ao
A'CA

as claimed in Property (2.3). Hence we have, since the number of configurations on A is bounded with sal

& [”V”kal@Ro)”Sec(zRU)” ] |A%|

(c—aylog [[V])|Al+az|B|
[, 41185 ] =) <> ¥ U5 —5

l1,42 21 A%,H.A% i=1,2 j=1

Ui jAS=A3a
A connected

(4.21)
This is a small quantity since the sums are finite, by taking ||V'|| small enough. Now we turn to the second term,
namely

/(T | dez(e)| eleer s IVIIATez B,
Ly

The proof is similar; we first sum over the number of transitions ¢, then over £ transitions Ai,... Ay with
A =U;A; > x, A connected. Then we choose ¢ — 1 intermediate configurations. Finally, we integrate over £ — 1
time intervals. The resulting equation looks very close to (4.20) and is small for the same reasons.

|

Now, we single out the class of small clusters. Namely, a cluster is small if the sequence of its
quantum transitions belongs to the list S. To be more precise, we have to specify the order of
transitions: considering a cluster C = (&, ..., &) and using S(f(é)), {=1,...,k, to denote the
sequence of quantum transitions of the loop £ = (B(Z),wBu),gi(é)), S0y = S(BW, wgw),
we take the sequence S(C) obtained by combining the sequences S(£M1), ..., S(€®) in this
order. A cluster C is said to be small if S(C) € S, it is large otherwise. We use Cyma! to
denote the set of all small clusters on the torus Ty.

The local contribution to the energy at time 7, when the system is in a state m4(7), is
®4(na(7)). Similarly, we will introduce the local contribution of loops (and small clusters of
loops) in the expansion of the partition function — the effective potential \I/f‘(n A(7)). The
latter is a local quantity in the sense that it depends on m only on the set A at time 7. An
explicit expression of \Ilg (ga) with g € G is, in terms of small clusters,

8 o o1(C) _
Vi(g4) = LCT ! [C ~ g4, Ac = A,1c > 0]. (4.22)
Cima C

Here, again, C is the support of C, A¢ its horizontal projection onto Z", Ac = {z € Z";x X
[0, Blper NC # 0}, and I¢ its vertical projection, |A¢| and |I¢| their corresponding areas, and
the condition C ~ g4 means that each loop of C'is immersed in the ground state g. Notice that
“horizontal extension” of any small cluster is at most R: if C is a small cluster, diam (A¢) < R.
The definitions of Section 2.2 are now clear, once we identify the effective potential ¥ defined
in (2.6) as the limit 3 — oo of (4.22). Namely,
U= lim ¥
B—00

Our assumptions in Section 2.4 concern the limit 8 — oo of the effective potential, but at
non zero temperature we have to work with W2, To trace down the difference, we introduce
yP? = WP — U, Notice that (4.22) implies \I/i(nA) = 0 whenever ny ¢ G4 or diam A < 2Ry.

Recalling that if C' C Ty, C is the smallest box containing C, we introduce, for any cluster
cecC Iimall’ the function

T (C)
lIc|

T — g _ r r
o (C 1) = / dTH[ICBT](H[CNF] H[nAC(T)EGAC,C’NnAC(T)]). (4.23)
0
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Here, the first indicator function in the parenthesis singles out the clusters whose each loop is
compatible with I'; while the second indicator concerns the clusters for which ”1;10 (1) € Ga,

and each their loop is immersed in the configuration nY(7) (extended as a constant to all the

time interval I¢). Observing that ®T(C;T) = 0 whenever C' Ncore’ = @, we split the integral
over small clusters into its bulk part expressed in terms of the effective potential and boundary
terms “decorating” the quantum contours from I'.

Lemma 4.3. For any fixed I' € Dy, one has
T _ r B/ T T /(.
[ dca™©) =~ [ a@nuamh)- [ dunumheo [ | ace(cn.
Cimall(r) VH‘A TA Cimall
The term ®T(C;T) vanishes whenever C Ncorel = ().

Proof. To get the equality of integrals, it is enough to rewrite

/ dca™(C) = / dco™(C)1[C ~T] (4.24)
Cin)all (F) Cinlall
and 5
— [ a9 () = / dCa™ (C) / dr1[nh, (7) € Gag,C ~ nb (7). (4.25)
TA C{s\‘rnall 0

Moreover, whenever Cncorel = @, the configuration ngc (1) belongs to G 4., and it is constant, for all T € I¢.
Under these circumstances, the condition C ~ I is equivalent to C ~ nly . () and the right hand side of (4.23)
vanishes.

|
Whenever I" € D, is fixed, let W;(I') C T be the set of space-time sites in the state d, i.e.
W) ={(z,7) € Tx : ”E(x) (1) =dv@)}-
Notice that
Ty = suppFUdUD Wy(T); Wa@)NWeg(T)=0ifd+#d,
€

and the set supp 'NWy(T") is of measure zero (with respect to the measure d(z, 7) on Ty ). Let us

recall that the equivalent potential Y satisfies the equality > 4 -, Ta(na) = > 4ca(Pa(na) +

W 4(na)) for any configuration n on the torus A and that we defined e(d) = ) 45 T‘Tfﬁ“) for

every d € D.

Lemma 4.4. The partition function (4.7) can be rewritten as
Zpe — / ar T oM@ T () R0,
Dy deD ~€eT

Here the weight z(vy) of a quantum contour v = (B,wp) with the sequence of transitions
(Ai,..., Ay) at times (T1,...,Tm) is

) = [[(n (7 = 0 Vi In (5 + ) exo{ — [

i=1 B

The rest R(T") is given by

R() = / dCo™(C) - / A(A, T)eh (nhy (7)) + / dCa™(C;T).  (4.27)
[N (F)\Cimall (F) Ta Ciman

d(w, el ()} (4.26)

Proof. Using the Lemmas 4.1 and 4.3 to substitute in (4.7) the contribution of loops by the action of the effective
potential, we get

" = /D ar{ [T (4, (r:~0)| Va, I, (r:+0)) } exp{ -
A

i=1 Ta

(A, 7)(@a(nh(r)+Wa(mb() } X (4.28)
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Replacing ® + ¥ by the physically equivalent potential Y, we get

Zy = / dr{ T (nk, (r: = 0)| Va, nkx, (7 +0)) | exp{— / d(w)ez(nw»} [[ emmale™®,
DPer i supp I’ deD
(4.29)
We get our lemma by observing that the product over quantum transitions and the first exponential factorize
with respect to the quantum contours, as it was the case for the loops (for fermions the sign is arising because
of anticommutation relations also factorize; we again refer to [DFF1] for the proof).
|

Our goal is to obtain a classical lattice system in v + 1 dimensions. Thus we introduce a
discretization of the continuous time direction, by choosing suitable parameters g > 0 and

N € N with g = N%.ll Setting Ly to be the (v + 1)-dimensional discrete torus L =
A x{0,1,...,N — 1} P" — let us recall that A has periodic boundary conditions in all spatial
directions — and using C(x,t) C R“*! to denote, for any (x,t) € Ly, the cell centered in
(, gt) with vertical length 3/A, we have Ty = U ter, C (1)

For any M C LLp, we set C(M) to be the union of all cells centered at sites of M, C(M) =
Uz,emC(x,t) C Ta. Conversely, if B C Ty, we take M(B) C La to be the smallest set such
that C(M(B)) D B. Given a connected'? set M C L, and a collection of quantum contours
I' € DY, we define

o(M;T) = / dC1[M(C) = M|®T(C)+
Ca(D\CRm (D)

+/, dCI[M(C)= M,C ¢ C(suppl)]®*(C; r)—/ Ad(A, )5 (nh (7)) (4.30)
Cmall M(AxT)=M

and
R(T) :/ dC1[C c C(suppT)]@T(C;T). (4.31)
C[imall

We have separated the contributions of the small clusters inside C'(suppI'), because they are
not necessarily a small quantity, and it is impossible to expand them. On the contrary, o(M;T")
is small, and hence it is natural to write

SR — JR(D) ST (ew(M;F) _ 1), (4.32)
M MeM
with the sum running over all collections M of connected subsets of L.

Let supp M = Uprem M. Given a set of quantum contours I' € D}Cer and a collection M,
we introduce contours on L by decomposing the set M (suppI') U supp M into connected
components [notice that if (z,t) ¢ M (suppI') Usupp M, then C(x,t) C UzepWy(T")]. Namely,
a contour Y is a pair (suppY, ay) where suppY C L, is a (non-empty) connected subset of
LA, and ay is a labeling of connected components F' of 0C(suppY), ay(F) =1,...,r. We
write |Y| for the length (area) of the contour Y, i.e. the number of sites in suppY. A set
of contours Y = {Y1,...,Yx} is admissible if the contours are mutually disjoint and if the
labeling is constant on the boundary of each connected component of Ty \ UyeyC(suppY).
Finally, given an admissible set of contours ), we define W;()’) to be the union of all connected
components M of Ly \ Uyeysupp Y such that C(M) has label d on its boundary.

Consider now any configuration w € QX yielding, together with a collection M, a fixed set
of contours ). Summing over all such configurations w and collections M, we get the weight
to be attributed to the set ). Let I'“ be the collection of quantum contours corresponding

HRemark the difference from [BKUJ; here the vertical length of a unit cell 3/A depends on ||V||, since so
does the quantum Peierls constant A.
12Connectedness in Ly is meant in standard way via nearest neighbours.
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to w, UyeysuppY = M (suppI'*) Usupp M. Given that the configurations w are necessarily
constant with no transition on Ty \ C'(M (suppI'*) U supp M), we easily see that the weight
factor splits into product of weight factors of single contours Y € ). Namely, for the weight 3
of a contour Y we get the expression

5(Y) = / dI‘ I] =t ] e c@matrnComny) GRar)
per

vyel deD

3 I [M(suppT) Usupp M = suppY] [ (e“’(M . 1), (4.33)
M MeM
where DY (Y') is the set of collections I' of quantum contours compatible with Y, I' € DY (Y)
if suppI’ C supp Y and the labels on the boundary of supp I' match with labels of Y. Thus, we
can finally rewrite the partition function in a form that agrees with the standard Pirogov-Sinai

setting, namely
ZRT =Y "1[ ¢ Ke(d)Wa(D)| Isv) (4.34)

Y deD Yey
with the sum being over all admissible sets of contours on L.
In the next section we will evaluate the decay rate of contours weights in a preparation to
apply, in Section 6, the Pirogov-Sinai theory to prove Theorems 2.1, 2.2, and 2.3.

5. EXPONENTIAL DECAY OF THE WEIGHT OF THE CONTOURS

In this section we show that the weight 3 has exponential decay with respect to the length
of the contours. We begin by a lemma proving that the contribution of M is small, that we
shall use in Lemma 5.2 below for the bound of 3.

Lemma 5.1. Under the Assumptions 1-6, for any ¢ < oo there exist constants (3, By < o0,
and g9 > 0 such that for any 8 = Bo, Bo < B < 28y, and IV < &0, one has

Z |es0(M;F _ 1‘60|M| <1
M>(z,t)

for any contour Y and any set of quantum contours T € DY (Y).

Proof. We show that
> Je;m)|e ™M <1
M>(x,t)
This implies that |¢(M;T")| < 1 and consequently Lemma 5.1 holds — with a slightly smaller constant c.
Let us consider separately, in (4.30), the three terms on the right hand side: (a) the integral over big clusters,
(b) the integral over small clusters, and (¢) the expression involving 4.
(a) Big clusters. Our aim is to estimate

J= Y eC‘M‘/C dC1[M(C) = M]|@"(C)|.

M5(at) ADN\CEmaI(T)
Since M (C) = M and M > (z,t), the cell C(z,t) either intersects a quantum transition of C, or it is contained
in a box B belonging to a loop of C' (both possibilities may occur at the same time). In the first case we start
the integral over clusters by choosing the time for the first quantum transition, which yields a factor 8/A. In

the second case we simply integrate over all loops contalmng the given site. In the same time, given a cluster
C=(&,...,6n), &= (Bi,wgi,giii) and B; = A; X [Tl( ),72 ], the condition M (C) = M implies that

S {1+ 1B} = (| (5.1

i=1

Using it to bound |M]|, we get the estimate

3 c Cé~ c C
J < ﬁ/ dcje™(c)| I s +/ dC1[C 3 (z,7)] 1@ (C) I] e A1+ 3181 (5.9)
A c(@ )\ ¢ small Ca\C small
A cec A\ey ¢ec



26 EFFECTIVE INTERACTIONS DUE TO QUANTUM FLUCTUATIONS

Taking, in Lemma 4.1, the constant ¢ as above as well as a3 = %(2130)_”7 = cA/B, 6 = 1, and choosing
the corresponding eo(c, a1, a2,9), we can bound the second term of (5.2), for any ||V|| < €0, with the help of
(4.12) once (3 is chosen large enough to satisfy

E _C p2v
A AOR (5.3)

To estimate the first term of (5.2), we first consider the contribution of those clusters for which

< T awyzemia

£eC

Bl

Applying it together with (5.3) we can directly use the bound (4.13).
Thus it remains to estimate the contribution of those terms for which

< log log(A/f)
5.4
< Tog VIl (54
Let us first fix 3 and g0 < eo(c, a1, a2,0) with the constants ¢, a1, az, and ¢ as above, so that
B 2v
Kadl —R 5.5
o Ay (5.5)
and, in the same time,
ﬁ <e k 2k’ (2Ro) ™Y (5.6)

for a suitable large k' (we also assume that g < 1). Here k is the constant that appears in Assumption 4,
A(IV]]) = ||[V]]*. Observing further that A(]|V'||) can be taken to increase with ||[V'|| (one can always consider
a weaker lower bound A when taking smaller ||V||), we conclude that (5.3), as well as the condition

Jog(A/B)
3R v <F

are satisfied for every ||V'|| < 9. Thus, it suffices to find an upper bound to
! B / T /
J == dC|® " (C)|1 Al < K. 5.7
8 dCRT @I 14 <] 67
A X cec

The main problem in estimating this term stems from the factor 1/A that may be large if ||V|| is small. Thus,
to have a bound valid for all small ||V||, some terms, coming from the integral, that would suppress this factor
must be displayed.

The condition } . o |4 < k" will be used several times by applying its obvious consequences: (i) the number
of loops in C is smaller than k', (ii) the number of transitions for each loop is smaller than k', (iii) each transition
A is such that |A| < k', and (iv) the distance between each transition and z is smaller than k'.

Furthermore, we use Assumption 5 to bound the contribution of the transitions of C'’; recalling the definition
(4.9) of the weight of &, we have, for any large C,

[T =@ <ui(vina IT exof - / A(4, 7)@a(nS, (7)) — ®algs ()]}

e cec
(VDA T e ® " 2ol®l, (5.8)

£ec

In the last inequality we used Assumption 2 in the form of the bound (2.3) as well as the lower bound |72 — 71| =
EI‘ |B‘ for the support B = A X [r1, 72] of the loop &.

For any £ € C = (&1,...&n), let 7 be the time at which the first transition in C' occurs (we assume that it
happens for the “first” loop &1) and 7¢ be such that 7 + 7¢ is the time at which the first transition in & occurs
(751 = 0). Referring to the condition (i) on the number of loops in C, we get the inequality

DIt K ZIBI

§#&1

__Bo_ ;& 1p—2v
< He kaRzy‘T | HegR AOIB"
£ 3

and thus also
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Integrating now over the time of the first transition for each £ € C, £ # &, and taking into account that
|<PT(517 &R < n" "2, we get

’

B K n—2 I P2V Lo n
J’<ﬂb1(|lV\|)Z:17(:_1)!(7%:? ) 1{/ﬁ(m)T)d§e*§R izl p e w]} (5.9)

Here the constraint [ : k'] means that the loop &; satisfies the conditions (ii)—(iv) above. We have then a
finite number of finite terms, the contribution of which is bounded by a fixed number K < oo (depending on &g,
B, and k). Thus J’ < Bb1(||V||)K which can be made small by taking ||V'|| sufficiently small.

(b) Small clusters. Let us first notice that |®T(C;T)| < |®T(C)|, and since M(C) = M, inequality (5.1) is
valid. Moreover C' must contain at least one of the two boundary points (yﬂf% + %) of some cell C(y,t) for
which dist (z,y) < R. Indeed, given that C is small and in the same time Cncorel # () (c.f. Lemma 4.3), this is
the only way to satisfy also C' ¢ C(suppT) [c.f. (4.30)]. Thus it suffices to use again (4.12) and (5.3) to estimate

" c Cé-
(2R)”/ AC1[C 5 (z,7)]|87(C)| T 517
Cimall gec
(c) Bound for 1®. Finally, we estimate the expression involving ¥%. We first observe that
e pi(ga)l <1 (5.10)
for any A C Z" and with o = %R%”Ao, Indeed,

e [ (ga)| = 7 W5 (ga) — Wa(ga)l =
af (I)T(C)
lc|
2 (C)
lc|

_|_

—/ dCH[CNQA,Ac:A,]CBO,CCAX[O,ﬁ]per,uc‘:ﬁ]
cgmall

+/ dC1I[C ~ga,Ac = A,1c 50,C C A x [—00,00],|Ic| > f] (5.11)
Cimall

The first integral above corresponds to clusters wrapped around the torus in vertical direction, while the second
one assumes integration over all clusters in A X [—00, 00]. For any C above it is |I¢| > 8 and thus

e < H el Bl
cec

Observing now that every cluster in both integrals necessarily contains in its support at least one of the points
(z,0), x € A, and using the fact that diam A < R, we can bound the first integral by

L T alB|
3 /Cimn dC1|[C 5 (z,0)]|® (O)] H Bl

£ecC

which can be directly evaluated by (4.12). The same bound can be actually used also for the second integral,
once we realize that the estimate (4.12) is uniform in 3.
Using now the fact that ¢4 = 0 if diam A > R, the condition M (A x {r}) = M implies that M has less than

%
c| M| < ecR

R sites, hence e . Furthermore, referring to (5.10), we have

/ A(A, T[T [M(A x {r}) = M] ™ < ge*%R‘”AoB*CR” : (5.12)

Ta

which can be made small for 3 sufficiently large and concludes thus the proof of the lemma.
|

Using Lemma 5.1 and introducing ey = mingep e(d), we can estimate the weight 3 of the
contours in the discrete space of cells.

Lemma 5.2. Under the Assumptions 1-6, for any c < oo, there exist BO,BO < oo and ey >0
such that for any B = Bo, o < B < 206p, and ||V|| < g0, one has

3(Y)] < e—geolYl e—clYl

for any contour Y.
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Proof. For a given I" (such that M (suppI') C suppY) with transitions {A1,..., A} at times {71,...,Tm}, we
define A(T') = U2 Ugea, [V(2) X 1], A = M(A(T")), and £ C suppY \ A to be the set of sites (z,t) such that
ngw)(T) ¢ Dy (s for some (z,7) € C(x,t). The latter can be split into two disjoint subsets, & = £ U £%1
with (z,t) € £°°"° whenever nl‘“,(z)(T) ¢ Gy () for some (x,7) € C(x,t). The condition M (suppI') Usupp M =
suppY in (4.33) implies the inequality
Y] ¢ ERRIMADI ol T el
MeM

(From definitions (4.33) of 3(Y') and (4.26) of z(7), and using Assumption 4, we have
) B (B—e core| _ (B A —v _ )| gcore
W) < 3 e KoY\l SN S oo\ (RS CR) Tl

ACsuppY ECsupp Y\ A £core C&

></ dr' I [M(A(T)) = A, M(corel) = £ H{ 7 — 0)| Va, [n, (1 + 0))] e"7 1441 &
L per

X eXp{—/C(A> d(wﬁ)ef(nr(r))}e'“(”‘ 3 I [e#™™ —1]ec™l. (5.13)

M,supp MCsuppY MeM

All elements in M are different, because it is so in the expansion (4.32). Therefore we have

Z H |e¢(M;r) _1‘ec|M| < Z %[ Z ’ev(M;F) _1|ec\M\]n

M,supp MCsuppY MeM n >0 " "MCsuppY
. n
<Y S [\Y| 3 e —1|eC|M|} (5.14)
n>0 M5 (xz,t)

and using Lemma 5.1 this may be bounded by e!¥'!.

In (4.31) clusters are small, and they must contain a space-time site (x,7) such that there exists z’ with
Y
(z',7) € corel and dist (z,2") < R. So we have the bound

IR(T")| < (2R)"|coreT| dC1[C 5 (z,7)] |<I)T(C)|,
Cimall
since |®T(C;T)| < |®T(C)|. Taking now, in Lemma 4.1, the constants ¢ = a1 = az = 0 and § = W’ and
choosing the corresponding o, we apply (4.12) to get, for any ||V|| < €0, the bound
~ A
IR(D)| < —(2R Y|coreT| < ﬁ—o(m) v|gcore .
A 4
~ core 3 A —v core
Assuming 8 > ¢ and §A40 > (2R)"c [c.f. (5.3)], we bound e~ (B=OENE™ | (— (X TR (2R) ™" —o)[€7| < 1.
Inserting these estimates into (5.13), we get
7£8 su i
s(r)] < e R ST g arn [MA) = A] [k, (= 0] Va, nf, (7 +0)
ACsupp Y DAer =1

eCRIAl expd — z,7)[el (n" (7)) — eo] b .
x p{- [ @l @) e} 615)

To estimate the above expression, we will split the “transition part” of the considered quantum contours into
connected components, to be called fragments, and deal with them separately. Even though the weight of a
quantum contour cannot be partitioned into the corresponding fragments, we will get an upper bound combined
from fragment bounds. Consider thus the set

A(T) = coreI' N C(A(I))
and the fragments ¢; = (Bi,wp,) on the components B; of A(I'), A(T') = U, B;, wp, is the restriction of w’

onto B;.
(From Assumption 4, we have

/C<A)d(1:,7) [e}(nf(f)) —eo} > 1(2R) ”AOZ|B|

Let us introduce a bound for the contribution of a fragment ¢ with transitions A;,j =1,...,k,

2(¢) = e*g(QR) YAo|B| H |(nS (m1 —0)] VA |'"'A (1 + 0)>|eC(2R)”\AJ\ )
j=1
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Then, integrating over the set Fc(4) of all fragments in C'(A), we get

E n
Y [(v)] < e Reol Yl 5™ ghuepy\a > / , (5.16)
fC(A)

ACsuppY n > O

Anticipating the bound fFC(A) d¢z(¢) < |A|, we immediately get the claim,

B
eclYl l3(Y)| < e—ZEO\Y\ 3Y 7

with a slight change of constant ¢ — ¢ — 3.
A bound on the integral of fragments. Let us first consider short fragments ( = (B,wp) satisfying the
condition

k
Z 4] < 10eB&/B) (5.17)
~ log|[V]

The integral over the time of occurrence of the first transition yields the factor 3 /A. Notice that ¢ is not a loop.
This follows from the construction of quantum contours and the fact that B is a connected component of A(I‘),
where every transition is taken together with its R-neighbourhood. Thus, either its sequence of transitions does
not belong to S, or the starting configuration does not coincide with the ending configuration. In the first case
we use Assumption 5, in the second case Assumption 6, and since (5.17) means that the sum over transitions is
bounded, we can write

[ ao<iaL (5.18)
Fshort
Finally, we estimate the integral over (’s that are not short. We have
B 5
[ o< e O (5.19)
Fe\Fg (ii) Fol)\Fe ()

Here fg(zg is the set of all fragments ¢ whose first quantum transition (A1, 71) is such that x € A; and 7 = 71.
Whenever ( is not short, we have

k
<STLIvI-b.
B i
Thus, defining
k
. v 1451
2/(0 _ 67%@3) Ag|B| H|:HV”%ec(2R) +1] J ’ (5.20)
j=1
we find the bound
| Al d¢z'(¢).
F(z,T)

Here, slightly overestimating, we take for F(z,7) the set of all fragments containing a quantum transition (A, 7)
with « € A.

The support B of a fragment ( = (B,wg) € F(z,7), is a finite union of vertical segments (i.e. sets of the
form {y} X [r1,72] C Ta) and k horizontal quantum transitions A, ..., Ay.

‘We will finish the proof by proving by induction the bound

[ o=t (5.21)
F(x,7;k)

with F(z, 7; k) denoting the set of fragments from F(z,7) with at most k quantum transitions.

Consider thus a fragment ¢ with &k horizontal quantum transitions connected by vertical segments. Let (A, 7)
be the transition containing the point (z,7) and let (A1,7 + 71),...,(Ae, 7 + 7¢) be the transitions that are
connected by (one or several) vertical segments of the respective lengths |71|, ..., |7| with the transition (A, 7).
If we remove all those segments, the fragment ¢ will split into the “naked” transition (A4, 7) and additional £ < ¢
fragments (1, ..., (g, such that each fragment ¢;, j = 1,..., £, belongs to F(y;, 7 +7;; k— 1) with y; € A. Taking
into account that the number of configurations (determining the possible vertical segments attached to A) above
and below A is bounded by S?“! and that the number of possibilities to choose the points y; is bounded by
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|AY, we get
IR SGE
F(z,73k)
oo ‘
1 @Ry 145 1Al ~ 4 (2R) ™V Ag(ry+-+rg) %
< V|2 e" PR+ g2 f/dn /dT ezl ot d¢z'(¢5)
Z [ } Zz:: Vi H F(yj,7+7j;k—1) !

A,dist (A,2)<R 1 j=1

< Z [HVHQSQ ¢(2R)Y +2]|A\ 2(2R)Y /Ag <1 (5.22)
A, dist (A,z)<R

once |V|| is sufficiently small. O

In the application of Pirogov-Sinai theory we shall also need a bound on derivatives of the
weight of contours.

Lemma 5.3. Under the Assumptions 1-7, for any ¢ < 0o, there exist constants o 50730 < 00

and g9 > 0 such that if 3 > Bo, fo < B < 260, and |V|| + 321~ H@u V|| < eo, one has

aﬁ Y e AeO‘Yl C‘Yl
}(M | < aflY]

for any contour Y .
Proof. jFrom the definition (4.33) of 3, one has

0 0 o -~
’Tﬁ(y)|<|3( {2‘8 Z‘WdﬂC(suppY)HTeu(d)’Jr}TR(F)’}
Hi ~er deD Hi i
+/ dr lz(7)] o~ (DIWanC(supp V)| |R(D)|

Z I [M(suppT) Usupp M = supp Y] Z ‘ P(MiT) 88 o(M; F)‘ H |e“"<M’§F) — 1‘. (5.23)

MeM P M’ €M, M'#£M
The bound for |B—Mz(f‘)| is standard, see [BKU], and |%e“(d)\ is assumed to be bounded in Assumption 7. For
the other terms we have to control clusters of loops. Since we have exponential decay for z(£) with any strength
(by taking 8 large and ||V|| small), we have the same for aiulz(f) (by taking 3 larger and ||V|| smaller). The
integrals over C can be estimated as before, the only effect of the derivative being an extra factor n (when the
clusters have n loops). |

6. EXPECTATION VALUES OF LOCAL OBSERVABLES AND CONSTRUCTION OF PURE STATES

So far we have obtained an expression (4.34) for the partition function Z{ of the quantum
model on torus A in terms of that of a classical lattice contour model with the weights of the
contours showing an exponential decay with respect to their length. Using the same weights
3(Y), we can also introduce the partition functions ZX(L) with the torus A replaced by a
hypercube A(L) and with fixed boundary conditions d. Namely, we take simply the sum only
over those collections ) of contours whose external contours are labeled by d and are not
close to the boundary®® . Notice, however, that here we are defining ZX( L) directly in terms
of the classical contour model, without ensuring existence of corresponding partition function
directly for the original model. We will use these partition functions only as a tool for proving
our Theorems that are stated directly in terms of quantum models.

To be more precise, we can extend the definition even more and consider, instead of the torus
A, any finite set V. C L = Z" x {0,1,..., N — 1} P°". There is a class of contours that can be
viewed as having their support contained in V' C L. For any such contour Y we introduce its
interior Int Y as the union of all finite components of L \ supp Y and Int 4Y as the union of all
components of Int Y whose boundary is labeled by d. Recalling that we assumed v > 2, we note

131y the terminology of Pirogov-Sinai theory we rather mean diluted partition functions — see the more
precise definition below.
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that the set L\ (suppY UIntY') is a connected set, implying that the label ary(-) is constant
on the boundary of the set V(Y) = suppY UIntY. We say that Y is a d-contour, if ay = d
on this boundary. Two contours Y and Y are called mutually external it V(Y) NV (Y') = 0.
Given an admissible set ) of contours, we say that Y € ) is an external contour in Y, if
suppY NV (Y') =0 for all Y € Y, Y’ # Y. The sets ) contributing to Z& are such that all
their external contours are d-contours and dist (Y,0V) > 1 for every Y € ).

In this way we found ourselves exactly in the setting of standard Pirogov-Sinai theory, or
rather, the reformulation for “thin slab” (cylinder L of fixed temporal size N) as presented
in Sections 5—7 and Appendix of [BKU]. In particular, for sufficiently large § and sufficiently
small ||[V||+3202] -2 g, V |, there exist functions fP#(d), metastable free energies, such that the
condition Re fA#(d) = fo, with fo = 0 Bk defined by fo = mingep Re fP#(d'), characterizes
the existence of pure stable phase d. Namely, as will be shown next, a pure stable phase <)?3
exists and is close to the pure ground state |d).

There is one subtlety in the definition of f%#(d). Namely, after choosing a suitable Bo, given
0, there exist several pairs (ﬁ, N) such that B e (30,230) and NG = 3. To be specific, we
may agree to choose among them that one with maximal N. The function f%#(d) is then
uniquely defined for each 3 > fy. Notice, however, that while increasing 3, we pass, at the
particular value 8y = NGy, from discretization of temporal size N to N + 1. As a result, the
function f%#(d) might be discontinuous at Sy with 3 = oo being an accumulation point of
such discontinuities. Nevertheless, these discontinuities are harmless. They can appear only
when Re f2#(d) > fy and do not change anything in the following argument.

Before we come to the construction of pure stable phases, notice that the first claim of
Theorem 2.2 (equality of fy with the limiting free energy) is now a direct consequence of the
bound ) )

Z/{)er o ‘Q|e*5fONLV < efﬂfoNL”O(efconst cL) (61)

(c.f. [BKU], (7.14)). Here Q = {d;Re f*(d) = fo}.
The expectation value of a local observable T is defined as
TrTe PHI

T per — -
T Tr e PHX

(6.2)

. . . _ per
In Section 4 we have obtained a contour expression for Z{” = Tr e #HA . We retrace here

the same steps for ZP*(T) := TrTe PHX" . Duhamel expansion (4.1) for Z{(T) leads to
an equation analogous to (4.2),

per Z Z Z / dTm<n%’T‘n}\>

m >0 nm A, A 0<m1<.. <Tm<ﬁ
Aca”
—r HOP (n} —(r2 =) HVP (n2) m 0\ o= (B=Tm)HL P (n9)
e ! A (nj| Va, [n}) e mmITO0 (0 Va,, [n]) e P AT (6.3)

Configurations nQ A and nk A match on A\ suppT (suppT C A is a finite set due to the locality

of T), but may differ on suppT if T is an operator with non zero off-diagonal terms. Let

Qper( ) be the set of quantum configurations with na(7) that is constant except possibly at
™ (A; x 1) U (suppT x 0). Then

23 = /Q( dwn (] T Inkp™ (wr,). (6.4)

We identify loops with the same iteration scheme as in Section 4, starting with the set
B (w)U(supp T x 0) instead of B(®)(w) only. This leads to the set BT (w). Removing the
loops, we define BeT(w), whose connected components form quantum contours. There is one
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special quantum contour, namely that which contains supp T’ x 0. Let us denote it by 47 and
define its weight [see (4.26)]

m
T T T
ZT(/YT) = <nZuppT( )| T |nsuppT(+0)> H< 1 (Ti - O)‘ ‘{42 |n11 (Ti + 0))
=1
exp{—/d(w,r)eg(nWT(T))}. (6.5)
B
Let I'T = {47 'yl, ...,k } be an admissible set of quantum contours, defining a quantum

configuration W' e QR“(T). Then we have an expression similar to that of Lemma 4.4,
Zpn (@) = [ arT T e Mt o Ty T ae)e, ()
P aen YErT\{y7}

with R(I'T) as in (4.27) with T replaced by I'T.
Next step is to discretize the lattice, to expand e
suppT x 0 C Ly, to define 37 (YT) [see (4.33)]:

R(IT) ,and if Y7 is the contour that contains

ZT(YT) _ / . dPTZT(,YT) H H o—e(d)[Wa( (I'TYNC(supp YT))| eﬁ(rT)
DR(YT) ,yepT\{,yT} deD
Z I [M (supp I'" Usupp M = supp YT] H (e‘P(M;FT) —-1). (6.7)
M MeM
We also need a bound for 37(Y7T). It is clear that the situation is the same as for Lemmas
5.1 and 5.2, except for a factor (n SqupT( 0)|T \nsuppT(+0)> that is bounded by ||T'||. We can

thus summarize:

Lemma 6.1. Under the Assumptions 1-6, for any ¢ < oo, there exist [, By < 00, and g9 > 0
such that if B = Lo, Bo < B <206y and |V || < &9, we have

T =) [1 e 5c@MaDTwT) T s(v), (6.8)
YT={YTY1,....Y3 } d€D YeyT\{y7}
for every local observable T, with
TyTy| < clsupp 7| —§60|YT| —c|YT|
3" (YOI < || e e e
for any contour Y.

In a similar manner as at the beginning of this section, we can introduce Z‘%(T) forany V C L
by restricting ourselves in the sum (6.8) to the collections Y whose all external contours are
d-contours and dist (Y,0V) > 1 for every Y € YT. Thus we can define the expectation value

Za(T
) = VZ;)

(6.9)

for any V C L and, in particular, the expectation <T>§{( /) for a hypercube A(L).

Again, this is exactly the setting discussed in detail in [BKU]. We can use directly the
corresponding results (c.f. [BKU], Lemma 6.1) to prove first that the limiting state (-)4 3 exists.
Further, retracing the proof of Theorem 2.2 in [BKU] we prove that the limit
per TrT e PHR™

P = lim (6.10)

T er
) A/ Ty e PHE
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exists for every local T (proving thus Theorem 2.1). Moreover,

(T)5" = = 5 Z )4, (6.11)

deqQ

where, again, @ denotes the set of stable phases, @ = {d;Re f%*(d) = fo}. Thus we proved
the claim d) of Theorem 2.2.

Also the assertion c) follows in standard manner from contour representation employing di-
rectly the exponential decay of contour activities and corresponding cluster expansion (c.f. [BKU],
(2.27)).

Before passing to the proof of b), we shall verify that ()% G is actually a pure stable state

according to our definition, i.e. a limit of unperturbable states'?. To this end, let us first
discuss how metastable free energies f2#(d) change with p. The standard construction yields
fP#(d) in the form of a sum e#(d) + s%#(d), where s%#(d) is the free energy of “truncated”
contour model K/ (Y) (see [BKU], (5.13) and (5.6)) constructed from labeled contour model
(4.34), which is under control by cluster expansions. As a result, we have bounds of the form

O(e P+ ||V]+XiZ H H on |s?#(d)| as well as on the derivatives with respect to p. Hence,

in view of Assumption 7 the leading behaviour is yielded by e*(d).
Starting thus from a given potential ®* with Q* = {d € D;Re f%*(d) = [}, one can easily
add to ®* a suitable “external field” that favours a chosen d € Q*. For example, one can take

i (n) = @i (n) + ady(n)

with 04 defined by taking d%(n) = 0 for ny = da and §4%(n ) 1 otherwise!®. Now, since

%2’7:(@ is bounded from below by a positive constant (Whlle (d) = 0 for d’ # d), for any

a > 0 the only stable phase is d, Re f#*%(d) = fﬂ calal— mmd/eD Re fA#2(d'), and, in the

same time, Re fA#o(d) > f2** for d' # d. Thus, Q* = {d} and (- )% e = () hora- This
state is unperturbable — when adding any small perturbation, metastable free energies will
change only a little and that one corresponding to the state d will still be the only one attaining
the minimum. The fact that in the limit of vanishing perturbation we recover <>% o a8 well
as the fact that
i 8 = i (= O

follows by inspecting the contour representations of the corresponding expectations and ob-
serving that it can be expressed in terms of converging cluster expansions whose terms depend
smoothly on « as well as on the additional perturbation.

To prove, finally, the claim b) of Theorem 2.2, it suffices to show that it is valid for (-)

per

Bip,or
()4 u.a for every a > 0. Abbreviating (- Ve = ()P and HIP™ P = HF”, we first notice
that the expectation value of the projector onto the configuration d on suppT, PsuppT =

|dsupp ) (dsupp 7| , 15 close to 1, since its complement ((1 — Ps‘flppT»per = ((1 - Ps‘flppT»d is
related to the presence of a contour intersecting or surrounding supp 7 (loops intersecting
supp T x {0} are considered here as part of quantum contours), whose weight is small. More
precisely, for any § > 0 we have

<(]1 suppT)>per < 5|SuppT|a

HRecall that, up to now, the state (-4 is defined only in terms of the contour representation (see (6.9), (6.8),
and (4.34)), and the only proven connection with a state of original quantum model is the equality (6.11).
15Actually, we can restrict 6% only to a particular type of sets A — for example all hypercubes of side R.
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whenever ||V|| is small enough and (3 large enough. Furthermore,

per
<T>1I\)er - ZPer [Tr (Psupp TTPSCflppT o PHA )+

per _ per
T (1= Py 1) TPz e FX7) 4 T (T(1 = Plyr) e PHE7)] - (6.12)

and
Tr (PUPPTTPSCflppTe_ﬁHKCY) (da| T'|dp)Tr ( (flppTe_ﬁchr)
= (dal T Jda) [T (& FX) — Tr (1= Py ) e P2 )],
(6.13)

so that we have

(TYRT — (da| T |da)| <
- ‘(dA|T‘dA>‘<( PsuppT per_‘_‘ ]1 PsuppT)TPSUPPT per‘ 4 |<T(]1 PsuppT»}%er}. )
6.14

The mapping (7,7") — (TTT")X*, with any two local operators T, 7", is a scalar product;
therefore the Schwarz inequality yields

per

(D)X = (dal T lda)] < [{dal T |da) (1 = Pippr)) X
(((11 suppT))/I\)er> : <[<PscflppTTTTPsuppT> r] % + [<TTT>Xer] %>

<TI0 = P8 +2(4(1 = P E)?| < IITIsupp T1(6 +26%).  (6.15)

The proof of the remaining Theorem 2.3 is a standard application of the implicit function
theorem. Thus, for example, the point fiy of maximal coexistence, Re f2#0(d) = Re fB#0(d")
for every pair d,d’ € D, can be viewed as the solution of the vector equation f(fg) = 0,
with f(u) = (Re f7#(d;) — Re f7* ( izt Now, [ = e+ s, e(u) = (eM(di) — e(dr))iZ1,
s(u) = (Res%"(d;) — Res?#(d,))'—], with ||s|| as well as H

once |V + > i~ IH oV H is sufficiently small (3 is sufficiently large. The existence of a unique

solution fig € U then follows once we notice the existence of the solution g € U of the equation
e(uo) = 0 (equivalent with e (d) = e#0(d'), d,d’ € D) and the fact that the mapping

Oe
) -1
T:p—A (6_p’#=l‘0(u — Ho) — f(,u))
with A~! the matrix inverse to (‘9—2), is a contraction. To this end it is enough just to recall

Assumption 7 and the bounds on s #(d), d € D, and its derivatives.
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