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Abstract

We analyze the two and four-point truncated function of a lattice system of unbounded
continuous spin variables describing a large class of light-mass quantum anharmonic crystals
and some stochastic Ginzburg-Landau type models under intense noise. We develop a cluster
expansion and use it to obtain the decay of the two-point truncated function (which gives
information about the one-particle excitations), for the interactions with finite range or with
polynomial decay. Moreover, using a Bethe-Salpeter equation, we investigate the four-point
truncated in a perturbative approach (whose reliability is supported by the convergence of
the cluster expansion), and establish a condition for the existence of a two-particle bound
state in the low-lying spectrum of the system.

Short Title: Cluster Expansion for Quantum Crystals and Stochastic Models

1 Introduction

In this paper we develop a cluster expansion and investigate the low-lying spectrum of some
systems related to commonly used physical models, namely, to light-mass quantum crystals and
to stochastic Ginzburg-Landau (GL) type models submitted to intense noise.

The interest of such problems is well known. The study of the basic properties of the quantum
crystals, for example, is an old problem in physics. For these crystal models we mean a system
of unbounded continuous spin variables p; € R, in a lattice space with Hamiltonian given by
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where J; ; is usually taken as a positive operator (e.g., the lattice Laplacian; i.e., in some recent
rigorous works the pair interaction is restricted to the ferromagnetic case), and V' is given, e.g.,
by V(p;) = agpg + b(pf. In the present paper, we consider more general cases: we do not restrict
the quadratic interaction to ferromagnetic cases and neither the anharmonic potential to a local
interaction. We give details later. Recently, several works have been devoted to a rigorous
analysis of the small mass behavior of such lattice models (light-mass means that the system is
strongly quantum). E.g., in [1], [2], the fact that small mass implies uniqueness of Gibbs states
of a quantum crystal is rigorously established (there, for the ferromagnetic case and with local
anharmonicity), an important result about the influence of quantum effects on structural phase
transitions. See also [3] and references there in for more recent results. Effects of nonlocality in
the anharmonicity on the spectral properties of quantum crystals (in the regime of large mass)



are presented in [4]. In the present paper, besides other results, such as the uniqueness of a
phase given by the convergence of the cluster expansion, we will establish conditions for the
existence of a two-particle bound state in the excitation spectrum of these light-mass quantum
crystals, showing that the system, although in a single phase region, may have nontrivial spectral
excitations.

The stochastic GL type models are also extensively investigated in physics, in particular,
in the study of dynamical critical phenomena. The spectrum of the generator of the dynamics
gives information about, e.g., the relaxation rates of the correlation functions, and so, it is of
direct physical interest. Recently, several works have been devoted to detailed investigations on
the spectral properties of such systems. For the weakly coupled GL model, the existence of an
isolated one-particle and two-particle bound states have been established perturbatively in [5],
and rigorously in [6]. Effects on the spectrum due to changes in the noise strength are presented
in [7], [8], [9], for the small noise regime, and in [10] for intense noise. In [11], the one-particle
state is rigorously established for a particular case of these GL type models under intense noise.

In order to make clear the relation between the stochastic GL system and the anharmonic
quantum crystal, we present below a brief technical description of the dynamics generator of the
stochastic model.

Consider a system of unbounded continuous spin variables ¢z; € R, in a lattice space box
# € V c 7% (the thermodynamic limit is considered when V — Z9), with time evolution
(Langevin dynamics) given by
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where VS = 05/0¢, and the GL (spatial) interaction is

S(¢) = % > Jagosdgt+A> Pléa), (3)
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A > 0, P is a polynomial bounded from below; 7 is a family of Gaussian white-noise processes
with expectations

Emz:) =0, Ezmgy) =v0z50(t —1t), (4)

Z eV, t e [0,00) (in principle; we extend the time interaction to —t¢ and introduce a time
regularizer that makes ¢ discrete later); v > 0 is the noise strength: we will treat the regime
7> 1. Jz g is an arbitrary summable spatial interaction, i.e., we assume that Jz 7 is symmetric,
translational invariant with

sup | Jz g < oo. (5)
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Note that the pair potential J(Z, %) does not have to be positive.
The time evolution of functions f of the spin configuration ¢ for such systems is defined by

ftW) = E(f(¢t))7

where ¥ = ¢;—¢g is some initial condition. ;From Ito calculus, it follows that
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The generator H?/ of the strongly continuous semi-group describing the Markov dynamics above
is Hermitian and positive in the Hilbert space L2(da?/), where da?, is the invariant measure
given by the Gibbs probability distribution

do¥, = e 5D/ dgpy /normalization, where d¢y = H doz. (7)
eV

The ground-state of H is the eigenfunction f = 1 with eigenvalue zero. We note that HY, is
unitarily equivalent to a Schrédinger operator with a potential going to infinity: defining the
unitary operator U from L?(do?,) — L%(d¢v) as

(U1 (@) = 2,5 1 (9),

where Zy is the normalization in d(f?/, a straightforward calculation gives us
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Performing the derivatives, we get
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where ¢ is a constant (depending of J and d) nd [J x J]zg5 = > sy JzzJzy is the spatial
convolution.

The relation between the spectral properties of the generator of the stochastic dynamics and
the study of the excitation spectrum of the quantum anharmonic crystals becomes evident from
the expression for H?/ above, as we have recalled: note that the large noise intensity + above
represents the inverse of small mass m of the particles for the anharmonic oscillators in (1); note
also that the stochastic “potential” is more intricate.

It is useful to construct a Feynman-Kac integral formalism associated to H{, (or to H (1)).
It follows from standard procedures [12]. If fi,..., f, are functions of the spin configuration in
V, Q(¢) = 1 is the ground state of H(‘)/ and for t; <ty <...t, € R, now t; € [T, T}, then we
have
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where the path space measure dp(‘)/ is the weak limit 7" — oo of
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and dwf is a Gaussian measure with mean zero and variance given by
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where J(p) is the Fourier transform of Jz > |V] is the number of points in V; V is the Fourier
dual lattice; = (p1,...,pd) € V and p- (@ —79) = Z‘ij:l pi(zi — vi).

The Feynman-Kac formula above and the spectral theorem for Hermitian operators give
us the connection between the spectrum of the generator of the dynamics and the behavior
of the correlation functions. For example: for the truncated two-point function Sy(z;y) =

(pxy) — (D2)(Dy) = [ Gadydpyy — [ udpl [ dydpyr, v = (20,%), 20 =t € R, T € 7% (let us
assume the thermodynamic limit in this short comment), direct calculations lead to

)= [ ], e -9 (@0 g, (14)

where Sy is the Fourier transform of Ss, ( ﬁ) is the spectral projection associated with the
operators (H, ﬁ) (the momentum operator P is the space translation generator), the integral
over E runs from 0 to co and that over ¢ runs in 7%. Hence, a singularity in Sy for imaginary
po = iko gives a point in the spectrum (one-particle sector) of the generator of the dynamics,
and, by the Paley-Wiener theorem, the singularity in Ss is related to the decay of Ss. Similarly,
the decay of the truncated four-point function gives us information about, e.g., the existence of
two-particle bound states. More details and comments are presented in [6] and references there
in.

The rest of the paper is organized as follows.

In section 2 we introduce the model to be treated here, describe a formalism for the cor-
relations (a Feynman-Kac type integral formalism) and list the main results of the paper. In
section 3 we present the cluster expansion, whose convergence is proved in section 4. Section 5
is devoted to the study of the decay of the two-point truncated correlation, and section 6 to the
analysis of the four-point truncated function.

2 The model and main results

In the present paper we will analyze in detail the model of unbounded continuous scalar field
variables with (say) Hamiltonian

1 92
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where
Qo) = Pléz) + > > ¢=DLL %, (16)
i=1 yeVv

bz €R, VCZ ~v>0,\>0, Pis a polynomial bounded from below of degree 2m, ¢ > 0 is

an integer, a;,b; with ¢ = 1,2,..., ¢, are integers such that 1 < a;,b; < m. Jz; and D(q)q are
symmetric spatial interactions, translational invariant and such that, Vi =1,2,... ¢,
sup Z | Jzg|= Ju < 00, sup Z |D |I=D <oo (17)
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Analyzing these specific models, we will get properties of a large class of anharmonic quantum
crystals as well as of some stochastic GL models.

The spectral results to be presented are supported by a cluster expansion which we develop
here. To obtain these results, in a rough resume, we start from the dynamics generator (or
Hamiltonian), establish a lattice Feynman-Kac integral formula for the correlation functions,
relating the initial problem to a spatially non-local imaginary time quantum field theory. Then,
we study the decay of some truncated correlation functions using our “high temperature” cluster
expansion for unbounded spin systems, which is related to that recently proposed in [13]. Infor-
mation on the two-particle spectrum (related to the four-point correlation functions) is obtained
in a perturbative analysis only: we use the Bethe-Salpeter (BS) equation with the BS kernel in
a ladder approximation (details ahead). The reliability of the perturbative result is supported
(again) by the convergence of the cluster expansion.

The Feynman-Kac functional integral associated to Hy follows, as said, from standard pro-
cedures. If fy,..., f, are functions of the spin configuration in V, t; < to < ...t, € R, as
described in the introduction, we have an integral representation for the correlations

/ F1S(80)) - FulS(ta))dpy (18)

where, now, the path space measure dpy is the weak limit 7" — oo of
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and dwy is a Gaussian measure with mean zero and variance given by
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where J(p) is the Fourier transform of Jy z; |V| is the number of points in V; V is the Fourier

Z,95
dual lattice; 7= (p1,...,pq) €V and §- (Z— ) = Zle pi(x; — y;).

For technical reasons, we will consider a time regularized version of the measure dpa. Pre-
cisely, from now on, we consider only the values of ¢ in Z N [T, T], so that our Feynman-Kac
integral formula (18) becomes, say, the description of continuous spin system in a finite box
A= (ZN[-T,T],V) in Z¥! (with periodic boundary conditions in space and free boundary
conditions in time). Recall from field theory that such a (ultraviolet) cutoff shall not change
the low-lying spectrum. We also will use the notation x = (xg, ¥) € Z¥! with zg € Z N [-T,T)]
being the discrete time coordinate and & € V the space coordinate. We define 8 = 1/, and
S0, intense noise regime v > 1 corresponds to the small § regime. Hence, from the path space
measure dpy with discrete time, we introduce the “Gibbs measure” for such system:

ial) = [/ ~W ¢)de}_1/(.)6—%(¢>de
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where
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We used above that, due to the discrete time, —A¢ = 2024y, — 0|z9—yo|,1- I short, we have

pa() = ZlA/Hdd,xeﬂU(asz) [[ fGteon (), (25)
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where dg, is the Lebesgue measure in R and the partition function Z, is defined by

Zy= [ [ €@ [ dgae V%), (26)
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Here, U(¢) is a local polynomial function (on site potential) bounded from below and given by

U(0) = 5P(0)+ g

¢ + ¢ + Z ¢“ ¥ D;(0 (27)
with J(0) = J(#, %) and D;(0 ) = DU(&, &); we assume that J(&,7) and D (Z, i) are transla-
y-7= )

tional invariant and J(Z,y) = J(| ), DO(Z,¢) = DW(|5f — Z|). The coupling term is given

by
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Note that our problem involves, say, an unusual high temperature spin system: we have a
nonlocal anharmonic potential and the interaction decay depends on the direction (polynomial
in space, and short range in “time”).

The two point truncated function is given by

Sa(x5y) = pa(bzdy) — pa(Pz)a(oy). (30)

In the next section we will develop a polymer expansion for such model, which will permit
us to show that Sa(z;y) is analytic in § and admits upper and lower bounds uniform in A.
Now, let us state our main results.

Theorem 1 The two-point truncated function So(x;y), written as series in 3, converges abso-
lutely, uniformly in the volume |A|, for B, Jyr and A small enough. Moreover, Sa(x;y) has the
following bounds:

Sy ()| < CemmIzo=vol=ms|Z=4]

if Jz g and D(ﬁ)ﬁ are finite range (i.e., if 3 r > 0 such that Jz 3 = 0 for |& — 4] > r, and the same

for Dg 4) where C’ is a constant uniform in 3, Jyr and )\Dgw) ;0

/ 1—0z
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if Jz 7 and D(q)q have polynomial decay, i.e., for ¥ # i, Jz 3 < J/|Z -y’ and D(z) < D;/|%—y|P;
)

where C" is a constant uniform in 3, Jy; and )\DE\Z'

Remarks.

1. The upper bound described in theorem 1 shall give, essentially, the asymptotic behavior of

the two-point truncated Correlation Namely, assuming that we still have lower bounds for
i/|i-gP < DL < Dy f|E—gP,
T # 7, it follows that we shall also obtaln a lower bound for Sy(z;y) involving C" /|Z — y|P
(see e.g. [13]).

the interactions, e.g. J’

2. The one-particle mass M is directly related to the “time” decay of S, i.e., m' < M < m,
where m' is the term in upper bound above, and m the similar one in a possible lower
bound. A more precise estimate of M is possible by adopting standard techniques of con-
structive field theory, developed to study analyticity properties of one-particle irreducible
Green’s functions [12], taking as input the cluster expansion developed here. We do not
carry out these calculations here, but we go further on the mass spectrum and investi-
gate the existence of two-particle bound states. To get the results, we analyze the “time”
decay of the truncated four-point function in terms of a BS equation, and carry out the
computation considering the BS kernel up to dominant order in 3 only (ladder approxi-
mation). The convergence of the cluster expansion (leading, e.g., to a convergent series in
0 for So, as described in theorem 1) supports such a perturbative analysis. We emphasize
that in some related spectral problems (e.g. [6], [14], [15]), where a complete study has
been established, the rigorous results show that the spectral properties (e.g. one-particle
and two-particle bound state masses) are given as small corrections of those obtained by
similar perturbative approximations. For clearness, we summarize these results on the
two-particle bound states in the proposition below.



Proposition 1 Concerning the low-lying energy-momentum spectrum of the model, for the case
of the interactions restricted to even functions of the spin variable ¢, for B, Jyr, and A small
enough, considering the ladder approximation for the Bethe-Salpeter kernel, there is an isolated
two-particle bound state with mass M* = 2M +log(1 — (), if ¢ > 0, where M is the one-particle
mass and ¢ = [(¢*) — 3(¢>)]/[(¢*) — (¢?)], (-) is the expectation with respect to the single spin
distribution dv(¢) (31).

3 The polymer expansion

We now rewrite the expression for the partition function in terms of a polymer expansion. First
we define the single spin distribution (s.s.d.)
e—BU(9)
=y 4o,
C(A,B)

dv(¢) is a probability measure and (as usual) the partition function (26) can be rewritten as

Zy =] /du(%) 11 (eﬂczy(¢z,¢y) 1 1) _ oz, (32)
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dn(g) = cuﬁwa/fwwm, (31)

with
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A=1+) = Y p(Ra).p(Ra), (33)
n>1 Rq,..., RnCA
- R,L'QR]':[Z), |R;|>2
where Rq,... R, C A is a collection of subsets of A with cardinality greater than 1, with associ-
ated activities p(R) given by

pB) =] [avton) 3o T (tonto) -, (34)
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where > geGp 18 the sum over the connected graphs on the set R. Given a finite set A, we define
a graph g in A as a collection {v1,...,vn} of distinct pairs of A, i.e., v, = {z;,y;} C A with
x; # yi- A graph ¢ = {71,...,vm} in A is connected if for any B,C of subsets of A such that
BUC = A and BN C =0, there is a ~; € g such that 4, N B # () and ~; N C # (). The pairs ;
are called links of the graph. We denote by |g| the number of links in g.

By standard arguments one can expand log =, as

— 1
logZp =) ~ > ¢T(Ri,. . Ru)p(R1) ... p(Rn), (35)
n>1 Ri,...RnCA
|R;|>2
with
1, ifn=1,
¢ (Ry,...,R,) = S jeen (=D ifn>2 and g(Ry,...,Ry) € Gy, (36)
fCg(Ry,...,Rn)
0, ifg(Rl,...,Rn) ¢ Gn,

where G, above denotes the set of the connected graphs on {1,...,n}, and g(R1, ..., R,) denotes
the graph in {1,2,...,n} which has the link {i,;} if and only if R; N Rj # (). The series (35) is



known to converge absolutely, uniformly in A, if the activity p(R) is sufficiently small [16]: e.g.,
if

sup Z Ip(R)|e? < a, (37)
z€A R>zx

for some a > 0. The two-point truncated correlation (30) can now be rewritten as

9?2 ~
S log = 38
o (@15 20) = Dy 108 Alar, az) o’ (38)
where
HA ala 042 H /dy ﬁGIy ¢I’¢y)(1 + al(b-fl)(l + a2¢x2) (39)
zEA

Note that EA(al =0,y = 0) = Z5. Let us expand EA(OQ,OQ) in terms of polymers. For any
R C A, let us denote by Ir the subset (possibly empty) of {1,2} such that i € Iy iff x; € R,
where i = 1,2. We get

Saon0) =143 S i(Ria) . (R 0) (40)

n>1 " Ry,...RnCA
R;NR;=0 |R;|>1

where
HzERde(¢$) Hie]R(l =+ O‘ZQZ)J?Z) Z H (eﬁny(¢x7¢y) - 1)’ for ’R| > 27
~ 9€Gr {z,y}eg
PR, ) = Tleer [ dv(dz) T @idu,, for Ir #0, |R| =1, (41)
i€l
0, for Ip =0, |R| = 1.

Note that the one-body polymers R = {x} can also contribute to the partition function (40),
but only if x = x; for some i € {1,2}.

Taking the log of (40) and noting, from (38), that only the terms proportional to ajasy give
a non vanishing contribution to the two-point truncated correlation function, we get

o(x1; 2) Z Z > ®T(Ry,...Ry)p(R1) ... p(Ry), (42)

n>1 'zl io=1 Ry,..RnCA, |R;j|>2
Rilaleizav'Q

where

= 1 [avton@h + sl + 5 3 [T (@O 1), (43)

z€ER; 9€GR {z,y}eyg

with 3/ = 0if i # i, or 1if i =i and | = [ duv(¢)¢

Note that the one-body polymers are absorbed in the activity of the many body polymers
(in the terms proportional to [), due to the fact that Ry, ..., R, must be connected, and so each
1-body polymer (if any) is always contained in (at least) one many-body polymer.



4 Convergence of the polymer expansion

(i

We will treat in detail here the case where the pair potential Jfg and Df) decays polynomially

(the more complicated one). I.e. we will assume that, Vi = 1,2,...,¢, & ;é i,
J D;
Jzg < 5= DEL < = z_. ) (44)
TR -y BT =gl

J, D; € R are constants. We will treat the cases where p > d + ¢ with £ > 0.

The cases of Jz; and Dg)g with finite range or with exponential decay are easier and can be
treated in a similar way.

In order to ensure the convergence condition (37) we will bound the factor

en(z2) = Y Ip(R), (45)

RCA:|R|=n
z,2 €R

and show that e,(z,2") < [f(8,J,AD1,...,AD.)]", where f(3,J,AD1,...,AD.) — 0 as (3,J
ADq,...,AD. — 0.
In order to get an efficient bound for the factor

Z H 5Gzy ba,by) _ 1) (46)

9€GR {z,y}CA

that appears in p(R), we use a standard cluster expansion result, namely, the Brydges-Battle-
Federbush tree graph inequality, which can be resumed in the following lemma.

Lemma 1 Let R be a finite set with cardinality |R| and let {Vyy : {x,y} € R} a set with
|R|(|R| — 1)/2 real numbers (with {x,y} unordered pair in R). Suppose now that there exist |R|
positive numbers V,, (with x € R) such that, for any subset S C R,

Vet D> V=0 (47)
€S {z,y}€S

Then

> I ™ -yjseeen™d ] 1Val (48)

9€GR {z,y}eg T€TR {z,y}eT

where Tr denotes the set of the tree graphs on R.

For the proof of this lemma see e.g. [17], [18].
For any p, ¢ € R, we have 2/p6| < |pf? + |62 and [@|2]¢]° < o[+ + |6|*+. Then, for any
R C A, it follows that

> [Gay(u byl

{z,y}CR

< X

{z,y}CR

1
g

’¢x¢y

i Abi
* “6w0,y0( - 59’5’,7}’) "Zﬁ (by ’

Jf7g5$07y0(1 — 0z y) + 0z y5|xo yol,1

10



1
g

>

{z,y}CR

+Z

1
Jz 700,90 (1 — 0z.5) + 02 50)20—yo| .1 Z(Iqﬁx!? + [¢y]?)

itb; itb;
**5960,7;0 ,?j) (|¢z|a+ +|¢y|a+ )

\<Z>
= Z ; Z 5‘] 720,90 (1 = 0z,5) + 67 70|20 —yo| 1
z€ER yeER
2)\
IR D |5 D a1 = bz7)|.
i=1 z€R yER
Note that
2557175\900*?;0\,1 < Zé‘xofyo‘,l < 2,
yER YoEZ
S eglbuome(l=025) < sup S [Jagl < Jar,
YyER zezd _‘GZd
Z|D:(Ez,)y*’(szo,yo(1_5£,gj) < sup Z |qu < DS\Z)-
yeER zezd jezd
Hence,

Z ’G$y(¢as7¢y)‘ < Z [( + 1> ’¢$’2+Z 2/\DM ‘¢z|az+b] .

{xry}CR zER

As |2 < ||t < |g|®th 4 1if [¢| > 1 and |¢]> < 1 < |¢|*HPi + 1 if |¢| < 1 and, defining
(a,b) = (aj,b;) for j such that aj + b; = max{ai + b1, ..., ac + b.}, it follows that

> (Gayln )l < Y (Crest + )

{zy}cRr z€R
where
Ju ¢ 2ADY) Ju
=M =M. 4
Cr=g5+ +; G Ce=55 (49)

Using the lemma 1 we get

Z H BGzy bady) _ < H BC19ET"+Ca) Z H |BG 2y (dz, dy)l, (50)

9ge€GR {z,y}€yg zER T€TR {z,y}eT
and so,
en
Yo @ =" Y p(R) =Z(n_ Yo Ip(R= Az, 2
RCA:|R|>2 77,22 RCA:|R|=n 22 T, Tn €A
z,2/€R 2,2/ €R 11:2712:2/@1'7&1]'
¢ B(Cre5] +C2)
St X / Hdu ()7 ) S ] |8 (6,
n>2 T yenes anA 7T {i,j}er

T)=z,T9= 2! 1275:8

11



Recall now (28), (29), and that |7| = n — 1. Hence, fixing 7 € T},, we have

c+1 <1 531> (1-85,1)

be
{i,j}er {ijrer s=1
c+l n (525)
< D0 D ™S I 14521,
{ijyersij=1lk=1 {i.jter
where ny(s) depends on ai,...,ac, bi,...,b. and on the sequence {si;}{; je-- In any case,
we have di < ng(s) < di - max{ai,...,acb1,...,b.} < mdy, where 2m is the degree of the

polynomial P(¢), and {dj}}_; are the incidence indices of the tree 7 € T),, with 1 < dj, <n —1
and > ;_, dp = 2n — 2. Then

n  nBC2 gn—1
S e = SIS [T wtege
RCA:|R|>2 n>2 (n o 2)' o1 €A
2,2’ €R - x1=z,x9=2" zz;éa:
c+l n
<3 20 3 Tew@ T 1452
T€T, {i,j}eT sij=1 k=1 {i,j}er
enenﬁCgﬁn—l
< -7
S S
nZQ Tp,..., T EA:

zlzz,zzzz/,zi;éz]-

c+1 n

<3 5 Y T( [ a1 ) TT 1452
T7€TH {z ]}ET Sz]—l k=1 {i,j}ET
Lemma 2 Ifa <m and b < m, then Va > 0, a € R, we have
C’4 CGCl/Qm 1 -1 1
ﬁcl(baer a L (07 +
Justoreior <G 1 ()] ()

where Cg,Cy, C5 e Cg are constants such that, V¢ € R,

BU(9) < C36™ +Ca,  BU(S) — BC16™* > C5¢™ + C.

Proof. As P(¢) is a polynomial of degree 2m bounded from below, there exist contants
AI’AQ’A3 e A4 (Wlth Al and A3 > 0) such that

A1¢”™ + Ay < P(¢) < A3d®™ + Ay
Then, as ¢ < ¢*t + 1 and ¢%+bi < $2+° < $2™ gince a; + b; < a + b < 2m, we obtain
J(O) 2 2 - a;+b;
O+ B+ A Y M TDi(0)

i=1

BU(¢) = AP(d) +

< MAs6™" + Ag) + J(Qo)(qﬁQ’”” +1)+ B8P+ 1) + A" S Di(0) < 3¢+ Cu,
=1

12



where

J(0 J(0
Cs = \As + <)+6+AZD Cy=NAg + ()+6+AZD
=1 =1

We also have

T2 1 562 £ A3 g4 Di(0) — 5067

i=1

BU(¢) — BC1¢"T* = AP(¢) +

> AMA1¢™™ + Ag) + XD ¢% D, (0) — BC16 TP

i=1

If a + b = 2m, we have

[

BU(¢) — BC1¢" P > [ XAy — BCy + A Z Di(0)| ¢*™ + XAy > C5¢*™ + Cg.
i:a;+b;=2m

If a + b < 2m, then ¢*T? < $?™ + 1 and it follows that

BU(@) = BC1o™" > (M1 = BC1)™™ + Mo — BC1 > C5¢™" + C.

Hence, C5 = A1 — BC1 + A Y25, 1p,—om Di(0) if a +b=2m, or C5 = A — 3Cy if a+b < 2m.
Ce =ANAs if a+b=2m, or Cg = ANy — BC if a + b < 2m. jFrom the definition of the s.s.d.
dv(¢), we have

[ gp = s [ O e,

Hence,

- _ _Cyg2m _ 1 1
R R mCly

a m 1 1
e igpas < o [ e igpas < e e (51,
R mCs

2m

where we used that C5 > 0 for # small enough. The lemma 2 follows from these two bounds. m
Recalling that 1 < dj < ng(s) < mdy, we get n’“é‘;)fl < 2"2’;(15) < d}, and so, using the lemma
2, we obtain

R enenBCe Bn—l c+1
STCICIED s c S 3 5 S
RCA:|R|>2 n>2 R ST zneh: 7T, {i,j}eT sij=1
z,2/€R zlzz,zgzz/,zi7ﬁzj
n C4 0601/2m 1 -1 .
ij)
TG ()] o) T
k=1 {i.jter

13



en nﬁCan 1 C4—C6cl/2m n 1 c+1
<X M) T T X

n — 2
TeTn {Z,]}GT 5”71

X H rdy) Y H 1AG)), (51)

where we use that [[;_, Cgk _ Céd1+d2+-..+dn) _ 052(71—1).

We note that for any 7 € T, there is a unique path 7 in 7 which joins vertex 1 to
vertex 2. Fixing 7 € T, let be 7 = {1,41}, {i1,02}, {2, i3}, ..., {ik—1, 0k}, {ik,2} and I, =
{1,41,19,...,1k,2} the subset of {1,2,3,...,n} whose elements are the vertices of the path 7.
Hence, |7|=n—1,|7|=k+1and |7\ 7|=n—k —2.

;From the definitions (29) of |A§fy)| s =1,...,(c+ 1), we see that all the terms vanish
if \xo —yo |> 1. Hence, fixing 7 € T, if 3 {4,5} € 7 such that | (x;)0 — (z;)0 |> 1 we have
|Am]| =0Vs=1,...,(c+ 1), and so, this tree 7 does not contribute to the sum (51). Then,
given | (z1)o — (z2)o \, as |T| = k+ 1, if | (x1)0 — (z2)o |> k + 1 then 3 {i,j} € 7 such that
| (xi)o — (z4)o |> 1, and so, 7 do not contribute to (51). As 7 C 7 we have n — 1 > k + 1.
Therefore, any tree 7 € T}, such that | (z1)o — (z2)o|> n — 1 > k + 1 do not contribute to (51),
in other words, p(R) vanishes if | (x1)o — (x2)o|> |R| — 1, i.e., if |R| <|(x1)0 — (22)0]| +1.

So, we define N =|zy — 2/¢| +1, and we have

STl < ST |p(R))el. (52)
RCA:|R|>2 RCA:|R|>N
z,2' €R 2,2/ €R
Now, we note that
03, 701ag —yol,1 < Sz € 0TI gy < emiomwol,
Then,
—l|zo—yol 1 J
e
1AQ)| = 3 'ﬁjf,ﬁémo,yo(l —0z,5) = 02,50)w0—yo|,1| < 5 [ﬁ o 37|p(1 —0z7) + €dz 7,
A (s— AD,_
()] — |2pl-D S _Ms=l 4 s )~ lTo—vol
|Axy| - ‘ﬁDf,gj 5330790(1 63?7?4) < ﬁ|f_ mp(l 6%?!)6 .

Hence, Vs =1,...,(c+ 1),

A < R [

AN
o
2
=

sup Z ]A(S

“’eAyeA
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where, we define

K

I

max{%, AD1,ADs ..., AD.}, (53)

and, for w € R, w > 0,

F(w) = e_w|$0_y0| |:(1 Oi ,y) + 0z y:| .

Yy ‘—’

Then, fixing 7 € T}, and the sequence {s;;}, we get

)RS | (IZCCIED DU | (VT ) Rt

T,eeny xn EA: {i,j}ET TY,eny xn EA: {7;,]‘}67'\’7' {’i,j}ef'

xlzz,xQ:z/,mi#x‘j z1=2,29=2/, T;FT

< [60(1)K](n—k—2) Z H |A£§g]

@i €A i j}ER
z;,. ;éfliqu’V‘,qil ..... k

< [eO(1)K]F2) > eKF, eKFl, . eKF)  eKF{)

1T Ty Tig Tiy_q Tip,

Applying iteratively the inequality (for w; < ws)

> FVER) <o(FyY, (54)
z; €A
wi?ficﬂ

which follows from
S rmEem S X e copemiem,
o [T TP |3 =g T T - gl =

T, #3,7 207090

(the formula is valid for any w; < wa, in specific for w; = 2/3 and wy = 1, which we will take
here), we get

> [T 14532 < leo)E]™ D, (55)

Recall that

d1= ) > L (56)

reT, dy+...+dp=2n+2 TETY:

d;>1 r(dl,...,dn)
where the notation 7 = (dy,...,d,) means that the last sum above runs over the trees 7 € T),
that have fixed incidence indices (dy, ..., dy). From the Cayley formula

_ (n=2)!
D IRyt

i=1

15



and, fixing 7 € T, we have

c+1

S Y a1 (e )i,

{i,jyer sij=1

Hence, using (52), we get

Yo lo(R)e

RCA:|R|>2
z,2/€R
n , nBC2 an—1 (,C41—Cp 1/2my\n -n
< Z — IBI e 2(031) : [F (1)]
= (n—2)! 2t 2m
c+1l n
ne 2
« 3 3 Y [ r@neom k] EE?
TET {i,j}eT sij=1k=1
enenﬁC’gﬁn—l (604—CGC1/2m)n 1 -n
< 3 = (n—1)
DD = [F (m)] COMK]
n>N 5
S AICRIE N I S § (ARSI Gt
=z T, (d — 1)
di+...+dn=2n+2 k=1 i=1
d;>1
- CGC,l/2m) 1 -n
< n_ nBCe gn—1 (6 T — NK (n—l)F(2/3) 1 (n—1)4n
- ;Ve € IB 052(“ 1) 2m [60( ) ] zz (C+ ) Y

where we used the innequality

Z 1<4",

dy+...4+dn=2n+2
d;>1

Hence,

Cy—Ch 1/2m —-N
S lptrlet < eVensegV S e ()] o R

RCA:|R[>2 C52N 2m
z, 2/€R
(;4_0601/2m) 1 —1 n
(c+1)NgN 5026—3 [r ()] O)4(c+ 1K 3 .

In short, we have proved the following result.

Lemma 3 If 8 and fK = max{Z,\Dy,...,\D.} are sufficiently small such that

Cy—Cg 11/2m —1
e(3,K) = %P2 4(c + l)ﬁK(€C§C3) [F (27171>} o@1) <1,
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then, e(8, K) is a positive function and, for any z € A, 2" € A with z # 2/

S R < (8, K)NVEED = (o8, K)ol R (57)

zz!
RCA:|R|>2
z,z/ €R

. From the lemma 3, we obtain

Corollary 4

sup Y |p(R)[e < O(1)e(8, K).

reZd+1 R:z€R

Proof. In fact, as p(R) = 0 if |R| = 1, we have

sup Z Ip(R)|e™ = sup Z Ip(R)|el < sup Z Z le/F

T€Zdt B TR €7 Roer sezd+1; R:|R|>2
|R|>2 P z,zER

< s Y (B K)F0HERS) < 0(1)e(8, K),

d+1
z€L 2€Z0 izt

since, for w > 0,

1—06~~
Z efw|10*20‘ |:( - (Sm,Z) +5j‘7§:| — O(l),

— 2P
2€Z+ iz |J,‘ Z‘

and 80 Y.z, 3 < o). ]

The results above establish the convergence of the cluster expansion for £(/3, K') small enough
such that O(1)e(8, K) < 1 (see condition (37)).

5 Decay of two-point truncated correlation

As it is well known, the convergence of the cluster expansion assures the decay of the correlation
functions and lead to direct estimates. We present the main technical details related to the
behavior of the truncated two-point function below.

Turning to the expression (43) which defines g(R;), we note that the index i of the term ﬁ]
is the same of the polymer R;, and so i € {1,2,3,...,n} as j € {1,2}.

Consider the expression (30) for Sa(x1;x2), and recall that i1,i2 € {1,2,3,...,n}. Then, we
have two distinct cases: i3 = ig or i1 # da. If iy = i9, then {x1,22} C Ry, {z1,22} N R; =
0 Vi # i1 and 5211 = ,3211 = i22 = 5122 = 1. If 41 # i, then z1 € Ri, o1 §é R;,, T2 € Ry, T2 ¢ R;,
{wl,.%'g} NR;, =0Vi ¢ {il,iz}, ill = z-22 =1, and 1-21 = i12 =0.

Hence, as 1 = (1 — 6;,4,) + iy i, We rewrite

So(x1;22) = Ar(x1, 22) + A2(x1, 22),

17



where

1 &« . N
Ai(21,22) = ZH > (1= bia) > ¢"(Ri,...,Ra)p(R1) ... p(Rn)
n>1 " i1,i9=1 Ry.....RnCA, |R;|>2

Ril Sz Riz Sz

-y 1 3 ¢T(Ry,. ... R)p(Ry) ... p(Rn),
n>2

" Ry,...,RnCA, |Rj|>2
Ry3x1Rgo3x9

Ao(z1,m9) = Z% S e Y T (Ru. . ROAR) (R

n>1 11,i2=1 Ry,...,RnCA, |Rj|>2
Ril Sz Ri2 Sz

-y 1 3 &T(Ri, ..., R)p(RL) ... p(Rn),
n>1

(n—1)!
Ry, RnCA, |Rj|>2
Ri2{zy,22}
since, in Ay (z1,22) when n = 1 we have Ezll iy—1(1 = 04 iy) = 0 and, for any n > 2 the sum

S (1—6i,4,) leads to n(n—1) equal terms. And, in As(z1,22) the sum Y

i1,49=1
n equal terms.
Thus,

n .
i1,d2=1 diy iy GlVes

|Sa(21;22)| < |Ar(z1, 22)| + |A2(21, 22)].

Comparing (43) with (34), we note that if R; N {x1,22} = 0 then p(R;) = p(R;). If R; N
{1,292} # (), we can obtain the result (57) of the lemma 3 for p(R;) by changing n(s) by ng(s)+
1. With such result, we change I'(dy) by I'(d; + 1) in (51) and obtain an extra [[;_, dj, which
is bounded by ¢2"~1). We use the lemma 2 to bound the factor I = [ dv(¢)¢ in (43). Hence,
we can apply the lemma 3 and corollary 4 to estimate p(R;), (changing some multiplicative
constants).

Now, let us find an upper bound for the term |A;(x1,z2)|. We have

1
‘Al (fla 552)| < Z mBn(u’Ula $2)a
n>2 )

where

By (1, 22) = > |67 (R1, Ra,.., Ra)|p(R1)[|A(R2)|IA(Rs) - . . p(Rn)] -

Ry,...,RnCA
|R;|>2,z1 €Ry,x9€Ry

Note that in (36), for n > 2, ¢*(Ry,...,R,) > 0 only if g(Ry,..., R,) € G,,. Thus,

> 6" (R, Ra, .. Ra)[ [ = D | D (=) > []-

Ri,...,RnCA ge€Gy, | FEGR Ry,...,RpnCA:|R;|>2
|R;|>2, z1 €ERy,x2€ R Cyg g(Ry,...,Rn)=g,z1€R,x2E€Ry

By the Rota formula [19], we have

YUl YT 1=N(g).

feGn TETH:TCg
fCg
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A proof of the Rota formula above can be found e.g. in [19] and [20].

We recall now that
2U0=> > 55

geGp T€TY ¢ TCQ

since in the double sum > _3" got €ach g will be repeated exactly N (g) times.
Thus,

Bp(z1,m2) < Y wn(r, 21, 22),
7T
where we have defined

wn(T, 21, 2) = > |p(R1)|[p(R2)|p(R3) - .. p(Rn)|.

Ry,...,RnCA: |R;|>2
g(R1,R9g,..., Rn)D7,z1€R1,29€Ry

Using now the obvious bound

Yo lI<IRlswp Y |-,

R: RNR/#£0 €l poeR
and denoting again as 7 the subtree of 7 which is the unique path joining vertex 1 to vertex 2,
and denoting as I = {1,41,...,4k, 2} the ordered set of the vertices of 7, one can easily check
that

n(T, 21, 22) <H sup > Ry A(Ry))|

¢l zeZd R;:x€R;

n
x > |R1|" Y A(R)| Ra| ™Y A(Ra)| [T 1Ri%216(R)]
Rl’Ril ,,,,, Rik,RQ::Cl €R1,x9€Ry _iEI-,-
R1NR;; #0,...R;, NRo#0 i#1,2
n

< H sup Z (d; — D)Y|5(Ry) el | (dy — 1)!(dy — 1)!
i¢I, |®€Z% R zeR;

- 2 p(ROI ™ AR ™ [T (d = 2p(Ro)le!™,

Ry, Rll ,,,,, Rik,RQ:mleRl,mgeRQ icly
RlﬂRil;ﬁ(Z),.A.RikﬁRQ;é@ i#1,2

since |R|" < nle!Bl. Now, note that

2 SR IIDIRED DD DD D e D Vi

Ry R Rzk Ro:x1€R1,22€Ry xlerd zi) ezd szGZ

Ry, NRy#0 z1, IZO €R1 Tigs z,leR xzkeR Ty 22632

Tig—1
Hence, recalling (57) and applying iteratively the inequality (54) with w; = 1/2 and wg =
2/3,

> (Rl |5(Ry) el2 T 15(R:) el

R1,Riy e Ry ,Rg:w1 ERy,m2€Ry i€l
RINR; | #0,...R;, NRy#0
< Z Z Z )]1 o= (7510)0|+1F(2/3) [e(8, K))l@i)o= ($2)0|+1F£12k/3g
JTZOEZ x”EZ $Zk€Z
< [0 [e(B, K)) 1o (ol (k2) B0V
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since (3, K) < 1 and [(z1)o — (w2)o| < [(z1)o — (zig)o| + [(@ig)o — (iy ol + - . + [(ziy )o — (22)o]-

Thus, using the corollary 4 and noting that |{1,....n}\I.|=n —k — 2,

n

wa(T,1,02) < (di— DI de = D! ] sup Y (di — D|p(Rs)el !
¢l zez4 R;:x€R;

n

x| [T (i = 21] [e(8, ) oo (2l 20 1)+ FD

xr1x2
i€lr
i#1,2
n

< [OM)]"(B, K)]|(x1)07(m2)0\+nF(1/2) (d; — 1)\,

— 122
i=1

Finally, carrying out the sum over 7 (and using, once again, the Cayley formula) we obtain

Bu(w1,5) < (0 — NAO()]"[e(B, K)o wdbsn p172)

T1T2

Taking 3, K small enough to make 40(1)e(8, K) < 1, for the contribution of A; to the
correlations, we get the following bound:

[ A (21, m2)] < Z[4O(1)]n[5(ﬂ7K)]\(Il)()*(m)oHnFﬁg/Cg)
n>2
< O(1)[e(8, K)]lz)o=(@2)ol+2 p(1/2),

12

In a similar and much easier way one can also prove a completely analogous bound for |As(z1, z2)|

| Az (21, 2)| < O(1)[e(B, K)]ler)o= (@)l 1 p(1/2),

xr1x2
Hence,

1Sa(z:y)] < O)[e(B, K))\wowl {1/

1 — 0z
=
1-6

Z,9
=+ 0z
| — g

IN

O(1)[e(B, K))leo—vol e~ lzo=ol/2 (

IN

aneﬂWWﬂNm—m|<

where, since (3, K) < 1, we write above
(8, K) = —log{=(8, K)} +1/2 > 0.

These results prove part 2 of theorem 1 (the part 1 is a simpler case and may be proved in
a similar way).
A lower bound can be obtained, as said, by analogous procedures (see e.g. [13]).

6 Four-point truncated correlation

Now we analyze the “time” decay of the partially truncated four-point function in order to
determine the mass spectrum in the interval (M, 2M), where M is the one-particle mass. In
this section, we restrict the interaction to even function of the spin variable ¢.

20



We use the BS equation, and omit several technical details (related to those presented e.g.
in [6]). The computation is carried out in a perturbative approach: we keep only the dominant
term in a § expansion of the BS kernel.

Roughly, we show that, for the model considered here, in the intense noise regime 3 < 1,
if the polynomial U(¢) is such that (¢*) > 3(¢?)2, where (-) is the expectation with respect to
the single spin distribution dv(¢) (31), there is an isolated two-particle bound state with mass
M* = 2M +log(1 — ¢) + O(8), where ¢ = [(¢%) — 3(6%)]/[(6") — (¢2)].

Sketch of the proof. We use the BS equation which writes the truncated four-point
function D(x1,x9;x3,x4) = S4(x1, T2, 23, 24) — S2(21,22)S2(x3,24) aS

D(x1, w9; w3, 24) = Do(w1, x2:03,24) + D@1, 22351, 2) K (y1, y2: y3; y4) Do(ys, ya; 73, T4),
Y1,Y2,Y3,Y4

where Do(z1, zo; w3, 24) = Sa(x1,23)S2(2, x4) + S2(x1,24)S2(x2, 23).

Due to translation invariance, D depends only on difference variable, i.e., D = D(§,n, 1)
where here we take £ = 29 — x1, n = x4 — x3 and 7 = 3 — 2. Using p,q and k, the conjugate
variable (the Fourier transform) of £, 7, 7, the BS equation becomes

~ ~ 1

D(p.a:k) = Do(p 0.} + i3s3y /Td+1 AT d™q D(p,p',k)K(' ', k)Do(d' q, k),

or using the notation (D(k)f)(p) = Jpai1 g D(p,q, k) f(q),

N 1 L

D) = Do(k) + o553y DUK (W) Do (k) = Do( [1 - (@m) DR (k) Do()]

We restrict the analysis to the mass spectrum, i.e., we take k = (ko, k= 6), and consider f(p)
depending only on p. From the definition of Dy, we get

Dy(p, ¢, k) = (2m)"[S2(p) S2(q)5(k — p — q) + S2(p)Sa(k — p)d(q — p)]. (58)

Hence, (Do(ko)f)(p) = (201 5(p)Sa(k — p)[F(B) + F(~F)). For F(7) = F(~F), we obtain
Fbp = [ o {2<2w>d+1 [ 8:0)85tk0 o —ﬁ)}
-1
x ([1 - Wl(dmmomo(ko)} f) (P dp. (59)

As {...}(ko,p) above is analytic in |Im ko| < 2M, the singularities in such region come from
where the inverse of 1 — (27) =241 K (ko) Dy(kg) does not exist.

Now we follow replacing K by the leading term in the perturbation expansion (in terms of
B), which is named ladder approximation. We remark (once more time), as a comment on the
reliability of such procedure, that in [6, 14, 15] a rigorous analysis (in similar “field theory”)
shows that the spectral properties calculated in the ladder approximation are maintained.

Using K = Dal — D! we obtain

) 4y _ 30422
K(p,q,k)lop=0) = 2<¢§<>¢>2 T<¢4> <ib <>¢2>2]

=R (60)
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i.e., constant (not depending on 3), local in space and time. Writing [1 — A]™1 = 1+[1 - A]7!4
we get

(F.Dolk0f) = [ 70 Dolva. ko) F(@) dpda -+
+T </f (7)Do(p, 4, ko) dpdq) (/ Do(p',q' ko) f(d) dp dq) (61)
where dp = d?*1p, etc, R’ = R/(2m)?@*1) and
Ip = /dqldq Do(q', g, ko) = 2(2m)™*! /dp S2(p)Sa(ko — po, —p)-

Thus, the singularity, and so the bound state, comes for R'Ip = 1. We follow the calculations
separating in the expression for So(p) the dominant one-particle contribution (as usual: we take
the Lehmann spectral representation, see e.g. [12, 6])

~ _ inh M (p) o sinh £
S = (2m)? S / — dn(Fk
2(p) = (2m)"ex(p) cosh M (p) — cos py + ap/—e cosh E — cos pg n(E.p),
where é(p) = OT(py = i€, §) /€| ¢=M(p)- We have, for the (first) dominant term, é2(p) = 27r)>d +
sinh M (p)

O(B). Thus, for the computation of (the leading part of) Ip we use Sa(p) = (¢?)

cosh M (p)—cos po
Hence,

eM(lﬁ) — e_M(m 2
Ip =2(2m)™" [ dp(¢?)® —; —M i Ez M BM iko—i Zikotipo)’
(e (P) + e~M®) — eipo — ¢ o) (e (P) + e~M®) — eiko—ipo — ¢ 0+ipo)

Writing iko = 2M — ¢, we get (taking the leading term 3 = 0) Ip = 2(2m)2@+1) (¢?)2/(1 — e7%).
And for the eigenvalue equation R'Ip = 1 we obtain

(0") — 3(¢%)?

e T e = (02

which leads, if ¢ > 0, to the bound state mass
M* =2M +1In(1 — (). (63)
|

We have the same bound state mass expression of [15], there calculated for a ferromagnetic
system with continuous spin, nearest neighbor interaction and even single spin distribution.

As a final comment, let us say that we expect to apply the techniques presented here in the
analysis of the correlation functions of other stochastic dynamical systems, such as these de-
scribed by an anharmonic chain of oscillators, with conservative dynamics and different stochas-
tic reservoirs [21] (in our case, for the intense noise, i.e., “high temperature” regime).
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