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1 Introduction

In this paper we consider the following example of unbounded lattice spin sys-
tem. Let A C Z¢ be a finite set of lattice sites which contains the origin 0. For
each site x € A we associate a complex-valued random variable 1(x) called a
spin or a field. Note that we will use “x¢” to denote complex conjugation instead
of a bar. The collection ¥ = (1(x))xea € C* of these variables is sampled
according to the finite volume Gibbs measure

1 . _
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Zp = /CA Dy* Dy e~ Hatva) > ¢ (2)
and

DDy = [ IV
XEA

is proportional to the Lebesgue measure in C*, and the Hamiltonian with free
boundary conditions is given by

Hn)= Y -yt @) + 3 DRI @)
(x,y)€EN? xEA

The assumptions on the parameters appearing in the Hamiltonian are the fol-
lowing.

e A >0.



e The pair potential J is a function Z¢ — C of compact support such that

o J.= ) |J(x)| satisfies J» < J(0).
x#£0

Let ¥ stand for either ¥ or ¢*. The main goal of this article is to study
the so called truncated correlation functions, defined by

Wh(x1),. .., 0 (x0))] =

- 0(241 o 8an0g<(1 + oy (x1)) - (1 + anth? (xn)))

Aty ,an=>0

where Log denotes the principal logarithm of a complex number, i.e. Log(rew) =
In(r) + 40, with » > 0 and 6 € (—m,7]. It is a standard task to show that the
series in aq,...,a, is analytic in a small polydisc Dy around ay,...,a, = 0.
These truncated correlations are also known in the literature as cumulants,
semi-invariants or connected correlation functions.

We will find uniformly in A and the assignments for the # symbols, explicit
bounds of the form

D 1WF(0), 9" (%), 0P ()R] < enl o N) (4)

X2, Xn EA

also called I'-clustering estimates. We will derive such bounds in four different
regimes:

e J(0) big, i.e., the large-mass regime;
e J. small, i.e., the regime of small interaction between lattice sites;
e )\ big, or the ‘high temperature’ regime;

e )\ small and J(0) > J., i.e., the near massive Gaussian regime or near-
Gaussian regime for short.

Remark 1 Note that one could introduce a temperature dependence by replac-
ing the Hamiltonian Hp(v¥n) by BHp(1p) where B as usual denotes the in-
verse of the temperature tiqnes Boltzmann’s constant. However, one can do the
change of variable 1 = 724" and absorb 3 into a modification of the coupling
X — B\, In this setting, \ big would coincide with ‘high temperature’, and A
small with ‘low temperature’. Some authors (see e.g. [8, 9]) use the expression
‘low temperature’ for what we called the near-Gaussian regime. We prefer in-
stead to reserve the expression ‘low temperature’ for the situation where there
1 a broken symmetry, which is not the case here.

Remark 2 We excluded from our working hypotheses the trivial situation A =
0 since the higher truncated functions vanish identically in that case and there
18 nothing to prove.



In the statement of the theorems below we will denote by the same symbol
O(1) the various constants which appear. These are absolute constants such as
/7 or quantities which only depend on the dimension d which is fixed through-
out. In the following sections we will express such constants in details, to prove
that they are effectively computable. However we are not interested in this
paper in optimal bounds so the values that we give may be improved with more
refined estimates.

Our results for the various regimes above consist of the following theorems.

Theorem 1 In the event that J and X\ > 0 are fized, there exists a K(Jx,\) >
J+ > 0 which is independent of the volume A such that the I*-clustering estimate

f1 2 (x fn (x n _oh) ”

X2,..., Xn EA

holds as soon as J(0) > K(Jx, \).

Theorem 2 In the event that J(0) > 0 and X > 0 are fized, there exists an
e(J(0),\) € (0,J(0)) which is independent of the volume A such that the I'-

clustering estimate
o(1) <1 + Jgo)\/§)

J(0) — J»

n

Z (% (0), 9% (xa), . . ., " (x,)) 5| < nl X

X2,..., Xn EA

holds as soon as 0 < J» < €(J(0),\).

Theorem 3 In the event that Jx and J(0) > J. are fized, there exists a
K(J(0), J£) > 0 which is independent of the volume A such that the ' -clustering
estimate

S 1R ), v (xa), o v (xa)) K| <t x [O(1) x ATH]
X2,..., Xn EA
holds as soon as X > K(J(0), J).
Theorem 4 Let N > 1 be an integer and suppose that J is fized. Then there
exist quantities €(J) > 0, c1(N,J) > 0 and ca(J) > 0 such that, for any A with

0 < XA < e(J), for any nonempty finite volume A C Z¢, and any even integer n,
n > 2(N + 1), we have the I'-clustering bound

S @R (0), 45 (xa), ., P (xa)) K] < (V) X ca(T)" x AN xml

X2, Xn €A

Theorem 5 There exists a quantity c3(J) > 0 such that for the same €(J) as
in the previous theorem, for any \ with 0 < X\ < €(J), and for any nonempty
finite volume A C Z%, one has

D HWH(0), "2 (x2)) X 5 — (#7(0), 9" (x2)) R o] < e3(T)A
x2EA

where we have restored the \-dependence in the notation for truncated correla-
tion functions.



Such ['-clustering estimates in statistical mechanics have a long history.
See [56, 57] for the case of classical gases at low activity. The importance
of such estimates in relation to analyticity of thermodynamic functions was
stressed in [23]. However, to the best of our knowledge, clustering estimates
which include the results of the previous theorems have not previously appeared
in the literature. The cluster expansion methods we used to derive these results
also provide the exponential tree decay of the truncated correlations as a func-
tion of the locations xi,...,X, of the sources. The reader can easily extract
such decay estimates from the proofs provided here. However, in this article
we focus instead on ! estimates where the x; are summed over the lattice.
Indeed, our primary motivation comes from the recent work of Lukkarinen and
Spohn [44, 45] where they obtained the rigorous control of the kinetic regime
for the time-evolution of a class of interacting quantum fluids. Their result is
conditional on establishing I!-clustering estimates such as the ones provided in
Theorem 4 and Theorem 5. Similar estimates in the Fermionic case, and in
the precise form needed for the work of Lukkarinen and Spohn, were recently
obtained by Salmhofer [59]. Bounds on Fermionic truncated correlation func-
tions were previously derived by many authors, see for example [13, 53, 50].
This kind of Fermionic estimates may be derived using a variety of techniques:
Hadamard bounds on determinants [20], Gram bounds together with the free
propagator decay [26], the Pauli exclusion principle in momentum space [28],
and in direct space [38], the Brydges-Battle-Federbush tree identity [42], the
Brydges-Kennedy-Abdesselam-Rivasseau (BKAR) forest formula [4], and the
ring expansion of [25]. A good introductory reference on these Fermionic esti-
mates is [48, Ch. 2]. Here we will exclusively deal with the Bosonic situation.
Our methods are robust enough to handle much more general undounded spin
systems, but for better readability we refrained from stating our results with
maximal generality, and restricted our attention to the complex Bosonic model
presented above which is the one needed for [44, 45].

Another motivation for the present work comes from the recent interest in
the decay of correlations for unbounded spin systems, especially in relation to
Log-Sobolev inequalities (see e.g. [70, 68, 7, 54, 36, 35] and references therein).
For the equivalence between the exponential decay of the truncated 2-point
function, the Log-Sobolev inequality and the spectral gap property, in the case
of unbounded spins, see [69]. The study of the decay properties for the 2-point
function for this class of models has a long history [41, 33, 39, 21, 63]. In the
near-Gaussian case, i.e., in a regime similar to the setting of Theorems 4 and
5, recent proofs of exponential decay for the truncated 2-point function were
given in [61, 8, 62, 9, 49]. These works use the methods introduced by Helffer
and Sjostrand in [37]. However, to the best of our knowledge, one has not
been able to treat higher truncated n-point functions with Helffer-Sjostrand
and Witten laplacian techniques. The only such results [37, 43] for higher
correlations that we are aware of concern centered moments, i.e., expectations
of the form ((X1—(X1)) ... (X,—(X,))) which are different from fully truncated
correlations (X1,..., X,)T.

It is quite well known that the first three regimes mentioned above are
amenable to cluster expansion techniques of the kind that is standard in the



statistical mechanics literature (see e.g. [57, 47, 60]). Much less known, in the
mathematical analysis and probability theory communities, is that the near-
Gaussian can also be treated using a special kind of cluster expansion technique.
We refer to the latter as the field theoretic cluster expansion. It also has a long
history, and originates in the work of Glimm, Jaffe and Spencer in constructive
quantum field theory [30, 31]. It has then been simplified and improved by
many authors (see in particular [15, 46, 51, 29, 55] and references therein).
Our approach for the proof of Theorems 4 and 5 owes much to the pioneering
work [24] in the context of P(¢)s quantum field theories. This was adapted to
the lattice setting in [22, 66]. These use the original Glimm-Jaffe-Spencer cluster
expansion, which involves a decoupling procedure for the Gaussian measure. A
simpler way to do this was introduced by Brydges, Battle and Federbush [17, 12]
and it is based on a combinatorial tree expansion identity. The third generation
of such decoupling procedures, which is the one used in this article, is based on
the BKAR forest formula [18, 2]. We give an account of this basic tool and of the
general results of cluster expansion in §2.4 and §2.5. We will use it many times,
in the proof of the estimates, first for the ‘high-temperature’ regimes and then
for the near-Gaussian regime. One of the difficulties which we have to address
here and which does not seem to have received a great deal of attention in the
previous literature, is the aim for bounds which are uniform in n, growing as n!,
and where one simultaneously extracts as many powers of A as possible. Such
an extraction of perturbation theory in the context of constructive field theory
can be done using additional Taylor expansions (see e.g. [11, §5.14]). However,
we have been unable to extract the optimal bound CmAz " Inl predicted by tree
level perturbation theory, in a way which is uniform in n. The precise statement
of this problem is given as Conjecture 1 from §2.2. Of course, one can ask the
same question for the real-valued scalar field model with ¢* interaction, on the
lattice. Note that a related bound with a factor AT was obtained by Brydges,
Dimock and Hurd [16, Theorem 9] in the context of the UV limit of the ¢j
model. Tt is quite likely that one can obtain estimates similar to ours using the
methods of [10] together with an additional large versus small field analysis. It
would be interesting to see if this alternate approach would produce C™ Az ~1n!
bounds.

Let us conclude this introduction by indicating some of the notation used
throughout this article. We use | - | for the cardinality of finite sets. If n is a
nonnegative integer, the set {1,2,...,n} is denoted by [n]. We will denote by
1{- - -} the characteristic function of the condition between braces.

2 Preliminaries

2.1 Basic properties of the model

By hypothesis on the function .J, the matrix J = (J(x — Y))x,yeA is Hermitian
positive definite. This can be proved as follows. Let us denote the inner product
on [?(A) by < ¥1,¢2 >= > cp ¥i(x)¥2(x), and the norm of a vector by
|| - ||. The hypothesis J(x)* = J(—x) trivially implies that the matrix J =



(J(x — y))xyen is Hermitian JT = J. Besides for any field 4 on I?(A), on has
<y Jy> = > Pr(x)J(x—y)(y)

xX,yeA
= JOIIP+ > v x)JI(x - y))
X;(y#eyA
and
> v -ye)| < Y (EVITE=I) (Ike)VITE=y))
B B
Z\w )1 (3 — yr+ Z\w )P (x )]

where we used the inequality ab < %(a2 + b%). Therefore the last expression is
bounded by J.||¢]|? and

<P, Jp > > (J(0) — Jz)|[v?

so that J is positive definite when .J(0) > J». In this case, the covariance
matrix C = J~! = (C(x,y))xyen is well defined, and there exists a unique
mean zero normalized Gaussian probability measure denoted by duc(1*, ) on
C? with covariance matrix C, i.e., such that

[, duet ) veit ) = ).
[, et ) w0y = 0,
[, o) veuty) = 0.

The measure can be written
duc(*, 1) = (det j)e— 2 (x,y)en? J(X—YW*(XW(Y)Dw*Dw )

The moments of this measure can be expressed via the Isserlis-Wick Theo-
rem [40, 67] as follows:

o If p # g then

[ o) b)) 30) 0 () = 0.
e In the p = ¢ case, one has

[, e ) di). vt (1) ()
= Z C(X'y(l),}’l) ...C(X,y(p),yp) , (5)

vEGp
i.e., one sums over all possible pairwise Wick contractions of the v¢’s with
the ¥*’s, as indicated by the permutation ~.



2.2 Feynman diagrams and tree level analysis

The relation (5) may be expressed in terms of oriented graphs (Feynman dia-
grams) in which for each ¥ (x) we draw an ingoing half edge from the vertex x,
for each ¥*(y) we draw an outgoing half edge from the vertex y, and the expec-
tation is the sum over all the possible oriented graphs obtained contracting only
outgoing half edges with ingoing half edges and associating a free propagator
C(x,y) to each edge.

In this section we will focus on the near-Gaussian regime, i.e., A small, and
we will analyze the truncated n-point function (¢ (xy),. ..,k (xn)ﬂA A
trivial change of variable ¢ — €1y shows that truncated correlation functions
vanish unless the number of arguments n is even, and there are equal numbers
of ¢’s and 9*’s involved. We will therefore always assume this to be the case.

An easy but crucial lemma we will later need is the following.

Lemma 1 For n even, n >4, and for all k < § — 1 we have

k
<;A> @R Gaa), o P Genliaf,_, =0

0

We assume the reader is familiar with the rigorous formalism of Feynman
diagrams used to express formal perturbation theory. A precise mathematical
treatment can be found in [1, 58]. A well-known fact from this formalism is that
the function (1*(x1), ... ,wﬁ(xn»};’A is C° in A in the interval [0, +00), and that
its Taylor series at the origin, seen as a formal power series in A, is the sum of the
contributions of all connected Feynman diagrams with external legs x1, ..., X;.
It is a trivial exercise in organic chemistry to see that the minimal number N
of internal 4-valent vertices needed to build such a connected graph is § — 1.
This corresponds to tree graphs. The lemma is an immediate consequence of
this fact.

The remainder of this section will be devoted to some heuristic consider-
ations which we hope will shed some light on the near-Gaussian regime. It
is part of constructive field theory folklore that one should expect the correct
bound in the I'-clustering estimate to be dictated by the contribution of tree
graphs. For a given tree graph, the ' sum over the sites X, ...,%, in Z?¢ can
be easily bounded, using a standard pin and sum argument, by Cst™. This is
because the hypotheses on J imply the exponential decay of the free propaga-
tor C'(x,y), as is recalled in §2.3. The issue is the number of trees. Because
of the constraints due to the orientations of the edges, the counting is not an
immediate consequence of Cayley’s formula. One can nevertheless obtain an
exact formula.

For n > 2 and even, let Ko denote the number of Wick contractions -,
with n external legs and N = 5 —1 internal vertices, which produce connecting
trees. One can easily check by inspection that k1 = 1, ko = 4, k3 = 288, and
k4 = 82944. In general one has the following result.

Lemma 2 For any k > 1 one has
_2M k(K — 1)1(3k — 3)!
k= 2k — 1)!




Proof: We find a quadratic induction formula for the xj, namely, for any k£ > 3

one has
k—2
k—1 k k
T S G [ | L T

i=1

Indeed, the left-hand side counts Wick contraction schemes together with the
choice of an internal edge of the corresponding trees. If one cuts that dis-
tinguished edge, the tree falls apart into two trees 77, T5. The numbering
is unambiguous, if one decides that the cut edge goes from T to 77. Let 4,
1 < i < k — 2, be the number of internal vertices of T7. Choosing them ac-
counts for the first binomial coefficient. The second binomial coefficient is the
number of ways one can choose the i + 1 external v vertices of 77 among the
inital k = 5. The third coefficient is for the choices of the k — i external *
vertices in T5. Note that the cut edge introduces an extra distinguished y* leaf
for 77 and an extra v leaf for T5. Now the given formula for ki satisfies the
quadratic induction because of the identity

k—1 , .
(34)1(3k — 3j — 3)! 3k —2)!
;j!(2j+l)!(2k—2j—1)!(k—j—1)! T RI2k— 1) (6)

which holds for any k& > 1, and which is an easy consequence of [32, Eq. 5.62].
[

Remark 3 One can also prove (6) using Clausen’s 4F3 hypergeometric sum-
mation formula. The ki’s are related to the Fuss-Catalan numbers of order &8

(see [32, p. 347]).

Now the rough estimate for the ['-clustering bound which comes from the
aforementioned analysis of the tree level contribution, for even n > 2, is

n
2

cn(A) ~ Cst”)\f_lﬁ ~ Cst" Az 7 'n!

by Stirling’s formula and Lemma 2.
It is therefore natural to make the following conjecture.

Conjecture 1 In the massive case J(0) > J., there exists a constant c(J) > 0,
such that for A > 0 small enough, for any even integer n > 2, for any finite
volume A € Z¢, and for any assignment of the § symbols, one has

D [WH(0), 97 (%), P (x0)) Rl < ()" ATl

X2, Xn EA

Although we do not see a fundamental reason against this conjecture, due
to technical difficulties inherent to the cluster expansion method we follow in
this paper, we have been unable to prove so much. Related bounds of the n!
type have been obtained in the literature [24, 51, 16], but without extracting
the optimal power of A. Using the method of this article, it is possible to
extract this power, but at the cost of a higher power of n!. The difficulty is in
obtaining optimal bounds which are uniform in n. Theorem 4 is a weakening
of this conjecture.



2.3 Free propagator decay

Picking up the thread from §2.1, we let j;é denote the off-diagonal part of J,
so that J = J(0)I + J.. We also assume in this section that 0 < Jz < J(0).
The matrix J;g is also Hermitian and, because of the previous inequalities, has
its operator norm bounded by ||J.|| < Jz < J(0). Thus the Neumann series

=T (j(é) j#)p

p=>0

converges, and provides the following random path representation for the free
propagator

1
— ey — sl
C(X7 Y) J(O) Yy J( ) { ;éy}‘] + pz>:2

S k2@ —2) T (@ — 2y )2 —y) (7)
21, Zp—1
where the last sum is over sequences of sites in A such that, z; # x, z,_1 # Yy,
and z; # z;_1 for 2 < i < p—1. We assumed the function J : Z¢ — C to be
compactly supported. Let therefore rg > 0 be such that .J(x) = 0 for all x € Z¢
satisfying |x| > ro. We now have the following elementary lemma.

Lemma 3 For any A C Z%, and for any x,y € A one has the uniform expo-
nential decay bound
C(x,y)| < Koe o
where J(0)
Ko=—-—+"—>0
T2(7(0) — 77)

m:1m<mv,

To J?g

Proof: Given a nonempty A in Z¢, and x,y in A, let py = L%j First
suppose that pg > 1, so that |x —y| > 9. Then obviously the first two terms
on the right hand side of (7) vanish. Besides, if a term in the last sum over
p > 2 is nonzero, then there exists a sequence of sites z1,...,z,-1 such that
|x — 21| < ro, |2p—1 —y| < 70, and |z; — z;—1| < rg for 2 < i < p—1. Thus
|x —y| < pro and py < p, i.e., p > po + 1. Therefore at the level of matrix
elements on has

and

1 -1 = \?*
Cxy)= |52 > (Js«é)
J(O) p=>po+1 J(O)
and bounding matrix elements by operator norms, one has

1 J# po+1 1
ICx Y < | 7/ X ———
710 () -7

x7y
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from which the estimate easily follows, since pg+ 1 > ‘Xr_oy|. Now if pg = 0, one

has |x —y| < 7o and therefore using the full Neumann series and the coarse
bound by the operator norm

1 1
C <ol < - —polx=y| y orolx—yl
and the last factor is obviously bounded by e#0™ = %, so the lemma follows.

|
This exponential decay trivially implies the I! property of the free propaga-
tor thanks to
S el < Ky(d, ) (®)

z€Z4

for any p > 0 and dimension d > 1, where K;(d, u) is some constant.

2.4 The Brydges-Kennedy-Abdesselam-Rivasseau formula

We recall in this section and the next one a list of well known combinatorial
identities and inequalities and some basic results of cluster expansions that we
will use to establish our bounds.

The BKAR formula [18, 2] is a simpler and more symmetric version of the
earlier Brydges-Battle-Federbush tree formula [17, 12, 15] in constructive field
theory. This earlier formula itself is an improvement on the pioneering approach
of Glimm-Jaffe-Spencer [30, 31].

Let us consider a finite set E # (), and let us denote by E?) the set of
unordered pairs {a, b}, where a and b are any distinct elements in E. Of course

|E?)| = ( ’g’ ) We will consider the space RE® of multiplets s = (51)1eE@

indexed by pairs [ € E®?), and functions defined on a particular compact convex
set K in this space. Let IIg denote the set of partitions of E. For any partition
m={X1,... Xy} in Ilg we associate a vector vx = (vr1);cp defined as

Vg = Yzi1<i<qicx;) -

Now Kpg is by definition the convex hull of the vectors v, for m € Ilg. It is
easy to see that K affinely generates RE® Indeed, let 0 be the partition
entirely made of singletons, and for any pair [ € E? let [ denote the partition
made of the two element set [ and the singletons {a}, for a € E\l. Then, the
vectors v; — vg, for | € E® form a basis of the vector space RZ® . Asa result,
the open domain Qg = ICE is nonempty, and g is equal to the closure Qp.
Let C*(Qg) denote the usual space of functions of class C* on the domain Qp
which, together with their derivatives up to order k, admit uniformly continuous
extentions to the closure Kp = Qf (see, e.g., [5]).

Now a simple graph with vertex set E can be thought of as a subset of the
complete graph E?). A forest § is a graph with no circuits, and it is made
of a vertex-disjoint collection of trees. Let § be a forest, and let h = (h)ieg
be a vector of real parameters indexed by the edges [ in the forest §. To such

11



data we canonically associate a multiplet s(F,7) = (s(F, i—i)l)leE(g) in RE® as
follows. Let a and b be two distinct elements in E. If a and b belong to two
distinct connected components of the forest §, then s(§, h) {apy = 0. Otherwise

let, by definition, s(§, }_i){a,b} = mlin h; where [ belongs to the unique path in
the forest § joining a to b. We are now ready to state the BKAR formula.

Theorem 6 [18, 2] Let f € C'FI=1(Qp), and let 1 € RE® denote the multiplet
with all entries equal to one. This is also the same as vy where 1 is the single
block partition {E}. We then have

. 5] .
=3 /W dh Hig‘g& (s3.1)

§ forest

where the sum is over all forests § with vertex set E, the notation dh is for
the Lebesgue measure on the set of parameters [0, 1]3, the partial derivatives of
f are with respect to the entries indexed by the pairs belonging to §, and the
evaluation of these derivatives is at the h dependent point s(§F, ﬁ) Such points
belong to Kg.

Note that the empty forest always occurs and its contribution is f(0) =
f(vg). There are several proofs of this identity [18, 2, 19], but we believe the
most natural and most easily generalizable is the one given in [3, §2]. This
proof also most clearly shows the s(, E) belong to Kg. This point is important
for the positivity of the interpolated covariance matrices in §4.1, and also when
proving Lemma 5 via Lemma 4.

We will now recall a lemma which, via the uniqueness of the Mobius inverse
in the partition lattice, is a corollary of the BKAR forest formula.

Lemma 4 Again let us consider a finite set E and let us denote by E? the set
of unordered pairs | = {a,b} in E. Let Viapy be a collection of complex numbers
indezed by E?). Then

STt -n=% [

gF lcg g J0,1]*
T tree

dh {H(_VZ)} o Siep@ STV ()

et

Here g is summed over all simple graphs (i.e. subsets of E(Q)) which connect
E. We abreviate this property by the notation g ~ E. On the right-hand side
the sum is on spanning trees T which connect E. The notation s(%, fz) 5 as in
Theorem 6.

The following tree graph inequality, initially due to Brydges, Battle and
Federbush (see [15, 12, 52]) is the basic tool we will need for the estimates in
the first three regimes related to the ‘high temperature’ scenario. It is an easy
consequence of Lemma 4.

12



Lemma 5 Under the same hypotheses as in Lemma 4, let us assume that the
numbers V) satisfy, in addition, the following stability hypothesis: there are
nonnegative numbers Uy, for a € E, such that for any subset S C E one has

ZW<ZU

les aes

Then the following inequality holds

D I =) erecst 3 TVl -

gwF lcg T~E €T
T tree

2.5 The cluster expansion for the polymer gas

We now recall the basics of polymer gas cluster expansions. Any nonempty
finite subset R C A is called a polymer. We denote by P(A) the set of all
such polymers. We associate to each R € P(A) a variable p(R) € C called
the activity of the the polymer R. They can be collected in a vector p =
(p(R)) rep(s) € CPW.

On the complex space CP™) we consider the polynomial function Z defined

by
the R; are
Z Z ]1{ disjoint }p(Rl) —.p(Ry)

p>0 Ry,...,Ry,€P(A)

for any p € CP . This function is usually called the grand canonical partition
function of the polymer gas at finite volume A. It is well known (see e.g. [15, 21])
that the logarithm of Z5 can be written in terms of the following series

log Z(p Z > ¢ (Ri,...,Rp)p(Ra) ... p(Ry)

po1 P " Ry,..,RpeP(A)

with

ST(Ri,... . Ry) = Y (~1)H

H~[p]
HCG

where G is the graph with vertex set [p] = {1,...,p} and edges corresponding
to the pairs {4, j}, i # j, such that R; N R; # (). The sum is over all spanning
connecting subgraphs H which are identified with their edge sets.

Note that by the so-called Whitney-Tutte-Fortuin-Kasteleyn representation
(see, e.g., [64]), one can write the chromatic polynomial of G as

P(G,z) =Y (—1)lH1 5 (10)

HCG

where ¢(H) is the number of connected components of H. For nonnegative
integer values of x, the quantity P(G,z) is by definition the number of proper
vertex colorings of G with x colors. A good way to see the Ursell function
®T(R1,. .., R,) is as the coefficient of z in the chromatic polynomial P(G,z).

13



The condition for the convergence of the series above is a well studied sub-
ject. It can be expressed in terms of the following norm, depending on a pa-
rameter ¢ > 0, defined on the space CP) of polymer activities

lplla =sup > I{x € R} |p(R)| P .
XEA Rep(A)

The best result on this subject, essentially proven almost four decades ago
by Gruber and Kunz [34] but largely forgotten, and then rediscovered very
recently by Ferndndez and Procacci [27] with a new proof, is the following
theorem.

Theorem 7 Let a > 0 and let p denote an element of CEW) . Then the series

=~ S 6T(Riv R)p(Ry)- . plFy)

p>1 P Ri,...,Rp€P(A)

is absolutely convergent in the closed ball ||p|l, < e* — 1. The function f is
analytic on the open ball ||p|lo < e® — 1 and satisfies

exp f(p) = 2

or an with o <et—1.
f yp P

In fact, one can extract a more precise result (see [27, p. 132]), when p > 0,
i.e., when the polymer activities p(R) are real and nonnegative.

Theorem 8 If p >0 and ||p||o < e* —1, then for any Ry € P(A), we have the
estimate

1
ZE Z ’¢T(R07R1,---,Rp)‘.p(Rl)...p(Rp> < etlfol _q
p>1"" Ry,...,RpeP(A)

We will use this theorem when Ry is a singleton, namely, when Ry = {z}
for some z € A. In this case one has the identity

¢T(Ro, Ry,...,Ry) = (—7).¢  (R1,..., Ry) (11)

where r is the number of indices ¢, 1 < ¢ < p, such that z € R,. Indeed, if G
is the intersection graph on {0,1,...,p} defined by the collection of polymers
Ry, Ry, ..., Ry, then the restriction of G' to the set formed by the vertex 0 and
its neighbors is the complete graph on r + 1 elements. This property and the
representation (10) gives a very easy proof of the reduction formula (11). A
trivial consequence of (11) and Theorem 8 is the following lemma which will be
used repeatedly in the sequel.

Lemma 6 For nonnegative polymer activities p(R), R € P(A), such that ||p||s <
e® — 1 we have the bound

supZ;' Z {z € U)_ | R}

ZEA 51 P Ry RyEP(A)
x|¢"(Ri,..., Ry)|.p(R1)...p(Rp) <e*—1. (12)

14



Remark 4 The important point to note here is that the bound is uniform in
A e 74

Since we are not interested in optimal bounds we will choose hereafter a =
log2 and we will denote the norm ||p|[iog2 simply by ||p||. So in what follows
we will use the norm

ol = sup > xR} |p(R)| 27 (13)
A ReP(n)

with the condition ensuring absolute convergence of f(p) being

ol < 1. (14)

3 The large mass, small interaction, and large self-
interaction regimes

3.1 The Mayer series representation for the truncated correla-
tions

Given a source specification (x;, f;)icr, we will consider the perturbed partition
function
Zx(a) = | Dy Dy e 0 TT(1 + anp® (x;))
ch icl

and the truncated correlation function given by

Al

(W% (%))ier) s = e, 0a:

Log Zx(ax)

a=0

As mentioned before, Log Zj(a) is analytic in a small polydisc Dy around
a=0.
Now let us introduce the normalized single site measure

dv(z*,z) = %e“](o)lz‘t%‘zﬁdéﬁz A3z

on C, where

N = / O =21 gz dS .
Clearly Zx(a) = NN Z) (a) where
/ IT vy (x)) ¢ Ztmsrea® 0o ) TT(A + agti(x,))
xEA i€l

with
I yy () = J(x = y)¢* (x)¢(y) + J(y — )¢ (y)(x) -

15



Since Zy (o) = NMZy(a) with N > 0, one has the analyticity in the polydisc
Dy of Log Za(a) = —|A|In N + Log Za(«x) as well as the identity

i T ol .
(V" (x))ier)n = 77— Log Za(a)
[Tics O
a=0
On the other hand, we can also write
efz{x,y}EA(Q) I{x,y}(w) _ H |:1 + (e—[{x’y}(d)) o 1)i|
{xy}eA®

— Z H ( —Lxy3 (¥ 1)

gCA® {x,y}eg

where the sum is over all simple graphs g on the vertex set A. Using this equa-
tion and also expanding the product of the (1 + ;1% (x;)) one easily obtains,
after reorganization according to the connected components of the graph g, the
following polymer representation for Z,(a). Namely, one has

the R; are
SEDSETED DI U VTS RS I
p>0 Ri,...,RpeP(A)

where the polymer activity of a polymer R is defined as

-y zﬂ{ii',;%}

g~RJCIp
/ I dv(e ))H(aiwﬁi(xi)) I1 (e—f{x,y}w)q) (16)
xER ieJ {x,y}€g

with the notation Ir = {i € I|x; € R}. Let p(ex) denote the activity specifica-
tion (p(R, ))rep(a)- Using the notation and definitions of §2.5 one obviously
has Zj(a) = Z(p(a)).

Now suppose the condition ||p(0)|| < 1 holds. Then on a small polydisc
D', the hypothesis ||p(a)|] < 1 will also hold. On the polydisc Dy N D/, both
the functions f(p(c)) and Log Z, () are analytic and exponentiate to Z, ().
By connectedness the difference f(p(a)) — Log Z(a) is a constant in 2i7Z.
However this difference takes a real value at a = 0, and therefore it must vanish.
Indeed, the hypothesis on the J(x) function implies that Iy (7)) is real and
therefore, by (16), the activities p(R, 0) are also real. Finally, by the definition
in Theorem 7 it follows that f(p(0)) € R. As a result of these considerations,
on a small polydisc around a = 0 one has the equality

f(p(ex)) = Log Zx(ax)



— Z > ¢"(Ri,....Ry)

p>0 Rl, SRpeP(A)

o1l
X =——a—p(R1,@)...p(Ry, @)
Hie[ aal a=0
= Z Z ¢T(R17"'7Rp) Z ]1{ Iﬁ?lSiOl?t }
p>(] " R1,.. SRpeP(A) [ q
p
8|Iq
X H [ aa 1Y Rq,a)
lGIq % N

Comparing with (16) it is apparent that the effect of the « derivatives is to force
the summed over J to be equal to I;. Hence, as an immediate consequence of
Theorem 7, we have the following statement.

Proposition 1 Define for any subset J of the source label set I, and any poly-

mer R € P(A),
. VielJ |R| > 2
p(R,J):]l{ xieR}ﬂ{ or J £ }z;%
g*’*)

/ [T v ), ) [Tvsx) T (e fen® —1)

xXER ieJ {x,y}€g

Provided the source-free condition

sup Z 1{x € R} |5(R,0)| 27! <1
X€A pep ()

holds, one has the absolutely convergent series representation for all truncated
correlation functions

(W% (xi))ien) i =

I, disjoint )| 1o -
S X e mn{ N T o, 1
q=1

p>1 Rl AAAAA RpeP(A)

Note that with this new definition, polymer activities p(R,J) do not have to
contain all the sources localized in sites belonging to R.

3.2 Estimates for a single polymer activity

Consider a polymer activity p(R,J) as defined in Proposition 1. By moving the
sum over connecting graphs inside the integral, one has the estimate

i< DS P o § L v v

17



(me(xl) S I ( Loy () _ 1)

icJ g~R{xy}leg

Now for any subset S C R and for any fixed field ¥, by the argument given in
§2.1, one has

Y @) < T2 [P
{x,y}eS(Q) XES

As result, Lemma 5 implies, for any given field configuration ¢, the inequality

> I (o))<

g~R{xy}eg

e’ Zxer PO N T (200(x - y) [0 (x)[[0(v)]) -

T~R
T tree {X y}GT

Therefore

~ VieJ |R|22 |R|—1
’p(R’J)‘Sﬂ{x,-eR}“{orJﬂ}2 > I |
R {xy}ez

< IT [ w60, w0)e00% uo 9) (1)

xXER

with m(x) = ¢j(x) + dz(x) where c¢;(x) is number of source labels i € J such
that x; = x, while dg(x) is the degree of the vertex x in the tree T. The
integrals in (17) are now estimated thanks to the following lemma.

Lemma 7 For any integer m > 0, we have

A m
/ dv (2", 2)e 7 |2m < 2 (J(O) + 2) (J(0) — J)~ "2 mlz (18)
C
when J(0) > J, as well as
* Jxlz|2)m A A _mt2 1
dv(z*, z)e?#*7 |z|™ < 4| J(0) + 5 (Z) 1 mla . (19)
C

Proof: We have

/du(z*, z)e‘]¢|z‘2|z|m = /1// e~ (JO) =Tz~ =" || dRz dSz .
C C

In order to obtain a lower bound on the denominator N, we write

o o

N = / eI ORP31 gz 4z = 2r / e O =iy = 1 / e3P0 gy
C
0 0
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so? | —1<\/Xt+J(0)\/§>2 2 s0? [ e
=Tme A /62 : A dt:ﬂ‘\/:e/\ / e zdq .
0 7(0),/2
Now recall Birnbaum’s inequality [14] for Mill’s ratio, i.e., essentially the

erfc function:

22

q2
ez [ e 2dqg>

Vad+a? -z
2

T

for £ > 0. One can simplify this to

o0

o2
2

| E— .
e = .
q_x+\/4—|—x2_$+\/4—|—4x+x2 x+1

T

e

The latter applied to z = J (0)\/§ readily provides the needed bound

N>—T (20)
J(0) +4/3

Now for the upper bound on the numerator, we have two possibilities corre-
sponding to the two estimates in the lemma.
1st option—the bound using the Gaussian part: We write

/ e~ (TO=TAIEP =21l |m 4Rz 432 < / e~ O M dRz dSz
C C

= Qﬂ/e—(J(O)—J¢)T2rm+2¢i7“ — 27(J(0) — J¢)_mT+2F <m;—2> .
0

We therefore only need to show the elementary inequality \/LT'F (mT“) <1lin

order to complete the proof of (18). This can be done easily by induction using

the well-known properties of Euler’s gamma function (see e.g. [6]). The quantity
\/%F (mTJ“Q) is equal to 1 and @ < 1 for m = 0, and m = 1 respectively.
Besides, when going from m to m + 2, this quantity changes by a factor of

1 2
m+: 14

1
X = <1
V(m+1)(m+2) 2 2 m+1

and the desired inequality propagates.
2nd option—the bound using the quartic self-interaction: We write

/e(J(O)J¢)Z|22|Z4 |2 dRz dSz < / e all |z|™ dRz dSz (21)
C C

0 _m+2
:Qﬂ,/ei‘r“rm+2dr:2ﬂ é : T LH )
T 4 4
0
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We are left with showing I" (mT“'Q) < 2mli for any nonnegative integer m. By
Dirichlet’s multidimensional extension of the formula for the beta integral [6,
Theorem 1.8.6], we have

2\* .
r <m+) = (m+ 1)!/ (titotsts) T dtydtadtsdts
t;>0,>" ;=1

4
m—2
1 4
< (m+1)'/ <) dtldtgdtgdt4
_q \ 44
t;>0,>" t;=1

by the arithmetic vs. geometric mean inequality. Thus

2\* 1
r (T) < (m+ 1) x ETRe 47mF2 < 94

for m > 0. Indeed,

(m+1) ‘

4" =1+3)">1+3m > 5

JFrom the raw estimate (17), the previous Lemma, the inequality
m(x)! < 260 Fd= () ¢ (x)1dg(x)!
and the trivial relations

S =, S de(x) = 2R -2

XER xXER

one easily derives the following basic bounds on single polymer activities.

Lemma 8 Gaussian estimate:
When J(0) > J, one has the bound

IR
- ViedJ |R| >2 3‘R|+M,2 A
’p(R’J”Sﬂ{xieR}ﬂ{0r|J|21}2 * Oy

x(J(0) — J) 2T [ est2 x S [[dettz [ 17Gx—v)l -

XER T~R x€R {x,y}ex
T tree

Lemma 9 Quartic estimate (a.k.a. domination):
One has the bound

|R|
- ViedJ |R| > 2 LR 8]J| 5 A
< A
‘p(R7J)‘_]1{xi€R}ﬂ{or‘J21}22 1 2<J(0)+ 5

ORI L [Tesrx S [[dsots J] 1Ix-y)l -

XER T~R x€R {x,y}e¥
T tree
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3.3 The large mass and small interaction regimes

In this section we will use the estimate of Lemma 8 which allows us to treat at
once both the cases when J(0) is large or when J is small. Our first task is to
check the source-free (i.e. J = ()) condition for the applicability of Proposition
1. Let z be a site in A. We need to bound

A = Y WzeR) R0 2"
REP(A)
\ |R|
< > zeRIYIR| > 2}24H2 (J(O)+ 2)
REP(A)
x(7(0) = T ST [T astor T 176e-y)l-
g?rfe xER {x,y}e%
We now condition this sum on the size m = |R| > 2 of the polymer, and

introduce a sum over labelings of the sites in R by the fixed set of indices [m].
Namely we introduce in the sum the identity

1

l=——— ) Ixi =z}{x distinct} {R = {x1,...,xm}} . (22)
(m—1)!

X1, XmEA

The next step is to use this artifice to transport the summation over trees T

on the variable set R to a sum over trees t on the fixed set [m]. Then, partly

releasing the second condition in (22), and eliminating R we obtain

A< Z (ml—l)' Z 1{x; = z}2im2 (J(O) + ;)

m>2 T X1, XmEA

x(J(0) = J) 72 s STOTT aite T (i # x5} (xi — %))

t~[m] i€[m) {i,j}et
t tree

with the obvious notation d¢(i) for the degree of i € [m] in the tree t. Now the
sum over the locations x;, starting with the leafs and then progressing towards
the root 1 € [m], is easy and gives a factor J;”_l. The sum over the tree is
done using the following lemma whose proof is given further below.

Lemma 10 We have the bound

ST dyr <223 (m -2t

t~[m] i€[m]
t tree

Thanks to the coarse bound dt(z’)!% < d¢(i)! and the last lemma, we now

have

A< 2Rt (J(O) + A) (J(0) — Jz)~2m+L

2
m>2
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Therefore, as soon as the condition

27J . <J(0) + \/§>

(J(0) — J)?

< (23)

holds, one will have

2107 <J(0) + 3)2
(J(0) — Jx)?

(Ol < A< (24)
Clearly, if we take either one of the limits J(0) — oo or Jx — 0, the condition
(23) will hold and ||p(-,0)|| can be made arbitrarily small. Note that crucial
to this last fact is m > 2, i.e., the absence of single-site polymers, also called
monomers.

Proof of Lemma 10: We have by Cayley’s Theorem (see, e.g, [65, Theorem
5.3.4]) which counts labelled spanning trees with fixed vertex degrees

SICUIED SIS SET R v 1 L

t~[m] ¢=1 diyeydm>1 tas[m]
t tree 3d;=2m—2 t tree
o Z (m — 2)' ﬁ d!
dyyerdm >1 H?il(di - 1! i—1 b
$d;=2m—2
= (m - 2)‘ Z dy dm
dy,..., dm>1
Yd;=2m—2

Using the arithmetic versus geometric mean inequality

o2m —21™
dy ... dy < [ m ] < gm
m
as well as
DERE (A
m—1 -
dl ,,,,, dm>1
Sd;=2m—2
the lemma follows. |

We are now in a position to tackle the I!'-clustering estimate (4), where
the source label set is I = [n]. Assuming either J(0) is large enough or J is
small enough to garantee conditions (23) and ||p(-,0)|] < 1 hold, we can use
Proposition 1 as well as Lemma 8 to write

> W (0), 9" (xa), ..., ¥ (x)) 1]

X2,...,Xn EA

< Y -0y Y

X1,..,Xn EA p>1*" Ry,...,RpeP(A)

Iq,..., IpCln]
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T I, disjoint | T- Viel, IR, > 2
¢ (Rl""’Rp)“l{ Stp=p) (T ey (2 or 1, > 1

q=1

| Rql
x Bl 2<J(o>+ ;) (J(0) — )2l =24

< [T enotzx 30 [l ds 2 [T -9l - (25)

XERy Tq~Rq XER, {x,y}€%,4
Tq tree
The first step is to push 1{x; = 0} through the sums over p, the R,’s and the
I,’s. We then bound it by the coarser condition 1{0 € Uz’leq}. The second
step is to push the sums over the x;’s inside the appropriate (i.e., as dictated
by the choice of the I,’s) bracket factor. The sums over the source localizations
x; are therefore bounded with the knowledge of which polymer they belong to.
This rests on the following lemma.

Lemma 11 Using the notation cy(x) = |{j,1 < j < kly; = x}|, for any
polymer R, and for any power 3, we have

Z H cy(x)1F < 2ARIFR—1 o pmax(51)

Y1, YRER XER

Proof: Summing first over multiindices ¢ = ¢(x)xer and then over the se-

quences (y1,...,yx) for which ¢y = ¢, we have
B — B-1
> et = 3 ] et
Yi,yr€ER x€R ¢le|=k x€ER

where we denoted by |c| the length »  _pc(x) of the multiindex c. We then
bound the product by k=1 if 8 > 1 and by 1 otherwise. We also use the trivial

bound R
Rl —1+k |R|+k—1
= <
S (M) e
¢ lc|l=k
and the result follows. [
As a result of this lemma we have for every ¢, 1 < g < p,
Vi€ ly 1 olRg|+|Ig|-1
> ]1{ %€ R, }x [T crGote < alfaltlal=tocip - (26)

(xi)ielquIq XER,

Calling 20 the sum to be estimated on the left-hand side of (25), and using the
relation Y °F_; |Iy| = n in order to pull out some factors from the sums, we now
have

3n _n
W < 272 .(J(0) - Jy) Z > 1{oeU_ Ry}
p>1 ‘Rl ,,,,, Rp€eP(A)
Iq,..., IpCln]



I disioint
x\¢T(R1,...,Rp)\]1{ g GBI }><|11\!><-.-xupu

UIq = [n]
) |Ryq|
|Rq| > 2 4|Rq|-3 A

XlTl ]1{ or|[q]21 2 4 J(O)+ 2

q=
x(J(0) = Tyt 37 ] de, 0t [T =)l

gquq XERy {xy}eZ,
q ree

We now insert the decomposition

[Rq| > 2 [Rq| =1
= >
ﬂ{ or |I;| >1 IRy 2 2} +1 and || > 1 (27)

so each bracket factor takes the form A,+ B, where the nonnegative numbers A4,
and B, correspond to the first and second conditions of (27) respectively. Note
that since the I,’s form a disjoint decomposition with possibly empty subsets
of the set [n], the number of ¢’s for which B, # 0 is bounded by n. Hence, for
any number v such that 0 < v < 1, we can write

H(Aq+Bq) = H g+ Bg) x H Aq
q=1 q=

Bq 0 Bg=0
P P
< H (Y1 Ag + By) % H Aq
q=1 q=1
Bq#0 Bg=0
P
<y HaBA0H H ¢+ 7By H A,
B;#O Bq;:10
p
< X H(Aq +vBy)
q=1
P
< v x [[(Ag +7By)

Q
Il
—

where Bq means we now forget about the condition |I;| > 1. Leaving the
appropriate choice of  for later, we now have

W < 42T (J(0) - Je)E ) j S H{oe U Ry}
p>1 " Ry,...,RpeP(A)
Iy,..., IpC[n]
1, disjoint
T q A1) oo !
x| (Rl,...,Rp)|]l{ ul, = [n] }x|]1|.>< X | Ip|!

p |Rql
< TT | 141R | = 232103 <J<o> - A)

2
q=1
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M\H

X(J(0) = o) ARl N T de,(x)'2 [ 7Gx =)

TqRq xeRy {xy}e%,
Tq tree

Y| R, = 1} x 2 (J(O) + @) x (J(0) — J;,g)_l] :

We now perform the sum over the I,’s

1, disjoint | |
Z ]1{ UI, = [n] }x\h].x X | Ip|!

11,...,IpC[TL}

n
> (u')

K1yeens kp>
k1+m+kp:n

— n+p—1
= n! b1

< pl2nte-l (28)

W < w425 (J(0) - %xz >

o1 P " Ry,..RpeP(A)
1{0 € U'_ R }o (R, ..., Ry)|.0(R1) ... o(Rp) (29)

where the nonnegative polymer activities o(-) are defined by

J(0) 2
o(R) = 4y.I{|R| =1} x m
||
+1{|R| > 2} 24RI=2 (J(O) + ;‘) (J(0) — Ji)—Q\RH-l
< > JTdsttz I 1=l
T~R x€ER {x7y}€r3:

T tree

The norm ||g|| is estimated in the same manner as we did for ||p(-,0)|| at
the beginning of this section. Namely, we find

J(0)+1/3
J#

lloll = 8y x 74y
A m
+mz>228m T (J(0)+ 2) (J(0) — Jz)2mFh

By taking J(0) large or J small we will ensure that

28J¢.< +[) 1

(O~ P~ 2
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and also, summing the geometric series, that

J(0) + \/g N 212J¢. <J(0) + \/5)2

J(0) = Jx (J(0) = Jz)?

[lof| < 8y % (30)
holds.

1st case: When J(0) becomes large, the right-hand side of (30) approaches
8v. So we simply choose v = % < 1 and Lemma 6 together with the previous
estimate (29) complete the proof of Theorem 1.

2nd case: When J. becomes small, the right-hand side of (30) approaches

8 <1 + J(IO)\/§> Therefore, we choose

Y= <1

and now Theorem 2 follows.

3.4 The large self-interaction regime

This essentially is an encore presentation of Section 3.3. The difference is that
we now use the estimate of Lemma 9. Following the same line of argument as
in §3.3, we therefore successively have

A = > lzeR}|pR,0) 2"

REP(A)
13|R| 5 A "
< Y MzeRM{R| =222 2 (J(O)+ 2)
REP(A)
AT 5 ST T dsxti [ 17— y)l
TR xeR {x,y}eT

T tree

then, introducing the labeling and using Lemma 10,

A< S oEmey yomts gt <J(0) + ;) .

m>2

For A large we will have

and



So we now have,

2 = Z ’<wﬁ1(0)7¢ﬁ2(x2)77wﬁn(xn)>};|

X2,...,Xn EA
<Y wmeaYl ¥
X1, Xn EA p>1 " Ry,..., RpeP (A)

T I, disjoint | T~ Viel, IR, > 2
¢ (Rl""’Rp)’ﬂ{ Uly = [n] ql_[l . x; € Ry 1 or |Iy| > 1
3 Ryl o
X272 2 ‘Rq|+ ‘Iql ) <J(O) -+ \/7> )\_‘qu_Tq‘f'%
2

< ] e, x 3 [ ds, 005 J] 1x—w)I] - (31)

xERy TaRq xCRq {xy}e%,
Tq tree

Following the same steps as before, including the introduction of v € (0, 1], we
arrive at

QHSn'.’”QHnl ZXZ Z

1 PR L R,EP(A)
1{0 € U2_, R} |6 (Ry,..., Ry)|.<(R1)...<(Ry)

)
|

J(x—y)l.

with the nonnegative polymer activities

o)

G(R) = 2%9.1{|R| =1} x A2 (J(O) +

ro | >

+1{|R| > 2} 27 IR-3 (J(O) +

AR S T =0t ]

IT~R xER {x,y}ex
T tree

.M»—‘

Their norm is similarly bounded by
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and therefore also

2
2
Ioll < 22 x (HJ(O)\ﬂ) +2% JuA (J(0)+ ;) ,

The latter expression approaches 237 as A becomes large. Therefore, choosing

v = —r and applying Lemma 6 completes the proof of Theorem 3.

272
4 The small self-interaction or near-Gaussian regime

4.1 The cluster and Mayer expansions for the truncated corre-
lation functions

We will follow a line of argument similar to §3.1 in order to obtain a convergent
series representation of the truncated correlations which is adapted to the small
A regime to be considered in the remainder of this article. Using the notation
of §2.1 and §3.1 we have Z)(a) = (det J)~*Z, () where

Za@) = [ duo(w* ) e ¥ Enen W TT (14 2w (x)

el

Since J is positive definite, we again have that Log Z, () is analytic in a small
polydisc Dy around ¢ = 0 and

o

W Log 2, ()
iel Y

(W% (x))ier) s =

a=0

The next step is to write an expansion for Z () similar to (15). This step is
usually called the cluster expansion in the constructive quantum field theory
literature and was introduced by Glimm, Jaffe and Spencer [30, 31]. These
expansions which have been simplified and improved over the years by a small
group of experts, are not so well known in the wider mathematical community.
In what follows we will try to explain the method in detail, on the simple case
of the lattice field theory considered in this article. We also use one of the
more recent technical implementations based on the BKAR forest interpolation
formula of §2.4. This is a kind of combinatorial Taylor expansion with integral
reminder which interpolates between a ‘complex’ fully coupled situation and a
‘simpler’ fully decoupled one. In the present case this decoupling expansion will
be applied to the Gaussian measure, since it is the only feature preventing the
random variables of different lattice sites from being independent.

Before introducing the decoupling expansion for the Gaussian measure, we
need a preliminary expansion of the self-interaction term =1 Lxea P This
is a matter of convenience and spares us the division by the amplitude of triv-
ial polymers when deriving the polymer gas representation. This is especially
useful in view of the forthcoming derivatives with respect to the coupling con-
stant A which one would rather have act on products instead of ratios. This
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preliminary expansion consists in writing

e i Txea WO — T [1+ (e’%'”(")'4 N 1)}

xEA

- Y11 (ef%w(x)r* _ 1) _

TCAxeY

Then for each x € T we write

B A [T ~ .
Zn () —TZCA <—4> /[0’1]T dt /(CA duc (Y™, )

(H( +057,wm Xz ) (H ‘w ) e_%zxe‘rtxhz’(x)'él (32)

i€l xeY

where dt denotes the Lebesgue measure [ Ixer dtx.

We are now ready to apply Theorem 6, using F = A, as follows. For any
multiplet s = (5;);cp in the closed convex set Ky, we replace the covariance
C' by a modified covariance C[s| defined by

Cls](x,x) = C(x,x) for any x € A,

and
Cls](x,y) = s4xy1 C(x,y) for x # y in A.

Clearly this new matrix is also Hermitian. Moreover, the following key positivity
property follows from the previous definitions.

Lemma 12 If s € Ky then C|[s] is positive definite.

Proof: For s € K one can find an expression s = Z?Zl wjvr; with the w;’s
nonnegative and summing up to 1, and the 7; some suitable partitions of A.
Using notations similar to §2.1, for any vector ¢ € C* we have

<, Clslp > = > Y (x)Cls)(x,y)(y)

X, yEA
= 0 X))
xEA
—|—ij Z w UTr] {x, y}C(X Y)w(}’)
xxieyA
= ij Z P*(x x)P(x)
xXEA
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+ 3 )| D) Mxe X}y € X} | C(x,y)¥(y)

X, yEA X€7Tj
X#y
k
E Wy E < 1b}(7 (jtb)( >
J=1 Xem;

where 1x(x) = 1{x € X }1(x). Therefore the result is nonnegative since C is
positive definite. Now suppose < 1, C[s]y > vanishes. Since Z§:1 w; =1, one
can choose jo such that wj, > 0, and then have for every block X € =j, that
< x,Cx >=0, i.e., that x = 0. Thus ¢ = ZXG% Yvx = 0. |
As a result of this lemma the corresponding Gaussian measures duc(,) are
well defined. The last Gaussian integral in (32) therefore becomes a function

)= [ dmer 0 (H(Hazwz () )(Hw )wzxawo«v

el xeY

of s € K to which one can apply Theorem 6. The well known rule for com-
puting derivatives of Gaussian integrals with respect to the covariance matrix,
namely as a Laplace type operator acting on the integrand (see e.g. [29, §9.2]),
immediately implies the following representation:

~ A 7] " *
Zy(a) = Z <_4> /[O,I]T Z /01]3 dh[m dﬂc[s(g,ﬁ)](w 1))

K1 forebt
1 <H (1+ agtb (x1) )(Hw )e—izxemlw<x>l4

leg el xeY

Here we denoted by A; the operator of Laplace type given, for any unordered
pair of distinct sites x and y by

0 0 0 0
Aot = 0V 556580 T Y a0 90+ 0
using the standard % and % vector fields of multivariate complex analysis.
The differential operators act on everything to their right.
Now, let m be the partition of A into connected components of the forest
§. An important feature of the definition of s(§, k) is that it vanishes between
components. This implies the componentwise factorization of the Gaussian
integral. One can also factorize the different combinatorial sums involved, i.e.,
those over the sets Tr = TN R, as well as the ones over the trees T connecting
each R € m and which together make up the forest §. In sum, one has

wellpy RET

(33)

where for each polymer R we defined the polymer activity

(Ra=3 3 (_> <Haz> /M /W i

YCRJCIg S—R ieJ

tree
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/C by (V5 0) (HAl> <H¢m ><HW )e—izxermwxn‘*

lex icJ xET
(35)

again with I'p = {i € I|x; € R}. Note that the covariance C which is used here
is the restriction to R of the one defined on A as the inverse of J. It therefore
retains a slight dependence on the volume A which contains the polymer R. We
nevertheless suppressed it in the notation for better readability.

We now introduce in (35) the decomposition

|R| =1 and |R| > 2 or
1=1¢ T =0and + 1< |Y[>1or
J=10 |J| >1

and break (y(R, a, A) accordingly as a sum of two contributions. It is easy to see,
because all sums and integrals become trivial and also because even for a single
site the Gaussian measures are normalized, that the first contribution reduces to
I{|R| = 1}. Therefore, by only keeping track of polymers for which the second
contribution is selected, one can rewrite (34) as a polymer gas representation
similar to (15), namely

Zp| 3 11{ the Ft; are }C(Rl,a,)\)...C(Rp,a,)\) (36)

disjoint
p>0"" Ry,..,RyeP(A)

with the polymer activities defined as

|R| > 2 or
((Roes)=3 > > 14 [T[>1Tor
YCRJCIg t?_R |J| > 1
< /\>|T| / ) . ( |
e % dt / dh/ du (%,
4 zle—:[I (0,17 [0,1]F cr @ Cls(h)]
(HAZ> (Hwﬁl XZ) (H it ) et Maer VO (37
lex icJ e

Now the same line of argument leading up to Proposition 1 shows the following.

Proposition 2 Define for any subset J of the source label set I, and any poly-
mer R € P(A),

2 or
3 , A T |R| =
g(R,J,Ap]l{i?Eé}Z(-LL) 1{ |7 >1 o0
! TCR

17| > 1
xz/

A /[07113 dh CR d“C[s(‘Iﬁ)](w )

zwr Y0
(1) ) (o) o
e ieJ xeT
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Provided the source-free condition

sup »  I{x € R} [((R,0,0)] 27 <1 (39)
X€A pep(A)

holds, one has the absolutely convergent series representation for all truncated
correlation functions

((wﬁ Xz zEI A —Z Z ¢T(R1,...,Rp)

p>1 " Ry,..,RpeP(A)

Iy, IpCI
1, disjoint | 17 =
ca{ T gor }quaRq,Iq,A). (10)

Remark 5 Although this is not really necessary for the proof of Proposition
2, note that the source-free activities E(R, 0, \) are real-valued. This is because
of the hypothesis J(—x) = J(x)* which implies that the differential operators
Ayxyy preserve the real-valuedness of functions.

Remark 6 In the constructive quantum field theory literature, an equation such
as (36) would be called a cluster expansion for the partition function Z (o) which
is written as a sum over collections of disjoint polymers. An equation such as
(40) involving sums over collections of polymers with the coefficient ¢* would
be called a Mayer expansion for the truncated correlation functions.

We now go back to the setting of Theorem 4 and also restore the A depen-
dence in the notation for correlation functions. In order to extract the factor
AV in the clustering estimate, we will perform an additional Taylor expansion
of the connected correlation function. We write

N-1 g k
W), o = X 5 (45) 00

k=0

L _ V-1 N
+/ du (1(]\[_)1)' <(Z£> <¢ﬁ1 (Xl)a s v¢ﬁn (Xn)>x,u)\ .
0

However, by Lemma 1 and the hypothesis n > 2(N + 1), the Taylor polynomial
vanishes and the right-hand side reduces to the integral remainder, i.e.,

WM (x1), .., P (%)) =

1
1— )N a\ Y
/ ay L= (du) (8 (1), . 8 () o
0

A=0

- 1!

So far we only used the fact that correlations as C'*° functions of A on [0, +00).
However, the next step is to use the representation (40), and also to differentiate
it, term by term, N times. This will require some estimates, in order to justify
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the convergence criterion (39) as well as the following outcome of term by term
differentiation

(W (x1), ... " (xn>>b =

1

/du (1w Zpl S 6T(Ru....Ry)
0

p>1" Ry,..., RpeP(A)
..... IpCln]

I, disjoint N P d Ny
Xﬂ{ Uly = [n] } Z Nil. . N H du C(Rq, Iq, uAj4l)
Ni+-+Np=N 1

for n > 2(N + 1). Finally we will use this last representation as input for the
I'-clustering property.

4.2 The estimates

This section will provide the necessary estimates for the proof of Theorem 4.
Many of the ideas used in these estimates originated in the work Glimm-Jaffe-
Spencer (see e.g. [29, Ch. 18], [55, §III.1], and [3]). We will first suppose that
the J function governing the Gaussian measure is so chosen that the constant
Ky appearing in Lemma 3 is equal to 1. Later in §4.2.4 we will get rid of this
restriction by a simple scaling transformation on the field variable ).

4.2.1 The bound on a single polymer activity and its derivatives

The basic quantity we need to bound is (%)M C(R,I,u)), for any integer M >
0, polymer R, index set I € [n], and u € [0,1]. ;From (38) one easily gets

. R| >2or
I\M |R| >
<d> ((R,I,u)\):]l{ zlgé}Zﬂ |T| > 1 or
v ! YCR Il >1
M' |T| B )\ ‘TH—k
e S| > M~ g T MER (2
Zk'M Y e 4

k
XX fo . (e ) 2 (@)

TR y1,..,yp€Y
T tree

where Z refers to the remaining Gaussian integral, namely,

- /@ dptgyis oy (071 ) (HAZ) (waxi))

le¥ el

(H l(x ) H 1 (y;)] e~ Dxer txlp* (43)

xeY
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When one performs the derivatives coming from the A; operators, this further

I=) 1,
p
where, avoiding excessive formalization, we denoted by p any derivation proce-

dure including the detailed information as to which specific ¥ or ¥* factor has
been destroyed, and by which % or a%)* operator. We will use a bound of the

form
7| < | max |Z, El.
\|_<px|p|>p

Note that a term Z, has the form

splits into

I, = Cy.Lp. /@ Qb (V')

( 11 {¢(X)m(x’w*(><)m*(x)}> o= 2 ey el (01

x€ER

where the m(x) and m*(x) are some local multiplicities and Ly is a product
of factors — )‘“tx produced by the derivatives which acted on the exponential.
Finally, C is a product of propagators corresponding to the edges in the tree
%. It depends on whether, for each A;, one choses the C'(x,y) or the C(y,x)
term. In any case, Lemma 3 together with the assumption Ky = 1 implies

‘CF" < €7uoz{x,y}ei |x—y] .

We will use the notation |m| = )", m(x) for the total multiplicity of a mul-
tiindex such as (m(x))xer. Using the positivity of the interaction, and in
particular the positivity of A, one has

0< e & Sxer W < 1

Therefore, by the Cauchy-Schwartz inequality

/ Aty (0 0) TG 0p (x)™ 09} ¢ Exex el Gl

xER

< [/ duc[s(gg)](w*,w) H{d}(x)m(x)w*(x)m(x)}]
CRE ’
XER
where m(x) = m(x) + m*(x).

JFrom now on we also impose the hypothesis 0 < A < 4, which implies
|Lp] < 1. We now invoke the following classical lemma of constructive field
theory [31, 24] also called the principle of local factorials, in order to bound the
last Gaussian integral.
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Lemma 13 For any q, and collection of sites z1,...,2zq and wWi,...,Wq in R,
one has

< K} H n*(x)!

XER

‘/@ ditcrs(zin (W7 0) Y1) - P(2g)d" (w1) . 07 (wg)

where n*(x) denotes the number of indices i, 1 < i < q, such that w; = x and
Ky = Ki(d, po) of (8).

Proof: By the Isserlis-Wick Theorem we have

[ 97 b)) ()",

q
< Z H|C(Zi7wa(i))| < Z emHo Xiny 12— Wy

0e6, i=1 €S,

because the decoupling parameters in s(%, ﬁ) are between 0 and 1, and also
because of Lemma 3. Now

DR NI S S o T R

0€S, ui,...,ug€ER c€G,

and the last sum over o is either equal to [, n*(x)! or vanishes, depending

on whether or not the u sequence is a permutation of the w sequence. Now the

claim follows using (8). |
We now apply Lemma 13 to get the following bound

‘Zp’ S e*#o Z{x,y}es |x—y| % K|1M| % H (m(x) —I—m*(x))‘%
x€ER

where we used the easily verifiable fact |m| = |m*| = 5, i.e., in any 7, one
always has an equal number of ¢ and ©* factors remaining. Let us define the
following initial multiplicities, i.e., before applying the derivatives, for the 1
and ¥* fields respectively:

mo(x) = [{i € I|x; = x and §; = 0}| + 2N xery +21{4,1 < j < kly; = x}|
and
m(x) = [{i € I]x; = x and §; = *}| + 2 pxery +21{5,1 < j < kly; =%} .

Once again we have [mg| = |mg|. When expanding the sums (33), each site will

receive a number 6(x) of %(X) derivatives, as well as a number 6*(x) of W*L(x)

derivatives. Besides, one trivially has
I(x) + 0" (x) = d(x)

where d(x) denotes the degree of the vertex x € R in the tree T.
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Now it is easy to see that the maximal number of field factors occurs when
all the derivatives pull new |i|* vertices from the exponential. Namely, for any
x € R,

m(x) < mo(x)+20%(x) +0(x) ,
m*(x) < my(x)+0%(x) +20(x) ,
m(x) +m*(x) < mo(x)+mj(x) + 3d(x) .

We will also need the identities

> (mo(x) + m(x)) = |I] + 4|T| + 4k (44)
xXER
and
> d(x) =2(|R| - 1) (45)
XER
which imply
|mo| + |mg| + 3|d| = |I| + 4|Y| + 4k + 6|R| — 6 (46)

and

1
Im| < ‘2|+2T+2k‘+3|R|3 .
We are now ready to bound the number of derivation procedures p.

Lemma 14 The number of derivation procedures is bounded by

Zl < 2\R|71e|I|+4\T|+4k+6|R|73 H d(X)! )
P xXER

Proof: One pays a factor 2/F1=1 for the sums (33). For x € R\T the derivatives
can only act on the fields already present, and we therefore have a number of
choices limited by

1 1 mo(x)! m§(x)!
{mo(x)>d(x)} {m{(x)>*(x)} (mo(x) — 8(x))! (my(x) — 6*(x))!

For x € T, the number of terms produced by applying the derivatives is bounded
by

d(x)! x exp {mo(x) + mg(x) + ;d(x) + 3} . (47)

Indeed, this is the number of terms produced when computing

o d(x) o 5*(x) ) Ny .
<8¢(X)) <81/1(x)> ()00 () MO ) e VOO0
el

Let us first perform the W*L(x) derivatives and then the ) derivatives. When

evaluating the very last derivative WLX one has to choose between deriving a
new vertex from the exponential which gives a factor 2 for the choice of 4 in the
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(x)%p*(x)? vertex, or deriving a field factor which was already there which
at most gives mo(x) + 20*(x) + d(x) — 1 possibilities. Indeed, either the factor
was present initially which corresponds to mg(x) choices, or it was in a vertex
first derived from the exponential by a &/}*L(x) derivative, in which case one has
to pay a factor 6*(x) to identify that derivative and a factor 2 for the choice
of field 1 within the vertex —%¢(x)2¢*(x)2. The last possibility is when the
derived factor was in a vertex first produced by one of the previous §(x) — 1

derivatives of type %(x). Such a derivative already consumes one of the two

1’s in the vertex, so we only have to pay a factor of §(x) — 1. In sum, the last

ﬁ(x) derivative at most gives (mg(x)+26*(x)+d(x)+ 1) possibilities. Likewise

the before last -0— derivatives has at most (mg(x) + 20*(x) + &(x)) options,

0(x)
etc. Therefore, the number of possibilities for the %(x) derivatives is bounded
by (m(()gg&%iz(g*)&‘;(g; D' By a similar reasoning, that of the W*L(x) derivatives,
which are performed first, is bounded by %. As a result, the total
: .
number of possibilities is at most
(mo(x) +26(x) +(x) + 1)!  (mg(x) + 6%(x) + 1)!

(mo(x) + 20°(x) + ) (my(x) + 1)!

O 37600
< mo(X)+25*(X)+6(2)+g] {mg(x)—k 5 +§

where we used the arithmetic versus geometric mean inequality

Gog) = s(s=1)---(s—q+1)

< [s+(s—1)+...+(S_Q+1)]q

q

(-5

Finally using the inequality ™ < nle” for each of the two factors on the right
hand side of (48), as well as the trivial inequality §(x)!6*(x)! < d(x)!, we find
that the number of terms produced by the derivatives at the site x is bounded
by

IN

d(x)! x exp {mo(x)—i—mg(x)—f—2(5*()()—1—;5()()—1—3} .

Now redo the same reasoning, but this time first applying the %(x) and then

the M*L(x) derivatives. One will get the same bound but with §(x) and §*(x)
exchanged. Taking the geometric mean of the two bounds gives the desired
estimate (47). Using the same inequalities, the bound for x € R\Y is easily
seen to be no greater than the one for the x € T case. The lemma now follows
from (44) and (45). [

Putting the previous considerations together we now have a bound on 7
from (43):

1
7] < 2|R\—1€\I|+4|T|+4k+6\R|—3K1§|I|+2|T|+2k+3|R|—3
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xe h0 2 taes PV TT d(x)t x T (mo(x) + mis(x) + 3d(x))12
xER xER

Note that we used K7 > 1 which is clear from (8) since 3, s e 2 > 1. We
now use the estimate

(mo(o) + i )+ 3dx))! < (mo () + () X )1 47K+
and identity (46) in order to write

H (mo(X) -i-mS(X) + Bd(X))'% < 2|I|+4|T|+4k+6|R|76
xER

x [T dx)'z x T (mo(x) + m(x))!2 .

XER XER

We also need the following important remark: if |R| > 2, then the integral Z of
(43) is zero unless |R| < |Y|+ |I| + k. Indeed, if |R| > 2 then the connecting
tree T is nonempty and therefore each site x € R receives at least one field
derivative. If such a site x contains no source, i.e., X # x;, for any ¢ € I, and
if the site is not in T, and if x # y; for any j, 1 < j < k, then the derivative
has nothing to act on and the integral 7 is zero. Note that if |R| = 1, then
we already have a characteristic function in (42) enforcing |Y| > 1 or |I] > 1.
As a result, we always have |R| < |Y| 4+ |I| + k, which can be exploited by
introducing the corresponding characteristic function. This condition, together
with |Y| > M — k and the assumption 0 < A < 4 implies

A [T+ A max{|R|—|I|,M}
— <[ - . 4
G <06 )

The previous considerations allow us to write

4 R| >2or

INM |R| >

<d> E(R, 1, uN) g]l{ Vf;}Zﬂ T > 1 or
v xi YCR Il > 1

M M) A max{|R|—|I|,M}
ST > 01— ky <4) WR| < Y|+ 11| + £}
k=0 ’

ST AL (e /R IHAITHAROIRIS o (=0 T ryyex b

I~R YL--kaGT
T tree

x [T dx)12 x T (mo(x) + mis(x))!2 (50)
xXER xER

where we used K1 > 1 as well as the inequality (M_k)!(ﬁ"!_MJrk)! < 2l7l,

We now need a lemma which bounds local factorials of the degrees in the
tree by a portion of the tree decay. This is a volume effect due to the finite
dimensionality of the host lattice Z¢.
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Lemma 15 For any o > 0 we have

H d(x)! x e ¥ L xyres XYl < K‘2R|
xXER

where Ko = max{Kz1, Ka2} with

and

1

ol (4+1)4 d

Koo =exp| sup < zlogz— #x“r% + ix
2€[1,+00] 22*a/m 4

Proof: We write the quantity to be estimated as the product over x € R of
d(x)! e~ 2 Lyl{xyyes XY (51)

and we will bound the last expression using the fact that the d(x) sites y which
are neighbors of x in the tree ¥ are distinct, and the more they are the further
away from x they have to be. Indeed, for any r > 0, the number B, of lattice
points at distance at most r from x satisfies

B, < 2¢

{z e N’ |z| < 7“}‘

< 24 Vol U z+0,1[

zeNd |z|<r
< 2 Vol({zERd,|z] ST‘-l-\/g})
r+vd
< Vol(8971) / dp p?1
0
%
Vs
< ———(r+Va)?.
r(¢+ 1)( )

Now if d(x) > 2B,, at least half of the d(x) neighbors of x are at a distance
greater than r from x. This would imply

e_% Zyl{x,y}GT |x—y\ g ef%d(x) X

Let us first suppose that

Letting



we see that ryax > 0 and r = ry,,x satisfies the hypothesis d(x) > 2B,. Conse-
quently, it follows that

1
d d
e~ % Lylteyres Kyl < exp _adiX) (F (2 + 1) d(x)> —Vd

2?2

Using the trivial inequality d(x)! < d(x)?®) and the definition of Ko which
clearly is finite when o > 0, we have

d(x)! e~ 2 Lyltxyyer Xyl < Kys .

In the second case where Y
2m2dz2
ey
then (51) is trivially bounded by Ka ;. [
Since the d(x)! to be bounded in (50) appear at the power 3 and we want to
use only a fraction, say half, of the tree decay; we will use the previous lemma
with a = £2 so that 3a = £2.
We now turn our attention to the (mg(x) + m(ﬁ(x))!% in (50). Let

d(x) <

ci(x) = [{iellx;=x}|,
b(X) = 4]1{XET} )
vy(x) = |[{4,1<j<kly;=x} .
Then
[T (mo) +mix))1z = ] (ex(x) + blx) + vy (x))12
xER xER
< II {c;(x)!b(x)!vy(x)l4 x 601(X)+b(")+4”y(")}§ .
xXER
That is
[T (mo(x) +mi(x))1z < 631H+2RE2R 0431 TT er(x)12 x [ oy (x)? (52)
xER x€ER xXER

where we used |Y| < |R).

We now simplify the bound (50) by using Lemma 15 with o = %, as well
as (52). We also bound the sum over the no longer needed Y by 2/#, and we
bound k by M in the various exponents where it appears. After some cleaning
up, we therefore get

M max{|R|—|I|,M} .
‘(d) SR I, uN)| < (2) KPR M ]1{ viel }

du X; € R

M
Z%;' X H cr(x)!7 x Z H vy (%)% | X Z e F Timmer vl

k=0 xER Vi, YrER XER TR
T tree



where

5
K3 = 2193206K7K; |

K4 = 26\/6K1,

K; = 2632e'K? .

Note that K3 in Lemma 15 is such that K9 > Ko 1 > 1 and therefore K3, K4, K5
all are > 1.

The sums over the positions yi,...,yr of the vertices created by the ad-
ditional Taylor expansion, as well as over the positions xs,...,x, in the I!-
clustering bound will be done thanks to Lemma 11.

Remark 7 We will use this lemma with both 3 =2 and 3 = % in order to sum
over the y; and x; respectively. However the 3 versus 1 dichotomy prevents
us from compensating the factorials at the power 2 by the ones at the power

5.
This is the main bottleneck we found on the way to Conjecture 1.

Thanks to Lemma 11, the sum over the y’s is bounded by QIRIHE—1112 We
then use the coarse bounds

M
> k! Mt 2lFITETL < A2 ol REEM (A 4 1) < 12 2RIV
k=0

As a result we have the desired bound which is summarized in the following
proposition.

Proposition 3 Suppose the function J : Z¢ — C satisfies Ko = 1, where K
is the quantity defined in Lemma 3. Suppose M is a nonnegative integer, R is
a polymer in A, u belongs to [0,1] and 0 < A < 4. Then, we have the estimate

d M max{|R|—|I|,M} I
(d) C(R,I,uN)| < <> (253) B K (455 M A
u

4

X]l{ )\Z/ZZGE_}IB } X H C[(X)'% X Z e_%o E{x,y}ei |x—y| (53)

XER T~~R
T tree

where right derivatives are meant when u = 0, and left derivatives when u = 1.

4.2.2 The convergence criterion

We now need to address the convergence criterion (39) of Proposition 2. Take
any fixed site z € A, we then need to bound the quantity

Q= > I{z € R}((R0, N2

REP(A)
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The simple case [ =0, u = 1, M = 0, of the basic raw estimate (53) gives

Q< Z 1{z € R} (AK3)|R| Z e~ 7 Lixyres Xyl
REP(Y i
We now proceed as in §3.3 and condition the sum on m = |R| and also introduce
the identity (22), in order to eliminate R. The sum over the locations of the
labeled sites gives a factor K"~ using (8) and letting K¢ = K (d,&). The
sum over trees t on the set [m ] this time without the d¢(i)!’s is simply bounded
by m™=2 < (m — 2)!e™ by the coarser version of Cayley’s Theorem [65, Prop.
5.3.2]. Note that one has to treat separately m > 2 and m = 1. The result is
easily seen to again be a geometric series bound, namely

Q< Z (AeK3Kg)™

m>1

Therefore if \ < 7 < 4, which we assume from now on, then we have

BeK

l\)\i—‘

166,08, M) <

and the criterion is satisfied.

4.2.3 Justification of the term by term differentiation

We now address the issue of term by term differentiation leading to the series
expression (41). Recall that as a corrolary of the mean value theorem and
Lebesgue dominated convergence, the equation

N
(i) <¢ﬁ1(xl)7"'7wﬁ )\_Zp| Z ¢T(R1""7Rp)

p>1 Rl ..... RpEP(A)

1, disjoint N! P a\Na
]1{ ul, = [n] } > o lllg ) (Walpur) (54
Ni+-+Np=N P g=1

will be established for u € [0, 1] provided we can find majorants G(R, I, \, k)
which are uniform in u such that

(i) ' C(R, I, uN)

for any u € [0, 1], and such that for any integer M, 1 < M < N, one has

I disioint
Zpl Z |¢T(R1,..,7Rp)|]1{ SIqls:JOE;Ll] }

p>1 R1 ,,,,, Rp€eP(A)

S G(R>I>>\7k)

M! P
Z 7]\4})' HG(RQ’IQ7)‘7 Mq) < 400 .
qg=1
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We will take the majorants G(R, I, A, k) provided by the right-hand side of (53).
We therefore have to show the finiteness of

1 -
0-Y 5 X . myn{ [

p>1 p: R1,...,Rp€P(A)
Iq,..., IpCln]
M P by max{|Rq|—|Iq|,Mq} R \1,| M )
Z M M H [<4> (2K3)| q‘K4q (4K5) “M,!
Myt My=M =L P g2
Vi € Iq 1 _@Z Ix—y]|
| {x,¥}
X]l{ x; € Ry } 8 H e, (X)12 x Z e * Vi€t
XER, Tg~ Rq

Tq tree

Since the only issue is finiteness, we will use very coarse bounds for Q. We

write
by max{|Rq|—|Iq|,Mq} A |Rql—1q]
-z < | Z
(3) <(3)
as well as
P 1 1
H H cr,(x)!12 <nlz .
g=1x€R,

We also bound the characteristic functions by
1, disjoint | - Viel, 1, disjoint .
< .
) 111 e my f =1 Ory =g 200 € Vinilt)
q:

We finally use
> MM < MM (55)
M+t My=M

I, disjoint "

= p" < nleP
SRS Pl S
I1,...,IpC[TL]

and

and therefore get
Q<nl3 <4§{4> M2(8K5)M

1
Z ! ]I{Xl S U§:1Rq}|¢T(R1a e Rp)|,0(R1) - p(Rp)
p>1 P Ri,..,RpeP(A)

with "

p(R) = 2e ()\2}'(3> Z e,%o Z{X,y}e‘z |x—y]| .

T~~»R
T tree

Now using the same argument as in §4.2.2 we see that

llpl] < 2e Z (AeK3Kg)™ .

m>1
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As a result, we will have ||p|| < 1 provided

1
A< <
o (1 + 26)6K3K6 3eK3Kg

which we now assume. Finally, Lemma 6 shows that Q is finite, and therefore
(54) as well as (41) are justified.
4.2.4 The clustering estimate

We now, under the hypotheses n > 2(N +1), Kp=1and 0 < A <
come to the clustering estimate proper, i.e., the bound on

= > =0} [ (xa),e, 0P ()R

1
(1+26)8K3K6 ’

Using (41), we can write

X1,e,Xn EA

1
_u)V-1
e > ]l{xlzo}/du(l(N_)l)!Zl' > 18T (R, ... Ry)|
0 p=

I, disjoint NI p d \ Ve .
Td N1 N - I, ul
{ VI, = [n] } Z N1!...Np!q:1 du C(R‘P g U )

N+ +Np=N

Inserting the bound (53), performing the u integral, and tidying the resulting
inequality, one obtains

¢ < QK)VEP > H{XFO}Z% >

X1, Xn €A p>1 p: Ri,...,RpeP(A)
Iy,..., IpCin]

I, disjoint

T q 418) | |

[ (Rl,...,Rp)]]l{ uI, = [n] } E Nil .. Np!
Ni4-+Np=N

A max{|Rq|—|Iq|—Ng,0} Vi € 1
A |Rq] d
(4) (2K 5)1Fal 11{ < eR, }

P
q=1

X H CIq(X)!% X Z e T ixyrery XYl
X S
We now proceed as in §3.3 and push 1{x; = 0} through the sums over p, the
R,’s and the I;’s, before bounding it by the coarser condition 1{0 € Uf;:qu}.
We likewise push the sums over the x;’s inside the appropriate bracket factor.
The sums over the source localizations x; are then performed using Lemma 11
and yield the same bound as (26). Hence,

1
C<OAK)Y2K)"Y = Y. MoeU_ R}
p>1 p: Ri,....RpEP(A)
Iy,..., IpCin]



1, disjoint
d Ni+-+Np=N

p max{|Rq|—|Iq|—Ng,0}
H <jl\> . (4K) Pl x Z e~ 7 Limyrery XVl
q=1

Tq~Rq
Tq tree

We now introduce a constant v, 0 < v < 1, to be fine-tuned shortly; and we
suppose that \ satisfies the extra hypothesis 0 < % < ~. We can now use the
estimate

A max{\RqF\Iq\qu,O}
() < ymaxt[Ra| =14 =Ng:0} < |Rql =Tl N
: < <

We also use the previously derived inequalities (28) and (55) which yield

N
¢ < <2AK5) (@)”N!n!

Y Y
1 p
XZH Z ]1{06 UZ:IRQ}|¢T(R17"'7Rp)|HW(Rq)
p>1 Ry,...,RpeP(A) g=1

Iq,..., IpCln]

with ;
@w(R) = 4.(4yK3) P Z e~ 7 Lixyter XVl

TR
T tree

Now, again as in §4.2.2, we have
||| < 4 Z (8evK3Ke)™ .
m>1

Thus we will have ||w]|| < 1 as soon as

<
7= 10eKsKg

1
40e K3 Kg

1 1 1
10ek3Ks ~ (14 2e)eksKg ~ 3¢K3Kg

We therefore choose v = . Since we have by hypothesis that

0<A<4dy = 4

we checked the validity of every condition we needed to check and we can use
Lemma 6 and conclude

N
¢ < (2AK5> (v
Y Yy

In other words we have the desired clustering bound

Z |<¢ﬁ1(0)7¢ﬁ2(x2)7.‘_’¢ﬁn(xn)>'}\‘| S

X2, Xn EA

AV ! N1 (80eK3K5Kg)N (160eK3K 4 Kg)™ .
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We will now get rid of the restriction to Ky = 1 by a simple scaling trans-
formation on the field variables . Indeed if one does the change of variable
Y = ', for some n > 0, in the original model, one easily sees that the n-
point truncated correlations of the i fields becomes n™ times the analogous
correlation for the ¢’ fields. The latter are sampled according to the measure
corresponding to the input parameters n?.J, n*) instead of the original function
J and coupling A respectively. Now one can go back through the definitions of
the various constants ug, o, K1, Ko, K3, K4, K5 and Kg, and easily check that
they are invariant if one multiplies the J function by a nonzero scalar n%. On

the other hand Ky = % gets multiplied by 72. Therefore one can

J£(J(0)—Jx
J(0)
J£(J(0)—Jx)"

J2(J(0) — J,)?
0< < 2(J(0) — Jx) ;
10eK3KJ(0)2

make the new Ky = 1 by choosing n = Thus we have proved

that if

then, uniformly in A C Z%, and n even satisfying n > 2(N + 1), we have

ST [P0, 97 (xa), .. P (xa))A] < (N, ) x ea( )" x AN x

X2,...,Xp EA
where N
80e K3 K5KgJ(0)?
(N, ) = N1 [ B0KaKa K (0)
TZ(7(0) — Jz)
and

J(0)
J#(J(0) = Jy)

This completes the proof of Theorem 4, i.e., the clustering estimate for n-point
functions with n > 4. [ |

The proof of Theorem 5 is exactly the same as the one given above for
Theorem 4 with the choices n = 2 and N = 1. The only difference is that the
right-hand side of the starting point equation (41) now expresses the Taylor
remainder

CQ(J) = 160€K3K4K6\/

(W% (x1), 9" (x2)) } » — (V7 (x1), 9% (x2)) A 0

instead of the full 2-point function.

5 Additional remarks

As mentioned in the introduction our main motivation for this work is to provide
a proof for some key assumptions needed in [45], namely Eqgs. (2.18) and (2.19)
therein. We therefore limited our analysis to the precise model studied in
the latter reference. It should be clear, however, that our methods are quite
robust and apply in much more general situations. Since this article is technical
enough as it is, we refrained from stating our results and proofs with maximal
generality, which would most likely be at the expense of better readability. In
the following we will briefly indicate how one can generalize our results.
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In Theorem 3, the hypothesis J(0) > J. can be relaxed. Indeed, in Eq.
(21) one could have borrowed a portion %|z\4 of the quartic term in order to
control a quadratic part with the wrong sign. This would then bring an extra
O(1) factor per site in the polymers, which is easily taken care of.

For the near-Gaussian regime, all that is required from the Gaussian mea-
sure is the exponential decay of C'(x,y). For the sake of completeness we pro-
vided a proof in Lemma 3 when .J is of compact support. One can easily obtain
the exponential decay of C' when J is of infinite range but itself is exponentially
decaying with large enough diagonal part. In fact, one can relax the hypothesis
of exponential decay of C' to simply a power law decay (1 + |x —y|)~* with «
large enough. The main lower bound on this exponent comes from the needs of
Lemma 15. See e.g. [3, Lemma 22] for how to accomodate the power law case.

Translation invariance is not needed. For instance Theorems 1, 2, 3 and
their proofs remain valid if the Hermitian matrix .J(x,y) is not of the form
J(x —y). One simply needs to replace throughout .J(0) by miny J(x,x) and
Jx by maxy ) |J(x,y)|. One can also adapt our methods to the situation
where the coupling A is site dependent.

Note that our methods do not require a ferromagnetic type hypothesis J(x—
y) < 0 for x # y, nor the convexity of the interaction potential. One can easily
treat more general potentials AP(|1)|?) where P is a polynomial with strictly
positive leading coefficient.

Our results and in particular Theorem 4 can be transposed to the case of
a real valued massive scalar field with ¢* interaction. One could then apply
Theorem 2.1 in [69] to reduce the proof of a log-Sobolev inequality to that of
the exponential decay of the two-point function. Note that in Section 4.2.4 we
consumed all the remaining tree decay

ﬁ Z e—MTOZ{x,y}esq [x—y|

q=1 Tq~Rq
Tq tree

for the clustering estimate. However one could have only used a fraction £2.

The remaining decay could then be used in order to obtain clustering esti-
mates where the absolute value of the truncated function gets multiplied by a
penalizing factor

exp (%D(Xl, e ,XN)>

where D(x1,...,xy) is the infimum over trees connecting the sources (possibly
through additional internal vertices) of the sum of edge lenghts. In particular
for the two-point function one easily gets exponential decay. The remaining
technicality towards the log-Sobolev inequality is to adapt our estimates to
make them uniform in the boundary conditions (see e.g. [54]).

The most interesting extension of our results would be to the case of a near-
Gaussian regime in the presence of nonlocal non-Gaussian interactions, namely
where instead of Y |#(x)|* one would have more general terms of the form

D WKL 155 Xp, )M (x1) - - ()

X15-5Xp
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for some nonlocal kernels W. We expect that one would need a sufficiently
strong tree decay hypothesis for these kernels, for instance an exponential one.
We believe our methods, with much more work, can be used to prove such
results. Let us briefly outline a strategy for instance in the case of an interaction
of the form

Yo E)PW(x =yl ()

xX,yEA

where W is real and nonnegative, obeying the symmetry W(—x) = W(x),
and satisfying an exponential decay hypothesis. One first needs to separate the
diagonal terms form the off-diagonal terms in the latter sum. One then performs
the preliminary t-expansion for the diagonal terms as in §4.1. Then one needs to
expand the off-diagonal terms using the BKAR formula, with parameters sy )
multiplying the corresponding 2|1 (x)|*W (x—y)[1(y)|? term. This will produce
a sum over forests with W edges. Only then, one uses the BKAR formula again
in order to decouple the Gaussian measure, however the underlying set E should
not be A but rather the set of connected components created by the W forest.
Namely, the definition of the interpolated matrix C[s] is done blockwise, with
blocks corresponding to these connected components. The outcome will be a
jungle formula in the sense of [2], i.e., the activity of a polymer R will involve
a sum over spanning trees made of two types of edges: the W edges produced
by the first expansion and propagator edges produced by the second one. The
main technical difficulty is that a derivative %(x) or M*L(X) can produce fields at
a far away location y. These fields produced by derivatives at various locations
in the polymer can conspire to fetch the same y. This could cause a problem
when trying to use Lemma 15 because the local factorials due to the Gaussian
bound would not be immediately related to the degrees in the spanning tree.
Fortunately, one can move these local factorials by Lemma 17 in [3] and control
them using the local multiplicities of the x derivatives which created the y
fields, thanks to the decay of the involved W (x — y) kernels. In the situation
of general multi-body kernels W with p > 2, one would presumably need a
hypergraph expansion as in [3, §2].
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