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SCALING LIMIT OF THE DISORDERED
GENERALIZED POLAND-SCHERAGA MODEL FOR DNA DENATURATION

QUENTIN BERGER AND ALEXANDRE LEGRAND

ABSTRACT. The Poland—Scheraga model, introduced in the 1970’s, is a reference model to describe the
denaturation transition of DNA. More recently, it has been generalized in order to allow for asymmetry in
the strands lengths and in the formation of loops: the mathematical representation is based on a bivariate
renewal process, that describes the pairs of bases that bond together. In this paper, we consider a disordered
version of the model, in which the two strands interact via a potential 5V (@;,@;) + h when the i-th monomer
of the first strand and the j-th monomer of the second strand meet. Here, h € R is a homogeneous pinning
parameter, (@W;);>1 and (@;);>1 are two sequences of i.i.d. random variables attached to each DNA strand,
V(-,+) is an interaction function and 8 > 0 is the disorder intensity. Our main result finds some condition
on the underlying bivariate renewal so that, if one takes 8, h | 0 at some appropriate (explicit) rate as the
length of the strands go to infinity, the partition function of the model admits a non-trivial, i.e. disordered,
scaling limit. This is known as an intermediate disorder regime and is linked to the question of disorder
relevance for the denaturation transition. Interestingly, and unlike any other model of our knowledge, the
rate at which one has to take 8 | 0 depends on the interaction function V(+,-) and on the distribution of
(@i)i>1, (@j)5>1- On the other hand, the intermediate disorder limit of the partition function, when it
exists, is universal: it is expressed as a chaos expansion of iterated integrals against a Gaussian process M,
which arises as the scaling limit of the field (eﬁ V(Qi"z’ﬂ'))i, ;>0 and exhibits strong correlations on lines and
columns.

FIGURE 1. A realization of the (non-isotropic) Gaussian process M appearing in the disordered scaling limit of
the generalized Poland-Scheraga model. The field (V(@;,@;)); j>1 presents correlations along rows and columns:
these correlations appear in the limiting process M and can be observed in the figure above.
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1. INTRODUCTION

1.1. The Poland—Scheraga model and the question of disorder relevance. The Poland-Scheraga
(PS) model [63] has been introduced in the 1970’s in order to describe the denaturation transition of
DNA. Since then, it has been widely studied in the bio-physics and mathematical literature, both from
a theoretical perspective, see [40] 44} [45], and an experimental one, see e.g. [21] 22]. The model is based
on a renewal process that describes the pairs of bases that bind together and it can naturally embed the
inhomogeneous character of the interactions between the bases (see Figure . More generally, the model is
known as the pinning model, which is also used to describe the behaviour of one-dimensional interfaces (or
polymers) interacting with a defect line. The inhomogeneity of the interactions along the DNA strands is
usually modelled thanks to a sequence of random variables, often dubbed as disorder, that represent the
different values of the binding potentials along the polymer; in the context of pinning models, this reduces to
considering an inhomogeneous (disordered) defect line.

One remarkable feature of the pinning model is that its homogeneous version, that is when the binding
potentials are all equals, is solvable. One can show that the model exhibits a depinning (or denaturation)
transition and one can identify the critical temperature and the behaviour of the free energy when approaching
the critical temperature, see [44, Ch. 4].

Disorder relevance. A natural question is then to know whether disorder changes the characteristics of the
phase transition: in other words, can we determine if (and how) the critical temperature and the critical
behaviour of the free energy is affected by the presence of inhomogeneities in the binding interactions? This
is the general question of disorder relevance for physical systems: if an arbitrarily small amount of disorder
changes the characteristics of the phase transition, then disorder is called relevant; otherwise disorder is
called irrelevant. In a celebrated paper, the physicist Harris [52] proposed a general criterion, based on the
critical behaviour of the homogeneous (or pure) system—more specifically on the correlation length critical
exponent v—, to predict whether an i.i.d. disorder is relevant or not: for a d-dimensional physical system,
disorder should be irrelevant if v > 2/d and relevant if v < 2/d; the case v = 2/d, called marginal, requires
more investigation.

The pinning model has seen an intense activity over the past decades, both in theoretical physics (see e.g.
[35, 37, B8, 411, [55] [71] to cite a few) and in rigorous mathematical physics (see e.g. [3, [5l 10} 14 [33], 36 [48]
49, (50l 5], 56, [72, [73]). One reason for that activity comes from the fact that the homogeneous model is
exactly solvable and displays a critical exponent v that ranges from 1 to +o0: the disordered pinning model
has therefore been an ideal framework to test the validity of Harris’ predictions. The Harris criterion has

now been put on rigorous ground by a series of works (see [3} Bl 33, 36l B0}, 511, 56, [72, [73]), the marginal
case being also completely settled (see [48] 49] and [I4]), after some contradictory predictions in the physics

literature [37, [41].

Intermediate disorder regime. A recent and complementary approach to the question of disorder relevance
has been to consider scaling limits of the model, see [27] for an overview. In this context, disorder relevance
can be understood as the possibility of tuning down the intensity of disorder as the system size grows in such
a way that disorder is still present in the limit. The idea is therefore to scale the different parameters of the
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model with the size of the system, in such a way to obtain a non-trivial, i.e. disordered, scaling limit. This is
called the intermediate disorder regime, which corresponds to identifying a scaling window for the disorder
intensity in which one observes a transition from a “weak disorder” phase to a “strong disorder” phase.

This approach has first been implemented in the context of the directed polymer model in dimension 141,
see [2], and has been widened in [28] to other models (including the pinning model); let us also mention [15] [68]
for other results in the same spirit. In particular, let us stress that in [28], the conditions for having a
non-trivial scaling limit of the model exactly matches that of Harris’ condition for disorder relevance.

The intermediate disorder scaling limit seems to have wide applications for understanding relevant
disorder systems. For instance: it makes it possible to extract universal behaviours of quantities of interest
such as the critical point shift or the free energy of the model see [31] £9]; it is a way to construct
continuum disordered systems that arise as scaling limits of discrete models (and encapsulate their universal
features), see [II, [16] 24] 26]. Let us also mention that, in the case of marginally relevant disordered systems,
understanding the intermediate disorder scaling limit is much more challenging, see [29]. However, in the
context of the directed polymer in dimension 2 + 1 it provides a way to make sense of (and study) the
ill-defined stochastic heat equation, see the recent paper [30].

Generalization of the Poland—Scheraga model. The Poland—Scheraga model, thanks to its simplicity, plays a
central role in the study of DNA denaturation. But some aspects of it are oversimplified and fail to capture
important features of the model: in particular, the two DNA strands are assumed to be of equal length,
and loops have to be symmetric, ruling out for instance the existence of mismatches (see Figure . For
these reasons, Garel and Orland [42] (see also [60]) introduced a generalization of the model that overcomes
these two limitations: loops are allowed to be asymmetric and the two strands are allowed to be of different
lengths (see Figure [2b)).

S ,
(A) Standard PS model. (B) Generalized PS model.

FIGURE 2. Standard vs. generalized Poland-Scheraga models, with two types of monomers along the strands.
The standard PS model is represented on the left: the two strands have the same length and loops are symmetric
(there is no mismatch). The configuration is encoded by the sequence of lengths of the successive loops, from
left to right (in the example (A): 1,1,8,1,1,1,5,1). The generalized PS model is represented on the right: the
two strands may have different lengths and loops are allowed to be asymmetric. (mismatches occur). A loop is
encoded by a pair (k,£), with k the length of the ’top’ strand and ¢ the length of the 'bottom’ strand in that
loop: a configuration is encoded by the sequence of pairs describing the successive loops, from left to right (in
the example (B): (1,1),(3,3),(13,7),(1,1),(1,1),(1,1),(5,8),(1,1)).

The mathematical formulation of this generalized Poland—Scheraga (gPS) model has been developed by
Giacomin and Khatib [47], and is based on a bivariate renewal process, i.e. a renewal process on N2, whose
increments describe the successive loops in the DNA (an increment (k,¢) describes a loop with length & in
the first strand and length ¢ in the second strand, see Figure [2b)). In [47], the authors consider only the
homogeneous gPS model: somehow surprisingly they find that the model is also solvable, but with a much
richer phenomenology than in the PS model. In particular, in addition to the denaturation transition, other
phase transitions, called condensation transitions, may occur; this was first observed in [60]. The critical
points for the denaturation and condensation transitions can be identified (see [47]). Moreover, the critical
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behaviour of the denaturation transition has been described in [47] and the condensation transitions have
been further investigated in [T1] (it corresponds to a big-jump transition for the bivariate renewal process).

As far as the disordered version of the gPS model is concerned, this has been investigated in the physics
literature, but only at a numerical level, see e.g. [42], [70]. In [12], the authors consider a disordered version
of the model, in which a pairing between the i-th monomer of the first strand and the j-th monomer of the
second strand is associated with a disorder variable w; ;, where (w; ;); j>o are i.i.d. random variables. In that
case, Harris’ predictions for disorder relevance on the denaturation phase transition have been confirmed
n [12]: if v is the critical exponent for the free energy in the pure model, disorder is irrelevant as soon as
v > 1 (here, the dimension of the disorder field is d = 2).

However, this choice of an i.i.d. disorder is not necessarily adapted to the modelling of DNA. A more
faithful choice would be to consider two sequences (@;)i>0, (@;) ;>0 of (i.1.d.) random variables which represent
the nucleotides sequences along the two DNA strands; and to define the disorder field with some base pairing
function, i.e. w; ; = V(&;,@;), which describes the chemical bonding interactions between the nucleotides of
the two strands. In [58], the author considers the case where w; ; = @;w; as a natural toy model, for which
computations are more explicit. A striking finding of [58] is that, in that case, disorder relevance depends on
the distribution of @;,w;: for “most” distributions, disorder is irrelevant if ¥ > 2 and relevant if v < 2 (the
disorder is fundamentally one-dimensional); on the other hand, there are distributions, namely % (6_, + d5)
for some z > 0, such that disorder is irrelevant as soon as v > 1 (the disorder is essentially two-dimensional).

Intermediate disorder scaling limit for the gPS model. One of the goal of the present paper is to complement
the existing results on the influence of disorder on the denaturation transition for the gPS model, when
the disorder comes from a base pairing interaction between inhomogeneous strands. For this purpose, we
investigate the intermediate disorder scaling limit of the model, in the spirit of [28] 27]. We extend the
results of [58)] in several ways:

e We consider a more general disorder variable w; ; associated to the pairing of the i-th monomer of
the first strand and the j-th monomer of the second strand: we take w; ; = V(&;,@;) where (@;);>0,
(w;);>0 are sequences of i.i.d. random variables and V'(-,-) is any (symmetric) interaction function.

e We identify the correct intermediate disorder scaling and we prove the convergence of the partition
function towards a non-trivial limit under that scaling. Remarkably, the scaling depends finely on the
distribution of wj j, i.e. on the function V'(-,-) and on the distribution of &;, @;.

e The identification of the intermediate disorder scaling allows us to give a sufficient condition for disorder
relevance (we determine whether the effective dimension of the disorder is one or two). It also enables
us to obtain sharp bounds on the critical point shift, improving some results of [58].

One of the main novelties of the present paper is that, to the best of our knowledge, it is the first instance
where the intermediate disorder scaling depends on the distribution of disorder, therefore displaying some
non-universality feature. On the other hand, the limit of the partition function under the intermediate
disorder scaling is universal, in the sense that it does not depend on the distribution of the disorder w; ; or
on the fine details of the underlying bivariate renewal.

One major difficulty of the present work is that the disorder field (w; ;) j>0 presents some long-range
correlations (along lines and columns): as a result, the limit that we obtain is based on a correlated Gaussian
field M (see Figure [I| for an illustration) that exhibits the same type of correlations. Note that in the PS
model, the question of the influence of long-range correlated disorder on the denaturation transition has been
investigated, for instance in [7, [8 13} 17, [32] 61]. However, to the best of our knowledge, intermediate disorder
regimes have so far been considered only in the case of i.i.d. disorder fields (or at least time-independent for
models in dimension 1+ d), with the exception of [68]. One can therefore view our result as a new attempt
to investigate the influence of a correlated disorder on physical systems.

Some notation. Throughout the article, we write elements of N2, R? with bold characters, and elements of
N, R with plain characters (in particular we note 0 := (0,0) and 1 := (1,1)); moreover for t € R?, ¢t(® will



SCALING LIMIT OF THE DISORDERED GPS MODEL FOR DNA DENATURATION 5

denote its projection on its a-th coordinate, a € {1,2}. When there is no risk of confusion, we may also
write more simply ¢ = (1,%5). We also define orders on R?: for s, ¢ € R?, write

s<t if s;<ty, 80 <tg, and st if 51 <t1,8 <ts.

For 0 < s < t, let [s, t] denote the rectangle [s1,t1] X [s2,t2] (and similarly [s, t) := [s1,¢1) X [s2,t2), etc.)
and [s, t] := [s,t] N Z%. For s,t € R, we write s A t = min(s,t) and sV t = max(s,t); and for s, t € R?,

SAt := (s1/At1,82 Ata) and sVt = (s1Vi,s2Via).

For s € R?, let |s] := (|s1], |s2]). Finally, we will say that s, ¢ € R? are aligned if they are on the same
line or column, that is if s; = ¢; or s = t2, and we then write s <> t; otherwise we write s «» t.

1.2. The generalized Poland-Scheraga model: definition and first properties. Let 7 = (74)>0 be
a bivariate renewal process, with 7o = 0 and inter-arrival distribution

L(gl + 62)
(51 + 42)2"'0‘ ’

with P(]71] < +00) = 1, a > 0, and where L(-) is a slowly varying function (see [20]). This specific choice
of distribution is motivated by the natural assumption that the energy of a loop depends only on its total
length (see [47, Sections 1.2, 1.3] for more details). With a slight abuse of notation, we also interpret T as a
set {T1,T2,...} (we will always omit 7).

Let @ = (@;);>1 and @ = (@;);>1 be two independent sequences of i.i.d. random variables, with the same
law. For i € N?, we denote w; = wj, 4, :== V(@;,,@;,), where V (-, ) is a symmetric function describing the
interactions between the monomers; we naturally assume that V(-,-) is not constant. Let us stress that
w = (w;);enz is a strongly correlated field. Throughout the paper, the laws of @, @ and w will be denoted
by PP (we use the same symbol, and it will always be clear from context which one is considered). Moreover
we assume that there is some [y > 0 such that

A(B) := log E[ef*?] < 400 for 8 € 10, Bo) -

(11) P(Tl = (81,82)) = K(gl +€2) = V= (gl,gg) S N2,

Example 1.1. A first, natural ezample, is to take V in a product form, that is V(z,y) = f(x)f(y) for
some function f: this is the choice made in [58|, with f(x) = x. Another natural example would be to take
Vi(z,y) = g(z +y), for some function g. Finally, in order to model DNA, one could define V' on the set
{A,T,C,G}? of possible nucleotide pairings.

Remark 1.2. Recalling that the gPS model was introduced to model DNA denaturation, and that DNA
strands are complementary, it would also be natural to consider a field (w;)ienz defined as a function of a
unique sequence (w;);>1 of i.i.d. random variables, by w; =V (w;,,w;, ), with V' a symmetric function. Our
approach would actually provide results very similar to the one we obtain in the setting described above. We
comment in Section [2.5.5 below what is expected when constructing w with a unique sequence &, but we do
not develop that case any further since it becomes more technical and should not bring much different results.

For a fixed realization of w (quenched disorder), we define, for 5 > 0 (the disorder strength) and h € R
(the pinning potential), the following polymer measures: for any n € N2, representing the respective lengths
of the strands, let

dpPea 1
(1.2) P (1= B P ( > (Bwi—AB) + h>1{i€‘r})1{n€‘r}a
n,h i€[1,n]
where
(1.3) Zod = E[exp ( > (Bwi = AB) + h)l{iE‘r})l{ner}]

i€[1,n]

is the partition function of the system. This corresponds to giving a reward (or penalty if it is negative)
Bw; + h if © = (i1,42) € T, that is if monomer 7 of the first strand is paired with monomer is of the second
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strand. The term —\(3) is only present for renormalization purposes, and even though Zg’Z’q depends on
the realization of w, we will drop it in the notation for conciseness. 7

Let us mention that it is also natural consider a conditioned or free version of the model, either by
replacing 1;,c-) With a conditioning or simply by removing it: the partition functions are then

(1.4) Zg:}clond = E[exp ( Z (Bwi — A(B) + h)l{ief}) ‘ ne ’T} ,
i€[1,n]

(1.5) and Zfi’zree = E[exp ( Z (Bwi — N(B) + h)l{ie.,.})} .
1€[1,n]

Free energy and denaturation phase transition. In [12] 58], it is shown that for v > 0 (the asymptotic strand
lengths ratio), the following limit, called free energy, exists a.s. and in L!(P):

1 1

_ : B,a _ : B,

(1'6) ny(ﬂ, h) - nl,lrignlmo ny log Z(n1,n2),h - m}}gnl)oo ny Elog Z(nl,nz),h :
ni/na—y ni1/na—y

Also, the limit is unchanged if one replaces the partition function by its conditioned or its free counterparts.
The function (8,h) — F,(8,h + A(f)) is non-negative, convex and non-decreasing in each coordinate.
Additionally, the free energy encodes localization properties of the model: indeed, one can exploit the
convexity of F., to show that, if 0,F (8, h) exists, which is for all but at most countably many (5, k), then
. 1
8hF7(ﬂ, h)= lim Eﬁ:(}ll {77,7 Z 1{i€‘r}] , P-a.s.

ny,ng2—0o0

ny /mo—y i€[1,n]
In other words, 0,F~ (0, h) is the asymptotic fraction of contacts between the two strands. This leads to the
definition of the critical point:

(1.7) hd(B) := inf{h: F.(8,h) > 0},

which marks the transition between a delocalized phase (h < h3(f), zero density of contacts) and a localized
phase (h < hd(53), positive density of contacts). Let us stress that h%(8) does not depend on v > 0, since we

have the following bounds F, (8, h) < F, (8, h) < V%FW(B, h) for 0 <y <+, see [12 Prop. 2.1].
Homogeneous gPS model and Harris’ predictions for disorder relevance. As mentioned above, the homoge-
neous version of the model, i.e. when 3 = 0, is solvable, see [47]. More precisely, under the assumption (|1.1)),
we have h. = h.(0) = 0 and we can identify the critical behaviour

1
(1.8) F,(0,h) ~ ca (1/R)R", ashl0, withv= o V1,

for some slowly varying function ¢ (that depends on « and L(-)) and some constant c, ~ (it is the only
quantity on the r.h.s. of that depends on 7). This determines the critical behaviour of the homogeneous
denaturation transition, identified by the critical point h.(0) = 0.

Simply by applying Jensen’s inequality, we get that

: 1 8, : 1 8,
F.,(8,h) = m}grl)oo n—lElog Z(n‘inz)’h <, Dim - logE[Z(n?’nz)yh] =F,(0,h),
ny/na—y ni/na—y

where we have used that E[ng] = foho’q, see [58] Eq. (1.11)]. Hence, we get that hd(3) > 0 for any 8 > 0.

In view of , Harris’ criterion for disorder relevance becomes: if d is the “dimension of disorder”, then
disorder should be irrelevant if o < % and relevant if o > %. It would be natural to assume that in our setting
where w; = V(@&;,,@;,), disorder is one-dimensional (since two strands of length n involve 2n independent
random variables). Yet, [58] studies the question of the influence of disorder in the case V (z,y) = zy, and
shows the following: (i) if the law of @y is not of the form 1(6_, + d,) for some z > 0; then disorder is
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“one-dimensional”: it is relevant if & > 1 and irrelevant if o < 1; (ii) if the law of @y is given by 1(6_5 + 05)

for some x > 0, then disorder is “two-dimensional”: it is relevant if o > 1 and irrelevant if a < 1.

2. MAIN RESULTS: INTERMEDIATE DISORDER FOR THE GPS MODEL

Our aim is to complete those results on disorder (ir)-relevance for the gPS model, by taking inspiration
from [2 28]. In those papers the authors proved for some disordered systems (notably the disordered pinning
model in [28]) that, by choosing a disorder intensity 3,, decaying to 0 as n — oo, it was possible to exhibit an
intermediate disorder regime, laying in-between the homogeneous (8 = 0) and disordered (5 > 0 constant)
ones. In [27], it is argued that the fact that such a scaling gives rise to a non-trivial, random limit is a new
notion of disorder relevance, and that it should coincide with the usual meaning introduced by Harris [52].

Our main result consists in proving an intermediate disorder scaling limit of the disordered gPS model
defined in Section we focus on the scaling limit of the partition function in the case o € (0, 1), since
then the bivariate renewal admits a non-trivial scaling limit, see Proposition below. We then derive
some consequences of this scaling limit in terms of disorder relevance, more precisely regarding the critical
point shift. One of the main difficulties we have to overcome is the fact that the disorder field (w;);en2 has
long-range (in fact, infinite-range) correlations along lines and columns.

2.1. Heuristics of the chaos expansion. As in [2] 28], we look for scaling limits of the partition functions
by computing polynomial expansions, starting with the free version (|1.5|) for simplicity. Let us define

Gi = Gi(B) = oA 1,
so that exp ((Bw; — A(B) + h)1liery) = 1+ ("¢ +€" —1)1;ery. Then, for ¢ € (R7)? and n € N, expanding
the product in ngfe = E[Hie[[lym]] (1+ (e"¢; + e" —1)1(;e,y)] and using the renewal structure, we have

(nt1)A(nt2)

k
(2.1) Zofee 14 % 3 IT ((e"Giy + e = Dyuis — 1))
k=1 0=ip<t1<...<iInt [=1
where we denoted u(%) := P(i € 7) the renewal mass function. In order to understand the correct scaling

for the parameters h and 3, let us focus on the convergence of the term k = 1. As h — 0, it is equal to (up
to smaller order terms in h)

(2.2) SO Gu(i)+h Y u(i).

i€[1,nt] i€[1,nt]

2.1.1. The homogeneous term. Looking at the homogeneous term in (2.2)) (i.e. the second one), we need to
estimate the renewal mass function u(¢). When « € (0,1), this is provided by [77].
Proposition 2.1 ([77], main result). Assume a € (0,1) in (1.1)). Then for s € (R%.)?, we have

: 22—« _
(2.3) ngrfoon Ln)P(|ns] € 7) = ¢(s),
for some continuous function ¢ : (Ri)2 — R.. Writing s in the polar form s = re'?, we get that
o(8) = r*"2a(f), for some continuous function a : [0,7/2] — Ry, which is equal to 0 at § =0 and § = /2.

This theorem and a Riemann sum approximation imply that ;. q 4 u(%) ~ ctL(n)~tn® as n — oo,

with ¢; := f[o,t] ©(8)ds < 4o00. Hence, in order to make the second term converge in , we have to take
h = h,, proportional to L(n)n~*.
Remark 2.2. One could show that for any o > 0, the random set 17 = {Ti};5 C (R4)? converges in
distribution towards a random closed set S, C (R4)? (for the Fell-Matheron topology, we refer to 26, App. A]
for an overview of such convergence for univariate renewals). When o« € (0, 1), Proposition shows that S,
is random (and ¢ characterizes its finite-dimensional distributions). On the other hand, when o > 1, S, is
easily seen to be simply the diagonal A = {(z,x),x € Ry }: this justifies to focus on the case a € (0,1).
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In fact, let us state right away the scaling limit of the homogeneous constrained partition function, i.e.
when f,, = 0, in the scaling window h,, < L(n)n~%. Similar results hold for the free and conditioned partition
function (see Remark in the non-homogeneous case).

Proposition 2.3. Assume that lim,, oo n®L(n)"th, = heR. Then, for any o € (0,1) and any t = 0,

writing Zy,p, 1= Zgzo’q, we have
“+00 k+1
(2.4) nhj;o n27aL(n)Z|_ntj,hn = Ztﬁ = o(t) + Z h* / ) / H p(s; — si—1)ds1 -+ -ds,

k=1 g<s < <5<t =1

In (2.4) we use the convention sy := 0 and Sgy1 := t for the k-th term of the sum.

In view of Remark [2:2] in the same way as the function ¢ characterizes the finite-dimensional distribution
of the set S, one can interpret the quantity Z, ; as characterizing the finite-dimensional distribution of a

(weakly) pinned set S, much as in [69] for the usual pinning model. In particular, we have Z R0 = ().

2.1.2. The disordered term. Considering the disorder term in (i.e. the first one), notice that E[(;] =0
and Var(¢;) ~ Var(wy)82 as 8] 0 (see Lemma below). If the variables ((;);en2 were independent, then,
properly rescaled, the sum would converge to an integral of ¢ against a white noise, as is the case for an i.i.d.
disorder, see [2 2§]. However, in our case, the field ({;);en2 displays strong correlations on each line and
column of N2, Therefore, the first result we prove is that the partial sums of (¢;);en2, properly normalized
by £"n?/? for some r € N, converge towards a Gaussian random field M which encapsulates the correlation
structure of ¢, see Theorem below. A (non-trivial) consequence of Theorem (and Proposition is
the following convergence in distribution and in L?(P), as n — oo and 3 | 0,

(2.5) #/Qﬂr > <% — ¢(s)dM(s),

i€[1,nt] [0,¢]

where r € N and o, are constants that depend on the distribution of w; (see Lemma below). The
definition of the integral with respect to M, together with the fact that the integral on the right-hand side
of (2.5)) is well-defined, is part of the statement, and is discussed in detail in Section |4| below.

2.1.3. Scaling window. All together, the analysis of the first term (2.2]) in the chaos expansion (2.1]) suggests
that one should take the following scaling for the parameters f3,,, hy,:

(2.6) lim _Pn =heR and b

lim ————— =3 € [0, +00).
n—oo L(n)n=a n—oo (nz=%L(n))* pel )

Note in particular that in order to be able to have lim,,_, o 8, = 0 (which is required to obtain an intermediate
disorder regime), we require o > %

2.2. Convergence of the field ({;);en2. Recall that (&;,)i,>1, (@4,)i,>1 are i.i.d. sequences with the
same law, and that w; = V(@;,,@;,) for some symmetric function V(-,-). Let us denote P the set of
disorder distributions P such that A(3) := log E[e#“1] < +oc0 for 3 € [0, By). Recall also that (; = (;(8,) ==
efrwi=ABn) _ 1 and that it has mean 0. Before we prove the convergence of the field (Gi)ienz, let us state a
central lemma that provides the asymptotic behaviour of the two-point correlations E[(;(;]: a key fact is
that the correlations on lines and columns actually depend on the interaction function V(-,-) and on the
distribution P.

Lemma 2.4. Let 3,5 € N2. If i +» j then E [(;¢;] = 0. Additionally, as B, — 0,

o232 +o(B2) if 1 =17,

(2.7) E ¢l = {afﬂff +o(B2)  ifier g itjandPeP,,
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with 02 := Var(w, ), 02 = (T})Z)Var(E[w{ |0Ad1]) and
(2.8) B = {P: min{k >1, Var(IE[w’f |ff;1]) > O} = 7'}.

If o2 =0 for all k €N, i.e. if P € Poo, then E[(;¢j] =0 for all i # j (in fact, E[¢; | @;,] =0 a.s.).

Therefore, P is partitioned into sets B, for r € NU {+oo} and the decay of the correlations on lines
and columns depend on which 93, contains the distribution P. Let us stress that in general, the 9, (and
notably B ) are non-empty: let us give a few examples.

Example 2.5. In the case V(z,y) = xzy we find that (see [58]): P is the set of distributions such that
E[@1] # 0 (since Elwy |©1] = 01 E[w1] = 01 E[©1] a.s.); B2 is the set of distributions such that E[1] =0 and
Var(©?) > 0; B, is empty for any 3 < r < 0o; and Poo contains the remaining distributions, i.e. when oy
has law (6_y + 6;) for some > 0.

Example 2.6. In Appendiz[C, we tailor an ezample to obtain an instance where Py # O and even P # 0.
The example is based on an interaction function of the form V(x,y) = «f(y) + yf(x), for some well chosen
distribution P and function f. It is reasonable to expect that such an example could be adapted to construct
cases where B, is non-empty for some arbitrarily large values of r.

Remark 2.7. In spite of E:mmple we believe that most “natural” cases verify r € {1,2,400}, the others
emerging only from specifically tailored distributions. Let us stress however that the model does not appear
simpler to study when restricted to r € {1,2} (there is no significant simplification), so in the remainder of
the paper we treat the case of a generic r.

Let us now state the convergence of the field ((;)ienz. For s = (s1,82) € (Ry)? and n € N, let us define

(2.9) Ma(s) = Y G(Bn),

i€[1,ns]
with the convention M, (s) =0if s; < 1/n or so < 1/n.
Theorem 2.8. Let t € (R,)? and recall that ¢; = Ci(B,) = ePri=ABn) — 1 4 N2, Assume that P € B, for

some r € N. Iflim,, o Bn = 0 and lim,,_, o nB3%" = +oo, then

(2.10) <1Mn(s)> o <, (M(5)) sep0.9

orn3/2Br
where M is a Gaussian field on (R,)? with zero-mean and covariance matriz given by
(2.11) K(u,v) := (u1 A vl) (uz A vg) (u1 Vv + ug V 112) ,  u=(uj,uz),v=(v1,ve) € (R+)2 .
The convergence holds for the topology of the uniform convergence on [0, t.

Let us also mention that when P € B, then using Lemma [2.4] and the central limit theorem, we can
show that

1 (d)
— M, (s — (W(s ,
(Unﬁn ( )>se[o,t] ( ( ))se[o’t]

where W is a Gaussian field with covariance (u; A v1)(uz A v2), i.e. W is a Brownian sheet. In other words,
the rescaled field (ﬁ{i),@\;z converges to a Gaussian two-dimensional white noise. We do not prove this
statement since it is not needed below.
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2.3. Intermediate disorder: statement of the main result. We now have the tools to state our main
result. The only missing piece is that our statement involves iterated integrals against the field M. We refer
to Section [4| and Appendix [B| below for a construction of the integrals against the field M, and in particular
for the proof that the chaos expansion series in is well-defined in L?(P).

Theorem 2.9. Let T satisfy (1.1) with o € (%, 1). Let P € B, for somer € N, and let (Bn)n>1, (hn)n>1
satisfy the scaling relation (2.6). Then for any t >~ 0, we have the convergence in distribution

9o B, (d) B,M,q
(2.12) UL Z 5 e L

where the random variable Z’fiM’q is given by the chaos expansion (in L*(P))

R +o00 k R R
(2.13) vaﬁqu = (p(t)+z // Vi(s1,. .-, Sk) H (arﬁrd/\/l(sj)—i—hdsj) .
k=1 015y < <5<t J=1
In [2.13), we have 02 := (r})2 Var(Ew} |©y,]) and v, is defined by
k+1

(2.14) Pi(81,...,86) = 1{0::50<81<-~<sk<sk+1::t} H (s — si—1).
i=1

Remark 2.10. As far as the conditioned ™% and free ¢ partition functions are concerned, the same
result holds, without the scaling factor n>~*L(n): one has to replace v, respectively by 1§ and wpiree,
defined by

Yy(s1,- -5 81)
(2.15) cond(g) .., 8p) 1= ,
! (t)
k
(2.16) 1/)?66(81, co, 8) = 1{0::SU<51—<~~~—<sk<t} H o(8 — 8i—1).
i=1

In this paper we focus on the proof for the constrained partition function, and comment in Remark [{.11]
below how to deduce the statement for the other two cases.

Let us conclude this section by showing that when a € (0, 3) or when « € (0,1) and P € B, then one
cannot obtain a disordered scaling limit by taking /,, — 0. This shows that disorder is irrelevant in these
case, in the sense put forward in [27]. We state the result in the free case for future use (similar statements

hold in the constrained and conditioned case).

Proposition 2.11. Assume that o € (0,%) or that o € (0,1) and P € Boo. Then, if limy, 0o n*L(n) "1 hy, =
h € R, for any vanishing sequence (Bn)n>1 we have that lim,,_, Zfst’frzc = Zﬁr%e in L*(P).

2.4. Consequence on the critical point shift for the gPS model. As a consequence of the scaling
limit obtained above, we are able to obtain upper bounds on the critical point shift. Indeed, the following
general statement allows to relate the second moment of the partition function at the annealed critical point
h2(B) = 0 to the critical point shift h2(3). It is extracted from [58, Prop. 3.1], and its proof is inspired by
the approach in [50].

Proposition 2.12 (Proposition 3.1 in [58]). Fiz some constant C > 1 and define
ng :=sup {n € N, E[(Zg’lﬁr,fio)Q] <C}.
Then there is some (explicit) slowly varying function L such that the critical point satisfies

0 < h3(B) < L(ng)ng* .
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If Zf”ffieo is bounded in L*(P), then ng = +oo (provided that C' had been fized large enough), so hd(B) = 0;
moreover, there exists a slowly varying function L such that for all h € (0,1) we have Fy(B,h) > E(l/h)hl/a.

Together with Theorem this allows us to obtain an upper bound on the critical point shift.

Corollary 2.13. Assume that o € (%, 1) and that P € P, for some r € N. Then, we have the following
upper bound on the critical point: there is some 31 > 0 such that for all § € (0, 31) we have

2ar

0 < h(B) < Lo(1/B)B2"T,

for some slowly varying function L.

Note that this sharpens the bound found in [58] Prop. 2.4], which treats the case of a product interaction

2a

V(z,y) = xy: when P € Py, it was obtained that h3(3) < L2(1/8)57>-1. We believe that the upper bound
in Corollary is sharp in general, up to slowly varying functions: indeed, it matches the lower bound on
the critical point shift obtained in [68, Thm. 2.3] (in the case of a product interaction). Obtaining a lower
bound on the critical point shift in the case of a general interaction seems reachable but technically involved.
For this, one would need to adapt the ideas developed in [58], with extra technical difficulties coming from
the general interaction V(x,y). We leave this problem for future work.

Proof of Corollary[2.13, Let B(n) := (n~*L(n))"/" and let 7(-) be the asymptotic inverse of 4(-), 4.e. such
that B(7(u)) ~ n(B(1/u))™! ~ u as u | 0. One can show that n(u) ~ L*(u)ufﬁ as u | 0 for some
(semi-explicit) slowly varying function L*, see |20, Thm. 1.5.13].

Now, by Theorem [2.9[ and thanks to the definition of 7i(-), we have that Zs (g;f o converges to Zf :ﬁigee as
B 1 0in L2 Hence, letting C := QE[(Zi’,gee)Q], we get that there exists 51 > 0 such that E[(Zgig;:,h:O)Q] <C

for all 8 < 1. Put otherwise, we get that 72(8) < ng for any 8 < 51, with ng defined in Propositionm
with the constant C' above. Applying Proposition 2.12] we therefore end up with

0 < hY(B) < cL(n(B)a(B)~*,

for all 8 < ;. Since fi(u) ~ L* (u)uih%l as u | 0, this concludes the proof. O

Let us stress that another corollary of Proposition [2.12] comes as a consequence of the proof of Proposi-
tion The following result shows that when a € (0, 3) or when a € (0,1) and P € B, then disorder
is irrelevant in the sense that, for small 5 > 0, there is no critical point shift and no modification of the
homogeneous critical behaviour (recall (1.8) and the fact that F, (3, h) < F,(0,h)).
Corollary 2.14. Assume that o € (0, %) or that a € (0,1) and P € Poo,. Then, there is some 1 > 0 such
that for all B € (0, B1) we have h3(B) =0 and F,(0,h) > F+(5,h) > L(1/h)hM* for all h € (0,1).

Proof. Thanks to Proposition I2.12|7 one simply need to show that for 8 small enough z° 7’22% is bounded in

n

L?(P). The estimate on E[(Z;75,)?] is obtained in the proof of Proposition see Section more
precisely Remark U

2.5. Some Comments.

2.5.1. About disorder relevance. Theorem and Proposition |2.11| provide a complete characterization for
the existence of a non-trivial scaling limit for the gPS model with disorder w; = V(@;,,w;,) and a < 1.
For the toy model V(z,y) = xy of [58], they confirm the prediction of [27] claiming that this matches
Harris’ criterion for disorder relevance [52], assuming that the dimension of the disorder is described by the
correlations of the field ({;);ecn2 as in Lemma (i.e., disorder is one-dimensional if and only if E[¢;(;] # 0
for i +» ). Let us stress that we also proved that this limit is (partially) universal, in the sense that the

limiting continuous random field M which defines Zf %\A’q does not depend on V (-, -) or P, but only on the
line-and-column correlation structure we chose for w; However, the scaling at which the non-trivial limit holds
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depends strongly on the chosen disorder distribution, and ranges in a wide (countable) amount of possible
values indexed by r € N (where we provided explicit examples for » = 1,2,4 and 8 in Examples .

Let us mention that all this work is concerned with the denaturation transition. Regarding the condensation
transitions in the gPS model, the question of the influence of disorder has not yet been investigated. However,
the findings of [46] suggest that these (big-jump) transitions are actually absent from the disordered version
of the model.

2.5.2. Relation to a stochastic (fractional) equation. Let us write Z; := Zf%wq for the limiting (point-to-

point) partition function in Theorem Then the chaos expansion | suggests that Z; satisfies the
following stochastic equation on R%r:

(27) Zio=solt)+ | plt-s)Z.e(ds).
0<s<t
where £ = O'TBTM + hLeb is the noise. The stochastic equation is deemed rough, due to the presence
of the singular kernel p(t — s), which diverges as ||t — s]|“~2 when s is close to t.
Note also that can be understood as a disordered renewal equation, appearing as a continuum
version of a renewal equation verified by the discrete partition function. Let us stress that showing that

Zf ’ﬁM’q defined in (2.13)) indeed verifies (2.17) would require some exchange of an infinite sum with an
iIltégr&l7 which is not obvious; but we do not dwell further on this issue.

We mention that the one-dimensional version of (2.17) is known as the stochastic Volterra equation (SVE),
which has attracted a lot of attention recently by the mathematical finance community. The equation reads

t
(2.18) n:n+o/u—®”%nwm,
0

with 7 an initial condition and (W;)s>0 a standard Brownian motion, and it has been proved useful as a
model for rough volatility; we refer to [6] and references therein for further information. In (2.18)), the case
H € (0, %) is known as subcritical, and the solution is defined using either rough paths [64], paracontrolled
calculus [34] or regularity structures [6]; the critical case H = 0 has recently been studied in [75].

Let us mention that, as for , the SVE ([2.18) can be interpreted as a disordered renewal equation,
which appears in the scaling limit of the disordered pinning model; we refer to [75] §1.3] for further comments
(see also [28] Thm. 3.1] for the chaos expansion of the limiting partition function). In our context, we do not
believe that , i.e. a “two-dimensional stochastic Volterra equation”, has ever appeared in the literature;
we also do not know whether it could have applications in other domains.

2.5.3. About the construction of a continuum gPS model. In the relevant disorder case, a natural next step
would be to construct (and study) a continuous version of the model, i.e. a scaling limit of the Gibbs measure
Pi’,z’q, see (|1.2)).

For this, and in analogy of what is done for the standard pinning model [26], one needs to interpret T
as a closed subset of R% which is increasing (for <). Then, with (8,)n>1 (hy)n>1 satisfying as in
Theorem [2.9] one should be able to obtain a convergence of the measures, as n — oo

n,hy,

1
Bn,w,q _ . .A/l/\
(2.19) P (nTE ) = 135,
where ,ug’% is a measure on increasing closed subsets of R2 , dubbed as continuum gPS model (as the universal

scaling limit of the gPS model). Its corresponding continuum partition function is Zf ’ﬁM’q defined in (2.13)).

Let us stress here that in , the limit is disordered and depends on the field M. As can be seen in
the continuum partition function, it also carries a dependence on r, but only through ¢, and the power of B :
this is why we call the scaling limit universal, in the sense that the disorder field M does not depend on the
details of the disorder at the discrete level.
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We do not prove (2.19) in the present paper, and in particular we do not define the continuum gPS model,
but only its corresponding continuum partition function Zf %Vl’q. Let us however mention two possible lines

of proof for obtaining — they could be implemented’by adapting and extending our scheme of proof.
A first strategy follows the ideas of [26]: one should prove the convergence of a two-parameter family of
point-to-point partition functions towards a process of continuum partition functions, see e.g. [26] Thm. 16],
from which one should then able to construct the continuum model MEA. Another strategy follows the ideas

of [15, [16]: one should define partition functions restricted to functionals of 7 and show their convergence to
a continuum version (in the spirit of [I5, Prop. 3.1]), which then enables one to define the continuum model
,ug/% (in the spirit of [I6, Thm. 2.3]).

2.5.4. Eztracting information on the critical point shift. Similarly to what is argued in [28 Sec 1.3, §2],
one could be able to use the continuum partition to extract information on the free energy F, (53, h) in the
weak-disorder limit, i.e. when 8, h — 0. In particular, one can define the continuum free energy as

(2.20) F. (3,h):= lim —E{log 77 M’Q] .

t— o0, fl Ty Ul
The fact that the limit exists and is finite is not immediate, but should follow from super-additivity
and concentration arguments. One is then led to conjecture that, setting 5. = B(so‘*%L(l/s)*l)% and
he = he®L(1/¢) (see (2.6))), we have that

~

(Conj. 1) laifgg_lF’y(ﬁaa hE) = F’Y(B\a h) .

As argued in [28], this amounts to exchanging the limits of infinite volume, i.e. letting the size of the system
to infinity, and of weak disorder, i.e. letting the inverse temperature 8 and the external field h go to 0. This
exchange of limits is in fact a delicate issue: it has been shown for instance in the context of the copolymer
model with tail exponent a € (0,1) in [23| 25] and for the pinning model with tail exponent o € (%,1) in [31];
but is known not to hold for a > 1, see [28] Sec 1.3, §3] and [10].

Analogously to what is done in [31], the exchange of limits (Conj. 1)) would provide information on the
behaviour of the critical point h4(8) defined in in the weak-disorder limit 8 | 0. One should first prove
that the critical point for the continuous model, defined by

hd(B) :=sup {h € R,F,(B,h) =0},

is positive and finite. Then, using the scaling pl"Operties M([0, ct]) @ 63/2/\4([0, £]) and p(ct) = —2p(t)
r(a )A

for ¢ = 0 and ¢ > 0, we get that ZBM’q @ Z:C% 28,Mxa

in the chaos expansion ThlS in turns implies that

Fw(c*“**?)ﬂ,c“h)=ch<ﬁ,h>, and  hd(f) = hd(1)F==

Then, similarly to [31, Thm. 2.4], one could expect that a slightly stronger version of (Conj. 1)) would yield
the following universal weak-disorder asymptotics

, recalling also that 3 appears with an exponent r

(Conj. 2) lim —

where L, is a slowly varying function, which is obtained by inverting the relation " ~ n%_aL(n) as
n ~ Ea(ﬁ_r)Qﬂ% as 81 0, n 7T oo (soh ~ ﬁL(n)n_“ translates into h ~ ﬁza(ﬁ_r)ﬁ%); see [31]
Rem. 2.2] or [28] Sec. 3.1] for details in the context of the pinning model. Let us stress that the constant
hd(1) depends only on « and not on the fine details either of the bivariate renewal (in particular not on the
slowly varying function L) or of the disorder distribution w, except trough the constant o,..
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2.5.5. About an even more faithful modelling of DNA. Recall that the aim of this paper is to study the gPS
model with a disorder that represents the interaction between DNA strands. There are two directions in
which this model could be extended to describe DNA even more faithfully.

First, one can consider the case of two complementary strands, that is where there is a single sequence of i.i.d.
random variables (@;);>1 and where the disorder field is given by w; := V(@;,,®;,). Define A\(8) = log E[e/“i]
for i not on the diagonal, i.e. with i; # iy; note that in general we have log E[e®“i] # \(3) for 4 on the
diagonal. Define again ¢; := e#*i=*(8) — 1 for any 4 € N?; in particular, we have E[¢;] = 0 if 4 is not on the
diagonal and E[¢;] # 0 if ¢ is on the diagonal.

Now, note that w; is independent of w; except if i1 = j1, 41 = j2, i2 = j1 or 42 = j; in that case, we
say that ¢ and j are linked and we write ¢ «~ j. We also separate the cases where (i1,72) = (j1,j2) or
(i1,12) = (Jo2,j1), that is ¢ = j or ¢ is the symmetric of j with respect to the diagonal, that we denote as
i = j. We provide a figure below: the lines represent the points that are linked to (i, j).

(J, 1)

Now, we can perform the same calculations as for Lemma One gets that E[(;¢] =0 if 4 ¢ j and
that, for ¢ and 7 not on the diagonal and ¢ 7~ j, as 8, — 0 we have

oZB2 4+ 0(B27)  if i «w j and P € B,

(2.21) E[GGl = {0 if 4 e j and P € P

One can also obtain estimates on E [(;(;] when ¢ and j are on the diagonal or ¢ = j. One should be able to
adapt the proof of the convergence in Theorem with a different covariance structure due to the fact
that the correlations occur in a more intricate way (using the relation i «~ j instead of i +» j). After
some calculations, we expect that the (rescaled) field (¢;);en2 converges to a Gaussian field with covariance
function given by

(2.22) Q(s, 1) = 206M2@® L 200 () 1 3

with 2V < 2® < 20 < 24 the ordered points of t1,ts, 51, 52. A realization of such a Gaussian field is
presented in Figure|3] Finally, a reasonable conjecture is that the statement of Theorem also holds in
this setting when replacing the field M with the one described above. However, proving this result should
involve even more technicalities than in our setting (see in particular Sections and below) because
of the more complex combinatorics appearing in the correlations. This is the reason why we do not develop
on this further.

Second, one can replace the base pairing interaction with stacking energies (see e.g. [42, App. DJ]), which
depend on pairs of adjacent bases in the two strands (i.e. when ¢ is pinned with j and 7 + 1 with j + 1).
These are known to describe nucleotides interactions more precisely than base pairing, and they can be
modelled mathematically by assuming that the sequences &, @ are 1-dependent. We do not expect this
assumption to yield results any different to the independent case, however proving it should also involve
much more technicalities than in our setting; which is why we also refrain from it in this paper.

2.5.6. About other models with long-range correlated disorder. The question of the influence of disorder with
long-range correlations on physical systems has been addressed widely in the physical literature, starting
with the seminal paper by Weinrib and Halperin [76]. In [76], the authors propose a modification of Harris’
predictions on disorder relevance, depending on the rate of decay of the two-point correlation function:
namely, if the disorder verifies E[w,w,] < |2 —y[|~* for some a > 0, then disorder should be irrelevant if
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FIGURE 3. A realization of a Gaussian field with covariance Q(-,-) defined in (2.22)). The covariance structure
is different from the Gaussian field M, to be compared with Figure

v > 2/ min(d, a) and relevant if v < 2/ min(d, a), with v the critical exponent of the homogeneous model. In
other words, Harris’ criterion is modified if a < d.

As far as the standard (one-dimensional) pinning model is concerned, this question has been investigated
in the mathematical literature, for instance in [7, [8 13| 17, 18] 32, [62]. In particular, it has been proven in
[8, [13] that Weinrib-Halperin’s prediction fail: disorder becomes always relevant as soon as a < d = 1. The
main idea is that the two-point correlations do not encapsulate the important features of the environment;
instead one has to study the rare appearance of large regions of favourable disorder. However, one could
still hope to recover Weinrib—Halperin’s predictions for the existence of a non-trivial intermediate disorder
scaling limit of the model (at least for Gaussian disorder), tuning down the inverse temperature 3, | 0 at
the correct scale.

As a first step, one would need to make sense of the following continuum partition function, which is the
natural candidate for the limit of the (free) partition function:

k k

(2.23) Zs(t) =1+ iﬂ’“/ [T9Gi—sico) [[W(ds).
k=1 0

<s1 < <sp<t ;_q i=1

In the above expression, ¥(s) = s*~! corresponds to the scaled renewal mass function P(i € 7) (with

a € (0,1) the tail exponent of P(ry > i), verifying o = 1/v) and W a fractional Brownian Motion with
Hurst index H € (3,1), i.e. a Gaussian field with covariance function E[W,W;] = Z(|s|?" + [¢|*H — |t — s|?H),
which corresponds to the scaling limit of a Gaussian field (wy,)nez with correlations Elwy,, wnyr] ~ c|k| =2,
a=2(1— H) € (0,1). Then, one is able to compute (or at least estimate) the L? norm of each term in the
sum. In particular, for £ = 1, one gets

which is finite if and only if 2«0 + 2H — 2 = 2/v — a > 0, that is if and only if ¥ < 2/a, recovering
Weinrib—Halperin’s condition for disorder relevance. This suggests that the expansion makes sense
when v < 2/a. However, when controlling the L? norm of the k-th term, we obtain a bound that is not
summable in k. Therefore new ideas are needed in order to decide whether it is possible to make sense
of when v < 2/a; if so, this would confirm Weinrib—Halperin’s predictions, in the sense put forward
in [27].

Let us also mention that the effect of long-range correlations in the disorder has been studied in the directed
polymer model, for instance in [57, [66]. However, in these references, the disorder displays correlations only
in the spatial dimension and not in the time dimension; it remains an open problem to study the model with
correlations in time.

2

I'a)I'(2H — 1 !
:CH/ Sla—lscx—l(s_s/)2H—2d8dsl :CHM/ 32&+2H_3d5,
L? 0<s'<s<1 MNa+2H -1) J

/0 W)




16 Q. BERGER AND A. LEGRAND

2.6. Organisation of the rest of the paper. Henceforth, the paper is organized as follows. In Section
we prove Lemma from which we deduce the convergence of arbitrary moments of the rescaled field M,
to those of M. Theorem then follows from standard arguments of finite-dimensional convergence and
tightness. Let us also mention that Claim below ensures us that in the remainder of the paper, we may
reduce all questions of convergence, notably the main theorem, to L?-convergences on a convenient L?(P)
space.

In Section [4] we discuss the integration against the random field M. We first provide general results
for defining the integral against a random field by using its covariance measure, notably Theorem In
Section we apply these to prove the well-posedness of [ ¢dM in , and in Section we proceed
similarly for iterated integrals. In particular we prove that the series Z in is a well-defined L?(PP)
random variable.

Section [p| contains the most technical parts of the paper, which are required to prove Theorem
Section [5.1] shows that we may reduce the statement to the case h, = 0, Sections [5.2}[5.3] prove the
convergence of any term of the polynomial expansion to its continuous counterpart in , and
Section [5.4] concludes with the convergence of the whole partition function to the series Z.

Finally, Section@displays the proofs of statements regarding the homogeneous gPS model (Proposition,
and when the limit is trivial (Proposition . Those results are postponed to the end of the paper since
they rely on standard techniques, namely Riemann-sum convergences and estimates on bi-variate renewal
processes.

Some estimates on bi-variate renewal processes and bivariate homogeneous pinning models are recalled in
Appendix [A] In Appendix [B] we prove Theorem [£.2} similar results can already be found in the literature
(see e.g. [T4, Theorem 2.5]), but for the sake of completeness we provide a full construction of the integral
with covariance measures. In Appendix [C| we eventually provide examples of disorder distributions in 94,
Ps, as claimed in Example

3. CONVERGENCE OF THE FIELD M,, TO M: PROOF OF THEOREM [2.§|
Let us comment on the meaning of the convergence in Theorem Define
(3.1) L>([0,¢]) := {f:[0,¢] - R; f is measurable and bounded} ,

and equip it with the norm || - ||oc (and ensuing Borel sigma-algebra). Then, for any random variables
(Wyn)n>1 and W in L*°(]0, t]), we have that W,, converges in distribution to W if for any bounded function
h : L*([0,t]) — R that is continuous (for the aforementioned topology), lim, . E[h(W,,)] = E[h(W)].
Notice that the fields M,, and M defined above are a.s. bounded so this convergence is well-posed. In this
section, we prove the convergence in Theorem and we also provide useful estimates on (M, (s))sxo0-

To be able to distinguish the different notation, the LP norms on spaces of functions from [0, ¢] to R, i.e.
LP([0, t]), will be noted || - ||, whereas on spaces of real random variables, i.e. LP(IP), they will be noted

Il llze) or |- e, p € [1,00].

Remark 3.1. In this section, we prove the convergence of M, (once rescaled) towards a Gaussian field M,
by showing the convergence of its moments. Let us mention that CLT-like results such as Theorem[2.8 can
usually be proven via Stein’s method. However, the versions of Stein’s method that we are aware of are not
completely sufficient in the specific case of the gPS model (for instance, [67, Thm. 3.5] yields the convergence
only when r =1, or when a < 5/6 under the scaling ) It would be interesting to obtain an alternate
proof of Theorem [2.§ for a general r > 1 and o < 1, that uses a refinement of Stein’s method.

3.1. Preliminary results: the covariance structure. We start with some preliminaries, controlling the
covariances of the field ((;);enz: we prove Lemma[2.4] then we show how the covariance function K (u,v)
appears and prove some other useful estimates. Recall that ¢; = (;(8,) := e#»“i=2(Fn) — 1 has mean 0, that
w; = V(@;,,0;,). Recall also the definition of the sets (P, ),>1 and Po, partitioning the set P of all
distributions.
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Proof of Lemma[2.4 First of all, if i; # j; and 42 # ja, then w; and w; are independent, so we clearly have
that E[Cz@]] =0.

When i = j, by a simple (and classical) Taylor expansion, we find

E[:¢5] = eM2Br)=22(Bn) _ 1 Var(wy )52 as Bn, 1 0.

It remains to treat the case 4 «+» j but ¢ # j. Let us assume that i; # j; but io = jo and write for
simplicity @y 1= @;,, wa := @;, and w3 = W;,: this way we have w; = V (w1, w2) and w; = V(we, ws).
Then, we write

(8 )]E[CzC]] — E[eﬁn(V(W1,W2)+V(W2>W3))} _ E[eﬁnV(W1’W2)]E[eﬁnV(W1Wz)]

Z _Z()aﬁk bjk)

k=0

(3.2)

where for the last equality we have expanded the exponentlals developed (V (w1, w@s2) + V (w2, w3))* and set
a]‘ k= E[V(wl, ’ZDQ)jV(’WQ, ’W3)k_j] s k = E (wl, ’WQ) ]E[V(WQ, W3)k_j] .

v
Now, we show that for P € B, if j < r then a;; = b;; (and similarly for £ — j < r, by symmetry).
Indeed, by definition of 3, the random variable E[V (w1, wQ)J | 1] is constant a.s., equal to E[V (w1, w)7].
Therefore, if j < r, conditioning with respect to w; we get

ajr = E[V (w1, @2)?V (w2, w@s)" 7] = E[E[V (w1, w2)? | @1] V (w2, w3)" ]
= E[V (w1, @) [E[V (w32, w3)"] = by

Note that this also holds if r = +o0.
Therefore, if P € P, we have aj = b;; for all j,k > 0, so E[(;¢;] = 0, as announced. If P € B,

with r € N, then we have Z] 0 ( )(ajk —bj) =0 for all k < 2r, and for k = 2r, ZJ 0 (k)(aj;C bjk) =
(27)(ar r — brr), with
app — b = E[V (w1, w2)" V(wa, ws)"] — E[V (w1, w2)" |E[V (ws, ws)"]

=E[E[V (w1, @2)" | wz}z] —E[V(wy,w2)"]?

= Var(E[V (w1, w2)" | w2]) =: 57,

where we have used that conditionally on ws, V (w1, ws) and V(ws, ws) are independent, and by symmetry
of V we have E[V (w1, ws3)" | wa] = E[V (w2, ws3)" |w2]. Going back to (3.2)), for P € PB,., we get that as
Br 10,

2A(Bn) gar (2r 52 _ o 57 o
BIGG] = (1+ o) ot ()% = (1 o) g2

Since e?*(A) — 1, this concludes the proof of Lemma [2.4 with o2 := 52 /(r!)2. O
Let us define, for s € Ry x Ry,
— 1 1
(3.3) Mo(8) =~y Ma(s) = pTErT > G,
n i€[1,ns]
where m is the scaling advertised in Theorem Thanks to Lemma we easily identify the

covariance structure of (M, (8))ss0. Let s = (s1, 52) t = (t1,t2) € R, and let us compute

(3.4) B [Ma(o)Mn(8)] = 255 3527 > 2 ElG)

i€[1,ns] je[1,nt]
Then, in view of Lemma [2.4] (or (2.7)), we distinguish in the sum indices (4,5) that are equal (there are
(14 0(1))(s1 At1)(s2 Ata) n? of them), aligned indices that are not equal (there are (14 o(1))(s1 At1)(s2 A
t2)(s1 V t1 + 82 V t2) n® of them, see Figure , and other indices (which do not contribute to the sum).
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= (t1,t2)

sy At = (81752)

0 s1 Aty

FIGURE 4. Graphical representation of indices i € [1,ns], j € [1,nt] with 4 +> § and 4 # 5. One of i,5 must be in
[1,ns] N[1,nt] (there are (s1 A t1)(s2 At2)n? possible locations, represented as the red dot), and the other one has to
be aligned with it (there are (s1 V t1 + s2 V t2)n — 1 possibilities, represented by the red lines).

Therefore, in view of (2.7), as n — +o0 the covariance E[M,(s)M,(t)] is asymptotic to
2

(81 A\ tl)(Sg A tg)m + (81 A tl)(SQ A t2)(81 Vii+ sV tz) .
If lim,, oo n3%" = +00, which is one assumption of Theorem then we end up with
(35) lim E [Mn(s)ﬁn(t)] = K(S, t) = (81 N tl)(SQ N tg)(sl Vit +s9V tg),

n—-+o0o
which is the correlation function in Theorem 2.8

Let us conclude this section by giving a lemma that gives estimates on multi-point correlations—this will
appear useful in the rest of the paper. Let us define the classes of sets of “m-aligned” indices (with possible
repetitions of the indices) as

V1<k K <mIko=kky,.. k=K

3.6 A =1 (81,...,8) € (NH)™ ; ) ) ,

(3.6) m (i1 m) € (N°) such that V1 < a <p, iy, < 25, ,

in other words, (i1,...,%m,) € Ay, if for all pair (i, 3r), 1 < k, k" < m, there is a path from i to 35 of
subsequently aligned indices in {%1,..., %, }. We refer to Figure 5| below for an illustration of sets that are
m-aligned.

Moreover, a specific type of m-aligned sets will play an important role in the computation of the scaling
limit of the partition function below, which may be formed by the union of two renewal trajectories 7,7’ C N2.
A m-aligned set (i1,...,%m,m) € A is called a m-chain of points if there is no repetition of the indices
and if we may reorder it into a non-decreasing sequence % < %2 < %3 < ... such that ¢; < 43 < --- and
19 < 14 < ---; an example is provided in Figure o] For such sets, we improve our estimate on multi-point
correlations by additionally controlling the dependence of the pre-factor in m € N.

g

FIGURE 5. Examples of sets that are m-aligned with m = 7. The indices that are alone on their column or on their
line are represented with (empty) circles, the ones that are aligned with another index both vertically and horizontally
are represented by filled dots. If we denote b the number of points alone on their line or column then we have from left to
right b =5, b = 0, b = 2. More specifically, the third example is a m-chain of points.
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Lemma 3.2. Assume that P € B,. for some r € N. For any m > 2 and q1,...,qm € N, there is a constant
C = Cp,,q such that for any set I= (41,%,...,%4,) € A, of distinct m-aligned points we have

m m
(3.7) ogE[Hg’:} <CBE  withR:=Y g, Vry,

p=1 p=1

where v, := 1 if B, is alone on its line or on its column (in other words if ig) #* i§-2) for all j # p or if
il()l) #* i;l) for all j #p), and rp, = [5] otherwise.

In addition, there ewists a constant C' > 0 such that for any m > 2, for any m-chain of points
I=(i1,%,...,4,) € Ay, we have

(3.8) 0 g]E[ﬁQp} < (¢ymprHm=2IE]

Proof. The fact that correlations are non-negative simply follows from the observation that w s efnw=A(8n) _1
is non-decreasing and from the FKG inequality (see e.g. [65]), so we only have to prove the upper bound.

Let us write for simplicity @, 1 = @iél)7 Wp2 = W, this way, we have w;, = V(@ 1,@p2). Therefore,
we can write

‘3??'

Mg

(3-9> ez\(ﬁn)cip — BV (@p1,mp2) E[eﬁnV(wp,l,wp,z) 5 ( wp,lawp,Q)k _ E[V(wp,l, wp,2>k]) )
k=0

Hence, expanding the power g, we have

“+o0
ap
(A6¢,)" =37 Wy
£=0

where we have set

vag = Z qp k; | H ( wp"l’wp’2)kj - E[V(wp,l,wpg)kj]) ’

k14 +kq, =L 7t =1

and notice that W, , = 0 for any £ < g,. We can now expand the product of series and take the expectation:
we get that

3.10) I ARSI S ) | L

p=1 0=0  li4Hlp=t  j=1

Now, using that for any k < r E[V (w1, @p2)" | @p 2] = E[V (wp1,@p2)*] a.s. by definition of 3, one
can easily check that E[W, ¢|wp 2] = 0 a.s. for any ¢ < r. With this in mind, if 4, is alone on its line
(i-e. 'L'f) #* iéz) for all j # p), since @, 1 appears only in W), , , conditioning with respect to (@; 1), and
(@j.2)1<5<m, We get

E[f[le,ej]:za[[ ot | Tp] H Wie,| =0 ift, <7

Jj=1,j#p

This obviously holds also in the case where %, is alone on its column since then w2 appears only in W, s .
However, we cannot use the same trick if both @, 1 and @, 2 appear in other terms W, with j # p: in
that case, we use Cauchy—Schwarz inequality to get

B[ [T ]| <E[wz,] B[ TTw2,]"" =0 2, <.
j=1 j#

i#p
where we have used that, analogously as above, E[(W),/)? | @y 2] = 0 a.s. for any 2/ < r.
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Overall, we get that E[H;nzl Wi.e;] = 0 if there is some j such that £; < g; V r;, with r; as defined in the
statement of the lemma. Therefore, the first non-zero term in the series (3.10) is (possibly) for £; = ¢; V r;:
and since exp(—A(8,)) is bounded by 1, this concludes the proof of (3.7]).

For the second part of the lemma (in which ¢, = 1 for all p), note that starting from (3.9, we have

similarly to
m (,6 >k1+ +hm

(3.11) em’\(ﬁ”)E[HQp} - 3 iy [HY }
p=1 p=1

ki, km >0

with Y,z == V(@p1, @p2)" — E[V(@p,1,@p,2)"]. Then, exactly as above, the sum can be restricted to
k, > r, for all p, with here r; = r,, = r (the first and last index of the chain are both aligned with only one
other index), and otherwise 7, = [ 5] for 2 < p < m — 1. Now, note that, using Cauchy-Schwarz inequality,
we get that

E[ﬁY,kJ SE{ H (Yp,kP)Z} UQE[ H v, } ﬁ 1/27

p even p odd

where we used that (Y} x,)p evens 1€8P. (Yp.k, )p odd, are independent, thanks to the structure of I (the indices
i, for p even, resp. p odd are strictly 1ncreasing). Since by assumption V (w1, wp 2) admits a finite Fy/2
exponential moment, we get that there is a constant C' > 0 such that E[V (w1, @, 2)"] < CF for all k > 1,
hence E[(Y,,x,)%/? < (C’)*». We therefore end up with

. ! k1++km m 7
E|:1_[1C1p:| = g % S (C/Bn) i—1 r,;emc Bn ,
p=

k1271, sk 2rm Hp:l p

where we used that ), . %’: <a" Yy so ‘,’C—],c = a"e® for a > 0. Recalling that we already observed above that

>ty ri =2r+ (m —2)[4], this concludes the proof of (3.8). O

3.2. Finite-dimensional convergence. In this section, we prove the convergence in distribution of
(Mn(s1),...,My(S)), for any m € N and s1,...,8, € R:. Let Xy, ., (i,j) := K(s;,s;) be the
covariance matrix of (M(s1),..., M(s;,)), where we recall that K(-,-) is defined in (2.11). In view of (B.5),
¥ is the limit of the sequence of the covariance matrices of (M ,(81), ..., M,(8,)); in particular, it is positive
semi-definite.

Propﬁition 3.3.£€t m €N and s1,...,8, € Ri. Asn — 00, if limy o0 Bn = 0 and lim,, o nB>" = +oo0,
then (M, (81) .oy My (8m)) converges in distribution toward a Gaussian vector, centered and with covariance
matriz Xg,

Before we prove this proposition, let us start with the case m = 1, which already encapsulates the
combinatorial difficulty and will ease the understanding of the general case m € N. We show the convergence
of the moments of M, (s) to the moments of a Gaussian variable, which implies the convergence in distribution.

Lemma 3.4. Let £ € N and s € ]Rf_. Then ]E[(Mn(s))f] is well defined if n is large enough, and if
limp 00 Bn = 0, lim, oo n32" = +00, then we have

(3.12) lim B[ (W,(5)] = {0 2w JEs odd
n—+oo (K(s,s)) W if £ is even.

where K (s,t) is defined in [2.11)), so K(s, s) = s1s2(s1 + s2).

Proof. We write

(3.13) E[(Mn(s))q:(orn?’lﬂﬂg)z Z Z E G, - C,]-

11€[1,ns] ie€[1,ns]
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Now, notice that E [¢;, - - - (;,] depends only on the relative positions of the indices (4x)%_,. For instance, if
one of the g, is isolated (i.e. not aligned with any other index %) then the expectation is equal to 0.

Recall the definition of classes of sets of “m-aligned” indices (with possible repetitions of the indices).
Then, for any I = (iy,...,4,) € [1,ns]%, there is a unique partition J = {J1,...,Ji} of {1,...,¢} such
that for 1 <a <k, {i;};cs, is a maximal set of “m-aligned” indices of I; in particular {i;};cs, € A,
forall1 <a <k, and ¢; ¢ i for any j € J,, j' € Jp with a # b. One can view (J;)1<q<k as equivalence
classes, for the following equivalence relation (defined for I fixed): j & j' if and only if there exists a path
Jo =1 Jqg = 7" in {1,..., 0} satisfying i; <> 4, ,, for all 0 < p < gq. For I = (41,...,%¢) € [1,ns]",
we denote ®(I) = J this partition. For J C {1,...,¢} we let ®;*(J) C I be the set {i;,j € J}, with
possible repetition of the indices: this way, any partition J = {J1,...,Ji} of {1,...,¢} induces a partition
{@7 (J1),..., @7 (Js)} of I; if J = ®(I), this corresponds to the partitioning of I into maximal sets of
“m-aligned” indices.

Therefore, if ®(I) =J = {Ji,...,J i}, we may factorize

(3.14) E[Giy -+ Gl —H [th]:HE{ 11 C}

a=1 j€Ja JEJ i€d; ' (J)

As a consequence, denoting Jp the set of partitions of {1,...,¢}, we write

(3.15) E[(Mn(s))e]:( n3/25r) Z Z HE[ H CZ}

Iedrre[1ns]* JEI e (J)
®(I)=J

First of all, in (3.15)), we can restrict the sum to having only |J| > 2: indeed if |J| = 1 we obviously have
E[Hieq)[—l(.]) ¢i] = E[¢1] = 0 (note that it also restricts the sum to |J| < ¢/2). Now, we claim that the main

contribution in the sum comes from having |J| = 2 for all J € J, or in other words from the term |J| = ¢/2.
Indeed let us show that, for any m > 3,

1 n—>+<>0
(3.16) (ovn3/2B7)m ,EA%:W) [I;Iﬂ

where we introduced the notation A,,(ns) = {I € A,,,I C [1,ns]} (note that we still allow repetitions of
the indices). To that end, we perform a first simplification: denote A,,(ns) the set of I € A,,(ns) such that
all indices in I are distinct. Then, we clearly have that |A,, \ Ap| < m|A,—1] < Cm| s||in™ and hence

1 1 n—+o0
oz 2 E|I16] < G 250,

T€A, (ns)\Apm(ns) €l

where we simply bounded E[[];.; (;] by a constant and used that nB2" — +oo. We therefore only need to

prove (3.16) with A,,(ns) replaced by A (ns). Now, with the idea of using Lemma let us define (see
Figure [5| for an illustration)

AW (ns) .= {{il, ... im} € An(ns), there are exactly b indices alone on a line or a column} .

Now we just have to show with A (n ) in place of A,,(ns), for any b € {0,...,m}. Using
Lemma u-, we then have that for an T € AL (ns) (recall all indices are distinct)

]E{HQ} < CEZT+(m7b)|'r/2'| < Cﬂy(Lb+m)r/2.

icl
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Hence, using that |.Z£,l;) (ns)| < |Am(ns)| < C||s||1nm+1, we have

1 C
(b+m)r/2 _ m,r (b+m—4)r/2
(317) (arnB/Zﬁz)m Z [HC{| - n1/25r)m B (n1/2ﬁ£)m725” :

Te AP (ns) iel

Now, this goes to 0 since m > 3 and nl/zﬁg — 00, due also to the fact that b + m > 4: indeed, we cannot
have b = 0 if m = 3 so we either have b > 1 or m > 4.
In addition to (3.16]), recall that when m = 2 then (3.5)) shows that

(0,028 3 IE{HQ]MK(S,S),

IE€A,, (ns) i€l

in particular these terms are bounded. All together, for any fixed partition J € J, with at least one |J| > 3,
we have

(3.18) (Un3/25r ) H]E[ 11 Ci]sg(m ¥ [HQD notee

I€, ns]]f Jel  iea l(d) Jel I€A 5 (ns) i€l
e(I)=J

where we simply dropped the condition that i; ¢ 4/ if j,j’ are in different J’s.
Recall (3.15), where we have already said that we can restrict the sum to J € J; having all [J]| > 2.
(i) If £ is odd, then it imposes that one |.J| is larger or equal than 3. Hence E[(M,(s))¢] goes to 0, which

proves the first part of .

(ii) If £ is even, then the only part contributing to the sum in comes from J € J; having all |J| = 2:
we denote &, the set of pairings of {1,...,£}, i.e. the sets of partitions J € P, with |J| =2 for all J € J.
We end up with

(3.19) B[ o(s) )=o)+ 55 > S Tl oo zﬂzr el 1T«

JeZ 1en, ns]]’fJeﬂ i€d; ()
*(I)=J
Now, denote T¢ = {(21,...,%¢) € (N?)¢,34, 5 s.t.i; = 4,/ }. Analogously to (3.18), we get that for a fixed
J € P, the sum over I € [1,ns]*NYT, with ®(I) = J goes to 0: indeed, there must be some J = {7, 5’} with
i; = i, and Lemma gives that IE[C:E]] = O(B2), so that (n382")~1 > ise1ns] E[Ci.] = O(n_26§(14))
goes to 0 (and all the other terms are bounded).
As a consequence, the restriction of the sum to I € [1,ns]‘N Y, in goes to 0, and we have

(3.20) E[(M,(s))] = nge/gz > Hazﬁzr I <]

Je 2, Ieﬂé(r;jﬂ ;Tf JeJ 164)?((])
Then, Lemma (or (2.21))) gives that ]E[Hieq,;lu) Gl = (1+0(1))o2B2" for all J in the product above.

Moreover, there are ((1+0(1))s1s2(s1 + s2)n?)*/? terms in the sum (recall Figure . All together, we get the
second part of (3.12)), using that the number of pairings Card(Z?,) is the correct combinatorial factor [

Proof of Proposition[3.3 We now prove the finite-dimensional convergence. Let m € N, s1,...,8,, € ]Ri
and let (M(s1),...,M(sm)) be a Gaussian vector of covariance matrix ¥,, 5, . We show that for
any ui,...,Uy, € R, (22121 ukﬂn(sk))n>1 converges in distribution to >_;"  ugM(sg), by showing the
convergence of its moments. Let ¢ € N, and let us compute

(3.21) E{(iuan(sk)Y} _ i i E[ﬁuijn(Skj)} .
j=1
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We fix k1,..., ke € {1,...,m} and we consider

(3.22) E{f[Mn(skj)}:<M>f Z Z E[ﬁgj].

i1€[1,55,] ig€[l,sk,] J=1

Then, we proceed as for the proof of Lemma to each f-uple I = (41,...,1%,), we associate a partition
o(I)=J={],...,J i} by decomposing I into disjoint maximal “|.J|-aligned” indices. As we showed above,
cf. (3.18)), the contribution of the terms with some |J| # 2 goes to 0. First of all, this implies that if £ is
odd, then E[Hﬁzl Mn(skj)] goes to 0 as n — 4oo. If £ is even, then analogously to —, the main
contribution to (3.22)) comes from pairings J € &, and from I € [1,nsy,]] x -+ x [1,nsg,] with distinct
entries. We therefore have that

sG] o+ 22 Y [Tams I 4

j=1 JePeI€[1,ns I x-x[1,ns,,], JET T iedr1(J)
I¢Y,, o(I)=J

)Y I Ksk sk,
JePy J={34,5'}€l
Here, we used again Lemma and that for any fixed J, the number of terms in the sum over I with
O(I) =J has (1+0(1) [1;—(; jyes K (i, 8k, )n’ terms, in analogy with Figure
Going back to , we get that if £ is odd, then the ¢-th moment goes to 0. If £ is even, we have that it
is (14 o(1)) times

S % I ww Ko = X (3wt n)”

Je Py k1,....ke=1 J:{j,j’}eﬂ Je 2, k,k'=1
All together, we have shown that for any uj,...,u,, € R and any even ¢ € N
m ) N £/2
Nr n—-+0o0
(3.23) E[(;uan(sk)) } 27 f/2 ( ;1ukuk/ (sk, sk/)> .

(The limit is 0 if £ is odd.) Note that the term raised to the power ¢/2 is the variance of >, uxM(sg).
This shows that for any ¢ € N, the ¢-th moment of > -, up M, (s)) converges as n — oo to the -th moment
of Y7t upgM(sy). Since (M(sg))1<k<m is a Gaussian vector, this implies the convergence in distribution
of (M (8k))1<k<m to (M(8k))1<k<m. U

3.3. Convergence of (M n(8))se[o,¢]- In this section we prove that the sequence (M, (s 5))se[o,4 converges

in distribution to ( (8))seo0,- Let us first introduce a continuous interpolation of M,. For any n € N

and s € R2, let s[" := L s] (not to be confused with the projection s(*) € R, a € {1,2}); notice that
s e 172 and ||s[”] 1 < 2. Define for any s € [0, t],

Mo (8) =(1 = 71)(1 = 32) Mu(s™) + 711 — 72) M (s + L(1,0))
+72(1 = y1) My (s + (0, 1)) + 9271 M, (s + 1(1,1))

where (71, 72) n(s— s € [0,1)2, and where we use the convention M, (s) := M,(sAt) if s € R2 \ [0, t].

Note that M, is a continuous random field, which satisfies M, (s[") = M, (s!"]) for all sl € [0, ¢] N 17.
We prove the following Lemma.

:3"‘

(3.24)

Lemma 3.5. Under the assumptions of Theorem[2.8, one has for any p < +o0,

(3.25) M, — Mallse > 0.

— 00
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Recall that ||Mn — Myllos = Supg<e<s |Mn(s) — M ,,(8)|, which is a real-valued random variable. Recall
also that for p € N, 3 € LP(P) as soon as n is sufficiently large.

Proof. We prove the result for p € 2N (we take p > 4r) and n sufficiently large, so that in particular
(1 € LP(P). First, notice that for n € N and s € [0, t], one has

(3.26) | My (s) = M(s)| < max{ [M,(s™) — T, (s + (0,
M M

Let us rewrite the last term, for i € N3,

i1+1
— 1 1 1
o)~ Wi+ () = e (3 G +Z<“+m) -

Doing similarly with the two other terms, and using the inequality (a + b)? < 2P(aP + bP) (recall p € 2N), we
obtain

(n*2 B} || My = Mo |o)? < C oS (Z C(iriat1) ) +C oS (Z C(u+1,g))
(3.27) .
<C Z <(ZC(7J2+1)) + (ZC(i1+1,j))p>
0xignt j=1

for some C7 > 0. Holder’s inequality and Lemma 1) give E[G, -+ (i, ] < E[¢}] < ¢p(8n)?, uniformly in
n € Nand iy,...,1, € (N?)P: this implies E[(Z;;l C(j7i2+1))p] < ¢, (i1)PBP. Therefore, (3.27) gives

Cotrito|[tllp pio gp o Cotitallt]y

(529 BN, = Molle)’] < gy ™ 0% S Gy

where we have used that 82 < B2 for the last inequality (recall we took p > 4r). This goes to 0 since p > 4,
recalling that n'/237 — +oc. O

We now have all the required estimates to finish the proof of Theorem [2.8]

Proof of Theorem[2.8 First, let us prove that (Mn)neN converges to M in distribution. Lemma ensures
us that for m € N and sq,...,s,, < t, the vector (Mn(sl) — M, (s1),.. .,Mn(sm) — M, (sm)) converges
to (0,...,0) € R™ in probability. Recalling Proposition and applying Slutsky’s theorem, this implies
that (M, (sk))ir, converges to (M(sy)); in distribution, yielding the finite-dimensional convergence.
As for the tightness of (Mn)nzl, it can be proven with a direct adaptation of Donsker’s theorem (see
[54, Theorem 4.1.1 and Proposition 4.3.1, Chapter 6] for the multidimensional variant). In order not to
overburden the presentation of this paper, we do not write the details here.

Finally, let h : L°°([0, t]) — R be a bounded Lipschitz function, and let us prove that lim,,_, 1 o E[h(M,,)] =
E[h(M)]. We write

(3.29) [E[h(M )] = E[f(M)]| < [E[(M,)] — E[f(M)]| + CE[[|M, — Mpl|c] ,

for some C' > 0. The convergence in distribution of (Mn)neN implies that the first term goes to 0 as
n — oo, and Lemma shows the same for the second term. We conclude with Portmanteau’s theorem [19]
Theorem 2.1], which proves the convergence in distribution of (M,),en to M. O
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3.4. Convergence of the field in L?(P). Before moving on to the definition of the integral against M, let
us state a last Claim which strengthens Theorem on a convenient probability space.

Claim 3.6. There exist a probability space ((AZ,]?, @) and copies J/\/[\n, n>1 (resp. ./\//\l) of M,, n>1 (resp.
of M) on that space, such that for s € [0,1] and p € [1,00), My, (s) = M(s) in LP(P) as n — oco.

Proof. This is a consequence of Skorokhod’s representation theorem. Since the set of continuous functions
on [0, t] with the || - ||o-topology is separable, there exist a probability space ((AZ, ]?7 I@) and copies ]/\4\7’“ n>1
(resp. M\) of Mn, n > 1 (resp. M) on that space, such that ﬁ,’t — M P-almost surely. Using the moment
estimates from Lemma (3.4 and dominated convergence theorem, it follows that for s € [0, ¢], ]\/4\7'1(3) M (s)
in L?(P). Finally, let M, be a piecewise constant modification of ]\//.7,’1, ie. M\n(s) = J/M\,’L(sﬁ for s € [0, t],

n € N; then ]\/4\n has the same law as M,,, n € N, and we conclude the proof with Lemma O

4. COVARIANCE MEASURE OF M AND STOCHASTIC INTEGRAL

In this section we prove the well-posedness of k-iterated integrals against the field M, of any order k£ > 1.
In particular we prove that the series Z := >~ [ 1y dM defines a well-posed L?(PP)-random variable.

4.1. Integration with a covariance measure. We first present a general theorem on the integration of a
(deterministic) function against a L?(PP)-random field X on R? which has a well-defined covariance measure.
This theory is already well known in the literature (see e.g. [74, Ch. 2]), but to our knowledge its applications
were so far mostly limited to orthogonal fields, that is when E[X (A)X (B)] = 0 for AN B = . In our setting,
it is applied to the non-orthogonal, non-martingale random field M, and it allows for the construction of the
limiting random variable in Theorem [2.9] More details on the general theory are presented in Appendix

Let us introduce some definitions. With analogous notation to what is done in R?, for u,v € R¢ we
denote u < w if all coordinates of w are smaller or equal than those of v; we also denote u(* the a-th
coordinate of u. We let

(4.1) Sy = {[u,v);u,veRd,u<v}U{@}

be the semi-ring of sub-rectangles of R, closed at the bottom-left and open at the top-right.
For any application X : RY — L%(P), we can define a random field on S; (which we also denote X), by
setting, for any rectangle A = [ug, u1) € Sg, uo < w1,

(4.2) X ([wo, u1)) = Z (—1)d_zf:15iX(ug) ,

ee{0,1}4

where for € = (¢1,...,24) € {0,1}? we have set u. = (ug), e ,ugi)), and X () :=0. For A € Sy, X(A) is
called the increment of X on A (notice that it is coherent with the dimension d = 1). Then, the “integral”
of the function 14 with respect to X can be defined as X (A); and our goal is to extend this definition to
more general measurable functions.

Definition 4.1. Let X : S; — L?(PP) be a random field. For A, B € Sy, define

(4.3) v(Ax B)=E[X(A)X(B)].

If v can be extended to a o-finite measure on Bor(R¢ x R?), we call v the covariance measure of X and we
write vx = U.

Assume X is a random field on S; which admits some covariance measure v = vx. Define

(4.4) L? = {g :R? = R measurable ; /
R

l9(2)g(v)] dv(a, v) < +oo} ,

dwRd

and for g,h € L2,

(45) e = [ gtwh)dvuw)  and gl = Vgl
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Then, L? is a vector space and (-,-), is (almost) a scalar product (see Appendix [B|for more details). Let
us now state the main theorem of this subsection, which defines an integral with respect to X using its
covariance measure v (the proof is discussed in Appendix .

Theorem 4.2. Let X : S — L?(P) be a random field which admits a o-finite, non-negative covariance
measure v on Bor(R? x R?). For A € Sy, we define

laoX = X(A) € L*(P).
Then the application g — go X can be extended into an isometry from L2 to L*(P): more precisely, for
g € L2, there exists a random variable g o X defined almost everywhere on (2, F,P) such that
(i) (-) o X is linear: for gh € L2, A\€R, (g+ Ah) o X = go X + A(ho X) P-a.s5.;
(ii) for g,h € L2,
(4.6) E[(go X)(hoX)] = (g9,h), .
The random variable g © X is called the integral of g against X and will be denoted [ gdX :=g ¢ X.

4.2. Application to the field M. Recall that we identify an L?(P)-random function X : R? — L?*(P) with
the field (X (A))aes,, by setting X () := 0 and for any rectangle A = [u,v), u < v,

(47) X(A) = X('Ul,’Ug) - X(ul,vg) — X(’Ul,'LLQ) + X(ul,'LLQ),

which is obtained by rewriting in dimension d = 2. Let M be a Gaussian field on (R, )? with covariance
K defined in . The goal of this section is twofold: first to determine a covariance measure for the
random field M, i.e. to define a measure v on Bor(Ri X Ri) such that for A,B € Ss, vp(A,B) =
vm(Ax B) = E [M(A)M(B)], and second to prove that the limiting renewal mass function ¢ is integrable
against M.

Computation of the covariance measure of M. We have the following.

Proposition 4.3. Let M be a Gaussian field on (R.)? with zero-mean and covariance function K (u,v)
given in ([2.11). There is a unique o-finite measure voq on Bor(R3 x R2) such that for any A,B € S,
vm(A x B) = EJM(A)M(B)]. Moreover, for any non-negative measurable functions g, h : R — R, one has

(4.8) /R2 - g(w)h(v)dva(u, v) = /

g(u)( h(xz,us)dx + h(ul,y)dy>du.
R

Remark 4.4. (i) For the sake of comparison, let W be a Gaussian white noise on R%. One has vy (Ax B) =
EW(AW(B)] = M(ANB) for A, B € S, where Ay denotes the d-dimensional Lebesgue measure. This
can be extended to all E € Bor(RY x RY) by v (E) = Aa(74(E)), where mq(E) := {u € R%; (u,u) € E}.
(ii) More generally, a Gaussian field (Xs)sera with covariance function K(s,t) admits a covariance
measure vx which is formally given by dvx (s, t) = %K(Sv t) (i.e. in the sense of distributional derivatives).

Proof of Proposition[{.3 Let us first compute E[M(A)M(B)] for any A, B € S,. Notice that, by (4.7), M
is an additive field on Ss: for any real numbers x < y < z and u < v, one has

(4.9) M([u,v) x [x,2)) = M([u,v) X [z,y)) + M([u,v) x [y, 2)).
Moreover for any rectangles A, B € Sy, we can decompose them into finite unions of rectangles A = UY_, A;
and B = U;Z:lBj such that for 1 <7 <p, 1 <j <gq (we can take p,q <9), one of the following holds:
(a) A; = Bj.
(b) There exist up < uy and sp < 517 < t9 < t1 such that either A; = [ug,u1) X [s0,81) and B; =
[ug, u1) X [to,t1) or A; = [so,s1) X [ug,u1) and Bj = [tg,t1) X [ug,u1), or the other way around.
(c) For a € {1,2}, the projections of A;, B; on the a-th coordinate are disjoint.
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This implies that we only have to compute the covariances of increments M(A), M(B) for couples of
rectangles (A, B) satisfying one of the above: this will give us covariances of all rectangles thanks to (4.9)
and the bilinearity of (X,Y) — E[XY]. We do so in the following Lemma.

Lemma 4.5. Let M be a Gaussian field on Rﬁ_ with covariance K defined in (2.11). Let up < uy and
sp <81 <t < ty.

(a) If A= B = [ug,u1) X [So,51), then
E[M(A)?] = (u1 —uo)(s1 — s0)(u1 — uo + s1 — o) -
(b) If A = [ug,u1) X [S0,s1) and B = [ug,u1) X [to,t1), then
E[M(A)M(B)] = (ur —ug)(s1 — s0)(t1 — to)-
(¢) If the projections of A, B on the a-th coordinate are disjoint for a € {1,2}, then ElM(A)M(B)] = 0.

We postpone the proof of this lemma for now. Note that, for any A, B € Ss, this yields that,

t1 t2
lA(s)</ 1p(x, s2)dx +/ IB(sl,y)dy)ds.
,t) 0 0

where Lemma [1.5] states this identity for A, B satisfying (a), (b) or (c), and generic couples of rectangles are
handled by bilinearity of the r.h.s. and the additivity of M, recall . Then, Proposition is a direct
consequence of Proposition which provides a criterion to extend a function on (S?)? into a measure on
Bor(R? x R?), and which allows us to identify its expression. Eventually, M admits a well-defined
covariance measure v on Bor(R% x R2) which verifies (£.8). O

(4.10)  vu(A, B) = E[M(A)M(B)] :/

[0

Let us mention that (4.10) can also be written as
vm(A,B) = Xs3((z,y,2) € R? (z,y) € A and (z,z2) € B)
+ )\3((3%3/:2) € RS’ (Qf,y) € A and (Z7y) € B) )

where A3 denotes the 3-dimensional Lebesgue measure.

(4.11)

Proof of Lemmal[{.5 We only detail the proof in the second case A = [ug,u1) X [so, s1) and B = [ug, u1) X
[to, t1), since the other two are very similar. Let us first rewrite (4.2)) into

MA) = > (1) M(uy,s))
1,7€{0,1}

since d = 2 is even here. Thus,

E[M(A)M(B)]

Z (—1) TR E[M (i, 5) M (ug, )]
i,5,k,1€{0,1}

= Z (—l)i+j+k+l(ui /\uk)(sj /\tl)(ui\/uk—ksj \/tl)
i,5,k,1€{0,1}

= 3 (T g A () (i Vg + ),
i,4,k,1€{0,1}
where we used sy < s1 <ty < t1. Let us develop the last factor to rewrite E[M(A)M(B)] as a sum of two
terms: in the first one, we can factorize lezo(fl)l = 0, so it remains

1 1

E[M(A)M(B)] = (Z(l)jsj>(2(1)ltl>( > (1)i+k(uimk)),

j=0 1=0 i,ke{0,1}

and a straightforward computation gives the result. O
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Integrability of ¢ and v against M. Recall that Theorem defines the integrals g © M of functions
g € L2 where the measure vy, is given explicitly in (4.8). Let us now prove that the term k = 1 in

Uam
the expansion (2.13) is well-defined (at least for h = 0). To lighten notation, from now on we will write
Il :== |- |l1 for the L* norm on R2.

Proposition 4.6. Fiz t > 0 and let g : R — Ry be the function defined by g(s) := ||s]|*"?1(0,4(s) for
s € RA\{0} and o € (0,1). Theng € L2, if and only if o € (1,1). As a consequence, f[o 9 o(8)p(t—s)dM(s)
is well-defined if and only if a € (3,1).

Proof. Recalling (4.5) and (4.8), we have that
tl t2
o2 = [ ats)( [ gtesaiet [ gl may)ds
(0,%) 0 0

(4.12)
1 a—1 a—1 a—1 a—1 a—2
= — (52 — (tl + 52) + Sq — (tg + 51) )(51 + 82) dSldSQ .
1 — (O,t)
For o € (4, 1), we bound this from above by - f(o t)(sgﬁ1 + 5871 (51 4 82)* 2ds1dsy. Then we have that
t1 Sa—l
/ s‘f‘_l(sl +59)*2dsdsy = / L (3‘1’_1 — (51 4+ t2)* Ddsy
(0,t) o a—1
t1 2a—2 2a—1
51 51
< d = —
= /0 a1 T T—a)(2a—1)

) 2 t2(x—l+t2()t—1
so we obtain ||g||2 < T=area=n < T

On the other hand, for « € (0, %], we write

1 —1 —1 —1 —1 —
ol 2 g [T T T ) s,

then we use that (t{ " +t571) f(07t)(81 + 52)*2dsydse < +o0, and

t1 820172 _ Sozflta—l
/ 8¢ (51 + 52)* 2dsidsy > / ( L 12 >d51 =+00.
(0,t) 0

l1—«

This proves that [|g||2 = +oo for o < 1.

If we define the function ¢:(s) = ¢(s)e(t — 5)1{0<s<t}, We can bound 9¢(s) < Cg(s)p(t) 1 e <1y +
Cop(t)g(t —s)Lgys)> 2 ey~ Hence, [[Yhe][u,, < +ooif o € (1,1). If on the other hand we have « € (0, 3], using
that 1¢(s) > Cop(s)p(t)1(0,14)(s), we get that [[¢¢[|,,, = +o0, since (s) > cg(s) uniformly for s = ret?
with 6 € (§m, £7) (which is enough to conclude, with the same computation as above). O

4.3. Integrals of higher rank against M. The goal of this section is to define integrals of higher rank in
the expansion of Z in (at least when h= 0) and to prove that the series defines a well-posed random
variable in L?(P).

Recall that S; denotes the semi-ring of bounded sub-rectangles of R? and that (Sq)* ~ Siq is also a semi-
ring: for X : Sy — L?(P) a random field, we define the product field X®* on Sy.q by X®*(A) := Hle X (4;)
for A = Ay x ... x Ay € Spq. If X is a random function, i.e. X : R? — L%(P), then we may define
X®k(sy,...,85) = Hle X(s;) a random function on (R?)* ~ R and the above definition of the field
X®F(A) matches exactly the dk-dimensional increment of the function X®* on A € Siq, see (1.2). With
those notation, if X®* admits some covariance measure vyex on Bor(R%* x R?), then Theoremgmay be
applied as it is to define the stochastic integral against X®*. For g : R%* - R, g € L§(®,M we will write

gEX 1= go (X®F) = /gd(X@’k).
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Henceforth, this section is analogous to the previous one: first, we prove that the field M®* admits a
well-defined, explicit covariance measure vy er on Bor(Ri’C X R%f); then, we prove that the function 1)
in is integrable with respect to v,er. Therefore the integral of 1); against M®* is well-posed, and we
additionally prove that the series of integrals in , i.e. Z, is well-defined in L?(P).

Covariance measure of M®*. We have the following result.

Proposition 4.7. Let M be a Gaussian field on R with zero-mean and covariance matriz K (u, v) given
in @-11) and let k > 1. Then M®* admits a unique non-negative o-finite covariance measure vyek 0n
Bor((R3)*) such that for any A, B € 8§ we have vyer(A,B) = vxer(A x B) = E[M®*(A) M®*(B)].
The measure Vqor s characterized by the following: for any measurable non-negative function g : (]Rf_)k — R,
we have

/2kg(u17"~7“’2k)dVM®k('U/17...7’u/2k)

R

(4.13) N

= Z /R% (A g(uh RN ’UQk)d)\uil (’U,jl) . d/\ulk (ujk)>du“ . dmk,
+

JE Poy i X.“X'A"ik
where the sum is over all partitions of {1,...,2k} into pairs J = {{i1,j1},...,{ix, jr}}, and for u € R%,

e A, denotes the set of points in Ri aligned with u, i.e. Ay = (Ry x {us}) U ({ul} x R4);

e \, denotes the (one-dimensional) Lebesque measure on Ay, i.e. for f:R3 — Ry, fAu f)dr,(v) =

fooo [z, uz)dzr + fooo fur,y)dy.

This result is a direct analogue of Proposition [4.3 for generic k > 1. The formula can be obtained
as an application of Wick’s formula. Alternatively, one can obtain for simple functions g = 14, A € S§
thanks to Proposition i.e. with the convergence of moments of M, ‘to those of M, and then extend it to
all functions (indeed, recall that in the asymptotics of the moments of M,,, we proved that the contributing
configurations contain only pairs of aligned points, see (3.19))). In order not to overburden the presentation
of this paper, we leave the details to the reader.

Remark 4.8. More generally, in the case of a Gaussian field X with covariance measure vx (recall
Remark , the covariance measure of X®F can be obtained via Wick’s formula:

dvyer(u,. .., ug) = Z H dvx (e, wp) -
T E€ P {ab}eg
Integrability of 1y against M®*. For any k € N, we define ¢, := 1y as in ([2.14):

wt,k('Sl» cee Sk) = <P(S1)<P(32 - 81) e <P(3k - Skl)%’(t - Sk)1{0<s1<~--<sk<t} .
To lighten notation, let us write vy := v e+ henceforth. Similarly to Section we prove here that the
integral of v ;, against vy is well defined when o € (%, 1) and we give a bound on its dependence on k.

Proposition 4.9. If a € (%, 1), then ¥y, ﬁr,‘je and wfﬁcnd are in L,%k for all k > 1. More precisely, there is
a constant C, > 0 such that for k € N, we have

C )1 Ch
||¢t’k||2 < Hit’f

= Tlka— 1))

(t(l) A t(2))2(k+1)(a—2)
(t(l)t(2)(t(1) vV t(2)))k '

with Ct,k,a =

In particular <k>M = Py 0 MO is a well-defined L*(P)-random variable.

Notice that this proposition and the completeness of IEIP’) immediately imply that the series Z from ((2.13])

is well-posed (at least for h = 0, we will see in Section [5.1) that we can always reduce to this case).

Corollary 4.10. For B >0, one has Zk21 B’“Hwt,kﬂyk < 0o. In particular Zk21 Bk(qptké./\/l) is a well-posed
random variable in L*(P).
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Remark 4.11. In the remainder of this paper we focus on the constrained partition function, i.e. on the
integration of Yy defined in (2.14]). We claim that the same results for wg,%“d and 1/13,‘36 follow naturally.

Indeed, we have wz‘}fd = o(t) ek so U512, < @(8) 2 vekll2, . Using that (2t — s) > Co(t) uniformly
for s € [0,t) we also get that

1 _
Ve sy, ..., 8p) < ¥ Yo(s1)p(s2 = 81) ... o(8k — 8k, ) (28 — 81) L{o<sy <o <sn<t} 5

free 1 ,/,cond
hence @[thk < 51#2& .

Proof. Let us define g, similarly to 1, but with g(s) = [|s]|*™2 in place of ¢(s), where | - || == || - ||1.

We show the proposition for g, which will imply the result for 1, , (recall Proposition . Let us warn
the reader that the proof is more technical than in the case k = 1, due to the richer combinatorics in the
correlation structure of vy, see (4.13)).

We have

(414) ||gk||12/;C = // gk(u17"‘7uk)gk(vl7"’7vk)dyk(ul7"‘7uk7v17'~-7'0k)'

O<u1 < <up<t
0<v1<--<vp <t

Note that by a change of variable, we can reduce to the case where ¢ = 1, at the cost of a factor at most
(M A £(2))2(k+1)(a=2)
(M@ (1) v 2k

Ct,k,a =

using that tM|z|+t@|y| > (W At@)(|2| +|y|). Note that we can bound Cf o < (F) A $2))(k+1D)2a=T)+3,
Now, in view of the expression of vy (recall (4.13)), for any fixed 0 < u; < -+ < ug < t, the integral over
v1,..., 0} is concentrated on the “grid” set

g(ul,...,uk):UAui,

where we recall that for w € [0, 1], A, is the set of points aligned with w, that we write as A, = L'E}) U ,CS?)
with £07 = [0,1] x {us} and £ = {u1} x [0,1]. Moreover, the integral is concentrated on
(vi,...,v;) € G(u1,...,ux) where there must be some v; in A, for every 1 < j <k (so that all points u;
are aligned with one v;): since v1 < -+ < vy, there is a permutation o of {1,...,k} such that v; € .Aum.)
for all i (using also that the Lebesgue measure of points in A, N Ay, is equal to 0). We refer to Figure |§| for
an illustration.

Let us denote Sy the set of all permutations o of {1,...,k} that are admissible pairings of the v;’s with
u;’s, in the sense that they are compatible with the condition u; < --- < uy and vy < -+ < v, All
together, we have

2
||gk||1/k = // 1{Hae§k ,va(i)EAuiVi}gk(ula”'7uk)gk(’vlu"'7vk)dykt(ula'~'7uk7vl7"'uvk)‘
0<up<-<up<1
0<vy < <vp<1
Let us stress that S, does not contain all permutations: indeed, we cannot have u; < us < w3 and
v1 < v < vz with the following “alignment pattern”: v3 < wui, ve < ug, v1 < u3. Hence, admissible

permutations must avoid the pattern (321). Since there are C,, = —1 (2:) < 4™ such permutations (see e.g.

n+l
[53] for a recent account on permutations avoiding patterns of length 3), we get that

(4.15) 1Sk < 4*.
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FIGURE 6. Tllustration of the grid set G(u1, ..., uy), with k = 4 points. The black squares represent the positions of
u1,...,us4, and the set Ay, is represented in a red solid line. The red dots represent the positions of v1,..., v4: here we
have that v1 € Ay, (0(1) =2), va € Ay; (0(2) =1), v3 € Ay, (0(3) =4) and vy € Ay, (0(4) = 3).

Therefore, recalling that gi(u) = Hf:ll g(uw; — u;_1) with by convention ug = 0, up41 = 1, the proof then

consists in showing that, for any o € Sk,

k+1
(416) // H (g(’u,o(i) —ua(i)_l)g(vi —vi,l)l{vieAuam}>d1/k(u1,...,uk,vl,...,vk)

0<up < <up<1 =1 &
0<v) < <vp<1 C

< ——"——~.
I'(k(a—3))
This is a consequence of the following proposition.

Proposition 4.12. There exists some (explicit) Co > 0 such that for0 g ug < u; 1, 05 v9g < v <1
and k € NU {0},

(4.17) /[ 1 [v0,21] ' — o ]|*O™ 2 g(u — ug)g(v — vo)g(wr — w)g(vr — v)dvaq(u, v)
. Uug,u1 | X |vo,v1

< Co T (k) [Jur — uo|FHD@=D g(u; — ug)g(v1 — v)

o T'(k(a—3 . ~
where I'(k) := W@f_@)) if k€N, and T'(0) := 1.

Applying Proposition iteratively, we obtain (4.16[), which concludes the proof. |

Proof of Proposition . The way to estimate the integral in depends on the respective locations of
U, U1, Vo, V1. We only treat the case uél) < vél) < ugl) < vgl) and 'v((f) < u82) < v?) < u(lz), see Figure
other cases are analogous (or easier) and can be treated with similar techniques. We will actually estimate
the integral in restricted to w, v being on the same column, i.e. to u(!) = v(); the case where u, v
are on the same line is similar.

We introduce the following notation, which will be used throughout the proof (we refer to Figure [7| for a
graphical representation):

zi=u® ol =@ oV = w® P =@ P
(4.18) (1) (1) (2) (2) (2) (2)
Ti=uy —vy, yi=uyp —uy ,  Z2:=U;)0 — U,

and also a := vél) - uél) and b := vgl) — ugl).
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T .
——— S — — — — — — — — e — — — >
) : _ - |u
| -7
! Pt Vi
| - : ! _ - A
I , . | A |
7l s r -~ !
yl / - — = — > /’l'y |
| // 0 'z
o | |
| // v I
! / // . IZI |
l’.. [ |
up / : i
Vo

FIGURE 7. Tllustration of the relative position of the points in the integral over «, v on the same column (in red). u
(resp. v) is constrained to remain in a rectangle of size T X § (resp. T X Z), and their distances to ug, w1, vo and v may
be expressed in terms of x,y, z and the constants a, b, 7,y and Zz.

With these notation, the integral in (4.17)) restricted to u, v on the same column can be written as

/z/oy/oz<x+y+a>k<“-%>[<x+y+a><m+z><x+y—x—y><x+b+z—x—z>]“2dxdyd2-

Using a change of variable (z,s,t) = (z,2 +y + a,z + 2), we get

/ /x+y+a/ ghla— st(s _ S)(i_t)]a—2 do ds dt

k(a—3 ) t 2a—3 2(z+y+a)/s  r2(z+2)/T o
- (2) o / / / D st (2—5)(2— )] dadsdt,
2 2

(x+a)/s z/t

where we have set 5:=T+y+a=|lug —ugll, t:=T+zZ+b = ||v1 — vo||, and then rescaled the last two
integrals in 5/2, /2 respectively. Exchanging the integrals to first integrate with respect to x, this is equal to

S\ k(a—1) ,5F\ 20— 2 r2
(4.19) (;) ( 2)(%>2 3/ / SO [s4(2 = 5)(2— )] 7| Asy| ds dt,
0 0

where A, C [0,1] is defined by

(4.20) Ay = {2z €0,7]; v+ac[55-7,55] and we[il-7% 5]},
and | A, | denotes its Lebesgue measure. Therefore, the proof will be over once we show
2 2 X 9 5t
(4.21) / / s [s1(2 - 5)(2 = 1)]" |Ag|dsdt < C, 2M@" D T(k) ( . ) ,
o Jo

for some C, > 0. Indeed, plugging (4.21)) into (4.19)), we get that the integral in (4.17) is bounded by
4320 f(k) gk (a=3)+(a=2) fla=2)+(a—3)

which concludes the proof of (4.17)) since t(aff) < 20—3% (recall vy, vg € [0,1]).

Proof of (4.21)). Let us first state an inequality which will prove useful henceforth:

(4.22) e ANy < V(@Ay)(zVy) = Ty, Va,y>0.

We split the Lh.s. of (4.21) into four integrals over the sets I} = {s,t <1}, Io = {1 < s,t}, I3 ={t <1 < s}
and Iy = {s <1 < t} respectively, and we compute an upper bound for each term.
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Integral over I,. Since As, C [0, 53]N[0, LF], we have |A, .| < (3s)A(Lt) < (5L)Y/2(st)!/? thanks to (£.22).
Therefore, the integral over I verifies

1 rl st
/ / Fe D st 2 - 92— 0] Al dsdr < ()
0 Jo

Nl
S—
Vo)
=
Q
|
[§]
+
Q
|
\‘ vl
(oW
- Vo)
S—
N
~
Q
|
o
~

1 1 AW
:a—%(kﬂ)(a_%)(Z)

where the last identity holds because o > 1/2 and k > 0. Then, we observe that there is k, € N such that T
is increasing on [kq (o — %), 00), hence for k > k,,

1 L Ta-3) _ & o}
(423) FDE= D SHasD " Tha—Drn = [0 = 20T,

Fixing a suitable C, > 0, this proves the upper bound (4.21) for the integral restricted on I = {s,t < 1}.

Integral over Iy. Recalling ([#.20), we have A, C [§5 — 7§ — a,Z] N [T — Z, 7], hence

Al < @Frg+a-io)a(r+r-50) < (0-3)nG0-1) < (2) (@-9e-1)*

where we used (4.22). Therefore,
2 k(a—1) a—2 5ty 2 2 k(a—1)-1 a—3 2 a—3
SO [st(2— 5)(2— )] Apy| dsdt < <Z> sHe=D-1 _ge-tds [ (2- ) Fdt
1 J1 1 1

(4.24) _ ! (”)é/23’“(“—9—1(2—5)“—3(13
. -3

where we also used that s*~! <1 for s € [1,2] in the first inequality. For k = 0 the integral above is finite,
which proves (4.21); for k£ > 1, we recall that fol 22711 — ) tde = Fr(?iig), a,b > 0, which yields (since
a>1/2)

2 2 1 1
(4.25) / sHe=-12 —g)e—ids < / she=a)=l(2 — 5)2=5 ds < ¢, 2Ked) F(k(a_2))r(a_)2).
1 0

We conclude by recognizing the definition of f(k)

Integral over I3. Similarly to the previous cases, we have A, ; C [55 —7 —a,T| N[0,

Al < (G0-) A (50 < () (@),
Thus,

2 1 7.1 2 1
a— t\ 3
//sk(a*%)[st(Qfs)(th)] 2|A57t|dsdt§<%)2/ s’““*%)*l(?fs)“’%ds/ 272 dt,
1 0 1 0

and a straightforward change of variable t — (2 — t) yields the same upper bound as in (4.24)-(4.25)).

Integral over I,. With the same argument as before we have |4, ;| < (%)%(8(2 — 1))z, so we get

v k(a—1) a—2 st\s 1 k(a—1)+a—3 2 a_d
s Dst(2—5)(2—1)]" "AN(Asy)dsdt < (Z) s 2 2ds [ (2—t)* = dt
o J1 1

0

1 1 (Et)%
“alGenE-pla)
Then we conclude the proof as for the term I, with (4.23). O
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5. CONVERGENCE OF THE POLYNOMIAL CHAOS EXPANSION

In this section we consider the polynomial expansion of the partition function. Similarly to Proposition
we focus on the constrained partition function (the cases of the conditioned or free partition function are
analogous, recall Remark [4.11)): similarly to (2.1), we have

\_ntl J A LntzJ k

k+1
(5.1) Z[neit = Pt A tha K 3 [T G+ e —1) T ulis—iia).
=1

k=0 0:'i0<1:1-<.‘.~<ik+1:\_ntj =1

Let us highlight the different steps of the proof. First, we show that one can reduce to treating the
case h, = 0, simply by expanding the product Hle(eh" Gi, + e» —1) and factorizing in the homogeneous
partition function. Then, we show the L? convergence of the k-th term of the expansion to a (multivariate)
integral against M, for each k > 1 separately: this is the purpose of Proposition [5.1} To conclude the proof,
we control the L2 norm of each term of the expansion: we show that the L? norm of the k-th term is bounded
by some constant ¢ uniformly in n, with ¢; summable—this is the content of Proposition

Before starting the proof, let us recall the assumptions of Theorem we work with in this section:
we have a € (%, 1), P € B, for some r € N, and the scaling relations (2.6) for h,, 3,. Recall also the

definition (2.14]) of ¥ := 14, where we drop the index ¢ to lighten notation—we work with a fixed ¢. Also, to
lighten notation, from now on we write nt, nty, nto omitting the integer part.

5.1. Reducing to the case h,, = 0. Let us first explain how to reduce to the case h, =

At the continuous level, note that expanding the product Hle(aﬁr dM(s;) +/f;d8j) in and sum-
ming over points between indices where dM(s;) appears, we get that the continuum partition function
can be rewritten as

A oo 0+1 kj+1 k; ¢
a =Yy [ [ T(Sm o[ T et st Tax) [avis)
£=0 0<s1~<-<sg<t J=1 “K; sj1=8i <<l <8y i=1 j=1
¢
(5.2) —Z UTBT // Eh) sl,..., H (s5)
0<s1~<-<8g<t =
where, analogously to , we have defined
- k+1
(5.3) §h) (8151 8%) = L{omtsg<sr < <sn<sp =t} H Zy, o 5
j=1

recalling the definition of Z_ 7 in Proposition @
At the discrete level, analogously to what is done in (5.2)), expanding the product H;ill(eh" Cip +eln —1)
and rearranging the terms, we can rewrite (|5.1)) as

—(Brnwnt—A(Bn Bn,w,
T B gyt

=i SIS | O | O SRS > Lt~ )

£=00=i0<11<...<iy<ipp1=nt j=1 kj=1 ij_1:i6<i/1<...<i;c_<i;c_+1:Z]a 1
g ,

41

:z;) Z HCHHZ“*“ 1,hn s

0=j(<j1<.-.=Jg=Jgy1=nt j=1

where we recognized the expansion of the homogeneous partition function Z; j, to get the last identity,

see .
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Then, we can set u("») (i) := Z; ., and observe that thanks to Proposition (which is proven in
Section |§| by a standard Riemann-sum approximation) we have, for any s > 0,

lim n2~*L(n)u")(|ns]) =Z_+ = 90( )(s).

n—00 s,h

Note also that Lemma which provides the uniform bound w")(3) < C; L(||4]1)~||4]|§ >

These are the two key properties that allow us to adapt the proof of Theorem [2.9] performed in the case
hn =0, to a general sequence (hy)n>1 (satisfying (2.6))). Indeed, we simply need to replace the renewal
mass function u(-) with «(**)(-) and use Lemma instead of u(i) < CL(||%|l1)~} '||O‘72, which comes
from [9, Thm. 4.1]. In the limit, the k-points Correlatlon function ¥(s1,...,8k) = Hz h Lo(si — s 1) for
0<s0~< 8 < < 841 =t from (2.14) is simply replaced by o™ = [F_, w(h)( — 8;_1) defined in (5.3),
as appears in (5.2)).
5.2. Rewriting of the k-th term as a discrete integral. We now focus on the following expansion, for
h, =0:

k+1
2 L(n) 2050 = efnnA(Bn) Z 3 n?=L(n HC“ H u(is = ii-1)
k=00=49<i1<...<ip<tp1=nt =1 =1

which leads us to define
k41

(5.4) T o= Z n?~*L(n Hg,l Hu i —_1)
0=ig<i1<...<ip<igp1=nt =1 =
Note that the pre-factor e~ (Frwnt=A(Br)) ig jrrelevant since it converges to 1 in L?. The main idea is to
rewrite the k-th term Z,, ; as some “integral” of a discrete approximation 1,, of ¢ against the product
— ok

discrete field M S . Note that we use different indices m,n for the approximation of the correlation function

1 and for the approximation of the field M: in the proof, the idea is to first let n — co and then m — oc.
Let us introduce some notation. For m € N, let A, := [0, -L1) and D,,, := LZ*N[0,t]. For k,m,n € N

and a function g,, : [0, t]* — R constant on each Hle(ul +An), u1,...,u, € Dy, we define the k-iterated

“discrete integral” of g¢,, against M,

k
(5.5) gml?ﬁn = Z gm(u1,...,u H My (u — 214 Ay,),

=1
where we refer to for the definition of M,, and to for the definition of increments of a field that
appear in the last product. Note that the term (—%1) is added to ensure that, if n = m and %z € D,, =Dy,
then we get M, (2(i — 1)+ A,) = WC’F"’ where we write (; ,, 1= ¢; = e#@i7ABn) 1 for i € N? to
keep track of the dependence on n.

Now, define

(5.6) em(u) == m* *L(m)P(|mu] € 1) , u €0, ,
which is piecewise constant on each (u + A,,) N0, t], u € D,,. By Proposition (from [77]), m converges

simply to ¢ as m — oo. With this at hand we define the piecewise constant approximation ,, of ¥ by
replacing ¢ with ¢, in its definition (2.14)):

£
e
e
m
9
3

¢m(u17 ey ’U,k,) = (ADM(U1> (pm(u2 - ul) U @m(t - uk)1{0<u1<---<uk<t} .
With this notation, we can rewrite the k-th term ka, see (5.4)), as
~ o,.n32pr e
5.7 Zpp = | ——2 - M, .
( ) n,k (77,20‘.[/(%)) wn n

One of our main goals is to prove the following.
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Proposition 5.1. Let k > 1. Under the assumptions of Theorem 2.8, one has

k—— (d)

oo N, bEM .

n—oo

This convergence holds in LZ(I@) on a convenient probability space (ﬁ,j-:, @)
- .. k .
Recall from Proposition that the stochastic integral v ¢ M is well defined.

Remark 5.2. The “integral” 1, ]?Mn that we introduced does not fall under the definition from Theorem @
Even though one could define the covariance measure of M%k with a collection of Dirac masses, one cannot

k —®k k
use a direct argument (such as dominated convergence) to get that ¥, ¢ M% converges towards ) & M.
Nonetheless, the development of such arguments would be an interesting expansion of our results towards a
general methodology to study the influence of (correlated) disorder on physical systems.

5.3. Proof of Proposition Recall from Claim that, up to a change of probability space, we may
assume that (M,,),>1 converges P-a.s. to M and that all pointwise convergences hold in LP(PP) for p > 1
(we do not change notation for simplicity’s sake). Hence we simply need to prove the L?(IP) convergence on
that probability space.

In order to deal with the fact that ¢ blows up around 0, let us introduce a truncated version of @, , ¥, , @, .
For § > 0, let ©3, (w) := @ (u)1{ju)>s} (note that ©f, = ¢p,)and

U0, (wr, - ug) = ), (w1) @0, (wa — wy) -+ @0 (= k) L{0<uy < <up <t} -

We define similarly ¢°(u) := @(w)1{jju|>s) and .
We write for n > m, § > 0,

(5.8) bn "M — 0 EM|pz < L+ Io+ Iy + Lo+ I5
where
k— py— pyyp— Py p—
L = ||¢n'Mn_wn'Mn||L2a Iy = ||¢n'Mn_¢m'Mn||L27
k— k k k
(5.9) Iy == |00, My — S, o M|z, Iy == |, o M — 9% o M||p2,
k k
.[5 = ||1/J6<>M*’L/)<>M||L2.

We now need to control each term separately. We show that we can fix § sufficiently small so that the
terms I; and I are small, uniformly in n for I;. Then, for a fixed d, we show that Iy, I; can be made
arbitrarily small by choosing m large, uniformly in n > m for I>. It then remains to see that, for any fixed
m and ¢, I3 vanishes as n — co.

5.3.1. Term I5. First of all, notice that we have lims_o%° = 1, so by Proposition the isometry
property (4.6) and dominated (or monotone) convergence, we get that we can chose § sufficiently small to
make [y arbitrarily small.

5.3.2. Term I;. We use the following key result, which shows that I; is arbitrarily small for small §, uniformly
in n large. Its proof is postponed to Section [5.5] below; it can be viewed as the core of the proof, and contains
some of the most technical part of the paper. As a first part, we also include a bound on the L? norm of
the discrete integral for the non-truncated ,,: this part is the discrete analogue of Proposition [4.9] and will
prove useful later.

Proposition 5.3. (i) There exist constants C,c > 0 and some ng > 1 such that for any k € N, n > ng, one
has

Ck

Ck ck_
Thia 1) TC

k—
(5.10) o~ Mall32 <
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(#4) For every k € N, we have
T k== 5 k=7 12
(5.11) lim limsup ||[¢y, -~ My, — 4, * Mp||5: =0.
30 n—oo

5.3.3. Term I4. Tt is already clear that lim,, ., I = 0: this follows from the fact that 12, (u) — ¥°(u) as
m — oo for all u € [0, t]*, together with Proposition and dominated convergence.

5.3.4. Term Iy. Let us show that the convergence lim,, ,~, 9%, = 9° actually holds for the || - ||» norm on
[0, t]*. First, the convergence lim,, oo om(u) = ©(u), m — oo holds uniformly in u € [0,#] \ [0,§)? for
§ > 0 (see [77]). We therefore get that for § > 0 fixed, lim,, o0 [0S, — ©°||cc = 0. Now, let u := (w1, ..., us)
with 0 =: ug < w1 < ... < ug X Uk := t. Then, by the simple fact (proven e.g. by recurrence) that

k k ooy k
. i il < il» |0 i — 0il,
(5.12) 1_1 [[11) (e (sl ]} §_j| bil
we get that
k+1 k+1

k
< R+ ) sw (om(w)] +le@)) ¢ -l
[0,]\[0,0)2

I &0 = win) = T & (i = win)
=1 1=1

Since, |om(u)|,|p(uw)| are bounded by a constant Cs uniformly for |u| > J, this indeed shows that

limy, 00 wan - wtsHoo =0.
Let us now prove that we can choose m; € N to make I, arbitrarily small uniformly in n > m > m;.
Notice that for n > m and u € D), p € {n,m}, we may rewrite

My(u—1+A,) = Z My(w—L+A),
wE(u+Ap)NDnm

which gives, with the definition (5.5)),

k
(5.13) WO M, S TN, =Y (8, (w) — 0 (w) [[ Ma(wi — £+ A -

wWE(Dpm )k =1

Therefore, recalling that the correlations of the field M,, are non-negative, we have

2k
it * B = MW < (et = ville)® YD E| ] Malwi = 2+ Aun)]
wWE(Dpm )2k 1=1

N

< (198, = ¥3lloo) “E[Ma([0,£))%] = (195, — ¥illoc) “E[Mn(t)*] .

Recall that (E[M,,(t)?*]),,>1 converges, so it is bounded. Thus, we conclude the proof by choosing m; € N
such that, for n > m > my, |[¢3, — ¥ ||w is sufficiently small.

5.3.5. Term I3. Let m € N be fixed and § > 0 (we allow § = 0). Since 93, (or ¥, = 1),,,) is constant on each
Hfﬂ(%il +Ap), i1, .., 4, € N2, there exists a family {a, € Ryw = (w1, ..., ws) € (Dy,)*} such that for
(ula SRR) uk) € [07 t)k7

k
(5.14) o, ue) = Y aw | [ Lo (w) -
=1

we(Dom )k
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Thus, starting from the definition (5.5)), we get
k

¢fnkﬁn = Z ( Z a"wH]-[O'w, Ul>H nul_*l‘i‘A )
WE(Do)* we (D )k it
(5.15) .
= Z (e27) Z HM u; — ]. + ATYL) = Z A H Mn(wl — %1)
wE (D )k uE(’Dm) we (D) =1

uEH171 [0,w;)

k k
Recalling the definition of the integral ¢, we have (Hf:1 Lj0,w,)) oM = Hle M(w;). Hence we may also
write with a similar computation

(5.16) WoM= Y awHMwl

we(Do)*

Using Proposition [3.3] it is clear that for fixed § > 0,m € N we have the convergence

k k
(5.17) Y oa H w) = > aw [[ Mw).

WE(Dim ) wWE(Dyy )* =1

It remains to replace M, (w; — 21) with M, (w;) in (5.15). For wy,...,wy € [0, t), we have

H

-
=
=
&
|
Ew
<|
2
&
|
3=

1 =1

k
Ma(w) ] ﬁn(wlfil)’

IA
<
2
&
|
<
B
S
|
3=
=

L2

IN

<HMn(wl) ~ M (w; — %1)‘

=1

-1 k
AT AT 1
L%;luwuumﬂL%jLEJMwal—nlﬂL%>,

where we used Holder’s inequality. In each term of the sum, the k—1 last factors are all uniformly bounded by
M, (8)|| p2x < CIM(#)|| 12+ < 00 (recall Claim [3.6). Then, the first factor goes to 0, thanks to Lemma

which proves that || Hle M, (w;) — Hle M, (w; — £1)[| 12 goes to 0 as n — co. Recollecting 1 ,
this concludes the proof that lim,, ,., I3 = 0. Note that all the proof was also valid in the case § = 0, so we

also have that lim, o0 || kﬁn — m <l§ M||z2 = 0. O

5.4. Conclusion of the proof of Theorem With the help of Proposition [5.1] and thanks to the first
item of Proposition we are able to conclude the proof of Theorem

Indeed, in view of (5.7) and using the fact that lim, # = B by .7 Proposition shows
that, for any fixed k,

k
Zn’kni)—oo>(grﬁ)kng: // ’(/Jt(Sl,,Sk)HUTBT‘dM(s‘])
0<81 <=8, <t i=1

Then, item (i) of Proposition [5.3| shows that there is a constant C' > 0 and some ng > 0 such that, for all
k € N and n > ny,

ck ck
C 0/2 k < 2—]&?-
Do -y HP s *

7, <
|| ,k”L? = I‘(k(a _ %))1/2
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Hence, we have the following bound on the L? norm of rest of the series, valid uniformly for n > ng:

H Z Z"”“ Z Han||L2 < Z (ﬁ—krk)’

k>ko k>ko

which can be made arbitrarily small by choosmg ko large. Hence, fixing ko > 0, letting n — oo and then
ko — oo, we get that

32 o YloP) wh -ty
k=0
using also Corollary to ensure that the r.h.s. is well-defined. O

5.5. Proof of Proposition The only thing that remains to be proven is now Proposition [5.3] We
start with the proof of the first 1tem and then we build on that proof to deal with the second 1tem.

5.5.1. Proof of item (i) of Proposition . Notice that from (5.7)), ||77/1nl-€ﬂn||Lz < Ck||2n7k||L2. We therefore
need to control the L? norm of Zn, 1, defined in (5.4)), that can be written more compactly as
(5.18) Zng=n*"L(n) Y un(I)[] ¢,

1€, i€l

where we have denoted

T :Ik(t)z{I:(il,...,ik),ozi g <1 <<t <nt=: ik+1}

the set of increasing subsets of [1,nt] with cardinality k, and defined u,,(I) := H;C;l u(4; — ;1) (with by
convention big = 0, 1341 = nt). With these notation, we need to control

(5.19) 1Z0sle = 02 L)? Y wn(DunlDE[ ]G]

I1,Je1y icl,jeJ

Step 1. Controlling the correlation term. Since the indices in I, J are increasing, the set I U J can be
uniquely partitioned (as done in [58] Prop. 3.4]) into disjoint sets

(5.20) tUvJ U Om,
meN
where:
e ¢ is the set of isolated points, i.e. indices ¢ € I (resp. in J) such that j 4 ¢ for any j € J (resp. in I);
e v is the set of intersection points, i.e. indices that are both in I and J;

e 0, are chains of indices, i.e. indices 41, ...,%, (necessarily alternating between I and J) such that
2141 <> 9 for all 1 <1 < p—1 and such that any other index in I U J is not aligned with any of the ;;
the integer p > 2 is called the length of the chain.

By independence of the (; for non-aligned sets, we get that

B TT 6| =Ec™Ec T IT ¢
icl,jeJ meN  iCom

For fixed I,J, let us denote No(I,J) = |¢| the number of isolated points, N1(I,J) = |v| the number of
intersection points and N,(I,J) = [{m,|o,| = p}| the number of chains of length p. The correlation is
equal to 0 when Ny(I,J) > 1, and in the case No(I,J) = 0 we get, thanks to Lemma ,

k
(521) E|: H Cl(]:| < C«kﬂ?LNl(I,J) (IBZT+(P*2)"%—|)NP(17J)
icl,jed p=2

where we also used that |I| = |J| =k to get that the power of the constant is 2|v| + [¢| + 3, 5, |om| = 2k.



40 Q. BERGER AND A. LEGRAND

Going back to (5.19), we can decompose HanH%2 into two parts. The first part contains the main
contribution, which comes from sets of indices I, J such that I UJ contains only chains of length 2, i.e. such
that No(I,J) = k (and necessarily N,(I,J) = 0 for all p # 2): using (5.21)), this is bounded by C* times

(5.22) Ki=Kilkon) = (02 °L)? (827 Y un(Dua(Jd).
1,J€T;,, No(I,J)=k

The second part, containing contributions from all other sets of indices I, J, will be negligible: decomposing
over the value of N,(I,J) and using (5.21]), we get that it is bounded by C* times
k r _ r
(523)  Ka=Kalkon) = (0 L) Y ST (D ()BT w0 DTED
q15--,92k20,g2<k I, JETy
2q1 +Eik=2 pqp=2k Np(I,J)=gp

Lemma 5.4. There exists a constant C' > 0 and ng > 1 such that for all n > ng and k € N,
Ck
’Cl < T R
1+ k(e —3))

Lemma 5.5. There exist constants C,c > 0 and ng > 1 such that for alln > ng and k € N,

C*B,
Ko = T(1+k(a—1))

These two lemmas readily conclude the proof of item (i) in Proposition so let us now prove them.

+ Okt

Step 2. Proof of Lemmal[5.4 Note that one can rewrite u,(I) = P(I C 7,nt € 7). Therefore, letting 7, 7’/
be two independent bivariate renewals with joint law denoted P®2, we have that

Ky = (82" > (n**L(n)’P*(I C7,J C v/ ,nteTnt)
I1,J€T, No(I,J)=k
(5.24) < Cy(B2)* > P (Icr,Jct |nternt)

I,JETy, No(I,J)=k
= CuB B [[{(1J) e T2, No(L, D) =k, T c 7T < 7'} ]
where we have used that n?~“L(n) < C}P(nt € )~ for some constant C}, see Proposition We also
introduced the notation P2%(-) = P®2( - | nt € 7 N 7’). Now, we denote
CQ(TvTI) = |{(7'a.7) € H17nt]]2 S Taj € T/vi <_>.7}| s
i.e. the number of pairs of aligned points in (7 U7’) N [1,nt], so we have that
!
1
(I J)et IcrJcr} < (Cz(Tk’T )) < HCalr. T,
We end up with

k
K1 < %E%Q (B Car )]
Recall that the projection of 7 on its a-th coordinate is denoted 7(%), a € {1,2}. Now, notice that
Co(T,7") < |p™M N[0, nt,]| +|p N[0, nty]|, where we have denoted p™) = () N7/ and p) = 73 N7/
for simplicity. Using that (z + 3)* < 2F(z* + y*), and that the law of p(®) conditionally on nt, € p(®) is
symmetric in $nt,, we have for a € {1,2} the upper bound

%ntu

ntq k k
E®? [(BEJZ 1{z‘ep<“>}) ntq € P(a)} < C2F E®? Kﬁ?f > 1{iep<a>}) } ;
=1 i=1

where we used [48] Lem. A.2] to remove the conditioning, at the cost of a constant factor.
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Then, we can bound the term above thanks to Lemma[A.2] Indeed, from Remark we have that

1
sntq

Ui, = Z P(i € plY) ~ cop,n** 1L(n) "2 ~ CQ’BMB;QT asn — 0o,
i=1

where we plugged in the definition (2.6) of 8, for the last identity. Therefore, letting v := 2c — 1 and
0 < <7 in Lemma[A72] we have that there exists a constant C' > 0 such that

3 nta

Kﬁgr Z 1{zep(a>}> ] <CFI(k(1—y+0)+1).

This concludes the proof, since T'(k(1 —v+6)+1) < C'* W thanks to Stirling’s formula, then taking

§=iy=a—-1. O

Remark 5.6. Let us note for future use that we have proven above that for any § € (0,2« — 1) there is a
constant C' > 0 such that for any k > 1

1 @2 2 = ct cr
= T o < - < )
E Kﬂn ;1{@( )}> ] < ST(kERA-a)+0)+1) < Fh2a—1-8) 1)

Using that Z]>O N bg+1) < Ce2v b, see e.g. [43, Thm. 1], we get that there is a constant ¢ > 0 such that for
any u > 0,

ntq
(525) E§2 |:eXp (uﬂir Z 1{i€p(a)}>:| S c—lecul/(2a—1+é) < +00.
i=1

Step 3. Proof of Lemmal[5.5 We proceed sumlarly as above, the proof being more involved. Rewriting
un(I) =P(I C 1,nt € T), we get as in (5.24) that Ky can be bounded by a constant Cy times

k r _ T
ST gt RS (1 7) e T N1 T) =gV < p <2k T c 7]
q1,--,q26 20,q2<k
2q1 +Ef,k=2 pap=2k

Now, similarly as above, we easily get that

/ 2k /
{(I,J) e} NI, J)=q¥1<p<2kICT JCr} < (mT mﬂl,ntm) 1 <CP(T7T))’

q1 =2 dp

where C,(7,7’) is the number of chains of length p contained in (7 U 7’) N [1,nt]. In the end, we need to
bound

(5.26) ES? 3 #<52|‘rﬂ7 N[, nt]]|) ﬁ( arte=2lsle (1, ’))q”].

q1,---,92k 20,q2<k HP 19p°
214328, pap =2k

Let us now make an observation: for any A = (Aq,..., Agx) with A\; > 0, we can write
o 2k
> H = IRV, (2010 + 0 pQ, = 2),
qiy.-s q2k>0 q2<k p=1 p=2

2q1+2 o Pgp=2k
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where Py is the law of independent Poisson random variables (Qp)i1<p<aor With respective parameters
(Ap)1<p<ak (by convention @, = 0 if A, = 0). We can therefore rewrite ([5.26) as

2k
(5.27) ES? [ezi’il MPy (201 + PRy = 26, Q2 < k)} 7
p=2

where A = A (7, 7/) is defined by
(5.28) A= B2 TN n[1,nt]|, ﬁZTJr P Q)r%“cp(T,T/) for p > 2.

Using Holder’s inequality and Cauchy—Schwarz’s 1nequahty, for any € > 0 (fixed small enough), we have
that (5.27) is bounded by

& € 2k 1
. 2(1+e) lie 2(1+e) 1+4e] T+e
(529) E$* [621?*1} E;? [e R *} S {PA(2Q1+ZPQ1>=2’€,Q2<1€) } .

p=2

First term in (5.29). From [12, Prop. A.3], we know that when a < 1 the intersection 7 N 7’ is terminating,
so |7 N 7'| is a geometric random variable. Lemma below states that the conditioning does not change
this very much: it gives that

1+e 1+4e 2 ’ 1+e p2
E§2 |:e2 = )\1:| S E?Q |:62 = BolTnT |:| S 262 = /8"LkP;8;2(|T ) T/‘ > k) g C,
k>0

where the last line holds for n large enough (so that 2% 32 is smaller than half the constant ¢ appearing in
Lemma |A.3).

Second term in (5.29)). Since a chain in 7 U7’ of length p’ > p contains exactly p’ — p + 1 chains of length p,
we get that the number of p-chains included in 7 U 7/ is

(5.30) Cp(T,7') = Z ' =p+1)Ny(r,7'),

p'2p
where we recall that N,(7,7') is the number of (maximal) chains of length p in the decomposition (5.20]) of
(rUT’)N[1,nt]. We therefore get that,

2 p’
ZA Zﬂwﬂpz(]c (7,7 ﬁQTZN 7,7 Zp—p+1ﬂ(p2r]<252r2p (T,
=2 = p=2

p=2 = p'=2

where we have used that Z o0 —p+ 1)ﬁ(p DIl < 2p' provided that n is large enough so that ﬂ,[%] <1/2.
Notice also that we have
2k

(5.31) Y 0Ny () < 2(1pM N0 [0,nt] + 0P N [0, nto]])

p'=2

where we recall that p(®) = 7(@) N 7/(@) g ¢ {1,2}. Indeed, the left-hand side is the total length of all
the chains of length larger than 2 in 7 U 7/ and point in a chain belongs either to p() = 71 N /(M) to
p? =72 N7 or to both (one may also refer to [58, Eq. (3.22)]). Hence, we get that

nty nta
14e xn +€ o
Egﬂ [62 EppRE )‘p] < Eg?z {exp < 52 (Z 1{zep(l>} + Z 1{Z€p<2)}>):|

which is finite thanks to Remark see (5.25)) (after using Cauchy—Schwarz inequality to deal with o
and p(?) separately).
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Third term in (5.29). Denoting @3 = sz?) pQp, we want to show that there is a constant C,c > 0 such
that, for n large enough (how large must not depend on k)
1

ire k

< C"Bn

T'(k(a — f) +1)
We separate the estimate into three parts, according to the three following events: we fix some n € (0,1) (its
precise value is given below), (i) Q3 =0 and Q1 > 1; (ii) Q1 + Q2 > (1 — )k, Q3 > 1; (iii) Q3 > 2nk.
Case (i). On the event that Q3 = 0, we get that

P>\<2Q1+2Q2+C~23 = 2k,Qs < k, Q3 :0) SPA(Q1+Q2 =k,Q2 </€)

e_(A1+)\2) k 0Nkt k
:mgj(k))‘A <ﬁ()\1>\ D).
=1

(5.32) E®? [PA (2@1 +20Q5 + Q3 = 2k, Qs < k:) HT + CF ek

where we have bounded (A;/A2)¢ by the maximum of A; /A2 and (A;/X2)* and bounded the sum of the
binomial factors by 2¥. Plugging this in the Lh.s. of (5.32), and using that (x 4+ y)” < 27(zY +y?) for vy > 1
and (z+y)" < z7 4y for v/ < 1 so that

(5.33) E[(A+ By <27 (B[4 +E[B]),

we get that
(5.34)

9 ~ ~ 1+4+e] T+ Qk+1
B [PA<2Q1+2Q2+Q321€,Q2 <kQs=0) } <

k!

(E®2 |:(A1Ag_1)1+5:| 1 +E®2 |:A(1+E)k:| 1~1+5 > .
For the first term, we use Holder’s inequality to get
E®2 [()\1>\§_1)1+a} T+ < E®2 [()\1) a+er? ] e ES? [A;1+6)2(k—1)} T .

Now, recalling that A; = 52 |7 N7/ N [1,nt])|, we get that

- - 2 —E
ES? [(Al)“t’ ]“*ff“ — B2E®? [|mr’m[[1,nt]]|““ ]“*5)2 <C.32,

using Lemma for the last inequality. Using that Ao < £27(|p™M N [0,nt1]| + [pP N [0,7t5]]) and
applying (5.33)) with v = (1 +¢)%(k — 1),+ = ﬁ, we also get that for § € (0,2a — 1),

(1+e)?(k—1)] 15 15)2
E®2 [A(1+6) (k— 1)} aro? < gk-1 Z E®2{(52r21{16p(a)}> ] +

< CFD((1+e)2k(2(1 — a) + 0) + 1) < (O (k2(1 - a) +8) + 1),

where first we have used Remark [5.6] - 6| and then Stirling’s asymptotics for Gamma functions. Using again
Stirling’s formula, setting § = o — 3, we have I‘(k(l —(a—3)+1) <C*T(k(a— 3)+1)7*
The second term we need to estimate in is

BE2 ()49 7 = 52kE®2[\TmT L]0+ < o2

using again Lemma for the last inequality.
All together, we conclude that
ckpl C* ok

~ ~ 1+4+e | T+
(5-35) ES?2 [PA(2Q1+2Q2+Q3:2kaQ2 <k7Q3:O) :| < m*’ﬁ n
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Case (ii). Let n > 0 (fixed below) and consider the event Q1 + Q2 > (1 — )k, Qs > 1. We have

P (201 +2Q0 + Qs = 20, Q1 + Q2 = (L =)k, Qs > 1)
k—1

< Z PA(@3:2U€*£),Q1+Q2:£>

{=(1—-n)k

— ~ 1V (A + Az)kfl)
S i P (0 @ = )Pa(Qo21) = TR e

where we have used Markov’s inequality for the last line; recall that @3 = Zp>3 pQp, with (@), independent

Poisson random variables of respective parameter A, given in (5.28)). (We also omitted the integer part of
(1 = n)k for simplicity.) Now, notice that

2k 2k
Zp)\p _ ZBZr-i-(P—?)fﬂpCp(T,T/) < 2kﬂir+f§] ZCP(T’T/)
p=3

p>3 p=2

< 8k2B, x B2 (101 N[0, nta]| + [p2 N [0, nta]])

where we have also used (5.30)-(5.31)) to get that C,(7,7’) < 2(|p™") N[0, nt1]| + |p® N[0, nts]|) for all p. All
together, bounding (1V (A; +X2)F 1) < 1428 X571 1 2k XE=1 and recalling also that A; = 82 [N+ N[1, nt]|,
X2 < B2 (1pM N [0,nt1]] + |pP N [0,nts]|), we obtain that

~ ~ 1+4¢ ﬁ
EZ? |:P>\ (2Q1 +2Q2+ Q3 =2k,Q1+ Q2> (1 —n)k,Q3 > 1) ]

Ckﬁn . ntq ite ﬁ
< W;Q (E;‘?2[(ﬂi ;1{i6p<a>}) ]

nita 1+e ﬁ nta k(14¢ ﬁ
+E§2|:((672L|TOT/O[[13nt]])klﬁirzl{iEp(H)}) ' ] JrE%Q[(ﬁ?LTZl{iep(m) o )} > ,
i=1 i=1
where we have again used (withy=1+4¢,+ = ﬁ) The first expectation is bounded by a constant
thanks to Remark[5.6] The second expectation is also bounded by a constant. Indeed, using Cauchy—Schwarz
inequality to treat both quantities separately, we use Lemma to show that EQ?[(82|r N/ NN[1, nt]]|)b]
is bounded by some universal constant C' (in fact, the constant goes to 0 as b — oo, provided that §,, is small
enough), and then we use Remark for the other term. For the last term, we can again use Remark
to get that it is bounded by C*T'((1 + £)k(2(1 — a) + §) + 1)1/ (+2) < C'*T(k(2(1 — a) + &) + 1), the last
inequality following from Stirling’s asymptotics.
Again by Stirling’s formula, setting § = 2(a—1), n = 1(a—3), we get that mf(k(Q(lfa)Jré)Jrl) <
C*T'(k(a — 1)+ 1)71. All together, we have obtained that

~ ~ 1+e ﬁ C’kﬁn
(5.36) E®? |:P)\ (2Q1 +2Q2+ Q3 =2k, Q1+ Q2> (1 —n)k,Q3 > 1) ] < m :

Case (iii). Tt remains to control the case where Q1 + Q2 < (1 — 1)k and hence Qs > 2nk. Let
an := —7 log By and denote A,, the event {2253 ApeP® < k}. We have that

1

2 ~ ~ It+e ﬁ 2 4 2 ~ 1+¢ 1+e
EY [P)\ (QQl +2Q2+ Q3 =2k,Q3 > 277k) } <PY?(A5)™ +EY [PA (Qs > 2nk) 1An} ~
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For the first term, notice that by the definition ([5.28) of A and recalling (5.30))-(5.31)), we get

2k 2k P
Z Apeln < g7 Z P’ Ny (1,7") Z B3] pan
p=3 p'=3 p=3

<2827 (1o N [0,nt1]] + o N [0,nta]]) D BB/ Zeren
p=3
where we have used that p—2 > p/3 for p > 3. Now, using the definition of a,, we get that Bﬁ/gem" = 52/12
so the last sum is bounded by a constant times ﬁ,ll/4. Hence, we get that for § € (0,2a — 1),

nitq
PE(A5) < P87 3 3 Ly = ek ) < exp (— ex(; /0 e )
a=1,2 =1
where the last inequality comes from Lemma note that the conditioning in P®? can be removed by using
[48, Lem. A.2]. Since the power verifies m > 1, this is clearly bounded by exp(—c(;B;le) < Bk at
least for n large enough.
For the second term, we use that

P)\(@3 > 277k) < 672nka"E>\ [6(1"@3] — o~ 2nkan exp (Z)\p(epan _ 1))

p=>3

where for the last identity we recalled the definition @g = Zp>3 pQp, With @, ~ Poisson(A,). Hence, on the
event A,, we get that the sum in the last exponential is bounded by k: we obtain

1
T+e nk

E&2 |:P)\ (@3 > 277]@)1+81An] < e k@nan—1) < o=knan _ (g V%

where the last inequality is valid for n large enough, using that a,, — oo; the last identity follows recalling
that e® = (8,)"/4, by definition of a,,.
All together, we have obtained that

)

~ ~ 1+e ﬁ n
(5.37) B [PA (201 +2Q2 + Qs = 2k, Qs > 20k) } < B (B)%
Conclusion. We now simply need to collect (5.35)-(5.36)-(5.37) to conclude the proof of (5.32]) and hence of
Lemma with the constant ¢ = 2 = 1(a — 3). O

5.5.2. Proof of item (ii) of Proposition . Similarly to (5.7)) and (5.18]), we can write
ar By, k k— j— o
(2 Y (0 Y0, =, ALY = 2o L) 3 (D) — (D) [T .

nz=*L(n) I€T, iel
. AN . L TTk+1 . . 5 R LR T .
where for I = (41, ..., %) increasing, we have set u, (I) := [[,2] w(4;—4;—1) and ul(I) := [[,2] v’ (41— 41-1)
with u?(4) := w(i)1gi|>sn} (recall that by convention é9 = 0 and 4441 = nt). Using that o, 3], > en2=L(n),
we simply need to bound the L? norm of the right-hand side, which is equal to

<n2—aL(n)>2 Z (ufl(I)—un(I))(Ui(J)_“n<J))E[ H Ci(j}a

I,JET, ieljed
Note that if all indices in I are such that ||i; — 4;_1|| > én, then u’ (I) = u,(I), and similarly for J; if

one has ||4; — 4;_1]| < dn for one I, then we have u®(I) = 0. Hence, we get that

lon ¥ B =8 MW 3e < CF L) Y wn(DunDE[ T GG

1,Jez} icljed
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where we have defined Z} = {I € Zy;, 31 <1 < k+ 1,||4; — 4;-1]|| < 6n}. Then, as in the proof of item (i) of
Proposition we can decompose over the structure of I U J (see (5.20)) and (5.21))): we obtain that

[ = M — 08 " M, ||22 < CF (K +K3)

where K¢, K3 are defined exactly as K1, Kz, see (5.22)-(5.23), with the sum restricted to I, J € I} instead
of T),. Now, we can bound K3 < Ky, and directly use Lemma to deal with this term. Therefore,

. k — k— .
limsup [[¢b, - M, — 45, = M||72 < C*limsup K7,

n— oo n—oo

and it remains to deal with K9: as in (5.24), we can write

(5.38) KS < O(82)FES? U{(I, J)eT x TP No(I,J) =k, IC 1,0 C 7'}

I

where we recall that No(I, J) = k means that I U J can be written as a union of k disjoint pairs of aligned
indices.

Let us denote A(7,7") = {(4,5) € [L,nt — 1]*,i € 7,5 € 7/, 4 <> 5} the set of pairs of aligned points in
7 U7’; note that on the event {N2(I,J) = k}, indices (¢,5) € I x J form k distinct pairs in A(7,7’). Since
I € 7, there must be some index [ € {1,...,k + 1} such that ||4; — 4;_1| < dn: decomposing according to
whether I =1, l=k+1or 2 <[ <k, we get (using some symmetry)

’ _ /

HID) eR <} No(IJ) =k, I 7.0 C7'}| < 205(r.7") (CQ,ET_’I )) + C3(r,7) (CQ,C(T_’; )) ,

where we recall that Ca(T,7') = | A(T,7')| and we defined C§(7,7’) = |{(4,5) € A(T,7), ||i|| < én}| and
Cy(r,7) = [{(4.4), (",3") € A(m, 7). [|§' — i]| < on}|.

In other words, 53 counts how many couples of aligned pairs of points in 7 U 7’ have indices ¢ at distance
smaller than én. Using that (Z) < Lb* and recalling (5.38)), we therefore need to control (we only need to
control the first term if k = 1)

E%Q [ﬂircg(77 T/) (B?LTC2(7'7 T/))kfl} < ES?Q {(5?(33(7', T/))z} I/QE?;Q [(ﬂZTCQ(T, T/))2(k71):| 1/2 ;

Egg {Birgg(q_7 7_/) (ﬂZTCQ(T) T/))kfﬂ < E%)z {(B;LLT@S(T7 7_/))2} 1/2E§2 [(572:62(7-7 7_/))2(1672)} 1/2 .

In both cases, the second term is bounded by a constant (which depends on k), see Remark On
the first line, for the first term one easily gets that C3(7,7’) < |p*) N[0, n]| + |p® N[0, 6n]|. It is then
straightforward to get that

on
EZ? [(5?03(7'77"))2} < CE®? {(ﬁff > 1{i€p(1>})2:| < (52%(“)_2(571)2“_1)2 < 5%
=1

using first [48, Lem. A.2] to remove the conditioning, then expanding the square and using that P(i € p(1)) =
P(i € 7M)2 ~ ¢L(i)~2i** 2 as i — co. Details are left to the reader.
It only remains to estimate

2
2T
E;2(C3(r, 7)) ZEi‘?QK > 1{|z"i|<6n}1{(i,j>eA<m'>}1{(i',j'>eA(r,r'>}> }

O<Ii<i'<nt
J.i'€l0,nt]

1
SiP(nteT)Q E g P(zl,zg,zg,u,ntET)P(Jl,j2,]3,]4,nt€‘r).
0<i1Siz<is<iasnt  0<4,<ja<d5=ds<nt
lliz—i1l[<én  30€Gy4,j,4rin () for 1<I<4
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Note that the indices must be in non-decreasing order, otherwise we cannot have %1, 22, 23, t4,nt € 7. Then,
we can use the following uniform bound from [J, Thm. 4.1, see also Eq. (4.2)]: there exists ¢ > 0 such that

Piet) < cL(i])7i]*?, VieN.

Note that Lemma [6.1] is the analogous of this inequality in the case h,, # 0. Using this, if all indices are
distinct, we bound P(1, %2, 23, 24, nt € 7') by a constant times H?=1 L(||4; — 411 |) Y47 — g1 ||* 2 (with

the convention 4o = j, = 0, i5 = j; := nt), and similarly for P(j,,j4,53,74,nt € 7'): by a Riemann sum
approximation, we have that for any o € &4
L L 1 a—10
Z L jjin—isf<6ny P (21, %2, 83, 44,0t € T)P(j1,52,45. 44 nt € ') < C(L(n) Ipo 2) (n3)*

0<1i1<i3<13<i4<nt
0<31<jo=js=<js=nt
jLHia(l) for 1§l§4 4

X / </ g(vl,...,'u4)H/\ug(l)(dvl)>g(u1,...,u4)1{|U2u1|<5}Hdul,

[0,8] N\ Auy XX Auy =1 =1

where g(s1,...,84) = Hisl — 8;-1]|*"2 with the convention sg = 0 and s5 = t. Here, we have used the

notation of Proposition A, denotes the points in Ri aligned with u and A, is the (one-dimensional)
Lebesgue measure on A,. In particular, the integral in the right-hand side is bounded by

/ g(u17 ey U4)g('Ul, ceey ’U4)dl/M®8('LL1, sy Uy, Ve ey '04) = ||g||i(4)7
R1S M
which is known to be finite by Proposition The case where some of the indices i, (or j,) are equal in
the sum is treated exactly in the same manner: there are simply fewer terms and the sum is smaller (details

are left to the reader).
Recalling that 827 ~ cL(n)*n!=2% and that P(nt € 7) ~ ¢(t)L(n)~2n*~2, we therefore end up with

ES2[(8YCY(r,7))°] < CIL,
where

15 = /16 1{Hu27u1||§6}9(u17 ey ’U,4)g(’l}1, ey ’U4)dVM®8(’u,1, ey, Uy, V1, ..., ’U4> .
R+
We therefore end up with limsup,,_,., K < O ¢(622*~1) 4 I5). Since limsjoIs = 0 by dominated
convergence, this concludes the proof. ([l

6. HOMOGENEOUS AND DEGENERATE DISORDERED CASE: PROOF OF PROPOSITIONS 2.3] AND [2.11]

6.1. Homogeneous case: proof of Proposition Let us prove the result, which essentially comes from
Riemann-sum convergence. We focus here on the constrained partition function; the free case is identical.
First of all, we expand the partition function as

Zni, =B|( TT (" = D)) Louen |

i1€[1,nt]
(6.1) (nt1)A(nts) f1
= ehn Z (ehn — 1)k Z H u(ip —dp-1).
k=0 0=i9<i1<...<ip<tpy1=nt [=1

Since h,, ~ ?LL(n)n_o‘ by assumption, we have that for any fixed ¢ > 0, for n large enough, (1 — E)E <

Lﬁ(};’;ig_la <(1- e)ﬁ We now define for h € R,

k+1

Zuui =Y > I (£t i)

k=0 0=ip<i1<...<ip<ipp1=nt [=1
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so that Z

nt,(1—c) for large enough n. We show below that

7 S LN Znth, < 2,y 04 on

+oo
(6.2) lim Znt,ﬁ :Zt,ﬁ :th // wt(sl,...,sk)d31~-~dsk

n—oo
k=0 g<sy<- <5<t

and that h Z, j, is continuous. Together with the above bounds, this will conclude the proof.

For each k, the convergence of the k-th term in Zvntﬁ to the k-th term of Z, ;, is a simple consequence of
Riemann-sum convergence, since L(n)n?~%u(|nu | — |nv]) converges to ¢(4; —4;_1), see Proposition the
convergence is actually uniform on compacts. One can also use the uniform bound L(n)n?~%u(é) < C||14 |92,
which comes from [9 Thm. 4.1], to bound all sums uniformly: there exists C' > 0 such that for all k¥ > 1

1 k+1
— > 1T (Zr)n*=u(iy — iiy)
n2k -
0=ip<i1<... <l <ipp1=nt [=1
k+1

<C* // [ lsi — sicall®“?dsy - dsy

0=50<51 < <sp<spy1=t =1

k+1 y
< (Cl)k // H(ti*ti_l)aildtl"'dtk: (C‘F]'(—‘]fg;)k”t”gk-ﬁ-l)a—l’

O=to<t1<--<tg <tk'+1=HtH1 i=1

where we have used a standard calculation for the last identity (see e.g. [15, Lem. A.3]). Therefore, this
shows that for any kg > 1

k+1 1
1 . (C'T(a)h)* k+1)a—1
DR s > 11 (L(n)n2 “u(i; — Zlq)) < T e
n y ‘ I'(ka)
k>ko 0=ip<t1<...<ip<ipp1=nt [=1 k>ko

which can be made arbitrarily small by taking ko large, uniformly for / in a bounded interval. This concludes
the proof of (6.2]) and shows that the convergence is uniform on compacts. Hence, this also shows that the
limit Z, ;, is continuous in h. (]

Notice that Proposition shows that lim,, o nQ’O‘L(n)Znu,m’hn =7 where we have set

u—v,h’

Zabh, = E{exp (hn Z 1{i67'})1{b€1'} ac T:| .
i€[a+1,0]

Let us state a lemma which will be useful in the following: it can be found in [58, Lem. 5.2]

Lemma 6.1. If h,, ~ ?LL(n)n*a for some he R, there exists a constant C = C5, , such that for any n € N,
i € [1,nt], we have
Zip, < CL(|ldll1) = [ldl17 2.

n —

As a by-product, this proves that Z 5 < C|sl|$2 for all 0 < s < t.

6.2. Degenerate disordered case: proof of Proposition [2.11] Here, we focus on the free partition
function. First of all, let us notice that we can write

Ziee = 2055, B, [exp (D0 (Bawi = MBa)Liieny )|
ic[tnt]

where we have used the short-hand notation Py, = Pitz’gfee. We have seen in Proposition that fote%n
converges to ler%e. We therefore simply need to prove that the second term above converges to 1 in L?(P),

which is the pufpose of the following lemma.
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Lemma 6.2. Assume that a € (0,3) or that o € (0,1) and P € Poo. Then if hy, ~ hL(n)n=%, for any
vanishing sequence (By)n>1 we have

lim E;, [exp ( Z (Bnwi — A(ﬂn)ﬂ{ier})] =1 inL*(P).

n—o00
i€[1,nt]

Proof. We focus on the proof in the case h,, = 0, that is when P;,, = P. Let

Zivs, =Blexo (D (Buws = ABa)Liieny )|

i€[1,nt]

Since E[Zy, 5 ] = 1, we simply need to show that lim,, o E[(Z, 5 )?] = 1.

Case « € (0, %) In that case, one can use [568, Prop. 3.3] (whose proof uses only that w; is correlated via
horizontal and vertical lines, but not the specific definition of w;): it gives that

n

(6.3) 1 <E[(2%, )% < E®? e%(wﬁn)—zx(ﬂn))(|r<1>nr'<1>|+\r<2>mr’<2>\)} ,

where 7,7 are two independent bivariate renewals with the same distribution, and 7 /() are their
projections on the i-th coordinate. Notice that (9, 7/() are two independent recurrent renewal processes,
with inter-arrival distribution verifying P(7() = n) ~ ¢, L(n)n~(17%) as n — oo, so we get P(n € 7)) ~
c, L(n)"*n'~ thanks to [39]. Hence, 7() N 7'() is a renewal process which is terminating if a € (0, 1),
because Y oo  P(n € 70 n7') = 5 P(n € 7V)2 < 4oo. We therefore have that |71 n /()|
|73 N7/(?)]| are two (correlated) geometric random variable, so the upper bound in goesto0as B, — 0
(for instance using Cauchy—Schwarz inequality to treat the two geometric random variables separately).

Case a € (0,1), P € Poo. In that case, we can compute exactly the second moment of the partition function.
Writing ¢; := efri=2(#n) — 1 and expanding the product as in (2.1]), we get

(ntl)/\(ntQ)

k
ntB, =1+ Z Z HCz‘, u(; — 4-1).

k=1 0=ip<i1<...<ipnt [=1

By Lemma if P € Poo then we have E[(; | (¢j)jxi] = 0. We therefore get that, for any ¢; < --- < 45 and
./ h
(21 << sy

il i 0 if 4; # 4, for some [
E i i = :
Ll:[l<111:[1<1} {E[C%]k if k=& and i, =1, for all [,
where the second line comes from the fact that ((%)1§l§k are independent, because 41 < -+ < 1. Since
E[¢}] = e*?A)=2MB) — 1, we therefore end up with
(ntl)/\(ntg) k
E(Z05,)0 =1+ Y DR | (e O

(64) k=1 0=ip<%1<...<ipInt =1

=552 oxp ((A2) = 2(8.)) T Lpsernen )| < B el 20 o]

i€[1,nt]

where again 7,7’ are two independent bivariate renewals with the same distribution. From [I2] Prop A.3],
TN 7' is terminating when « < 1, so |7 N 7/| is a geometric random variable, and the upper bound in (6.4))
goes to 1 as 8, — 0.

The case of a general sequence (hy, ), >1 satisfying h,, ~ /f\LL(n)n’o‘ can easily be adapted, using for instance
that Py, (i € 7) = Zi p, Z7¢° together with Proposition [2.3| (and the help of Lemma —or analogous

nt—i,hy,’

results for the one-dimensional pinning model in the case a € (%, 1).
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Remark 6.3 (Proof of Corollary [2.14)). Let us stress that the bounds (6.3)-(6.4) provide uniform bounds

on the second moment E[(Zﬁf;e)g], also for a non-vanishing > 0. We therefore get that if § > 0 is

fized small enough, the upper bounds (6.3))-(6.4) are finite, so that ijiigcc is bounded in L*(P). Applying
Proposition [2.13, this gives Corollary [2.1]}

APPENDIX A. TECHNICAL RESULTS ON RENEWAL PROCESSES

We give in this section some technical estimates on the intersection of two independent copies 7,7’ of a
bivariate renewal satisfying (L.1)). We start with a lemma that gives estimates on M N 7'M the intersection
of the projection of 7,7’

Let 7 = (7;);>1 be a recurrent one-dimensional renewal process on N starting from 79 = 0 and inter-arrival
distribution verifying P(r; > n) ~ {(n)n~7 as n — oo, for some v € (0,1) and some slowly varying
function #(). Define

n

Up:=)» PlieT).

i=1
Then, P(r; > n) ~ £(n)n~7 is equivalent to the fact that U, ~ c¢,n?¢(n)~! with ¢, = w, see [20]
Thm. 8.7.3].
Remark A.1. If 7,7/ are two independent copies of a bivariate renewal satisfying (1.1)), then T = At )
is a one-dimensional renewal process: if o € (%, 1), then T is recurrent and verifies the above tail assumption,
with v = 2a— 1 € (0,1) and £(n) = c,L(n)? for some explicit constant c,. Indeed, thanks to (1.1)), we have
Pt =n) ~ cL(n)n= 1+ as n — oo, so Doney’s result [39] gives that P(n € 7)) ~ ¢qn® 'L(n) .
Then, if o € (3,1),

U, = ZP(@ erW M) = ZP(Z e TW)2 ~ e 2@ L(n) 2
i=1 i=1

and one concludes thanks to [20, Thm. 8.7.3].

The following large deviation estimate is standard but we include it here since most of the literature
treats more general cases (or with less optimal bounds, as in [4, Lem. A.3]).

Lemma A.2. For any 0 € (0,7) there is a constant cs such that for any t > 1 and anyn > 1

P(Z liiery 2 tUn) < exp ( —Cs tl—}f‘*“‘) .
i=1
As a consequence, for any § € (0,7), there is a constant Cs > 0 such that for any k > 1
1< k k
EKUTl ; 1{i€r}) } < (Cs)'T(k(1 =7 +9)).
Proof. Denote t,, := [tU,], so that, for any A € (0,1),
P(Z Liery > tUn> = P(r, <n) < A Ele ]t
i=1
Then, one can use that there is a constant ¢ such that E[e=™] < 1 —cf(1/A)AY for all A € (0, 1), by standard

properties of the Laplace transform (see e.g. [20, Thm. 1.7.1]). Hence, using that U, ~ c¢yn?¢(n)~!, we get
that

B($ten 2 02) s (i - 0 37030) < s (v o),

i=1
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where we have used Potter’s bound ([20, Thm. 1.5.6]), to get that for any ¢ € (0,) there is a constant ¢s > 0
such that 2(51(7/3) > cs(An)~? for any A > 1/n. Optimizing over A, we choose A = ¢/t'/(1=7+%) /n (which is
greater than 1/n, at least for ¢ large). This completes the upper bound.

For the second term, using the first part of the result, we bound

1 n k 0 n 1/k * —Cgtm
E{(F Z 1{i€7.}) } = ; P(Z 1{1‘.57-} >t Un)dt <1+ ) € de
=1 i=1

=14 ()" (1 — 5 = HT(k(1 — v + 6))

where we simply used a change of variable t = (u/cs)* =719 for the last identity. This concludes the proof,
using also that 2I'(z) = T'(z + 1). O

Lemma A.3. Let 7,7’ be two independent copies of a bivariate renewal satisfying (1.1) with o € (0,1).
For any t > 0, there exist constants c,cy > 0 such that for any k > 1

P®2(’Tﬂ7'/ﬂ [[O,nt]]’ > kz‘nte TﬂT’) < CtP®2(’TmT/ﬂ [[O,nt]H > k:) < e

Proof. Let T := {i¢ € [0,nt],||?|| < |[nt — ¢||} be the set of points that are closer to 0 than nt. Since
conditionally on nt € 7, the time-reversed process T in [0,nt] \ T starting from nt has the same law in as
T in T, we get by sub-additivity that
P (lrne' no,nt]| > k|nternt’) <2P®*(jrne'NT|> & |nternt).

Therefore, it suffices to compute an upper bound for the r.h.s. above. Let X := sup{é € 7,4 € T} and
X' :=sup{i € 7/,i € T} be the up-right most point (i.e. the sup is taken for the order <) of T, resp. 7’
in T. Then [58, Lem. A.1] (which is proven in the symmetric case t = 1 but remains valid for any ¢ > 0)
proves that there exists a constant C; such that, for all 4 € T,

G
P(nt e T)
where the last inequality comes from Proposition [2.1| (taken from [77]). Using this, we obtain
P*(lrne'NT|>%|nternt)
=) PP(rne'nT >4 X =i, X' =j)P(X =i|nter)P(X' =j|nteT)
ijeT
<(C)? D P(lrne'nT|> 5| X =i, X' =j)P(X = i)P(X' =)
ijET
< (C)PP(lrnT' NT| > &).

P(X =i|nteT)< L)~ In]~C~P(X = i) < C/P(X =),

This proves the first inequality in the lemma. Since it is proven in [I2 Prop. A.3] that the bivariate renewal
7N 7' is terminating for o € (0,1), we get that |7 N 7’| is a geometric random variable, which concludes the
proof. O

APPENDIX B. INTEGRATION WITH A COVARIANCE MEASURE: GENERAL THEORY

This appendix provides more details on covariance measures and how they define stochastic integrals
in Section 4l Recall briefly the definitions of Sy, L2 and (,-), from Section |4} where v is the covariance
measure of some field X. In this section we establish some of their properties, and use them to define the
integral against X. We divide this appendix into three parts:

e First, we claim that any L?(PP) random field on S; can be uniquely extended to bounded sets of Bor(R¢)
(in particular this defines the integrals of indicator functions of bounded Borel sets against X);

e Second, we claim in Proposition that L2 is (almost) an inner product vector space; from this, the
definition of the integral against X can be extended to L2, yielding Theorem (4.2
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e Finally, we provide sufficient conditions for a generic correlation function on Sk, k£ € N to be extended
to a full o-additive measure on Bor(R¥). In particular this implies the well-posedness of v, in
Proposition (3]

B.1. Extension to indicator functions of bounded Borel sets. Recall the definition of the collection
of rectangles of R%:

Sa = {[u,v) CR"; u x v} U{D},

Notice that Sy is a semi-ring: it is non-empty, stable by finite intersection and for A, B € 4, A\ B is a
finite union of disjoint elements of S;. Also, we have o(S;) = Bor(R9).

Definition B.1. We call (additive) L?(P)-random field on S; any family X of random variables X (A) €
L*(P), A € S84, such that for A,B € Sq with AUB € 84, ANB =1, one has X(AUB) = X(A) + X (B)
P-a.s. With a slight abuse of terminology we also call it a random field on R?.

Remark B.2. Any random function generates an additive random field via its increments, recall ; but
some fields are not constructed by pointwise-defined functions, as for instance some white noises. Most of the
upcoming statements hold for generic random fields, thus we do not distinguish notation between increments
of functions and fields.

Let R4 be the ring of sets generated by Sy: it is given by all finite unions of rectangles in S; (recall that
a ring of sets is a non-empty class of sets, stable by finite union and difference). Since any set R4 can be
written as a disjoint union of elements of S;, then any additive field X on Sy can naturally be extended to
Rq in a P-a.s. unique way.

Proposition B.3. Let X : Sq — L*(P) be an additive L?(P)-random field, which admits a o-finite, non-
negative covariance measure v on Bor(R? x RY) ~ Bor(R2?). Then X admits a unique “regular” extension
to bounded sets of Bor(R%).

Here, “regular” means that for a given bounded B € Bor(R%) and a sequence A, € Rg, n > 1 that
converges to B in the sense that

limsup BAA, := [ | (BAA) =1,
nroo n>1k>n
(where A denotes the symmetric difference), then one has lim,, o, X (4,) = X(B) in L?(P). Also, “unique”

means that for any two such extensions X, X then for any bounded B € Bor(R?) one has X (B) = X(B)
P-a.s.

Proof. The core of the proof relies on the following two observations.
—Fact 1. Notice that any C' € R, can be written as a disjoint union of rectangles U¥_; C;, so we can define

k k

(B.1) leoX =Y (lg,0X) = Y X(Ci) = X(C),

i=1 i=1
which does not depend on the chosen decomposition (recall (4.9)). Moreover, the isometry relation (4.6)
clearly applies to 14,1p with A, B € R4 by bilinearity, that is

E(laoX)(1p o X)] = (1a,1B),, A, BeRy,

(recall that the (-,-), is defined in (L.5))). Furthermore, the definition of (-) X can also be extended linearly
to expressions Zle a;ly, with A; € Rq, a; € R, 1 < i <k, and by bilinearity they still satisfy the isometry
relation.

—Fact 2. We have the following lemma, which is proven afterwards.
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Lemma B.4. Let (E,&, ) be a measured space such that p(E) < oo and let R C P(E) be a non-empty
ring of sets such that o(R) = &. Then for any B € £ and n € N, there exists A, € R such that

(B.2) WBAA,) <277,
where /\ denotes the symmetric difference.

With these two observations at hand the proof is direct. Let B be a bounded set of Bor(R?): in particular,
setting A, := [-m,m)¢, we have that B € Bor(A,,) for some m > 0. Let (A4,),>1 be a sequence of
elements of R4 N Bor(A,,) satisfying for the finite measure p,,(A) := v(A x A,,) on Bor(A,,). Then
X(A,) =14, 0 X € L*(P), n > 1 is well defined, and for p,q > 1,

E[(X(4p) = X(Ag))’] = 14,0 X —1a,0X[T> = |14, — 14,7

_ /A (1a, — 1a,)(w) x (14, — 1a,)(v) dv(u, v)

m

< /2 Layaa,(u)dv(u,v) = un(ApAA,),
A’VTL
where we used |14, —14,| = 14,44, < 1. Since A,AA, C (ApAB) U (BAA,), it follows that pu(A,AA,) <
27P + 279, thus (X(A,))n>1 is a Cauchy sequence in L?(P). By completeness, it therefore has a limit
that we denote X(B) (or 1p ¢ X), which does not depend on the chosen sequence (A4,),>1 that verifies
lim,, 00 p(BAA,,) = 0 (this is obtained with the same computation as above). O

Proof of Lemma[B-]} Let us define for n € N,
A, = {Be&;JAeR, uy(BAA) <27 "},
and A = Np>1A,. It is clear that R C A, for all m € N, so R C A. Let us prove that A is a Dynkin system,
which will conclude the proof by Dynkin’s -\ theorem.
First, we clearly have R C A, so A is non-empty. Let B, By € A such that By C By, and n € N. By

assumption there exist A;, Ay € R such that u(B,AA,) <2771 a € {1,2}. Since R is a ring, we have
Az \ A1 € R, and we also notice

(B2 \ B1) A (A \ A1) C (B2AAs)U (B1AAY).
Hence pu((B2 \ B1)A(A2\ A1) <27" and By \ By € A, for all n € N, thus A is stable by difference.

Let By, € A such that By C Bit1, k> 1, and let B = Up>1B. Let n € N. Notice that, since pu(B) < oo,
there exists kg € N such that u(B\ By,) < 27"~!. Moreover By, € A, so there exists A € R such that
(B, AA) < 27771 Thus,

W(BAA) < p(B\ By,) + w(Br, AA) < 277,
which finishes the proof. O

Therefore, for X : Sy — L?(P) an additive L?(P)-random field and E € Bor(R?), the integral,
/1EdX — 1poX = X(E),

is well-defined. Moreover, the “regularity” of the extension also implies that for any E, F' € Bor(R?), their
indicator functions satisfy the isometry relation (4.6)), by dominated convergence and bilinearity.

B.2. Properties of the vector space L2. We have the following
Proposition B.5. Let X : Sy — L?(PP) be a random field which admits a o-finite, non-negative covariance
measure v on Bor(R? x R?).

(i) The set L? is a vector space. Moreover (g, h), is well-posed for g,h € L2.

(ii) The application (-,-), is bilinear, symmetric and semi-definite positive. In particular ||g||, is well-posed
forg e L2.
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(iii) (Cauchy-Schwarz) For g,h € L2, one has (g,h), < ||gl. |2
(iv) (Triangular inequality) For g,h € L2, one has ||g + k|, < g, + [|h]].-

Remark B.6. Let us stress that (-,-), is not, in general, a scalar product on L? (in particular || - ||, is not
a norm). Recall the expression of vaq from (4.8) and let h: Ry — R be defined by

h=1p0,1/2)x[0,1/2) — Lp/2,0)x[0,1/2) — Ljo,1/2)x[1/2,1) + L[1/2,1)x[1/2,1) 5
we have [[|h| ||l = [1jo,1)llvp =2 < 00 s0 h € L2, ; however ||h|,,, =0, and more generally (g,h),,, =0
forall g € L?,M.

On the other hand, with the Gaussian white noise W on R2, for any functions g, h : R — R we have
(9.2, = [ g(wh(w)dra(u) (see Remark. This proves that ||g|lv,, = 0 if and only if g =0 Az-a.e.

Proof. Consider the application

(9.h) = (g, h), = / g(u)h(w) dv(u, v) ,

Rd
which is well-defined (possibly infinite) on non-negative, measurable functions. We claim that it is bilinear,
symmetric and positive semi-definite: indeed, we have proven in the previous section that the isometry
is satisfied for indicator functions of bounded Borel sets, which implies those properties; and they can be
extended to non-negative measurable functions on R? by monotone convergence.

In order to prove that L2 is a vector space (notice that it is not straightforward from the definition), we
first have to prove a Cauchy-Schwarz inequality for non-negative functions: for g, h non-negative measurable
functions on R?, we claim that:

(B‘3) <g7h>V < ||g||,,||h||,,, Vg,h>0.

To show this, let us define G (resp. G1) the set of finite linear combinations of indicator functions g =
S cila, of bounded Borel sets 4; € Bor(R%), ¢; € R, 1 <4 < n (resp. with ¢; > 0). Notice that, using
the bilinearity of (-,-),, the application g — g ¢ X can be extended to G and satisfies the isometry property
for all g, h € G. With those observations in mind let g, h be measurable non-negative functions, which
we can write as g = 2121 cila, and h = 2]21 dj1p, for some ¢;,d; >0, A;, By € Bor(R9) bounded, i,j > 1.
For n € N, define g,, = Z?:l c;la, and hy = 27:1 d;lp;, so that g, h, € G,. Therefore, using on G,
Cauchy-Schwarz inequality on L?(P), then again, we obtain

(s )y = E[(gn © X)(hn © X)] < E[(gn 0 X)2]*E[(hn 0 X)?]

We conclude the proof of by monotone convergence, letting n — oo.

Therefore, for g,h € L2, the inequality implies that (|g|, |h|), < oo and thus g + h € L2, which
proves that L2 is a vector space. Moreover, the observation that (-,-), is bilinear, symmetric and positive
semi-definite can also be extended on L2 using on G and dominated convergence. This fully proves
Proposition (1)-(41).

Regarding the Cauchy-Schwarz inequality, we may extend it from non-negative functions (recall )
to L2: indeed, write for g,h € L2 and A € R,

0 < [lg+ ARl = llgll? +2X(g, k) + MN[IR]17

and since (g, h), € R is well-posed, we deduce that the quadratic polynomial in A above has a non-positive
discriminant, which concludes the proof of (iii).
Finally, we deduce that a triangle inequality (iv) holds for || - ||,: for g,h € L?, write

(B.4) lg + RIS = llglly +2(g. h)o + 1IRIE < Nglly +2lgllo IRl + IRIE = (gl + [1A]l)%,
which proves the inequality. ]

1/2
= ||gnHV||hn||V

With Proposition at hand, Theorem follows from a completeness argument. This finishes the
construction of the stochastic integral against fields that admit a covariance measure.
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Proof of Theorem[4.24 Recall that G is the set of finite linear combinations of indicator functions of bounded
Borel sets, that g — g o X is well-posed on G and satisfies (4.6). Finally, notice that G is dense in L2.
Therefore, our goal is to extend the integral from G to L2 by completeness; however this is not straightforward
since (L2, || - ||,) is not actually a normed space (because || - ||, is not a genuine norm, recall Remark .
We circumvent this difficulty with a quotient of vector spaces.

Define (with an abuse of notation)

(B.5) Ker(v) = {g € Ly; llgll, = 0} = {g € L}; Vh € L}, (g,h), = 0} .

The equality in is a direct consequence of the Cauchy-Schwarz inequality: for g € L2 such that ||g||, = 0
and h € L2, one has (g,h), < ||g|.||k|l, =0 and —(g,h), <||gll. || = hll, =0, so (g, h), = 0. In particular,
Ker(v) is a linear subspace of L2.

For g € L2, let us denote g its equivalence class in L2 /Ker(v). It is clear that for g, h € L2/Ker(v)
and any representatives g1, go € g and hy, ho € h, then we have (g1, h1), = (g2, h2),. Therefore (-,-), can
be defined on L2 /Ker(v), on which it is a scalar product; in particular || - ||, is a well-defined norm on
L? /Ker(v).

Recall that the integral is well-posed on G and satisfies . For any g € G, we may define go X 1= go X,
which is well-defined almost everywhere on (2, F,P): indeed, for any two representatives g1, g2 € G,

lgroX —g2oX|72 = llgn —g2l2 = 0,

s0 g1 ¢ X = go © X almost surely. Therefore, the application g — g o X is an isometry from the normed
space (G/Ker(v), || - ||) to L?(P), hence it can be extended to the completion of (G/Ker(v),|| - ||,) which is
(L2 /Ker(v), || - ||,). Finally for g € L2, define g o X := g o X, which satisfies and thus concludes the
proof of Theorem O

B.3. A sufficient condition for the well-posedness of the covariance measure. Let us stress that,
if v defines a non-negative, o-additive function on S¢, then it does not always admit an extension into a
measure on Bor(R?). In the following proposition, we provide a simple sufficient condition for the existence
of such an extension.

On the one hand, if the field X admits some negative correlations, then the construction has to be adapted
to signed measures (which should not prove too difficult conceptually). On the other hand, it is easy to
construct fields with non-o-additive correlations.

Example B.7. Consider the case d =2 and the deterministic field X (u1,u2) = Ly, 4uy>0, (u1,u2) € R2.
For any point of the line {(x, —x),xz € R}, say 0 for simplicity, one can construct sequences of sets such as
A, =[-2/n,1/n]? and B, = [~1/n,2/n)? which satisfy
limsup A,, = limsup B,, = {0}, and X(A4,)=2=-X(B,),Vn>1.
n—oo n—oo

Hence it is clear that neither X or its covariance function can be extended to bounded Borel sets consistently.

In dimension 1 this issue around discontinuities can be circumvented by allowing atoms in the covariance
measure, but this isn’t enough in higher dimensions (in the above example, the whole diagonal {(z, —z),z € R}
is singular). An interesting question would therefore be to find sufficient and/or necessary conditions on
a random function or field X for its covariance function to be o-additive and effectively define a measure
on Bor(R?). The following result is a step in this direction. It will be applied to functions defined on
Syq X 8q =~ Sa4, but for the sake of generality we prove it for functions on Si, k > 1.

Proposition B.8. Let v : S — R satisfy the following:
(i) v is non-negative on Si;
(i) v is additive on Si;
(i4i) v is o-finite on Sy: that is v([—m,m)*) < oo for all m > 0;
(iv) there exists a measure ju on Bor(R¥), o-finite on Sk, such that for A € Sy, v(A) < u(A).
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Then v can be extended to a o-finite measure on Bor(R¥), which is unique. In particular, if v(A) = u(A) for
all A € Sy, then v(A) = u(A) for all A € Bor(RF).

Let us point out that for X an additive L?(PP)-random field on S; and v(A x B) := E[X(A)X(B)],
A,B € 84, then (ii), (iii) automatically hold, and (4) holds for fields X with non-negative correlations.

Finally, we prove in (4.10)-(4.11)) that v, satisfies assumption (iv), so Proposition applies to vy and
directly implies Proposition |4.3

Proof of Proposition[B.8 By assumption v is additive on Sy, which is a semi-ring of sets and ¢(S);) = Bor(RF),
so in order to extend it into a measure with Carathéodory’s theorem it only remains to show that it is
o-additive on S (and the extension will be unique because of assumption (iii)). We do so under the
additional assumption p(Sy) < oo, then the general result follows by defining v, := v(- N [-m,m)¥),
= (- N [=m, m)*) and letting m — oc.

First, let us prove that v is non-decreasing on Si: let Ay, As € Si such that A; C As. Since S is a
semi-ring, A, \ Ay = UY_, B, for some p € N and disjoint B; € Sy, 1 < < p. Using assumptions (i) and (ii),
we have

P
v(A2) = v(A)+ > w(Bi) > v(A),
i=1

which proves the statement. Moreover, this can straightforwardly be extended to A1, Ay € R(Sk) which is
the ring generated by S, (i.e. all finite unions of rectangles).

Now let A; € S, ¢ € N, such that A := Ui21 A; € 8. We may assume that the (A4;);>1 are disjoint
without loss of generality. For n € N, we have

i>1 i=1 i=1

and taking the limit as n — oo, we obtain v(U,5; Ai) > 37,5, v(A;). Let us now show that v(U,>,, 4i)
vanishes as n — oo, which will conclude the proof. For n € N, recall that |J,~, Ai € Si and 4; € Sy,
1 <i<n-—1. Since S is a semi-ring of sets, | J,». A; can be written as a finite union Ule B; for some
disjoint B; € Si, 1 < j < p. Thereby,

0 < u(UAi) = Zu(Bj) <

>n j=1 J

i>n
P
u(Bj) = u( U Ai),
=1 i>n
where we used assumption (). Since we assumed that u is a finite measure,
(U - o(1UA) =0 -0
i>n n>1li>n

which concludes the proof. O

APPENDIX C. AN EXAMPLE OF DISTRIBUTION IN Py, Ps

Let us provide an example of distributions P and interaction function V(z,y) tailored to obtain cases
where 4, PBs are not empty. We let V(z,y) = zf(y) + yf(x), where f is determined below. We choose
X :=@; (and Y := @) to be uniformly distributed in the set E = {£+/a, £V/b, £v/2 — a, +v/2 — b}, where
0 < a < b< 1 are two parameters we can play with. Now, we choose a function f : F — F by setting

f(£va) = +v2 —a (the sign is the same),
f(£vV2 —a) = Fva (the sign is reversed),

f(£VD) =+£vV2—b (the sign is the same),
F(EVT D)

TVb  (the sign is reversed).
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Observe then that for all x € E we have 22 + f(z)? = 2 and that f(f(x)) = —z. From this we get the
following facts on w; :=V(X,Y) = X f(Y) + Y f(X):

e For any k > 0 we have E[V(X,Y)2**1| X] = 0. This is due to the fact that all the terms Y2k+1=3 f(Y)J|
0 < j < 2k + 1 appearing in the binomial expansion of V(X,Y)* have mean zero. This is easily shown by
induction on j, using that that E[Y?*+1] = 0, E[Y?* f(Y)] = 0 by a direct calculation and then reducing j
by using that f(z)? =2 — 22 when j > 2. This shows that P ¢ B, for any odd 7.

e We have that Y and f(Y) have the same distribution and E[Y] = 0, E[Y?] = 1. By a direct calculation,
one finds that
E[V(X,Y)*| X] = X+ f(X)* =2,
where we also have used that E[Y f(Y)] = 0 (by a direct calculation or making use of the fact that ¥ and
f(Y) have the same law and f(f(Y)) = —Y). We therefore get that P ¢ PBs.

e Now, by a direct calculation, we get that
E[V(X,Y)*| X] = EY'](X* + f(X)") + 6X> f(X)’E[Y*f(Y)?] + 4X F(X)(F(X)? = X*)E[Y (V)]
using also that E[Y f(Y)3] = —E[Y3f(Y)], since Y and f(Y) have the same law and f(f(Y)) = —Y. Note

that X% + f(X)* = 4 — 2X2f(X)? and E[Y*] = 2 — E[Y2f(Y)?], so that setting po = E[Y2f(Y)?] and
w1 =E[Y3f(Y)] we can write

E[V(X,Y)" | X] = 42 — o) + 4(2pm0 — DX* F(X)? + 4 X F(X)(F(X)? — X?).
Then, one can notice that X2 f(X)? can only take two values, u := a(2 — a) and v := b(2 — b), with equal
probabilities (note that 0 < v < v < 1). In particular, we have
1
po :=E[Y2f(Y)’] = Fluto).

Similarly, one can check that X f(X)(f(X)? — X?) takes only two values (with equal probabilities),

2\/a(2 —a)(1 —a) = 23/u(l —u) and 24/b(2 —b)(1 —b) = 2\/v(1 —v). Recalling that E[Y f(YV)?3] =
—E[Y3f(Y)] this gives that

i = BY3 (V)] = 5 (Vall = ) + /ol = v))
Overall, we find that E[V(X,Y)?*| X] takes two values with equal probabilities:
A=4(2— po) +4(2u0 — Du+ 8/ u(l —u),
B =4(2— po) +4(2uo — Vv + 8ui/v(l —v).
It then remains to determine whether A # B. We have
A= B = 42410 — 1)(u— v) + 8 (/a1 — 1) — v/o(1 = 0)
=4(u+v—1(v—v)—4(ul—-u)—v(l—v))=8u—v)(ut+v—-1),

where we have used the values of yo and py above. If u+ v # 1 then A # B, showing that E[V (X, Y)*| X]
is not a.s. constant and thus P € .

e In the case where we have u + v = 1 then the above shows that E[V(X,Y)*| X] is a.s. constant, so
P ¢ PB4. One can then carry on and determine whether P € 3,. for some r > 6. We do not develop here
the calculations, but one can actually check that in the case u + v = 1 then E[V(X,Y)?| X] is again a.s.
constant: we have that P ¢ PB6. On the other hand, E[V(X,Y)®| X] can be checked to be a.s. non-constant
(except for one value of u) showing that P € Ps in that case.
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