n b
Electr® 8biljty

Electron. J. Probab. 27 (2022), article no. 158, 1-53.
ISSN: 1083-6489 https://doi.org/10.1214/22-EJP886

The permuton limit of strong-Baxter and semi-Baxter
permutations is the skew Brownian permuton

Jacopo Borga*

Abstract

The skew Brownian permuton is a new universal family of random permutons, depend-
ing on two parameters, which should describe the permuton limit of several models of
pattern-avoiding permutations. For some specific choices of the parameters, the skew
Brownian permuton coincides with some previously studied permutons: the biased
Brownian separable permuton and the Baxter permuton. The latter two permutons
are degenerate cases of the skew Brownian permuton.

In the present paper we prove the first convergence result towards a non-degenerate
skew Brownian permuton. Specifically, we prove that strong-Baxter permutations
converge in the permuton sense to the skew Brownian permuton for a non-degenerate
choice of the two parameters. In order to do that, we develop a robust technique
to prove convergence towards the skew Brownian permuton for various families of
random constrained permutations. This technique relies on generating trees for
permutations, allowing an encoding of permutations with multi-dimensional walks in
cones. We apply this technique also to semi-Baxter permutations.
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Brownian motions; two-dimensional random walks in cones.

MSC2020 subject classifications: 60C05; 60G50; 05A05; 34K50.

Submitted to EJP on February 28, 2022, final version accepted on November 16, 2022.

1 Introduction

Permutons are Borel probability measures on the unit square [0, 1]?> with uniform
marginals and are the natural scaling limits of sequences of permutations. The skew
Brownian permuton is a new family of random permutons, recently introduced in [7],
describing the limit of various models of random constrained permutations, such as
uniform separable permutations [2], uniform permutations in substitution-closed classes
[1] and uniform Baxter permutations [11]. As noticed in [7] (and also recalled later in
this paper), for all these models, the permuton limit is a degenerate version of the skew
Brownian permuton.
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Figure 1: Simulations of the objects investigated in the present work. Left: The
diagrams of two uniform strong-Baxter permutations of size 17577 and 27574. Right:
The diagrams of two uniform semi-Baxter permutations of size 823 and 800.

In the present paper, we show that there are natural models of random constrained
permutations converging to the non-degenerate skew Brownian permuton. To do that, we
study the permuton limit of strong-Baxter permutations and semi-Baxter permutations.

This paper might be thought as a companion paper of [7], but we tried to make the
present work as much self-contained as we can. Nevertheless, we do not recall here all
the motivations that justify the interest in studying the skew Brownian permuton and we
refer the curious reader to [7, Section 1.1], where also a quick introduction to permuton
convergence is provided. For a complete introduction to the theory of permutons, as
well as bibliographic pointers, we refer to [6, Section 2.1].

In the next sections, we first recall the construction of the skew Brownian permuton
(see Section 1.1) and then we further motivate the interest in studying the permuton
limit of strong-Baxter permutations and semi-Baxter permutations (see Section 1.2).

1.1 The skew Brownian permuton

We recall the construction of the skew Brownian permuton following [7].

We start by recalling that a two-dimensional Brownian motion of correlation p €
[—1,1], denoted! (W, (t))ier-, = (X,(t), Y,(t)))ter~,, is a continuous two-dimensional
Gaussian process such that the components X, and ), are standard one-dimensional
Brownian motions, and Cov(X,(t),Y,(s)) = p - min{¢,s}. We also recall that a two-
dimensional Brownian excursion (€,(t))ico,1] of correlation* p € (—1,1] in the non-
negative quadrant (here simply called a two-dimensional Brownian excursion of corre-
lation p) is a two-dimensional Brownian motion of correlation p conditioned to stay in
the non-negative quadrant R%, and to end at the origin, i.e. £,(1) = (0,0). The latter

process was formally constructed in various works (see for instance [24, Section 3] and
[17]).

Let (€,(t)):ef0,1] be a two-dimensional Brownian excursion of correlation p € (—1,1]
and let ¢ € [0, 1] be a further parameter. Consider the solutions (which exist and are
unique in the strong sense when p # 1 thanks to [7, Theorem 1.7], and exist in the weak
sense when p = 1 thanks to [7, Proposition 1.9]; see Remark 1.3 for further details) of
the following family of stochastic differential equations (SDEs) indexed by u € [0, 1] and

1Here and throughout the paper we denote random quantities using bold characters.

2We remark that we do not include the case p = —1 in the definition of the two-dimensional Brownian
excursion. Indeed, when p = —1 it is not meaningful to condition a two-dimensional Brownian motion of
correlation p = —1 to stay in the non-negative quadrant.
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driven by £, = (X,,¥,):

“ ()
{dz;,g(t) =1 200 ys0y WVo(t) = L go ) gy AXp(8) + (2¢ = 1) - dLZa(2), t€ (u,1),
Z0(t) =0, te0,u),
(1.1)

(W, 1. . . .
where £Z¢.4(t) is the symmetric local-time process at zero of Zﬁffg, ie.

t
F R |
L5t = lim 50 /0 Lzt mer-een 4

Definition 1.1. We call continuous coalescent-walk process driven by (€, q) the collec-

tion of stochastic processes {fo‘(g} 0]
) uel0,1
We also consider the following stochastic process defined in terms of {Z pu(;} [ ]:
) uel0,1

¢z, . (t) = Leb ({x € [0,0)25) <0} U {z € [t,1]|2()(2) > o}) , tel0,1. (1.2

Definition 1.2. Fix p € (—1,1] and ¢ € [0,1]. The skew Brownian permuton of param-
eters p,q, denoted p, 4, is the push-forward of the Lebesgue measure on [0, 1] via the
mapping (Id, ¢z, ), that is

Ppq(-) = (Id, ¢z, )« Leb(-) = Leb ({t € [0,1]|(t, 0z, (1) € - }) . (1.3)

In [7, Theorem 1.11] it was proved that the skew Brownian permuton u, , is well-
defined for all (p, q) € (—1,1] x [0, 1].

Remark 1.3. We point out that the continuous coalescent-walk process {Z(p“g} 0.]
) uelo,1

in (1.1) is defined in the following sense: for almost every w, ZE)“

every u € [0, 1].

We also recall that in order to define the skew Brownian permuton u; , there are
some additional technical difficulties due to the fact that the SDEs in (1.1) when p =1
do not admit strong solutions. See [7, Section 1.4.2] for further details. We however
note that such details are not needed in the present paper.

7 3 is a solution for almost

1.2 Motivations and statements of the main results

We start by recalling that the Baxter permuton, introduced in [11] as the permuton
limit of uniform Baxter permutations, coincides with the skew Brownian permuton of
parameters p = —1/2 and ¢ = 1/2. Therefore the corresponding SDEs in (1.1) take the
simplified form

{dZ(u) (t) = ]l{z(">(t)>0} dyp(t) - ]l{z(u)(t)<0} pr(t), t E (u, 1), (1 4)

ZW (1) =0, tel0,u]

We also recall that the biased Brownian separable permuton { ug }pefo,1), introduced in
[1] as the permuton limit of uniform permutations in substitution-closed classes (see also
[8]), is a one-parameter family of random permutons that can be constructed (see [23])
from a one-dimensional Brownian excursion and a parameter p € [0, 1]. In [7, Theorem
1.12], we proved that for all p € [0, 1], the biased Brownian separable permuton p,g has
the same distribution as the skew Brownian permuton pt1,;—p.

Note that when p =1 and ¢ =1 — p, the SDEs in (1.1) take another simplified form.
We denote by (e(t));c[0,1] @ one-dimensional Brownian excursion on [0, 1] and note that
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X,(t) = Y,(t) = e(t) when p = 1. We also set sgn(x) := 11,50} — I{z<0}. Then the SDEs
in (1.1) rewrite as

a2, (1) = sen (2{_,(0) de(t) + (1 = 2p) - ALZ 10 (1), € (u,1),

) (1.5)
zZ\_, @) =0, t €10, ul.

The unsatisfactory feature of the various instances of skew Brownian permutons
above is that either p = 1 or ¢ = 1/2, and in both cases the SDEs in (1.1) take a simplified
form: either the driving process is a one-dimensional Brownian excursion (see (1.5)) or
the local time term in (1.1) cancels (see (1.4)). As mentioned before, the main goal of
this paper is to show that uniform strong-Baxter permutations converge in the permuton
sense to the skew Brownian permuton for a non-trivial choice of the two parameters
p and ¢. This will give a new evidence that the skew Brownian permuton is a natural
family of limiting random permutons for random constrained permutations3. We start by
defining strong-Baxter permutations.

Definition 1.4. Strong-Baxter permutations are permutations avoiding the three vincu-
lar patterns 2413, 3142 and 341 2, i.e. permutations o such that there are no indices 1 <
i<j<k—1<nsuchthato(j+1)<o(i) <o(k)<o(j)oro(j)<o(k)<o(i)<o(j+1)
oro(j+1)<o(k)<o(i) <o(j).

Strong-Baxter permutations were introduced in [13] as a natural generalization of
Baxter permutations. The main result in the current paper is the following one.

Theorem 1.5. Let 0, be a uniform strong-Baxter permutation of size n. The following
convergence in distribution in the permuton sense holds:
Ho,, % Hp,qs (1.6)
where p =~ —0.2151 is the unique real solution of the polynomial
14 6p +8p? +8p°, (1.7)
and q ~ 0.3008 is the unique real solution of the polynomial
—1+46¢g—11¢%> +7¢°. (1.8)

As mentioned in the abstract, the techniques developed to prove Theorem 1.5 are
quite robust (see Section 1.3 for further details). We apply them also to the case of
semi-Baxter permutations.

Definition 1.6. Semi-Baxter permutations are permutations avoiding the vincular pat-
tern 241 3, i.e. permutations ¢ such that there are no indices 1 <1 < j <k —1 < n such
thato(j+1) < o(i) < o(k) < o(j).

We have the following second result.

Theorem 1.7. Let 0,, be a uniform semi-Baxter permutation of size n. The following
convergence in distribution in the permuton sense holds:

d
Ho, = Hpqs (1.9)

where

=

1 1
p=—2TVO 08090 and q=-. (1.10)

4 2
In the next section we explain the techniques used to prove Theorems 1.5 and 1.7.

Doing that, we will also explain the organization of the remaining sections of the paper.

3We remark that in [7, Theorem 1.17] we showed that the skew Brownian permuton arise also from SLE-
decorated Liouville quantum spheres. This result give an orthogonal motivation (compared to the ones coming
from the study of random constrained permutations) for studying the skew Brownian permuton. See [9, 10] for
recent progress in this direction.
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1.3 Outline of the strategy for the proofs and generality of our techniques

Despite the strategies to prove Theorems 1.5 and 1.7 are quite involved, in this
section we try to give a brief idea of the main steps in these proofs. In addition we
highlight the substantial differences with the proofs in [11], where convergence in the
permuton sense of Baxter permutations is established.

We start by briefly recalling how we proved in [11] that the scaling limit of Baxter
permutations is the skew Brownian permuton g5 1,2. The starting point consisted in
using two bijections already available in the literature, one between Baxter permutations
and bipolar orientations [4] and a second one between bipolar orientations and a family
of two-dimensional random walks in the non-negative quadrant, called tandem walks [20].
Composing these two bijections, we obtained a bijection between Baxter permutations
and tandem walks.

To prove the convergence towards the skew Brownian permuton p_y /s 1,2, we first
studied the scaling limit of the random discrete coalescent-walk process associated
with a random tandem walk and we showed that it converges in law to the continuous
random coalescent-walk process encoded by the SDEs in (1.4). This discrete coalescent-
walk process is defined from the tandem walk in a manner similar to (1.4), but in the
discrete setting (see Section 2.2 for a proper definition of discrete coalescent-walk
processes). For the moment, the reader can simply think of this discrete coalescent-walk
process as a collection of discrete one-dimensional walks driven by the increments of
the corresponding tandem walk.

The last step in the proof was to transfer this coalescent-walk process convergence
result to Baxter permutations using the bijection with tandem walks mentioned above.

We can now explain the techniques used in this paper to prove Theorems 1.5 and 1.7.
The first main difference between Baxter permutations and semi/strong-Baxter permuta-
tions is that bijections between the latter families of permutations and some families of
walks are not available in the literature (as it was the case for Baxter permutations). Our
first contribution in this paper is the following one: in Sections 2 and 3 we develop a
general technique to encode families of permutations enumerated using generating trees
with two-dimensional labels (see Section 2.1 for an introduction to generating trees) first
by some families of two-dimensional random walks* and then by some specific discrete
coalescent-walk processes. Our main combinatorial results are proved in Theorem 3.10 -
for strong-Baxter permutations - and Theorem 5.7 - for semi-Baxter permutations.

Building on these new combinatorial results, in order to prove Theorem 1.5 (resp. The-
orem 1.7), we will show in Section 4 (resp. Section 5.2) that the discrete coalescent-walk
processes for strong-Baxter permutations (resp. semi-Baxter permutations) converge
to the continuous coalescent-walk process introduced in (1.1) for the specific choices
of the parameters stated in Theorem 1.5 (resp. Theorem 1.7). These coalescent-walk
process convergence results rely on proving the following two key results.

* The first step is to show that a uniform two-dimensional walk encoding a uniform
strong-Baxter permutation (resp. semi-Baxter permutation) converges to a two-
dimensional Brownian excursion £, in the non-negative quadrant with a specific
correlation parameter p. This is proved in Proposition 4.4 (resp. Proposition 5.10).

* The second step is to show that a one-dimensional walk in the discrete coalescent-
walk process associated with a uniform strong-Baxter permutation (resp. semi-
Baxter) converges to the process Z% (t) defined by the SDEs in (1.1) driven by the
two-dimensional Brownian excursion £, obtained in the previous step and with
parameter ¢ as in Theorem 1.5 (resp. Theorem 1.7). This is proved in Theorem 4.5
(resp. Theorem 5.11).

4This technique builds on another recent work of the author, see [5].
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We now explain why in both of the two key steps above we need to develop some new
strategies of proof (compared to the one used for Baxter permutations in [11]).

* The convergence of uniform tandem walks (the walks encoding Baxter permuta-
tions) towards the two-dimensional Brownian excursion £ _; /2 Was obtained in [11]
as an application of Donsker’s theorem thanks to a remarkable (but very peculiar)
property of uniform tandem walks (see [11, Proposition 3.2]). Such a property
is not valid for the walks encoding semi/strong-Baxter permutations. Therefore
the convergence of uniform two-dimensional walks encoding uniform semi/strong-
Baxter permutations is less straightforward: we will need to use precise bounds on
some probabilities related with random walks in cones (this bounds are obtained in
Section A building on the results of Denisov and Wachtel [14] and are applied in
the proofs of Propositions 4.4 and 5.10).

* The convergence of a one-dimensional walk in the discrete coalescent-walk process
associated with a uniform Baxter permutation towards the process Z () defined
by the SDEs in (1.4) was obtained in [11] using standard techniques: indeed
such walk turns out to be (surprisingly) a simple random walk (as proved in [11,
Proposition 3.3]).

A one-dimensional walk in the discrete coalescent-walk process associated with a
uniform semi-Baxter or strong-Baxter permutation is not a simple random walk.
Therefore proving its convergence towards the process ijfg(t) defined by the
SDEs in (1.1) is more challenging and will force us to develop some new tools.
For instance, in Proposition 4.6, building on some results of Ngo and Peigné [25],
we prove that an unconditioned version of a one-dimensional walk in the discrete
coalescent-walk process associated with a uniform strong-Baxter permutation con-
verges towards a skew Brownian motion of parameter ¢, with ¢ as in Theorems 1.5.
This will be the key-step to then prove convergence towards Z(qug (t) in Theorem 4.5.

Also the case of semi-Baxter permutations displays some remarkable phenomena
that are too complicated to explain in this introduction. Therefore, for the moment,
we just refer the reader to Remark 5.13.

We conclude this section with a quick comment on the generality of the techniques
used in this paper and a quick remark on the possible implications of our results on
decorated planar maps.

As we explained above, the starting point to obtain our results in Theorems 1.5
and 1.7 is the possibility to encode permutations with two-dimensional walks. This is
done using generating trees with two-dimensional labels. There are several other families
of permutations that are encoded by generating trees with two-dimensional labels, such
as plane permutations (see [13, Proposition 5]) or some particular subfamilies of Baxter
permutations (see for instance [3, Theorem 16] and [12]). We believe that the techniques
developed in the present paper allow to prove convergence towards the skew Brownian
permuton also for these other families of permutations.

We finally remark that this is the first paper where the parameter ¢ in Theorems 1.5
and 1.7 has been determined without using symmetry arguments. We plan to use this
new method also in a future work on decorated planar maps. Indeed, the parameter ¢ of
the skew Brownian permuton (implicitly) determines the angle between two SLE-curves
decorating a Liouville quantum sphere, as explained in [7, Theorem 1.17, Remark 1.18].
In the planar map literature there are only two models of decorated planar maps where
convergence to SLE-decorated Liouville quantum spheres is proved: random bipolar
orientations converge to a \/m-Liouvﬂle quantum sphere decorated with two SLE;5-
curves of angle 7/2 ([19, 11]) and random Schnyder woods converge to a 1-Liouville
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quantum sphere decorated with two SLE;g-curves of angle 27/3 ([22]). In both cases the
angle was determined by symmetry arguments. We believe® that the method developed
in the present paper can be applied to some models of decorated planar maps, such as
bipolar posets (see [18]), in order to determine limiting angles that cannot be identified
using symmetry arguments.

1.4 Notation and basic definitions

We denote by G,, the set of permutations of size n and by & the set of permutations of
finite size. Given a permutation ¢ € G,,, its diagram is the sets of points of the Cartesian
plane at coordinates (i, 0 (i))ic[n-

If 21,...,2, is a sequence of distinct numbers, let std(z1,...,z,) be the unique
permutation 7 in &,, that is in the same relative order as z1,...,z,, i.e., 7(i) < 7w (j) if
and only if z; < z;. Given a permutation ¢ € &,, and a subset of indices I C [n], let
pat;(o) be the permutation induced by (o (i));c;, namely, pat; (o) = std ((c(i));cs). For
example, if o = 57832164 and I = {2,4, 7} then paty, 4 7}(57832164) = std(736) = 312. If
pat; (o) = w, we then call the set of indices I an occurrence of the pattern 7 in o.

Given a random variable X and an event A we write (X; A) for the random variable
X1y

2 Permutations, generating trees, two-dimensional walks, and
coalescent-walk processes

The goal of this section is to introduce the definitions of generating tree and
coalescent-walk process. Then we also recall the construction of two mappings, the first
one defined between permutations and d-dimensional walks (introduced in [5]) and the
second one defined between coalescent-walk processes and permutations (introduced in
[11]).

2.1 Generating trees for permutations
2.1.1 Definitions

We quickly summarize here all the definitions that we need about generating trees. For
a more detailed and complete description we refer to [5, Section 1.5]. We start with the
following preliminary construction and some definitions.

Definition 2.1. For a permutation o € &" and an integer m € [n+ 1], let c*™ denote the
permutation
o*™ = std(o(1),...,0(n),m —1/2). (2.1)

In words, c*™ is obtained from o by appending a new final value equal to m and shifting
by +1 all the other values larger than or equal to m.

A family of permutations C grows on the right if for all permutations o € & such that
o*™ € C for some m € [|o| + 1], it holds that o € C.

Definition 2.2. The generating tree associated with a family of permutations C that
grows on the right is the infinite rooted tree whose vertices correspond to the permuta-
tions of C (each appearing exactly once in the tree) and such that permutations of size
n are at level n. The ¢(o) children of a vertex corresponding to a permutation o € C
are the c(o) vertices v1(c),...,v.(,)(0) corresponding to the permutations obtained by
appending a new final value to o.

Definition 2.3. Consider a set S and an S-valued statistic stc(-) on C whose value
determines

5See also the last open problem in [11, Section 1.6] for further explanations.
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 the number of children in the generating tree of C (in the sense that if 0,0’ € C and
ste(o) = ste(o’) = k € S then ¢(o) = ¢(o’) =: h(k));

* the values of such statistic for these children (in the sense that if o,¢’ € C and
stc(o) = ste(o’) = k € S then stc(v;(0)) = ste(vi(0”)) =: e;(k), for all i € [c(o)] =
[h(F)])-

Then we label each vertex of the generating tree with the value of the statistic taken
by the permutation corresponding to the vertex. The associated succession rule is
determined by the label of the root \ and, for every label k, by the labels e1(k), . .., e (k)
of the h(k) children of a vertex labeled by k. In full generality, the associated succession
rule is represented by the formula

{Root]abel (N (2.2)

(k) — (61(1@)), ey (eh(k)(k))
We denote by L the set of all labels appearing in the generating tree and for all k € L,
we denote by CL(k) the multiset of labels of the children {e(k),...,enu)(k)}.

An example of generating tree, in the case of the class of 123-avoiding® permutations,
is given in Figure 2. Considering the Z--valued statistic that counts the number of
possible insertions of a new point, then the succession rule is

{Root label : (2) (2.3)

(k) = (2),3)...,(k+1).

Figure 2: The generating tree for
123-avoiding permutations. The chil-

/(2)@\ dren of a permutation are obtained

@) E 3) E by adding a new point on the right of
PN P the diagram in such a way that it does
(Q)D () <2>E (3)@ “)E not create a pattern 123. For each
N N — diagram we report (on the left) the la-
. .. c . c . bel given by the statistic that counts

the number of possible insertions of a
new point. Note that every permuta-
tion with label (k) has & children with
labels (2), (3),...,(k+1).

2.1.2 A bijection between permutations encoded by generating trees and multi-
dimensional walks

We start by assuming that the children labels e (k), ..., ;) (k) appearing in the succes-
sion rule in (2.2) are distinct’.

There is a simple bijection between a family of permutations encoded by its generating
tree and the set of paths in the tree from the root. We can associate to the endpoint of
each path the permutation corresponding to that vertex. Encoding each path in the tree
with the list of labels appearing on the path, every permutation of size n is bijectively
encoded by a sequence of n labels (k1 = A, ka, ..., k), where k; tracks the value of the

6A permutation o avoids 7 if there are no occurrences of the pattern  in o.
7A general bijection can be constructed without assuming that the children labels e; (k), ..., en(k) (k) are
distinct, see [5, Section 1.5.2]. In this paper we only need the present simplified version.
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label, such that every pair of two consecutive labels (k;, k1), 1 < < n—1, is consistent
with the succession rule in (2.2), i.e. forall 1 <i < n — 1, there exist j = j(i) € [1, h(k;)]
such that k;; = ej(ki). We denote by PW this bijection between permutations in the
generating tree and sequences of labels.

Note that whenever L is a subset of Z™ for some n € Z- (this will be the case of all
the permutation families considered in the article), then these sequences of labels can
be naturally interpreted as n-dimensional walks. The bijection PW is then a map from
permutations (P) to walks (W).

2.2 Discrete coalescent-walk processes and permutations

Coalescent-walk processes were introduced in [11] (see in particular Section 2.4) to
study the scaling limit of Baxter permutations. We now recall their definition and their
relations with permutations. Then in Section 3.2 we show that there exists a natural
coalescent-walk process encoding strong-Baxter permutations (and in Section 5.1.2 we
will do the same for semi-Baxter permutations).

Definition 2.4. Consider a (finite or infinite) interval I of Z.. A coalescent-walk process
on [ is a family of one-dimensional walks {(Zggt))szt)sej}te] such that:

. Zt(t) =0, foreveryt e I;

o fort' >te I, if 2 > 2" (resp. 2" < ")) then 2" > 71" (resp. 2" < z")
for every k' > k.

The set of coalescent-walk processes on some interval I is denoted by €(I).

We highlight the following consequence of the definition above: if Z,gt) = Z,gt') for
some time k, then ZIS) = Z,S/) for all k' > k. If this is the case, we say that the walks Z(®
and Z(t) coalesce and we call coalescent point of Z(® and Z(*) the point (s, Zﬁt)) such
that s = min{k > max{t,t’}|Z,£t) = Z]it,)}.

For a coalescent-walk process Z = {Z()},c; € &(I) defined on a (finite or infinite)
interval I, we define the following binary relation <z on I:

) SZ i?
i<zj, ifi<jandZz” <o, (2.4)
j<zi, ifi<jandZ" >0.

In [11, Proposition 2.9] it was shown that < defines a total order on I. This total
order allows to associate a permutation with a coalescent-walk process on the interval

[n].
Definition 2.5. Let n € Z> and Z = {Z®},¢(, € €([n]) be a coalescent-walk process
on [n]. We denote by CP(Z) the only permutation o € &,, such that forall1 <i,j <mn,

o(i) < o(j) < i<z ] (2.5)
As a consequence, for all j € [n],
o(j)=#{iehlli<zjt=#{iclj]: 2" <0} +#{iej+1,n]: 2% > 0}.

In [11, Proposition 2.11] it was shown that pattern extraction in the permutation
CP(Z) depends only on a finite number of walks. This is a key tool to prove permuton
convergence results.
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Proposition 2.6 (Proposition 2.11 in [11]). Let Z = {Z®},c(, be a coalescent-walk
process and o = CP(Z) the corresponding permutation of size n. We fix a set of indexes
I ={iy <--- < iy} C[n]. Then pat;(0) = = if and only if the following condition is
satisfied: forevery 1 < { < s <k,

Z" >0 = n(s) < 7(0). (2.6)

3 Discrete objects associated with strong-Baxter permutations

Recall that strong-Baxter permutations were defined in Definition 1.4. These permu-
tations have been enumerated using Z>?-labeled generating trees and therefore they can
be bijectively encoded by a specific family of two-dimensional walks.

The goal of this section is to specify the maps PW and CP introduced in Section 2 in
the specific case of strong-Baxter permutations (Sg;) and the corresponding families of
walks (Wg;) and coalescent-walk processes (Cgp). While doing that, we further introduce
a third map WCg;, between walks and coalescent-walk processes. Thus, we are going to
properly define the following diagram:

PW
Ssp — Wsp

(k lwc% . (3.1)

Csyp

Actually we will show that this is a commutative diagram of bijections (see Theorem 3.10).

3.1 Succession rule for strong-Baxter permutations and the corresponding
family of two-dimensional walks
We introduce some terminology.

Definition 3.1. Given a family of permutations C, a permutation o € C" and an integer
m € [n+ 1], we say that m is an active site of o if *™ € C. We denote by AS(o) the set of
active sites of 0.

We will adopt the following useful convention. Given a strong-Baxter permutation
7 € 8§, with x + 1 active sites smaller than or equal to 7(n) and y + 1 active sites greater
than 7(n), we write

AS(m) ={s_p < - <so}U{s1 <--- < syt1},

where the first set corresponds to the x + 1 active sites smaller than or equal to 7(n) and
the second set corresponds to the y + 1 active sites greater than n(n).

In [13, Proposition 23] it was shown that the generating tree for semi-Baxter permu-
tations can be defined by the following succession rule®:

Root label : (0, 0)
0,k),(1,k),...,(h—1,k),

(h,k) = < (hk+1), for all b,k > 0.
(h+1,0),(h+1,1)...,(h+1,k),

(3.2)

In particular, the Zio-valued statistic that determines this succession rule is defined on
every permutation o € Sg;, by

(#{m €AS(o)m <o(n)} —1, #{m € AS(c)|m > o(n)} — 1).

8Note that the succession rule in our paper is obtained from the succession rule in [13, Proposition 23] by
shifting all the labels by a factor (—1, —1). This choice is more convenient for our purposes.
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Using the strategy described in Section 2.1.2, we can define a bijection PW between
strong-Baxter permutations and the set of two-dimensional walks in the non-negative
quadrant, starting at (0,0), with increments in

Isp == {(—=i,0) :i > 1} U{(0,1)} U{(1,—i) : i > 0}. (3.3)

Note that the latter family is determined by the succession rule in (3.2). We denote with
Wog, the set of two-dimensional walks in the non-negative quadrant, starting at (0, 0),
with increment in Ig;. We also denote with Wg, the subset of walks in Wg; of size n.

We now want to investigate the relations between the increments of a walk W € Wg,
and the active sites of the sequence of permutations:

(PWH(Wa)ieq). PW ™ (Wiegz)), - PW T (Wadiey) ).

First of all, it holds that PWﬁl((Wi)iem) is the unique permutation of size 1 and its
active sites are 1 and 2. Now assume that for some m < n, W,,, = (z,y) € Z2, and
PWfl((Wi)ie[m]) = 7. By definition, 7 has = + 1 active sites smaller or equal to 7 (n) and
y + 1 active sites greater than 7 (n), i.e.,

AS(m) ={s_p <--- <so}U{s1 <--- <syq1}.

We now distinguish three cases (for a proof of the following results see the proof of [13,
Proposition 23], compare also with Figure 3):

* Case 1: W,,,.1 — W,,, = (1, —i) for some ¢ € {0} U [y].
In this case PW ™ (W;)icim+1]) = 7**+! and the active sites of 7**i+1 are
{S_w <2< S0 <Si+1}U{3i+1+1,Si+2—|—l < - <8y+1+1}.

» Case 2: W,,.1 — W,,, = (0,1).

In this case PW_l((Wi)ie[m+1]) = 7*% and the active sites of 7*%° are
{s_a < - <so}U{so+1<s1+1< -+ <syq1+1}.

» Case 3: W,,.1 — W,,, = (—i,0) for some i € [z].

In this case PW ™" ((W;)icim+1]) = 7*°~' and the active sites of 7**~i are

{sz<'-~<S,i}U{81+1<"'<8y+1+1}.

An example of the various constructions above is given in Figure 3. We also point out
the following important consequence of the discussion above.

Remark 3.2. Let 7 be a strong-Baxter permutation of size n and assume that
AS(m) ={s_o < - <sotU{s1 <+ < syq1}.

Then 7(n) = so.

3.2 A coalescent-walk process for strong-Baxter permutations

We now define a family of coalescent-walk processes driven by a set of two-dimensional
walks that contains Ws;,. We consider a (finite or infinite) interval I of Z. Let Qg (1)
denote the set of two-dimensional walks indexed by I, with increments in Ig;, and
considered up to an additive constant.
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Figure 3: We consider the walk W € Wi} given by the eleven black Z2 -labels in
the picture. The increments W,,.; — W,, of the walk W are written in red between
two consecutive diagrams. For each black label W,, we draw the diagram of the
corresponding permutation PW_l((Wi)ie[m]). On the right-hand side of each diagram
we draw with small circles the active sites of the permutation and we highlight in red
the site that will be activated by the corresponding red increment W,,, 1 — W,.

Definition 3.3. Let W € 2¢;,(I). The coalescent-walk process associated with W is the
family of walks WCg,(W) = {Z®},c;, defined fort € I by Z\") = 0, and for all ¢ > t such
that{+1 €1,

e Case 1: W, 1 — W, = (1, —i) for some i > 0, then

ZM —i,if 7" —i>0 (and so Z" > 0),
z80 =370 -1, ir z0 <o, (3.4)
-1, otherwise.
e Case 2: Wy 1 — W, =(0,1), then
(t) ; (t)
Z(t) _ Zl + 1, if Zé > 0, (3.5)
ol Z,ft), otherwise.
e Case 3: W;11 — Wy, = (—i,0) for some i > 1, then
ZM, it z" >0,
20 =820 +i, if Z <0and 2V +i <0, (3.6)
0, otherwise.

Note that WCg,, is a mapping form 2s,(I) to €(I). We set Csp, = WCg;,(Wsy). For
two examples, one for a walk in g, (7) and one for a walk in Wg;, the reader can look
at Figure 4 and Figure 5.

We give the following equivalent definition for later convenience.
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-X,Y,Z={ZW}1<<10

I S UL SUNE SO SO SUE SUUE SR '

Figure 4: We explain the construction of a coalescent-walk process. Left: A two-
dimensional walk W = (Wi)iepio) = (X¢, Yi)repno) € Wsp([10]). Middle: The two
marginals —X (in blue) and Y (in red). Right: The two marginals are shifted and
the ten walks of the coalescent-walk process are constructed in green.

Definition 3.4. Let W € 2g,(I) and denote by W; = (X,,Y;) fort € I. The coalescent-
walk process associated with W is the family of walks WCg,(W) = {Z(t)}tel, defined for
teIbyZz" =0, and forall ¢ >t such that (+ 1 € I,

7" =0 and Z\" — (X1 — X¢) > 0,

) ‘
Z0 4+ (Your - Vo),  if
¢ (Yea 7) Zét) >OaHdZét)+(}/[+1—}/e)>07
z0, =41, it 2" >0and 2" + (Vi1 — Vi) <0, (3.7)
70 (X1 — Xy), if 2P <0and 2 — (Xo11 — X)) <0,
0, if 2" <0and 2" — (Xp41 — X4) > 0.

Remark 3.5. We note that the coalescent points of a coalescent-walk process obtained
in this way have y-coordinates that are always equal either to 0 or to —1.

Remark 3.6. Note that every walk Z(*) must pass through 0 between a non-positive and
a strictly positive excursion. In addition the strictly positive excursions always start at
one. See for instance at the walk Z(!) in Figure 4.

Another similar remarkable fact is that every walk Z(*) must pass through —1 between
a strictly positive and a non-positive excursion. See for instance at the walk Z(?) in
Figure 4.

The following definition and the consecutive lemma should clarify our definition of
coalescent-walk process associated with a walk in Wg, and the link with the correspond-
ing strong-Baxter permutation.

Definition 3.7. Let W € W¢, and consider the corresponding coalescent-walk process
CP(W) = {Z®W},¢(n) = Z. Assume that the set of final values {Zr(f)}te[n] of the n walks
is equal to

FV(Z)={fs < <faa<fo=0<fi<---<fy},

for some x,y € Z>o. For all { € [—z,y] we set mult(f,) = #{t € [m] : Z® = fe} and by
convention, we set mult(f;) =0 for all ¢ ¢ [—z,y].

Example 3.8. Consider the coalescent-walk process Z in Figure 5. The set of final
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Figure 5: The coalescent walk process WCg;, (W) for the walk W considered in Figure 3.
In purple we plot the corresponding semi-Baxter permutation CP((WCg;,(WW))). Note
that the latter permutation is equal to the permutation PW‘l(W) obtained in the last
diagram in Figure 3. In orange we plot the multiplicities of the final values of WCg;,(W).

values FV(Z7) is equal to
FV(Z) = {-3,-2,-1,0}.

Moreover, mult(—3) = 2, mult(—2) = 1, mult(—1) = 7, and mult(0) = 1 because there are
2 green walks ending at —3, 1 green walk ending at —2, 7 green walks ending at —1,
and 1 green walk ending at 0.

Lemma 3.9. Let W € Wg,. Fix m € [n], and consider the corresponding coalescent-walk
process CP(W) ) ={Z (t)}te[m] =: Z and the corresponding strong-Baxter permutation

PW‘l(W‘[m]) = 7. Assume that W, = (z,y) € Z2,, i.e. m has x + 1 active sites smaller
than or equal to w(m) and y + 1 active sites greater than w(m), denoted by

{s_a < - <sotU{s1 < - <syp1}

Then
FV(Z)={fa < <fa<fo=0<fi<---<fy}=[-2y]

and in particular, fo — fo—1 = 1, for all ¢ € [—xz + 1,y]. Moreover;, it holds that

se=1+ > mult(f;), forall (€ [-z,y+1]. (3.8)
j<e-1

Proof. We prove the statement by induction over m.
Form = 1thenz =0,y =0, FV(Z) = {0} = {fo} and mult(fy) = 1. On the other
hand, 7 = 1 and the set of active sites is given by {sy = 1, s; = 2}. Note that (3.8) holds.
Now assume that 1 < m < n and that Z and 7 verify the statement of the lemma. We
are going to show that also CP(W‘[mH]) = {Z’(t)}te[mH] =: 7’ and the corresponding
strong-Baxter permutation PW_l(W‘[ ) = «’ also verify the statement of the lemma.
We distinguish three cases:

m+1]
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* Case 1: Wy, — W, = (1,—i) for some i € {0} U [y] (see the left-hand side of
Figure 6).

As explained in Section 3.1, in this case n’ = 7*%+1 and its active sites of 7’ are
{sL,1 < <sprU{s) < - <8y}

where s, = sp4q for £ € [—x —1,—1], s) = s;41, and sj, = sp4; + 1 for £ € [1,y — i+ 1].

On the other hand, looking at Case 1 in (3.3), we immediately have that

EV(Z) ={fl, < <fLa<f=0<fi< - <fy}=lw-1y—i,

and mult(f;) = mult(fe4q1) for all £ € [—z — 1,—2], mult(f’,) = 22:0 mult(fy),
mult(f)) = 1, and mult(f;) = mult(fe4,) forall £ € [1,y — 1].
* Case 2: W,, 11 — W, = (0,1) (see the left-hand side of Figure 6).

As explained in Section 3.1, in this case 7’ = 7*° and its active sites of =’ are
{sL, < - <sopU{s) < - <sp,ia}.
where s}, = s, for £ € [—,0], and s, = s,y + 1 for £ € [1,y + 2.
On the other hand, looking at Case 2 in (3.3), we immediately have that
FV(Z) ={fle < <fLa<fo=0<fi<- <fou}=[-zy+1]

and mult(f;) = mult(f,) for all £ € [—z, —1], mult(f) = 1, and mult(f;) = mult(fr—1)
forall £ € [1,y + 2].

* Case 3: Wy, 11 — W, = (—i,0) for some 7 € [z] (see the right-hand side of Figure 6).
As explained in Section 3.1, in this case 7’ = 7*%-¢ and its active sites of 7’ are
{slopi < - <sgrU{s) < - <syh
with s, = s,_; forall ¢ € [~z +4,0], and s;, = s, + 1 forall £ € [1,y + 1].
On the other hand, looking at Case 3 in (3.3), we immediately have that
FV(Z) ={flopi < <[l <fy=0<fi<--- < fy} =[-2+1iyl
and mult(f;) = mult(f,—;) for all £ € [—z +4,—1], mult(fy) = 1 + Z?Zﬂ.mult(fg),
and mult(f;) = mult(f,) for all £ € [1,y].

With a straightforward computation, based on the expressions of the s, and mult(f)) in
terms of s, and mult(f,), it can be checked that (5.7) holds. O

3.3 The diagram commutes
The goal of this section is to prove the following result.

Theorem 3.10. The diagram in (3.1) commutes.

Proof. We show that PW ™! = CPoWCg,. Fixn € N and let W e Wg,. We are going to
prove the following.

Claim. Assume that m < n and PW ™' ((W)ic[m)) = CP o WCst((W)ic[m))- Then

PW ™ (Wy)icpm+1)) = CP o WCs,(Wi)icm1))-
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7—1
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Figure 6: Left: The final steps of the coalescent-walk process WCSZ,(WHM]) in Figure 5
and the corresponding permutations PW‘l(W“w]) and PW‘I(WHH]) from Figure 3 with
the values of the active sites highlighted in cyan. We have that Wy, — W39 = (1, —2). Note
that FV(WCg;,(W),,,;)) = [-2,2] and from Figure 5, we can determine that mult(—2) = 2,
mult(—1) = mult(0) = mult(2) = 1 and mult(1) = 5 (these numbers are plotted in orange
close to the final values of the various walks). Note also that FV(WCgsy(W), ) =
[-3,0] and we have that mult(—3) = 2, mult(—2) = mult(0) = 1, and mult(—1) = 7.
Right: The final steps of the coalescent-walk process WCSb(W“g]) in Figure 5 and
the corresponding permutations PW‘l(W“S]) and PW‘l(W“g]) from Figure 3. We have
that Wy — Ws = (-2,0). Here, FV(WCg(W|)) = [-4,1] and mult(—3) = mult(-1) =
mult(0) = mult(1) = 1, and mult(—4) = mult(—2) = 2. Note also that FV(WCg,(W), ) =
[-2,1] and we have that mult(—2) = 2, mult(—1) = mult(1) = 1, and mult(0) = 5. One
can check, comparing the orange and cyan numbers, that in both cases (3.8) holds.

Proof of the claim. Since by assumption PW ™" (W;)icm)) = CP o WCs,(W;)icm)) it
is enough to show that PWﬁl((Wi)ie[mH])(m +1) = CPoWCsp((Wi)icim41))(m + 1). By
Remark 3.2 and assuming that

ASPW™H (Wi)igpm+1)) = {50 <+ < s} U {s1 < - < sypal,

we have that PW ™! (W) em17) (m + 1) = so.
On the other hand, setting WCs,(W;)icpm+1)) = {Z® }iepm+1) = Z and using Lemma
3.9, we have that

FV(Z)={f2a<--<fa<fo=0<fi<---<fy}=[-m1]

Then by Definition 2.5 and Definition 3.7 we have that

CP o WCst(Wi)sepmin)(m + 1) = #{t € [m + 1] : 2., <0}

= mult(fy) =14 > mult(fy). (3.9)

£<0 <1

Using (3.8) in Lemma 3.9 we can conclude that 1 + Zegq mult(f,) = sp, concluding
the proof of the claim. O
4 Probabilistic results for strong-Baxter permutations

The main goal of this section is to prove Theorem 1.5. The proof of this result is
divided in the following steps:
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e In Section 4.1 we explain how to sample a uniform strong-Baxter permutation as a
two-dimensional walk conditioned to stay in a cone.

e Then, in Section 4.2, we prove a scaling limit result for this conditioned two-
dimensional walk.

e In Section 4.3, we prove a scaling limit result for the coalescent-walk process
associated with this conditioned two-dimensional walk.

* Finally, in Section 4.4 we explain how to deduce permuton convergence for strong-
Baxter permutations (Theorem 1.5) from the latter result.

4.1 Sampling a uniform strong-Baxter permutation as a conditioned two-di-
mensional walk

Since the map PW : Sg;, — Wgy, is a size-preserving bijection and using the definition
of Wgyp, in order to sample a uniform strong-Baxter permutation of size n, it is enough to
sample a uniform two-dimensional walk in the non-negative quadrant of size n, starting
at (0,0), with increments in Igp.

Consider the following probability measure on Ig; (see also the left-hand side of
Figure 7):

oo o0
psp = Y0y’ S(ig) +ab ™" Sy + Y a0 5, 4.1)
i=1 i=0
where ¢ denotes the delta-Dirac measure and «, 6, are the unique solutions of the
following system of equations:

v

1 —
FA-0) = T2
(2]

1-0)2>
ittt as

a>0,0>0v>0af"t <1

Q I~

With standard computations, we get that v is the unique real root of the polynomial
142772 ++3, 0 = —T+18y - 1472+ 1172 - 34*, and a = % - %’y—k %72 — 43+ %74.
With a computer one can estimate that 6 ~ 0.43016, v ~ 0.56984, and a ~ 0.14861.
Remark 4.1. We explain how one can find the distribution in (4.1) and what is the
meaning of each equation in the system in (4.2). The general idea is to first look for a
distribution ug;, of geometric type (this is useful for consecutive computations such as
the computations in (4.10)). That is, one imposes that every step of type (i, j) receives
probability ay*9’. Then one also imposes three additional conditions (corresponding to
the three equations in the system in (4.2)): the first condition is that ugp is a probability
measure (i.e., the total sum is equal to one); the second and the third conditions ensure
that pgp is a centered distribution (i.e., its expectation is (0, 0)).

Let (X,Y) be a random variable such that Law(X,Y’) = pg,. With standard compu-
tations we have that:

ab

E[X]|=E[Y] =0, EXY|=—-———, 4.3
[X] = B[Y] XY] =~ (4.3)
1 ~(1+7) 1 0(1+6) 2
]EX2:a( + =02, E[Y?)=al-4+———"2L)=0". (4.4)
S ST R ) izt ia-e
Therefore
11 0 + 'y(l+'3y) - 60 2
Var(X,Y)) = a {070,000 0G0 ) (4.5)
v(1-0)2 6 ' y(1-0%)
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af™! ay” 6P
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ay 1o
ay~ 10
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ary ‘
ay1? ay ay? ay?
ay 163 af™t

Figure 7: Left: Some of the increments in the set Ig, are plotted together with the

i
corresponding probability weights given by ug,. Right: Some increments in the set Ig;,
are plotted together with the corresponding probability weights given by Mgb.

and so

p=Cor((X,Y)) =— 4 ~ —0.21508.  (4.6)

1+ 0(1+06
(1= 9)27\/(w<11—0) + 1) (5 + )

Equivalently, with some standard computations, we obtain that p is the unique real
solution of the polynomial 1 + 6p + 8p% + 8p°.
We now denote by

Tspi= {(,0) : i > 1} U{(0,=1)} U{(=1,4) : i > O}, 4.7)

i.e. the set of “reversed” increments (recall the definition of the set I, in (3.3)). We
further denote by

fisp= Z oy’ S0y +abd 8 1y + Za’}’_lei “0(-1,0), (4.8)

i=1 =0

—
the “reversed” distribution on Ig;, induced by ugp (see also the right-hand side of Fig-
ure 7).

For all n € Z~(, we define the following additional probability measure

1
Ve =— Y. V"0, (4.9)
" (h)ecn,

where LY, := {Labels at level n in the generating tree for strong-Baxter permutations}

o« e . _ h ‘e
and the normalizing constant satisfies Z, = 3, yecn, V"0
—
Let (W, (i));>1 be a two-dimensional random walk with increments distributed as

— —
/isy and starting probability vgy(h,0) = P(W, (1) = (h,¢)). Denote by W¢, the set of
+—
two-dimensional walks (xi)ie[n] in the non-negative quadrant with increments in /g, and
such that z,, = (0,0).

—

— —
Proposition 4.2. Conditioning on the event {(Wn (4))ieln] ewgb}, the walk (W, (i))icn]

—
is a uniform walk in Wg,.

— «—
Proof. Fix (z;)ic[n) €Wg,. It is enough to show that PP ((Wn (4))icin) = (mi)ie[n]> is

independent of the choice of (z;);c[»]. To do that, assume that 2; = (h,¢) and recall that
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2, = (0,0). By definition of /ig, and v, we have that

«— heé n—1
P ((Wn (i))iem) = (xi)ie[n]) = Uy (h0) "Iy = T an Ty The T = T
’ (4.10)
and this concludes the proof. O

-
Let (W, (i));>1 be the reversed walk obtained from (W,, (i));>1. A consequence of

Proposition 4.2 is the following.

Corollary 4.3. Conditioning on the event {(W,(i));c(n) € W5, }. the walk (W, (4));c[n) is

a uniform walk in Wg,.

4.2 Scaling limit of the conditioned two-dimensional walks for strong-Baxter
permutations

We define a rescaled version of the walk (W,,(7));>1 = (X, (4), Y5 (7))i>1: forallm > 1,

let W,, : [0,1] — R? be the continuous function defined by linearly interpolating the

points
k X, (k) Y.(k
W, -] = n( ), (k) , forallk € [n], (4.11)
n oyn’ o'\/n
where ¢ and ¢’ were defined in (4.3).
All the spaces of continuous functions considered below are implicitly endowed with
the topology of uniform convergence on every compact set.

Proposition 4.4. Let p be the unique real solution of the polynomial
1+ 6p+ 8p? + 8p°. (4.12)
Conditioning on the event {(W,,(i));c|,) € W4, }, we have the following convergence in

C([0,1], R?),
W, €, (4.13)

n—o0

where we recall that £, = (€,(t)):c[0,1] denotes a two-dimensional Brownian excursion
of correlation p in the non-negative quadrant.

Proof. An immediate consequence of [17, Theorem 6] is that, for every choice of (h,¢) €
Zzzo' (4.13) holds conditioning on

{(Wa())iern) € W5} N{Wa(n) = (h,0)}.
Therefore in order to prove the proposition it is enough to show that

> liminf P (W, (n) = (b, 0)[(W(0))ief) € W5,) = 1. (4.14)
(h£)eZd

Note that

P (Wy(n) = (h, O)|(Wa(i))icm € W)

_ ((Wn(i))ie[n] € ng|Wn(7’L) = (h,ﬁ)) - P (Wn(n) = (h,é)) (4.15)
P (W,(0))icin) € Wi) -

=

From Corollary B.1, there exist a constant C' > 0 independent of i, /,n and a parameter
p > 0 such that

P ((Wa(i))icin) € Wa|Wia(n) = (h,0)) < C(1L+|(h,O)P)n ", forall n,h,L€ Zs,
(4.16)
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where |(h,£)| denotes the Euclidean norm of the vector (h,¢). Moreover, using the
definition of the measure vg, in (4.9), we have that

1 . .,
Z Z P ((Wn(l))ie[n] € WSb‘Wn(n) = (h75)) Vheé-
(h£)eLn,

(4.17)
Noting that (1,0) € £%, for all n € N, and that Z,, < m for all n € IN, we have for
alln € NN,

P (W (i))iega) € WE) 27(1=7)(1=0)P (Wi (0))icin) € Wi|Wa(n) = (1,0) > C'n P,

(4.18)
where in the last inequality we used Corollary B.2. Substituting in (4.15) the bounds
obtained in (4.16) and (4.18), together with the bound P (W,,(n) = (h,¢)) < C"~y"¢¢, we
can conclude that

P (W, (n) = (h, 0)|(W,(3))icin) € W) < C”(1+|(h,0)[P)y"6" forall n,h,{ € Zxy.
(4.19)
Therefore for every ¢ > 0 there exists a compact set K, C Z? such that

> P (Wan) = (hO](Wa(i))icin) € W) <&, forall ne€Zso. — (4.20)
(h,0)€Z2 ;)\ K.

As a consequence, for every € > 0,

Y liminfP (Wa(n) = (b, O (Wa(i)iein) € W)
(h,é)eZ"’ZU

(h£)eK,
>1—limsup > P (Wu(n) = (h,0|(Wa(i))ie) € WG) > 1—c. (4.21)
T (h0)eZ  \K.

This proves (4.14) and concludes the proof of the proposition. O

4.3 Scaling limit of coalescent-walk processes for strong-Baxter permutations

In this section we first prove a scaling limit result for coalescent-walk processes
associated with strong-Baxter permutation, both in the unconditioned (see Theorem 4.5)
and conditioned (see Proposition 4.9 and Proposition 4.10) case. Then, in Section 4.4,
we explain how to deduce permuton convergence for strong-Baxter permutations (Theo-
rem 1.5) from Proposition 4.10.

4.3.1 The unconditioned scaling limit

Let W = (X,Y) = (X (k), Y (k))rez be a random bi-infinite two-dimensional walk with
step distribution pg;, (defined in (4.1)), and let Z = WCg;,(W) be the corresponding
discrete coalescent-walk process. For convenience, we set Z(.j) =0fori,j€7Z,i<j.
We introduce the following rescaled processes: foralln > 1,u € R, let W,, : R — R?,
and éﬁj‘) : R — R be the continuous processes that interpolate the following points:

W, <k) = <X(k), Y(k)) , forall ke Z, (4.22)
n ovn’ a'\/n
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where o and ¢’ are defined in (4.3), and

?l(c[n'ﬂ) rnu")

) [k Zk . when Z >0,
AR Al _awn K forall k€ Z. (4.23)
w5 20 hen Z0m g,

We also introduce the potential limiting processes. Fix p € [-1,1] and ¢ € [0, 1].
Consider the solutions (that exist and are unique thanks to [7, Theorem 2.1]) of the
following family® of SDEs indexed by u € R and driven by a two-dimensional Brownian
motion W, = (X, ,) of correlation p:

—(u) _ _ —(u

dZ, ,(t) = ]l{éfﬁ;(t»o} dy,(t) — ]I{ij;(txo} dX,(t)+(2¢—1)- dCZra(t), t>u,

—(u)

Zp,q(t) =0, t < u,
(4.24)
%) We
remark that, as stated in [7, Theorem 2.1], the processes {(§(U)(t))t>u} p are skew

- ue

Z@W
where we recall that £Z ra(t) is the symmetric local-time process at zero of Z(

0sq
Brownian motions of parameter q. We recall that a skew Brownian motion of parameter

q € [0,1] is a standard one-dimensional Brownian motion where each excursion is flipped
independently to the positive side with probability ¢ (see for instance [21, Theorem 6]).
We now prove a scaling limit result for a walk of the coalescent-walk process.

Theorem 4.5. Let u € R. The following joint convergence holds in the space C(R,R)3:
(W 2)) == (W,.2,,). (4.25)
n—00 ’

where p is the unique real solution of the polynomial
14 6p 4 8p* + 8p°, (4.26)
and q is the unique real solution of the polynomial
—146q—11¢% + 7¢>. (4.27)
In the remaining part of this section we give the proof of Theorem 4.5. We start by
stating the following key proposition whose proof is postponed to the end of the section.
Proposition 4.6. Fix u € R. We have the following convergence in C(R, R):

z 1B, (4.28)

n— 00

where Bgu)(t) = 0 fort < u and Bgu)(t) is a skew Brownian motion of parameter q
(defined in (4.27)) fort > u.

The proof of Theorem 4.5 is in some steps similar to the proof of [11, Theorem 4.5],
the main difference being that here we are dealing with a skew Brownian motion instead
of a classical Brownian motion. Since the proof is quite short, we include all the details
for the sake of completeness.

Proof of Theorem 4.5. We want to show the following joint convergence in C(R, R)3:

(Wn, Z “’) (W z“”) . (4.29)

n—oo

By Donsker’s theorem and using the expression for the correlation p of the distribution
fsy given in (4.6), we have that W,, converges in distribution to W,. The convergence

9Note that the SDEs in (4.24) are the unconditioned version of the SDEs in (1.1), p. 3.
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of second component follows from Proposition 4.6 since 2(;2 is a skew Brownian motion
of parameter ¢ started at time u. These results prove component-wise convergence
in (4.29).

We now establish joint convergence. Using Prokhorov’s theorem, the marginals W,,
and zfj" are tight and so the left-hand side of (4.29) is a tight sequence. Using a second
time Prokhorov’s theorem, in order to prove (4.29) it is sufficient to show that all joint
subsequential limits have the same distribution. Assume now that on a subsequence, we
have

(Wn,ég”)) 4 (W,,,é) , (4.30)

n—oo

where Z is a skew Brownian motion of parameter ¢ started at time u. We want to show
that Z = 252 a.s. Thanks to Skorokhod’s theorem, we can also assume that (4.30) is in
fact an almost sure convergence.

Let (G;): be the completion of o(W,(s), Z(s), s < t) by the negligible events. Then the
processes Wp and Z are G;-adapted. We are going to show that WP is a (G):-Brownian

motion, i.e.,

(W,(t+s) —W,(t)) LG, for teR,se Rso. (4.31)
For fixed n, (W, (t + s) = W, (t)) LL o (W (k),k < |nt]) and so
(Wt +5) = Wa() 1L (Wa(r), 2, (1))

r<n—1|nt| '

Since W,, converges to W, we have that (W,(t +s) — W,(t)) 1L (Wp(r), é(r))

rSt.
Thus, W, is a (G;);-Brownian motion.

Now fix ¢ > 0,6 € Q and an open interval (a,b) with a,b € Q on which Z(t) > ¢.
We remark that (a, b) depends on Z(t). By a.s. convergence, there exists Ny such that

for all n > Ny, EELU) > ¢/2 on (a,b). The process (fiu) — Vn)l(a+1/n,p) is constant by
Definition 3.4 and so its limit (£ — Y,)|(a.p) is constant too a.s. We have shown that a.s.
Z -y, is locally constant on the set {t > u : Z(t) > ¢}. Thus we have that a.s.

t

t
/u]l{é(r»s}dz(’"):L Lz 0)se WV(r), t>u. (4.32)

The two stochastic integrals above are well-defined: for the first one it is enough
to consider the filtration of Z, for the second one, the filtration (G;);. Using similar
arguments for negative values, we obtain that

t t t
/U]I{\E'(T)DE}dZ(T)ZL ]l{é(r)%}dyp(r)—lb ]1{2(7,)<_5}pr(7“). (4.33)

By stochastic dominated convergence theorem, we are allowed to take the limit as ¢ — 0,
[26, Thm. IV.2.12], and deduce that

t t t
/u U 3000y 4Z(1) = / 150120y 4P,(r) - /u 1 501 20) 4,(1). (4.34)

Since Z is a skew Brownian motion of parameter ¢, we have that (see for instance [21,
Eq.(38-39)])

[ V201 = 20— [ a2,

u

where we recall that £Z denotes the symmetric local-time process at zero of Z. Since

t

t
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using the two displayed equations above, we obtain that

t t
Z(t) :/ Lizm>0 dyp(r)_/ (Z(r)<0} dX,(r)+ (2¢ - 1) / d[rz (4.35)

As a result Z verifies (4.24) almost surely and we can apply pathwise uniqueness ([7,

Theorem 2.1]) to complete the proof that Z= 25}2 a.s O

It remains to prove Proposition 4.6. We recall that (see for instance [21, Equation
(17)]) for a skew Brownian motion (B,(t));>o of parameter ¢ it holds that for any non-
negative and continuous function ¢ with compact support,

_ oo 2¢—y>/2t 0 9e—v?/2t
E [p(B,(1))] = q/o w(y)ﬁdzw (1 w)/ﬁ @(y)ﬁdy. (4.36)

Proof of Proposition 4.6. In order to prove our result it is enough to show:

* convergence of one-dimensional marginal distributions;
* convergence of finite-dimensional marginal distributions;
 tightness.

This three-steps standard approach is also used in [25] to show convergence of
some specific random walks to a skew Brownian permuton. Unfortunately the models
of random walks considered in [25] do not include our walks. Here we show all the
details of the convergence of one-dimensional marginal distributions for the walk ?Elu),
then convergence of finite-dimensional marginal distributions and tightness follows as
in [25], using the same kind of modifications presented here for the convergence of
one-dimensional marginal distributions.

We consider the case u = 0, the general proof being similar. We recall that Z,, =

?&0) : R — R is the continuous process defined by linearly interpolating the following
points:

_ /k Zi_ when Zj >0,
Z, <> =7V ok forall ke Z, (4.37)
n v when Zj <0,

where Z;, .= Z Ec ) For the rest of the proof we fix a non-negative and Lipschitz continuous

function ¢ with compact support. We want to show that for all ¢t > 0,

Elo(Z X ’ 2e /2 4.38
(¢ (Zn(1)] —>q/0 @(Q)W Y+ ( —q)/_ooso(y)ﬁ Y. (4.38)

Since ¢ is Lipschitz continuous, as shown in the first lines of the proof of [25, Lemma
3.1], it is enough to prove that

0 “‘” . Z ) >0 o 2, (4.39)
nt| > — —ay, .
and that o )
Z[ntJ o /0 2€_y /2t
E Sty Z <ol - (- e (4.40)

We start with the first expectation. It can be decomposed as

[nt] +oo
nt Z nt -2
E sﬂ( ,i#) Z |y > 0] ZZ [ ( L] 70 =k, (Zi)icpr1,ne)) > 0]
k=0 ¢=0
(4.41)
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where 7" =0 and 7,7, = inf{i > 7,* : Z; = 0} for all £ € Z>. Note that for all £ € Z,
using Definition 3.4 we have that

= - d
(Z a7 =k (Z)icposr nt)) > 0) = (Spnt)—ks 70 =k, (Si)ie(nt)—k] > 0) ,

where (S;);>0 denotes a random walk started at zero at time zero, with step distribution
equal to the distribution of Y (1) — Y (0), and independent of 7,”. Therefore we can write

> [nt] /+oo
VA _ S\nti—
Lnt] + |nt)—k
E 7 = P = E —— ] :(S;);
@(0,\/ﬁ>, Lnt) >0] ];) <Zz_; (1, k)) [@( oI >7(Sz)ze[|_ntjk]>0
[nt] /+o0
Sn —k
= Z (Z IP(TZ+ = k;)) E |:30 ( (;% )‘(Si)ie[Lntjk] > 0:| P ((Si)iE[Lntjfk] > 0) .
= =0
(4.42)

We now focus on studying P(r,” = k). We have the following result.
Lemma 4.7. As k — oo,

B
P(r" =k) ~ 575 (4.43)
where L L
1 1 af™ 1 vy~ 1
= == _ 4+ (st ) ~0.730268. 4.44
B 2W(U,1_9+U(a +1_9>1_7> 30268 ( )

Proof. Recall that Z, = 0. Using Observation Remark 3.6, we can write (see also
Figure 8)

P(rif =k) =P(Zr=0,Z1 =1,(Z:)icpnp-1 #0) + P(Zr = 0,(Z:)icpi p-1) <0) =
k—2
P(Z=1)) Y P(Z.=y,(Zi)iciyy > 02 =1)P(Zo1 — Z, =~y — 1)
s=1 y€Zxo
y' €Z<o
P(Zio1 =Y, (Zi)icist1,6-1 <0 Zoj1 = —1)P(Zy — Zj—1 = —)
+P(Z, =0,(Z)icip_1) < 0). (4.45)
A
y ,,,,,,,,,,,,,,,,,,,,,

y

Figure 8: A schema for the event {Z), = 0,21 = 1,(Z;);e1,5-1] # 0}
Using Definition 3.4 and letting:
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. (Si)iZO be a random walk started at zero at time zero, with step distribution equal
to the distribution of Y (1) — Y (0),

* (S!);>0 be a random walk started at zero at time zero, with step distribution equal

to the distribution of —(X (1) — X (0)),
* (S))i>0 is independent of (S);>0,

we can rewrite the previous expression as

k—3
=PY(1)-Y(0) =1 Y PI+S.=y,(1+S)icps >0PY (1) -Y(0) < —y)

s=0 y€Zx>o
y'€Z<o
P(-14 8,5 =y, (=14 8)iclsr1.5-2 < O)P(—(X(1) = X(0)) > —y')
+ Y P(Sp =y (SDien-2 < OP(—(X(1) — X(0)) > —y). (4.46)

y'€Z<o

We now focus on Zf;g P(1+Ss =y, (1+85)ic(s) > 0)P(=1+S) _o =", (=1+5])icist1.6—2 <
0). From Lemma D.1 we know that as m — oo,

c1 il(y)
P(1+S,, = v, (1+8)icim ~ , 4.47
(+ y(+ )E[]>0) J,mmg/g ( )
’_ / C2 E/(y/)
P(—l + Sm =y ,(—1 + Si)ie[m,] < 0) ~ o Ml
P(1+ S, =y, (1+S;); >0)<Ch(y) forall yeZ
m ) ) ’LE['m,] = m3/27 >0,
()

P(—1+ S, =y, (~1+8)icim <0) < C forall y € Zo,

m3/2

where h and / are the functions defined in (D.1) for the walks —S,,, and —S/, respectively
and

Bl Sw] and ¢ = E[Siv]
ZZ€Z>0 h(z)]P(Sl 72) ZZ€Z<O hl(z)IP(Si Z 72)’

with NV := inf{n > 0|S,, < 0} and N’ := inf{n > 0/|S/ > 0}. Using Proposition C.1 and
the estimates above, we have, as k£ — oo,

(4.48)

Cc1 =

IN

k-3
ZIP(l + 85 =y, (14 Si)icis) > OP(=1+ S =y, (=1 + S})ic[st1,5-2 < 0)
s=0

1
~ mc(%y/), (4.49)

where C(y,y') is equal to

Ccy }Nl(y) (i]P(_l + S/q — y” (—1 =+ Sz{)ie[s] < 0))

/
g
s=0

+ M <Z P(1+ S, =y, (1+ Si)ie[s] > 0)) . (4.50)

g
s=0
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Therefore from the uniform bounds in (4.47) and the fact that (we are using again
Lemma D.1)

P(—(X(1) - X(0) = -1) M'(y/)

P(S, =9, (8))ic—1 < 0) ~

oV2r L3/2
iy
P(S;, =4, (S)ick-1) <0) < C kgf/g), forall y' € Z<o, (4.51)
we can conclude from (4.46) that
+_ 1 1
P(r" =k) ~ NG
: <1P(Y(1) —Y(0)=1) > PY(1)-Y(0) < —y)P(—(X(1) - X(0)) = = )C(y,)
v
+ IP(f(Y(l) — Y(O)) =-1) Z H/(y/)IP(f(Y(l) ff(o)) > — ’)> = i (4.52)
= : . > -y = k3/2. .
Yy €Z<o

We finally simplify the expression for the coefficient 5 above, finding the formula in (4.44).
Note that

SN PO+ S =y, (1+ Si)ieps > OP(Y (1) - Y (0) < —y)
YE€Z>o s=0

= Z]P(l + 8541 <0,(14 Si)ieis >0) =1, (4.53)
s=0

because a symmetric random walk started at 1 becomes eventually non-positive almost
surely. Similarly;,

S SR8 =y, (14 Sl < OP(-(X(1) - X(O) > ) =1. @54

Yy €Z <o s=0

Therefore, using the expressions of the constants ¢; and ¢, in (4.48), we obtain that

8=

| (]P(Y(l) “Y(0) =) +PXO) -XO) =Y

V2r

- 1)E[—SN]>. (4.55)
Recalling that (see (4.1))
PY(1)-Y(0)=1)=a"!, PY(1)-Y(0)=y)=ay 0¥, forallycZ

P(—(X(1) - X(0) = -1) = L P(~(X(1) - X(0) =y) = an¥', forally € Zso,

1-0’

(4.56)

and using Lemma D.2, we obtain that EE[-Sn] = 125 and E[S}y,] = 1% and so

1 1 ay~! 1 1 af!

=— (= (ag™? — 4.57
B \/27T<a<a +10>1’y+0’10 ( )
as claimed in (4.44). O
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Corollary 4.8. As k — +o0,

Jfl?(# =k)~ 11 (4.58)
¢ B 2rvk

Proof. Thanks to'? [16, Theorem B], it is enough have to check that

P =
sup w <0,
nGZZO ( )
and this follows from Lemma 4.7. O

With this result in our hands we can now continue to estimate (4.42). We start by
defining for 1 < k < [nt| — 2 and s € [£, &),

+o00 S .
2 (s):=n (Z]P(Tf = k)> E [@ ( Li}k) ‘( Dieltnt)—k) > 0| P ((Si)ie( i)k > 0),
= (4.59)

and f;f(s):=0on(0,2)U [L”tJ L ). We have that

Z, _

@( ,L tJ) i 4 | nt) >01
o’\/n

[nt]

=2 fP(T+ =k | E [%0 (SWJ k)‘( i)iellnt] -k > 0] P ((Si)iefint) -1 > 0)
=\ = l ,\/> 4 n 1 n

:/ FF(s)ds + O(1/v/n). (4.60)
0

E

Indeed each term in the sum in (4.60) is O(1/+/n); this follows from Lemma D.1, Corol-
lary 4.8, and the fact that!! >, % P(7,” = k) < oo for all k € Z>,. Since the walk S“‘”
converges in distribution to a Brownian meander (see for instance [15]), we have that

S|nt] 1 [re .
E (¢ o/ (Si)ie[|nt)] >0 Ng/o o(u)ue du, (4.61)

Using the latter estimate and the fact that from Lemma D.1,

P(Y(1)-Y(0)=1E[-SN] 1 61 1
P (S >0) ~ 2P VW YO ZDRESN L _, o0 1y
V2mo! vn 2o’ (1 —0) V1
together with Corollary 4.8, we obtain that for any s € (0,1),
11 I 2 af~t 1
+(e) o —u /2(t=5) 1, . 9
R / ip(u)ue U e (1= 0) Vvt — s

_ af™! 1
(=0 2r0'B/s(t —s

“+o0
T )/ @(u)ue‘“z/Q(t_s)du. (4.63)
-9 J)o

10This corresponds to [16, Theorem B] where the term in the right-hand side of Equation (1.10) should be

1
replaced by A=) (@)

11 As pointed out in [25, Section 2.2] the sequence (Té )gez>0 is a strictly increasing random walk on Z>g
with i.i.d. increments distributed as ;7. Thus, its potential 3" — IP( = k) is finite for all k € Z>.
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Moreover, recalling that ¢ is Lipschitz continuous with compact support, we have for
1 <k<|nt] —2ands € [£ 1) the bound

(s)‘ < Cn < C’ .
Vins] - ([nt] = [ns]) = /s(t —s)

Therefore by dominated convergence we can conclude that

Z, _
@( ,L tJ>§Z|_ntJ >0]
a'\/n

—1
n—00 b

1
(1—0)V2ra'BJo  w\/s(t—s)(t—s)

af! oo 2e~v"/2t
. 4y, (4.65
(1-60)v2ro's /0 2 V2rt v )

where in the last equality we used some standard integral computations. Using the
expression for 3 in (4.44) we conclude that

| f (4.64)

E

—+oo

+o0 5
/ o(u)ue™ /2¢=3) dy ds
0

af !
q= 0[971 = (1—0)o’ = 1 (4 66)
— ! 1ab=! | 1 _ ay~! 1 o (0+y=10" ’
(L=0)Vora'f Ll +;(a91+ f_a)m 1*7(«?-3))

The formula for ¢ given in (4.27) follows substituting the expressions for ¢ and ¢’ given
in (4.3) and using the relations for the parameters 6 and ~ given in (4.2).

The convergence for the second expectation in (4.40) follows using the same type of
estimates and therefore we omit the details. O

4.3.2 The conditioned scaling limit

We now look at the conditioned case. The arguments in this section are quite similar to
the ones in [11, Section 4.3] and so we postpone the proofs of Propositions 4.9 and 4.10
to Section E.

For all n € Z+, let W,, = (W,,(i))i>1 = (X,,(4), Y,,(4))i>1 be a uniform walk in W,
and!? Z,, = {Z,(Lt)(-)}te[n} = WCg,(W,,) be the corresponding uniform coalescent-walk

process in Cg;,. Also here, for convenience, we set 753)(2') =0fori,) € Zi~o, < j.

Foralln > 1,u € (0,1), recall the function W,, : [0, 1] — R? defined in (4.11) and let
Z,S“) : (0,1) — R be the continuous process that interpolates the following points defined
forall k € [n],

Z(u) k o %&:ﬁ(kx when Z?Q[nu”(k) Z Oa (4 67
"\n) | Z22® 0 when zm (k) <0 o7
O.\/ﬁ ’ n )

where o and o’ are defined in (4.3).

In the next proposition we state a scaling limit result for a one-dimensional walk in
the conditioned coalescent-walk processes introduced in (4.67). This is a consequence
of Proposition 4.4, Theorem 4.5, and absolute continuity arguments between correlated
Brownian excursions and correlated Brownian motions.

Proposition 4.9. Let u € (0,1). The following joint convergence in C([0,1],R)? x
C([0,1),R) holds:
(WH,Z%)) < (8,,,25}2) : (4.68)

n—oo

12For convenience, we denote here the time variable of the walks of coalescent-walk processes between
parenthesis.
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where ngf(; is the strong solution of the SDE in (1.2) and the parameters p,q are the

same as in Theorem 4.5.

We also generalize the previous result for a countable number of one-dimensional
walks in the conditioned coalescent-walk processes introduced in (4.67), chosen with
uniform starting points. This result is the key-step for proving Theorem 1.5 in the next
section.

Proposition 4.10. Consider a sequence (u;);cz., of i.i.d. uniform random variables on
[0, 1], independent of all other variables below. The following joint convergence in the
space C([0,1],R?) x C([0,1),R)Z>° holds:

(ralet) )t (ool ) o

4.4 The permuton limit of strong-Baxter permutations

We now prove Theorem 1.5, which follows from Proposition 4.10.

We recall some notions and results related to permuton limits that we need in this
section'3. The space of permutons M, endowed with the topology of weak convergence
of measures, is a compact space. Furthermore, M is metrizable by the metric dg that is
defined as follows:

do(p, ') = sup |u(R) — p'(R)|, for every pair of permutons (u, u'), (4.70)
RER

where R denotes the set of rectangles contained in [0, 1]2.

We also define the permutation induced by a collection of % points in the square [0, 1]2.
Consider a sequence of k points (X,Y) = ((z1,11),---., (zx, yx)) in [0,1]? and assume
that the x and y coordinates are distinct. We denote by ((x(l), Yay)s - (T, y(k))) the
x-reordering of (X,Y), that is the only reordering of ((z1,v1),..., (zk,yx)) such that
r(1y < -+ < 2. In this way, the values (y(1),...,yx)) have the same relative order as
the values of a unique permutation of size k. We call this permutation the permutation
induced by the sequence (X,Y).

Let 1 € M be a permuton and ((X;,Y;))icz., be an i.i.d. sequence with distribution .
We denote by Permy (1) the random permutation induced by the sequence ((X;, Y;))ic-

Lemma 4.11 ([1, Lemma 2.3]). There exists a constant ky such that whenever k > kg,
P (dD(upermk(u), v)> 16k_1/4) < %e“/g, for every random permuton v. (4.71)
We can now prove Theorem 1.5.

Proof of Theorem 1.5. Since from Proposition 4.10 we know that (Wn, (ZSL’“))Z_EZ>O>

is a convergent sequence of random variables converging to (8 0> (ng‘(li)> Z_GZ>O> and the

space of permutons M is compact, using Prokhorov’s theorem, both <Wn, (37(:”)) )
1€Z>0

and p., are tight sequences of random variables. Assume now that on a subsequence it

holds that
(Wn, (2&). ,uan) 1, <5p, (20, ,1/) . (4.72)
1€Z>0 n—0o0 1€Z>0

In order to complete the proof we need to show that v 4 Mp.q. Using Skorokhod’s
theorem, we can assume that the convergence in (4.72) holds almost surely. In par-
ticular, almost surely, i, — v in the space of permutons M, and for every i € Z,,

13Recall that a complete introduction to the theory of permutons can be found in [6, Section 2.1].
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Zw) Zﬁ,"q) uniformly on [0,1), where we recall that (u;);cz., are i.i.d. uniform
random variables on [0, 1].

We now fix k € Z-( and denote by p* the pattern induced by the permutation o,, on
the set of indices {[nu1],..., [nux]} (p* remains undefined whenever two indices are
equal; this event has probability tending to zero). Thanks to the uniform convergence
mentioned above, and recalling the definition of Z;“) (%) given in (4.67), forall 1 <i <
j < k it holds that

sgn (ZT(J”“JM"“J'D(MW] v fnuﬂ)) — sgn(Z(p“;A“j)(uj Vu;)) a.s. (4.73)
n—o0 ?

We highlight that sgn(-) is not continuous at zero, but from [7, Lemma 3.2] we know
that Z;f‘,;Auf )(uj V u;) is almost surely nonzero and so a continuity point of sgn(-). By
Proposition 2.6 and [7, Lemma 3.2], this means that p¥, — Permy,(pt),4), where we
recall that Permy (g, ) denotes the permutation induced by (u;, vz, ,(u;))icpy (recall
the definition of u, , given in Definition 1.2). Now, from Lemma 4.11, for % large enough
it holds that

1
P (dD(Hpﬁquw,) > 16k:’1/4) < zeVFrom™), (4.74)

where the O(n~1) term is a consequence of the fact that p¥ might be undefined. Since
we know that p¥ ——— Permy,(p,,,4) and also that p1,, — v, then we have that
n—oo

~ 1
P (dD(,uPermk(prq),llz) > 16]{571/4) < 567\/%. (4.75)

As a consequence, [iperm, (u, ) % n. Using again Lemma 4.11, we have that
’ —00

HPermy (s,.q) % Wp,q- The latter two limits imply that f = Mp.q and this is enough to
! —»00
complete the proof. O

5 The case of semi-Baxter permutations

In this section we show that both the combinatorial constructions developed in
Section 3 and the probabilistic techniques used in Section 4 are robust: we apply them to
another family of permutations, called semi-Baxter permutations, proving Theorem 1.7.

5.1 Discrete objects associated with semi-Baxter permutations

Recall the definition of semi-Baxter permutations from Definition 1.6. Also these
permutations have been enumerated using Z2-labeled generating trees and therefore
they can be bijectively encoded by a specific family of two-dimensional walks.

The goal of this section, as done in Section 3 in the case of strong-Baxter permutations,
is to specify the maps PW and CP introduced in Section 2 to semi-Baxter permutations
(Ssp) and the corresponding families of walks (W,;,) and coalescent-walk processes (Csp).
While doing that, we further introduce a third map WCy, (different from WCg;) between
walks and coalescent-walk processes. Thus, we are going to properly define the following
new diagram

PW
Ssp — W

(k lwcsb (5.1)
Csb

and again to show that this is a commutative diagram of bijections (see Theorem 5.7
below).
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We highlight that the strategy used in this section is step-by-step the same as the
one used for strong-Baxter permutations. Nevertheless, we need to repeat almost all
the combinatorial constructions given in Section 3 and to keep track of all the various
little modifications compared to the case of strong-Baxter permutations. These little
modifications will then be fundamental in Section 4 to determine the correct values of the
parameters p and ¢ for the limiting skew Brownian permuton determined by semi-Baxter
permutations. As already mentioned in the introduction, semi-Baxter permutations
will present a different interesting phenomenon compared to the case of strong-Baxter
permutations. This phenomenon is explained in Remark 5.13.

5.1.1 Succession rule for semi-Baxter permutations and a corresponding fam-
ily of two-dimensional walks

Recall Definition 3.1. We will adopt again the following useful convention. Given a
semi-Baxter permutation 7 € S} with « 4 1 active sites smaller than or equal to 7(n) and
y + 1 active sites greater than 7 (n), we write

AS(m) ={s_p < -~ <so}U{s1 <- - < syq1},

where the first set corresponds to the x + 1 active sites smaller than or equal to 7(n) and
the second set corresponds to the y + 1 active sites greater than n(n).

In [13, Proposition 3] it was shown that the generating tree for semi-Baxter permuta-
tions can be defined by the following succession rule'*:

Root label : (0,0)

5.2
(k) = (0,E+1),(LkE+1),....(hkE+1), for all hik > 0. (5.2)
(h4+k+1,0),(h+k1)...,(h+1,k),

As in the case of strong-Baxter permutations, the Z%O-valued statistic that determines
this succession rule is defined on every permutation o € Sy, by

(#{m €AS(o)m < o(n)} =1, #{m € AS(o)|m > o(n)} — 1)-

Using the strategy described in Section 2.1.2, we can define a bijection PW between
semi-Baxter permutations and the set of two-dimensional walks in the non-negative
quadrant, starting at (0,0), with increments in

Ly ={(=i,1) :i >0} U{(i,—i+1):i>1}. (5.3)

We denote with Wy, the set of two-dimensional walks in the non-negative quadrant,
starting at (0, 0), with increment in I,.

We now investigate the relations between the increments of a walk W € W}, and the
active sites of the sequence of permutations:

(Pw_l((Wi)ie[l])v PW ™ (W)icp), - - - 7PW_1((Wi)ie[n]))~

First of all, it holds that PW_l((Wi)ie[l]) is the unique permutation of size 1 and its
active sites are 1 and 2. Now assume that for some m < n, W, = (z,y) € Zzzo and

pw—! ((Wi)iem)) = 7. By definition, 7 has = + 1 active sites smaller or equal to 7(n) and
y + 1 active sites greater than 7 (n), i.e.,

AS(m) ={s_p <--- <so}U{s1 <--- < syq1}.

14Note that the succession rule in our paper is obtained from the succession rule in [13, Proposition 3] by
shifting all the labels by a factor (—1, —1). This choice is more convenient for our purposes.
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We now distinguish two cases (for a proof of the following results see the proof of [13,
Proposition 3], compare also with Figure 9):

e Case 1: W,,.1 — W, = (i,—i + 1) for some i € [y + 1].

In this case PW*I((Wi)iE[mH]) = 7*% and the active sites of 7*%* are

{S_x<"'<80<81<'-'<Si}U{Si+1,Si+1+1<"'<Sy+1+1}.

» Case 2: W,,11 — W,,, = (—i,1) for some i € {0} U [z].

In this case PW_l((Wi)ie[mH]) = 7**~¢ and the active sites of 7*°~ are

{s_a < - <s_iJU{si+1<s1+1< - <syq1+ 1}

An example of the construction above is given in Figure 9.

(1,0) (1,0) (1,0) (1,0) (=2,1) (1,0) (=2,1)

(E)o o o 20 o 3.0 @0 o (2,1) (3.1) °
° ° ° ° ° °
° le |° o |[° o [© o [© ° °
° e °© ° ° ° °© ° °
°o | o . o ol® ol
° | o . o o |°
S P A PR
°
o
(3,-2) (—4,1) (2,-1)
(1,2) (4,0) (0,1) (2,0
° °© o|° e |° o|°
° ° ° ° ° °
° ° ° °
o |° ° o ° °
. ° ° °
° o ° ° °
° ° ° °
° g ° g ° °
° o |® o °
° °
o o |°
o

Figure 9: We consider the walk W € W)} given by the eleven black Z2 ,-labels in
the picture. The increments W,,.; — W,, of the walk W are written in red between
two consecutive diagrams. For each black label W,, we draw the diagram of the
corresponding permutation PWfl((Wi)ie[m}). On the right-hand side of each diagram
we draw with small circles the active sites of the permutation and we highlight in red
the site that will be activated by the corresponding red increment W,,.1 — W,,.

5.1.2 A coalescent-walk process for semi-Baxter permutations

We define a family of coalescent-walk processes driven by a set of two-dimensional walks
that contains Wy,. We fix a (finite or infinite) interval I of Z. Let 2,,(I) denote the set
of two-dimensional walks indexed by I, with increments in /4, and considered up to an
additive constant.

Definition 5.1. Let W € 20,,(I). The coalescent-walk process associated with W is the

family of walks WCy,(W) = {Z®},c;, defined fort € I by Z\") = 0, and for all ¢ > t such
that{+1 €1,
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e Case 1: Wy — Wy, = (i,—i+ 1) for some i > 1.

0 _ r 7O (1)
40 _{Ze)erl, if Z{" —i+1>0 (and so z\" > 0), 5.4

Zét) —1, otherwise.

e Case 2: Wy, — W, = (—i,1) for some i > 0.

Z0 +i,  if 72V <0and z{" +i <0,
Z8, =141, if 72" <0and 2" +i>0, (5.5)
Zz(t) +1, otherwise.

WCy, is a mapping form (1) to €(I). We set Cg, = WCq,(Wsp). Two examples, one
for a walk in 20,,(7) and one for a walk in Wj,, can be found in Figure 10 and Figure 11.
We also give the following equivalent definition for later convenience.

XY, Z= {Z(I')}lgfgm
A T T

X

Figure 10: We explain the construction of a coalescent-walk process. Left: A two-
dimensional walk W = (W})e(10) = (X¢, Y2)tepi0) € Wep([10]). Middle: The two marginals
—X (in blue) and Y (in red). Right: The two marginals are shifted and the ten walks of
the coalescent-walk process are constructed in green.

Definition 5.2. Let W € 20,(I) and denote by W, = (X;,Y;) fort € I. The coalescent-
walk process associated with W is the family of walks WC,(W) = {Z("},¢;, defined for
teIbyz" =0, and forall ¢ >t such that (+1 € I,

70+ (Vipr = Yy), it 2P >0and 2" + (Yoo, — Y2) > 0,
ZM >0 and 2" + (Yo, — Vi) <0,
ZM <0 and 2" — (Xp41 — X0) <0,
, it Z" <0andZz" — (Xp41 — X;) > 0.

(5.6)

20, =120~ (Ko - X0, it {

1

Remark 5.3. By definition, forall ¢t € I, Zl(t) # 0 forall £ > t.

Remark 5.4. By definition, the process (7, ét)) ¢>¢ starts at zero at time ¢ and then it can
be decomposed in alternating strictly positive and strictly negative excursions (after a
strictly positive excursion there is always a strictly negative excursion and vice-versa).
Note also that when the process passes from a strictly negative excursion to a strictly
positive excursion, the first value of the process in the new strictly positive excursion is
always 1.
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Figure 11: The coalescent walk process WCy;, (W) for the walk W considered in Figure 9.
In purple we plot the corresponding semi-Baxter permutation CP((WCg,(WW))). Note
that the latter permutation is equal to the permutation PW_l(W) obtained in the last
diagram in Figure 9.

Remark 5.5. The coalescent points of a coalescent-walk process obtained in this way
have y-coordinates that are always equal to 1.

Note that Definition 3.7 can be extended to semi-Baxter walks. We have the following
analogue of Lemma 3.9.
Lemma 5.6. Let W € W!,. Fix m € [n], and consider the corresponding coalescent-walk
process CP(W), ) = {Z(t)}te[m] =: Z and the corresponding semi-Baxter permutation
PW‘l(W‘[m]) = 7. Assume that W, = (z,y) € Z2,, i.e. m has x + 1 active sites smaller
than or equal to m(m) and y + 1 active sites greater than w(m), denoted by

{s_a < - <sotU{s1 < - <syp1}

Then
FV(Z) ={f2a<--<fa<fo=0<fi<---<fy}=[-m1,

and in particular, fo — fo—1 =1, for all ¢ € [—x + 1, y]. Moreover; it holds that

se=1+ Z mult(f;), forall (€ [—z,y+1]. (5.7)
Jj<e-1

Proof. We prove the statement by induction over m.
Form =1thenz =0, y =0, FV(Z) = {0} = {fo} and mult(fy) = 1. On the other
hand, 7 = 1 and the set of active sites is given by {sp = 1, s; = 2}. Note that (5.7) holds.
Now assume that 0 < m < n and that Z and 7 verify the statement of the lemma. We
are going to show that also CP(W ) = {Z’(t)}te[mH] =: Z' and the corresponding
semi-Baxter permutation PW (WH
distinguish two cases:

+1]) = 7’ also verify the statement of the lemma. We

* Case 1: W,y — W,,, = (i,—i + 1) for some i € [y + 1] (see the right-hand side of
Figure 12).
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As explained in Section 5.1.1, in this case 7’ = 7*% and its active sites are
/ / / /
{8l < <sprU{s] < - <5y iia}

where s}, = sgq; for { € [z —i,0] and sj, = s¢4,—1 + 1 for £ € [1,y —i + 2].

On the other hand, looking at Case 1 in (5.1), we immediately have that
FV(Z)={fl,oi < <fL<fo=0<fi<-<[fiip}=[2—iy—i+1]

and mult(f)) = 1, mult(f;) = mult(fey;) for all £ € [—z — i, —1], and mult(f;) =
mult(fey;—1) forall £ € [1,y — i+ 1].

* Case 2: W,,.1 — W,, = (—i,1) for some ¢ € {0} U [z] (see the left-hand side of
Figure 12).

As explained in Section 5.1.1, in this case 7’ = 7**-¢ and its active sites are
{8 pys < - <spyU{s] <~ <spia}
with s} = sg_; forall ¢ € [-x+1¢,0], sy =s_;+1,and s, = s,_1+1forall ¢ € [2,y+2].
On the other hand, looking at Case 2 in (5.1), we immediately have that
FV(Z)={flopi < <[L<fi=0<fi< < fyn}=[-z+iy+1],

and mult(f)) = 1, mult(f]) = Zngimult(fg), mult(f;) = mult(f,—;) for all ¢ €
[—x +4,—1], and mult(f;) = mult(f,—,) forall £ € [2,y + 1].

With a straightforward computation, based on the expressions of the s, and mult(f)) in
terms of s, and mult(f,), it can be checked that (5.7) holds. O

Theorem 5.7. The diagram in (5.1) commutes.

The proof is identical to the one of Theorem 3.10, replacing Lemma 3.9 with
Lemma 5.6.

5.2 Probabilistic results for semi-Baxter permutations

Here we follow the same steps as in Section 4 specializing to the case of semi-Baxter
permutations. We will only explain the key-differences between the case of strong-Baxter
permutations and semi-Baxter permutations.

5.2.1 Sampling a uniform semi-Baxter permutation as a conditioned two-di-
mensional walk

We proceed as in Section 4.1. Consider the following probability measure on I, (see
also the left-hand side of Figure 13):

Psb = Z ay’ - d(iny + Z oy’ i —it1)s (5.8)
1=0 i=1

where a = /5 — 2 and v = ‘/52*1, and 0 denotes the delta-Dirac measure. Let (X,Y") be
a random variable such that Law(X,Y) = ug. With standard computations, one can
verify that:

EX]=E[Y]=0, EX?*=202+V5), E[Y)=1++v5  EXY]=-(2+5).
(5.9)
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Figure 12: Left: The final steps of the coalescent-walk process WC; (W) [8]) in Figure 11

«%}&

and the corresponding permutations PWfl(Whﬂ) and PW*I(VV‘[S]) from Figure 9 with
the values of the active sites highlighted in cyan. We have that Ws — W7 = (—2,1). Note
that FV(WCy,(W),,)) = [-3,1] and from Figure 11, we can determine that mult(—3) =
mult(—2) = mult(—1) = mult(0) = 1 and mult(1) = 3 (these numbers are plotted in orange
close to the final values of the various walks). Note also that FV(WCg (W) = [-1,2]
and we have that mult(—1) = mult(0) = 1, mult(1) = 3 and mult(2) = 3. Right: The final
steps of the coalescent-walk process WCsb(VV\[g]) in Figure 11 and the corresponding
permutations PW*I(WHB]) and PWfl(Whg]) from Figure 9. We have that Wy — Wg =
(3,—2). As above, FV(WC, (W) = [-1,2] and mult(—1) = mult(0) = 1, and mult(1) =
mult(2) = 3. Note also that FV(WCg (W), )) = [-4,0] and we have that mult(—4) =
mult(—3) = 1, mult(—2) = mult(—1) = 3, and mult(0) = 1. One can check, comparing the
orange and cyan numbers, that in both cases (5.7) holds.

Therefore Y Y
_(224++Vh) —(2+ 5))
Var((X,Y)) = (_(2 VB 1445 (5.10)
and so p = Cor((X,Y)) = —1£5. We now denote by
Ty={(i,~1) :i > 0} U{(—i,i—1):i>1), (5.11)

i.e. the set of “reversed” increments (recall the definition of the set I, in (5.3)). We
further denote by

oo (oo}
fisp= ZOWi 0,1+ ZOUYi “0(—iio1)s (5.12)
i=0 i=1

—
the “reversed” distribution on Iy, induced by ug, (see also the right-hand side of Fig-
ure 13).
For all n € Z-(, we define the following additional probability measure

1
no__ 20+h
=g > 7, (5.13)
(h,£)eLT,
where L7, = {Labels at level n in the generating tree for semi-Baxter permutations}

and the normalizing constant satisfies Z, = 3, yezn 72"

-
Let (W, (i));>1 be a two-dimensional random walk with increments distributed as

— —
/i, and starting probability vl (h,l) = P(W, (1) = (h,¢)). Denote by W, the set of

EJP 27 (2022), paper 158. https://www.imstat.org/ejp
Page 36/53


https://doi.org/10.1214/22-EJP886
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

The permuton limit of strong-Baxter and semi-Baxter permutations

ayd ay? ay o«
ary
ary

ary

2 3
ay?! a oy oyt ay

Figure 13: Left: Some of the increments in the set I, are plotted together with the

P
corresponding probability weights given by u,,. Right: Some increments in the set I,
are plotted together with the corresponding probability weights given by ;Zb.

-
two-dimensional walks (xi)ie[n] in the non-negative quadrant with increments in I, and
such that z,, = (0,0).

—

— —
Proposition 5.8. Conditioning on the event {(Wn (4))icn) eW;‘b}, the walk (W, (i))ic[n)

-
is a uniform walk in W .

— —
Proof. Fix (7;);cn) €W, It is enough to show that P ((Wn (1))icin) = (xi)ie[n]) is inde-

pendent of the choice of (2;);¢[,). To do that, assume that the walk (z;);¢[,,) is formed by
k increments of the form (—¢,7—1) and n—k — 1 increments of the form (i, —1). Moreover,
assume that the sum of the k increments of the form (—i,i — 1) is equal to (—s, s — k) and
the sum of the n — k — 1 increments of the form (¢, —1) is equal to (¢, —n + k + 1). Under
these assumptions we have that if ©; = (h,¢) then z,, = (h — s+ ¢, + s —n +1). Since
(Ti)icm) € i”b it must hold that (h —s+¢,{+s—n+1) =(0,0) andso s =n—1— ¢ and
q=n—1—/{—h,in particular s + ¢ =2n — 20 — h — 2.
Under these assumptions,

-
r <(Wn (4))iem) = (fﬂz‘)ie[nJ) =vh(h0) a4t

20+h n—1 2n—2
Y n—1 _2n—20—h—2 _ & -
= . . =—— (5.14
Zn, @ " Zn, ( )

and this concludes the proof. O

+—
Let (W, (i));>1 be the reversed walk obtained from (W,, (i));>1. A consequence of
Proposition 5.8 is the following.

Corollary 5.9. Conditioning on the event {(W,(i));c[,) € W5 }, the walk (W, (i));e[n) is
a uniform walk in W},

5.2.2 Scaling limit of the conditioned two-dimensional walks for semi-Baxter
permutations

We define a rescaled version of the walk (W,,(¢))i>1 = (X, (9), Y5, (¢));>1: foralln > 1, let
W,, : [0,1] — R? be the continuous process that linearly interpolates the following points

Y[ X Yal®) i
Wn(n) \/2(2—1—\/5)717\/(1—1-\/5)71 o foralthed
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Proposition 5.10. Conditioning on the event {(W,(i));c[,) € W25 }, the following con-
vergence in the space C([0, 1], R?) holds

W, ——¢€, (5.15)

n

where p = — 1

&

The proof of this proposition is identical to the proof of Proposition 4.4 using the
expression for p given below (5.10).

5.2.3 Scaling limit of coalescent-walk processes and semi-Baxter permutations

Let W = (X,Y) = (X(k), Y (k))rez be a random bi-infinite two-dimensional walk with
step distribution uy, defined in (5.8), and let Z = WC(W) be the corresponding discrete
coalescent-walk process. For convenience, we set 77@ =0fore,j€7,1<]j. o

We further define the following rescaled processes: foralln > 1,u € R, let W,, : R —

R?, and z™

n

: R — R be the continuous processes that interpolate the following points:

— [k X (k Y (k
W, () = (k) , (k) , forall keZ, (5.16)
" \/2(2+\/5)n \/(1+\/5)n
and —Z([nul)
Z(m nen 2™ 5 o
—(u k s when k = U,
z" () — { V@tvam B forall ke Z. (5.17)
A\ ~Z" when Z\™V <0
VetV .
Recall that W, = (X,,Y,) denotes a two-dimensional Brownian motion of correlation
pP-
Theorem 5.11. Fix u € R. The following joint convergence in the space C(R,RR)? holds:
—  —(u) d o (W
W, 20 —— (W, Z2)), (5.18)
T—00 ’
where
1 5 1
p=— +4f and q= 2 (5.19)
and ?E:fq) is the solution of the SDE in (4.24) driven by W,,.

Theorem 5.11 follows from the following lemma, as Theorem 4.5 follows from Propo-
sition 4.6. Therefore we just give the proof of the following result.

Proposition 5.12. Fix u € R. We have the following convergence in C(R,R):

zW _4 . 8" (5.20)

n
n—oo

where B'" (t) =0 fort < u and Egu) (t) is a Brownian motion fort > u.

Remark 5.13. We highlight a remarkable difference with the case of strong-Baxter
permutations: the walks of the continuous coalescent-walk process for semi-Baxter per-
mutations are classical Brownian motions. This was also the case of Baxter permutations
(see [11, Theorem 4.5 and Remark 4.3]), but there is a substantial difference between
the walks of the discrete coalescent-walk process associated with Baxter permutations
and the ones associated with semi-Baxter permutations: in [11, Proposition 3.3.] we
proved that the walks of the discrete coalescent-walk process associated with Baxter
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permutations are simple random walks with a specific step distribution that is centered.
On the contrary the walks of the discrete coalescent-walk process associated with semi-
Baxter permutations are not even martingales (this can be checked with a standard
computation using (5.8) and (5.1)). This will force us to first show that 27(1") converges
in distribution to a skew Brownian motion (using some arguments similar to the ones
already used for strong-Baxter permutations) and then to deduce that its parameter is
1/2, concluding that it is actually a classical Brownian motion.

In simple words, we can summarize the discussion above as follows:

« walks of the coalescent-walk process for Baxter permutations are symmetric both
in the discrete and in the continuum limit;

* walks of the coalescent-walk process for semi-Baxter permutations are not sym-
metric in the discrete case but they become symmetric in the continuum limit;

» walks of the coalescent-walk process for strong-Baxter permutations are not sym-
metric both in the discrete and in the continuum limit.

)

Proof of Proposition 5.12. As explained in Remark 5.13, we prove that Z,, z Bl /2,

— 00
where El /Q(t) =0fort < wand El /Q(t) is a skew Brownian motion for ¢ > u of parameter
1/2.

We only consider the case v = 0, the general proof being similar. Again we just prove
convergence of one-dimensional marginal distributions. We recall that Z,, := 220) ‘R —
R is the continuous process defined by linearly interpolating the following points:

_ [k Zi_ when Z) >0,
Z, <> =7V o forall k€ Z. (5.21)
n a\/kr? when Z; <0,

where Z, == 7;0), and o’ = \/1+ /5 and o = 1/2(2 + V/5). For the rest of the proof we
fix a non-negative and Lipschitz continuous function ¢ with compact support. We want
to show that for all ¢ > 0,

E[o(Z ~1/2 ’ L#/th 1/2 " 2V y2/2td 22
; . 5.
[0 (Zn(t))] / /O o(y) g Wt / [ o(y) ey W (5.22)

Since ¢ is Lipschitz continuous it is enough to study

( }”f) Z i) >o] and E ¢<U%> Z i) <o] (5.23)

As before, we just explicitly detail the computations for the first expectation. It can be
decomposed as (recall Remark 5.4)

7 [nt] - né] oo
2 If ;Zl_ntJ>O ZZE

k=0 ¢=0

E

E

Z nt ¥4
( L J) Tg =k, (Z )1€[k+1 [nt]] >0

(5.24)
where 7" =0 and 7,7, = inf{i > 7,”: Z;,_1 < 0,Z; = 1} for all £ € Z>,. Note that for all
¢ € Z>y, using the definition in (5.6) we have that

- - d
(Z\e); 7 =k (Z3)icorr, 1neg) > 0) = (L4 St =k 707 =k, (14 S5)ie(int)—1) > 0),

EJP 27 (2022), paper 158. https://www.imstat.org/ejp
Page 39/53


https://doi.org/10.1214/22-EJP886
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

The permuton limit of strong-Baxter and semi-Baxter permutations

where (S;);>0 denotes a random walk started at zero at time zero with step distribution
equal to the distribution of Y (1) — Y (0), and independent of 7,”.Therefore we can write

E @( ,%) Z |t >0]
1—|—SngJ,k
( )> E {%0 (J,\/ﬁ s (14 8 iclnt)—k) >0
nt
L+ Sint)—k
( )) E {99 (a’\/ﬁ (14 Si)ie[int)—k >0
(1 + S)ie(nt)—r > 0) . (5.25)

We now focus on studying P(7," = k). Note that (7,")¢cz., are all equidistributed, but
7-1 has a slightly different distribution (because Z = = Zy = 0 but Z F = 1 for all
{ € Z>1). We have the following result.

Lemma 5.14. As k — oo,

B
P(ry = k) ~ T (5.26)
where
11 1 1+v
=——|= . 5.27
b= = (5 + 22 5.27)

Proof. Recall that Zﬁ = 1. Using Observations 5.3 and 5.4, we can write (see also
Figure 14)

= k) = Z Z P(és =Y, (?z)zé[s] > O)IP(75+1 - Zs = y/ - y)
s=0 /yE//Z>0

Y,y €Z<o
P(Zi1 =Y, (Z:)iclst1,6-1) <01 Zss1 =y )P(Zy — Zj—1 =1 —y"). (5.28)

Figure 14: A schema for the event {r;" = k}.

Using the definition in (5.6) and letting:

* (S;)i>0 be a random walk started at zero at time zero, with step distribution equal
to the distribution of Y'(1) — Y (0),
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. (S{)izo be a random walk started at zero at time zero, with step distribution equal

to the distribution of —(X (1) — X (0)),
* (S))i>0 is independent of (S});>o,

we can rewrite the previous expression as

k—2
P(ry =k)=> Y PA+Sy=y,(1+8)ic >0PY(1)-Y(0) =y —y+1)
s=0 y€Zso

A7

Y,y ' €Z<o
Py +Si_oo=9". (¥ + SDicpp—s—2 < 0P(—(X(1) — X(0)) > —¢"). (5.29)

We now focus on Z’:;g P(1+S8s=y, (1+S8:)icls) > O)P(Y'+8)_ o =¥, (' +8))icih—s—2) <
0). From [14, Theorem 6] we know that as m — oo,

C1 B(y)
o'\ 2o m3/2 ’

e Wy (y")
ovV2r m3/2 ’

h(y)

ma3/2’

W (y )W (y")
m3/z

P(1+Sm =y, (14 Si)icmm) >0) ~

(5.30)

]P(y’ + S:w = y”, (y’ + Sz{)iG[m] < 0) ~

P(1+8m =y, (1+8i)iem >0) <C forall y € Zo,

P(y' + S, =v", (¥ + 8)ieim) <0) < C forall y',y" € Zo,

where h, k' and k' are the functions defined in (D.1) for the walks —S,,, S/ and —S/,
respectively, and

E[~Sn] E[Si]
2 zez0 MAP(S1 < —2) Y ez, M (2)P(S] > —2)

with N := inf{n > 0|S,, < 0} and N’ := inf{n > 0|S}, > 0}.
Using Proposition C.1 and the estimates above, we have, as k — oo,

and ¢y = (5.31)

Cc1 =

k—2
Z]P(l + 8=y, (1+8i)ics) > OPW + S84 o =9", (¥ + S)ick—s—2) <0)
s=0
~ 7!0(11 y',y"), (5.32)
27Tk3/2 ? ) ) .
where C(y,y’,y") is equal to
c1-h Y) [
07,( <Z P(y/ + ng = y”a (y/ + Sz/‘)ie[s] < O))
s=0
o (Y)W (") [
+ == Y P+ S, =y, (1+Si)icisy >0) | . (5.33)
g s=0
Therefore, using the last two uniform bounds in (5.30), we can conclude that
1 1
+ _
Y. PYM)-Y(0) =y —y+DP(=(X(1) = X(0) > " )Cw.v.y") = 157
YEZ>o
vy €Z<o
(5.34)
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We finally simplify the expression for 3 in order to obtain the expression in (5.27). Note
that

DY P=(XM) = X(0) = —y" )Py + St =y (v + S)icts <0)
s=0y""€Z<o
=Y Py + 8041 > 0,(y + S)ics) <0) =1, (5.35)
s=0
because a symmetric random walk started at 3’ becomes eventually non-negative almost

surely. Using the latter identity and substituting the expressions of ¢; and ¢y given
in (5.31), we obtain that

_ 1 (E[SN]
5_m< 5

E S i o -
L ElSn] S HWPY)-Y(0) =y —y+1) > P1+S.=y,(1+S)icy > 0))«
g yEZ>0 s=0
y'€Z<o

(5.36)

Noting that

Z P(?(l)—?(ﬂ) = y’—y—i—l)IP(l—i—Ss =y, (1+Si)i€[5] > 0) = IP(SS+1 = y/, (Si)ie[s] 20),
YE€Z>o

(5.37)
we obtain the new simplified expression
1 E [SN] E [SEV’} — Iy /
= + h P(Ssi1=v",(Si)icis1 =0) | . (5.38)
B NG o gy/GZZ«) (Y)P(Ss+1 =", (Si)ics) = 0)

We now compute an expression for the function »’(x) defined in (D.1) for the walk S),,

1 TOP(SE, 4+ 8, < — if x<0,
0 otherwise,
where the (SX',,)]-EZ21 are i.i.d. copies of S%;,. Recall that
Lsp = Z ay’ - O(—i1) + Z oy O(i,—i+1)5 (5.40)
i=0 i=1
where a = /5 — 2 and v = ¥3-1. Therefore
P(X(1) — X, =2) =ayl*l forall zeZ, (5.41)
and
P(Y (1) =Y (0) = z) = ay*I*! forall ze Z<,
P(Y(1)-Y(0)=1) = % (5.42)
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From Lemma D.2 we have that P(S%,, = )

N =) = (1 —~)y*"1, forall x € Z~,. Therefore, for
all j, 2 € Zo,
P(SN +-+ 8 =2)= > PSp=z,....,5% =z)
21,500,250

z1+ - tzj=z
o » z—1
= > A=y =151 - )y 3(._1>. (5.43)
Z1,...,25>0 J
z1+tzj=z

Therefore for all x € Zo,

+o00 400 —zx—1
ZIP(SR,,—F--- SR < —x) ZZ]P -+ SRy = 2)
j=1 j=1 z=1

—x—1

=y sz(l — )iy (j‘i) =(1+42z)(y—1), (5.44)

and we can conclude that

h,(x){'y+(’y—1)x if =<0,

(5.45)
otherwise.
Therefore

v+ =1y) Y P(Ss =
y'€Z<o s=1

Y, (8i)ies—1] = 0)

B-Sxn) (1 (1-7) N
ZUONL 1 y
= 7t Z (v+( =1y
Yy €Z<o
E[-Sn] (1 147 1 1 (1 14+
_ 1 _ Rt 5.46
oY 0’+ o Vorl—xn 0’+ o )’ ( :
where we also used that P(Sy = —z) = (1 — )7
1
=

(S = x) and that E[-SN] =
as a consequence of Lemma D.2 together with the expressions in (5.41) and (5.42)

O
Corollary 5.15. As k — +o©0
—+oo
1 1
P(r =k .
; 7 ) B 2rvVk

(5.47)

Proof. With some simple modifications of the computations in the proof of Lemma 5.14
k- *

one can show that 'k - P(7;" = k) — 0. Then, it is enough to use the same proof used for
Corollary 4.8.

O

With this result in our hands we can now continue to estimate (5.25). With the same
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argument used for (4.60), we have that

[nt] /+oo
1+S nt|—k
= (Z P(r; = k:)) E {w (%) ’(1 + S3ictint) k) > 0

t
'P(<1+Si)iew_k]>0):/0 fa()ds +0(1/vn), (5.48)

where for 1 <k < [nt] —1and s € [£ EEL)

n

= 1+ Snt)—k
fi(s)=mn Z:IP(Te+ =k) | E [%0 (M) ’(1 + Si)ic(|nt) -k > 0]
=0

P ((1 + Si)ie[|nt) -k > 0) . (5.49)

and f;f(s) :=0on (0, 1)U [lrt=1 ). Using that (as in (4.61))

‘n n

1+8), 1 [T 2
E {w <a'\/LﬁtJ) ‘(1 +Si)ielnt)] > 0] ~ ;/O pluyue™/*du, (5.50)

and that from Lemma D.1,

E[—Sn] 1
P (14 Si)serm > 0) ~ 202N 2 5.51
(1 + 8i)iepn) > 0) o or T (5.51)

together with Corollary 5.15, we obtain that for all s € (0,¢),

1 1 1 Foo El—S h(l
"Bor st / plwyue /209 gy o BTSN M)
Bamy/ny/st—s Jo NN =

E[-SN] 1 /“"’ —u?/2(t—s)
= du. (5.52
o'\2m B m\/s(t —s)(t —s) Jo plujue et )

f(s) ~

Therefore, using the same arguments used for (4.65), we can conclude that

ZLntj - n— 00 E[_SN] /+oo 2e—y2/2t
E|o 2.7, >o0| n2e 202N N 5.53
v (0\/5) Lnt] ] a'\2mB Jo oW V2rt Y ( :
Using the expression § = E[\;%N] (% + 1—1%) in (5.46), we can conclude that
E[-SN] L 1
- SR (5.54)
1 o'\ 2mp % + % 2

where in the last equality we used that o’ = /1 + Vb, o = \/2(2+ \/5), andy = */52_1. O

The proof of Theorem 1.7 follows from Theorem 5.11 using exactly the same strategy
explained in Sections 4.3.2 and 4.4.
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A An upper-bound for some local probabilities for random walks
in cones

We fix some notation being consistent with the notation used in [14] in order to help
the reader to follow the proof of Proposition A.1. Let S(n) be a random walk on R,
d > 1, where

Sn)=X1+-+X,,

and (X;); is a family of i.i.d. copies of a random variable X = (X, ..., X(®) with
values in R?. Denote by $¢~! the unit sphere of R? and ¥ an open and connected subset
of 8971, Let K be the cone generated by the rays emanating from the origin and passing
through ¥, thatis, ¥ = K N $%"!. Let 7, be the exit time from K of the random walk
with starting point x € K, that is,

T, =inf{n>1:24+ S(n) ¢ K}.

We make the same assumptions on K as in [14] (see in particular bottom of page 994).
We also recall that the choice of the cone K determines a corresponding parameter p
(see the equations from (2) to (3) in [14] for a precise definition) that plays an important
role in many formulas in [14].

We also impose, as in [14], the following assumptions on the increments of the random
walk:

¢ EXUW]=0,E(X%YW)?=1,j=1,...,d. Inaddition, we assume that cov(X;, X;) =
0.15
* We assume that E[X %] = 0 with « = pif p > 2 and some a > 2 if p < 2.

In [14, Lemma 28] it was shown that
P(z+ S(n) =y, 7 >n) < C(z,y)n %2 forall neZsyanduz,yeckK.

In this section, we want to make explicit the dependence in x and y of the constant
C(z,y).
Proposition A.1. There exists a constant C' > 0 independent of z,y,n such that

Pz +S(n) =y, 1. >n) < C(1+|z|P)(1 + |y|P)nP~Y2, forall nc Zs;andz,yc K.

In what follows C' denotes any constant (possibly different from place to place)
independent of z, y, n.

Proof. From [14, Lemma 27],
P(z+8S(n)=y,7 >n) <C-n~Y2.P(r, >n/2).

If we show that
P(r, >n) < C(1 + |z|P)n~P/2, (A.1)

then using exactly the same proof as in [14, Lemma 28] we can conclude that
P(z+ S(n) =y, 7. >n) < C(1+|zP)(1+ |y|P)n"P~%2, forall ne€ Z-oandz,yc K.
Therefore it is enough to prove (A.1). Note that for all € > 0,

P(1, > n) =P(1, > n,v, <n'7°) + P(1, > n,v, >n'9), (A.2)

15See the bottom part of page 996 in [14] for a discussion on the case cov(X;, X;) # 0 and the fact that
assuming cov(X;, X;) = 0 does not restrict the generality of the results.
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where
v, =min{k >1: 2+ S(k) € K, .},

and
K. ={z e K :dist(z,0K) > nl/Q*E}.

By [14, Lemma 14]
P(r, > n,v, > nlfs) < exp{—Cn}. (A.3)

Therefore, in order to conclude the proof, we have to show that
P(1, > n,v, <n'7%) < C(1 4 |zP)n"P/2 (A.4)

By [14, Equation (50)],

P(r, >n,v, <n'~%) < C.-n7P/? (E [u(z 4+ S(vn)); 7o > vy, v < n'7F]
FB[le+ S@alime > vola+ Sw)| >0 Vi, <0 ). @a)

where u(z) is a function defined in [14, Equation (3)] that satisfies 0 < u(x) < C|z|’. We
have the following results (whose proof is postponed after the end of the proof of this
proposition).

Claim A.2. It holds that
E [u(z + S(vn)); T > vy, v < 0n'7F] < C(1+ [fP).
Claim A.3. It holds that
B [|x + SW)|P; T > Vs |z + S(n)| > n~/Bn, v, < nl_E} < C(1+ |zfP).

Note that (A.4) then follows from (A.5) and the two claims above. This concludes the
proof of Proposition A.1. O

It remains to prove Claims A.2 and A.3.

Proof of Claim A.2. From the proof of [14, Lemma 21] we have that
E[u(z+ Swn); 7o > vn,vn <n' | =E[Y,, ;7 > vy, v <n'7F

vnp—1

+E Z fx+8S(k)); T > vn, v, <n'"|, (A6)
k=0

where Y,, is a martingale defined by (see [14, Equation (20)])

Yo = v(), (A7)
n—1

Yn:v(:r:—i—S(n))—Zf(w—i—S(k)), n >0, (A.8)
k=0

with v(-) and f(-) two functions defined in [14, Section 1.3]. We have that the second
expectation in the right-hand side of (A.6) is bounded by

v,—1 Te—1
E| > fl@+Sk)ime>vnvn<n' | <E| > [f(z+SK)ime > vn| < CA+][zl),
k=0 k=0
(A.9)
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where the last bound follows from [14, Equation (24)]. For the first expectation in the
right-hand side of (A.6), we can write using the computations after [14, Equation (52)],

I [YV";Tw > VnsVn S nl_s] = u(x) -k [YTm;Tm Svp A nl—f]
~E [ule + S0 )57 > 01, v > 1]

nt=c—1

+E Z flx+Sk); T >n' " v, >n'"¢|, (A.10)
k=0

where z A y = min{z, y}. It remains to bound the four terms above. As we already
mentioned 0 < u(z) < C|z|?, so it is enough to find an appropriate bound for the second
and fourth expectations. Recalling the definition of Y,, in (A.7) and using the bounds in
[14, Equations (22) and (24)] we have that

|E [Yr, ;70 Sva An'TF]| < C(1 4+ |2)P). (A.11)

Finally, for the fourth expectation in the left-hand side of (A.10) we can use the same
arguments already used for (A.9) to obtain that

nt=c—1
E| Y fla+Sk)im>n"" v, >0 <C1+[z). (A.12)
k=0
This concludes the proof. O

Proof of Claim A.3. As in the proof of [14, Lemma 24] we set
o = min{j > 1:|X,| >nl/27</4} (A.13)
and we write
]E[\x + S(Wn) P70 > v, |z + S(v,)| > 02V, v, < nl’g} (A.14)
=B (o + S0 7e > v o+ S()| > 0=/ Vi < 0l <
(A.15)
B ([ 4+ @)l 7o > v o+ Swa)| > 0w, <0l g > )
(A.16)

From the beginning of the proof of [14, Lemma 24] we have that the second expectation
in the right-hand side of the equation above is bounded by exp{—Cns/ 81, therefore
we focus on the first expectation above. Using the first displayed equation after [14,
Equation (59)] we have that

E ||z + S|P 7 > vn, |z + Swn)| > n "3V, v, <n' %, < un}

<SS Bo+ St > jovn <075 S vnpn =] (A7)
j=1

We split the sum above in three parts using the bound

|2+ S(wn)[” < C(lz+8G - DI + [ X517 + [S(vn) = SG)IP) - (A.18)
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For the third term we have that

1—e

Z I US(VH) = S)P; 12 > jyvm < n'=%j < v, pn = .7]
j=1

—[)6/4 P < —])8/4 2 i
<{Cn E[| X [P]E[r,] < Cn (1+z?), if p>2, (A.19)

C(1 + |z|P)n=?, with 6 > 0, if p<2,

where the bound for p > 2 is obtained using the first and third equations at page 1026 of
[14] and [14, Lemma 10], while the bound for p < 2 is obtained using the first, fourth
and fifth equation at page 1026 of [14] and [14, Lemma 10].

For the second term we have that

nt=e .
C(1+ |z|?)-o(1), fp>2
S B [[X5 7 > v <0, G < g = ] <4 OO T 1) 0ll) P
= C(1+ |z|P)n=°, witho >0, ifp <2,
(A.20)
where the bounds are obtained from the equations on top of page 1027 in [14].
For the first term we have that
Z E U‘T + S(] - 1)|p;7-1? > J,Vp < nlieaj < Up, n = ]]
j=1
< 27 (|z[Pdn—c/? + CnP/2+  exp{—Cne/3} + Cn=P/4(1 + |z|?)), if p>2, (A21)
| 22(|z|Pdn—c/? + CnPP/2H exp{—Cns/®} + C(1 + |z|P)n~?%), if p<2 ’

where the bounds are obtained from Equation (63) and the three consecutive equations
in [14] and the same bounds used for (A.19). These three bounds conclude the proof. O

B A toolbox for strong-Baxter walks

In this section we rewrite Proposition A.1 using the notation and the specific random
walks considered in Section 4.1.
Recall that (W,,(4));>1 is a random walk with increments in

Igp, :={(—4,0):¢>1}U{(0,1)}u{(1,—2):¢>0}. (B.1)
and with step distribution
oo ) o0 )
Hsy = Z ay' - 80+ b 500 + 20477192 “0(1,-4)s (B.2)
i=1 i=0

where the various parameters are given below (4.2). Recall also that Wg, denotes the set
of two-dimensional walks in the non-negative quadrant, starting at (0, 0), with increments
in Ig;. Therefore, setting K = {(z1,22) € R?: 2; > 0,25 > 0}, we have that

P ((Wn(i))ie[n] € ng|Wn(n) = (h,é))
— — —
=P (Wn (n) = (0,0), (W, (9))icn € K‘Wn (1) = (hj)) , (B.3)
-
where we recall that (W), (i));c|,) is the time-reversed walk obtained from (W,,(7));c-
Therefore we have the following reinterpretation of Proposition A.1.

Let p > 0 be the parameter previously described in Section A associated with the
walk (W,,(4));>1 and the cone K (we do not need its explicit expression).
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Corollary B.1. There exists a constant C' > 0 independent of h,{,n such that

P (Wai))ictn) € Wi |Waln) = (h,0)) < CQ+ |(h, O, forall n,h,l € Zsp,
(B.4)
where |(h, ()| denotes the Euclidean norm of the vector (h, ().

We also state the following consequence of [14, Theorem 6].

Corollary B.2. Fix h,{ € Z>(. There exists a constant C' > 0 independent of n such that

P (W(i))icfn) € Wap|Wa(n) = (h,0)) > Cn~P~", forall n € Zx. (B.5)

C Asymptotic estimates

Proposition C.1. Let (a)nez., and (by)nez., be two sequences of positive numbers
such that for some o > 1:

e a, ~a-n"% for somea > 0;
e b,~b-n"?, for someb > 0;

Then as n — 0o,
Zak by ~n ¢ <G~Zbk+b-zak> .
k=0 k=0 k=0

Proof. We split the sum in four parts as follows: ZZ:O arbp—p = t,, +uy + v, +w,, where

[n®] [n/2]
tn = Z arbp_k, Up = Z agbn_k,
k=0 k=|n>]+1
n—|n®] n
Up = Z akbn_k, Wy = Z akbn_k. (Cl)
k=|n/2]+1 k=n—|n>|+1

By assumption, there exists B > 0 such that foralln > 1, b, < B-n~%. Then

[n/2]
up, < B Z ar - (n—|n/2])"% =o(n™%).

k=|n>]+1

Similarly, v, = o (n~%). It remains to show that
+o00 too
tnwn_o‘-bz:ak7 wnwn_"-aZbk. (C.2)
k=0 k=0

We can write ¢t,, — n™ - bzz:“a ax = Tp + Yn + 2zn, Where

[n?] [n?]
Tp, =5 Z a ((n —k)y7*— n_“) , Yp = Z ay (bn,k —b(n— k:)_“) ,

k=0 k=0
400
Zn=-n"%-b Z ar. (C.3)
k=|n>]+1

Obviously z, = o(n~%). For z,, note that

[n°] o —a oo
0<z,<b Z ay, ((n— [n®])~¢ —n_a) <n© ((1 — Lnnj) — 1) bZak.

k=0
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Hence z,, = o(n™%). Finally for y,, we have that

[n®] +o0
lyn| < Zak(n—k)_a|(n—k)“bn_k—b| <(n—n%"° < sup |€°‘bg—b|> Zak.
k=0

k=0 £>n—|n |

Therefore y, = o(n~®). This proves that t, ~ n~® - b3 > a;. Similarly, we have that
Wy ~ 1" az,':zobk O

D Local estimates for one-dimensional random walks conditioned
to be positive

Let (Sy)nez-, be a one-dimensional random walk started at zero at time zero. Assume
that the increments of (Sn)nEZEO are i.i.d., centered and with finite variance 2. Let

T = inf{n > 0|S,, < 0},
and h be the function defined by

1 topist ... i~ — if
h(x) = +2 o PS4+ + 87> —x) if w >~0, (D.1)
0 otherwise,

where the random variables St are independent copies of S,. We have the following
local estimates (see for instancel® [25, Lemma 2.2] or [27, Theorem 4]):

Lemma D.1. The following estimates hold

E[-S-] h(z)

P ((z + Si)iem) > 0) ~ 2 Ty i forall =€ Zso, (D.2)
h(z)h
Pz 4 Sp =y, (x4 Si)icm) > 0) ~ c %, forall x,y € Z~y, (D.3)
ov2r 3/
h(z)h
Pz 4 Sp =y, (x4 Si)icm) > 0) < C%, forall z,y € Z~g. (D.4)

E[-S,]
Zz€z>0 h(2)P(S1<~2)
function defined in (D.1) for the walk (—Sn)nezzo-

We also explicitly compute E[—S,] in a specific case.

where ¢ = , C' is another constant independent of n, x,y, and h is the

Lemma D.2. Assume that!” there exists two constants o > 0 and v > 0 such that
P(S;1 =y) =ay VY forally € Z.y. Then

]P(ST = l‘) = (1 — ’}/)’}/7E71, forall x € Z<0, and E[—ST] = m (DS)
Proof. Since T is a.s. finite, for every z € Z,
=)= Z]P<Sh =2, (8:)ien—1] = 0)
h=1
Z P(Sh-1=12",(S)icpp—1) = OP(S, = 2[Sy_1 =2'). (D.6)

Z>o

16We remark that the expression in Eq.(5) in [25] is wrong. For a correct expression see [27, Eq. (7)].
17Note that we are not assuming any restriction on the expression for P(S1 =y) wheny € Zxg.
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Using that by assumption P(S), = z|S)_1 = ') = ay*' ~* and setting

(o)
C=> Y P(Sh1=2(S)iep1 >0y,
h=1z'€Z>¢o
we get that P(S, =) = C -y~ *. Using that 1 = ZmeZ@ P(S,=xz) = ZmeZ<o C-~ 7%=
%. We conclude that P(S, = z) = (1 — v)y “~!. The statement for the expectation
follows with a basic computation. O

E Technical proofs

We give here the details of the proofs of Propositions 4.9 and 4.10 that we skipped in
Section 4.3.2.

Proof of Proposition 4.9. The convergence in distribution W,, BILEINY p follows from
Proposition 4.4 together with Corollary 4.3. e

Now let 0 < £ < min{u, (1 — u)}. Note that ((Wn — W (1)1 —a1s zﬁ;ﬂhu,l_e])
is a measurable functional of (W,,(k) — Wy,(|en]))|cn)<k<|(1—c)n). Using Theorem 4.5
together with standard absolute continuity arguments (see for instance [7, Proposition
A.1]), we obtain that

u d u
(W0 = W@l 21 -a1) == (€5 = Ex@lu 2 ESlu 1) - E-D)

— 00

Using two times Prokorov’s theorem, as already done in Theorem 4.5, we have that the
sequence

n n n u,1— Z(U) u,1— ) E2
(War (%= W10 28 ) o) €2
is tight and its limit in distribution must be

<£Pﬂ ((gp - gp(U))l[u’l_E]’Z(qu;hu’l_s])seQﬂ(O,u/\lu)) (E3)

because Zéu)hu@_e] is a measurable functional of (W,,(k) — W, (|en])) |cn|<k<|(1—c)n) and
the restriction operation W,, — (W,,—W,,(u))] [u,1—¢] is continuous. Therefore we obtain
convergence in distribution of the sequence in (E.2) to the limit in (E.3). By Skorokhod’s
theorem we can now assume that a.s., we have uniform convergence on [0, 1] of W,, to
£,, and uniform convergence on [u, 1 — ¢] of ZW to Zf}f(g for every € > 0,e € Q. This is
enough to conclude the proof. O

Proof of Proposition 4.10. Fix uy,...,u; € (0,1). The fact that Zgjfg is a measurable
functions of £, and tightness, give that convergence in distribution in (4.68) holds
jointly for u € {uy,...,u;}. Therefore, for every continuous bounded ¢ : C([0,1], R?) x

(C([0,1],R) x C([0,1),R))%>° — R, it holds that

v {SD (Wm (Zglui))ie[k]>:| —+E [90 (gp, (ZSZ)JZ_GM)} . (E.4)

Using dominated convergence theorem, it is possible to integrate this over uq,...,u; €
[0, 1]. Therefore, using Fubini-Tonelli’s theorem, we can conclude that

E {s@ (Wn, (Z;“»)ie[k])] — B [tp (Sp, (zgfy)ie[k]ﬂ : (E.5)

Noting that & is arbitrary, we obtain convergence in distribution in the product topology.
O
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