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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY

By PIERRE TARRAGO*

Centro de Investigacion en Matemdticas (CIMAT)

We investigate the asymptotic behavior of random paths on
a graded graph which describes the subword order for words in two
letters. This graph, denoted by Z, has been introduced by Viennot,
who also discovered a remarkable bijection between paths on Z and
sequences of permutations. Later on, Gnedin and Olshanski used this
bijection to describe the set of Gibbs measures on this graph. Both au-
thors also conjectured that the Martin boundary of Z should coincide
with its minimal boundary. We give here a proof of this conjecture
by describing the distribution of a large random path conditioned on
having a prescribed endpoint. We also relate paths on the graph Z
with paths on the Young lattice, and we finally give a central limit
theorem for the Plancherel measure on the set of paths in Z.

Introduction. Let A be a finite alphabet. A word w in A is an element
of the free monoid A* generated by A: w is uniquely written as wiws - - - wy,
with n > 0 and w; € A for each 1 < i < n. A word w’ is called a subword
of w and is written as w’ < w when w’ is equal to w;, ---w;, for some
1 <iy <... <1 <n;the relation < is an order relation on the set of words
in A which is called the subword relation. Following the subword relation, A*
can be turned into a graded graph: the grading is given by the length of the
words, and an edge is given between two words w, w’ of consecutive grading
if and only if w < w’. Such a graph is rooted by abstractly adding a vertex
* and an edge between * and the empty word (). The simplest non-trivial
case is given by the alphabet As of cardinality 2 whose elements are written
as + and —: the corresponding graph, which is denoted by Z in this paper,
has been introduced and first studied by Viennot in [37]. The first part of
Z is displayed in Figure 1.

From a purely algebraic point of view, the graph Z encodes the induc-
tions and restrictions for the simple modules of the tower of Hecke algebras
{H,(0)}n>1 exactly like the Young graph for the tower of algebras {CS,, },,>1,
where S,, denotes the symmetric group of order n (see for example [8]).
Words in the alphabet As play a particular role in the combinatorics of per-
mutations. For 1 <7 < n — 1, we say that a permutation o of n, written as
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aword o(1)o(2)---o(n), has a descent at @ when o(i) > o(i+ 1). Using this
definition, we can map each permutation o to a word w(o) = wy - - - wp—1 in
A5 by saying that w; = — if and only if 7 is a descent of o: in this way, w(o)
describes exactly the set of descents of ¢ and is called the descent word of o.
The description of the set of permutations having a given descent word is an
important problem in combinatorics (see in particular the works of Viennot
[35, 36], Niven [26] and de Bruijn [6]); for example, permutations whose de-
scent words are the alternating words +—+---4+— or +—+--- — are called
alternating permutations, and have been studied by Niven and de Bruijn in
[26] and [6]. Désiré André gave already in 1881 (see [1]) an expression for
the number of alternating permutations of n and showed that this number is
asymptotically 2(2/m)"n! as n grows to infinity. Several refinements of this
result for other similar words have been found since ([3, 10]).

In this paper, we use the link between words in A5 and descents of per-
mutations to study random paths on the graph Z: in the sequel, a path on
Z is always a (possibly infinite) path starting at the root and such that, at
each step, the rank of the visited vertex is increased by one. As it has been
suggested before, the graph Z is at the interface between different subjects
in combinatorics and probability. Namely, paths on Z of length n ending at
a vertex w are in bijection with permutations o of n such that w(o) = w
(see [13, 37]). Moreover, infinite paths on Z correspond to infinite sequences
of permutations (01,09, ...) which satisfy a particular coherence property:
each o, is obtained from 0,41 by deleting the n + 1 symbol (in the word
description of permutations). An example of such correspondence is given
in Figure 2.

A measure on the set of paths on a graded graph is called harmonic if the
following property holds for the corresponding random path: conditioned on
the event that a path goes through a vertex p of rank n, the distribution of
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 3
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Fi1G 2. An example of the equivalence between paths on Z and sequences of coherent per-
mutations.

the first n steps of the random path is the uniform distribution on the set of
all paths between the root and u. A harmonic measure which is supported
on the set of finite paths is simply called finite: a finite harmonic measure
admits a straightforward description as a convex combination of uniform
measures. If the harmonic measure is supported on the set of infinite paths,
then this measure is called a Gibbs measure (see for example [5]). Gibbs
measures are in general much more difficult to describe than finite harmonic
measures. An important result from the Martin boundary theory yields that
any Gibbs measure can be approximated by finite harmonic measures (see
Section 1.3 for a precise statement).

In the case of the graph Z, the description of the set of Gibbs measures
has been achieved by Gnedin and Olshanski in [13] by using a link between
the graph structure of Z and the ring QSym of quasi-symmetric functions.
The latter is a refinement of the ring Sym of symmetric functions, and
homogeneous bases of QSym are indexed by words in {+,—}; then, the
graph Z encodes the multiplication in a particular basis of QSym called
the fundamental basis. Thanks to this relation with QSym, Gnedin and
Olshanski also established a relationship between Gibbs measures on Z and
Gibbs measures on other graphs: the Young graph ) introduced by Vershik
and Kerov, Kingman’s partition graph P [23] and the composition graph
C introduced by Gnedin [14]. The Young graph is described in Sections 2.4
and 8.1 and we refer to [13, Section 1] for a description of the graphs P
and C. In particular, Gnedin and Olshanski introduced a natural harmonic
measure on Z which yields the Plancherel measure on the Young graph:
this measure, also called the Plancherel measure, is roughly speaking the
uniform measure on the set of infinite paths on Z.

Whereas the relation between Z and Y has only be proven at the level
of the harmonic measures, the one between ), P and C has been shown to
hold also at the level of paths. On the one hand, the set of paths on P is
the same as the set of paths on ), but with different weights (see [20] for
the description of the weights for P and for a natural interpolation between
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4 P. TARRAGO

Y and P), and the same holds for C and Z. On the other hand, the set of
paths on C is in bijection with a particular set of sequences of permutations,
and considering the cycle structure of these permutations yields a surjective
map from the paths on C to the ones on P (see [13, Section 1] and [15] for
a detailed description of this map).

In this paper, we present three results on the graph Z which continue the
study of Gnedin and Olshanski:

e we describe how finite harmonic measures approximate Gibbs mea-
sures: we show that the convergence in law of a sequence of finite
harmonic measures towards a Gibbs measure can be parametrized by
a simple topological space. As a consequence, we prove that the classi-
fication of harmonic measures by Gnedin and Olshanski has a geomet-
rical meaning in terms of a particular topology on Z: from a harmonic
analysis point of view, this yields a description of the Martin boundary
of the graph Z (which had been already conjectured in [13]) and an
identification of the Martin boundary of Z with its minimal boundary;

e we provide a correspondence between paths on Z and paths on ): this
correspondence uses the Robinson-Schensted-Knuth (RSK) algorithm,
which establishes a bijection between permutations of n and pairs of
standard Young tableaux of size n and same shape. This completes
the description of the relations between paths on Y, P,C and Z;

e we provide a law of large numbers for the asymptotic behavior of a ran-
dom path following a Gibbs measure. We describe also the fluctuations
for the Plancherel measure.

An introduction to the concepts of graded graph, harmonic measure and
Martin compactification is given in Section 1. Section 2 is devoted to the
presentation of the graph Z and a precise statement of the results. Along
the proofs, it is often more convenient to use compositions, which are just
an alternative description of the words in {4+, —}: compositions are also
introduced in Section 2. Section 3 details the main result of [13], which
provides a description of the set of Gibbs measure on Z thanks to the so-
called oriented paintbox construction. Sections 4 to 7 are the successive steps
leading to the description of the Martin boundary: a sketch of the method is
given at the end of Section 3. Section 8 deals with the path correspondence
between ) and Z, and Section 9 shows the law of large number and central
limit theorem for the Plancherel measure.

1. Probability on graded graphs. In this section, we introduce var-
ious notations and concepts related to graded graphs; in particular, we ex-
plain the notion of harmonic measures and Martin entrance boundary for
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 5
such graphs. The content of this section mostly follows [20, Section 2].

1.1. Graded graph. The notations used here are from [31]. A rooted,
graded graph G is a triple (V, p, E), where

e V is a denumerable set of vertices with a distinguished element uy,

e p:V — Nis a map satisfying p~1({0}) = {uo} and p~1({n}) finite
for all n > 0, and

e the adjacency matrix E is a V x V-matrix with entries in R™, such
that E(u,v) is zero if p(v) # p(u) + 1.

The map p is called the rank map of the graded graph; the set p~({n})
is called the n—th level set of G and denoted by V,,. We write u 7 v if
E(u,v) > 0. A path v on G is a sequence of vertices (79,71, - . .) of increasing
rank such that for all i > 0, v;  vi+1. A path is said finite (resp. infinite) if
the corresponding sequence of vertices is finite (resp. infinite): in the finite
case, the length of the path, denoted by I(7), is the number of edges which
are crossed along the path, which is also the number of vertices minus one; in
the infinite case, we simply set I(y) = oo. The set of all paths on G starting
at the root is denoted by I'(G): this set is partitioned into two sets, the set
I'¢(G) of finite paths and the set I'o(G) of infinite paths.

If v is a path on G and k < [() is an integer, 7, always denotes the
position of «y after k steps, whereas «); denotes the path v restricted to its k
first steps. The weight w(+y) of a finite path v = (0, ...,7n) is defined as the
product 1—[?2—01 E(7i,vi+1). Let u,v be two vertices such that p(u) < p(v).
The set of paths from p to v is denoted by I'(u, v); we define a path counting
function d : V x V — R by the sum of of the path weights:

d(pv) = Y w(y).

vET (1)

When all the entries of the adjacency matrix are in {0, 1}, d(p, v) is equal
to the cardinality of T'(u,v). When p = ug, we simply write I'(v) and d(v)
respectively instead of I'(uo, v) and d(po, v).

1.2. Harmonic measures on graded graphs. This paragraph is an intro-
duction to the concept of harmonic measures on a graded graph G. The ter-
minology may vary in the literature, and infinite harmonic measures are also
called Gibbs measures (see [5]). We should first precise the o—algebra on the
set I'(G) = T'(G) Ul (G): we consider the o —algebra A(G), which denotes
the coarsest o—algebra containing all the sets {y € I'(G), () > k, v = u}
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6 P. TARRAGO

for k > 0 and vertices p of rank k. By the axioms of a o—algebra, Ag con-
tains each set {y € T'(G),l(y) = k} and induces by restriction the discrete
o—algebra on I'¢(G).

For 7 € T'y(G) with I(7) = k, the set T'x = {y € I',l(y) > k,yx = 7}
is thus a measurable set on I". Moreover, by the definition the o—algebra
A(G), any probability measure on A(G) is uniquely defined by its values on
the sets I'7, 7 € I'4(G).

DEFINITION 1.1. A probability measure P : A(G) — R is called har-

monic when
P(T;) B P(T)

w(r) — w(r)’

for all 7,7 € T¢(G) such that I(T) = I(7") and Ti(r) = 7

()"

The set of harmonic measures (resp. harmonic measures with support in
I'¢(G), resp. harmonic measures with support in I'so (G)) is denoted by H(G)
(resp. Hf(G), resp. Hoo(G)). The elements of Hoo(G) are also called Gibbs
measures on G.

It is readily seen that H(G) is a convex set, and by the application of
Choquet theory (see [16, Proposition 10.21]), each element of H(G) can be
uniquely represented as a convex mixture of the extreme points of H(G).
Let us denote by 0H(G) the set of extreme points of H(G). Conditioning
harmonic measures on the length of the random path shows that an extreme
harmonic measure has to belong either to H;(G) or to Hoo(G). Therefore,
the description of OH(G) can be split into two cases, by first considering the
extreme points in H¢(G), and then the ones in Hqo(G).

The finite case is much simpler than the infinite one. Let IP be a harmonic
measure with support in I'f(G). For any v € V such that P(I'(v)) > 0,
conditioning P on I'(v) yields a new harmonic measure P, defined by P, () =

Pﬂg(??g)) ), By harmonicity, P, is the unique distribution on I'(r) with

P,(7) = Tel'(v).

Moreover, since the family {T'(v)} _,, is a partition of I';(G), P is written as

veV
the convex combination P =Y |, P(I'(v))P,. Therefore, the set of extreme
points in H;(G) is exactly the set {IP, },cy. In particular, there is a natural
bijection between V' and 0H(G) NH ¢(G) which sends the vertex v to IP,,. For
each v € V, denote by =, the random path following the measure P,. The
law of any restriction of v, can be described thanks to the Martin kernel of

the graph G.
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 7

DEFINITION 1.2.  The Martin kernel of the graph G is the function
{V xV — R

d(p,v) -
(mv) A

To emphasize the different roles played by p and v, we will write K, (v)
instead of K(u,v). For any fixed p € V, K,(-) is a map from V to R that
vanishes on {v € V,T'(u,v) = 0}. With this definition, for any vertices u, v
such that p(u) < p(v) and for any path 7 ending at p,

P,(T,) = w(r)K,(v).

In the infinite case, the description of extreme harmonic measures is much
more difficult and greatly depends on the graph structure. Let P be a har-
monic measure such that P(I'¢(G)) = 0. By Definition 1.1, there exists a
function p : V. — R such that for any vertex v € V and any finite path 7
ending at v,

(1) P(I'7) = w(r)p(v).
Since a probability measure on I'(G) is characterized by its value on the sets
I';,7€T't(G), Pis completely determined by the map p; let us examine the
properties of p.

Suppose that 7 is a finite path of length k ending at u, and denote by
G(7) the set of finite paths « of length k£ 4 1 such that ~}; = 7. Since

r-={rtu| || Ty

VEG(T)
and P is supported on the set of infinite paths (implying that P({7}) = 0),
(2) P(I;) = ) P(Iy).
VEG(T)

A path v of length k+1is in G(v) if and only if v, = 7 and p = v, ™ Yi41,
and, if it is the case, its weight is w(y) = w(7)E (4, Yk+1). Therefore, with
(1) and (2)

(3) p() = E(u,v)p(v).
w/v

Reciprocally, any non-negative function p : V. — R* satisfying p(uo) = 1
and (3) yields a harmonic measure in H(G) with the formula (1). Therefore,
the problem of describing the set of extreme points in Hoo(G) is equivalent
to the problem of finding the set of extreme points in the convex set of
non-negative solutions of (3) with value 1 on the root of G.
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8 P. TARRAGO

1.3. Martin entrance boundary. The theory of Martin boundary has been
introduced by Doob and Martin (see [7]) in order to approximate Gibbs
measures by finite harmonic measures. This requires first the choice of an
adequate topology on the set of probability measures on I'(G). We use the
coarsest topology such that each evaluation map P — P(I';) with 7 € I'f(G)
is continuous: namely, a sequence of measures (P,),>1 converges to PP if and
only if P, (I';) converges to P(I';) for all 7 € I'¢(G).

By Tychonoff’s theorem and standard arguments, H(G) is a compact
space in this topology. The discussion on the finite case in the previous
paragraph yields that OH(G) N H(G) is a discrete space with respect to
this topology: since the set OH(G) N H;(G) is in bijection with V' with the
map p — P,, this yields a topological embedding of V' (with the discrete
topology) inside H(G). From now on, V is identified with its image in H(G).

The choice of the topology and the definition of the Martin kernel in
Definition 1.2 yield that a sequence (y,)n>0 in VY converges in H(G) if and
only if K,,(v,) converges for each 1 € V. We extend continuously K, on the
closure of V' in H(G): for each element w = lim v, in the closure of V', we
set K, (w) = lim K,(v,). By compactness of 7(G), the closure of V in H(G)
is a compact space, denoted by V.

The boundary of this space 9y G = 1% \ V is called the Martin entrance
boundary of G. The fundamental result of Doob describes how Gibbs mea-
sures are approximated by finite harmonic measures.

THEOREM 1.3. With the notations above, the two following results hold:

e there exists a Borel subset OninG C Oy G, called the minimal boundary
of G, such that for any measure P € Hoo(G), there exists a unique
measure Ap on OminG giving the kernel representation

PI) =u() [ Kilode()
OminG
forallp eV and 7 € T'(u);

e if v is random path with distribution P € Hoo(G), (Yk)k>0 converges
almost surely to a OninG-valued random variable voo; the law of Yoo
is given by the distribution \p from the first statement. Moreover, the
probability that (vx)k<o goes through p is ezactly d(p)E (K, (vo0))-

The proof of this theorem can be found in [7]. By the the first point
of the theorem, the minimal boundary of G is exactly the set of extreme
points of Hoo(G): namely, OninG = OH N Hoo(G). Being a subset of the
Martin boundary, an element of the minimal boundary can be obtained
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 9

as the limit of a sequence in V. The main problem is the identification of
the minimal boundary inside the Martin boundary. In many graded graphs,
both boundaries actually coincide; however, this is not always the case. This
problem is usually solved by obtaining an adequate geometric description
of the Martin boundary, which has been until now only defined as a limit
object.

Remark that the space V contains all the information on the asymptotic
behavior of P, for vertices u of large rank. The description of the Martin
boundary is thus equivalent to the study of the approximation of Gibbs
measures by finite harmonic measures.

1.4. Geometric realization. In many favorable cases, the two previous
problems can be solved by introducing a geometric realization of the graph.
The content of this paragraph is largely inspired by [19, Section 7] and [20,
Section 2 and 3]: in particular, Proposition 1.5 below is a straightforward
generalization of the example given in [20, Section 3.

DEFINITION 1.4. Let G = (V,E,p) be a graded graph. G admits a geo-
metric realization (Y, f,g) if there exists a compact space Y and two maps
Y — OminG, g: V —Y, such that:

e f is a homeomorphism;

e g is injective on V,, for each n > 0;

e for any sequence (fin)n>0 in VY such that (p(un))g>1 is increasing,
the convergence of g(un) towards y € Y implies the convergence of
(Hn)n>1 towards f(y).

The geometric realization (Y, f,g) of a graded graph G gives a geomet-
ric way to encode approximations of Gibbs measures. In particular, V is
described as a compact subset of [0,1] x Y.

PROPOSITION 1.5. Suppose that G is a graded graph which admits a
geometric realization (Y, f,g). Then,
L4 8Mg = 8ming) and
o V is homeomorphic to the space (Unzo{%ﬂ} X g(Vn)) U {0} xY),
with the topology induced from [0,1] X Y by restriction.

PROOF. Let w € dpG. There exists a sequence (g, )n>0 in V' which con-

verges to w. Since Y is compact, there exists an increasing sequence (n)g>o
and y € Y such that g(uy,) converges to y when k goes to infinity.
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10 P. TARRAGO

By the definition of the geometric realization, p,, converges to f(y) €
OminG. Thus, w = f(y) and w € OyinG. Therefore, OinG = IuG.
Let ® be the map from V' to [0, 1] X Y defined by

{‘I’(M) = (m’g(y)) if pev,
®(w) = (0, f(w)) it w e InG.

The map @ is injective and continuous by the definition of the geometric
realization; since V is compact, ® is a homeomorphism from V to <I>(V)
Since (V) = Un>0{n+l} x g(V,,) U{0} x Y, the result is deduced. O

In the case of the graph Z that we are studying, the minimal boundary has
already been described by Gnedin and Olshanski in [13]. They also suggested
a geometric realization for this graph in Conjecture 45 of the aforementioned
paper. We prove this conjecture in Section 7.

2. Summary of the results. This section is devoted to the defini-
tion of the graph Z and the statement of the results. This section uses the
notations of the previous section.

2.1. The graph Z. As in the introduction, As denotes the set with two
elements +, —, A% denotes the set of words in Ay, and [(w) denotes the
length of a word w € A3.

DEFINITION 2.1. The graph Z is the graded graph (Vz,pz,Ez) such
that:

o the set of vertices Vz is A5 U {x};

e the rank function pz is defined by pz(w) = l(w) + 1 for w € X and
PZ(*) = 0;

e for allw,w' € Vz, Ez(w,w') € {0,1}, and Ez(w,w') =1 if and only
ifw=xandw' =10, or w,w' € X5 are such that l(w') = (w)+ 1 and
w is a subword of w'.

In the sequel, the set of vertices of Z is simply denoted by Z instead
of Vz: in particular, the level sets of Z are denoted by Z, for n > 0 and
the Martin compactification, minimal boundary and Martin boundary of Z
are respectively denoted by Z ,OminZ and 9y Z. The first levels of Z are
displayed in Figure 1. This graph has been introduced by Viennot, and all
the results of this paragraph can be found in [37].

There is a simple description of finite paths on Z. Following [37], define
a block (resp. positive block, resp. negative block) as a word in A3 whose
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 11

elements are all identical (resp. equal to +, resp. equal to —). A word w € A%
can be uniquely written as a sequence of blocks by - - - b, where consecutive

blocks have opposite signs. For example, the word +++ — — —+ — —+ ++
admits the decomposition b1bobgbsbs where by = +++, by = — — —, by = +,
by =——and b5 = + + +.

Suppose that w is a word in A3 with the block decomposition by - - - by;
then, w has exactly r subwords of length I(w) — 1, each of them obtained by
decreasing the length of one block by one (where a block is simply deleted
when its length is equal to zero). We choose the convention that the length
of a positive block is reduced by deleting the last letter of the block and the
length of a negative block is reduced by deleting the first letter of the block.

From the rule above, we have that for each word w = wy---w,_1 of
length n — 1, there are exactly n + 1 distinct words of length n having
w as a subword: the words w® := —w and wt™ := w+, and each word
wh = wy - w1+ —wig1 - wy_1 for 1 <i <n—1 (see [37, Lemma 2.1]).
In particular, each finite path ~ of length n on Z is uniquely determined
by a sequence of integers (t(1),...,t(n — 1)) with ¢(i) € {0,...,i+ 1}: the
vertex ;41 is defined as ;41 = V;F t0), Reciprocally, any sequence of this
form yields a path of length n on Z.

2.2. Alternative description of Z. We will often use an alternative de-
scription of the graph Z, which is based on a bijective correspondence be-
tween words in {4+, —}, ribbon Young diagrams and compositions.

DEFINITION 2.2. Letn > 1. A ribbon Young diagram of size n is a skew
Young diagram of size n which is connected and does not contain any 2 x 2
square.

A composition A of n, written as X F n, is a sequence of positive integers
(A1 os Ar) such that 3%y Aj = n.

A ribbon Young diagram is completely described by the sequence of
lengths of its rows and we simply write (A1,..., ;) to denote a ribbon
Young diagram with first row having length A1, second row having length
A2, and so on. This gives a canonical bijection between compositions of n
and ribbon Young diagrams of size n, which is similar to the one between
partitions of n and Young diagrams of size n. In the sequel, compositions
and ribbon Young diagrams are considered as the same object: for example,
the cell ¢ of a composition A refers to the cell ¢ of the ribbon Young diagram
corresponding to A by the above bijection.

The set of ribbon Young diagrams (or, equivalently, compositions) is de-
noted by A and the set of ribbon Young diagrams of size n is denoted by

imsart-aop ver. 2014/10/16 file: "Zigzag diagrams and Martin boundary".tex date: October 16, 2017



12 P. TARRAGO

A,. We number from 1 to n the cells of a ribbon Young diagram of size
n, starting from the top left cell and finishing at the bottom right cell: for
2 < i < n the cell i is either below or right to the cell 7 — 1.

A word w of length n — 1 yields a ribbon Young diagram A(w) with n
cells as follows: the cell i + 1 is right to the cell ¢ in A(w) when w; = +,
and the cell ¢ + 1 is below the cell ¢ when w; = —. For example, the ribbon
Young diagram A(w) of length 10 corresponding to w = + 4+ — + — + + + —
is represented in Figure 3 (the numbering of the cells has been omitted).

Fic 3. Ribbon Young diagram (3,2,4,1) corresponding to the word + + — + — + + + —.

This gives clearly a bijection between words in A3 of length n — 1 and
ribbon Young diagrams of size n. If A is a ribbon Young diagram, we denote
by w(A) the corresponding word in Aj3: if we write w(\) as wy - - - wy—1, then
w; = + if the cell i + 1 is right to the cell i and w; = — if the cell ¢ + 1 is
below the cell i. The bijection between ribbon Young diagrams and words
in A% can be translated into the language of compositions. Denote by D)y
the descent set of a composition A = (A1,..., ;) of n, which is the subset
{A, A1+ Aoy 271171 Ai} of {1,...,n — 1}. Then, the equivalent bijection
maps each composition A of n to the word w(\) = wy -+ wy,—1 such that
w; = + if and only if ¢ & D).

Thanks to the above bijections, the graph Z can be alternatively described
in terms of ribbon Young diagrams.

1. The set of vertices of rank n of Z is the set of ribbon Young diagrams
of size n. The unique vertex of rank 0 is simply denoted by (.

2. Let = (p1,...,ps) and A = (Aq,..., ) be two ribbon Young dia-
grams of size respectively n and n+ 1. There is an edge between p and
A if and only if

e cither r = s and for each i except one p; = A; (thus, we have
Aj = pj + 1 for exactly one 1 < j <), or

e r = s+ 1, and there exists j such that: for k < j, A\x = ug,
Aj + Ajy1 — 1 = pj, and for & > j, A\gy1 = pg (namely, the row
pj is split, and one cell is added at the end of the first piece).

The first four levels of the graph Z in this alternative description are dis-
played in Figure 4.
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 13
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Fic 4. Vertices of Z of rank 0 to 4.

2.3. Geometric realization. In [13], Gnedin and Olshanski suggested a
possible geometric realization for the graph Z. This description is based on
a topological space consisting of pairs of disjoint open sets in [0, 1], called
oriented paintboxes.

DEFINITION 2.3. [13, Section 6.1] An oriented paintbox is an ordered
pair of disjoint open subsets of 10, 1].
The metric space U?) is the space

{(U+,U))|Us and U, disjoint open subsets of |0, 1[}

equipped with the distance d between two oriented paintboxes (Uy,Uy) and
(V4,V}) given by

d((UTa Ui): (VTv Vl)) = max (dHaus(Uch V’Tc)y dHaus<Uf; VLC))v

where X¢ denotes [0,1] \ X for X C [0,1] and diaus denotes the Hausdorff
distance.
From the definition of the metric, (Us(j), Ui(j))j21 converges to (V4,V))
if and only if, for each € > 0, the two following conditions occur:
e for j large enough, the numbers of connected components of size larger

than e in Us(j) (resp. U (j)) and in V4 (resp. V) are equal;
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14 P. TARRAGO

e the boundary points of the connected components of size larger than
€ in Us(j) (resp. U (j)) converge to the ones of the connected compo-
nents of size larger than e in V4 (resp. V).

In particular, (Us(j),U;(5));j>1 converges to (0,0) if and only if the size of
the largest connected component in U;(j) U U, (j) tends to 0.

There exists a map from Z to U? which is injective on each level Z, for
n > 0. Namely, for each word w = w1y - - - w,_1 in Z,, set

o

() =] U [

n—1mn-1

and
(5) Up(w) := U [i_l Z]
v T , n—1n-1 ’
1<i<n—1

wi=—

where X° denotes the interior of a set X. Define the map gz from Z to U
by the formula gz (w) = (Us(w), Uy(w)).

Gnedin and Olshanski [13] proved that OpinZ is homeomorphic to U (2)
by exhibiting a natural homeomorphism ®z from U to OminZ, which is
described in Section 3.3. This suggests that (Z/{(Z), ®z,gz) should be a ge-
ometric realization of Z in the sense of Definition 1.4. This conjecture has
been first given in [13] and is the first result of this paper.

THEOREM 2.4. (UP) &z, gz) is a geometric realization of Z. In partic-
ular, OminZ = Op 2.

Following Definition 1.4, Theorem 2.4 is proven by showing that for any
sequence (i, )n>1 of vertices of increasing rank in Z and any element (Uy, U))
in Y2,

(6) <gz(l~bn) —— (Un, U¢)) = (un —— @z(Ur, Ui)) .

The convergence on the right hand side is understood as the convergence
in the topology of Z described in Section 1, which is equivalent to the
convergence of P, (I'z) towards Pg_(y, v,)(I'7) for all cylinders I';, 7 €
I'¢(Z). The proof of the implication (6) is done in Section 7 and is based on
several intermediate results which are given in Sections 4 to 6.
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 15

2.4. Relation with the Young graph. As we already explained in the in-
troduction, the graded graph Z has an algebraic meaning which allows to
relate it to several other graded graphs of special interest in probability. We
will mainly focus on the relation between the graph Z and the Young graph
Y. In this paragraph, we only need the fact that the vertices of ) are in-
dexed by partitions; refer to Section 8.1 for a precise definition of ). Let us
first describe the algebraic background of these two graphs, which relies on
the ring QSym of quasisymmetric functions and the ring Sym of symmetric
functions.

Let X = {X1, X2, ...} be an infinite collection of commuting variables. On
the one hand, Q) Sym is the ring of polynomials in X which are shift invariant:
namely, if P € QSym and (A1, ..., ;) is a composition, then the coefficient
of the monomial Xi’\l1 . -X{)f in P is the same for all increasing sequences
(i1 < iy < --- < i,) of indices. The ring QSym is graded, with the grading
given by the degree of the polynomials, and each of its homogeneous bases is
indexed by compositions. On the other hand, Sym is the ring of polynomials
in X which are invariant under permutation of the variables. This ring is
also graded by the degree of the polynomials and each homogeneous basis
of Sym is indexed by partitions. It is readily seen from the above definitions
that Sym is a subring of QSym.

The graphs ) and Z are respectively related to the Schur basis {sr }rcy
of Sym and to the fundamental basis {F)}xcp of QSym, where s, is the
Schur function with respect to the partition # € ) and for a composition
A €A, F) is defined as

F\(X1,Xa,...) = > Xy X,
11 <42<...<in
i5<ij1 if JED,

Both bases are among the most important ones in the theory of symmetric
and quasisymmetric functions, and they have many applications in combi-
natorics, representation theory and probability (see for example [25, Part I
for the theory of Schur functions and [31, Chapter 7.19] for the theory of
fundamental quasisymmetric functions).

The relation between the graph Z and the basis {F)}xca is given by the
following equality: for A € A,

EFy= Y, F

where the relation w(A\) * w(u) is the one given by the edge structure of
Z. As a consequence of the above equality, we can show that solving the
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16 P. TARRAGO

equation (3) for Z is equivalent to finding the linear maps ¢ : QSym — R
which are non-negative on {F)} ca and such that

(7) O(FaF (1)) = ¢(F))

for all A € A. The latter fact is central in the description of the minimal
boundary of Z given by Gnedin and Olshanski in [13].
The Young graph satisfies a similar relation with the Schur basis {sy }rcy.

Namely, for m € ),
Sr8(1) = Z Snls

w !
where m ' 7/ means that there is an edge between 7 and 7’ in )). Moreover,

solving the equation (3) for ) is also equivalent to finding the linear maps
¢ : Sym — R which are non-negative on {s;}rcy and such that

(8) ¢(57r5(1)) = ¢(57r)

for all # € Y. Thoma proved in [33] that the minimal boundary Opnin) of
the Young graph is homeomorphic to the set

AP = {(a1>a2>...,01 > B> ..)|a; > 0,5 Zovzai+,6i <1},
i=1

with the topology of the pointwise convergence. Vershik and Kerov later
showed [34] that the minimal boundary and the Martin boundary of ) are
equal.

Since s(1) = F{(1) = >_ X; and since any Schur function admits an expan-
sion in the fundamental basis with non-negative coefficients (see [31, Theo-
rem 7.19.7]), any solution of (7) for {F)}xca gives also a solution of (8) for
{Sr}rey, yielding a map from Hoo(Z) to Hoo(YV). It has been proved in [13,
Corollary 32] that this map restricts to a continuous and surjective map ¥
from OminZ t0 Ominy. The map ¥ has a simple meaning in terms of the geo-
metric description of both boundaries: it sends an element (Uy, U} ) of U @) to
the double decreasing sequence (u,, Bn)n>1, Where (an)n>1 (resp. (Bn)n>1)
is the sequence of lengths of the interval components of Uy (resp. U}) in the
decreasing order.

In the following theorem, we give a combinatorial interpretation to the
map V¥ by establishing directly a map from paths on Z to paths on Y, such
that the induced action on OpninZ is exactly V.

THEOREM 2.5. There is a surjective map Il : T'(Z) — T'(Y) such that:
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 17

o if y €I(Z) and k < U(7), then (vy)x) = () ks

e the pushforward by I of a harmonic measure on I'(Z) is a harmonic
measure on I'(Y);

o II induces the surjective map V : OpminZ —> OminY- Namely, if v, is
a random path with distribution w € OninZ, then I(7,) is a random
path with distribution ¥(w).

Note that this surjective map does not come from a map from the ver-
tices of Z to the vertices of ). The construction of the map II is done in
Section 8 using the RSK algorithm. In [22], Kerov and Vershik have given
a representation of Opin) using a slightly modified version of the RSK al-
gorithm. Their method is similar to the oriented paintbox construction of
Gnedin and Olshanski, and an alternative proof of Theorem 2.5 may be
given using the results of [22]. An interesting question is to push further this
similarity. In [30], Sniady has been able to invert the map given in [22] by
applying the jeu de taquin procedure on infinite standard Young tableaux:
this suggests that it would be possible to invert the map ®z of Theorem 2.4
using a similar procedure.

2.5. Law of large numbers and Central Limit Theorem. We are consid-
ering a law of large numbers and a central limit theorem for random vertices
of Z coming from a path following a Gibbs measure. The study of the shape
of such random vertices is done by mapping a word of Z to a continuous
function on [0, 1] which measures the local densities of + and — in the word.
This map has been introduced in [27].

Consider the space C([0, 1], R) of continuous functions on the interval [0, 1].
For each element (U}, U}) € U?), we define the function fw.o,) € C([0,1],R)
with the formula

t
o ® = [ 100 = 10, (Wi

In particular, if w = wy---w,_1 is a word in Z, and 0 < s < t < 1, then

the quantity f,_ (w)(t) — fg,(w)(s) describes the proportion of 4+ and — in w

between w|g,| and wjsy .

THEOREM 2.6. Let (Uy,U)}) € UP) | and let v be a random path following
the law ®z(Uy,U}). Then, almost surely,

Foz(m) oo f(UmUi)’
with respect to the supremum norm in C([0,1],R).
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18 P. TARRAGO

If (U, Uy) = (0,0), then fgp) = 0 and the following convergence in law
holds m( (10,1, R), ||.|oc ) :

1
—B,
V3

where B is a standard Brownian motion on [0, 1].

\/ﬁfgz ('Yk) k—>

It would be very interesting to have a central limit theorem for all Gibbs
measure &z (U) for U € ). Whereas the central limit result of Theorem 2.6
can be easily extended in the case where U has a finite number of interval
components, the situation becomes more cumbersome when the number of
interval components becomes infinite (see [2] for an analogous problem).

3. Oriented paintbox construction and minimal boundary of Z.
This section is devoted to the description of the minimal boundary of Z
by Gnedin and Olshanski. This description is based on a bijection between
finite paths on Z and permutations: this bijection, which has been found by
Viennot in [37], is the main tool in the proofs of this paper.

3.1. Arrangements and paths on Z. Let S,, denote the set of permuta-
tions of n elements. As suggested in the introduction, a permutation o of
n is always written as a word o(1)---o(n) in {1,...,n}, with each integer
appearing exactly once. We will also assume the existence of a permuta-
tion of 0 elements consisting of the empty word, in order to simplify later
statements.

Just like for words in A3, we can define a subword order on the set of
permutations: namely, a permutation o’ of n — 1 is a subword of o if there
exist 1 < i1 <9 < -+ <ip—1 < msuch that o’ =0y, ---0;, _,. Since ¢’ is a
word in {1,...,n—1}, the only possibility is to discard the letter n in o. The
only such permutation is denoted by o,. For example, if 0 = 35728146 then
o) = 3572146. Iterating the operation | yields a sequence of permutations
(010,015.-.,0n—1 = 0,0, = o) such that (o;); = o;—;. The meaning
of 0y is straightforward in the word description of o: o) is exactly the
word o where all integers larger than k£ have been erased. For example,
(35728146) 4 = (3214).

DEFINITION 3.1. A sequence of permutations (o1,...,07) with | € NU

{oo} is called coherent when o; = (0441)y for all 1 <i <.
An arrangement is an infinite sequence of permutations which is coherent.
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 19

For example, the following sequence is the beginning of an arrangement
((1),(21),(231), (2341), (52341), ... ).

The set of arrangements is denoted by A. For each k > 0, there is a map py, :
A — Sj; which sends (o) x>0 to 0. A is considered with the initial topology
with respect to the set of maps {pi }r>0 and with the corresponding borelian
o—algebra. Thus, by Kolmogorov’s extension theorem, any random variable
(0k)k>1 on A is uniquely determined by the law of its finite-dimensional
projections (o1,...,0,) for all n > 1.

For o € S, and 0 < i < n, denote by o™ the permutation o(1) - - - o()(n+
o(i +1)---o(n) (in particular, 07 = (n + 1)o(1)---0(n) and o™ =
o(1)---o(n)(n+1)). Then, for each permutation o € S,,, the set of permu-
tations in S,,11 whose subword in S, is o is exactly the set {0+ }o<i<n. In
particular, for a permutation o € S,, there is a unique 0 < 4,1 < n—1such
that o = (o i)H- Iterating this property yields that ¢ is uniquely determined
by a sequence (i1, ...,4n—1), with 0 < 4; < j; the expression for ¢ is then
given by o = (--- (1)) iz ...) Tt

The link between permutations and paths on Z comes from the notion of
ascent and descent of a permutation.

DEFINITION 3.2. Let o be a permutation of n elements and let 1 < ¢ <
n—1. We say that o has an ascent at i when o(i) < o(i+1) and that o has
a descent at i when o(i) > o(i +1).

The descent word of the permutation o is the word w(c) = wy -+ wp—1 in
A5 such that w; = + if © is an ascent of 0 and w; = — otherwise.

For w € Z, the set of permutations with descent word w is denoted by
D,,. Let 0 be a permutation of n elements and 0 < i < n; write wy - - - wp_1
the descent word of o and w} - - - w/, the one of o . Write o<; (resp. 0s;) to
denote the word o restricted to its 4 first symbols (resp. n — i last symbols).
Since o is the permutation obtained from o by inserting n+ 1 between o(4)
and o (i + 1), the descent word of o is related to the one of o as follows:

e since ol = o<, wj = w); for j < i

e since 07(i 4+ 1) = n + 1, i is necessarily an ascent of o™ and i + 1 is
necessarily a descent of ¢, and thus w} = + and wgﬂ = —;

. e L , : _
osmcea>i+1—a>i,wj+1—wjforz—i—lgjgn 1.
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20 P. TARRAGO

w(ot0) = —wy - w1 = w(o)*0,

w(oe™) =w; - wp_1+ = w(o)t", and

w(o™) =wy - w; + —wiy1 - wpg =w(o) T for 1 <i<n—1,
where we refer to Section 2.1 for the definition of the word w™* given a word
w in Aj. Moreover, writing a permutation o as (---((1)“1)“2~-)+Z’“1
yields a unique path (o) = (70,71, --,Vn) on Z such that vg = *,71 = 0,
and v; = 'y;-rf]fl for j > 2. By construction, v; = w(oy;) for 0 <i < n. An
example of such correspondence is displayed in Figure 2.

The map o — (o) from S, to the set of paths of length n on Z is clearly
injective and thus bijective, since both sets have same cardinality. Since an
infinite path on Z can be seen as a sequence of finite paths (7;);>0 such
that each 7; has length ¢ and (7;);—1 = 7;—1, infinite paths are described by
arrangements as follows.

THEOREM. [37, Proposition 2.4] The map

) A — I'o(2)
o {(Un)nzo = (w(on))n>0

is bijective and for all k > 1, Q((0n)n>0)1k = V(ok).

In particular, any finite (resp. infinite) random path on Z yields a random
permutation (resp. random arrangement) by the above maps.

3.2. Harmonic measure in terms of permutations. The equivalence be-
tween paths on Z and permutations allows to interpret harmonic measures
in terms of random permutations. By Definition 1.1, a probability measure P
on I'(Z) is harmonic when, for any finite path 7, the probability P(T";) only
depends on the last vertex of 7. Therefore, by equivalence between finite
paths on Z and permutations, finite (resp. infinite) harmonic measures w on
Z are in bijection with random permutations (resp. random arrangements)
0., such that for all o € Sy, P((0,);x = o) only depends on w(o).

For w € Z the measure P, is the uniform measure on all paths arriving
at w; thus, the law of the corresponding random permutation o, is the
uniform law on all permutations with descent set w. For k > 1, let w, w’
be vertices of Z with p(w’) = k and p(w) > p(w'); then, the Martin kernel
K,y (w), which is equal to P, (T';) for any path 7 ending at w’, is also equal
to P((0w)yx = o), where o is any permutation such that w(c) = w’.
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There is a convenient way to describe this uniform law with the ribbon
Young diagram associated to w. A standard filling of a ribbon Young dia-
gram of size n is a filling of its cells with integers from 1 to n, such that
the filling is increasing from left to right along the rows and from bottom to
top along the columns. A ribbon Young diagram A with a standard filling is
called a standard ribbon Young tableau with shape A, and the set of stan-
dard ribbon Young tableaux with shape A is denoted by T'(\). Any standard
ribbon Young tableau yields a permutation by reading the content of the
consecutive cells, starting at the upper left cell. See Figure 5 for an example
of standard ribbon Young tableau with its corresponding permutation.

13]5]8

6910
2

Fic 5. Standard filling of the ribbon Young diagram (3,2,4,1) yielding the permutation
(3,5,8,4,7,1,6,9,10,2).

The rules of a standard filling imply that for any standard ribbon Young
tableau of shape A, the corresponding permutation has descent word w(\);
moreover, it is readily seen that for any vertex w of Z, there is a bijection
between D,, and T()\(w)). Therefore, the random permutation o,, can be
obtained from a uniform random standard ribbon Young tableau of shape
A(w). This fact is used in the proof of Theorem 2.4.

3.3. Oriented paintbozr construction. The minimal boundary of Z is de-
scribed using the bijection between the set of infinite paths on Z and the
set of arrangements. This description is called the oriented paintbox con-
struction, and it gives for each element U in 4® a random arrangement
(O‘U(’I’L))n>1 as follows.

DEFINITION 3.3. [13, Definition 24] Let U = (Uy,Uy) be an oriented
paintbox and let (x1,x2,...) be a sequence of distinct elements of [0,1]. For
each k > 1, the permutation oy (x1,...,xk) is defined by the following rule: i
is left to j in the word oy (x1, ..., x) if and only if one of the three following
situations arises:

e x; and x; are not in the same connected component of U and x; < x;;
e x; and x; are in the same connected component of Uy and © < j;
e z; and x; are in the same connected component of U, and j < i.
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For each k > 1, the random permutation oy (k) of k elements associated
to the oriented paintbox U is the random variable oy (X, ..., Xy), where
(X1, X2,...) is a family of independent uniform variables on [0,1]. The ran-
dom arrangement oy associated to the oriented paintbor U is the sequence

(ov(1),00(2),...).

The construction of op(X1,...,X;) from (X1,...,X;) and U € U@ is
almost surely well-defined. If U = (0,0), o(p,g)(X1,..., Xg) is just the per-
mutation associated to the ranking (X; < Xj, < --- < Xj,). In particular,
for each k > 1, the random variable oy g)(k) has the uniform distribution
on Sy.

The next theorem is due to Gnedin and Olshanski in [13] (based on an im-
portant work of Jacka and Warren [17]) and identifies /(?) with the minimal
boundary of the graded graph Z.

THEOREM 3.4. [13, Theorem /4] Let U be an oriented paintbox. Through
the bijection £ between arrangements and infinite paths on Z, the random
arrangement oy comes from an extreme harmonic measure ®z(U) on the
set of infinite paths of Z.

Moreover, the map ®z from U to OpinZ mapping U to ®z(U) is a
homeomorphism.

In particular, for each £ > 1 and o € Sy, P(oy(k) = o) only depends on
the descent word w of ¢ and is denoted by py(w).

3.4. Sketch of the proof of the geometric realization. Let us explain the
proof of Theorem 2.4. On the one hand, there is a homeomorphism ®z
from the compact space U to the minimal boundary of Z; on the other
hand, an embedding gz of each level of Z into U? has been introduced in
Section 2 with the map w +— (Uy(w), Uy (w)). Therefore, from Definition 1.4,
the only missing element to get the complete geometric realization of Z is

the following convergence result: if (wn)n>1 is a sequence of vertices of Z of

increasing rank such that (Us(w), Uy (w)) converges in U ) to some oriented
paintbox (Us, Uy), then w, converges to ®z(Us,U)) in Z.

Suppose that (wy,)n>1 is a sequence of vertices with increasing rank. The
convergence of wy to ®z(Us, U)) in Z is equivalent to the convergence in law
of Py, towards ®z(U;,U)). By the bijection between finite paths on Z and
permutations, the finite harmonic measure Py, yields a random permuta-
tion oy, whose distribution is uniform on the set D,,, of permutations with
descent word w,,; similarly, by the bijection between infinite paths on Z and
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arrangements, and by the oriented paintbox construction, the infinite har-

monic measure ®z(U;,U)) yields the random arrangement (UUTvUi<k))k>1'

Therefore, wy, converges to ®z(Us,U)) in Z if and only if for each k > 1 the
random variable (o, ), converges in law to the random variable oy, v, (k)
when n goes to infinity.

Let us briefly explain the proof of the convergence in law of (o, )k to-
wards oy, v, (k). Let k > 1 be a fixed integer. Then, oy, v, (k) is the ran-
dom variable oy, v, (X1,...,Xy), where Xi,..., X}, are independent ran-
dom variables on [0,1]. It is shown in the next section that the variable
(0w, )ik can also be sampled with the oriented paintbox construction as
T () (&, ..., &), where U(wy) is a certain oriented paintbox depending
on wy, (different from the oriented paintbox U (w,) associated to w,, by the
map gz in Section 2.3) and (£}, ..., &™) is some sequence of random vari-
ables in [0,1]. The main fact is that U(w,) also converges to (Us, U}) (see
Lemma 4.3 in Section 4) and the distribution of (£}, ..., &™) becomes close
to the one of (X1,...,X,,) (see Proposition 7.1) when n becomes large. The
convergence in law of UU(wn)(ff’”, &) to o (X1, -, X3) is then de-
duced from a general theorem on convergence of random oriented paintbox
constructions (see Proposition 4.6 in Section 4). The most difficult part is
the proof of the approximation of the sequence (§")1<i<k by a sequence of
independent uniform variables on [0, 1] for large words w. The proof is done
in two steps in Sections 6 and 7; it is based on combinatorial results related
to ribbon Young diagrams, which have been obtained in a previous paper
[32] and which are recalled in Section 5.

4. The familiy (£}");>1. In this section, w = wy---wy,_1 is a fixed
word in A} of length n—1 and A := A(w) is the corresponding ribbon Young
diagram, which has size n. Note that from Section 3, the distribution of ¢, is
the same as the distribution of o), where o) is the permutation obtained by
reading the cells of a uniformly random standard ribbon Young tableau of
shape A. The goal of this section is to introduce a family of random variables
(£);>1 and an oriented paintbox U (w) such that the random variable (ow) n
has the same law as the oriented paintbox construction T (w) &, ..., &) In
order to simplify the notations, we adopt the convention that wg = w, = 0.
Recall that the cells of A\ are identified with integers from 1 to n by ordering
them along the ribbon Young diagram, starting at the upper left cell.

4.1. Combinatorics of descents and ascents. We will introduce several

definitions related to a ribbon Young diagram; all these definitions are pic-
tured in Figure 6 and Figure 7. A cell i € [1,n] is a peak of X if w;—; € {0, +}
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and w; € {0, —}, and i € [1,n] is a valley if w;_1 € {0, —} and w; € {0, +}.
This definition makes sense if we consider any standard filling o of A: o(7)
is a local maximum (resp. minimum) of o = (1) ---o(n) if and only if ¢ is
a peak (resp. valley) of A. Let V denote the set of valleys of A, let P denote
its set of peaks, and let £ = V U P denote its set of extreme cells, which are
either peaks or valleys. We denote by {e; < ez < ... < e;+1} the elements
of £.

A run s of A is an interval [a,b] of [1,n] such that a,b are consecutive
elements of £. A run [a,b] is called descending if @ € P and ascending if
a € V. The runs are ordered by the smallest endpoint of the corresponding
interval, which yields a total ordered set S = {s;}1<i<¢. Thus, each element s;
of S corresponds to the interval [[e;; e;41] of . In particular, two consecutive
runs s; and s;41 overlap on e;11. The length of a run s; is defined as the
value [; = e;41 — €;. For example if A = (3,2,1,3,1), then V = {1,4,7,10},
P ={3,5,9} and S = {[1,3],[3,4],[4, 5], [5, 7], [7,9], 9, 10]}. The peaks,
valleys and runs of X\ are displayed in Figure 6.

Ascending runs

4 5 Valley
6
Peak
7 8 9
Descending runs 10

F1G 6. Peaks, valleys and runs in A = (3,2,1,3,1).

For any cell ¢ of A, its slope s(i) = [z(i) + 1,y(4)] is defined as the maxi-
mum subinterval of [1,n] that contains i and no other peak or valley. The
use of the shifted variable (i) will simplify later formulas. In the previous
example, 5(2) = [2,2] and s(7) = [6,8]. Note that slopes differ from runs:
the slope of 7 is a run with the extreme cells removed if ¢ is not an extreme
cell, and the union of two runs with the first and last extreme cells removed
when ¢ is an extreme cell.
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1 2 3
4 5 Slope of 2
6
Slope of 7
7 8 9

10

Fic 7. The slopes 5(2) and s(7) in the ribbon Young diagram X = (3,2,1,3,1).

4.2. Definition of (§}")i>1. We are now constructing a family of random
variables (§);>1 in [0,1] in order to express the random variable o, as
an oriented paintbox construction. Let (Ui)i>1 be a family of independent
random variables uniformly distributed on [0, 1]. In the following definition,
recall that [z(7)+ 1, y(j)] denotes the slope of the cell j in A, for 1 < j < n.

DEFINITION 4.1. Let 0 € D,,. The averaged coordinate of i with respect
to o is the random variable defined by &;(c) =0 if i > n, and

az(o_l(z’)) N U‘y(o_l(i)) — x(o'_l(i))

n n

§i(o) =

for1<i<n.
For oy, chosen uniformly among D, &i(ow) is denoted by &, and the
vector (£, ...,&}") is denoted by £ (k).

)

When £ is equal to n, we simply write £ instead of &”. The construction
of & roughly means that we sample o, as a uniformly random standard
filling of A, we look at the cell containing ¢ with respect to this filling, and
then we sample a random variable uniformly distributed on the rescaled
slope of this cell.

As Proposition 4.4 will show below, (éi(a)) L<i<n, cOmpletely characterizes
the permutation o € D,,: namely, knowing that ¢ is in D,,, the value of the

random vector (&;(c)) allows almost surely to reconstruct o. This re-

1<i<n
construction requires a slightly modified version of U(w) = (Ur(w), Uy (w)).
In the following definition, recall that e; denotes the first cell of the run s; (as
defined in Section 4.1), and that e; belongs either to V or to P, depending

whether s; is an ascending or a descending run.
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DEFINITION 4.2.  The run paintbox ﬁ(w) associated to a word w of length
n —1 is the element of UP) consisting of the open subsets

o Up(w) = U, | 552 2212 |, and
] e;— eir1—1
o Uy(w) =U,ep |52 257,

with ;41 =n+1 if e; =n.

The definition of U(w) is very close to the one of U(w) in (4),(5): the
intervals of U(w) are essentially a rescaled version of the intervals of U(w)
with parameter ”T_l The following lemma shows that the run paintbox U (w)
becomes closer to U(w) when n goes to infinity.

LEMMA 4.3.  With respect to the distance on U®),

d(U(w),U(w)) <

SN

PrOOF. The definition of U(w) yields the following open sets:

_61'—1 €i+1—1_

n—1" n—-1
e;€V,e;#n -

and } _
€; — 1 Ci+1 — 1

n—1" n-1
e;EPe;#n -

Let us show that Up(w)® is included in the 1 —inflation of Us(w)¢ and con-
versely (the proof for Uj(w)¢ and Uy (w)® is the same). The X —inflation of
Up(w)© is

UT(’LU)C’I/”
i —1 1 eqx1—1 1 1 1
= U |- npy|ulo-|ult-=1].
n—1 n n-—1 n n n
e;€P,e;#n

On the other hand,

Gyt = | U [0 22= Jumo .
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Supposethatei;én.Forall1§k§n—1,%—%§%§L+%,thus

€i—1’ei+1—1 c 61'—17& \/07 ei+1—1+l Al
n n n—1 n n—1 n

CUT(’U))C’l/n.

If e; = n, [@ Lﬂ} = [1 — 1/n,1] C Usp(w)®Y/™. Hence, in any case,

n ’ n
UT(U))C C UT(IU)C’I/". ~
For the converse inclusion, the 1 —inflation of Uy(w)° is

Up(w)e!/m
1 1 ; 1 1
- U [(e _>vo,(€’“ +>/\1] ulo,=Jufl—=,1],
n n n n n n
e, eP
and
c €; 1 €i+1 — 1
nwr = U |95 | uopuy.
n—1" n-—1
e;€P,e;#n
Since for 1 <k <n —1, %Sil %—i—%,foreaehei%n,

6i—1 €i+1—1
n—1" n—1

1 vl — 1 1
> 0’<6H‘1+>/\1},
n n n

and therefore Up(w) C UT( )e A/n

Doing the same for Uj(w) and U} (w) concludes the proof. O

The previous lemma implies that for any sequence (wy)n>1 with |w,| —
00, the convergence of U(wy,) is equivalent to the convergence of U (wy,), and
both have the same limit. We show in the following result how to reconstruct
o € D, from (fi(a))1<i<n and U(w). Recall that T (w) ((&i(0))1<i<k) is the
oriented paintbox construction (as defined in Section 3.3) applied to the
tuple (fi(O'))1<l.<k and the oriented paintbox U(w).

PROPOSITION 4.4. Let 1 < k < n and let o be a permutation in D,,.
Then, almost surely,

s ((600) e ) = Tk

In particular, the random variables (o.,) 1k and O (w (Ew( )) have the same
law.
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PROOF. It is enough to prove it for k = n. Let o € D,, and write & (o) =
& and € = (&(0))1<i<n- It is equivalent to prove that for 1 <i < j <mn,

-1 -1
(700 ©) @ < (050)©) () == o710 <o ().
If 071(i) < 071(j), then i is left to j in the associated filling of . This is
possible in one of the two following situations.

1. 5(i) and s(j) are disjoint and s(¢) is left to s(j). In this case, §; and ;
are not in the same interval component of U(w) and §; is in an interval
component left to the one of ;. By the run paintbox construction,

-1

(7600©) " ) < (05(®) " ().

2. 5(i) and s(j) overlap. This implies that ¢ and j are in a same run
s = [ensent1] of A, with 1 < h < t. Let I, = |1 @+1] Gince

n n
i < jand o 1(i) < 071(j), the run s has to be an ascending one and

thus ey, € V, ep11 € P and I is an interval component of UT(w). In
particular, 0~1(7) cannot be a peak, and ¢~!(j) cannot be a valley.
Thus &; is either in an interval component left to Iy, or in I5. For similar
reasons, §; is either in an interval component right to I, or in I,. This

—1 -1
implies that if & or &; is not in I, (Uﬁ(w) (f)) (1) < (UU(w)(f)) (7).
But if & and &; are both in I, since the latter is in Up(w), the same
inequality holds.

Finally, in any case,

U_l(z') < U_l(j) == (Uﬁ(w)(§)>

The pattern is exactly the same to prove that

o i) > o7l(j) = (00(w)(§)>_1 (i) > (UU(M)(f))_l (4);

yielding the first part of the proposition.
Recall that if (z;)1<i<p is a sequence in [0, 1]", the sequence of permuta-
tions (O’U(w) (x1,... ,azk))1<k<n is coherent in the sense of Definition 3.1.

From the first part of the proof, o, = aU(wn)(gl,...,gn), thus, for all
1<k <n,

(Ow) ik = (UU(wn)(El’ ... ,fn))uC = Uﬁ(wn)(&’ ooy &r).

Therefore, (o,);; and T (w) (¢“(k)) are equal and have same distribution.
O
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The following lemma shows that it is possible to recover exactly the po-
sitions of {1,...,k} in the filling o of A from (§i(a))1<i<k.

LEMMA 4.5. Let 0,0 be two permutations in D,,. If the two sequences
(c71(1),...,07 (k) and (¢'"1(1),...,0" " (k)) are not equal, then the ran-
dom wvectors (&1(0),...,&(0)) and (&1(0”),...,&k(0")) have disjoint sup-
ports (where the support of a random vector is defined as the support of its
distribution).

PROOF. The proof is done by induction on k > 1. Let k£ = 1. The integer
1 has to be located in a valley of \. If 0=1(1) # o/~%(1), then 1 is located
in a different valley in ¢ and ¢’. Thus, the slopes of c71(1) and ¢’~1(1) are
disjoint, and the random variables &1 (o) and & (o”) have disjoint supports.

Let k > 1. Suppose that (c71(1),...,071(k)) # (¢/"1(1),...,0" " (k).
By the induction hypothesis, if (¢7*(1),...,07'(k — 1)) is not equal to
(¢'71(1),...,0"7 (k — 1)), the two random vectors (&1(0),...,&—1(0)) and
(&1(0”),...,&-1(c")) have disjoint supports. This yields also that the two
random vectors (£1(0),...,&(0)) and (&1(0”), ..., &(0")) have disjoint sup-
ports.

Thus, let us assume that (c7(1),...,07 (k—1)) = (¢/"}(1),..., 0" (k—
1)). This implies that o~ (k) # o'~ (k); since the positions of {1,...,k—1}
are the same in the fillings 0 and ¢’ of A, the cell containing %k in o is in
a different run than the cell containing k in o’. Therefore their slopes are
disjoint, and the random vectors (£1(0), ..., & (o)) and (&1(0'), ..., &(0"))
have disjoint supports. O

Although the following result is crucial for the proof of Theorem 2.4, its
proof is rather technical and has been postponed to the Appendix.

PROPOSITION 4.6. Let (Up)n>1 be a sequence of elements of U? and
let ((X™(9))i>1),5, be a sequence of random infinite vectors in [0, 1N, Let

(X9(1), X°(2),...) be a random infinite vector in [0,1]N. Suppose that each
finite dimensional marginal law of each of these random wvectors admits a
density with respect to the Lebesgue measure. If (Uy)n>1 converges to U in
U and for each k > 1, X' = (X™(1),...,X"(k)) converges in law to
X2 =(X°01),...,X%k)), then for each k > 1,

ov, (XP) 2 o (XD).

In the previous proposition, the absolute continuity with respect to the
Lebesgue measure of the finite-dimensional marginal laws of the random
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vectors (X"(i));>1 for n > 1 may be dropped (contrary to the absolute
continuity of the ones of (Xzo)z‘zl, which is necessary); however, the proof
of the proposition is easier if we assume that all the distributions involved
admit a density.

5. Combinatorics of large compositions. The purpose of this sec-
tion is to introduce the background material to prove that the distribution
of £* (k) is close to the distribution of independent uniform random variables
on [0, 1] when w is long. Since £}’ depends uniquely on the cell of A(w) in
which j is located in the random filling o) of A\(w), it is necessary to eval-
uate the probability for j to be located in a particular cell ¢ of A(w). For a
composition A of n and i € A a fixed cell, denote by A<; (resp. A>;, resp. A<,
resp. A\s;) the composition A restricted to cells left (resp. right, resp. strictly
left, resp. strictly right) to i. Denote by d(A) the number of standard fillings
of the ribbon Young diagram associated to A; remark that d(\) = d(w(X)),
where d(w(A)) is the number of paths from the root to w(A) on Z.

Let us focus here on the location of 1 in o). Since 1 is necessary a local
minimum in any filling of A, it has to be located in a valley v € V. For a
fixed valley v of A, the cardinality of standard fillings of A such that 1 is
located in v is exactly the number of possibilities to fill in the part of A
strictly left of v, with any subset S of cardinality |[A<,| of [2,n], and to fill
in independently the part of A\ strictly right to v with the complementary
subset of S in [2,n]. Thus,

(=1 dAs)d(e)

(9) P, (l€ev) = Dol P i .

The problem is therefore essentially to relate d(As,)d(A<y) to d(N).

5.1. Probabilistic approach to the combinatorics of descents. Ehrenborg,
Levin and Readdy (see [10]) formalized in the context of descent words an
old relation between permutations of n and polytopes in [0, 1]". Namely,
since the volume of the set

R, = {:Ua(l) << xa(n)}

for o € 5, is exactly %, it is possible to determine probabilistic quantities

on S, by integrating certain functions that are constant on each region R,.
The appropriate functions for descent words were found in [10], yielding some
new estimates like in [9] and [3]. The model of Ehrenborg, Levin and Readdy
is presented in this paragraph, but in a modified way to focus only on the
set of extreme cells € (as defined in Section 4.1). This yields the following
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framework: let A be a composition of n > 2 with the set of extreme cells
E ={e1 =1,ey,...,e,41 = n}. Suppose for example that the first cell is a
valley (namely e; € V) and recall that s; is the run between e; and ej41,
with [; its length. We associate to A the couple of random variables (X, Y))
on [0, 1]? with density

dx, v, (fb‘l, Tr1)

i — @i | d
V,\ 0] 1o <ao>az<ay>.. H W H Ly

1<i<t

where V), is a normalization constant. If the first cell is a peak, the inequal-
ities in the expression for the density are reversed. If A = (1) is the unique
composition of 1, the expression for the distribution of (X(yy, Y{y)) is simply
1) X(1)=Y)» since there is only one particle in the model.

The latter probabilistic model is related to the combinatorics of descent
words through the equality

(11) d(\) = nl Vy,

whose proof can be found in [10]. Moreover, this model behaves simply with
respect to the concatenation of compositions.

DEFINITION 5.1.  Let A= (A1,...,A) and p = (p1,...,ps) be two com-
positions of m and n. The concatenated composition A+ p is the composition
of n+m

A=A,y A o1, 2y -y fhs),

and the concatenated composition A — p is the composition of n+ m
A_/-L = ()‘17'"aATaluhMZ?"'aMS)'

This definition has a simple meaning in terms of associated ribbon Young
diagrams: namely, the diagram of A + u (resp. A — p) is the juxtaposition of
the one of A and the one of p such that the last cell of A is left to (resp. above)
the first cell of p. An application of [10, Section 2] (see also [3, Lemma 2])
implies the following expression for the concatenation of compositions in the
probabilistic framework.

PROPOSITION 5.2.  Let A, i be two compositions, 9 € {—,+}. Then,

Vo = WW.P(Yy <y X,,)
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and
1
de;qu;» (xay) = m //[0’1]2 dX,\7Y>\ (fﬂ,u)lugdewYu (U,?/) du dv,

where <_=> and <;=<, and the couples (X),Yy) and (X,,Y,) are con-
sidered as independent.

The previous proposition yields a particular case that helps to compute
the law of £}". Denote by F (resp. G) the cumulative distribution function
of the random variable X (resp. Y)) associated to a composition A in (10).
Since all the random variables take value in [0, 1], we consider F and G as
function on [0, 1].

COROLLARY 5.3. Let A be a composition of n and v a valley of A\. Then

1 1
) T G ) (1= B @)t

with the convention Gy_, = F\_, = 0.

PROOF. Since v is a valley, A can be written as A<, — A>,. Thus, the
previous proposition yields

VA = V)‘<11_>\2v = V)\<1)VA2’U]P)(YA<U 2 X>\2’U)

Conditioning the expectation on the value of X_  gives by independence,

1
P(Yr., > Xx.,) = /0 (1- G,\<v(t))dxkzv(t)dt.

On the other hand from the previous proposition, since Xy, , = X(1)4x.,,

1
P ) - P(Y) < Xo) ///[0,1]3 Oty u) luo dx,, i, (v, ) dudv dy

V)\>'UV(1)
=W _F
V)\zv ( )\>U (t))’

and finally, since V(1) = 1,

1
M=V, [ (=G 0) (1= P )
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Using the latter result in Equations (9) and (11) yields
(=1 dOsw) dO o)

Py, (1 €v) =

_|>\<v|! [Aspl! d(\)

=1 Pt P!V Y
|>\<’U|! |)\>U|' n! V)\

:l V>\>v V)\<v
VA Ve, o (1= Gal, () (1= By, (t))dt
1 1

:ﬁﬁ(l—kawﬂl—FbAﬂwf
0

The previous corollary shows that the probability that the entry 1 is
located on a valley v in X\ essentially depends on the quantity

1
A e, Aoy) = /0 (1— G, (D) (1 - P, (8))dt.

DEFINITION 5.4. The correlation A(X, u) between two compositions A
and  is the integral

1
A\ 1) = /0 (1 GA() (1 — Fu(t))dt.

5.2. Estimates on A(\,v). We obtain in this section several estimates
on A(A, ) by using some results on the behavior of F},, G, obtained in [32];
the reader should refer to [32] to find detailed proofs of the results used in
this section. The first result is a bound on F\ which depends on the length
of the first run of A.

PROPOSITION 5.5 (Cor.4.9, [32]). Let A be a composition with the first
run of length R. If the first run is increasing, the following inequality holds:

1-(1-tf<Fh@t) <1-@1-tfth
If the first run is decreasing, then
< Fy(t) <t

The same result holds for G, after exchanging the increasing run and
the decreasing run. Using the above proposition, we can prove the following
estimates on A(\, ).
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LEMMA 5.6. Denote by L the size of the last run of A and by R the size
of the first run of p. Set 91 = + if the last run of A is increasing and ¥ = —
otherwise, and set similarly vo = + if the first run of p is increasing and
P9 = — otherwise. Then,

o if )1 =+,02 =+,

1 1
— < A < —
Ry AWM S
o if ) =—,0 =+,
Aggg;gggg, <:ZX(A )(< - .
L+R+3 - "W =TIRy71
o if ) =+,02=—,

L+2 1 1 L+4 1 1
R+L+2 - C A < B L
R+L+1 R+1 L+1 R+L+3 R+2 L+2

o ifh =—,02=—,
— <A < — .
I3 =80 m s

PROOF. In each case, the proof is done by using the inequalities of Propo-
sition 5.5 in the definition of A(A, it). Let us detail the proof in the first case,
since the three other cases are proven similarly. Since ¥ = +, applying
Proposition 5.5 to the last run of A yields the inequalities

(12) thtl < @y(t) < tF
for t € [0, 1]. Since Y9 = +, Proposition 5.5 gives similarly
(13) 1-(1-t)R<F,@t) <1—(1—t)f!

for ¢ € [0,1]. Therefore, using (12) and (13) in the definition of A(A, u) yields

/1(1 _ Y1 — )R < A\ p) < /1(1 (1 — )Ry,
0 0

On the first hand,

/1(1 —th(a - o) a
0

1 (R+1IL! 1 Ll
<1_ (R+3)...(L+R+2)>'

"R+2 (R+L+2)! R+2

imsart-aop ver. 2014/10/16 file: "Zigzag diagrams and Martin boundary".tex date: October 16

, 2017



ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 35

L 1 R+2
sy

1
A(1—Hdﬁ—41—(1—n3“ﬂﬁ;3R+3.

And on the other hand,

Since 1 —

1
/0 (1= )1~ 1) :Ri 1 (?J(FLLT;)!
_ (L+1)! >
_R+1< (R+2)...(L+R+2))’

which is smaller than %H' Finally,

1 1
—— < A\p) < 55—
R+3 ™ (*0—R+1

O]

We denote respectively by A(\, u) and by B(\, ) the upper bound and
the lower bound of A(A, ) which have been established in the previous
lemma.

LEMMA 5.7. Let € > 0. There exists a constant 1 > 0 independent of A
and p such that B(\, u) < n implies that

A()‘a /’L) — B()‘v M)
B, w)

< e.

PROOF. Let € > 0. If (¢91,92) = (4, —), then B(A\, ) =1 — 505 — o7 +
1

1 : 1 s . .
TFRFT- Sice oy — 747 s increasing in L,
1 1 1 1 1

1
BOpw >l — ——p > >
A2l e 3 R 272 R+ DR+~ 3

Thus, choosing n < % yields trivially the implication of the lemma.

If (¥1,92) # (+,—), we have B(\, ) = %H and A\, pu) = %H for X €

{R,L, R+ L} depending on the value of (¥1,%2). Thus,
= —1= <4B(\ p).
B\ 1) X+1 X1 S4B

Therefore, if B(A, p) < §,

A()\,M)—B()\,M) < ¢
B(A, p) T

Finally, setting n = min (%, i) yields the result. O
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When the last run of A and the first run of p remain bounded, the es-
timates of Proposition 5.5 are not so useful. By [32, Proposition 6.9], it is
however still possible to show that the distribution of X, depends up to a
small error only on the first cells of the composition, provided that the first
run is not too big. We reformulate [32, Proposition 6.9] by using a convenient
distance D on the set of compositions. For two distinct compositions A, p of
possibly different sizes with first run of the same size and same orientation,
set

D(Ap)

=(sup{n > 1|]A<, = p<n and the first run of X is smaller than n})_l,

and then set D(A,\) = 0 and D(A, p) := 1 if the first run of A and the
one of y do not have the same length or same orientation. Remark that
this distance is actually ultrametric, since it is readily seen that for three
compositions A, i, v we have

D(\,v) <max (DA, ), D(p,v)).

From now on, we consider the set A of compositions as a metric space with
respect to this distance.

PROPOSITION 5.8 (Prop. 11, [32]). The map
F: (A, D) — (C([0,1], R), [|-]|oo)

mapping a composition \ to the cumulative distribution function Fy\ of X,
s uniformly continuous.

We extend now Proposition 5.8 to a continuity result for the correlation
function A.

LEMMA 5.9. The map log A : A x A — R is uniformly continuous with
respect to the second argument. Moreover, for each € > 0, there exists a
constant of uniform continuity independent of the first argument.

The above results mean that for all € > 0, there exists § > 0 such that for
all (A, 1), (A, p2) € A x A with D(p1, p2) < 6, we have

log A(A, p1) —log A(A, p2)| < e.
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PROOF. Let € > 0 and let n be the constant associated to € in Lemma
5.7. Let 0 < +o0 be a constant of uniform continuity associated to en for the
function F' in Proposition 5.8 and let u, 4/ € A be two compositions such
that D(u,n') < 6. Then, Proposition 5.8 yields that ||F), — Fj/||ec < €.

Let A be a composition. On the one hand, B(A,u) (resp. B(\, y')) only
depends on the orientation and the length of the last run of A and the first
run of p (resp. u'). On the other hand, since D(u, p') < 4, the first run of u
and the one of i/ have same length and same orientation. Therefore, we can
set B := B(\, u) = B(\, /). For the same reasons, we set A := A(\, pu) =
A\ ).

If B <n, then, by Lemma 5.7,

which yields
log (A(A, 1)) —log (AN, 1)) < e
Exchanging p and u gives finally
|log (A(A, p)) —log (AN, 1))| < e.
Suppose now that B > 7). By the choice of ¢ and by Proposition 5.8, ||F, —
Fi/|lso < me. Since [|[1 — G)|loo < 1, this gives

1
A0 = A0 = | [ (1= Ga0) (Fult) = Fut)at] < e

Hence

AN, p)
AN )

A 1) — A 1) + A, 1
[ A\ 1) (,uﬂ+ M) o pmeo e
AN, 1) U

<

which yields

log (A(X, 1)) —log (A(A, ) < e.
By symmetry, we also have

log (A(Av N/)) - IOg (A()‘) /J’)) <,

which concludes the proof. O

6. Asymptotic law of £}°. This section is devoted to the asymptotic
distribution of £}’ for I(w) large.
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38 P. TARRAGO

6.1. Preliminary results. We first establish several estimates on the posi-
tion of 1 in a random standard filling. We write [P instead to P to emphasize
that the probability is taken with respect to the random standard filling of
a composition A.

LEMMA 6.1. Let A be a composition of n, and a < b be two peaks of \.
Then .
—a

Pr(1 € Asq<p) <3 -

PROOF. Since 1 has to be located in a valley of A,

Px(1 € Asq<p) = Z P(1 € v).

veV
a<v<b

From Corollary 5.3, for each v € V,

1 1

Y- e )

Suppose that v is the valley located at the intersection of the runs s; and
si+1 (see Section 4.1 for a precise definition of s; and s;11). By the bounds
on A(Acy, Asy) from Lemma 5.6,

1

ADudos) < I(si) +1(six1) +3 < 3(U(si) + 1(si+1)),

where [(s;) and I(s;41) are respectively the lengths of s; and s;41. Summing
the latter inequalities over all valleys between a and b yields
3 3(b—a
PA(L € Aone) € 2 37 U(s0) + U(siz) < 20,

n
veV
a<v<b

O]

In the following lemma, we use the previous result to give a precise esti-
mate on the probability that 1 is located in a particular valley v when the
composition is large.

LEMMA 6.2. Let € > 0. There exists ng > 1 such that if A is a composi-
tion of size n larger than ng, and v € X is a valley with slope s(v) = [a+1,b],
then

b—a b—a

—6§P)\(1EU)§
n n

+ €.
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PROOF. Let us first find n. > 1 such that if b — a > n. and n > n,, then
b—a
n

b
—egP,\(lev)giajLe.
n

Suppose that b — a > 2. Then, since v is a valley, v belongs to two runs s;
and s;11, one of them having a length greater or equal to 2. Assume without
loss of generality that [(s;+1) > 2. This implies that the first run of s, is
increasing. Let L denote the length of the last run of A, and R the length
of the first run of As,.

If I(s;) = 1, the last run of A., is increasing. Moreover, in this case,
b—a= R+ 1. Thus, Lemma 5.6 yields

1

_a'

5 S Ay, Asy) <
b—atz = AAw A <7

Hence, independently of L, there exists nj such that if I(s;) =1 and b—a >
ni, then

(1-e)(b—a)< < (1+¢€)(b—a).

1

Ao Aor)
If I(s;) > 1, the last run of A, is decreasing. Then, b —a = L + R and
Lemma 5.6 yields
1 1

b—at3 = Aev ) S g
There exists ng such that if I(s;) > 1 and b — a > ng, then

1
Aveo Aor)
Set n. = max(ny,n2), and suppose that b —a > n. and n > n.. From

Corollary 5.3, Py(1 € v) = m and thus

b— b—
L<Plev)<(1+¢ na,

(I—¢€)(b—a) < < (1+¢€)(b—a).

(1—¢)

which is the expected property for n..

Define now ng = 2% and let A be a composition of size larger than ng.
Let v be a valley of A with slope [a+1,b]. If b —a > n,, the first part of the
proof yields

b—a b—a

(1—¢) <Py(lewv)<(1+e) —

If b—a < n., then =2 < § and by Lemma 6.1 P(1 € v) < e. Therefore, in

n

3

any case,

b— b—
¢ e<Plevy< 2
n n

+ €.
O
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40 P. TARRAGO

The following lemma estimates the probability that the integer 1 is situ-
ated in some initial part of a composition.

LEMMA 6.3. Let € > 0. There exists n{, > 1 such that if X\ is a composi-
tion of size n larger than ny and b is a peak of X, then

b e<pyiery) <t
n n

Proor. We suppose without loss of generality that e < 5,80 that 1 —e <
exp(e) <14 2e.
Let ne be such that .- is a constant of uniform continuity associated to e for
the function log A 1n TLemma 5. 9, and let n{ be such that "; < €. Suppose

that \ is a composition of size n larger than n{. We divide the proof in two
cases.
Suppose first that b > n — n,, which implies that 2=¢ < 2e < e. Then,

]P))\(]. S )\<b) =1 _]P))\(]- € )‘>b)7

and by Lemma 6.1,

3(n—10b)

Therefore,

b
P)\(lé)\<b)21—362*—36,
n

and " 5 5
PA(1€A<Z,)§1§%+”_ < te

n

If b <n—mne, set t = b+nc. Then, for each valley v < b, D(Asy, Asy.<t) < ni
and hence Lemma 5.9 yields after exponentiation that

(1 - €)A(/\<v7 )\>v,<t)71 S A()\<7J7 /\>v)71 S (1 + QE)A()\<7J7 A>v,<t)717

where we have used that 1 — e < exp(e

) < 1+ 2¢ when € < % By the
expression of Py(1 € v) from Corollary 5.3, w

e thus have
(1—¢€)— ]P’A<t(1 €v) <P\(1e€wv) <(1+2€)— IP’,\Q(l €v).
Summing the latter inequalities on all valleys smaller than b, we get

(1—e)— PA<t(1 € Acp) SPA(1 € Ap) < (1+2¢)— IP)/\<t(1 € Ap).
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ZIGZAG DIAGRAMS AND MARTIN BOUNDARY 41

Since % = b+n”5 < % + €, the latter inequality already yields
b
Py(1 e X)) < - + 4e.

On the other hand,, by Lemma 6.1,

3n
Pr,(1€Xp) =1-Py_, (1€ Asp) >1— ==
Therefore,
t 3ne b Ne 3n. b
Py(lelp) > (1—e)—(1— >1—-e(—+—— > - -2
A1€X0) 2 (1= (1= 79 > (1= + 2 = 2 > —2c
Finally, we have proven that
b b
— —4e <Py(1 € Aep) < — + 4e,
n n
for A\ larger than ny,. O

6.2. Convergence to a uniform distribution. We prove now that £}’ the
averaged coordinate of the cell containing 1 in o, (see Section 4.2), converges
in law towards a uniform distribution on [0, 1].

PROPOSITION 6.4. Let € > 0. There exists N > 1 such that for any word
w longer that N,
[Few —Idp,1) [leo < e,

where Fgw denotes the cumulative distribution function of &'

PROOF. Let 0 < € < 1. Since Fgw and Idj 1) are increasing functions, it
is enough to prove that for s € [0,1] and for w long enough,

‘P(ﬁi" €[0,s]) — 3’ <e.

Let 0 < s < 1 and let ng, ny be the constants respectively given by
Lemma 6.2 and by Lemma 6.3 for e. Set N = max(1/s,1/¢,ng,ng), and
let w be a word of size n > N, with A its corresponding composition. Let vg
denote the last valley of A such that the associated slope [a+ 1,b] intersects
[0,ns], namely [a + 1,0+ 1] N [0, ns| # 0: since % < s, vy always exists.

Note that a is either zero or a peak of A and if 1 € A, then £} € [0, o [ C
[0, s]. Thus,

(14) P(&P € [0,5]) =PA(l € Ac) + P(1 € vg NEY € [0, 8]).

imsart-aop ver. 2014/10/16 file: "Zigzag diagrams and Martin boundary".tex date: October 16, 2017



42 P. TARRAGO

On the one hand, because n > n{;, Lemma 6.3 gives

(15) O e<Pylera) < e
n mn

On the other hand by independence between o, and the random variable
U in the definition of £}’ (see Definition 4.1),

P(1 € v Nl € [0,5]) =Pa(L € vp) = ([0, s N [a/n, b/n))

(b—a)/n
sn—a
=P, (1 Al ].
A1 € o) < b—a )
Since n > ng, Lemma 6.2 yields
b— b—
(16) & e<Py(lew)<-—2ie

n
Applying (15) and (16) to (14), we get
(17)

_ _ h— _
aybmafsnza N o cpereos]) < 24270 (BT A1) e
n n b—a n n b—a

First,

b—a (sn—a b—a sn—a a
1 ANl < <s— —.
(18) n <b—a >_ n b-a - n

Then, since sn < b+ 1 (otherwise the slope of the valley following vy would
intersect [0, ns]), we have

sn—a/\l >sn—a—1
b—a = b ’

and the inequality % < € yields

b—a (sn—a b—asn—a-1 a
19 Al > >5— —
(19) n (b—a ) n b—a - n

— €.
Using (18) and (19) in (17), we get
s—3e <P’ €0,s]) < s+ 3¢,

which concludes the proof.
O
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7. Martin boundary of Z. This section is devoted to the proof of
Theorem 2.4, yielding the identification of the Martin boundary of Z with
its minimal boundary.

7.1. Generalization of Proposition 6.4. Recall that ¥ (k) denotes the
random vector (§)1<i<k (see Section 4.2). We generalize here the result
of Proposition 6.4 by proving that, for each k > 1, ¥ (k) converges in law
towards a tuple of independent random variables uniformly distributed on
[0, 1] as the length of w goes to infinity. Let Fj be the cumulative distribution
function of a k-tuple of independent uniform random variables on [0, 1],
which satisfies Fi(s1,...,s;) = Hle s; for s1,..., s, €10, 1].

PropPOSITION 7.1. Let € > 0. There exists N, € N such that for any
word w longer than Ny,

[ Few k) — Frlloo < e,
where Few ) denotes the cumulative distribution function of §* (k).

The proof of this generalization is done by induction, by conditioning
&Y on £V (k —1). We first prove several preliminary results. Throughout this
section and unless stated otherwise, k > 2 is a fixed integer. Let A1, ..., A\ry1,
{1, - ., e be compositions such that Y. |pi| = k — 1, where |u;| denotes
the size of the composition pu;. Set

(20) A=A —p1+ Ao — = py + A1

We denote by w; the word in Z corresponding to \;, and we denote by
S :={j1,...,jk—1} the set of cells of A which correspond to any of the com-
positions j;, 1 < i < r, in (20). Let ¢ = (i1, ...,ik_1) be a permutation of
the set S: formally, there exists o € Sy with iy = j,(;). Denote by &> the
event {0, (1) =4y,...,05(k — 1) =1i,_1} and suppose that Py (A5) # 0.

Conditioned on &%, the random filling of A consists in sampling a uniformly
random multiset B = (Ry, ..., Ry41) of cardinality (|A1,...,|\-11]) among
[k,n], and then independently filling each subcomposition Aj, ..., Ay41 re-
spectively with Ry, ..., R,11. If v is a cell of \;, denote by © the correspond-
ing cell in A: namely, ¥ = v + a;. Since k is the lowest element of [k, n], for
v E N, Py (k € 17\)(;) = 0 if and only if v is a valley of A;, and if this is the
case,

IP))\(]{} S f1|XZﬁ) = P(Rl7---,Rr+1)(k € Ri)P)\i(l S U).
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The following result shows that the law of & conditioned on X can be
deduced from the knowledge of the distribution of £} for each subcompo-
sition A;. Recall that the Lévy distance L(A, B) between two real random
variables A and B is defined as

L(A;B)=inf{e >0|P(A<s—¢€)—e<P(B<s)<P(A<s+e)+e
for all s € R}.

LEMMA 7.2.  Lett be a random variable on {1,... ,r+1} such that P(v =
i) = nl/\kil, and suppose that the random variables oy, 1 < i < r+1, and
t are independent. Then,

W 2%
o (el (% + Ble)) < 2

n

PrROOF. We show the result by coupling X := (f}é"X;) and Y = %t +
%5}‘“ on a same probability space. For 1 <14 < r + 1, denote by [z (c) +
1,y%(c)] the slope of a cell ¢ in \; and by [z*(¢) + 1,y*(¢)] the slope of the
corresponding cell é = a; + ¢ in \. Remark that 2*(&) = 2% (c) + a; if ¢ is
not in the first run of \;, and else, due to the presence of the composition
wi—1 left to A,

|22(8) = (2™ (¢) + a)| < |pi—1| <k — 1.
Likewise, y*(¢) = i (c) + a; if ¢ is not in the last run of );, and else

@) — (v (e) +ai)| < || <k — 1.

1

7

Denote by Z; the random variable o,
the lemma,

(1). From the discussion preceding

(21) (a;l(k‘)!X;) =law Q¢ + O‘;tl(l) = Z,.

Modifying if necessary the probability spaces, we can consider that the two
previous random variables are equal. Recall that X := ({}:‘X;) is defined as

A A A
T —x
X:7nk+y’f kU,

where [z 4 1,;] denotes the slope of (o' (k)|X;) in A and U}, is a uniform
random variable on [0, 1] independent from o, (see Section 4.2). By (21),
ac)‘(Zt) yA(Zt) - ac)‘(Zt)

n n
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Likewise, we can define £ using the same random variable U}, with

We __

PN(Z) | N2 =)

= +
' [Acl |Acl
which yields
Y = %4_ |/\t‘£1t — at+x>‘r(Z) + y’\‘(Zt)—iL')‘“(Zt)Uk'
n n n n
Therefore,
Ae A A Z Ae A A Z
‘Y—X|:(1—Uk)at+$ ( t) 38( t)+Ukat+y ( t) y( t)
n n
< | % + (%) — 2N Z) L% +y™(Z) —yN(Z) < %
n n n
Hence, for s € [0, 1],
2k 2k
]P’(X§S)§]P’<Y§s+) and P(X§3)2P<Y§3—>,
n n
which implies that L(X,Y) < 2&. O

In the following lemma, F(g;ﬂ x-) denotes the cumulative distribution func-
tion of (|A%).

LEMMA 7.3. Let € > 0. There exists np, > 1 such that for w € Z of
length n > ny, and for i € [1,n]""1 such that Py(X;) # 0,

1 Fep e — Tdjo [loo < €.

PROOF. Set ny = max(%, %) + (k — 1), where N is given by Proposi-
tion 6.4, and suppose that w € Z is a word of length n > ny. Let s € [0, 1]
with s > X and let i be the last integer such that [0,7s] N [a;, b;] # 0 (recall
that a; and b; are such that A; = As4; <p,). Such an integer exists because

a1 < k and ns > k. Note that if j < ¢, then b; < a; < ns and thus
44 %ﬂ” < s; similarly, if j > 4, then % + %5? > s. Set

A
Y::&—I—u s
n n

imsart-aop ver. 2014/10/16 file: "Zigzag diagrams and Martin boundary".tex date: October 16, 2017



46 P. TARRAGO

Then,
. . a; bi—ai ny
IP’(Ygs):]P’(t<z)+IP’[t:zﬂ<+ 11§s>]
n n
:Mt<®+P®:DP<f%;f::ﬁ::CrH%,

where C1 = P(r < i) and Cp = P (t =i)P(&" < %) Note first that a

bj—a;

T SO that

counting argument shows that P(v = j) =

a; 1 a;
P ) — — bi —as) — —
(r <) n—k—i—l' n—k—i-l;(] %) n—k+1
_#{l<t<k-li<a}) _ k&
N n—k+1 “n—k+1
Since n > & 4 (k- 1),
a;
22 ——— | <e
(22) ’Cl n—k—l—l‘_e

If ns > b;, then P ( i< %) = 1. By the choice of i, ns < b; + |u;| which

i — Q5

yields |ns — b;| < k. Thus, since n > ¥ + (k — 1),

ns — a; ns — a; b; — a; ns — a;
P(t — i)P w; i\ il i i i
‘(t ) <1 _bi—ai> n—k+1 n—k+1 n—k+1
ns — b; k
= < <e.

n—k+1 " n—k+1—

Ifnsgbiandbi—aiSN,sincenzg—F(k—l),

b; — a; o ns—a; ns — a;
i i p 71Uz< i i

< 2e.

n—k+1 - b —a; Cn—k+1 n—k+1

bi—ai ‘

If ns < b; and b; — a; > N, then w; is longer than N and Proposition 6.4
yields that

b; — a; P ?igns—ai . ns—a;
n—k+1 b; — a; n—k+1

b — a; ns — a; ns — a;
n—k+1 & bz-—ai bi—ai
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Thus, in any case,

ns — a;
23 — 2¢.
(23) 2 —k+1| ‘
Therefore,
a; ns — a; k—1
PY <s)—s|<|C} — ———— Cy —
[PLY < ) —s| < |Cy n—k+1‘+ > n—k+1 n—k+1

<e+ 2e+ € < 4e.

By Lemma 7.2, L ((5}:|X;),Y) < % Thus, for n > n; and s > %, since
k - €,
n S

2k 2k

P((&F|X) <s) <P(Y < s+;)+; < 5+ 8e,

and similarly P((£°|A5) < s) > s — 8¢, so that finally for s > %,
‘Fg;ﬂ;{;(s) — 5‘ < 8e.

If s < %, then
3k 3k
‘Fé’,‘;’\X;(S) — S‘ SF5}?|X;(7) + —

n n
g%—l—Se—k%SléLe.
n n

The proof of Proposition 7.1 is now done by induction.

PROOF OF PROPOSITION 7.1. Let us prove by induction on k > 1 that
for € > 0, there exists Np € N such that for n > N, and w € Z with
l(w)=n-1,

[ Fewry — Frlloo < €

For k£ = 1, the result is given by Proposition 6.4. Let £ > 1 and suppose
that the result is proven for & — 1. There exists Ny_; > 1 such that, for
n > Ni_1,

[ Few(r—1) — Fr—1lloc < e

Suppose that n > max(Ng_1,n), where ny is given in Lemma 7.3. For
S81,...,8k € [0,1],

(20)  Feego(sr, o) =B (B(EF < sile?(h = D)lepsor, g <oy ) -
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By Lemma 4.5, different values of (o' (7))
for £¥(k — 1). Thus, (0,,'(4))

1<i<k-1 yield disjoint supports

I<i<h-1 is £ (k — 1)-measurable. Hence,

(25) (el (k= 1) = (&€ b = 1), (02 () 1 cipn) -

Recall that
(k) = (w(agl(z‘)) L y(on' () — 2(0u' () m) |
1<i<k

where (U;);>1 is a sequence of independent random variables uniformly dis-
tributed on [0, 1] and independent of ¢,,. Thus, conditioned on the value of
(00" (1)),<icp_y» the random variables ¢ and £“(k — 1) are independent.

Therefore, by Doob’s conditional independence property [18, Proposition
5.6],

26)  (&r]e (= 1) (00 ()1 iern) = (6 (02" 0))1cins )

Recall that X denotes the event {(a;l(i))lgigk_l = j} for j € [1,n]k1.
By Lemma 7.3, since n > ng,

(et < sult) — su] <
for all j such that ]P’(X;. > 0). This implies that

’P (5’? = S’“‘(Uil(mlgiﬂ—l) N S’“‘ se
Hence, by (25) and (26), for n > ny,

P& < si]€(k—1)) — 81| <e,

which yields

k—1
E (P(f}f < sk‘gw(k — 1)) H 1£§”§5i> — spFew—1)(51,. .-, 8K-1)| S €
i=1
Therefore, for n > max(Ny_1, ng),
| Fewgy(s1, -5 58)=Fr(s1, -, 58) |
<e+ ‘skFgw(k_l)(sl, ceeySk—1) — Fr(s1, -, sk)‘
<e+ sk‘Fgw(k,l)(sl, ceeySk—1) — 81" Sk_1| < 2e.
O
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7.2. Proof of Theorem 2.J.

PROOF. By the discussion of Section 3.4, it suffices to prove that for
any sequence of words w, in Z with increasing length and any element
(U,U)) in UP) the convergence of (Uy(wy), Uy (wy)) towards (Up,U,) in
U@ implies the convergence of w, towards o(Uy,Uy) in Z. Recall that
the latter convergence is equivalent to the convergence of P, (I';) towards
Pw,,v,)(I'7) for all finite paths 7 € I'¢(2).

Let (wn)n>1 be a sequence of words in Z and let U = (Uy, U}) € U be
such that I(wy,) =n — 1 for all n > 1 and such that (Uy(wy), U, (wy)) con-
verges to U in U@ as n goes to infinity. By Lemma 4.3, an converges also to
U, where U, is the run paintbox defined for the word w,, in Definition 4.2.

Let 7 € T'f(Z) be a finite path of length k. By the equivalence between
paths and permutations given in Section 3.1, 7 corresponds to a permutation
or € Sk in such a way that for n > k,

Puw, (T'7) =P((0w, )k = 0-).

By Proposition 4.4,

P((0w, )1k = 07) = P(”Uu,n (£ (k) = af).

By Proposition 7.1, as n goes to infinity, £ (k) converges in law to a se-
quence (Xi,...,Xk) of uniform independent random variables on [0, 1].
Thus, since U,,, — U, by Proposition 4.6

O'an (§“’(k)) la—w> O'U(Xl, . ,Xk) = O'U(k).

Therefore, since P(JU(k) = aT) = Py (FT),

Py, (I'r) —= Py )(T'r).

A

Finally, w,, converges to ®(U) in Z. O

8. Relation with the Young graph. We explain here the relation
between Z and the Young graph Y at the level of paths. The relation between
the minimal boundaries of both graphs has already been explained in [13]
using the rings Sym and QSym.
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8.1. The graph ). A partition 7 of size n and length r is a decreasing
sequence of positive integers (7w > -+ > m,) such that Y m; = n. We denote
by |7| the size of 7 and we also write m = n when |7| = n. We denote by
() the length of the partition 7. The set of partitions of size n is denoted
by V,, and the set of all partitions is denoted by ). The set ) is partially
ordered with the order relation < given by 7 < 7 if and only if I(7) < (1)
and for all 1 <i <l[(m), m; <.

As for compositions, a Young diagram is associated to each partition by
drawing 7 cells on the first row, my cells on the second row and so on,
such that the first cell of the row 7 4+ 1 is just above the first cell of the
row i. A standard filling of 7 is a filling of 7 with elements of {1,...,n},
such that the filling is increasing to the right along the rows and to the top
along the columns. A partition 7 together with a standard filling is called a
standard tableau of shape m. We denote by T} the set of standard tableaux
of shape 7. The partition 7 = (6, 3,2) and an example of standard filling of
the associated diagram is given in Figure 8.

8 [11
2|59
[ | ] 1]3[4]6]7]10]

Fic 8. Young diagram of (6,3,2) and an example of standard filling.

We say that m# 7 if and only if |7| = |7|+ 1 and # < 7. When T" € T
is a standard tableau of shape 7 = n, T} is defined as the standard tableau
obtained by deleting the cell containing n. In particular 7} has a shape
7w such that # A 7. Adding an edge from 7 to 7 if and only if # * 7
transforms ) into a graded graph. The latter graph is a major construction
for the representation theory of the symmetric groups (Sy)n>1, since the
irreducible representations V, of S,, are indexed by elements 7 of ), and
there is a decomposition

Res(V;)q | = EP Va.
T T

The set of paths on ) between the root () and a partition 7 is in bijection with
the set of standard tableaux of shape 7; thus, an infinite path on ) can be
seen as an infinite standard tableau, which is a sequence (7},),>1 of standard
tableaux such that 7T,, = (Tn+1) . for n > 1. The latter correspondence
between infinite paths on )’ and infinite standard tableaux is similar to the
one between infinite paths on Z and arrangements. Each element of Opin)
yields a random infinite path on the graph ), or equivalently a random
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infinite standard tableau. The minimal and Martin boundaries of ) have
been intensively studied (see [20],[21],[33]) and fully described. In particular,
Vershik and Kerov [22] have proven that the minimal boundary Onin) is
equal to the Martin boundary 03;) and homeomorphic to the space

AP ={(a1>a3>...20),(by 2 by >...20),) a;+b; <1},

considered with the topology of the pointwise convergence. Moreover, )
admits a geometric realization with the map gy : Y — A®) given by

1

1
gy((m,...,m))-(rlz...z T >0,—m >...> 7 ZO),

1 1
n n n n
where n is the size of m and 7’ is the conjugate partition of 7.

8.2. Robinson-Schensted-Knuth algorithm and the projection I'(Z) —
I'(Y). In this section, we construct the map II of Theorem 2.5 by using the
Robinson-Schensted-Knuth (or simply RSK) algorithm. Let us first recall
this algorithm in the special case of permutations. Initiated by Robinson
in [28] and created by Schensted in [29], it establishes a bijection between
permutations of n and pairs of standard tableaux of size n with the same
shape. The algorithm has been later extended to a more general framework
by Knuth [24]. Let ¢ = (0(1),...,0(n)) € S,. The algorithm constructs a
pair of standard tableaux from o as follows.

1. Start with an infinite array A? = (ag,l) k1>1 such that each cell is filled
with the entry n + 1 (namely, agl =n+1 for all k,l > 1), and an
infinite array B = (by)k,>1 such that each cell is empty (B is called
the recording tableau).

2. At each step i, 1 < i < n, the following insertion is done on the array
AL

e let (1,1;) be the first cell (starting from the left) on the first row
of A" such that o (i) < a’l_ll1 Set aiu1 = o(i);

e let (2,13) be the first cell on the second row of A'~! such that
azﬁll < azz_l; Set aéh = a’ill;

% > n. For k >
7k0

ko or k < ko,1 # I(k), define ai;’l = a}:ll. Return A = (A27l)k7121.
Set bkmlko =1.

e continue the process until the step kg where a}‘;

3. Let P(o) be the part of the array A™ containing entries less than
or equal to n, and Q(o) the part of the array B consisting of non-
empty cells. Then, P(o) and Q(o) are two standard tableaux of the
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same shape which are respectively called the insertion tableau and the
recording tableau of o.

THEOREM 8.1 ([28, 29]). The map S : o — (P(0),Q(0)) is a bijection
between Sy, and pairs of standard tableaux of n of the same shape. Moreover

(P(e™"),Q(c™") = (Q(o), P(0)).

From now on, II(c) denotes the shape of P(o) (or Q(o)). Recall from
Section 8.1 that T} denotes the set of standard fillings of the Young diagram
7, which is isomorphic to the set of paths from @) to 7 on ). In the following
lemma, we use the bijection between paths on Z and coherent sequences of
permutations (see Section 3.1) and the RSK algorithm to construct a map

from T'(Z) to I'(Y).

LEMMA 8.2. Letl € NU{oo} and let (ok)1<k<i be a path on Z. Then,
(H(Uk))1<k<l is a path on Y. The induced map I1 : I'(Z) — () is sur-
jective and satisfies (1) = H(y)x for all path v € T(Z) and all k < 1(7).

PrOOF. Let 0 € S),. It is clear from the RSK algorithm that
P(o)) = P(o)y,

which yields that II(o}) ,* II(c). Hence, for any coherent sequence of per-
mutations (oy)1<k<i, the sequence (H(O’k)) is a well-defined path on
Y.

Let v = (Uk)lgkgl S F(Z) and let kg < l(’y) Then, VYiko = (Uk)lgkgkoa SO
that

1<k<Ii

H(’Y\Lko) = (H(O-k?))lgkgko = [(H(Jk))lgkgl} = (H(7)>¢k0'

We prove now the surjectivity of II. The reading word o(7T') of a standard
tableau T is the permutation obtained by concatenating the rows of T" from
top to bottom. For example, the reading word of the standard tableau of Fig-
ure 8 is (8,11,2,5,9,1,3,4,6,7,10). By [31, Lemma A.1.1.10], P(o(T)) =T
for all standard tableaux T'. Moreover, it is readily seen that if 77 = T, then
o(T") = o(T'),. Let (m;)1<i<; be a path on Y of length I € NU{oo}. Then, for
each finite number k such that £ <, the finite path (m;)1<;<; corresponds
to a standard tableau T}, of shape 7. Set o, = o(T}). Then, (ok)i1<k<i is a
path on Z and for all k¥ > 1, H(ak.) = . Hence, H((%hgkg) = (mi)1<i<t,
and the map II is surjective. O

ko
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Remark that Lemma 8.2 corresponds to the first assertion of Theorem 2.5.
In the following lemma, which proves the second assertion of Theorem 2.5,
we use the notion of descent word of a standard tableau. The descent word of
a standard tableau @ of size n is the word w(Q) in Z,, such that w(Q); = —
if and only if ¢ + 1 is in a strictly lower row than ¢ in (). By a standard
combinatorial result (see [31, Lemma 7.23.1]), ¢ is a descent of a permutation
o (and thus w(o); = —) if and only if i + 1 is in a strictly lower row than 4
in Q(0), which implies that w(c) = w(Q(0)).

LEMMA 8.3. Let w be a harmonic measure on I's(Z). Then, the push-
forward of w by I is a harmonic measure Il(w) on T'()). Moreover, if
P cTy(Y) is a finite path of length k ending at 7 € Y, then

PriyTr) = Y pu(w(Q)),
QEeTr
where p,(w) =Py, (I'y) for any path v € I't(Z) ending at w.
PROOF. Let w € Hoo(Z) and let P € T'f(Y) be a path of length k end-

ing at 7 € Y. Let us first prove the second assertion of the lemma. By
Lemma 8.2,

I (Cp) NToo(Z) = {(0n)n>1 € Too(Z)|(L(01), . .., H(0x)) = P}
={(on)n>1 € T'e(Z2)|P(0}) = P} = |_| Iy

oESE
P(o)=P
Hence,
PiyyTp) =Pu (T (Tp)) = > Pulo)= D Pul(ow)ik=0).
P(ZE)%P P?f)iep

Since w is harmonic on ' (Z),

Pw((aw)ik = U) = Pw (w(o)) = Pw [Q(w(a))] :
Hence, if P € T;, then Theorem 8.1 yields

Pﬁ(w)(FP): Z po [w((Q(0))] = Z P (w(Q))

c€Sk (P',Q)eT-
P(o)=P pP/'=p
= Z Pw (’LU(Q)) .
QET-

From the above equation, Pﬁ( ) (I‘ p) only depends on the endpoint 7 of P

(which is the shape of P). Thus, II(w) is a harmonic measure. O
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Note that we could prove as well that IT induces a map II from # #(Z) to
H¢(Y). However, contrary to the infinite case that we are studying below,
the map II is not surjective in the finite case: for example, we can prove
by direct computation that the uniform measure on the set of paths on Y
arriving at the partition (2,2) can not be obtained as the projection of a
measure in Hs(Z).

Since we already know that the map W is surjective (see the definition
of ¥ before Theorem 2.5), the only thing to prove in the third assertion of
Theorem 2.5 is that II coincides with the map V¥ on JninZ. Let us recall first
how this map ¥ has been defined in [13, Section 3]. A harmonic measure w
in Opin Z yields a linear map ¢, : QSym — R such that ¢, (Fy) = P, (I';)
for any finite path 7 € I'f(Z) ending on the word w(\). Since Sym is a
subring of QSym and since each Schur function s, in Sym admits a non-
negative decomposition on the basis { F)\ }aca, the restriction of the map ¢,
to Sym satisfies @y (sx) > 0 and ¢, (s75(1)) = ¢u(sx) for all 7 € Y. By
[13, Proposition 12|, the map ((ﬁw)‘ Sym yields a harmonic measure ¥(w) in
OHoo(Y) by setting Py () (L'p) = ¢u(sr) for any path P € I';()) ending at
.

LEMMA 8.4. The map U is equal to the map II restricted to OminZ.

PROOF. We use here the notations given before the statement of the
lemma. Let w € OpinZ and let ¢, : QSym — R be the corresponding
linear form given above. Comparing the definition of ¢, and the one of p,,
from Lemma 8.2 yields that ¢,(F)\) = p,(w(\)) for A € A. Let P € T'f(Y)
be a finite path ending on 7 € )Yg. Then, by Lemma 8.2 and the previous
remark,

Pri(yTp) = Z $u(Fr@))
QeTr
where we have written A\(Q) instead of A(w(Q)). The decomposition of the
Schur function s; into the basis {F)}xea is given by the formula (see for
example [12, Theorem 7))

se= 2 Py

QET;
Hence,
Pa)(Tp) = ¢ulsr) = Y du(Fr@) = Priy (Tr),
QeT;
and II(w) = ¥(w). O]
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The proof of Theorem 2.5 is just a compilation of Lemma 8.2, Lemma 8.3
and Lemma 8.4.

9. Law of large numbers and central limit theorem. The purpose
of this section is to prove Theorem 2.6. For o € S,,, let f, be the piecewise
linear function on [0, 1] such that f,(0) =0, and for 1 <i <n —1,

f ) iy i—1Y\ —ﬁ if 7 is a descent of o
“\n-1 “\n-1) il if ¢ is an ascent of o.

n

Note that equivalently, fy = f; (w(c)) With the definition of f,_(,) given in
Section 2.5. In order to get the law of large numbers, it is more convenient
to prove first the central limit theorem for the Gibbs measure ®z(0,0).
The result consists mainly in a mathematical formalization of the results
obtained by Oshanin and Voituriez from a physical point of view in [27].
The reader should refer to the latter paper for interesting additional details

on the process <fa(@,@>(n)>n>1'

ProproOSITION 9.1.  For n going to infinity, the following convergence
holds in distribution in C ([0,1], ||.||ec):

1
\/ﬁftj(@’@) (n) N—s00 %Ba

where B denotes a standard Brownian motion on [0, 1].

PROOF. Recall from Section 3.3 that (o g(n)) can be sampled with a
family of independent uniform random variables (X;);>1 on [0, 1] by applying
the oriented paintbox construction with the oriented paintbox (@,(); for

n > 1, the distribution of oy y(n) is just the uniform distribution on Sy.

Since the map o — o~ ! preserves the uniform distribution on S,,, Jop.4(n) faw

foy o(n)-1- As remarked by Oshanin and Voituriez, (n— 1) foy pm)-1 X”)n>1
is a Markov chain: indeed i is a descent of o y(n) " if and only if X; > X;;.

Therefore,

w ((O’&@(Xl, .. ,Xn+1))_1) =w ((O’Q)’@(Xl, .. ,X,H_l))_l) €,

where ¢ = 4+ if X, < X;41 and € = — if X, > X,,4+1. In the sequel,
(n—=1)fs, y(n) (ﬁ) is denoted by Y; (the subscript n is dropped, since the
the latter quantity only depends on oy g(n)yiy1)-
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For o € S,, denotes by D(o) the set of descents of 0. By the Markov
property, for R = [r1,r1 4+ r2] and S = [s1,$1 + s2] with s3 > r1 +r9 + 2,
n > s1 + s9, we have

(27) (#D(Um,w(n)) N R, #D(ogp(n)) N S) (T, Ty),

with Ty law #D (0@’@(7“2 + 1)), T law #D((J@,@(SQ + 1)), and T} and Ty are
independent. Moreover, the number of permutations of n with k descents
is given by the Eulerian number A}, whose asymptotic value yields the
following lemma.

LEMMA 9.2.  [11, Proposition IX.9] Let oy, be a uniformly random per-
mutation in Sy,. For n going to infinity,

n

1 1
— |#D — —> — —=N
\/ﬁ (# (Un) 2 law 2\/§ ’
where N denotes a Gaussian variable with mean 0 and variance 1/12.

Remark that for 1 <ry <ry <n—1,

\/m <f0'@7@(n) <nr_2 1> B fUU),(Z)(n) <7’LT—11>>

= \/nlj(}/m - }/7“1) la:W nl_ ((TQ - Tl) - 2#D(UT2—T1+1))7
where 0,,_r,4+1 denotes a uniformly random permutation in S,,_,, +1. Thus,
Lemma 9.2 together with (27) yield the convergence of the marginal distri-
butions of /n fffw,(o(n) towards the ones of %B. We end now the proof of
Proposition 9.1 with a tightness argument. We follow Theorem 8.4 of the
first version of the book [4] of Billingsley.

—_

THEOREM 9.3. [4, Theorem 8.4] Let (X;)ien be a real random process.
Let gy, : [0,1] — R be the piecewise linear function such that

7 1 .
gn<n>_\/ﬁXi’ 0<i<n.

Suppose that for all € > 0, there exists A > 1 and ng > 0 such that for all
k€N andn > ng,

P(m<ax | Xii — Xi| > Av/n) < e/\%
1<n
Then, the sequence gy, is tight.
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The hypothesis of Theorem 9.3 is verified in our case through the following
lemma, which mimics the situation of a simple random walk. In the following
statement, Fyy denotes the cumulative distribution function of a random
variable U.

LEMMA 9.4. Set K, = SUP[o,n] Y,. Then,
Fie,(t) = Fy,(t 1)
for allt € R.

PROOF. Let a and b be two integers such that b < a — 2. We first prove
that
P(K, >a,Y, <b) <P(Y, >2a—b—2).

Note first that 7" = inf(u € N,Y,, = a) is a stopping time for the Markov
chain (Y;,, X;). Since {K,, > a} = {T < n}, {K,, > a} € Fr and by the
strong Markov property,
P(Kn >a,Y, <b) =P((T <n)N (Y, — Yy <b—a))
=E(Lr<nP(vy xp) (Va7 — Yo < b —a))
<E(1r<nPy xp) Va1 — Y1 b —a+ 1)),
with (Y3, Xi)i>0 being an independent random walk starting at (Yo, Xo) =

(Y, Xr). Since Y,_7 — Y1 is independent of the value (Y, Xo) and dis-
tributed as Y,,_7_1, a symmetric random variable,

= law

Yoor Y1 & —(Yr - Y1)
Hence,

E(1r<nP vy xp) (Ynor — Y1 <b—a + 1))
:E(ITQZP(YT XT)(_(}}'IZ—T - 571) <b-—a+1))
E(1T<n (Yr,X1) (Yn—T >a—(b+1)+ 371))

<E(l7<,P YTXT y Yo >a—(b+1) — 1))
<P((T <n)N (Y >2a—b—2)).
Since b < a—2, (Y, > 2a—b—2) C (T < n) and the above inequalities yield

(28) P(Kn > a, Yn < b) SE(ngnP(YT,XT) (i/nfT - }71 < b—a-+ 1))
<P(Y, >2a—b—2).
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Thus, for a € N,

P(K, > a) =P((K, >a)N (Y, <a—2))+P((K, >a)N (Y, >a—1))
<P(Y, >a)+P(Y,>a—-1) <P(|Y,| >a—-1),

the last inequality being due to the fact that Y, is a symmetric random
variable. This yields
Fie,(w) > Fiy, (u—1)

for u integer. Since both cumulative distribution functions are constant be-
tween two consecutive integers, the assertion of the lemma is proved for all
teR. O

Let us conclude now the proof of Proposition 9.1. Let ¢ > 0 and let A > 1
be such that IP’(N >\ — 1) < &, where N is a gaussian variable of mean
0 and variance 1/3. Such A exists because P(N > X) decays faster than
exponentially. Since Yiy, — Y} is distributed as Y,, and ﬁYn converges in
distribution to N as n goes to infinity, there exists ng such that for n > ng
and k£ > 0,

€

P([Yern = Yel > AW —1) <P(N| 2 A= 1) + .

Hence, for £ > 0 and n > ng, Lemma 9.4 and the choice of X yield that

€ €
Therefore, we can apply Theorem 9.3 to get the tightness of the sequence
(\/ﬁ foy 0(n))n>1' Since we already now that the finite dimensional marginal
converges to the ones of %B , the convergence in distribution of the sequence

of random variables (\/ﬁ fU@,(Z)(n))n>1 follows. O

A direct consequence of Proposition 9.1 is that almost surely, fo(w 0 (1)
converges uniformly to 0 as n goes to infinity.

PROOF. Proof of Theorem 2.6. Let U = (U, U}) € U®). Since fwwuy)
and fy, (n) are 1—Lipschitz, it suffices to show the almost sure pointwise
convergence on QN [0, 1].

By the second assertion of Theorem 1.3, w [JU(n)] converges almost surely
to W(U) in Z, thus Theorem 2.4 yields that U (w[oy(n)]) converges almost
surely to U in U@ In particular, for any connected component I of U} or
Uy, and z,y € I,

‘(fay(n)(y) - fUU(n)(w)) - (f(UT,UJ/)(y) - f(U¢,U¢)(x))‘ — 0.

n—o0
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Let I be a connected component of [0,1] \ U and let x,y € I. Denote by
d(n) the random variable #{1 < i < n|X; €]z,y[}. Then, by the oriented
paintbox construction,

d(n)

fO'U(n) (3/) - faU(n) (.%') lg" T(fa@7@(d(n))<1) - fU(z)’@(d(n)) (O))u

where the random variable o g(d(n)) is independent of d(n). By the law of
large numbers, @ converges almost surely to y — x and thus, by Proposi-
tion 9.1, (f%w(d(n))(l) — fa@’@(d(n))(o)) converges to 0 as n goes to infinity.
Therefore, for x,y € I,

Joum)W) = foyn)(@) —— 0= fw,vp®) — fu,v,) (@)

n—oo

Let z € QNJ0, 1[ and € > 0. There exist » > 1 and I3, ..., I, interval compo-
nents of either U or [0,1] \ U such that Leb (J;_, I; N [0,z]) > = — €. Since
f(U%Ui) and fo,(n) are 1—Lipschitz, the previous convergence results yield
the almost sure existence of n, > 1 such that for n > n,,

foum) (@) — fu,u) (@) < (r+2)e
Thus, almost surely, for all x € QN [0, 1],
Joum)(@) —— fw, v, (@)-
This concludes the proof of Theorem 2.6. O
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Appendix: Proof of Proposition 4.6. Let £k > 1. For n > 1, we
denote by P, the distribution of X;' and by IP the distribution of Xj.

LEMMA 9.5.  For each € > 0, there ezists X € B([0,1]) and ng > 1 such
that

e P(X,)>1—¢, and
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e for all n > ng, oy, and oy coincide on X..

PROOF. Let € > 0. For § > 0, set

A= U {@nm) €01 |le - 2 < 6}
1<i<j<k

Then, O 1:As = Ur<i <k {(z1,...,2x) €0, l]k“xl — zj| =6}. Since the
latter has Lebesgue measure zero, P (Xk € 8[071]kA5) = 0. Since Ay is

decreasing in 0 and Leb (s As) = 0, there exists § > 0 such that
P(X € As) <¢/2.

Denote by U = {U; =]r;, si[}<;<, the finite ordered collection of interval
components of U UU; of size larger than &, where we suppose that s; < 741
for 1 <i<r—1.Forn>0,let

By:= | {(5617-.-7%) € [0,1]|2; €lri —n,ri + nlUlsi — 1, s +77[}'
1<j<k
1<i<r

Once again, Leb (8[0’1];93,7) = 0, B, is decreasing in 1 and (ﬂn>0 Bn)
is a null set, thus there exists n > 0 such that P (X, € B;)) < €/2. Let
K. = B, UAs and let X, = A\ K.. Then, P(X,) > 1 — e. Moreover, since
Leb(9X,) = Leb(0K,) = 0, P(9X,) = 0.

Set k = min(n, §) and let ng > 1 be such that for n > ng, dyy2) (Un,U) < k.
Suppose from now on that n > ng. Since dy ) (Un,U) < k < 0, the interval
components of U}" (resp. UT”) of size larger than § are in order respecting
bijection with those of U} (resp. Uy). Denote by Uy, = {U] :=|r7, s?'[},<;<,
the interval components of Uy, of size larger than ¢: then, U/ C UY if and
only if U; C Uy. Moreover, since dy 2 (Up,U) < k < 1, |rl' — 1| < n and
|sf —si| <mfor1<i<r.

We prove now that oy and oy, coincide on X, for n > ng. Let ¥ € X,
and n > ng. We set 0 := oy (%) and o, := oy, (¥). Let 1 <i < j <k and
suppose that o~1(i) < 071(j). By the oriented paintbox construction, this
happens if and only if

1. either x; and x; are not in the same connected component of Uy U U}
and x; < xj, or
2. x; and z; are in the same connected component of Us.

Let us suppose that we are in the case (1). Since & € X, |x; — x;| > 6.
Thus, x; and x; can not be in a same connected component of U, of size
smaller than 0. Suppose that x; is in a connected component U =]r*, s?|
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of size larger than §, with 1 <14 < r. Since dy)(U,Uy,) <, |ri — 7| <
and |s; — s'| < n. Hence, x; €]r; —n,s; + n[. Since & € X, |z; —ri| >
and |z; — s;| > n, and thus z; €|r; +n,s; — n[C U;. Since we are in the
case (1), this means that z; ¢ U;. Similarly, the fact that & € X, yields that
xj &|ri —n,s; +n[, and then the fact that dj,) (U,U,) < n implies that
zj €y, sit[= U] C UL'. We have proven that x; and z; are not in the same
connected component of Uy, and since z; < z; we have o;, (i) < a,,1(j).

Let us suppose that we are in case (2). Then, x; and z; are in the same
connected component U; C Uy. Since & € X, this implies that z; and z; are
in |r; +n,s; —n[. Since dy2) (U, Uy,) <1, we thus have that z; and x; are in
Jr, si[= U. Thus, we have also o, (i) < 0,,*(j). The case o7 1(i) > o71(4)
is done similarly.

Finally, o = o, and we have proven that for n > ng, oy, and oy are

equal on X.. O

PROOF OF PROPOSITION 4.6. Let € > 0. Let X € B([0,1]) and ng > 1
be given by Lemma 9.5 for €, and let o € Sj. Then,

(29) Po(ou, (X}) = 0) > Pu({ov, (X}) = o} N X).
By Lemma 9.5, for n > ng, oy, and oy coincide on X, which yields
(30)  Pp({ov,(Xp) =0} nNX) =P, ({ov(X}) =0} NX) =Pr(Ase),

where Ay = a[_]l({a}) N X. Since A, ¢ is independent of n and P(0Aq¢) <
P(0X,) = 0, there exists n, > ng such that for n > n,,

(31) Po(Aoe) > P(Age) — c.
On the one hand, using (31) in (30) yields that
(32) Py ({ov, (Xi) = 0} N Xe) > P(Age) — e
for n > n,. On the other hand, since P(X,) > 1—e and 4, = o' ({o})NA,,
P(Age) = Plou(Xk) = 0) —e.
Using the latter inequality in (32) yields that
P, ({ov,(Xp) = o} NX) > Ploy(Xy) = 0) — 2,
which combined with (29) gives

P,(oy, (X}) =0) > Ploy(Xy) = o) — 2e.
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Let n1 = max,es, (o). Then, for n > ny and o € Sy,

Pu(ov, (Xf) = 0) =1 = Y Pulov, (X}) = o)
o’'eSy
o'#o
<1= Y (Plou(Xk) =0) —2¢)
o’'eSy,
o'#o
<P(oy(Xg) = o) + 2¢k!.

To summarize, we have found nq > 1 such that for all o € S, and n > ng,
Plou(Xy) = 0) — 26 < Pu(ov, (X)) = 0) < Plou(Xy) = o) + 2ekl.
This implies the convergence in law of oy, (X}!) towards oy (Xy). O
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