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Abstract

The Doob-Martin compactification of Markov chains of growing words
by
Hye Soo Choi
Doctor of Philosophy in Statistics
University of California, Berkeley

Professor Steven Neil Evans, Chair

We study the limiting behavior of Markov chains that iteratively generate a sequence of
random finite words.

In the first part of thesis, we consider a Markov chain such that the n'" word is uniformly
distributed over the set W, of words of length 2n in which n letters are a and n letters
are b: at each step an a and a b are shuffled in uniformly at random among the letters of
the current word. We also consider a Markov chain such that the n'" word takes values in
the set of words in B,, such that the number of letters a in the first k letters is at least the
number of letters b in those positions for any 1 < k£ < 2n: at each step an a and a b are
shuffled uniformly at random into the existing word so that the a precedes the b. We obtain
a concrete characterization of the respective Doob-Martin boundaries of these Markov chains
and thereby delineate all the ways in which the Markov chains can be conditioned to behave
at large times. We exhibit a bijective correspondence between the points in the respective
boundaries of Markov chains and ergodic random total orders on the set {aq, by, az,bs,...}
that have the specific properties determined by the Markov chains. We establish for the
first Markov chain a further bijective correspondence between the set of such random total
orders and the set of pairs (y, v) of diffuse probability measures on [0, 1] such that 1(u+v) is
Lebesgue measure: the restriction of the random total order to {as, b1, . .., a,, b, } is obtained
by taking X1,..., X, (resp. Yj,...,Y,) i.i.d. with common distribution u (resp. v), letting
(Zy, ..., Zan) be {X1,Y1,..., X, Y, } in increasing order, and declaring that the k' smallest
element in the restricted total order is a; (resp. b;) if Z, = X, (resp. Z, =Y).

The second part of thesis focuses on the mixing time of a Markov chain of words in W,
that arises from removing a letter a and a letter b uniformly at random followed by inserting
the letter a and the letter b uniformly at random back into one of the slots defined by the
remaining letters. We present an upper bound of the form nlogn + (log8)n and a lower
bound of the form (1 — a)nlogn — cun, o > 3.
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Chapter 1

Introduction

This thesis studies the limiting behavior of Markov chains of words drawn from the alphabet
{a,b}. We build Markov chains of growing words drawn from the alphabet {a, b} in such
a way that, starting with the empty word, a letter a and a letter b are added into random
positions of the current word. By imposing different rules for the manner in which a letter
a and a letter b are added, we construct two Markov chains (U, )nen, and (W),)nen, that
arise from two different addition mechanisms. As the length of the words U,, and W, in the
Markov chains goes off to infinity as n — oo, the possible arrangements of the 2n letters
of the words become more diversified over time. We delineate the wide variety of limiting
behavior by considering the Doob-Martin compactification of the Markov chains (Up,)nen,
and (W, )nen, (see Section 2.2 for a summary of the relevant general theory).

We also consider a Down-up Markov chain (DU} )sen, for which the length of the word
remains constant over time. The forward transition dynamics of (DU})sen, is built from the
chain (U, )nen, by composing the backward transition dynamics of (U, )nen, with the forward
transition dynamics of (U, )nen,: a letter a and a letter b are chosen at random, removed from
the current word, and reinserted in random positions. This can be regarded as relative of
random-to-random card shuffling where a card is chosen at random, removed from the deck,
and reinserted in a random position. We study the limiting behavior of the chain (DU;)en,
by investigating how fast the distribution of DU, converges to its stationary distribution as
t — oo with respect to total variation distance. In doing so, we obtain bounds on the mixing
time of the chain (DU})cpn, -

1.1 Motivation

As suggested by the existence [27] of more than 300 equivalent combinatorial interpretations
of the Catalan number, many bijective correspondences exist between the families of discrete
combinatorial ensembles counted by the Catalan numbers. Indeed, our investigation for
Markov chains of words drawn from two-letter alphabet was initially motivated by such a
bijection between trees and a certain type of words drawn from the two-letter alphabet {a, b}.
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This relation enables every Markov chain that appears in this thesis to be transformed into
a Markov chain of corresponding trees and the details will be discussed in later chapters. To
explain the bijection, we recall some relevant terms and a good source for the material in
this part is [1].

Definition 1.1.1. A Dyck word is defined iteratively as follows:
e The empty word () is a Dyck word,

e All words w that can be factored as w = aubv where the subwords u, v are Dyck words
are Dyck words.

Definition 1.1.2. A I-dominated word with n + 1 letters a and n letters b is a word w of
form w = au where u is a Dyck word of length 2n.

Definition 1.1.3. A ¢ree on the finite set S # () is a pair (r, (11, Tz, ..., Tx)) with £ > 0
such that

e 1 is an element of S,
e Ty,..., T} are some trees defined on the sets S, ..., Sk,
e the sets {r},Si,..., Sk form a partition of S.

Definition 1.1.4. A postfiz labeling of the nodes of the tree T = (7, (11,...,T)) for an
ordered set B with #B = #5, is a labeling such that the root r is labeled with max B and
the subtrees T}, ..., T} are given postfix labelings with the respective sets By, ..., By, where
By, ..., By is a partition of B\{max B} and b, < b; for b; € B; and b; € B; with ¢ < j.
When we refer to the postfix labeling of 7' we mean the postfix labeling with B = [n], where
n = #S5 is the number of nodes of T'.

It is a well-known result from [26] (see also |, Chapter 4]) that there exists a bijection
between the set of trees with n + 1 nodes and the set of 1-dominated words with n + 1
letters a and n letters b for n in Ny. While traversing nodes in a tree in the order of the
postfix labeling, one can construct a 1-dominated word with n+ 1 letters a and n letters b as
follows: starting from the empty word (), one can keep concatenating the word with a letter
a followed by as many letters b as the node has children.

There is, moreover, a bijection between pairs (i,w), (see [I, Section 4.3.3| for details)
where ¢ € [2n — 1] and w is a 1-dominated word with n letters a and n — 1 letters b,
and words v with n letters a and n — 1 letters b: the bijection sends (i,w) to the word
U = vy - Uy given by v; = w;;, where the addition is modulo 2n — 1.

For future reference in later chapters, we formally state these theorems.

Theorem 1.1.5. There exists a bijection between the set of trees with n + 1 nodes and the
set of 1-dominated words with n + 1 letters a and n letters b for n in Ny.



CHAPTER 1. INTRODUCTION 3

Theorem 1.1.6. There exists a bijection between pairs (i,w), where i € [2n — 1| and w is a
1-dominated word with n letters a and n—1 letters b, and words v with n letters a and n — 1
letters b.

1.2 Main results

To introduce our main results formally, we give the definition of the Markov chains (U, )nen,,
(Wn)neNm and (DUt)tENO‘

Definition 1.2.1. Define a Markov chain (U, ),en, such that
e U, is the empty word 0,

e conditional on U,, = uy . .. ugy,, the word U, is constructed by choosing 1 < [, 1, J,11 <
2n + 2 with I,,.1 # J, 41 uniformly at random, placing an a in position 7,1 and a b in
position J, 1, and placing the letters uy, ..., us, in that order into the remaining 2n
positions.

Definition 1.2.2. Define a Markov chain (W,,),en, such that
e 1V, is the empty word (.

e conditional on W,, = vy ...vs,, the word W,,. is constructed by choosing 1 < [,,11 <
Jnr1 < 2n + 2 uniformly at random (that is, all (2”; 2) possibilities are equally likely),
placing an a in position 1,1 and a b in position J,, 11, and placing the letters vy, ..., va,

in that order into the remaining 2n positions.
Definition 1.2.3. Define a Markov chain (DU, );en, such that

e DU, is a random word of length 2n drawn from the alphabet {a, b} that consists of n
letters a and n letters b,

e conditional on DU; = ujus - - - U9, _1Us2y, the word DU, is constructed by choosing I;
and J; independently and uniformly at random from the index set {1 <i < 2n: u; = a}
and the index set {1 < j < 2n : u; = b}), respectively, and 1 < ft, j; < 2n with
I, + J; uniformly at random (that is, all 2n(2n — 1) possibilities are equally likely)
followed by placing an a in position I, and a b in position jt, and placing the letters
Ug(1)Ue(2) * * * Ug(2n—2) I that order in the remaining 2n — 2 positions, where o is the
unique increasing bijection from [2n — 2] to [2n] \ {I;, J;}.

The following theorem collects together the results we establish in this dissertation. We
will describe the bijections asserted in Theorem 1.2.4 and Theorem 1.2.5 explicitly as we
proceed.

Theorem 1.2.4. There are bijective correspondences between the following sets:
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(i) extremal elements of the Doob—Martin boundary associated with the transition proba-
bilities of the Markov chain (U, )nen, and the reference state (),

(i) extremal nonnegative harmonic functions for the Markov chain (Uy,)nen, normalized to
take the value 1 at the reference state (),

(iti) pairs (u,v) of probability measures on [0,1] such that 3(p + v) = X, the Lebesque
measure on [0, 1].

(iv) the distributions of extremal infinite bridges for the Markov chain (Uy)nen,,
(v) the distributions of ergodic exchangeable random total orders < on the setly = J,, cn{an, bn}-
Theorem 1.2.5. There are bijective correspondences between the following sets:

(i) extremal elements of the Doob—Martin boundary associated with the transition proba-
bilities of the Markov chain (W, )nen, and the reference state (),

(i1) extremal nonnegative harmonic functions for the Markov chain (W,,)nen, normalized
to take the value 1 at the reference state (),

(ii) probability measures p concentrated on {(z,y) : 0 < x < y < 1} such that 3(u(- X
R) + u(R x -)) = A, the Lebesque measure on [0,1] and the labeled infinite bridge
(L) nen, uniquely determined by p satisfies that the conditional distribution of L2°
given WU (L) is uniform on the set of labeled associated admissible matchings of W(L5°)

for all n € Ny.
(iv) the distributions of extremal infinite bridges for the Markov chain (W,)nen,,

(v) the distributions of ergodic exchangeable random paired total orders < on the set Iy =
Unenian, bn} such that the labeled infinite bridge (L;°)nen, uniquely determined by <
satisfies that the conditional distribution of LS° given W(L°) is uniform on the set of
labeled associated admissible matchings of V(L) for all n € Ny,

where W(LS°) is the word drawn from the alphabet {a,b} that consist of n letters a and n
letters that is uniquely determined by L2°, n € Nj.

n ’

Theorem 1.2.6. The mizing time tyix for the Markov chain (DU;)en, has an upper bound
of the form nlogn + (In8) n and a lower bound of the form (1 — a)nlogn — con, a > 3.

1.3 Overview
The remainder of this thesis is organized into two additional chapters. In Chapter 2, we

characterize the Doob-Martin compactification of the Markov chain (U, )nen, and (W,)nen,-
This chapter is the combination of a joint work with Steven N. Evans [0] and a joint work
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with Steven N. Evans and Anton Wakolbinger. As the characterizations of the Doob-Martin
compactification of the Markov chain (U, )nen, and (W;,)nen, have many common features
due to their apparent similarity, we interleave the processes of identifying the Doob-Martin
compactification of the Markov chains (U, )nen, and (W), )nen,. However there are still some
subtle difference in the two processes, so we often distinguish the part for the chain (U, ),en,
and the part for the chain (W, ),en, by splitting the parts into subsections. In Chapter 3,
we obtain upper and lower bounds on the mixing time of the down-up chain (DU})en, using
coupling methods.



Chapter 2

The Doob-Martin compactification of
Markov chains of growing words

2.1 Introduction

Generating Markov chains (U,),cn, and (W,),en, drawn from the
alphabet {a,b}

There is a very simple way of producing a uniformly distributed random permutation of a
set with n objects, say [n] := {1,...,n}: we take the elements of [n] in order and lay them
down successively so that the k" element goes into a uniformly chosen one of the &k “slots”
defined by the & — 1 elements that have already been laid down (the slot before the first
element, the slot after the last element, or one of the k — 2 slots between elements). This
sequential algorithm has the attractive feature that when the first k elements have been laid
down they are in uniform random order; that is, the algorithm builds uniformly distributed
random permutations of [1],[2],...,[n] in a sequential manner.

Suppose that we enumerate a standard deck of cards with the elements of the set [52].
If the deck is in some order, then the colors of the successive cards (Red or Black) define
a word of length 52 from the two-letter alphabet {R, B} in which 26 letters are R and 26
letters are B (recall that a word of length & from a finite alphabet A is just an element of
the Cartesian product A*, although it is usual to write the word (ay, . .., a;) more succinctly
as aj - -+ ay). Moreover, if the order of the deck is random and uniformly distributed, then
the resulting word is uniformly distributed over the set of #22!6! such words.

Unfortunately, our sequential randomization algorithm doesn’t have the feature that at
the (2k)% step for 1 < k < 26 we have a random word from the alphabet {R, B} that is
uniformly distributed over the set of (2:) words in which k letters are R and k letters are B.

However, there is a simple way of modifying our algorithm to produce the latter type
of random words sequentially. We begin at step 0 with the empty word. Suppose that we
have completed k steps and a word of length 2k has been produced. The first sub-step of
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step k + 1 inserts the letter R uniformly at random into one of the 2k + 1 slots defined by
these 2k letters to produce a word of length 2k + 1. The second sub-step inserts the letter B
uniformly at random into one of the 2k + 2 slots defined by these 2k + 1 letters to produce
a word of length 2k + 2 and thereby complete step k& + 1. It is not difficult to see that,
despite the apparent dependence of this procedure on the ordering of the letters R and B,
this procedure does indeed achieve what it is claimed to achieve.

From now on we will replace the alphabet {R, B} by the alphabet {a,b} and write
(Un)nen, for the Markov chain that arises from our random insertion procedure. The formal
definition of (U, )nen, is given as follows.

Definition 2.1.1. Define a Markov chain (U, ),en, such that
e U is the empty word 0,

e conditional on U,, = uy . .. ug,, the word U, is constructed by choosing 1 < I, 1, J,11 <
2n + 2 with I,,.1 # J, 1 uniformly at random, placing an a in position 1,1 and a b in
position J, 1, and placing the letters uy, ..., us, in that order into the remaining 2n
positions.

Thus, U, € W,,, where W,, is the set words drawn from the alphabet {a, b} that consist
of n letters a and n letters b. Set W := [ |, .y, W,, and denote N(w) = n for w € W,,, n € Ny.

A ballot sequence is a string consisting of n letters a and n letters b such that for any
1 < k < 2n the number of letters a in the first k letters is at least the number of letters
b in those positions. Note that a ballot sequence is just another expression for a Dyck
word defined in Section 1.1. Write B,, for the set of ballot sequences of length 2n, and set
B:= |_|neNO B,,. The cardinality of the set B,, is the nth Catalan number C,,, where

c - 1 (2n>
n+1\n

See [27] for an enumeration of other combinatorial interpretations, generalization, refine-
ments, variants of the Catalan number.

A natural way to generate ballot sequences in a sequential manner is to start with the
empty word and insert an additional letter a and an additional letter b at each step in such
a way that such a way that the additional letter a comes before the additional letter b in the
word.

Definition 2.1.2. Define a Markov chain (W,,),en, such that
e W, is the empty word ().

e conditional on W,, = vy ...vy,, the word W,,,; is constructed by choosing 1 < [,,1; <
Jns1 < 2n + 2 uniformly at random (that is, all (2"; 2) possibilities are equally likely),
placing an a in position 7,11 and a b in position J, 1, and placing the letters vy, ..., vo,

in that order into the remaining 2n positions.

Thus, W,, takes values in B,, for n € Ny. Denote N(w) = n for w € B,,, n € Ny.
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The Markov chains of trees that correspond to Markov chains
(Un)nENO and (Wn)nENO

Markov chain (U, )nen, that sequentially generates random words such that U, is uniformly
distributed over the set of words drawn from the alphabet {a, b} that have n letters a and n
letters b can be trivially modified to give a Markov chain (ﬁn)neNO such that [7n is uniformly
distributed over the set of words drawn from the alphabet {a,b} that have n + 1 letters a
and n letters b: instead of starting with the empty word, one starts with the word consisting
of a single letter a. By Theorem 1.1.5 and Theorem 1.1.6 there is a bijection that turns the
latter Markov chain into a Markov chain ((Z,, Sy))nen,, Where I, and S,, are independent
for cach n, I, is uniformly distributed on [2n + 1], and S, is uniformly distributed over the
set of 1-dominated word with n + 1 letters a and n letters b. Moreover, composing these
two bijections turns the Markov chain (U, )nen, into a Markov chain ((1,,,S,,))nen,, where
I, and S, are independent for each n, I, is uniformly distributed on [2n + 1], and S, is
uniformly distributed over the set of trees with n + 1 vertices that are equipped with the
postfix labeling.

Theorem 1.1.5 also enables the Markov chain (W}, ),en, that sequentially generates a word
B,, to be transformed into a Markov chain (Tn)neNO such that fn are trees with n + 1 nodes,
and vice versa. The stepwise procedure can be described as follows. By concatenating letter
a with W,,, we can build a 1-dominated word with n + 1 letters a and n letters b. This
1-dominated word can then form the corresponding tree with n+ 1 nodes under the bijection
discussed above. One can compose these two transformations to turn the Markov chain
(W) nen, into a Markov chain (75,),en,. Note that all the steps are invertible.

The Markov chains ((,,, T))))nen, and (T}, )nen, are certainly transient and have count-
able state spaces. We are interested in the manner in which (1,,,7},) and (f w)nen, ‘escape to
infinity” as n — oco. This question is made precise by considering the Doob-Martin compact-
ification of the Markov chains (see Section 2.2 for a summary of the relevant general theory).
One can obtain an explicit description of the transition dynamics of these Markov chains,
but since ((Zn,Tn))nen, and (T5,)nen, are just the Markov chains (V,,)nen, and (Wp,)nen,,
respectively, “in disguise” it is easier to work with the latter Markov chains (the limit space
of the Markov chains within the Doob-Martin compactification remains the same up to iso-
morphism). Since (V,,)nen, i @ minor modification of (U,)nen,, We go even further and
investigate (U, )nen, and (Wy,)nen, -

Shuffle product and Hopf algebra

Let W be the algebra that consists of the empty word () as well as finite linear combinations
of words drawn from the alphabet {a,b} with scalars in Q. For example, ab + %ba and
%abbb + baabb + %bbbbaa are elements in the algebra W. Equivalently W is a free Q-module
generated by finite words drawn from the alphabet {a,b}.

Definition 2.1.3. The shuffle product L is a bilinear map from W x W to W. It is uniquely
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determined by its value for each pair of words. The shuffle product v LW w of two words
V=121V and W = wy - - - W, 18

v w = E UL Uptm,

fiiml—=[m+n]
g:[n]—=[m+n]

where the sum runs over pairs of functions (f, g) that satisfy the conditions listed as follows:
e f:[m]— [m+n]and g: [n]— [m+ n| are strictly increasing,
o f(Im]) ng([n]) =0
o f(Im)) Ug([n]) = [n+m],

e the letter uy(;) is the ith letter v; in the word v for 7 € [m] and likewise the letter ug )
is the jth letter w; in the word w for j € [n].

For examples,

a b =ab+ ba,
ab LW ab = abab + aabb + aabb + aabb + aabb + abab
= 2abab + 4aabb.

In other words, the shuffle product of two words is the sum of all ways of interleaving the
two words.

Up to a normalization, the coefficient of a word w = u; - - - u,4,, in the shuffle product
of two words v and w is the probability that the shuffle of v and w results in u. Taking
the previous example, the shuffle of a with b results in ab with probability % and ba with
probability % It is noteworthy that the algebra W equipped with the shuffle product and
suitable associated coproduct and antipode constitutes a prime example of a Hopf algebra
— see, for example, [1, 23, 21, 8, 5, 10]. The Markov chains (U, )nen, and (W,,)nen, can be
embedded into the algebra W, and their distributions can be characterized by

1
E P{U, =w}w = allbWalbid---Wallb,
(2n)!'> ~ -
weW, 2n terms
2
g P{W, =w}w = ablWablW---1Wab.
weB (Qn)' Fr ’

Infinite bridges

We investigate the infinite bridges (equivalently, the Doob h-transforms) for the Markov
chains (U, )nen, and (W, )nen,; that is, the Markov chains that have the same backwards-in-
time transition dynamics as (Up)nen, and (W, )nen,, respectively. We thereby identify the
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Doob-Martin compactification of the state space of each Markov chain. This enables us to
characterize the nonnegative harmonic functions for the Markov chains and hence delineate
all the ways that the Markov chains can be conditioned to “behave at infinity”. Merging the
processes of characterizing the Doob-Martin compactification of the Markov chains (Up,)nen,
and (W, )nen, may confuse the reader and thus we divide our exposition into two parts (the
parts use concepts with similar names but use them in different ways).

Infinite bridges and exchangeable random total orders for (U,),en,

More specifically, we show that a W-valued Markov chain is an infinite bridge for the Markov
chain (U, )nen, if and only if the backwards dynamics are given by removing one letter a and
one letter b uniformly at random from the current word. We can enrich the state space of
the Markov chain (U,),en, by replacing W,, with the set W,, that consists of words made up
from the letters aq, by, ..., a,,b, written down in some order (each letter appearing once);
that is, a word such as aababb will be associated with a word such as azaibasbibs — a
given w € W, has (n!)? associated words in W,. We can then enhance an infinite bridge
(U)nen, to produce a Markov chain (Uﬁf’)neNo with values in W := |_|nGNO W,, such that
given U ° = u the value of [7;;0 is uniformly distributed over all ways of “subscripting” the
letters in u; for example, if Us® = abba, then l~]2°° is uniformly distributed over the four words
a1b1baas, asbibaay, ajbobias, asbsbia;. Moreover, in going from Ugo to [7;;31 the letters a,
and b, are deleted. We may view U as a random total (that is, linear) order on the set
{a1,b1,...,a,,b,}. As n varies, these orders are consistent in the sense that the order U,‘fo
induces on {a1,b1,...,an_1,bn_1} is just the order given by U ,. Consequently, there is a
total order on {ay, by, as, be, ...} that induces each of the orders given by the U;jo This total
order is exchangeable in the sense that finite permutations of the subscripts of the a’s and
b’s separately leave its distribution unchanged.

The infinite bridge (US°)nen, is extremal (that is, not a mixture of infinite bridges or,
equivalently, has an almost surely trivial tail o-field) if and only if the exchangeable random
total order on {ay, by, as, be, ...} is ergodic in the sense that if an event is unchanged by finite
permutations of the subscripts of the a’s and b’s separately, then it has probability zero or
one. By general Doob—Martin theory, extremal bridges correspond to extremal elements of
the Doob—Martin boundary and, in general, some elements of the Doob—Martin boundary
may not be extremal. We show that the latter phenomenon does not occur in our setting —
all Doob—Martin boundary points of the Markov chain (U, ),en, are extremal.

We demonstrate that there is a bijective correspondence between ergodic exchangeable
random total orders on {ay, by, as, by, ...} and pairs (i, v) of diffuse probability measures on
the unit interval [0, 1] such that “TJ“’ = A, where \ is Lebesgue measure on [0, 1]: let Vi, V5, . ..
be i.i.d. with distribution p and Wi, Ws, ... be independent and i.i.d. with distribution v,
then, writing < for the total order we have a; < a; (resp. a; < b;, b; < a;, by < b;) if
Vi <V (vesp. Vi < W;, W; < V;, W; < W;). Another way of describing this construction
is the following. We only need to describe the restriction of the random total order to
{a1,b1,...,a,,b,} for each n € Ny. Let (Zy,..., Zs,) be {V1,Wy,...,V,,W,,} in increasing
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order and declare that the & smallest element of {ay,bi,...,ay,,b,} in the restricted total
order is a; (resp. b;) if Z, = X, (resp. Z, =Y)).

We remark that, due to the relationship “'QH’ = ), the probability measure v is uniquely
determined by the probability measure p and wvice versa and hence we could have said
that the ergodic exchangeable random total orders are in bijective correspondence with the
probability measures p on [0, 1] that satisfy p < 2\. However, we find the more symmetric
description to be preferable.

In terms of the Doob-Martin topology, we show that a sequence (yg)reny With yx €
W) and N(yz) — oo as k — oo converges to the point in the Doob-Martin boundary
corresponding to the pair of measures (u,v) if and only if for each m € N the sequence of
random words obtained by selecting m letters a and m letters b uniformly at random from
Yy, and maintaining their relative order converges in distribution as & — oo to the random
word that is obtained by writing Vi, ..., V,,, Wi,..., W,, in increasing order to make a list
(Z1,..., Zom) as above and then putting a letter a (resp. b) in position ¢ of the word when
Zy € {V1,...,Viu} (resp. Z, € {W4,...,W,}). Moreover, the convergence of (yx)ren to y
is equivalent to the weak convergence of py to p and vy, to v, where uy (resp. vy) is the

probability measure that places mass N(lyk) at the point % 1 < ¢ < 2N(y), if the £

letter of the word y;, is the letter a (resp. b).

Infinite bridges and exchangeable random paired total orders for (W,,),cn,

A matching of [2n] is a partition of [2n| into subsets (called blocks) of size 2. We can take
any matching M of [2n] and produce a ballot sequence w = w; ... ws, € B,: if {i,j} is a
block of M with ¢ < j, then w; = a and w; = b. Conversely, we say that a matching M
of [2n] is an associated admissible matching for the word w = wy ... ws, if for every block
{i,7} of M with i < j we have w; = a and w; = b; that is, it is possible to build w by
successive shuffles in such a way that the indices in each block correspond to letters that
were shuffled in together. A labeled matching of [2n] is a matching in which the n blocks
are labeled with distinct elements of [n]. A labeled associated admissible matching £ for the
word w = wy ... ws, describes a possible way of building w by successive shuffles: if {7, j}
is a block of £ labeled by k, then i (respectively, j) is the location at step n of the letter a
(respectively, b) shuffled in at step k. Given a labeled matching £ of [2n], let V(L) € B,, be
the corresponding word (that is, forget about the block labels and for each block {4, j} with
i < j place a letter a in position i and a letter b in position j).

Suppose that (W°),en, is an infinite bridge. We show that there exists a Markov process

n

(L) nen, with distribution uniquely specified by the requirements that:

n

e [ is a random labeled matching of [2n] for all n € N,

e the process (V(LS°)),en, has the same distribution as (WS°),en,,

n

e the conditional distribution of L given W(L2°) is uniform on the set of labeled asso-
ciated admissible matchings of V(L) for all n € Ny,
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e the backward transition mechanism of (L$°),en, is deterministic: in going from step
n+ 1 to step n the pair {7, 7} labeled with n+ 1 is deleted and the increasing bijection
from [2(n + 1)] \ {¢,5} to [2n] is applied to turn the resulting labeled matching of

[2(n+ 1)]\ {4,j} into a labeled matching of [2n].

We can turn LY into a word of length 2n in the alphabet | J;_,{ax, by} in which each
letter appears exactly once as follows: place the letter a, in position ¢ if the block of L3°
labeled p is of the form {3, j} with i < j and place the letter b, in position ¢ if the block of L°
labeled ¢ is of the form {k, ¢} with k& < ¢. This word defines a total order on (J;_,{ax, by}
in the obvious way: ¢ € |J,_,{ax,bx} precedes d € |J,_,{ax,bx} in the total order if the
letter ¢ comes before the letter d in the word. This total order is paired, by which we
mean that a, always precedes b,. These paired total orders are consistent as n varies and
hence define a paired total order on Iy := |J,cn{ar, bx}. This random paired total order
on I is exchangeable in the obvious sense. Conversely, we can reverse this process, start
with any exchangeable random paired total order on Iy, and produce an infinite bridge.
Moreover, this procedure is bijective: distinct infinite bridge distributions correspond to
distinct exchangeable random paired total order distributions and vice versa. It therefore
suffices to characterize the possible distributions of exchangeable random paired total orders.

A mixture of infinite bridges is an infinite bridge, so we actually want to characterize
the infinite bridges that cannot be written as mixtures. The latter are the extremal infinite
bridges and are the infinite bridges that have almost surely trivial tail o-fields. Extremal
infinite bridges correspond to exchangeable random paired total orders that are ergodic in the
sense that events which are invariant under finite permutations of indices have probability
zero or one. It therefore further suffices to characterize the possible distributions of ergodic
exchangeable random paired total orders.

One way to produce an ergodic exchangeable random paired total order < on I is the
following. Take a probability measure n on R? that assigns all of its mass to the set {(s,t) €
R? : s < t} and has diffuse marginals. Let ((S,,T}))nen be independent and identically
distributed with common distribution 7. Declare that

e a;<a;if S; <5,
o b <b; it T; <Tj,
o a;<b; if S; < Tj,
o b <a;ifT; <5,
o ap <by if Sy = Ty.

The exchangeability of < is clear. The ergodicity follows from the Hewitt—Savage zero—one

law. Alternatively, observe first that we can encode < by a jointly exchangeable array D =
(D(,7))ijen,iz; that takes values in the 6-element set {IJ1J,IJJI,I11JJ, JI1J, JIJI, JJII}
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as follows: for 7,5 € N, i # 7,

(1J1J, if a;<a;<b; <by,
1JJI, if a; <a; <b; Qb;,
I11JJ, if a; <b; <a; <b;,
JI11J, if a; <a; <b; <b;j,
JIJI, if aj <a; <b; Qb;,

| JJII, if a; <b;<a;ab;.

The ergodicity of < is equivalent to the ergodicity of D in the usual sense for such arrays
and, by a result of Aldous (see Lemma 7.35 of [17]), this is equivalent to the array being
dissociated — a condition which clearly holds here; that is, the ergodicity of < follows from the
fact that if Hy, ..., H, are disjoint finite subsets of N, then the s subarrays of D consisting of
entries indexed by the respective sets {(¢,7) : 4,7 € Hy,i # j}, 1 <r <'s, are independent.

One of our key results is that all ergodic exchangeable random paired total orders arise
from the construction above for some measure 7. Of course, 7 is not unique: if v is the push-
forward of n by (s,t) — (g(s), g(t)) for some function g such that 3(n(- x R) +n(R x -))-a.c
u € Ris a point of increase of g, then applying the above construction with v instead of n gives
an ergodic exchangeable random paired total order on Iy with the same distribution. Taking
g(u) = 3(n((—oo,u] x R) +n(R x (—o0,u])), u € R, the push-forward v of 7 is a measure on
{(z,y) : 0 <z <y < 1} that satisfies 3 (v(- x [0,1]) +v([0,1] X -)) = A, where X is Lebesgue
measure on [0, 1]. We obtain a bijective correspondence between probability measures p on
{(z,y) : 0 < x <y < 1} with diffuse marginals and distributions of ergodic exchangeable
random paired total orders (and hence between probability measures on {(z,y) : 0 < z <
y < 1} with diffuse marginals and infinite bridges with almost surely trivial tail o-fields) if
we impose the normalization that $(u(- x R) + u(R x -)) is the Lebesgue measure A. Note
that the normalization condition implies that u has diffuse marginals.

The following theorem collects together the results we establish in the paper. We will
describe the bijections asserted in the theorem explicitly as we proceed.

Theorem 2.1.4. There are bijective correspondences between the following sets:

(i) extremal elements of the Doob—Martin boundary associated with the transition proba-
bilities of the Markov chain (W, )nen, and the reference state state (),

(i) extremal nonnegative harmonic functions normalized to take the value 1 at the reference
state (),

(iti) probability measures p concentrated on {(x,y) : 0 < z <y < 1} such that 1(p(- %
R) + (R x -)) = A, the Lebesgue measure on [0,1], and the labeled infinite bridge
(L) nen, uniquely determined by p satisfies that the conditional distribution of L2°
given W(LS®) is uniform on the set of labeled associated admissible matchings of W(LS°)
for all n € Ny.



CHAPTER 2. THE DOOB-MARTIN COMPACTIFICATION OF MARKOV CHAINS
OF GROWING WORDS 14

(iv) the distributions of extremal infinite bridges for the Markov chain (W, )nen,,

(v) the distributions of ergodic exchangeable random paired total orders < on the set Iy =
Unent@n, bn} such that the labeled infinite bridge (Ly°)nen, uniquely determined by <
satisfies that the conditional distribution of LS° given W(L2°) is uniform on the set of
labeled associated admissible matchings of W(LS) for all n € Ny.

Suitably composing the following bijections suffices to construct bijections between any
of the sets (i)—(v) in Theorem 2.1.J. For each point & in the Doob—Martin boundary the
normalized nonnegative harmonic function K(-,§) is extremal and all extremal normalized
nonnegative functions are of this form. A function h is a normalized nonnegative har-
monic function if and only if h = h* for a unique probability measures p concentrated
on {(x,y) € [0,1) : x < y} that has diffuse marginals. A random total order on Iy is an
ergodic exchangeable random paired order if and only if it arises from the construction of Re-
mark 2.5.2 for some unique probability measures . concentrated on {(x,y) € [0,1)*: z < y}
that has diffuse marginals. Lemma 2./.0 describes a bijective correspondence between infinite
bridges and exchangeable random paired total orders, and by Lemma 2.5.1/ an infinite bridge
1s extremal if and only if the corresponding random order is ergodic.

Ezample 2.1.5. The chain (W),)nen, is itself an infinite bridge. The corresponding normal-
ized nonnegative harmonic function is the constant function h = 1. One way to construct
(W )nen, is as follows. Let (Xi,Y1), (X2,Y2),... be independent identically distributed ran-
dom variables with common distribution u(dz,dy) = 2dxdy, 0 < x < y < 1; that is, p is
the distribution of a pair (X,Y’) chosen uniformly at random from {(z,y): 0 <z <y <1}.
For n € Ny, let Z,,1,..., 2,2, be X1,Y1,...,X,,Y, listed in increasing order. Define the
word W,, = W1 ... W, 9, by setting W,, . = a (resp. Wy, =0) if Z,,, € {X1,..., X} (resp.
Znyr € {Y1,...,Y,}). It follows from the Hewitt—Savage zero—one law that the tail o-field
of the chain (W),),en, is almost surely trivial and hence this infinite bridge is extremal. In
particular, the chain converges almost surely to an extremal element of the Doob—Martin
boundary. Denote by (L, )nen, the process of labeled associated admissible matchings cor-
responding to (W,,)nen,; that is; (Ly)nen, is the particular instance of the object denoted
above by (L2),en, in the special case where (W°),en, 1S (Wy)nen,- We may construct L,
by matching i, j € [2n] and labeling this block with k& when X = Z,,; and Y}, = Z,, ;. The
corresponding ergodic exchangeable random paired total order < on Iy = (J,en{ar, bx} is
defined by declaring that

® ai<aj 1fX1<Y3,

b < b; if Y; < Y;,

(Ii‘<bj leZ<Y;,

bi'<CLj lfY;<XJ
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2.2 Background on the Doob-Martin compactification

We review some parts of Doob-Martin compactification theory that are essential to under-
stand further discussion. While the primary source for this material is |1 1], helpful reviews
can be found in [18, Chapter 10|, [29, Chapter 7|, |24, Chapter 7|, [25].

Let (X,,)nen, be a Markov chain with countable state space S and transition probabilities
P. Assume that (X,,)nen, is transient, i.e. P*{3n > 0| X,, = 2} < 1 for x € S. Suppose also
that there is a reference state o € S with F\(o,z) > 0 for 2 € S, where

n=0

= P*{X hits y}.
Definition 2.2.1. The Doob-Martin kernel K with reference state o is

K(z,y) := Fla,y) = Glx,y) for x,y € S,

F(o,y)  G(oy)

where G(z,y) := Y -, P"(x,y) is the Green kernel. The kernel K is well-defined since the
denominators in the definition are always positive by the assumption on the distinguished
state o.

Two important properties of the Doob-Martin kernel are that K(o,y) =1 for y € S and
that, for z,y € S with x # vy,

Z P(z,2)K(z,y) = K(z,vy),

zeS

> Py, 2)K(z,y) > K(y,y).

z€eS

It follows that the functions K(-,y), y € S, are distinct superharmonic functions.
We recall the following general fact (see, for example, [29, Theorem 7.13]).

Theorem 2.2.2. If F is a countable family of bounded real-valued functions on a countable
set S, then there exists a unique (up to homeomorphic equivalence) compactification S = Sz
of S such that

(a) every function f € F extends uniquely to a continuous function on S (which we still
denote by ), and

(b) the family F separates the boundary points: if £&,n € g\S are distinct, then there is
[ e F with f(§) # f(n)-

The compactification S is metrizable.
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Definition 2.2.3. Let F be the family of functions {K(z,-) : € S}. Because K(x,y) =
?Eiz)) < F(OT)C’}?J(L 5= F((l) oy for z,y € S, the set {K(z,) : # € S} is a countable family of

bounded functions on S. Therefore, F induces a compactification S of S via Theorem 2.2.2.
This compactification is called the Doob-Martin compactification of S (with respect to P).
The Doob-Martin boundary of S (with respect to P), written as 05, is the set S\S.

By construction, the Doob—Martin kernel extends to a continuous nonnegative function
K : S xS R called the extended Doob—Martin kernel. In general, K (-,£) is a nonnegative
superharmonic function for £ € 9S. However, if P has finite range, that is, the set {y € S :
P(z,y) > 0} is finite for all x € S, then for all £ € 0S the nonnegative function K(-,€) is
harmonic.

Given any nonnegative harmonic function h, there exists a finite Borel measure v on 95
such that

hz)= [ K(z,§)v(de).
S

In general, the measure v is not unique, but it is unique if it is required to be concentrated on
the subset of S consisting of points £ such that K (-, ¢) is an extremal nonnegative harmonic
function (a nonnegative harmonic function is extremal if it cannot be written as a nontrivial
convex combination of nonnegative harmonic functions).

There is a random variable X, taking its values in 95 such that, for z € S,

lim X, = X P"almost surely
n—oo

in the topology of S. The tail o-field of (X»n)nen, coincides with the o-field generated by
Xoo, P*-almost surely.

For the rest of this section, we consider the special case where there exists a partition of
LISy of S with Sy = {0} and S, finite, n € Ny, such that P(z,y) > 0 only if z € S,, and
y € Sp41 for some n € Ny. The chain (U, )nen, (resp. (Wy)nen,) is of this form with S = W
(resp. S =B), S, =W, (resp. S, = B,,), and o = (). For z in S, there exists a unique
index N, € Ny such that z € Sy,. If the chain (X,,),en, starts from the reference state o,
then NV, is the only time when it can take the value of z with positive probability. We have
F(z,y) = G(z,y), x,y € S, in this case.

Definition 2.2.4. Let (X{,..., X}, ) be the Markov chain (X, ..., Xx,) under P° condi-
tioned on the event {Xy, = y}. This conditioned process is called a bridge. It is a Markov
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chain with transition probabilities

P{Xp =2, X, = 2, Xy, =y}
Po{ X, =z, Xy, = y}

_ F(o,2)P(z,2)F(z,y)
F(o,x)F(z,y)

_ Pla,2)F )/ Floy)
F(z,y)/F(o.y)

_ P, 2)K(5)

K(z,y)

P{Xo = 2| X} =} =

for x,z € S.

The backward transition probabilities of a bridge are calculated as follows:

_ v PUX=2,X, =12, XN, =y}
P{X} =] Xop1 = 2} = Po{X, , = 2 Xy, = i
_ F(o,x)P(z,2)F(z,y)
 F(o,9)F(zy)
_ F(o,z)P(z,2)
 F(o,2)
=P{X,=2|X,1 =2} forx,z€eSs.

These backward transition probabilities are thus independent of the choice of y in S, and
hence are common to all bridges.
Writing @) for the matrix of backward transition probabilities we have for = € S,, and
Yy € Sm+n
F(o,z)F(x,y)
F(o,y)

Definition 2.2.5. An infinite bridge for (X, )nen, is @ Markov chain (X2°),en, with X§° = o
and the same backward transition probabilities as (X, )nen,-

Q"(y,r) =

= F(o,2)K(z,y). (2.1)

An examination of the transitions probabilities stated in the Definition 2.2.4 shows that
a sequence (Y )nen, With IV, — 00 as n — oo converges in the Doob-Martin topology if and
only if for all k£ € Ny the initial segment (X§",..., X?") of the associated bridges converges
in distribution as n — oo (cf. [15]). The limiting distributions of the initial segments are
consistent and form the distributions of initial segments of an infinite bridge (X2°)nen,-
Put h(x) := lim, o K(x,y,), x € S. Then h is a nonnegative harmonic function and the

transition probabilities of the infinite bridge can be written as

P(z,2)h(z)
h(z)

where S" := {x € S : h(x) > 0}. That is, (X°),en, is the Doob harmonic transform of

(X1 )nen, determined by the harmonic function h.

P{X>, = 2| XX =a} = for x, 2 € S",
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If (X2°),en, is any infinite bridge, then

n

~ Po{X® hits 2}P{X° =2 | X5, = 2}

P{X55, = 2| X0 =2} Po{ X hits 2}

h(z)P
- —(z) (z,2) for z,z € S",
h(z)
where h is the harmonic function defined by h(x) := W and S" denotes its support

{r € S : h(zx) > 0}. Conversely, any Doob harmonic transform of (X, )y, is an infinite
bridge. There is thus a bijective correspondence between infinite bridges and nonnegative
harmonic functions normalized to have h(o) = 1.

An infinite bridge is extremal if its distribution cannot be written as a nontrivial mixture
of distributions of infinite bridges. An infinite bridge is extremal if and only if its tail o-field
is almost surely trivial. Also, an infinite bridge is extremal if and only if the corresponding
nonnegative harmonic function cannot be written as a nontrivial convex combination of
nonnegative harmonic functions with k(o) = 1. (in which case we recall from [29] that we
say that the nonnegative harmonic function is extremal or minimal). A necessary condition
for a nonnegative harmonic function with ~2(0) = 1 to be extremal is that is of the form
K(-,&) for some £ € 0S5, but in general this condition is not sufficient. Consequently, a
necessary condition for an infinite bridge to be extremal is that it can be constructed as the
limit in distribution of bridges (X3", ... ,X}{Zln) for some sequence (y,,)neny With N, — oo as
n — oQ.

Ezxample 2.2.6. The classical two color Pélya’s urn scheme is a prime example of how Doob-
Martin topology delineates the limiting behavior of a Markov chain. We refer to [3]| for
rigorous proofs and more details.

Imagine an urn containing a black ball and a white ball. Each time, another ball is added
to the urn as follows:

1. a ball is drawn uniformly at random from the urn and its color is observed,
2. it is then replaced in the urn with an additional ball of the same color,
3. and the selection process is repeated.

Write B,, and H,, for the number of black balls and the number of white balls, respectively,
in the urn after n additional balls are added, n € Ny. By definition, (By, Hy) = (1,1). It is
easy to see that (By)nen, and (H,)nen, are non-decreasing sequences and converge almost
surely to infinity. In other words, with the usual discrete topology on the state space N x N,
the Markov chain (B, H,)nen, converges to infinity as n — oo in the sense of one point
compactification of the state space.

However, we can embed the state space N x N into a richer topological space and de-
lineate the asymptotic behaviors of the chain. The Doob-Martin compactification is such a
topological space where the chain converges to a limit almost surely.
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It is obvious that the initial position (1,1) is a reference state of the Markov chain
(Bn, Hn)neno- The transition probabilities and Green kernels for the chain (B,,, H,)nen, are
described as follows. For b, h,b,h € N with b < b, h < h,

G((b,h), (b, h)) = PET=0"M((b, h), (b, b))

B (E+B—b—h>b---(1§—1)h---(ﬁ—1)
- b—b (b+h)--(b+h—1)

Y

b--(b—1)h-- (h 1) !
_(b+h)(b+h—1) (b—b)!(h—b)!
T =D)I(h=1)! (b+h—2)!
(b+h—1)!  (b—1)!(h—1)!
b+h—-1) (b=b+1)---(b=1)(h—h+1)---(h—1)

oD -0 Grh-b—htl)-(bth-2)

It follows that a sequence (b, hy,)nen, in N x N with b, — oo, h,, — 00 as n — 0o converges

in the Doob-Martin topology if and only if - fh converges as n — oo. More precisely, if

hmn_mbni—hn—cforogcgl,thenfor(b h) e Nx N

lim K((b, ), (bn, b))

n—r00

oy (b+h—1)! (b, —b+1) b, — 1 h,—h-+1 h, —1
T (b= DI(h— D)l bythy—b—h+1 bythy—h—1by+hy—b—h byt hy—2

b+h—11 ., B
ST

By B, ]
Bn+Hnp )neNo B. i H. )n N, converges al

most surely and therefore the Markov chain (B, Hy)nen, converges almost surely in the

Doob-Martin topology. Moreover, an induction establishes that 5 +"H is uniformly dis-

tributed over the set {n+2, e TR Zié}, n € Ny. Consequently, (B i”H )nGNO

distribution to a U[0, 1] random variable and the Doob-Martin boundary can be identified
with the unit interval [0, 1].

Because ( is a bounded martingale, we have that (

converges in
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2.3 Transition probabilities and Labeled Infinite bridges

Transition probabilities and Labeled infinite bridges for (U,)cn,

Definition 2.3.1. For n € Ny write W, for the set of words from the alphabet {a, b} that
have n letters a and n letters b and put W := [ |, .y, W,,.

By definition, the Markov chain (U,),en, has state space W and one-step transition
probabilities

M (v, w)
(2n+2)(2n+1)

for v € W,, and w € W,,,1, where M (v, w) is the number of ways to write w = vizveyvs in
such a way that {z,y} = {a, b} and vy, ve, v3 are (possibly empty) words such that v = v1v9v3.
That is, M (v, w) is the number of times that v appears inside w as a sub-word. (We recall
that, in general, a word ¢; - - - ¢, is a sub-word of a word dj - - - d,; if there is a map f : [p] — [¢]
such that f(i) < f(j) for 1 <i<j <panddsp =c for 1 <k <p.)

In order to write down multi-step transition probabilities for the Markov chain (U, )nen,,
it is convenient to introduce the following standard notation (see, for example, [20]).

P{Uys1 =w|U, =v} =

Definition 2.3.2. Given two words w and v drawn from some finite alphabet, write (15) for
the number of times that v appears as a sub-word of w.

abbaba

b ) = 4 because bba appears inside abbaba as a sub-word

Example 2.3.3. For example, (
four times:

abbaba abbaba abbaba abbaba.

Remark 2.3.4. Note that if our alphabet has only one letter, then (7“1‘)’) is just the usual
|wl

\vl)’ where we use the notation |u| for the length of the word w.

binomial coeflficient (

For a general finite alphabet A, (7:’) is uniquely determined by the following three prop-
erties, where we write A* for the set of finite words with letters drawn from the alphabet A
(see |20, Proposition 6.3.3]):

e (i) =1 forall w e A*, where ) is the empty word,

e () =0for all v,w € A* with |w| < ],

o (") = (") 4 0sy("), for all v,w € A* and z,y € A, where § is the usual Kronecker

vr

delta.

The counting involved in determining (Z’) for general v, w € A* is handled by the following
result from [7]. Define an infinite matrix P with entries indexed by A* by setting the (v, w)
entry to be (i’j) If the row and column indices are ordered so that they are nondecreasing in
word length, then P is an upper triangular matrix with 1 in every position on the diagonal.



CHAPTER 2. THE DOOB-MARTIN COMPACTIFICATION OF MARKOV CHAINS
OF GROWING WORDS 21

Define another infinite matrix H indexed by A* by setting the (v, w) entry to be (1’)’) if
|lw| = |v] + 1 and 0 otherwise. With the same ordering of the indices as for P, the matrix H
is upper triangular with 0 in every position on the diagonal. The matrix exponential exp(H)
is well-defined and is equal to P.

Using the above notation, we can express the transition probabilities of (Up,)nen, as
follows.

Lemma 2.3.5. For words v € W, and w € W,

w nln!
U> 2m+1)(2m+2)---(2(m+n))

P{Um+n:w’Um:U}:(

Proof. We proceed by induction. The result is certainly true when n = 1. Supposing it is
true for some value of n, in order to show it is true for n + 1, we need to show that for
ue W, and we W,,,,,1 we have

Z (Z) (2m + 1)1(2m +2) (f) (2m+3)(2m + 111)!7-1~!~ (2(m+n+1))

VEW 41

B (w) (n+1D!(n+1)
S \u)C2m+1)2m+2)--- (2(m+n+ 1))

> ()= (e

vEW, 41

or, equivalently, that

This, however, is clear. The lefthand side counts the number of words v € W,, ;1 such that
u is subword of v and v is a subword of w. Any such v and its embedding in w arises by
taking an embedding of u in w and then specifying which of the remaining n + 1 letters a
in w and which of the remaining n + 1 letters b in w are used to build the word with its
particular embedding, and this is what the righthand side counts. O

Corollary 2.3.6. The Doob—Martin kernel of (U, )nen, with distinguished state the empty
word is, forv e W, and w € W, .,
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Proof. We have

K(v,w)
_ P{Unsn = w| Uy, = v}

nln!

o (1111)) (2m+1)(2m+2)---(2(m+n))

(5) s

B (w) nIn!(2(m +n))!
S \v /) (m+n)(m+n)2m+1)2m+2)---(2(m +n))

- (it

Remark 2.3.7. Up to the factor (2:;), the Doob-Martin kernel K (v,w) is the probability
that if we select m of the letters @ and m of the letters b uniformly at random from w
and list these letters in the same relative order that they appear in w the resulting word
is v. Therefore, a sequence (wy)reny in W with N(wy) — oo as k — oo converges in the
Doob-Martin topology if and only if for every m € N the sequence of random words in W,,
obtained by selecting m letters a and m letters b from wj (and maintaining their relative
order) converges in distribution as k — co.

[]

Definition 2.3.8. For w € Wy, k € Ny, let (UJ,...,U) be the bridge for (U,)nen, from
the empty word to w.

Theorem 2.3.9. The backward transition dynamics for all bridges for (Uy,)nen, from the
empty word are the same and consist of removing at each step one letter a and one letter b
uniformly at random.

Proof. Consider the bridge for (U, )nen, from the empty word to w € Wy.
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For0<m<k—1,0ve W, and u € W,, we have

P{U, = ul Uy = v}
_ P{Un = u, Uy = v | U = w}
B P{Upsi =v|Up =w}
P{U,, = u, Ups1 = v, U, = w}
T P{Ups =0, Uy =w}
_ P{U, = u}P{Upy1 = v | Up = u}P{Us = w |Upy1 = v}
B P{Ups1 = v}P{U; = w |Upps1 = v}

1 m!m!
_ ("U) (2m+1)(2m+2) X (2m)!

U (m4+1)!(m+1)!
(2m—+2)!

()

(m+1)%

In order to go backward from the word v of length 2(m + 1) to the word u of length 2m,
we have to remove one a and one b. There are (Z) pairs of a and b such that the removal of
the pair from v results in u, and there are a total of (m + 1)? pairs of a and b in v, and so
the result follows from the calculation above. m

Suppose that (yn)nen is a sequence of words in W := | | . W, that converges in the
Doob-Martin topology and is such that N(y,) — oo asn — oo. Recall that (U, ..., U]%”(yn)),
n € N, is the associated bridge that starts from the empty word and is tied to being in state y,

at time N (y,). The finite dimensional distributions of (Ug", ..., Uy, ) converge as n — oo.
Thus, there exists a process (U2°)nen, such that for every k € Ny the random (k + 1)-tuple
(Ug", ..., U™) converges in distribution to (Ug, ..., U°).

The forward evolution dynamics of the Markov chain (US°),en depend on the sequence
(Yn)nen, whereas from Section 2.2 and Theorem 2.3.9 the backward evolution is Marko-
vian and doesn’t depend on the sequence (yn)nen; given UgS,, the word U is obtained by
removing one letter a and one letter b uniformly at random from UY .

For each n € Ny the distribution of U2° defines the distribution of a random element
U;fon of the set W, of words of length 2n drawn from the alphabet {a, by, ..., an, by} with
each letter appearing once by assigning the labels [n] uniformly at random to the letters a
and to the letters b. More precisely, for U>® = ¢y ...cop, let A, := {i € [n] : ¢; = a} and
B, ={je€n]:¢; =0} let ¥: A, — [n] and T : B, — [n] be random bijections that are
conditionally independent and uniformly distributed given U°, and define (7;;°n ‘=C1...Cop
by

L1 ke Ay,
7 \brw, ke B,

For 0 < p < n, define Uﬁf’p to be the word obtained by deleting {ay+1,bp11, ..., an, by}

from ﬁ;jon Observe that if 0 < p < mAn, then U° U;fp and (NJI‘)’E) have the same distribution.

m7p’
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Moreover, if for 0 < p < n we let U7, be the result of removing the labels from Ufp (that

is, Uy, 1s the element of W), obtained by replacing the letters ay, 1 < k < p, by the letter

a and the letters by, 1 < k < p, by b), then (US%,...,US,) has the same distribution as
) : o
By Kolmogorov’s consistency theorem, there is a process (U;°)nen, such that (Us°, ..., US’)

has the same distribution as (Uy%, ..., U,) for any m < n and the result of removing the

labels from (U2°),en, has the same distribution as (U°)nen,. By the transfer theorem [10,

Theorem 6.10], we may even suppose that (US°),en, is defined on an extension of the prob-

ability space on which (Us°),en, is defined in such a way that (U2°),en, is the result of

removing the labels from (US°),en, -
Transition probabilities and labeled infinite bridges for the Markov
chain (W,,)en,

By definition, (W, )nen, is a Markov chain with state space B and its transition probabilities
are as follows: for v = v ... vy, € B, and w = wy ... wapny1) € By,

R(v,w)

(")

P{W 1 =w|W, =v} = (2.2)

where R(v,w) is the number of pairs (i,7) with 1 < ¢ < j < 2(n + 1) such that w =
U1...0100; ... Vj_2bvj_1 ... Vg,. For example, P{W; = aabb} = % and P{Wy = abab} = %
corresponding to the respective sets of possibilities {aabb, aabb, aabb, aabb} and {abab, abab}
for placing the new a and b. Similar enumerations establish that the probabilities of the

various transitions from states in B, to states in B3 are

aaabbb aababb aabbab abaabb ababab

aabb [ 9/15  4/15  1/15  1/15 0
abab\ 0 4/15  4/15  4/15  3/15

and that the marginal probability distribution of Wj is given by P{W3 = aaabbb} = <,
P{W; = aababb} = +t, P{W3 = aabbab} = &, P{W; = abaabb} = Z, and P{W; =
ababab} = +=.

Definition 2.3.10. A matching of [2n] is a partition of [2n] into subsets of size 2. Given
a word w = wy ...ws, € B,, we say that a matching M of [2n] is an associated admissible
matching of the word w if for every block {i,j} of M with i < j we have w; = a and
w; = b. For example, if n = 3 and w = aababb, then the associated admissible matchings
of the word w are {{1,3},{2,5},{4,6}}, {{1,3},{2,6},{4,5}}, {{1,5},{2,3},{4,6}}, and
{116}, 2,3}, {4,5}}.

Any matching M of [2n] defines a word w € B,, for which M is an associated admissible
matching: if {7, j} is a block of M with ¢ < j, then place a letter a in the position ¢ and a letter
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b in the position j. Denote this word by ®(M); for example, ®({{1,3},{2,5},{4,6}}) =
aababb. Let A(w) := #{M : &(M) = w} be the number of associated admissible matchings
of a word wj; for example, A(aababb) = 4.

Definition 2.3.11. For a word w = wy ... ws, € B, define its height function
Ht)=#{1<i<t:w,=a} —#{1 <j<t:w;=b}, 1<t<2n.

Lemma 2.3.12. Gwen a word w = w; ...ws, € B,, the number of associated admissible
matchings is

AMw)y= ] H®).

1<k<2n,wip=a

Proof. For 1 < k < n, write i, (respectively, ji) for the position of the &' letter a (respec-
tively, letter b) in the word w; that is, #{1 <r < i, :w, =a} =k, #{1 < s < jp 1 ws =
b} =k, w;, = a, and w;, = b. Then, for 1 <t < 2n,

Ht)=#{1<p<n:i, <t} —#{1<g<n:i, <t}

Note that w;, = a and wy = b for 7, + 1 < k < 2n, and therefore 7,, must be matched
with one of {i, +1,...,2n}. Observe that the cardinality of this set is

n—#{1<j<i,:w=b=#{1<i<i,:w =a}—#{1<j<i,: w; =b}
= H{(iy).

Removing the letter a in position ¢, and the letter b in the position with which 7, is
matched produces the same word v = vy ... v9,_s regardless of which index is matched with
i,. The number of associated admissible matchings of the word w is therefore the product
of H(i,) and the number of associated admissible matchings of the word v.

Let the function G be defined from v in the same manner that H was defined from w.
Then i, 1 € [2n — 2] is the position of the last letter a in w and, for 1 <t <, 1,

#Hi<i<t:v=a}=#{1<i<t:w;=a}

and
#{1<j<t:v,=b}=#{1<i<t:w; =0b}

so that G(t) = H(t) for 1 <t < 4,_1. An induction then establishes that the number of
associated admissible matchings of w is

as required. O
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Using the same randomness that went into the construction of (W, ),en,, it is possible
to generate a Markov chain (M, ),en, such that M, is an associated admissible matching
of W, for n in N. Recall that [,,,; < J,,1 is the pair of indices uniformly picked from
{(4,7) : 1 <i < j < 2n+ 2} when constructing W, 1 from W,,. In going from M, to M, 1,
we match [,.; and J,.1; more precisely, we make {I,,1,J,.1} a block of the partition
M, 1 and define the remaining blocks by taking each block {k, ¢} of M, with k& < ¢ and
transforming it into the block {p, ¢} of M, 1, where

ep=Fkandqg=/Cif k<l <1, < i1,
ep=kandg=/l+1ifk< s <l+1<Jy,
ep=Fk+landg=0+1ifl, 1 <k+1<l+1< i,
ep=Fk+landqg=0+4+2if [, 1 <k+1< Jpy <l+2,
ep=k+2andg=0+2if 1 < 1 <k+2<(+42

Proposition 2.3.13. (i) For each n € Ny, the random matching M, is uniformly dis-
tributed over the & [T,_, (22k) = (2n—1)(2n —3)---3-1 = (2n — D!! matchings of
[2n].

(ii) For each n € Ny and w € B,,, the marginal distribution of W, is

A(w)

P{W, = w} =P{®(M,) =w} = 20—

(iii) For each n € Ny and w € B, the conditional distribution of M, given W, = w is
uniform on the A(w) associated admissible matchings of w.

(iv) Forv e B, and w € B, 4,

1
P{W, =v| W, =w} = n——l—lR(U’w)A(w)'

(v) The conditional distribution of M, given M, 1 = M is the distribution of the random
partition of [2n] that is produced by first removing a block {i,j} uniformly at random
from the n + 1 blocks of M to produce a matching of the set [2n + 2]\ {i,j} and
then applying the unique increasing bijection from [2n + 2]\ {i,j} to [2n] to turn this
matching into a matching of [2n].

(vi) Consider w € B, 11 and construct a random matching R of [2n] as follows. Let S be
a uniform random admissible associated matching for w and let R be such that the
conditional distribution of R given S = S coincides with the conditional distribution
of M,, given M, 1 = S described in (v). Then, the distribution of R is the same as
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the conditional distribution of M, given {W,,1 = w}. Thus, the distribution of the
random word ®(R) coincides with the conditional distribution of W,, given {W,, 11 = w}.
Moreover, given ®(R) the conditional distribution of the random matching R is uniform
on the set of associated admissible matchings of ®(R).

Proof. The proof of part (i) is essentially immediate from the definition of (M, ),en,, but we
present a proof by induction for the sake of completeness. The result is certainly true when
n = 1. Suppose that the result holds for some n € N. Let M be a matching of [2n + 2.
If {i,7} is a block of M, let M;; be the matching of [2n] that is obtained by removing the
block {3, j} from M to produce a matching of the set [2n + 2]\ {7, 7} and then applying the
unique increasing bijection from [2n+2]\ {4, j} to [2n] to turn this matching into a matching
of [2n]. By the inductive hypothesis,

P{M, 41 = M} = Z P{M1 = M, (Iny1, Jnt1) = (i,5)}

1<i<j<2n+2
= Y P{M, =My, (I, Jur) = (i)}
{i,7}eM, i<
n+1) :
= \n
2n -1 (2n+2)2n +1)
1
2+ 1) -1

as required.
Part (ii) follows readily from part (i), and part (iii) can be derived from parts (i) and (ii)
: for M such that ®(M) = w,

P{M, = M, W, = w}
P{W,, = w}

~ P{M, = M}

- P{W, = w}

1 A(w)
T (2n— 1)!!/(2n — 1l

P{M, = M|W, = w} =

For part (iv) we have

P{W,, = v}P{W, 11 = w|W, = v}
P{Wn+1 = w} ’

P{W, =v| W, =w} =

where

2R(v,w)
(2n+2)(2n+ 1)’

P{W,11 =w| W, =v} =
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()
P{Wyi1 = w} = [
and A)
v
POVa =k =5 o
Thus the backward transition probability can be rewritten as follows:
B B _ Av) 2R(v,w) A(w)
POVa =0 Won = vl = 5 Sienr9)on 11/ @t
1 A(v)
=1 1R(U,w)A(w>.

The proof of part (v) is very similar to that of part (i). Let M be a matching of [2n]| and
N be a matching of [2n+2]. As above, if {7, j} is a block of N/, write N; for the matching of
[2n] that is obtained by removing this block from A and then applying the unique increasing
bijection from [2n+2]\ {7, j} to [2n] to turn this matching of [2n+ 2]\ {7, j} into a matching
of [2n]. Then

_ ]P){Mn = M}P{MnJrl = N‘ Mn = M}

P{M,1 =N}
= 1 ) N> M = M
P{My11 = N} : 1Si<jZS2n+2 g} € i (2n+2)(2n +1)
(2n + 1)!! )

= Gnonn #{{i,j} e N M =Nj;} -

CH#H{i g EN M =Ny}
- n+1 )

(2n+2)(2n+1)

as required.
For part (vi) we have that

P{M, =R | Wy =w}

= Y P{My=R| W1 =w, Mypy =S} P{M, 1 = S| Wy = w}
D(S)=w

= Y P{My=R| My =S} P{M, 1 =S| W1 = w}
D(S)=w

=Y P{R=R|S=8}P{S =85}

— P{R=TR}.

Thus, the distribution of R is, as claimed, the same as the conditional distribution of M,
given {W,,41 = w}.
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Moreover, because M,, given W,, is uniformly distributed on the set of associated admis-
sible matchings for W,, by part (iii) and by construction W, is conditionally independent
of M, given W,,, we have

P{R=TR|®(R) =0}
= P{M, = R|W, = v, Wps1 = w}
CP{M, =R, W, = v, Wpyy = w}
B P{W, = v, Woy1 = w}
 P{W, = v}P{M,, = R|W, = v}P{W, s =w|M, =R, W, = v}
B P{W, =v, W11 = w}
1 P{W, = v}P{W,py =w | W, =v}
-~ Av) P{W,, = v, W,11 = w}

1

-~ A)
This shows that the conditional distribution of R given ®(R) is indeed uniformly distributed
on the set of associated admissible matchings of ®(R). O

Remark 2.3.14. The above proof of Proposition 2.3.13 contains a proof of part (iv) of the
result. However, it is informative to observe that part (iv) is, as follows, a consequence of
part (vi) of the result. Part (vi) says that P{W,, = v| W, = w} = P{®(R) = v} and

P{®(R)=v}= Y P{R=TR}

P(R)=v

= Y  P{R=R,S=S8}

D(R)=v,2(S)=w

In the sum we only need to consider pairs (R, S) such that ®(S) = w, there is a block {3, j}
of the partition & such that 1 < i < 5 < 2n+2 and the removal of the the letters a and b from
the positions in w given by the indices 7,7 produces v, and the partition R is obtained by
removal of the block from S followed by the usual transformation of indices that transforms
a matching of [2n + 2] \ {4, 7} into a matching of [2n]. The number of pairs of indices that
can be matched is R(v,w). The number of associated admissible matchings of w in which
two particular indices i, j are matched is A(v), because if we remove the matched pair {i, j}
of indices we obtain a matching of v after the usual transformation of indices. For each such
associated admissible matching & of w there is probability m that S will take the value §.
Lastly, for such a pair (R,S), if S takes the value S, then for each of the n + 1 blocks of S
there is probability n+r1 that this block will be removed so that R takes the value R. Thus,

1 1

P{®(R) = v} = R(%w)/\(v)Mw) T

as claimed.
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Definition 2.3.15. A labeled matching of [2n] is a matching in which the n blocks are labeled
with distinct elements of [n].

Given a labeled matching £ of [2n], let U(L£) € B,, be the corresponding word produced
by ignoring the labels and placing a letter a in position ¢ and a letter b in position j for
each block {i,j} of £ with i < j. Using the same randomness that was used to construct
(Wh)nen, and (Mp,)nen,, it is possible to build a Markov chain (L, )nen, such that L, is a
labeled matching of [2n] for n € N: the blocks of L,, are the same as the blocks of M,, and
in going from L, to L, the newly created block {I,,1, J, 11} is labeled with n + 1 whilst
the blocks that arise by transforming blocks already present in M,, keep their labels. Thus,
U(L,) =W,.

The following result is immediate from Proposition 2.3.13.

Corollary 2.3.16. (i) For each n € N, the random matching L, is uniformly distributed
over the n!(2n — 1)!! labeled matchings of [2n).

(i) For each n € N, the conditional distribution of L, given M, is uniform over the n!
labelings of M, and the conditional distribution of L, given W, is uniform over the
n!A(W,,) labeled associated admissible matchings of Wi,.

(i1i) The labeled matching L, is obtained from the labeled matching L,.1 by removing the
block labeled n + 1 and if this block contains the indices {i,7} applying the unique
increasing bijection from [2n + 2]\ {i,j} to [2n] to turn this labeled matching of [2n +
2]\{1, 7} into a labeled matching of [2n] (in particular, the backward transition dynamics
of (Lyp)nen, are deterministic).

() Consider w € B, 1 and construct a random labeled matching C of [2n] as follows. Let
D be a uniform random labeled associated admissible matching for w and C' be such
that the conditional distribution of C' given {D = D} coincides with the conditional
distribution of L, given {L,.1 = D} described in (iii). Then, the distribution of
C' is the same as the conditional distribution of L, given {W,.1 = w}. Thus, the
distribution of the random word ¥(C') coincides with the conditional distribution of
W, given {W,41 = w}. Moreover, given VU(C), the the conditional distribution of
the random labeled matching C' is uniform on the set of labeled associated admissible
matchings of V(C').

Recall that an infinite bridge for the Markov chain (W), )nen, is a Markov chain (W2°),en,
such that W° = 0 and P{W* = v| W3S, = w} = P{W,, = v| W, = w} for all v € B,,,
w € B,y1, and n € N.

Corollary 2.3.17. Suppose that (W°)nen, s an infinite bridge for (W, )nen,. Then there

exists a Markov process (LS )nen, with distribution uniquely specified by the requirements
that:

o L[> is a random labeled matching of [2n] for alln € N,
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o the process (V(LS°))nen, has the same distribution as (W) ,en,,

n

e the conditional distribution of LS° given V(L) is uniform on the set of labeled asso-
ciated admissible matchings of V(L) for all n € Ny,

e the conditional distribution of Ly° given {Ly5, = L} is the same as the conditional
distribution of L, given {L,+1 = L}.

Proof. Fix n € Ny and w € B,,. Define a Markov process (L™, ..., L") by requiring that

e L7 is a random labeled matching of [2n] that is uniformly distributed over the labeled
associated admissible matchings for w,

e the conditional probabilities for L»* given L'}, are the same as the conditional prob-
abilities for L,, given L,,;; for 1 < m < n — 1. In other words, L]* is obtained from
L, by removing the block labeled m + 1 and transforming the remaining blocks
without changing their labels by applying the unique increasing bijection to [2n].

It follows from Corollary 2.3.16 that (WU(Ly™),..., ¥(L*")) has the same distribution as
(Wo, ..., W,) conditional on the event {WW,, = w}. Moreover, the latter conditional distribu-
tion is the same as the distribution of (W°, ..., W;°) conditional on the event {W;>° = w}.

We can therefore construct a Markov process (L{, ..., L") with a distribution that is
uniquely specified by the requirements that

o (U(Ly),...,¥(L?)) has the same distribution as (W§°,..., W),

e conditional probabilities for L}, given L7,  ; are the same as the conditional probabilities
for L,, given L, 1 for 1 <m <n—1,

e the conditional distribution of L7 given W(L") is uniform on the set of labeled asso-
ciated admissible matchings of W(L?) for 1 < m < n.

It is clear that (LY, ..., L") has the same distribution as (L§ ..., L") when n' < n”

and hence, using Kolmogorov’s extension theorem, we can construct a process (L;°),en, such

that (L&°, ..., L) has the same distribution as (L, ..., L) for any n € Ny. O

2.4 The exchangeable random total order associated
with a labeled infinite bridge

The exchangeable random total order associated with an infinite
bridge (US°)en,

n

A state of a labeled infinite bridge is a word of length 2n from the alphabet {ay, b1, ..., a,, b,}
in which each letter appears once. Another way to think of such an object is as a total order
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on the set |J;_,{ax, br}. Because the labeled infinite bridge evolves by slotting in the letters
any1 and b,y at the (n + 1)™ step while leaving the relative positions of {ay, by, ..., an, by}
unchanged, these successive total orders are consistent: the total order on {ay,by,...,a,,b,}

given by the state of the infinite bridge at step n is the same as the total order obtained by tak-
ing the state of the infinite bridge at step n+1 (a total order on {ay, b1, ..., an, by, @ni1, bui1})
and looking at the corresponding induced total order on {ay,by,...,ay,,b,}.

This projective structure means that we can associate any path of a labeled infinite
bridge with a unique total order on Iy := (J, c{@n, bn} such that the induced total order on
{a1,b1,...,a,,b,} coincides with the state of the labeled infinite bridge at step n.

We now introduce some general notions about random total orders.

Definition 2.4.1. A random total order < on I is a map from the underlying probability
space to the collection of total orders on I such that the indicator 1{z < y} is a random
variable for every x,y € Ij. A random total order < is exchangeable if for every n € N the
induced total order <" on J;_,{ax, by} has the same distribution as the random total order
<p . for any permutations o, 7 of {1,2,...,n}, where <7 _is defined as follows:

[ J aa(i) < b.,-(j) iff a; <" bj

n

o, T
® br(iy <5r o) i by <" a;
® Uo(i) <5 Aoy Iff a; <" a;

[ ] bT(Z) ‘< bT(j) lﬁ bz _<n bj.

n
g, T

Remark 2.4.2. The distribution of a random total order < is determined by the joint dis-
tribution of the random variables {1{z < y} : z,y € U,_,{ax, bx}} for arbitrary n € N (of
course, since 1{z < 2} = 0 and 1{z < y} = 1 — 1{y < z} for « # y, it suffices to take an

appropriate subset of size (%') of these (2n)? random variables for each n € N).

Remark 2.4.3. If < is an exchangeable random total order, then the induced random total
orders <", n € N, are consistent in the sense that if we take the random total order <"*! on

Z:i{ak, br} and remove {a,11,bn41}, then the induced random total order on | J,_,{ax, b}
is <".

Furthermore, JpZ} {ax} and Jp7; {bx} under the total orders induced by <"*! are each
order isomorphic to [n + 1] with the usual total order, and, moreover, if we let I and J be
the images of a,1 and b,1, then [ and J are independent and uniformly distributed on
n+1].

Conversely, suppose for each n € N that there is a random total order <™ on J;_, {ax, bx },
these random total orders have the property that <" has the same distribution as < _ for
any permutations o, 7 of [n] for all n € N, and these total orders are consistent. Then there
is an exchangeable random order < on Iy such that <™ is the corresponding induced total

order on J,_,{ax, br}.
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In terms of these general notions, if we let <", n € N, be the random total order on
Up— {ax, by} corresponding to UZ°, then these total orders are consistent and there is an
exchangeable random total order < on I such that the restriction of < to J;_,{ax,bx} is
<m,

The exchangeable random paired total order associated with an
infinite bridge (W°),.en,

Definition 2.4.4. A random total order < on Iy := J, cy{@n, bn} is a map from the under-
lying probability space to the collection of total orders on I such that 1{z < y} is a random
variable for every x,y € Iy. The distribution of < is determined by the joint distribution of
the random variables {1{z < y} : z,y € U;_,{ax, bx}} for arbitrary n € N. A random total
order < on Iy is paired if a,, < b, for all n € N. A random paired total order < on I is
exchangeable if for every n € N the induced random total order <" on |J;_,{ax, by} has the
same distribution as the random total order <7 for any permutation o of [n] := {1,2,...,n},
where <7 is defined as follows:

o ay() <y boy) iff a; <" by,
® by <y ao(y) iff by <" ay,
® ) <y Aoy iff a; <" ay,
® by <0 by iff by <™ b;.

Remark 2.4.5. If < is an exchangeable random total order, then the induced random total
orders <", n € N, are consistent in the sense that if we take the random total order <"*! on

Zi}{am b} and remove {a;,11, byy1}, then the induced random total order on | J,_,{ax, by}
is <".

Conversely, suppose that for each n € N there is a random total order <" on J;_, {ax, b}
Suppose that these random total orders are paired in the obvious sense and have the property
that <" has the same distribution as < for any permutation o of [n| for all n € N. Suppose
further that these paired total orders are consistent. Then, by Kolmogorov’s extension
theorem there is an exchangeable random paired total order < on [y such that <" is the

corresponding induced total order on (J;_, {ax, by}

We can turn LS° (from Corollary 2.3.17) into a word of length 2n in the alphabet
Up— {ax, br} in which each letter appears exactly once as follows: place the letter a, in
position 7 if the block of LS labeled p is of the form {i, j} with ¢ < j and place the letter b,
in position /¢ if the block of L° labeled ¢ is of the form {k, ¢} with k < ¢. This is equivalent
to replacing a letter a (respectively, b) in the word W(LS°) appearing in position i (respec-
tively, ¢) with the letter a, (respectively, b,) if the block of LJ° containing ¢ (respectively,
() is labeled p (respectively, ¢). The resulting word in the alphabet J;_,{ax,bx} then de-
fines a paired total order on that alphabet in the obvious way: ¢ € |J;_,{ax, by} precedes
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d € U;_{ax, by} in the total order if the letter ¢ comes before the letter d in the word. These
paired total orders are consistent as n varies and hence define a paired total order on Ij. The
following result defines this paired total order a little more formally, records the fact that
it is exchangeable, and lays out how to go in the reverse direction and produce an infinite
bridge from an exchangeable random total order. We omit the straightforward proof.

Lemma 2.4.6. Suppose that (W °)uen, s an infinite bridge for (Wy)nen, and (LS°)nen,
1s the corresponding process of labeled associated admissible matchings guaranteed by Corol-

lary 2.3.17. Define a random paired total order < on Iy by declaring for p,q € N that

o a, < a, if for any n € N with 1 < p,q < n the block labeled p (respectively, q) in Lg°
is of the form {i,j} with i < j (respectively, {k,l} with k < {) where i < k,

o b, < b, if for anyn € N with 1 < p,q <n the block labeled p (respectively, q) in L° is
of the form {i,7} with i < j (respectively, {k,(} with k < {) where j < {,

o a, < b, if for anyn € N with 1 < p,q < n the block labeled p (respectively, q) in L° is
of the form {i,5} with i < j (respectively, {k,¢} with k < £) where i < (,

o b, <a, if for anyn € N with 1 < p,q <n the block labeled p (respectively, q) in L° is
of the form {i,j} with i < j (respectively, {k,¢} with k < () where j < k.

Then the random paired total order < is exchangeable.

Conversely, suppose that < is an exchangeable random total order on ly. Define a pro-
cess of labeled matchings (L) nen, as follows: if i1, ..., cap is a listing of . _,{ax, bx} with
c1 < -+ < Copn, then make {i,j} C [2n] a block of L;° labeled with k € [n] whenever ¢; = ay,
and c; = by. Then (W )nen, = (Y(LS))nen, @S an infinite bridge and (L°)nen, is the cor-
responding process of labeled associated admissible matchings guaranteed by Corollary 2.5.17
if and only if the conditional distribution of LY° given W(LS°) is uniform on the set of labeled

associated admissible matchings of V(L) for all n € Ny.

2.5 Characterization of exchangeable random total
orders

Characterization of exchangeable random total orders associated
with infinite bridges (U, )nen,

The results of the previous sections indicate that if we want to understand the Doob—Martin
compactification for (U, )nen, We need to understand infinite bridges for (U, )nen,, and this
boils down to understanding exchangeable random total orders on Ij.

A mixture of two exchangeable random total orders is also an exchangeable random total
order, so we are interested in exchangeable random total orders < that are extremal in the
sense that their distributions cannot be written as a nontrivial mixture of the distributions
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of two other exchangeable random total orders. This is equivalent to requiring that if A is
a measurable subset of the space of total orders on Iy with the property that <€ A if and
only if <»7€ A for all finite permutations o, 7, then P{<e A} € {0,1}. We say that an
exchangeable random total order with this property is ergodic.

The following result can be established using essentially the same argument as in Propo-
sition 5.19 of [13], and we omit the details.

Lemma 2.5.1. The tail o-field of an infinite bridge (U2°)nen, s almost surely trivial if
and only if the exchangeable random total order induced by the corresponding labeled infinite

bridge (U°) e, is ergodic.

Remark 2.5.2. There is one obvious way to produce an ergodic exchangeable random total
order. Let ¢ and n be two diffuse probability measures on R. Let (V},),en be ii.d. with
common distribution ¢, let (W,),en be i.i.d. with common distribution 7, and suppose that
these two sequences are independent. The total order < on Iy defined by declaring that

® a;, <a;if V; <V},

o bl<b] lle<VV],

° ai—<bj 1fV;<W],

[} bi'<aj lfWZ<V3,
is exchangeable and ergodic; exchangeability is obvious and ergodicity is immediate from the
Hewitt—Savage zero—one law applied to the i.i.d. sequence ((V,,, Wy,))nen-

We will show that all ergodic exchangeable random total orders arise this way. Note
that many pairs of probability measures can give rise to random total orders with the same

distribution: replacing ¢ and n by their push-forwards by some common strictly increasing
function does not change the distribution of the resulting random total order.

Definition 2.5.3. Given an exchangeable random total order < on I, define d : Iy x I —
[0, 1] by requiring that d(z,z) = 0 for all € Iy, d(z,y) = d(y,z) for all z,y € Iy, and

1
d(z,y) = limsup %#{1 <k<n:x<a, <y}

n—oo

1
+limsup2—#{1§€§n:w<bg<y}

n—00 n

for x < y. It follows from exchangeability, de Finetti’s theorem, and the strong law of large
numbers that in the above the superior limits are actually limits almost surely.

Remark 2.5.4. It is clear that by redefining d on a P-null set we may assume for every
x,1y, z € I that

o d(z,y) >0,
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e d(z,y) =d(y, »),
o d(z,z) < d(z,y) +d(y, 2),
o d(z,y)=0if z = y.

Remark 2.5.5. For distinct z,y, z € Iy the triangle inequality d(z, z) < d(z,y) + d(y, z) can
be sharpened to a statement that for all z,y, z

o d(x,z) =d(x,y) +d(y,2) ifz <y <z,

o d(z,z) =d(xz,y) —d(y,z) iffz <z <y,

o d(x,z) =d(y,z) —d(z,y) if y <z < 2,
and three analogous equalities when z < .

Proposition 2.5.6. If x,y € Iy with x # y, then d(x,y) > 0 almost surely. Therefore almost
surely d is a metric.

Proof. We need to show for k,¢ € N with k # ¢ that d(ax,as) > 0 and d(bg,bs) > 0, and,
furthermore, for arbitrary k,¢ € N that d(ay, bs) > 0.
Consider d(ag, as). Set

Iy = 1({ar < am < ag} U{ar < an, < a}), m & {k,(}.

Suppose that II,, n € N is a uniform random permutation of [n]. By exchangeability of the
total order, if £V ¢ <n, then

P{l,=0,1<m<n, m¢{k,(}}
=P{IL,(¢) = 1L, (k) + 1} U{IL,(k) = IL,(¢) + 1})
1

=2(n— 1)m

I
SRR

and the random variables {I,,, : m € N, m ¢ {k,(}} are exchangeable. It follows from de
Finetti’s theorem and the strong law of large numbers that

1 1<
im —#{1<m<n: = lim —
JLIEOH#{l_m_n.ak<am<ag} JingonZ:lfm>O
almost surely and hence d(ag, a;) > 0. A similar argument shows that d(by, by) > 0.
It remains to show that d(ax,b;) > 0. Set M := {m € N : a; < b,}. It follows from

exchangeability that on the event {M # 0} D {ax < by} we have #M = oo almost surely
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and indeed that lim,_. #(M N [n]) > 0. Write M = {my, my,...} with m; < my < ...
Fix p € N and set
Jy = Hbm, <bm,}, q#0p.

By exchangeability of the total order, if p VvV ¢ < r, then
1
P{J, =0, 1§q§r,q7ép|M#@}:p{nr(p)zl}:;

and the random variables {J, : ¢ € N, ¢ # p} are conditionally exchangeable given {M # (}}.
It follows from de Finetti’s theorem that on the event {M # (0}

1
lim —#{q:mq € [n], ar < by, < by, } >0
n—oo M

almost surely and hence d(ag,b;) > 0 almost surely on the event {ar < b;}. A similar
argument shows that d(ag,b;) > 0 almost surely on the event {b, < a;}. O

Definition 2.5.7. Given an ergodic exchangeable random total order < on I, denote by I
the completion of Iy with respect to the metric d.

Definition 2.5.8. Define f : Iy — [0, 1] by

f(y) :==sup{d(z,y) : x € Iy, = < y}.

Remark 2.5.9. It follows from Remark 2.5.5 that

1
f(y) = limsup 2—#{1 <k<n:a, <y}

N—00 n

1
+ lim sup 2—#{1 <l<n:b <y},

Nn—00 n

|f($)—f<y)’:d(l’,y), $,y€]10,
and
fl@) <fly) =z =<y zycl,

so that f is an order-preserving isometry from I into [0,1]. Thus the function f extends
by continuity to an isometry from I into [0, 1] and if < is extended to I by declaring that
x <y <= f(z) < f(y), then < is a total order on I and f is an order-preserving isometry
from I into [0, 1] and hence an order-preserving isometric bijection from I to the image set
J = f(I) C [0,1]. Because I is complete, J is complete. Because J is a complete subset of
[0,1] it is closed and hence compact, and therefore I itself is compact. It follows from the
ergodicity of < that J is almost surely constant. We will see below that J = [0, 1].
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Remark 2.5.10. Define a sequence ((X,,,Y,))nen of J*-valued random variables by setting
X, = f(a,) and Y, := f(b,). The exchangeability of < implies that if ¢ and 7 are two
finite permutations of N, then ((X, (), Y7(n)))nen has the same distribution as ((X,, Y2))nen-
In particular, the sequence ((X,, Y;,,))nen is exchangeable. It is a consequence of de Finetti’s
theorem and the ergodicity of < that this sequence is i.i.d. with common distribution some
probability measure 7 on J2. It follows from the next result that 7 = u®wv for two probability
measures ;4 and v on J that we call the canonical pair. Because X,, # X,, and Y,, # Y,
almost surely for m # n, the probability measures p and v must be diffuse.

Lemma 2.5.11. Suppose that the random variables X', Y, X" Y" are such that
L(X,Y')E (X", Y")
9 ((X/, Y’), (X", Y”)) 4 ((X/, Y”), (X”, Y’))
3 (XY L(X", Y.
Then X', X", YY" are independent.
Proof. For Borel sets A', A”, B', B” we have
P{X'e A, X"eA Y e B, Y"e B"}
=P{X' e A, Y e B'}{P{X" € A", Y" € B"} by (3)
=P{X' e A Y' e B}P{X" € A" Y € B"} by (2)
= P{X' € AIP{Y" € B}P{X" € A"}P{Y' € B"} by (3)
=P{X' € A}P{Y' € B'}P{X" € A"}P{Y" € B"} by (1).
]

Theorem 2.5.12. Any ergodic exchangeable random total order < has the same distribution
as one given by the construction in Remark 2.5.2 for some pair of diffuse probability measures
(C,n) on R. The canonical pair of diffuse probability measures (p,v) on [0,1] are uniquely
determined by the moment formulae

/ " p(dz)
[0,1]
1 n
= (5) Z P{Cl < Gpt1y - ooy Cp < an—i—l}

CeHZ:l {ak 7bk}

and

/ y" v(dy)
[0,1]
1\"
= (5) g ]P{Cl < bn—i—la ceey Cp < bn+1}'

celTn=1{akr.br}
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The probability measure 1 (p+ v) is Lebesque measure on [0,1] and, in particular, J = [0,1].
Moreover, i and v are the respective push-forwards of ¢ and n by the function z %(C +

(=00, 2])

Proof. We have already shown that an ergodic exchangeable random total order has the
same distribution as one built from an arbitrary pair ((,7) of diffuse probability measures
on R using the construction in Remark 2.5.2.

Define ((X,, Yy))nen as in Remark 2.5.10. It follows from Remark 2.5.9 that

Xo = (=50, X)) + 50((=00, X,)

and

Y = Sa((=00, Ya]) + 3¥((~00,Y,)

for any n € N. Let (I,)n,en be a sequence of i.i.d. random variables that is independent of
(X0, Yn))neny with P{[, =0} =P{[, = 1} = % and set Z,, := I, X,, + (1 — I,,)Y,, so that the
sequence (Zy,)nen is i.i.d. with common distribution £ (u + ). We have

Zo = 50+ ) (=00, Z]),

and so 3(u + v) is Lebesgue measure on [0, 1]. Thus, for any n € N

" u(de) =P{Z) < Xpi1, ooy Zn < Xy}

[0,1]
\"
= <§) E ]P{Cl < Qpt1y vy Cp < GJnJrl}

Cenzzl{akvbk}

and
/ Y u(dy) =P{Z1 < Ypi1, ooy Zn < Yoi1}
[0,1]
1 n
— (5) Z ]P){Cl = bn+1, A bn+1},
CeHZ:l{akvbk}
as claimed.
The proof of the final claim is straightforward and we omit it. O]

Remark 2.5.13. We haven’t shown that if (yx)ren is a sequence of points of W, where
Uk € Wiy, N(ye) = 00 as k — oo, and limy_,o yx = v in the Doob-Martin topology
for some arbitrary y in the Doob—Martin boundary that the harmonic function K(-,y) is
extremal. This is equivalent to showing that if the infinite bridge (U°)nen, is the limit of
the bridges (Ug", ..., Ux,,,), then (U%)nen, has an almost surely trivial tail o-field. This
is, in turn, equivalent to showing that the corresponding labeled infinite bridge induces an
ergodic exchangeable random order. The latter, however, can be established along the lines

of [13, Corollary 5.21] and |1, Corollary 7.2|, so we omit the details.
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Characterization of exchangeable random paired total orders
associated with infinite bridges (W,,),en,

We see from previous sections that understanding the Doob-Martin boundary is equivalent
to understanding infinite bridges, and that this further boils down to understanding the
corresponding exchangeable random paired total orders on I,. A mixture of two exchangeable
random paired total orders is also an exchangeable random paired total order, so we are
interested in exchangeable random paired total orders < that are extremal in the sense that
they cannot be written as a mixture of two other exchangeable random paired total orders.
This is equivalent to requiring that if A is a measurable subset of the space of total orders
on Iy with the property that < € A if and only if < € A for all paired total orders < and all
finite permutations o of N, then P{<€ A} € {0,1}. We say that an exchangeable random
paired total order with this property is ergodic.

The pertinence of ergodic random total orders to the distribution of infinite bridges
(W) nen, is due to the following lemma which follows from essentially the same arguments

n

as the proof of [13, Proposition 5.19].

Lemma 2.5.14. The tail o-field of an infinite bridge (W °)nen, s almost surely trivial if
and only if the exchangeable random total order induced by the corresponding labeled infinite

bridge (L2°)nen, s ergodic.

n

Remark 2.5.15. Let n be a probability measure on R? that assigns all of its mass to the
set {(s,t) : s < t} and has diffuse marginals. Let ((S,,7}))nen be ii.d. with common
distribution 77. A random total order < on Iy may be constructed by declaring that

e a;<a;if S; < 5},
o b <b; it T; <Tj,
o a,<b;if S; < Tj,
o bi<a; it T; <5,
o qp by if Sy < Ty,

The is random total order is paired, exchangeable, and ergodic. The properties of being
paired and exchangeable are obvious from the construction. As remarked in the Introduc-
tion, ergodicity follows from the Hewitt-Savage zero-one law or by suitably encoding the
exchangeable random total order as a jointly exchangeable array and checking that this ar-
ray is ergodic because it is dissociated. We now proceed to show that all ergodic exchangeable
random paired total orders are of this form.
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Proposition 2.5.16. Suppose that < is an ergodic exchangeable random paired total order

on ly. Define f: 1y — [0,1] by

1
fle) = limsup%#{l <k<n:a <c}

n—oo

1
+limsup2—#{1 <l <n:b <c}

n—00 n

If ¢,d € 1y with ¢ < d, then f(c) < f(d) almost surely with a possible exception when ¢ = ay
and d = by, for some k € N.

Proof. 1t follows from exchangeability, de Finetti’s theorem, and the strong law of large
numbers that limit superiors in the definition are actually limits almost surely.
Consider first the proof that f(ax) < f(as) on the event {ay < as}. Set

L, = Ya, < am < as}, m¢ {k,(}.

By exchangeability of the random total order, if £V ¢ < n, then

1 1 2
P{Im:(),1§m§n,m@é{/{:,E}|ak—<ag}:(n—1)—/—:—
n

nn—1)/ 2
because
P{l,,=0,1<m<n,mé¢{k/l}, ap < as}
is the probability (n — 1)@ that a uniform random permutation o of [n] is such that

o(p) = k and o(p+ 1) = ¢ for some p with 1 < p < n — 1. Also, the random variables
{L, : m € N,m ¢ {k,(}} are conditionally exchangeable given the event {a, < a,}. It
follows from de Finetti’s theorem and the strong law of large numbers that

1 1<
im — < <n: = lim —
nh_>nolon#{1 <m<ncag < ay, <a} Ji)rgonmilfm >0

almost surely on the event {ay < a,} and hence f(ax) < f(ay) almost surely on the event
{ar < as}.

A similar argument shows that f(by) < f(b;) almost surely on the event {b, < by}.

It remains to show for k # ¢ that f(ax) < f(b,) almost surely on the event {ay < by}
(respectively, f(bx) < f(as) almost surely on the event {b; < as}). Consider the first case
and denote the random set {m € N : a; < b,,} by M. Tt follows from exchangeability that
#M = oo almost surely and indeed lim, o +#(M N [n]) > 0 on the event {M # 0}. For
this case, write M = {my, my, ...} with m; < mg < ... and for fixed p € N define

Jy = UHbm, <bm,}, q#0p.
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By exchangeability of the total order, if p VvV ¢ < r, then
1

and the random variables {J, : ¢ € N, ¢ # p} are conditionally exchangeable given {M # (}.
It follows from de Finetti’s theorem that on the event {M # 0}

1
nh_)rrolo ﬁ#{q img € [n], ap < by, < b, >0
almost surely and hence f(ax) < f(be) almost surely on the event {a; < bs}. A similar
argument shows that f(by) < f(as) almost surely on the event {b; < a,}. O

Theorem 2.5.17. Suppose that < is an ergodic exchangeable random paired total order on
Iy. Let f: Ty — [0,1] be as in Proposition 2.5.16. Define a sequence ((Xy, Yyn))nen of [0, 1]2-
valued random wvariables by setting X,, := f(a,) and Y, = f(b,). Then ((X,,Yn))nen is
i.1.d. with common distribution a probability measure y that assigns all of its mass to the set
{(z,y) : 0 <z <y <1} and has the property that 3(u(- x R) + u(R x -)) is Lebesgue measure
on [0,1]. The probability measure p is uniquely determined by the moment formulae

/[ . z™y" p(dz, dy)
0,1
1 m+n
o (§> Z P{ci < @mgnt1s -5 Cm < Gmintts

Cenykn:ﬁn {ak' 7bk}

Cmt1 = Dmgnits -5 Cngn < Dmgnyt )

The ergodic exchangeable random paired total order < on Iy can be recovered from the random
sequence ((Xn, Yn))nen by declaring

o a; <ajif X; <X,
o b, <b;ifY; <Y},

o a, <b;if X; <Yj,
o b <a;ify; <Xj,
e ap < b if X =Y.

Proof. The exchangeability of the random paired total order < implies that the sequence
((Xn, Yn))nen is exchangeable. It is a consequence of de Finetti’s theorem that in order to
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show that this sequence is i.i.d. it suffices to show that it has an almost surely trivial tail
o-field. For any m,n € N we have that

Xn = flan)

1
=limsup —#{k:m <k <p, ar < a,}
p—oo 2D

1
+ lim sup 2—#{5 tm <L <p, b < a,},
p

p—o0

Y, = f(bn>
1
= limsup 2—#{k :m <k <p,a <b,}

p—oo 4P

+ lim sup l#{€ cm <L <p, b < by}

p—oo 2P
Thus, given a real-valued random variable V;,, that is measurable with respect to o{(X,,Y,) :
n > m} there exists a measurable real-valued function T,, defined on the paired total
orders on Iy such that V,,, = T,,(<) almost surely and Y,,(<) = T,,(<,) almost surely for
any permutation 7 of N that leaves the elements of {m,m + 1,...} fixed. Consequently,
given a real-valued random variable V' that is measurable with respect to the tail o-field
Mnen 0{(Xn, Ys) : n > m} there exists a measurable real-valued function T defined on the
paired total orders on I such that V' = T (<) almost surely and T (<) = T (<) almost surely
for any permutation 7 of N that leaves all but finitely many of the elements of N fixed. It
follows from the ergodicity of < that any tail measurable random variable V' is constant
almost surely and hence the sequence ((X,,, Y,,))nen is i.i.d. with common distribution some
probability measure p on [0, 1]?. By Proposition 2.5.16, u is concentrated on the set {(z,y) :
0 <z <y<1}, and P{X,, = X,,} = P{Y,,, = Y,,} = 0 for m # n, hence the marginal
distributions of pu must be diffuse.

Let (I,)nen be a sequence of i.i.d. random variables that is independent of ((X,,, Y,))nen
with P{I,, = 0} = P{[, = 1} = % and set U, := I, X, + (1 — I,)Y, so that the sequence
(Up)nen is i.i.d. with common distribution $(co + ), where a and 3 are the distributions of
X, and Y,,. By construction,

X = flan)

1
= lim —#{1<k<m:a; <a,}

m—oo 2m

1
+ lim —#{1 <l <m:b <a,}

m—oo 2Mm

1
= lim —#{1<k<m: X, <X,}

m—oo 2Mm

1
+ lim —#{1</(<m:Y, < X,}
2m

m—ro0

= (o + )0, X))
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and a similar argument shows that

Y, = (a+5)(0. %))

Therefore,

Uy = S (a+ 5)([0, V).

Now for any diffuse probability measure 7 on [0, 1], the distribution of ([0, Z]) for Z a ran-
dom variable with distribution 7 is uniform on [0, 1]. Therefore, U,, has a uniform distribution
on [0,1] and 3(a + f8) is the Lebesgue measure on [0, 1]. Thus,

/[O . ™y p(de, dy)

= ]P){Ul < Xm+n+17 SRR Un < XernJrla
Um+1 < Ym+n+1a sy Um+n < Ym+n+1}

1 m-+n
= (5) Z HJ>{Cl = Qmin+1; - -5 Cm = Qmtntl,
cel_[}g’jl"{ak,bk}

Cm41 = bm+n+17 cooy Cmgn =< bm+n+1}~
[

Remark 2.5.18. Let p be a probability measure on [0, 1]? that assigns all of its mass to the
set {(s,t) : 0 < s <t < 1} and has the property that $(u(- x R) + p(R X -)) is Lebesgue
measure on [0, 1]. Let ((Sy, T5))nen be i.i.d. with common distribution p. Define a process of
labeled matchings (Ly°),en, as follows: if C1, ..., Cy, are the order statistics of (J;_,{Sk, Tk}
with C; < --+ < (Cy,, then make {i,j} C [2n] a block of L labeled with k € [n] whenever
C; = S, and Cj = Tj,. Then (W°)nen, = (W(L°))nen, is an extremal infinite bridge and

(L) nen, is the corresponding process of labeled associated admissible matchings guaranteed

by Corollary 2.3.17 if and only if the conditional distribution of L° given W(L;°) is uniform
on the set of labeled associated admissible matchings of W(L°) for all n € Ny.

2.6 Identification of extremal harmonic functions

Idenfitication of extremal harmonic functions for the chain (U,),en,

Any extremal infinite bridge (Ug®)nen, is the h-transform of the original Markov chain
(Un)nen, With an extremal harmonic function h. We know from the above that such a
process arises as follows in terms of the canonical pair (u, ) of diffuse probability measures

associated with the corresponding point in the Doob—Martin boundary.



CHAPTER 2. THE DOOB-MARTIN COMPACTIFICATION OF MARKOV CHAINS

OF GROWING WORDS 45
We first require some notation. Given (z1,...,Zn, y1,...,¥yn) € R?" with distinct entries,
let 2y < -+ < 29, be a listing of {z1,...,2,,y1,...,ys} in increasing order. Define

W1,y Ty Yty e o3 Yn)) = Up - .. Ugp € W,

by
I if z; € {z1,..., 20},
‘), if z; €{y1,.-.,un}-
Given v € W,,, set
S) =W {v}) c R*™.

For example,

S(abba) = | [{(z1, 22,91 92) € R*: 2601 < yr(1) < Yriz) < To) )

o, T

where the union is over all pairs of permutations o, 7 of the set {1,2}. In general, S(v) is
the disjoint union of (n!)? connected open sets that all have boundaries of zero Lebesgue
measure.

Now take independent sequences of real-valued random variables (Xj)reny and (Yi)gen,
where the X} are ii.d. with common distribution g and the Yj are i.i.d. with common
distribution v and set

U =W({(Xy,....,X,,,Y1,...,Y)).

We have
PLUZ = u} = 1" © 1°(S(w)

()

(n+1)%

We also know that

P{U; = u|Ug, = v} =
It follows that
P{U, = o] Uy = u)

(n+1)2

— M@(nJrl) ® V®(n+1) (S(U))

/ 1" @ (S (u)).

On the other hand,

1
P{UX, =v|Ur =u} = h_u)P{UnH =v|U, =u}h(v)

(
h(v) ()
h(u) (2n+2)(2n + 1)

Thus,
h(v)  p®0t) @y (S(v)) (2n + 2)(2n + 1)

h(u) pEm @ vEn(S(u)) (n+1)2
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and, up to an arbitrary multiplicative constant,

m

) = (7)o o (S (w)

for w € W,,.

Since h(()) = 1, this normalization is the extended Doob-Martin kernel w — K(w,y),
where y is the point in the Doob—Martin boundary that corresponds to the pair of diffuse
probability measures (u, v).

Remark 2.6.1. The constant harmonic function h = 1 arises from the above construction
with p and v both being the Lebesgue measure A on [0, 1]. Therefore the process (Uy,)nen, 18
itself the extremal bridge associated with the pair (A, A). In particular, (U,),en, converges
almost surely to this point in the Doob—Martin boundary associated with this pair.

We observed in Remark 2.3.7 that a sequence (yx)ren with N(yx) — oo as k — oo
converges in the Doob—Martin topology if and only if for every m € N the sequence of
random words in W,,, obtained by selecting m letters a and m letters b uniformly at random
from g, and maintaining their relative order converges in distribution as £ — co. We can
now enhance that result as follows.

Proposition 2.6.2. Consider a sequence (yp)ren in W, where y, € Wy(y,), k € N, and
N(yg) — o0 as k — oo. If y is the point in the Doob—Martin boundary that corresponds to
the pair of diffuse probability measures (p,v) with (pu+v) = A, then limy_ o yx = y in the
Doob—Martin topology if and only if

(%)

w — Xm X@m

et (N(yk))Q Hw X v (S<w>)

for all w € W,,, for all m € N. That is, limy_,o yr = y if and only if for each m € N the
sequence of random words in W, obtained by selecting m letters a and m letters b uniformly

at random from vy, and maintaining their relative order converges in distribution as k — 0o
to the random word U® = W(Xy,..., X\, Y1,...,Yy) defined above.

Given a sequence (y)ren in W, where y, € Wyy,,), k¥ € N, and N(y) — 00 as k — o0,
define a sequence of pairs of discrete probability measures ((ug, vk))ren on [0, 1] as follows.
For k € N the two probability measure p; and v, both assign all of their mass to the set
11 << 2N(yp)}. For 1<i < 2N(yw), mi(axyy) = wgy i the i letter of yy is

4
{ 2N (yx)

, 2N (yx) .
the letter a, otherwise “k(m> = 0. Similarly, for 1 <j <2N(y), yk(QNJ(yk)) — N(lyk) if
the j' letter of y; is the letter b, otherwise l/k(—QNj(yk)) = 0. In particular, 1 (ux + v4) is the

uniform probability measure on {m :1 < ¢ <2N(yx)}. Observe that if w € W,,, then,
for w € W,,,

(N ()" ™ @ v (S(w)) = (m!)? @
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so that
(Zgj) N N(yp)™ 2 S
(Nggk))Q B (N(yk)(N(yk) — 1) (N(yp) —m + 1>> " © v (S(w)).

One direction of the following corollary is now immediate.

Corollary 2.6.3. Suppose that (yx)ren and ((pg, V) )ren are as above. If (yx)ren converges
i the Doob—Martin topology to the point y in the Doob—Martin boundary that corresponds
to the pair of probability distributions (p,v), then (i )ren converges weakly to p and (Vg)ken
converges weakly to v. Conversely, if (ug)ren converges weakly to p and (vg)gen converges
weakly to v, then %(,u +v) = A\, and if y is the point in the Doob—Martin boundary that
corresponds to the pair (u,v), then (yx)ren converges in the Doob—Martin topology to y.

Proof. As we have already remarked, if (pu)ren converges weakly to p and (v )gen converges
weakly to v then, since the boundary of S(w) is Lebesgue null for any word w € W,,,, m € N,
we have that up™ @ v (S(w)) converges to u®™ @ v¥™(S(w)) so that

(10{::) XM Xm
Jim —(foik))Q = 1" @ v (S(w)),
and it follows from Proposition 2.6.2 that (yx)ken converges to the point y in the Doob-
Martin boundary that corresponds to the pair (u,v).

Conversely, suppose that (yx)ren converges to the point y in the Doob—Martin boundary
corresponding to the pair (i, v). Given any subsequence of N there is, by the compactness in
the weak topology of probability measures on [0, 1], a further subsequence such that along this
further subsequence pu; converges weakly to some probability measure y' and v, converges
weakly to some probability measure /. Note that %(// +1') = A. From the other direction of
the corollary, this implies that along the subsubsequence y; converges to the point 3 in the
Doob—Martin boundary corresponding to the pair of probability measures (i/, 7). Because
y' =y it must be the case (¢/,v’) = (i, v). Thus, from any subsequence of N we can extract
a further subsequence along which p; converges weakly to u and v, converges weakly to v,
and this implies that (ug)ren converges weakly to p and (v )geny converges weakly to v. [

Identification of extremal harmonic functions for (W,,),en,

As discussed in Section 2.4, an extremal infinite bridge (W >°),¢cn, arises as follows when the
corresponding point in the Doob-Martin boundary is identified with the probability measure
w constructed in Theorem 2.5.17 that is concentrated on {(z,y): 0 <z <y <1}.

We start with some notation. Given ((z1,v1) ..., (xn,yn)) € {(z,y) : 0 <2 <y < 1}"
with {z;, v} N {z;,y;} = 0,7 # j, let 2y < --- < 29, be a listing of {z1,y1,...,2n, Yy} In
nondecreasing order. Define

W1, 91)s s (T, Yn)) = uq ... U, € B,
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by
a, if z; €{zy,...,x,} and z; & {y1, ..., Yn},
_Ja, if 2 = 241,
h= b, if z; €{y1,...,yn} and z; & {x1, ..., 2.},
b, if z; = z_1.

Now take a sequence ((Xg, Yx))ren that is i.i.d. with common distribution p. Then
W =W((X1,Y1),...,(Xn, Yo)).

The extremal infinite bridge (W °),en, is the Doob harmonic transform of the chain
(Wi )nen, with a unique extremal harmonic function h normalized so that h(()) = 1, and we
now identify this function.

Given v € B, set
S) =W (v} € {(wy) 0 <z <y <1

Then for u € B,
PWR = u} = p="(S(w)).

Also, for v € B,,;1, by Proposition 2.3.13 (iv),

POV = u [ W3k = 0} = R0y
It follows that
P{W. 50 = 0| W = u}
_ ,®n+1 1 Aw) /[ an
= IS R0 i S()
On the other hand, it follows from (2.2) that
P{W, = 0| W = u} = ﬁp{ww — o | W, = ubh(v)
_ h(v) R(u,v)
) (o)
Thus,
h(v) _ pfC(S @) Aw) (2n+2)2n +1)  p2"Y(S(v) Aw) (2n+1)
hu) — p=(S(u)) Alv)  2(n+1) pEn(S(u))  Av) ’
and so
h(w) = (2m — DIP{W> = w}/A(w) = (2m — D™ (S(w))/A(w) (2.3)

for w € B,,, m > 1, when we set h(()) = 1. Put h* := h to record the dependence on p.
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Remark 2.6.4. The foregoing has established Theorem 2.1.4.

Ezxample 2.6.5. Consider the normalized harmonic function h = 1. We have that h = h*

where
pldr,dy) =2drdy, 0<z<y<L

The chain (W),)nen, is therefore itself an extremal bridge that converges also in the Doob-
Martin topology to the extremal element of the Doob—Martin boundary corresponding to
L.

Ezample 2.6.6. Consider the sequence (w,,)nen Where w,, € B,, is the word abab . .. ab. Recall
that @ is the matrix of backward transition probabilities. It is clear that if v € B,,,, m < n,
then Q(w,,v) = 1 if v = abab...ab and Q(w,,v) = 0 otherwise. From (2.1), if v =
abab . ..ab € B,,, then

Q" ™(wy,v)  (2m— 1!

Kv,wy,) = (D, ) = Aw)

where A(v) = 1. It follows that (w,,),en converges in the Doob—Martin topology to the point
y in the Doob—Martin boundary for which the extended Doob—Martin kernel is, for v € B,,,

(2m — DI, if v =abab...ab,

0, otherwise.

K(v,y)z{

Thus K (-,y) is the extremal harmonic function h* for p(dz,dy) = dz d,(dy), 0 < x <y < 1.

Ezample 2.6.7. Consider the sequence (w,,)neny Where w,, € B,,, n € N, is the word consisting
of C runs of the letter a of successive lengths Al ... AY interleaved with C runs of the letter
b of successive lengths B!, ..., BS. Here 3.7 | Al = ch:l Bj =nand )7 A >>" B

forl1 <e¢<C(C.
Suppose that
Al AC
lim (—”,...,—") =('...,p%)

and

B! B¢
lim <—",...,—”) :(ql, ,qo)
n—o00 n n

It will be convenient to set
1 1 1 1 1 2
p P +q p+q +p
V=07 =%, = A=
2 2
72c:p1+~'+p0+q1+-~+qc:1
2 )

Consider a uniform labeled associated admissible matching L,, = {((7, ), k)} of the word
wy; the presence of the element ((7,7), k) indicates that a letter a with index ¢ € [2n] is
matched with a letter b with index j € [2n] and that this pair is labeled by k € [n].
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We start by observing that A < BY. Following lines similar to our proof of the formula
for A(w) in Lemma 2.3.12, all the letters a in the final run of length AS must be matched
with a b in the final run of length BS. This leaves BS — AS letters b in the final run
unmatched. Assigning mass % to each letter, there is thus asymptotically a mass ¢¢ — p© of
letters b unmatched in the final run. The matching arises by choosing uniformly at random
without replacement the letters b that will be matched with the successive letters a. More
explicitly, denote by 1 < k; < --- < kyo < n the labels for which the corresponding
matched pairs (7,7) of indices are such that ¢ indexes a letter @ in the final run and j
indexes a letter b in the final run. Denote by (S,n, T,s) the matched pair of indices labeled
by kn, 1 < h < AY. The sequence (S, .. -y Spac) (resp. (Thy,...,T,ac) consists of AC
uniform picks without replacement from the range Al + B! + ... + AS~1 + BY~1 4 [AY]
(resp. AL+ BL+... 4+ A1+ BO-1 4+ AC 1+ [BY]) and these two sequences are independent.

. . . . C C . . . .
The finite-dimensional marginals of ((S21, 1) (=245 245 )) converge in distribution as

n — oo to an i.i.d. infinite sequences with common distribution v given by

2 _ _ _
I,C%de dy7 (ZE,y) € (720 27720 l) X (720 17720)7

v(dz,dy) = {0

otherwise.

I

Now A9~ < BY~1— AC4+ BY. All of the letters a in the (C'—1)* run of length AS~! must
be matched either with the letters b in the (C'—1)** run of length BS~! or with the remaining
BY — AY unmatched letters b in the C*® run. The matching arises by choosing uniformly
without replacement the letters b in the pool of size B¢t — AY + BY that will be matched

with the successive letters a. Asymptotically, proportions qc_lqjqfclfpc and qc—qﬁ_q%ipc of the

mass p©~! of letters a in the (C' — 1)* run will be matched with, respectively, the letters b in

the (C' —1)** run and the remaining letters b in the C*" run. Thus, asymptotically, the mass

c-1_ . C-—1 ¢!

of letters b in the (C' — 1)** and O™ runs is reduced to, respectively, ¢ i o e

c c c—1 ©—p¢
and ¢© —p” —p" " oo

Continuing in this way, we see that for 1 <7 < j < C there is asymptotically a constant
amount of mass 7 matched from the i*" run of letters a to the j* run of letters b. The masses
r satisfy p' = 30,1, 1< i < C,and ¢ = 35,77, 1 < j < C, and are determined
inductively as follows. Firstly, r“ = p®. Secondly, suppose that r has been determined
fork+1<i<j<C. Fork+1<j<C the amount of mass left unmatched in the j** run
of letters b is ¢/ — >°1_, L 9. Tt follows that %, k < j < C, is determined by

k
q
Rk —

@+ > (qf — 2tk MJ)

and

h h th
=N T
rkh = p¥ d =kl , E+1<h<C.

g~ + Zj:kﬂ (qJ = Dkt Té])
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Given the uniform random labeled associated admissible matching L,,, write 1 < U, <
Ve < 2n, for the pair of indices such that (U, Vik), k) € Lp, 1 < k < n. That is, k
labels a matched pair of indices (Upg, Vi) such that Uy is the index of a letter a and Vi,
is the index of a letter b. Set X, = % and Y, = %, 1 < k < n. The finite-dimensional
distributions of ((X,1,Yn1), ..., (Xun, Yan)) converge as n — oo to those of the sequence
((X1,Y1),(Xs,Y3),...) that is i.i.d. with common distribution the probability measure p

concentrated on {(z,y) : 0 <z <y < 1} that is defined as follows:

227t 2i—2 _2i-1 211 _9j ) :
— tqd dx d ) ) < ’ ) ! X J ) J s 1 S S S Ca
p(de, dy) = {qu x dy (z,y) € (Y22, 4%1) x (421 %) i <

0, otherwise.

This tells us that we can build an infinite bridge using p and that the infinite bridge is
the limit of the bridges going to the w,.

Remark 2.6.8. In Example 2.6.7, for 1 < j; < j < C, define

o ri1jz
1j2 .
C] T rjljl ’
then we have that for 1 < j; = jo < 2n
Iz — 1,
and for 1 < j; < jp <C
J2 _ N2 lj2
Az — q l=ji+1 "
q]i
We also have that for 1 < j; < jo < C
rU1=1)j2 ¢ — {ijl rliz
r@i=Div gt — piun
_ qj2 _ gijl—i-l rliz _ pi2d2
qjl — rjij1
= iz,

Continuing in this way, a backward induction establishes that for 1 <i < j; < js the value

ij .
of 5= does not depend on i and

/]’-ijZ

— iz

i

It follows that
i :r“clj,l <i1<j53<n.

Consequently,

2t 2c1 2i—2 . 2i-1 21 2 o
— == dx dy, JY) € ’ x (yHL 4%) 1<i<j<C,
p(dz, dy) = {op S-drdy,  (v,y) € (V2% x (v A4Y) i <

, otherwise.
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Observe that the measures p presented in Example 2.6.5 and Example 2.6.7 have the
common features that

p{(z,y): 0 <z =y <1}) =0,
and that there exist functions f, ¢ : [0, 1] — R such that

p(de, dy) = f(x)g(y)drdy

on the set {(z,y): 0 <z <y <1}
We will see that having these common features is a sufficient condition for the chain
(W2),en, that arises via the construction of Remark 2.5.18 from p to be an extremal infi-

nite bridge. Let (L3°)nen, be the labeled infinite bridge that arises via the construction of

Remark 2.5.18 from such measure p. Given a labeled matching £ of [2n], define ZF = S,

Zf =T, for each block {i, j} labeled with k € [n] of £ with i < j. Then

P{Ly = L}
=P{Zf<ZF<...< Z5}

—/.../ Hf(sk)g(tk)dsl...dsndtl...dtn’
zf<z§<in<z§1k:1

where the letter z* is substituted by s, and the letter zf is substituted by t; for each

block {i, j} labeled with k € [n] of £ with ¢ < j. Since [[,_, f(sk)g(tx) is invariant under
permutation of each index set; that is, for permutations o, 7 of [n]

n n

H T (So)g(try) = H f(se)g(tr),

k=1 k=1
if there are labeled matchings £, Lo of [2n] such that
{1<i<2n:(i,5)is ablock of £} = {1 <i<2n:(i,j) is a block of L5},
or equivalently,
W(Ly) = W(Ly),

then
P{LY = L1} =P{L}® = L»}.

This establishes that the conditional distribution of L{® given W(L:°) is uniform on the set
of labeled associated admissible matchings of W(L:°) for all n € Ny and thus (W;°),en, =
(W(Le°))nen, s an extremal infinite bridge.
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2.7 Extremal harmonic functions from exponential
distributions

The Plackett-Luce model for the chain (U,),ecn,

In general, there is no simple closed form expression for the transition probabilities of an
infinite bridge (U2°)nen, associated with a pair of (not necessarily canonical) diffuse proba-
bility measures (,n and hence the associated harmonic function h. However, it is possible to
obtain such expressions in the special case where ( is the exponential distribution with rate
parameter a and 7 is the exponential distribution with rate parameter 5. Given u € W,
and 1 <17 < 2n, set

A(u) =#{i<j<2n:u; =a}

and
B!'(u) :=#{i <j <2n:u; =b}.

By the reasoning that goes into the analysis of the Plackett-Luce or vase model of random
permutations (see, for example, [22]),

2n
o0 ngan 1
]p{[]n = u} = (n!)Qoz I6] ll A?(u)a + B?(u)ﬁ

— this is essentially just repeated applications of the elementary result usually called com-
peting exponentials: if S and T are independent exponentially distributed random variables
with rate parameters A and 6, then the probability of the event {S < T} is /\%9 and condi-
tional on this event the random variables S and T — S are independent and exponentially
distributed with rate parameters A\ + 6 and 6. (As a check, note that when o = 5 = =, say,

this probability is, as expected, 1/ (277) .) We also know that

()

P{US =u|UZ, =v} =

(n+1)%
It follows that
P{U, =v|U° = u}
S A 1 :
(n+1)? ' o1 AT (va+ B (v)p

2 naon L 1
/ () }lwmmmm

_ () 5 I (AT (wa + By (w)5)
w) T (AT (v)a + B (v)5)
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As a check, when a = § = =, say, this transition probability is

(v) (2n)! ()
u)(2(n+1))  (2n+2)(2n+1)’

as expected.
The corresponding harmonic function h satisfies

<v> 5 [T, (A} (w)ar + B (w)3)
U H2(n+1) (A?—H (U)Oé + B?—H(U)ﬂ)

=1

_ ) ()
h(u) (2n+2)(2n+ 1)

We conclude from this that, up to an arbitrary positive constant,
(2m)la™p™
[T (A7 (w)a + By (w) )

h(w) =

for w e W,,.

The Plackett-Luce model for the chain (W),),en,

We know that any extremal infinite bridge and hence any extremal harmonic function arises
via the construction of Remark 2.5.2 from a probability measure n that is concentrated
on {(z,y) : © < y}. Here we obtain the explicit form of the extremal harmonic function
when 7 is the probability distribution of (U, V') conditional on U < V, where U and V
are independent exponential random variables with respective rate parameters a and S. It
is a familiar fact (sometimes referred to as the property of “competing exponentials”) that
P{U <V} = ;%5 and conditional on the event {U <V}, the random variables U and V —U
are independent with distributions that are exponential with respective parameters o + 3
and (3. Therefore,

n(de,dy) = (a + B)Be e drdy, 0<xz<y.

Suppose that 71, ..., Z,, are independent exponential random variables with respective
rate parameters i, ..., Vm. For ¢ € [m] put X(i) = j if #{k € [m| : Z < Z;} = 1i; that is,
¥(i) is the index of the i*" smallest of the values in a realization of Zi, ..., Z,,. It follows

from the competing exponentials fact that
P{S(1) = 0(1), ..., (m) = o(m)}
Yo (1) Yo (2) o Yo (m—1)
Vo) + T Yotm) Vo2) T "+ VYom)  Vo(m—1) T Vo(m)

This is a standard formula for the Plackett-Luce model of random permutations — see [22,
Section 5.6].
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Now consider independent random variables Uy, ..., U,, Vi,...,V,, where each U; has an
exponential distribution with parameter o and each V; has an exponential distribution with
parameter 3. For i € [n] and j € [n] put

IG)=#{ken| U <U}l+#{{en:V,<U;}

and

JG) =#keln]: U <Vip + 40 € [n] : Vi < Vj}

A labeled associated admissible matching of a word w € B, is described uniquely by giving
the indices f; < fo < -+ < fu, € [2n] of the letters a in the word, the distinct indices
g1, .-+, 9n € [2n] of letters b with g; > f; being the index matched with the index f;, and a
bijection 7 : [n] — [n], where 7(7) is the label of the block {f;, g;} in the matching. Writing
0= %, we have from the above that

P{I(x(1)) = f1, J(7(1)) = g1, ... L(7(n)) = fu, J(7(n)) = gn | Uy <Vi,...,Un <V}

_ atpn a \"
N i’;1<#{se[n]:fszk}a+#{te[n]:gtzk}m/(aw)
(1+6)"
MoFHsen f >R+ #{ten] g >k}

Recall from Definition 2.3.11 the height function H defined by the word w and, adopting
the convention H(0) = 0, note that

2n—k+1=4#{sen]: fs >kt +#{ten]:g >k}

and
HEk-1)=m—#{sen]: fs>k})—(n—#{t €n]: g > k}).
Thus, .
#{s € [n]:fSEk}:§(2n—k+1—H(k—1))
and

#{te[n]:gtzk}:%(2n—k+1+H(k:—1)).

Therefore, if (W2°)nen, is the infinite bridge associated with the probability measure 7,

we have by Corollarfgf 2.3.16 (ii)
P{W = w}
= nlAw)P{I(x(1)) = f1,J(7(1)) = g1,..., I(z(n)) = fu, J(x(n)) = gn
(U < Vi,...,U, <V, }
(1+6)"
o Gen—k+1-HE-1)0+i2n—k+1+H(k 1))

= n!A(w)
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As a check, consider the case when o« = 8 and hence 8 = 1. In this case, the righthand
side is 5 Aw)
" w
A =
WA G T @ —

as expected from Examples 2.1.5 and 2.6.5 and Proposition 2.3.13.
Recalling the formula we obtained for A(w) from Lemma 2.3.12, we have

(Cn—k+1-Hk—1)0+Li@n—k+1+Hk—1)))

P{W° = w} = nl—-

k=1
It follows from (2.3) that

(1+0)™

T (3@m kL= H(k— 1)0+ 32m — k+ 1+ H(k 1))

h(w) = (2m — 1)!!m!

for w € B,,. Again as expected, h = 1 when 0 = 1.
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Chapter 3

Mixing time of the Down-up Markov
chain of words

3.1 Introduction

In a standard deck of cards, the colors of successive cards (Red or Black) defines a word of
length 52 drawn from the two-letter alphabet { R, B} in which 26 letters are R and 26 letters
are B. Consider a card shufflie that consists of removing a card in the red suits and a card in
the black suits independently and uniformly at random followed by inserting the two cards
back into uniformly chosen positions in the deck of the remaining 50 cards independently.
The resulting transition in the color of successive cards defines a new word of length 52
drawn from the two-letter alphabet {R, B} in which 26 letters are R and 26 letters are B.
We can generalize this shuffling mechanism to any number of letters R and letters B.
From now on, we will replace the two-letter alphabet {R, B} by the two-letter alphabet
{a,b}. Choose a word uniformly at random from the set of words drawn from the two-letter
alphabet {a, b} that consists of n letters a and n letters b, and denote the set of such words
by W,,, n € Nyg. We shuffle the word in W,, by removing a letter a and a letter b from the
word uniformly at random, followed by reinserting the letter a into a uniformly chosen one
of 2n — 1 slots defined by the other remaining 2n — 2 letters, then reinstating the letter b
into a uniformly chosen one of 2n slots defined by the 2n — 1 letters. Write (DU} );en, for a
Markov chain with state space W,, that arises from this removal and reinsertion procedure.

Definition 3.1.1. Define a Markov chain (DU} );en, such that
e DU, takes values in W,,,

e conditional on DU; = wujus - - - Ug,_1Us,, the word DU, is constructed by choosing I,
and J; independently and uniformly at random from the index set {1 <i < 2n : u; = a}
and from the index set {1 < i < 2n : u; = b}), respectively, choosing 1 < I, J, < 2n
with I, # J, uniformly at random (that is, all 2n(2n — 1) possibilities are equally
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likely), placing an a in position ft and a b in position jt, and placing the letters
Ug(1)Ue(2) * * * Ug(2n—2) iD that order in the remaining 2n — 2 positions, where o is the
unique increasing bijection from [2n — 2] to [2n] \ {1, J;}.

Our shuffling technique is related to random-to-random card shuffling where a card is
chosen at random, removed from the deck, and reinserted in a random position. More
specifically, random-to-random card shuffle on the deck of n cards consists of picking a card
and a position of the deck independently, uniformly at random and moving the chosen card
to the chosen position. Bernstein and Nestoridi [2| proved that the random-to-random card
shuffle exhibits cutoff at %nlog n: they proved an upper bound for the mixing time for the
random-to-random insertion shuffle of the form 3nlogn + cn and Subag [25] proved a lower
bound for the mixing time of the form (2 — o(1))n log n.

The Markov chain (DU} )sen, that sequentially generates random words such that DU,
is asymptotically uniformly distributed over W,, can be trivially modified to give a Markov
chain (DU, )sen, such that DU, is asymptotically uniformly distributed over the set of words
drawn from the alphabet {a, b} that have n+1 letters a and n letters b: adding a letter a into
the slot before the first letter of the word (DU})ten,. By Theorem 1.1.5 and Theorem 1.1.6
there is a bijection that turns the Markov chain (13\[7 Vien, into a Markov chain ((Ky, 7)) )nene .
where K, and T, are independent for each ¢, K; is uniformly distributed on [n + 1], and T,
is uniformly distributed over the set of 1-dominated word with n + 1 letters a and n letters
b as there are n 4+ 1 cyclic permutations which transforms a 1-dominated word with n + 1
letters a and n letters b into a word with n + 1 letters a and n letters b that starts with a.
Moreover, composing these two bijections turns the Markov chain (DU})en, into a Markov
chain ((Ky, T}))ten,, where K; and T; are independent for each ¢, K is uniformly distributed
on [n + 1], and T} is uniformly distributed over the set of trees with n + 1 vertices that are
equipped with the postfix labeling. In fact, removing a letter a and a letter b from DU, is a
equivalent of deleting a vertex and an edge from the tree that corresponds to the word DU,
and reinserting those two letters a and b back to the word is a equivalent of adding a vertex
and an edge to the tree.

There is a clear relationship between the transition dynamics of the Markov chains
(DUy)en, and (Uy )nen,- Recall from Theorem 2.3.9 that the backward transition dynamics
of (Uy)nen, consists of removing an a and a b independently and uniformly at random at
each step and that the forward transition dynamics of (Up,)nen, consists of adding an a and
a b independently into uniformly chosen one of slots defined by the letters of the word at
each step. Therefore, the forward transition dynamics of the Markov chain (DU} )en, is the
same as the backward transition dynamics of (U,)nen, followed by the forward transition
dynamics of (U, )nen,-

The Markov chain (DUy)en, has an attractive feature that if DU, is uniformly distributed
over the set W,,, then DU, is also uniformly distributed over W,: in other words, the
stationary distribution is the uniform distribution over W,,. Using total variation distance
as a metric on the space of probabilities on W,,, we study the mixing time for the chain

(DUt)tENo .
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3.2 Background on Mixing times

We review some parts of general theory for mixing times that are essential to understand
further discussion. The primary reference for this section is [19, Chapter 4] and [9] where the
reader may find the original source of strong stationary times and a wide range of methods
to estimate the rate of convergence of a Markov chain to its stationary distribution.

Consider a discrete Markov chain (X;);en, with the finite state space Q2 and transition
matrix P that is irreducible and aperiodic.

Definition 3.2.1. A probability = on € is a stationary distribution for the Markov chain
(Xt)teNo if
w(y) =Y m(@)P(z,y),y € Q.

€N

It is a classical result that Markov chain (X;);en, has a unique stationary distribution ,
and the distribution of X; converges to its stationary distribution 7 as t — oo with respect
to the metric known as the total variation distance.

Definition 3.2.2. Total variation distance between two probability distributions p and v
on a measurable space (2, o) is defined by

[liw = vllrv = sup|u(A) = v(A)].
%

If the space €2 is a finite set and the o-algebra .7 is the maximal o-algebra on () consisting
of all subsets of €2, then Definition 3.2.2 can be re-formulated:
— = A) —v(A)].
[l = vllry := max|u(A) — v(A)
There are other probabilistic interpretations of total variation distance for a finite set 2.
More specifically, Proposition 3.2.3 reduces total variation distance to a simple sum over the
state space (). Proposition 3.2.4 suggests a different probabilistic approach to total variation

distance using coupling: ||y — v||ry measures how close to identical two random variables
realizing p and v can be forced to be.

Proposition 3.2.3. Let u and v be two probability distributions on a finite set €. Then

e = vllev = 5 3 () — v(a).

e

Proposition 3.2.4. Let pn and v be two probability distributions on 2. A coupling of probabil-
ity distributions p and v is a pair of random variables (X,Y'), defined on a single probability
space, such that the marginal distribution of X is p and the marginal distribution of Y is v.
Then

|| —v||7y = Inf{P{X #Y}: (X,Y) is a coupling of u and v}.
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Definition 3.2.5. Let P be the set of all probability distributions on the state space of
the Markov chain. Denote the supremum of the total variation distance to its stationary
distribution 7 over all possible initial distributions by

A(t) = sup |[uP* = 7|

Note that d(t) is a non-increasing function of ¢.

It is useful to introduce a parameter which measures the time required by (X;):en, for
the total variation distance to its stationarity distribution 7 to be small.

Definition 3.2.6. The mixing time ¢, (€), € > 0, of a Markov chain is defined by
tmix(€) := min{t : d(t) < €}.

Set
Iix '= tle(1/4) .

Along with coupling, strong stationary times are effective methods for obtaining upper
bounds on the total variation distance to the stationary distributoin.

Definition 3.2.7. A random variable 7 taking values in Ny U {00} is said to be a stopping
time relative to a filtration (F)ien, if

{T:t}eyt,teNo.

Especially, a stopping time 7 relative to a filtration (.%;)en, is said to be a randomized
stopping time for the Markov chain (X;)en, if the filtration (%;)ien, is larger than the
canonical filtration (o(Xo, X1, ..., X¢))ten,; that is,

O'(Xo,Xl,...,Xt) Qﬁt,tGNo.

Definition 3.2.8. A stationary time 7 for (X;)ien, is a randomized stopping time such that
the distribution of X is the stationary distribution ;

P, {X, € A} = n(A), AC Q.

Definition 3.2.9. A strong stationary time for a Markov chain (X;)sen, is a randomized
stopping time 7 such that

Pir=tX, € A} =P, {r =t}n(A), A CQ,

that is, 7 is a stationary time for (Xj)sen, and is independent of X, .
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Remark 3.2.10. In fact, since € is a finite space, Definition 3.2.9 and Definition 3.2.8 can be
simplified: a randomized stopping time 7 is a stationary time if

PAX, =y} =7n(y), z,y € Q.
Moreover, a randomized stopping time 7 is a strong stationary time if
PAr=t, X, =y} =P r =t}n(y), x,y € Q.

Theorem 3.2.11 shows that a strong stationary time provides an upper bound on d(t),
and thus an upper bound on the mixing time #,.

Theorem 3.2.11. If 7 is a strong stationary time for (Xi)ien,, then

d(t) = max ||P.(X; € -) — 7()||ry < maxP. {7 > t}.

3.3 The stationary distribution for (DU;)c,

Definition 3.3.1. Let W,, be the set of words drawn from two-letter alphabet {a, b} that
consist of n letters a and n letters b.

In order to write down the transition probabilities for the Markov chain (DU} )en,, it is
convenient to introduce the following standard notation (see, for example, [20]).

Definition 3.3.2. Given two words w and v drawn from some finite alphabet, write (”“;’) for
the number of times that v appears as a sub-word of w.

abbaba

b ) = 3 because abb appears inside abbaba as a sub-word

Ezample 3.3.3. For example, (
three times:

abbaba abbaba abbaba.

By definition, the Markov chain (DUy)en, has state space W,, and one-step transition
probabilities

v =elovi=a = 3 ()5 (D am

1 UAWA
B Z 2n3(2n — 1) <w> (w),u,v € W,

where w|u (resp. w|v) means that w is a subword of u (resp. v).

Definition 3.3.4. Write m,, for the uniform distribution over W,,.
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Theorem 3.3.5. The stationary distribution of the Down-up Markov chain (DUy)en is the
uniform distribution m, over W,,.

Proof. As the transition probability P{DU;,; = v| DU, = u} is the same as the transition
probability P{DU,,; = u|DU,; = v}, the detailed balance equations are satisfied by the
uniform distribution m, on W,,; that is,

P{DU11 =v| DU, = u}my(u) = P{DU;11 = u| DUy = v}m,(v), u,v € W,,.

3.4 Coupling

We will construct a Markov chain (M;);en, that has the same distribution as the Markov
chain (DUy)sen,. Consider a random word My in W,,, and write Mé“ for the k™ letter of My;
that is,

My = Mg M3 --- MZ".

Definition 3.4.1. Define two index sets I and J for the letters a and the letters b, respec-
tively, in the word M; such that

I:={1<k<2n:M}=a},
Ji={1<k<2n:M;=0}.
Definition 3.4.2. Construct a Markov chain (V})cn, with the state space [0, 1]*" as follows
o Vo= (VL VE, ..., V@), where Vi, V2, ..., V@ are i.i.d. U[0,1] random variables,

e sort the realizations of V', Vi2,..., V& in increasing order, and write o for the unique
permutation of [2n] such that

%U(l) < ‘/00(2) << ‘/00(271—1) < ‘/00(277,)7

e conditional on V; = (V' V2 ..., V;?), the sequence Viy1 = (Vi4y, V2., ..., V2Y) is
constructed by taking i.i.d U0, 1] variables V;*, V}?, choosing I;, J; independently and
uniformly at random from the index sets I and J, respectively, and putting

aen a
Vt+(1 =
o(J
Vt+(1 = th’
Vi = Vi, 1<k < 2nwith k # o(L), o(J)).
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Definition 3.4.3. Define a random sequence (M, );en, in W, such that M, is built from V; by
laying down V;', V2 ..., V;*" in increasing order and replacing Vta(k) by Mk for 1 < k < 2n.

At cach time ¢ € Ny we associate the random variable V;*) with the k™ letter ME of
My, 1 < k < 2n. Thus, Vto(k) is associated with a letter a (resp. b) in My if k € T (resp.
k € J). Updating the random variables Vti(lf’/) and Vti(l‘] Y relocates the letter a associated
with V7Y and the letter b associated with V;°”") in the word M, into uniformly chosen one
of the slots defined by the other 2n — 2 letters while constructing M;,, from M;. Moreover,
the associated letter a (resp. b) is uniformly chosen from the n letters a (resp. b) of M,
because I; (resp. J;) is chosen uniformly at random from I (resp. J). This establishes that
the forward transition dynamics of (M;)en, is the same as those of (DU} );en,. Consequently,
(M;)sen, is also a Markov chain and the mixing time for the chain (M;);en, is the mixing
time for the chain (DU} )sen, -

Theorem 3.4.4. The mizing time for the chain (My)en, s the mizing time for the chain
(DUt)teNo :

We will therefore study the mixing time for the chain (M;):cn, from now on.

3.5 An upper bound on the mixing time

Definition 3.5.1. Define a randomized stopping time 7, for the chain (M;);en, by

Tap i= Min {t ; U {Is, Js} = [Qn]} ,

1<s<t

In other words, 7, is the first time when all 2n letters of M, have had their associated
U10, 1] random variable updated at least once. Write ¢, for the o-algebra o (I, Jg, Mg, 1 <
s <t), then {1, =t} € ¥4, t € Ny. Thus, 7, is a randomized stopping time for the Markov
chain (M;)en, relative to the augmented filtration (% )en, -

Lemma 3.5.2. The randomized stopping time Ty, 1S a strong stationary time for the Markov
chain (Mt)tENo .

Proof. By construction, conditional on 7., for 1 < k < 2n the random variable Voa(k) has
been updated to a new UJ0, 1] random variable Vog(k) at some time 1 <t < 7. Let t; be the
most recent time before the time 7,, such that V;Z(k) was updated to a new UJ0, 1] random
variable. By definition,

VoW —yokh) | <k < 2n.

tg Tab

Since VZ(U, V;Z(Q), cee VZ;(LQ”) are i.i.d. U[0,1] random variables, V2" V2 y7C are

also conditionally i.i.d. U[0, 1] random variables conditional on 7,,. Consequently, the order
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of VW ve®  vem s uniformly distributed over the (2n)! possible orders given 7y, s
that the conditional distribution of M, , given 7, is the uniform distribution m,, over W,.
Therefore,

]P){Mt =W, Tgp = t}

=P{M,; = w|re = t}P{1s =t}

= T (w)P{1 = t}, w € W,

as required. N

Definition 3.5.3. Write 7, (resp. 7,) for the first time when the n letters a (resp. b) have
had their associated U|0, 1] random variable updated at least once; that is,

T, i=min{t : {l,: 1 < s <t} =1},

c=min{t: {Js: 1 <s <t} =]}
Observe that, by definition,

Tay = max{7,, Ty}

Remark 3.5.4. Moreover, recall that each time ¢, I, and J; are chosen independently and
uniformly at random from I and J, respectively. The dynamics of choosing an index I; (resp.
Jy) from T (resp. J) is just the same as the dynamics of choosing a coupon from an urn
containing n different coupons in the coupon collector’s game. Thus, the distribution of 7,
(resp. 7,) corresponds to the distribution of the coupon collector’s time when he first collects
every one of the n types of coupons.

As a result, we can apply the following general bound on the tail of the coupon collector
time (see, for example, [19] for the proof) to 7, and 7.

Theorem 3.5.5. Consider a collector attempting to collect a complete set of n coupons.
Assume that each time a new coupon is chosen uniformly and independently from the set of
n possible types, and let T be the first time when the set contains every type. Then, for ¢ > 0,

P{r > |nlogn+cn|} <e ™, neN.
Corollary 3.5.6. Forc> 0,

P{7, > |nlogn+cn]} <e ¢ neN.

P{m, > [nlogn+cn|} <e“neN.
Lemma 3.5.7. For c > 0,

P{7s > |nlogn +cnl} < 2e ¢
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Proof. As 1,, = max(7,, 1), for ¢ > 0

P{7s > |nlogn + cn]} = P{max{r,, 7} > |nlogn + cn|}
<P{r, > |nlogn +cn|} +P{r, > |nlogn + cn]}
<e “+e €

= 2¢ °.

Theorem 3.5.8.
tmix < nlogn + (log8)n.

Proof. 1t follows from Theorem 3.2.11 that the strong stationary time 7, gives

< .
d(t) < 15161%’)2 Py{Tap > t}, t >0

Applying this inequality with |nlogn + cn| instead of ¢, together with Lemma 3.5.7, estab-
lishes that, for ¢ > 0,

d(|nlogn + cn])

< max Py {7y > [nlogn +cn|}
weWn

< 2e”°.

Consequently, for ¢ = log 8,

1
d(|nlogn + (log8)n]) < 2088 = T

as desired. O

3.6 A lower bound on the mixing time

Definition 3.6.1. For a word w = wy ... ws, € W,,, define its height function
H,(t) =#{1<i<t:w,=a} —#{1 <j<t:w;=b}, 1<t<2n.

Definition 3.6.2. Define functions H .y, Hmin, Hextr on W,, such that

Hypox(w) := max H,(t),w € W,

1<t<2n

Hopin(w) == min H,(t),w € W,

1<t<2n

Hexir(w) := max |H,(t)],w € W,,.

1<t<2n
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If we represent a word w in W,, by a polygonal line with segments joining (t—1, H,(t—1))
and (t,Hy(t)),1 < t < 2n, then Hey,(w) is the maximum vertical distance between the
resulting path and the straight line joining (0,0) and (2n,0). By definition,

Hexir(w) = max{ Hpax(w), — Hpin(w) }.

Definition 3.6.3. Write W? for the set of words w in W,, such that Hey,(w) > 2n®.

1
3

Lemma 3.6.4. For 0 < o < 1, there exists a constant K, > 3622“ such that

Ta(WS) < Koe i n € Ny,
Proof. By union bound,
T (W3)
o ({w € W, : Hoge(w) > %na})
= ({10 € W, : max{ Hogau (1), — ipia (1)} > 5n°))

< m({w € W, : Hypax(w) > %na}) + m,({w € W, : Hyin(w) < —%na}).
Represent a word w in W,, by a polygonal graph with segments joining (¢t — 1, H,(t — 1))
and (¢, H,(t)),1 <t < 2n. Let a path be a polygonal graph that can arise by this geometric
representation of a word in W,,. Then the number of words w such that H.x(w) > %n“ is
the same as the number of paths from (0,0) and (2n,0) whose height is equal to [$n*] + 1
at some time 1 < ¢ < 2n. By the reasoning that goes into reflection principle for a simple
random walk (see, for example, [12]) the number of such paths corresponds to the number

of paths from (0,0) to (2n,2[3n*| + 2). Thus,

({10 € W Hopa(10) > 31°}) = (n 4 L;:a |+ 1)/ <2: >

nln!
(n+ [3n°] + D(n — [3no] — I

We recall Stirling’s formula:

V 27m(2)" <nl< e\/ﬁ(ﬁ)",n e N.
e

e

It follows from Stirling’s formula that

1
Wn({w S Wn : Hmax(w) > gna})

2, 2n+1 1 e ”‘H.%naj“‘% 1 e nolentlz
< |en 2 n+L§nJ+1 n—LgnJ—l :
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Observe that

8(10g ((TL + l.)n-i—a:-i—%(n _ l.)n—a:-i—%)) . .
=1 N | o
Ox og(n +) + 2(n + x) og(n - 2) 2(n —x)
>0
because o0 ) )
ogy + 5 1 1 1
osvray) 1 14,51
dy y 2y 2

Thus, (n + z)"™2(n — )" **2 is an increasing function of z on the set {z € R: 0 < z <
n—%}. Since [3n®] +1 > n®,

1o{10 € Wt ) > n%))

2. 2n+1 1 RS 1 n—gnty
< n 2 JpoNe’ T«
< len / 7r<n+3n) (n 3n)
n+%na+% 1 nf%n‘“r%
= 62/ 27T<1 + no‘_l) (1 — gno‘_l)
1 1 —gp2(l—a) _%n2a—l+%7n3a—2 1 3pl—o %
_ 2 _ [
=¢ /(QW\/ 1 On2(l—a) ((1 9n2(1—a)) > ((1 N 3n1“"> )

. l—a . . . .
Since (1 + Sn},a)?’” is an increasing function of n that converges to e as n — oo, and

_0,2(1—a) . . . .
(1— m) ™" s a decreasing function of n that converges to e as n — oo, there exists

N, € N such that for n > N,

W =

Consequently, for n > N,

—
D
NI

To({w € W, : Hypax (w) > %n"‘}) < 62/ <§7r(ei)_”

n2a—l>
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This establishes that there exists a constant K, := max{ 3822”, 26%]\[‘?‘&71} such that

1 K,
Tn({w € W, : Hppax(w) > gno‘}) <

By symmetry, a similar argument shows that

e 4" ,’I’LGN().

1
Tn({w € W, Hyin(w) < —gna}) <
It follows that

(W) < m,({fw € Wy, : Hypax(w) > %no‘}) + 1 ({w € W, : Hyin(w) < —=n“})

oa—

1
S Ka6_1n2 1,n S No.

]

Definition 3.6.5. Define randomized stopping times 7¢ and 73 for the Markov chain

(My)teno by
o i=min{t: {I;: 1 <s <t} =n—|n"},

' i=min{t: {J;: 1 <s <t} =n—[n*]}.
Definition 3.6.6. Define a randomized stopping time 7¢ for the Markov chain (M;)en, by
7o = min{1s, 7'}

By definition, 7% (resp. 7f) is the first time when (n — |n®]) letters a (resp. b) have
had their associated U[0, 1] random variables updated, and 7% is the first time when either
(n—|n%]) letters a or (n— |n®|) letters b have had their associated U|0, 1] random variables
updated in the construction of (M;)ien,. It is guaranteed that until time 75 there are at
least |n®| letters a and at least |n®| letters b that have not been relocated and have kept
their relative order.

As explained in Remark 3.5.4, taking an index I; and an index J; uniformly at random
from I and J, respectively, is just the same as choosing a coupon from the urn containing n
types of coupons. Consequently, 7 and 77 have the same distribution with the first time
when (n — [n®]) types of coupons have been collected in the coupon collector’s game.

Lemma 3.6.7. Consider a collector attempting to collect a set of coupons from an urn
contain one of each of n types of coupons. Assume that each time a new coupon is chosen
uniformly and independently from the the set of n possible types, and let T be the first time
when the collector’s set contains (n — |n®|) distinct types. Then

|E[7%] — (1 — a)nlogn| < nlog ((na _nla):n m 1)),

Var(7%) < n®™@,
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Proof. For 1 < m < n, write T}, for the number of coupons collected after the set first
contains m — 1 distinct types until the set first contains m distinct types. Then (7),)men
is a sequence of independent geometric random variables such that 7,, has the geometric
distribution with the probability of success (n —m + 1)/n for 1 <m < n. Thus,

E[Ta] = E[Tl +T2 + e —I—Tn,\_na”

n—|n%|

n
= i

— Lna

" Z n—m+1

m=1

Observe that

nlo " no

n/ —dxgnZ—gn/ —dx,

lne |41 & — n—m+1 lna| &

or equivalently,
n—|n®| 1
n(log(n+ 1) —log([n*] + 1)) <n mzﬂ e—— < n(logn —log(|n®]))

As % is a decreasing function of z, we have
n+1 n+(n*—|n%]) n
1 1 1
n/ —dxgn/ —dxgn/ —dx,
LnaJ+1 x no xr LnaJ xr

n(log(n+1) —log(|n*] +1)) < n(log(n+ (n*—[n*]))—log(n®)) < n(logn—Ilog(|n®])).

equivalently,

Thus, the distance between n 7" —L— and n(log(n+ (n* —[n®])) —log(n®)) is upper
bounded as follows:

n—|n®|

n(log(n+ (n* — [n%]) —log(n®)) —n Z

< n(logn —log(|n"])) — n(log(n+ 1) — log(|n*| +1)).

1
n—m-+1
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It follows from the triangle inequality that

n—|n®|

o 1
n—[n%] 1
< |n(log(n+ (n* — [n*]) —log(n®)) —n mzﬂ rap— +nlog(n + (n® — [n%]) —nlogn

< n(logn —log(|n®])) — n(log(n + 1) —log(|n*]| + 1)) + n(log(n + (n* — [n*]) — logn)
_ [n*]+1 n+ (" — |n°]
=t (M )
n(n®)
< nios ()

= nlog <(na _nf):; + 1))'

Moreover,

Var(To‘) = Var(T1 + T2 + T3 “+ -4 Tn)
n—[n®]
_(m-—1)

- Z n—m—l—l)

m=2

n—n®
n/l (n—t)th
n log(n—t)—l—n( ! )r"
n—t)|,
n
n—1

n +n1—a
n—1

IN

n| alog
S n2—0¢ .
O

It follows from Chebychev’s inequality that the stopping time 7 is highly likely to be
concentrated near its expectation within the distance of order n. More specifically
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na+1

P{r* < (1 — a)nlogn — (log ((na DT 1)> + ¢)n}

a+1

=P{r* - E[t*] < (1 —a)nlogn — (log ((na _n1)<n - 1)) " c)n — E[r°]}
< P{|7* — E[r?]| > en}
Var(7%)

c2n?

1
c2ne’
Corollary 3.6.8. Forc > 0,

<

IA

P{7y < (1 - a)nlogn — (log ((na _n:)InJr 1)) +on} < 0220"
notl

P{r" < (1 —a)nlogn — (log ((na —1)(n+ 1)) +o)n} < 02110"

P{rs, < (1= a)nlogn — (log ((na _nf;n + 1)) + o)} < cjza'

Proof. The first two inequalities are immediate from Lemma 3.6.7. We have

79 = min{7 7'}

It follows from the preceding inequalities and a union bound that

na+1

P{rg, < (1 — a)nlogn — (log <(n0‘ Dt 1>> + ¢)n}

=P{7 < (1 — a)nlogn — (log <(n0‘ _nlo‘;(n - 1)> +c)n}
+P{ry < (1 —a)nlogn — (log ((na _nl‘;n n 1)> +c)n}
2
S 2o

]

Lemma 3.6.9. Define w, :=a---ab---bin W,, to be the word that consists of n successive
—— ——

letters a followed by n successive letters b. Then, for o > %,

a—1

Y

2
P { Hoxte(My) > 50 | 75, 2 1} 2 1 = Koo 1™

where K, > 3622” is the constant from Lemma 3.6.4.
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Proof. Assume that the Markov chain (M;)en, starts with the word w,, then by definition
of 74, there exist at least |n®| letters a and |[n®| letters b that have not had their associated
U|0, 1] random variables updated by the time 7. Conditional on {7 > t}, take |n®| letters
a and |n®] letters b from the set of such letters to build a subword u of M; and construct
a subword v of M; with the remaining (n — |[n®]) letters a and the remaining (n — [n*])
letters b of M;. As the 2|n®| letters of u* have kept their original relative order, u$ is almost
surely |n®| letters a followed by |n®| letters b. Consequently, conditional on {75 > t},

Hmin(“f?) = 07
Hupax (ug) = |n”].

Suppose that the word vf* contains n, letters a and ny, letters b with n,,n, > 0 that have
not had their associated U|[0, 1] random variables updated before time ¢. Let kq, ..., ko, be
a listing of [2n] such that

° Vf(kS), 1 < s <n,, is associated to one of the n, letters a,

° Vto(kS), ne + 1 < s <n,+ nyg, is associated to one of the n, letters b,

i {kna-i-nb-i-l; . 'akn-i-nb} = [TL] \ {kla . '7k:na}a
[ {k‘n+nb+1, e 7]{:2”} = {n + 1, ey 2n} \ {kna+1, I 7kna+nb}‘

Since My = w,, the indices k1, .. ., k,, are chosen uniformly without replacement from the set
I = [n] and likewise the indices k41, ..., kn,+n, are chosen uniformly without replacement
from the set J = {n+1,...,2n}. By definition, either Vt”(kS) is associated with a letter a for
1<s<ngorng+n,+1<s<n+ny Similarly, either Vtg(k“) is associated with a letter
bforn,+1<s<n,+nyorn+n,+1<s < 2n. Moreover, for 1 < s < n, + ng, the
associated uniform variables have not been updated and thus Vf(ks) = Voa(ks) is the kg-th
order statistics of the 2n i.i.d. U0, 1] random variables Vi, ..., V@™
Using a coupling argument, we will prove that

P{Hpmin(vy) < x| 73 >t} < mpfw € Wy o) @ Hpin(w) < 2}, 2 € R.

Take i.i.d U0, 1] random variables Uy, ..., Us—n,—n,. Write U, < ... < Uy, for the order
statistics of Usp—ny—ny+1s-- - Utn—ng—n,- Pick l1,... L 40, ugiformly at random without

replacement from the index set [2n] and construct a sequence ky, . . ., kn,4n, as follows.
e put k, := 1, for s €S,, where S, := {1<s<n,:ls€[n]},
e put k, := [, for s € S;, where S}, := {na+1<s<na+mn,:ls€{n+1,...,2n}},

e choose ks, s € {1,...,n4}\S,, uniformly at random without replacement from [n]\ {ls :
s € S},
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e choose kg, 5 € {ng +1,...,nq +n} \ Sy, uniformly at random without replacement
from {n+1,...,2n}\ {ls: s € Sp}.

Define

VER =T 1 < 5 < ng + 1y,

vtk = Us—ng—npsMa +1mp +1 <5 < 2n.

V%) 1 < 5 < g + e,

Vi = Uy a4y +1 < 5 < 20,
Because [1,...,ln,1n, are uniformly chosen without replacement from the index set [2n],
V?(kS), 1 < s < 2n,are iid. U[0,1] random variables. Consequently, if we construct a word

Wy by laying down th, . ,V?n in order and replacing V:(ks) by a (resp. b) for 1 < s <mn
(resp. n+ 1 < s < 2n), the n letters a and the n letters b are in the uniform order and @y
is uniformly distributed over W,,_|,a|. Moreover, Iza(ks), 1 < s < ng+mny,is the INfS-th order
statistics of i.i.d. U][0, 1] random variables Usp—pn,—ny+1; - - - » Utn—n,—n,. By construction we
have

d =
(kl, e 7k7la+nb) = (kl, ey kna.+nb>,

and therefore

(Vi VYL (VL v,

It follows that if we construct a word vf* by laying down \Zl, e ,\7;2” in order and replacing
V%) by q (resp. b) for 1 < s <mn (resp. n+ 1 < s < 2n), then 09 gvto‘.

By definition, we also have that

ks <

ks

ls, 1< s < ng,
ls7 na+1§3§na+nb>

v

and thus B o
Vf(kj) < Vf( 1)7 1< < na,

vetk) Syt 1 <G < ng + e,
‘N/ta(kj) _ V?(kj), N +np+1<j < 2n.

Consequently, each letter a is located closer to the beginning in the word vf* than in the
word wy* and that each letter b is located closer to the end in the word o5 than in the word
wy', and therefore
Hunin(07") 2 Hupin (7).
Forzx e R
P{Hpin(v;") < x| 75y > t} = P{Hpmin(7}") < x}
< P{Hpin(0f") < x}
= Tp{w € Wy_|pa) : Hpin(w) < 2}
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In other words, the minimum of the height of v{* stochastically dominates the minimum of
the height of a word of the same length when all of the associated uniform random variables

have been updated.

By an argument similar to that in the proof for Lemma 3.6.4, if we represent a word in
_lya

W,,_|ne) by a path, then the number of words w in W,,_ |, such that Hp,(w) < —3n® is
the same as the number of paths from (0,0) to (2n — 2|n®|, —2[sn*] — 2). Therefore,

T {ne) ({0 € Wi jna) © Hiin(w) < ‘é”an - (n inQIgigJLaJ— 1)/ (QZ _ T?EZ]YJ)

<oy 1)/ ()
= ma(f € Wi Hon(w) < —50°)).

It follows from Lemma 3.6.4 and the stochastic dominance that, for o > %,

1 1
Py, {Huin(vf) < —gn"‘ | 7oy 2t} < e ({w € Wy pe| @ Hyin(w) < —gna})

<m({w e W, : Hym(w) < _%na})

1
S Wn({w - Wn : Hextr(w) > gna})
—1

< Kae ™
Since the word My can be obtained by interleaving the words u{ and vy,

Hmax(Mta) Z Hmax(“?) + Hmin(vg)
=n" + Huyin(v7).

It follows that, for o > %,
Pu (o (M0) > 20 | 75> 1) > B {Haa (M) >
> Py, {n® + Hupin (v}
> Py { Hyn(07) > —%na )

a—1

>1— Ke 1"

Theorem 3.6.10. For o > %, there exists a constant c, > 0 such that
trnix Z (]- - a)n logn — Cal,

where K, > 3622” is the constant from Lemma 3.6.4.
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Proof.
2 2
]P)w*{Hextr(Mt) Z §no¢} - Wn({w € Wn : Hextr(w) 2 gna})

(Pw*{Hextr(Mt) > 20 20 S o (fw € W ¢ Hoge(w) > gna})P{T;}) > t})

oolw oolw

]Pw* {Hextr<Mt) 2

2
C ooy <th—m({w e W, 1 Hexer(w) > gno‘})]P’{ng) < t}‘ :
It follows from Lemma 3.6.9 and Lemma 3.6.4 that there exists K, > % such that

2
Pw*{Hextr(Mt) Z ) TC% Z t} - 71-n({U) S Wn : Hextr(w) Z §na})Pw* {Tc?;; 2 t}

P T, > T

QCOI[\'J

=

> (1—2K.e”

We also have

]P)w* {Hextr(Mt) Z

OJINJ

2
s <t —m({w €W, @ Hexer(w) > gno‘})P{T(% < t}’

2
Pw*{Hextr(Mt) 2 g s ng < t}‘ ‘l’

2
m({w € W, : Heyr(w) > §n°‘})IP’{Ta°‘b < t}‘
< 2P{75, < t}.

Therefore,

d(t) > Py { Hoer (M) > 2na} o ({w € W+ Hor(w) > gna})

> (1 - 2K,e " R, {74 >t} — 2P, {75 < t}
= (1 — QK'C,efi e )( — Py, {Tab < t}) — 2Py, {Tab < t}
=1—2Ke 1™ = (3= 2K e 1 TP, {78 < t}

> 1 2 e i (3 9K e i ‘ P, {r% < t}.

Put t = (1 — a)nlogn — (log (#;(;H)) + c>n for ¢ > 0. It follows from Corollary 3.6.8
that

d<(1 —a)nlogn — <10g (W _”:)z; - 1)) + c> n)

1, 2a—1 1, 2a—1 no‘“
>1-2K,e i" —‘3—21(& ~in ’IP’w o« (1—a)nlogn— (1
> e 1 e 1 *{Tab ( a)nlogn (og((na_l)(n+1))+c>n}
2

c2ne

2a—1

> 12K, e i ‘3 oK. e im
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Since for a > %

—1

lim 1 — 2K e 177" = ‘3 — 2K e = 1
n—o0 c“ne
naJrl
lim 1 =0
oo 8 ((no‘ “Dn+ 1)) ’
there exists a constant ¢, > 0 such that
tmix > (1 — a)nlogn — cyn.
Corollary 3.6.11.
1 . . mix . tmix
— < liminf < lim sup <1
2 n—oo nlogn nooo nlogn

Proof. 1t is a immediate result of Theorem 3.6.10 and Theorem 3.5.8 that for a > %

1 tmix
(1 —a)+cq < <1+ .
logn — nlogn logn

log 8

Thus, by sending n — oo, we have for any o > %

tmix

tmix
(1 — ) < liminf < lim sup <1.
n—oo nlogn n—oo nlogn

It is established by sending o — oo that

— < lim sup <1.
2 n—oo nlogn n—oo nlogn

76
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