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Abstract

The set of non-crossing partitions was first studied by Kreweras in 1972 and was known
to play an important role in combinatorics, geometric group theory, and free probability. In
particular, it has a natural embedding into the symmetric group, and there is an extensive
literature on the asymptotic cycle structures of random permutations. This motivates our
study on analogous results regarding the asymptotic block structure of random non-crossing
partitions.

We first investigate an analogous result of the asymptotic distribution for the total
number of cycles of random permutations due to Goncharov in 1940’s: Goncharov showed
that the total number of cycles in a random permutation is asymptotically normally dis-
tributed with mean log(n) and variance log(n). As a analog of this result, we show that
the total number of blocks in a random non-crossing partition is asymptotically normally

distributed with mean % and variance %.

We also investigate the outer blocks, which arise naturally from non-crossing partitions
and has many connections in combinatorics and free probability. It is a surprising result
that among many blocks of non-crossing partitions, the expected number of outer blocks is
asymptotically 3. We further computed the asymptotic distribution for the total number
of blocks, which is a shifted negative binomial distribution.
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Chapter 1

Introduction

1.1 Non-crossing Partitions

The collection NC'(n) of all non-crossing partitions of the set {1,2,--- ,n} was first stud-
ied by Kreweras [9] in 1972, as an interesting example of partially ordered set. An ele-
ment m € NC(n) is a partition m = {V;, Va,--- , Vi} of {1,2,--- ,n}, where V;, Vo, -+ |V}
(called the blocks of ) are non-empty pairwise disjoint sets such that Vi |JValJ---J Vi =
{1,2,--- ,n}. Moreover, for any i # j, we require that V;, V; do not cross; in other words,
it is not possible to have a < b < ¢ < d where a,c € V; and b,d € V;. An example of a
non-crossing partition 7 € NC(9) is shown in Figure 1.1.1.

The point of Kreweras’s paper is that NC'(n) has an interesting structure as a poset
(short for partially ordered set), where the partial order is given by reverse refinement: we
say m < p whenever every block of p is a union of some blocks in 7. Kreweras studies several
properties of this partially ordered set, including the Mdbius function on the line of Rota’s
program started in [15] (where Rota considered the Mobius function on different posets,
including the poset P(n) of all partitions on {1,2,--- ,n}). In certain respect, NC(n) turns

T

2 3 4 5 9

Figure 1.1.1: An Example of 7 € NC(9)



out to be a nicer poset than P,,, because it has a nice symmetric structure in contrary to the
set of partitions. The symmetry is given by an order-reserving automorphism on NC'(n),
which is known as the Kreweras complement. The enumerative properties of non-crossing
partitions was studied by several other authors after Kreweras, and one may refer to the
survey paper [17] by R. Simion in 2000.

More recently, NC(n) has caught the attention of people studying geometric group
theory. This is due to the fact that NC(n) can be naturally embedded into the Cayley
graph of the symmetric group §,, where the set of generators for §,, is the set of all
transpositions (i, 7) with 1 < i < j < n. The embedding can be described by regarding
each block V; of a non-crossing partition 7w as a cycle, and writing the numbers of V; in
increasing order. For example, the non-crossing partition 7 shown in Figure 1.1.1 can be

regarded as the permutation:
1 23456789
6 435219 87

There is a natural partial order on the Cayley graph of §,, and this embedding of
NC(n) turns out to be an order preserving isomorphism between NC(n) and an interval
in the symmetric group. People in geometric group theory have studied the analog of such
an interval in other Weyl groups, and (starting with Reiner [13]) have found other posets
which can be thought of as non-crossing partitions. For this topic, one can refer to J.
McCammond’s survey paper [10] on the connection between non-crossing partitions and
geometric group.

Another area where NC'(n) has found a role recently is the development of free prob-
ability, and in connection to that, the one of random matrix theory. In free probability,
NC'(n) plays a critical role in the description of the R-transform, which is the free proba-
bility counterpart of the usual Fourier transform. In the study of random matrices, NC(n)
appears naturally in the leading terms in various trace formulas. A more detailed descrip-
tion on the role of NC(n) in free probability can be found in the Lecture 16 and 23 in the
book [12] by A. Nica and R. Speicher.

1.2 Asymptotic Results on Random Non-crossing Par-
titions

The motivation of this thesis comes from the fact that NC(n) embed canonically into the
symmetric group S,, and that on the other hand, there is a rather extensive literature



(going back at least to the 1940’s) on the cycle structure of random permutation. For a
clear and concise presentation of this topic, we refer to Section XIV.4 of the book of B.
Bollobas [2]. By a random permutation, we simply understand an element of S,, is assigned
atomic measure of # When NC'(n) embeds into S,,, the blocks of non-crossing partitions
become cycles of permutations. It stands to reason that there should be analogous re-
sults concerning the block structure of a random © € NC(n). The results about random
non-crossing partition will not, however, follow directly from the known results about S,

because the relative size of NC'(n) inside S,, goes to 0 as n — oo.

The first test question that one can ask is about asymptotic distribution of the total
number of blocks in a random © € NC(n). For random permutations, Goncharov [7, &]
showed that the total number of cycles in a random permutation is asymptotically normally
distributed with mean log(n) and variance log(n). It is clear that we cannot have log(n)
as the asymptotic expectation, because the symmetry given by the Kreweras complement
immediately results in an asymptotic expectation around 7. In fact, we shall prove, in
Chapter 3:

Theorem 1.2.1. Let X, : NC(n) — N count the total number of blocks in a non-crossing
partition. Then
X,—n/2 4

VoY — N(0,1)

We also investigate an object arise naturally from non-crossing partition, which we we
call them the outer blocks. For m = {Vi,V,,--- |V} € NC(n), a block V; is called an inner
block if there exists a,b € Vj, j # ¢ such that for all v € V;, a < v < b. If a block is not
inner, we call it an outer block. The word ’outer’ comes from the following observation: If
we draw a non-crossing partition 7 € NC(n) on a line, the inner block are those enclosed
by some other blocks; the outer blocks are those blocks not enclosed by any other blocks.
For example, the 7 € NC(9) shown in Figure 1.1.1 has two outer blocks: {1,6} and {7,9}
(also colored in red). Outer block arise naturally as we study the block structure of non-
crossing partitions, and are related to some other combinatorial objects as well. They also
play a special role in various summation formulas used in free probability [3, 11]. It is
quite surprising that a random non-crossing partition cannot have too many outer blocks
as the asymptotic expectation of the total number of outer blocks is 3. We established the
following result regarding the asymptotic distribution of the total number of outer blocks:

Theorem 1.2.2. Let Y, : NC(n) — N count the total number of outer blocks in a non-
crossing partition. Let v be a probability measure with mass % at point k = 1,2,---.

Then 'Y, Ly



Beside the present introduction, the thesis is divided into 4 chapters. In Chapter 2, we
shall give a review of background on non-crossing partition and asymptotic distributions.
Then in Chapter 3 and 4, we develop the asymptotic results on the total number of blocks
and total number of outer blocks that are announce in Theorem 1.2.1 and 1.2.2 respectively.
Finally, as this study also opens the door for many interesting topics on non-crossing
partitions, we shall briefly discuss some topics for further research in Chapter 5.



Chapter 2

Background

2.1 Non-crossing Partitions

This section will discuss the concept of non-crossing partition in more detail. Let us first
introduce the formal definition and some notations.

Definition 2.1.1. Fix an positive integer n,

1. A partition 7 of the set {1,2,--- ,n} is a collection {V;, V5, - Vi}, where V; C
{1,2,--- ,n} are pairwise disjoint non-empty sets with Ule Vi={1,2,---,n}. The
sets V; are called the blocks of 7.

2. A non-crossing partition of {1,2,--- ,n}isapartition m = {Vi, Vo, -+ , Vi }of {1,2,---
,n}, where there is no a < b < ¢ < d, such that a,c € V;, b,d € V;, and i # j.

3. The set of non-crossing partition for {1,--- ,n} is denoted by NC(n).

The set of non-crossing partitions is one of the many structures that can be enumerated
by Catalan numbers (one may refer to Exercise 6.19 in [19], where Stanley gave 66 such
structures). Catalan number is a well-known number in combinatorics, and we shall use
the following facts later on.

2n\ _ (2n)!
n)  (n+1)In!

Lemma 2.1.2. Let C,, be the n-th Catalan number, where C,, = %H(

1. Cn = Z:'L:_ol CiCnfifl



2. Let C(z) = >0, Cpz2™, then C(z) satisfies 1 + 2C(2)* = C(z). As a result, C(z) =

LVI-22 it radius of convergence 1/4.
z

The Catalan number appears in various enumeration problems, and it can be shown
that there are bijections between the non-crossing partitions and some other objects which
are known to be enumerated by Catalan numbers. Here, we pick two of them as an
illustrative example.

Definition 2.1.3. A Dyck path of length 2n is a path on Z?, starting at (0,0) and ending
at (2n,0). Each step of the path is either (1,1) (a up move), or (1,—1) (a down move).
Moreover, the path is always above the z-axis. The collection of all these paths is D,,.

It is a well-known result that the total number of Dyck path of length 2n is exactly the
n-th Catalan number C,,.

Definition 2.1.4. A Non-crossing pairing 7 of the set {1,2,---,2n} is a non-crossing
partition {(a;, b;)}, of {1,2,---,2n}. In other words, it is a non-crossing partition where
every block has exactly two elements. The set of all non-crossing pairings for {1,2,--- ,2n}
is denoted as NCP(n).

Proposition 2.1.5. There exists bijections between D,,, NCP(n), and NC(n). In partic-
ular, all of these three sets have cardinality C,,, the n-th Catalan number

Proof. To go from D,, to NC'P(n), let us denote a up move by U and a down move by D,
so that each Dyck path can be represented as a sequence of U, D where any subsequence
starting from the first step must have at least as many U as D.

Define the map from D,, to NC'P(n) as follow: For each i = 1,2, 3, ..., 2n, if the i-th step
is U, then 7 is placed inside a pair with 7 > ¢ where j-th step is D and the sub-string from
¢ to 7 has the equal number of U and D. One can easily check this is indeed a bijection. In
fact, we can describe its inverse explicitly: given any non-crossing pairing P = {(a;, b;) }7,
where a; < b;, map it to a Dyck path where each step at a; is U and each step at b; is D.

Now to go from NC'P(n) to NC(n), for a non-crossing pairing P on 1,2, -+ ,2n, define
a non-crossing partition 7 using the following procedure: for any i,j € {1,2,--- ,n}, ,7j is
in the same block of 7 if and only if there is no pair (a,b) in P such that a < 2i — 1 and
b > 2:i. It is not hard to check this is a bijection.

O
One can make NC'(n) into a partially ordered set via the following definition:

6



=R ] |
(1,2)(3) (1,3)(2) (1)(2,3)
BN
(1(2)(3)

Figure 2.1.1: The Hasse Diagram of NC'(3)

Definition 2.1.6. For 7,7 € NC(n), we say 7 is an refinement of 7 if for every block V
in m, V is also contained in some block of 7. This is denoted by 7 < 7.

A quick observation is that this refinement defines a partial order on NC'(n).

Remark 2.1.7. Once the partial order is defined, we can define the notion of cover: for
two non-crossing partitions 7,0 € NC(n), we call 7 covers o if there is no other 7 € NC(n)
such that m < 7 < 0. We can consider the Hasse diagram of this partially ordered set,
which is a undirected graph G whose vertex set is NC(n) and (7, 0) is an edge of G if w
covers o or vice versa. For example, the Hasse diagram of NC(3) is shown in Figure 2.1.1:

Remark 2.1.8. The notion of cover allows us to define the rank of the non-crossing
partitions: we denote the non-crossing partition e = {{1},{2},---,{n}}, the minimum
element in this poset, to have rank 0; for any other 7 € NC(n), define the rank of 7 to be
the length of the shortest path from e to 7 in the Hasse diagram. In other words, the rank
of 7 is the number of covers required to reach 7 from e.

Remark 2.1.9. Recall for 7 € NC(n), X, (7) denotes the total number of blocks in 7.
One can observe that the rank of a non-crossing partition 7 is exactly n — X, ().

The Hasse diagram of non-crossing partitions is particularly nice in the sense that there
exists a nice symmetry given by the so-called Kreweras complement map.

Definition 2.1.10. (Kreweras Complement) Let 7 € NC(n) be a non-crossing partition
on points {1,2,--- ,n}. The Kreweras complement K(7) is defined to be the biggest
non-crossing partition on points {1’,2,--- ,n'}, such that = J K(7) is also a non-crossing
partition on points 1,1,2,2" .-+ 'n,n’.



Example 2.1.11. Let us consider the non-crossing partition 7 € NC(6) where 7 =
{{1,4}, {2}, {3}, {5, 6} }:

To compute its Kreweras complement, we first put nodes 1,1’,2,2’,- -+ 6,6’ in order, and
connect {1,2,---,6} according to 7. Now we notice that the points 1’,2’, 3’ can be placed
in one block without creating any crossing with blocks in 7, but none of the other three
points can be added to this block. Hence {1,2’,3'} is one block of K (). Similarly, we can
verify that K (7) contains two other blocks {4,6} and {5}. Figure 2.1.2 gives an illustration

of 7 (black) and K () (red).
il

1 12 7 3.3 4 4.5 56 6

Figure 2.1.2: The Kreweras Complement of 7

Remark 2.1.12. It can be shown that the Kreweras complement map K is an order revers-
ing automorphism on NC(n). As a result, for any 7 € NC(n), rank(m) + rank(K(r)) =
n — 1. One can immediately deduce that X,,(7) + X,,(K(7)) =n+ 1.

2.2 Narayana Number and Lukasiewicz Path

Kreweras, when he first investigated non-crossing partitions, also enumerates the number
of non-crossing partitions with a given number of blocks [9]. We are going to present a
proof of this result based on the method discussed in [12] using the Lukasiewicz path.

Definition 2.2.1. 1. An almost-rising path is a lattice path in Z?, starting at (0,0).
Each step, the path moves in the direction (1,7) where i > —1 is an integer. We call
a step of the path falling if + = —1.

2. A Lukasiewicz path is an almost-rising path v, which ends on the z-axis and never
goes below the z-axis. We denote the set of all the Lukasiewicz path ending at point
(n,0) by Luk(n).

Definition 2.2.2. For almost-rising paths v of n-steps, one can completely describe this
path using a vector (A1, Ag, -+, \,), A; > —1. Here, the i-th step in v is in the direction
(1, A;). This vector is called the rise-vector of ~.

8



Remark 2.2.3. For an almost-rising path v with rise-vector (Ay, A2, -+, A,), v € Luk(n)
ifandonly if 7 Ay =0and Y, A >0foralli=1,2--- n.

It turns out that Luk(n) is also in one-to-one correspondence with the set of non-
crossing partitions NC(n) in the way described below:

Proposition 2.2.4. Fiz a positive integer n. Define A : NC(n) — Luk(n) as follow:
given m € NC(n) where m = {V,Va,--- Vi }. Let the left most element of V; be a; (i.e.
a; =minV;). Then let

N = Vil =1 if m = q
" -1 otherwise
There is a unique Lukasiewicz path, defined as A(w), that corresponds to the rise-vector
(A1, Ag, -+, A\y). Moreover, A is a bijection.

Remark 2.2.5. It is clear from our construction of A that a non-crossing partition m €
NC(n) has exactly k blocks if and only if A(7) has exactly n — k falling steps: exactly
n — k points out of {1,2,---,n} are not the left-most point of some block, which give
rise to n — k falling steps. The rest k& points corresponds to steps of (1,|V;| — 1) where
Vil —1=0.

Remark 2.2.6. The enumeration on Lukasiewicz paths is easier due to the cyclic per-
mutation trick: Consider a Lukasiewicz path v with rise-vector A = (A, Ao, -+, \;). By
appending an —1 be the end of the rise vector A\, we get a rise vector for an almost-rising
path ended at (n +1,—1).

Recall that cyclic permutation on a vector of n variables is essentially applying the cycle
permutation (1,2, --- ,n) repeatedly: for example, applying cyclic permutations the vector
(ab Az, -+ Jan) once giVGS ((12, as, -, an, al); twice giVGS (CL3, ag, - ,0an, a1, a2)7 ete..

Now observe that if we apply cyclic permutations on the new rise-vector (A1, -+, A, —1),
we always get another rise-vector of some almost-rising path from (0,0) to (n+ 1, —1): in-
deed, no matter how we permute this vector, —1 4+ >} _; Ay = —1. Hence we may define
a map:

[': Luk(n) x {0,1,--- ,n} — {7 : 7 is an almost-rising path ended at (n+1,-1)}

where given v € Luk(n) with rise-vector A and 0 < ¢ < n, ['(v,4) be the unique almost-
rising path from (0,0) to (n + 1,—1) whose rise-vector is the same as what we get by

9



apply cyclic permutation on (Ay, -+, A,, —1) i times. In other words, for 0 <i <n —1,
[(7, 1) has rise vector (Aip1, -+, An, —1, A1, -+, A;); and when ¢ = n, I'(,4) has rise vector
(_17 )‘17 e 7)\n)

Proposition 2.2.7. The map I' defined in Remark 2.2.6 is a bijection.

For the detailed proof of 2.2.7, please refer to the Proposition 9.11 in the book [12].

Remark 2.2.8. For a Lukasiewicz path v and any i = 0,1,--- ,n, ['(+,7) contains exactly
one more falling step than 7. Hence for each m € NC(n) with k blocks, I'(A(7), ) contains
n + 1 — k falling steps; Moreover, since I', A are bijections, each almost-rising path with
n + 1 — k falling steps is the image of I'(A(7),?) for some 7 € NC(n) with k£ blocks and
0<71<n.

Now we can prove the following result on the enumeration of non-crossing partitions
with certain size.

Proposition 2.2.9. Fizn and 1 < k < n. Then the number of 1 € NC(n) with X, (7) = k

is given by the Narayana number N(n,k) = %(Z) (kfl) In particular, P(X,, = k) = Ngfn’k).

Proof. Let A : NC(n) — Luk(n) be the bijection defined in Proposition 2.2.4, and I" be
the bijection defined in Proposition 2.2.7. It follows from Remark 2.2.8 that the number
of m € NC(n) with k blocks is exactly

1
?Hy : v almost rising path ended at (n+1,-1), with n+1-k falling steps}|
n

Now consider v almost rising path ended at (n + 1,—1) with n + 1 — & falling steps:
let its rise-vector be (A1, Ag, -+, Apy1). Among these n + 1 numbers, only k& of them are
non-negative. Let them be ly,ls, -+ I (in the same order as they appear in A;. Then ;
satisfies Y8 [ —(n+1—k) = —1,ie. ¥ li=n—Fk
n—1
k—1
) choices. Hence, in total we get:

Since [; > 0, the equation Zle [; = n — k contains exactly ( ) solutions. To choose
n+1

these £ numbers out of n 4+ 1 \;’s, there are ( .

10



|{m € NC(n) : m has k blocks}|

1
= 1 {7 : v almost rising path ended at (n+1,-1), with n+1-k falling steps}|
B I (n+1\/n-1
o1\ k k-1

1 (n+1)! (n—1)!

nt+1kln+1— k) (k—1)!(n— k)

- %@(kﬁl)

2.3 Embed Non-crossing partitions in the Symmetric
Group

One might notice the cycle structure of permutations also gives a partition of the set
{1,2,--- ,n}, though most of the time, this partition has crossings. One can regard a non-
crossing partition as a permutation in the following manner: for a non-crossing partition
7 ={W,Va, -+, Vi} € NC(n), it corresponds to an element in P, € S, by arranging each
V; in the increasing order and treating them as a cycle permutation. In other words, for
cach V; = {v;, <w;, <--- <}, the permutation Pr(v;;) = v;,,, for j =1,2,--- [k -1
and Pr(v;, ) = v;,. For example, for a non-crossing partition 7 = {{1,5,7},{2,3,4},{6}} €
NC(T7), the corresponding P, when written in cyclic form, is equal to (1,5,7)(2,3,4)(6).
This map m — P, seems like an ad-hoc definition. However, it has been shown, starting
with [1], that this map is quite meaningful. We shall start with Cayley graph structure of
the symmetric group.

Definition 2.3.1. (Cayley graph) Let G be a group with a set of generators 7. Assume
T satisfies the following assumptions:

1. e ¢ T (e is the identity in G)

2. IfteT,t tisalsoin T

11



3. IfteT,ge G, then gtgt € T.
Then the Cayley graph I' = I'(G, T') is defined as follows:

1. The vertex set V =G
2. The edge set E = {(x,y) : 2 'y € T'}. Here (z,y) is an unordered pair.

Remark 2.3.2. In the group framework, 71y is a substitute for the difference between y
and x. At first glance, it might look arbitrary that z='y is preferred over xy—!, yz=!, vy~ 'a.
It turns out the assumptions on T rule out this ambiguity on E. Indeed, if 271y € T,
the by T closed under inversion, y 'z € T. Moreover, if we conjugate 'y by z, we get
yr~! € T so that xy~! € T.

Since we required 1" to be a set of generators, the Cayley graph I' must be a connected
graph. We may define the distance between two group elements by the distance to the
Cayley graph.

Definition 2.3.3. For = # e € G, define {(x) = min, {3t,,--- ,t, € T,x = t1ty---t,}. In
addition, define ¢(e) = 0.

Recall that in order for an edge (x,y) to appear in the Cayley graph, there have to exist
t € T such that y = «t. Because of this, the above definition of /() is giving precisely the
length of the shortest path from x to e. This allows us to define the distance on G:

Definition 2.3.4. Let z,y € G, define their distance to be d(z,y) = £(z™'y).

One can check that d defines a metric on the group G. Given this distance, we can
define a partial order on G:

Definition 2.3.5. For any z,y € G, define x < y whenever ¢(y) = ¢(z) + d(z,y). In other
words, r < y whenever x is on a shortest path from e to y.

Definition 2.3.6. For any z,y € G with x < y, define the interval [z,y] = {z € G : 2 <
z <y}

Example 2.3.7. Let G = S, be the symmetric group. Consider 7' = {(i,7) € G} be the
set of transpositions. It is clear that T is a set of generators for G. Let us verify T satisfies
the requirement for Cayley graph:

Indeed, every transposition is the inverse of itself. If we have 7 € G, (i,7) € T, one can
verify that 7 - (i,7) - 71 is the transposition (7 (), 7(j)).

12



Figure 2.3.1: Embedding of NC(3) into S3

The symmetric group §,, is a finite group so that as a partially ordered set, it has
maximal elements. One can verify the maximal elements in S, are exactly those long
cycles, i.e., a cycle with n elements. Meanwhile, it has a unique minimal element, namely,
e the identity. Let v, = (1,2,--- ,n) € S,, be a long cycle. Biane [1], in 1995, showed this
map 7 — P, (discussed in the previous section) identifies NC'(n) with the interval [e, 7,].

Theorem 2.3.8. The map P : NC(n) — [€,vm] is an order preserving isomorphism.

Figure 2.3.1 illustrate the case where NC/(3) is embedded as a maximal interval in Ss.

As an immediate observation, since all the maximal elements in S, is a long cycle
of length n, every interval between the minimal element ¢ and a maximal element ~' is
isomorphic to NC'(n). In terms of the Cayley graph, theorem 2.3.8 implies that the Hasse
diagram of NC(n) is a sub-graph in the Cayley graph of (S,,T"). This tells us NC(n) is a
quite important chunk of S,,, which motivates our study of their block structures.

2.4 Some Approximation Lemmas

Recall from Proposition 2.2.9 that the total number of non-crossing partitions with a fixed
number of blocks is enumerated using the Narayana number. The goal of this section
is to provide some estimates on the Narayana number, which can be used as a tool to
approximate the asymptotic distribution of the total number of blocks. Since the binomial
coefficients (Z) appear in the Narayana number, let us provide some approximations on
them.

We start off with the following well-known result due to Chernoff:
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Lemma 2.4.1. (Chernoff Bound). Let Z follow a binomial distribution with n trials and
p=1/2. Then for any a > 0, we have:

s
NN
\%

+

S

IN

[

|
3R

=
IN
NS o3
|
L
IN
Q)
|

As an immediate corollary:

1+e

Corollary 2.4.2. Fiz e > 0. For each non-negative integer 0 < k < n, if |k — 5| > n>

then
1 (n o
o \k) =°

Proof. Suppose Z follows binomial distribution with n and p = 1/2. Then apply Chernoft’s
bound:

)

]

The good thing about the estimation e is that it is o(n?) for all p > 0. So when it is
multiplied by any polynomial in n, the limit will goes to 0. As a result, we may just focus
on the approximation when |k — 7| is no bigger than a = n'z". The following version of
Stirling’s approximation can be found in the book [0].

Lemma 2.4.3. (Stirling’s approzimation) For all positive integer n,

n n
n!l =vV2mn (—) e
e

1

where o

1
12n+1 < )\” <
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As an immediate application, one can give the following approximation for the Catalan
numbers:

Corollary 2.4.4. lim,_,. \/ﬂ?’/z =1

n7r4"
Before we start the key approximations, it is useful to define the 'Big-O’ notation.

Definition 2.4.5. Let f,g : N — R be two functions. We call f = O(g) whenever

lim sup,,_, o ‘%‘ = ¢ < oo. Equivalently, f = O(g) whenever there exists a constant K

such that for all n € N, |f(n)| < K|g(n)|.

n

n ﬂ.) when j is small:
2

Now let us approximate Zin(

Lemma 2.4.6. Fizn and € > 0, for each integer j with |j| < n%, let r,, ; satisfies

1 n 2 2;2
— =/—e w (1471,

Then there exists K > 0 constant such that for all such j and n, |r, ;| < K -n®/?71/2,

Proof. Apply Stirling’s formula (Lemma 2.4.3 ). We have:
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n!
i (n/2+5)(n/2 —J)

Vamn (3)"e
W( n/2+y)> n/2+ Y )((n/i j))N/Z—j

1 n n'" an—p
p— — e n n n
27( n/2 7) n/2 +7)(n/2 +])"/2+J<n/2 g2

. Q=B —"
- \/ \/ n2 452 (n + 25)7/>%i(n Qj)n/z j9-(n/2i)—(n/2=7)

_ )~(n/2+0) (1 _3) (n/2=3) p@n—Bn—"n
7TTL n

o= (1/240) log(1+2)—(nj2—)log(1=2) | " g,
™ TL2 _ 4j2

_ _e—2j2/ne2j2/n—(n/2+j)log(1+%)—(n/2—j)10g(1—%) n—2€an—ﬁn—wn
™ n? — 452
Hence the error term becomes
—2j/n_2j/n—(n/2+j) log(1+ 2)—(n/2—j) log(1— 21) n? on—Bn—
1+, = e 2/me¥ ) log(1+22 ) log(1—22 4'2671 n—n
— 4]

Let us break it into three pieces:

First of all, e® A=, B, 7, comes from the Stirling approximation. We have from
Lemma 2.4.3 that

L _ !
2n+1 > ™ S
1 < B < 1
12(n/2 —j) +1 " 12(n/2 — )
1 1

Tn

22+ )11 = 12(n/2+))
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One can check limsup,, ., |n(ea"_ﬁ”_% — 1)| = ¢ < oo, and thus one may find a
constant K such that for all n, j, [e® P — 1| < K - %

Denote o = n'#*. The second part ,/# can be bounded as follow:

< "
= n2 — 452
n2

< v
- n? — 4o
40[2 1/2
Y T
( * n? — 4a2>

Now apply Taylor expansion, we have:

do? \'? 202 o’
1+ — = 1+ O(=
< +n2—4a2) +n2—4a2+ ()

The error term 7122+42a2 + O(z—i) satisfies
2a2 a4
i e T0GT) .
imy, 0 *—=r—— = 2 and thus we can pick a constant K, > 2 such that for all n,

2 4
‘n22_064a2 + O(%' < KQ ° ne_l

The last piece comes from e%°/n—(n/2+3)log(1+3)—(n/2=)1os(1-3) " Let us consider its
exponent:

27~ (/2 + ) og(1 + 22) ~ (/2 ~ ) log(1 — )

= 25°/n— (n/2 +j)(% - Qnizz + O(%) —(n/2 _j)<_% N Qniz i O(#»
- o)

17



Now take the exponential,

912 fn—(n/2+7) log(1+2) — (n/2— ) log(1— 20 J°

The error term O(fl—;) can be bounded above by

We can thus find constant Ks such that e2’/n—(n/2+5)log(1430)=(n/2=j)log(1=31) ~ 1 4
K3n's Y2 for all n,j.

When we multiply these three error terms together, the overall error term r,; is
bounded by K; - 1 + Ky - n' + Kyn's /2 4 O(n%~3/?), for all valid choices of n, j.
One can check this bound can be reduced to Kén%_lﬂ when e < 1/3.

[]

2.5 Asymptotic Distribution and the Method of Mo-
ments

Given a sequence of random variables, we often want to study their behavior asymptotically.
In other words, we want to know how a sequence of random variables, which in some sense,
converges to a particular probability measure. One natural way to define this convergence
is the weak convergence.

Definition 2.5.1. Let (©2,.4) be a measurable space where (2 is a metric space, and v, v
are probability measure on it. We say v, converges to v weakly if for all bounded continuous
function f: Q) — R,

lim fdyn:/fdy
Q Q

n—oo

18



Fix a measure space (2,4, P). Recall that each real-valued Borel random variable
X : Q — R defines a associated Borel measure Px on R via Px(A) = P(X"!(A)). This
allows us to define the weak convergence of random variables.

Definition 2.5.2. Let X,, be a sequence of real-valued Borel random variables on measure
spaces (Qn, A,, P,) and X be a real-values Borel random variable on a measure space
(Q, A, P). Let the associated probability measures of X,,, and X be v, and v respectively.
Then we say X,, converges to X weakly whenever v,, converges to v weakly.

Equivalently, since fR (t)dv,(t) fQ X,)dP,, we have X, converges to X weakly
whenever for all bounded contlnuous functlon f € Gy(R,R),

lim f(Xn)dP, = / f(X
n—oo Q

When (2, 4) = (R, B), the real line equipped with the Borel o-algebra, one can define
the distribution function (also called the cumulative distribution function) F(t) for any
Borel measure v by F(t) = v((—o0,t])). The distribution function can be easily seen to
be right continuous and left limit exists everywhere. Moreover, whenever v({t}) =0, F is
continuous at ¢.

In such cases, one can define the convergence in terms of the distribution function:

Definition 2.5.3. Let v,, and v be Borel measures on R, with distribution functions F},,
and F' respectively. We call v, converges to v in distribution, if for any ¢ at which F' is
continuous,

lim F,(t) = F(t)

n—oo

It turns out that these two definition are the same for probability measures on R.

Theorem 2.5.4. (Helly Bray theorem) Let v,,v be Borel measures on R. Then v, con-
verges to v weakly if and only if v, converges to v in distribution.

This theorem is a special case of a more general type of theorems called the Portmanteau
theorem, which involves the equivalent conditions of weak convergence. Here we provide
one version of it:

Theorem 2.5.5. (Portmanteau Theorem) Let v,, v be probability measures on a measurable
metric space (2, A). Then the following are equivalent:

1. v, converges to v weakly
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2. For all open set U C Q, liminf, v, (U) > v(U)
3. For all closed set F' C ), limsup,,_,. vn(F) < v(F)

4. For all A C Q with P(OA) = 0, lim,_,oc vn(A) = v(A). Here 0A is the boundary of
A.

For detailed proof and more background on these results, please refer to R.M.Dudley’s
book [1].

The definition of weak convergence is not easy to apply directly, since one has to check
all possible bounded continuous function f if fQ fdv, converges to fﬂ fdv. A natural
question to ask is whether it is possible to check a smaller collection of functions and still
get the weak convergence. There are many approaches to this question, and we will focus
on one of them: the method of moments. Recall, for a Borel probability measure y on R,
the k-th moment of y is defined as [ x¥dp. As an illustrating example:

Proposition 2.5.6. Let v,,v be Borel measures on R. Assume that their supports are
all included in a compact interval [—N, N|. Then v, — v weakly if and only if for every
k>0, im0 [ 2Fdy, = [ aFdy

Proof. Since v, v are all supported within the compact interval [—N, N], v,, — v weakly
if and only if for every continuous function f : [-N, N] = R, lim,, fR fdv, = fR fdv.
Now the space of continuous functions C'([—N, N|,R) can be approximated uniformly by
polynomials due to the Stone-Weierstrass theorem. This uniform convergence is strong
enough to guarantee that lim, o [p fdv, = [p fdv if and only if lim, e [p 2*dr, =
Jg ¥dv for all integer k > 0.

]

In general, we do not have the result above if the condition of compactly supported
is dropped. The case when v,, and v are not compactly supported is more complicated
and requires much more care. We need some extra conditions on v, and v to make this
theorem holds.

Definition 2.5.7. Let v be a Borel measure on R. We call v is determined by its moments
if for any Borel measure p on R with [, #¥dv = [, #*dp < oo for all integer k& > 0, it must
be the case that v = pu.

Theorem 2.5.8. Let v,, and v be Borel measures on R with lim,,_, fR a*dy, = fR ok dy
for all integer k > 0. Assume furthermore that v is determined by its moments. Then
Vp — v weakly.
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Theorem 2.5.8 gives us a condition that only depends on the limiting distribution v,
instead of all v,. Now what kind of measures is determined by its moments?

Definition 2.5.9. Let v be a Borel measure on R.

1. The characteristic function of v is defined as ¢, (t) = [ €"*dv(x), when the integral
exists.

2. The moment generating function of v is defined as M, (t) = [, e"dv(x), when the
integral exists.

Rosenthal’s book [11] provide a great introduction on this material. The following two
results comes from section 11.1 to 11.4 from his book. We will omit their detailed proofs.

Theorem 2.5.10. Let v, and p be Borel measures on R. Then v = p if and only if
(bzz = (bu-

Proposition 2.5.11. Let v be a Borel measure on R. Assume there exists € > 0 such that
M, (t) is finite for |t| < e, then v is determined by its moments.

Example 2.5.12. Let v be the measure of standard normal distribution (i.e. dv(z) =

z2 +2
\/%76_76155). Then the moment generating function for v is M, (t) = ez for allt € R. In

particular, it follows from Theorem 2.5.11 that the Gaussian distribution is determined by
its moments.

Notation 2.5.13. Denote the k-th falling factorial of n by [n], =n(n—1)---(n —k+1).

Corollary 2.5.14. Let v,, and v be Borel measures on R with lim,, o [p[2]pdvy = [g[x]pdv
for all integer k > 0. Assume furthermore that v is determined by its moments. Then
Vp — v weakly.
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Chapter 3

The Number of Blocks of a Random
Non-crossing Partition

3.1 Introduction

Let us denote X,, : NC(n) — R be the random variable that counts the total number
of blocks of a random non-crossing partition. Our goal is to understand the asymptotic
distribution of X,,.

First of all, let us recall from Remark 2.1.12 that the Kreweras complement K, a order
reversing automorphism defined on NC(n), give raise to the relation X, () + X, (K (7)) =
n+ 1. Since K is an automorphism on NC(n) where NC'(n) is assigned with the uniform
measure, F(X,) = F(K(X,)). Inmediately, one can deduce that E(X,) = “*. However,
the calculation of higher moments are not easy in general. Recall from Proposition 2.2.9
that the total number of non-crossing partitions in NC'(n) with exactly k blocks is enu-
merated by the Narayana numbers N (n, k) = %(Z) (kfl) One can explicitly write down a
formula for the k-th moments of X, in terms of Narayana number:

"\ N(n,i) .
B =3 M0
i=1 "

Even though we have this explicit expression for the k-th moment, its direct computa-
tion is not easy. We shall discuss its computation in Section 3.3, where we are able to give an
explicit formula for the factorial moments E([X,, —1]x) = E(X,—1)(X,—2)--- (X, —k)).
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Based on these results, we can compute the following table that shows the results for the
first few moments:

Moments | Explicit Formula

E(X,) n+1

B(xY | et

BGp) | il

E(Xj) | et it ntd)
E(X?) (“+1)2(”5;22i1ﬁ2;34§;2+4n+12)

Table 3.1: Moments of X,

Since E(X,) = ”+1 , one might want to normalize X,, by subtracting its mean. It is not
hard to compute thls centrahzed moments based on table 3.1.

Moments Explicit Formula | Asymptotic Formula
E(X,—") |0 0
n 2 7’L+1 n—1 n
E(( %1) ) ( 4(27)1(—1) : B
B((Xo—2) 10 o,
n-+1 3n2—4n—3 n
E<(X” %)5) 16(2n—1)(2n—3) 36_4
E((Xn i) )10 0

Table 3.2: Centralized Moments of X,

From table 3.2, one may notice the centralized moments matches the Gaussian distri-
bution asymptotically. However, since we only have a nice formula for the falling factorials
of X,, — 1, the conversion to centralized moments is not easy and there are some mysterious
reductions that we do not understand. Fortunately, Section 2.4 provides powerful tools for
us to approximate the centralized moments which leads to the main results in Section 3.2

3.2 Main Result

We obtained the following result on the asymptotic distribution for the total number of
blocks in random non-crossing partitions.
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Theorem 1.2.1. Let X,, : NC(n) — N count the total number of blocks in a non-crossing

partition. Then
Xn—n/2 q

VoY — N(0,1)

First, recall from Proposition 2.2.9, one can explicitly write down the p-th moment of
this normalized X,,:

Bl (y2x, —n/2) N\ Lsein 8 Sy ! (3.2.1)
Vi ()G (Va3

We first reduce the summation to those k close enough to n/2:

Lemma 3.2.1. Fiz e > 0. We have:

o S (6 () -

k=5 [>n "2 +1

H-

p
PTOOf. Let Sn - ﬁ Z|k_%|>n126+1 (Z) (kﬁl) (\/%(k - %)) .

o= 5 (6 (Fe-y)

H-

p
VIS g FOF) (21
1m

n—00 Sn
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Now whenever |k — 5| > n't 41, both k and k + 1 are at least n'2" away from n/2,
so that Corollary 2.4.2 applies to both (Z) and (kfl) to obtain an upper bound of e™™".
Moreover, for any 1 < k < n,

/N
S| o
>

|
|3
~_
ko]

VAN
N
_—
|3
~_
e

Hence we have:

o
[\
33

+
|~
VRS
>~ 3
N———
2|
7\
™
|3
—_
N———
7N
3| oo
T
|
o3
~_—
S|

IN

Take n — oo, we get:

for w0 (e-p) -

F>n"2 +

and thus the same holds for S,,.
H

Now it suffices the evaluate the sum only when |k —n/2| < n'z . The following lemma

simplifies the summation for computational convenience:
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Lemma 3.2.2. The limit

p
1 n n 8

lim E —1

n—s00 nC,, Hﬁ(%+j)(§+j—1)( 7ﬂ)

exists if and only if
lim 3 (n y )
im —
n—oo nC,, - % + 4 n]

|7]<n "2

exists. Moreover, the limit are the same (if they exist).

1+€

Proof. Notice (}) = %%(,",). So that for each [j| <n’2,

k k—1
t4j—-1)  2—j\2+j

Now j is small compared to n, we may have the following estimate:

|3

|3

] 2
ERIEAR -
5 —J 5 —J
2
= 1+ —
2—].—1
< 1+ 2
N 2n?J2r€_1

= 14 0(n"1-9/%)

The bound O(n~179/2) provides an uniform bound of the error term, independent of
J. Apply squeeze theorem, we get the desired result.

]

Now we are well equipped for the proof of the main theorem:
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Theorem 3.2.3.

p
8 n ]_ 2
lim E (X, — — = [ ——e V2Pt
n—00 ( ( n( 2 )) > /]R vV 27T

p
Proof. Recall Equation 3.2.1 where we can write E <<\/§ (X, — %)) ) explicitly as:

E((@(Xn - n/2)>p) = é;%(:) (k ﬁ 1) ( %(k - g))p

Lemma 3.2.1 reduces this summation over all k£ with [k —n/2| < n'z". Lemma 3.2.2
further shows that this summation is the same as the summation where (k:) is replaced

by (Z) We are now arrived at the following equation:

p 2 g
8 n 4" 1 " s
o 5. . 1 8 2.2
lim (( a e 202) i 2 w(:t) ( ”O e

Now apply Lemma 2.4.6, for each j with |j| < n%, we have the equation:

1 n 2 22
— =4/—e (1 oy 3.2.3
(a0 ) Ve F e (32,3

where there exists a constant K such that |r, ;| < K - n3/2742 for all |j| < n'z".

Substitute Equation 3.2.3 into the Equation 3.2.2,
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lil<n %
P
4m 2 52 8
— 1 = = (1 oy 2 \/j
nlllélonc*ny|< .. —e (14 7ny) ( n])
VAR
= lim —e T -
n—oo \/TN3/2C, ot V2V n I J
JIsn

1+e€

[jlI<n™2"
2 P
= lim Z <§J)(1+7’ )2 §j
n—00 \/27-( ™ n
|J|<nT

The factor (1 + 7, ;)? can be bounded uniformly using by (1 — K - n®/271/2)2 < (1 +
Tnj)? < (14 K -n3/271/2)2 For e small enough, both (1 — K -n®/271/2)2 (14 K -n3¢/271/2)2
converges to 1 as n — co. Hence it suffices to remove the factor of (1+r,;)? and consider

the following summation:
2
1 \/§ W)Y
e el (1LY
n

m<n 2
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Observe that this can be thought as a Riemann sum with sampling points at \/g 7,

where [j| < n'z". \/% j will lie in an interval of width in the order of n“/2, which goes to

oo as n — 00. We deduce immediately that this summation converges to the following
Riemann Integral:

1 8 ( J>2 8 8 1
_ . - —t2/2 D
g ——1/—€ — = | —e¢ tPdt
1+e V 27T n < n]> /]R V 27T

lil<n™2

™| 3o

This is exactly the desired result.

Now Theorem 1.2.1 follows from 3.2.3:

Proof. Recall from 3.2.3, the p-th moment of \/g (X, —n/2) is asymptotically equal to the

integral
1 2
—t*/24p
— trdt
/R V2

Recall the probability density function of N (0,1) is p(t) = \/%76_9/ 2. Hence the p-th

moment of \/g (X,, — n/2) is asymptotically equal to the p-th moment of A/(0,1).
We have shown that normal distributions are uniquely determined by its moments in

Example 2.5.12, and thus Theorem 2.5.8 can be applied to obtain \/%(Xn —n/2) converges
weakly to standard normal distribution.

]

3.3 Moments of the Total Number of Blocks

We are able to compute the moments of X,, explicitly. Recall the notation [n]; denotes the
[-th falling factorial which is [n); = n(n—1)--- (n—I1+1). The following theorem computes
the falling factorial moments of X,,:
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Proposition 3.3.1. For every positive integer [,

B(X, — 1)) =

Proof. First we notice from the distribution of X,,, we have:

E([Xn —1])
Let us denote
9(z) =
f(z) =
Then,
fil?)

B nlCng(Z) (kil)[k_l]l
- né‘nkz:(nﬁk)(kﬁl)[k_l]l

dl
- 1)
= [h((1+2)"" =)

_ - n _ k—1—1
k=1

Consider fi(z) - g(z): on one hand,
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o - (2 Jros) (£

On the other hand,

filz)-g(2) = [l((1+2)"" = 2" (1+2)"
= [h((1+2)" = 2" 1+ 2)")

2n—I

=1 is exactly [”]l(n—l—l)

One can check the coefficient for 2"~

Now plug everything back, we have:

E(Xy—1]) = C%%Z <Z) (kﬁl) [k —1];
1 2n —1

~ G, [n]l(n—l— 1)

_ (n+Dnl1 (2n —I)!

T (2n)! ﬁ[”]l(n—z—n!(nﬂ)!

B (n—1! (2n—1)!

= P =TT @

[nu[n — 1]y
[2n],
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]

Based on Theorem 3.3.1, one can explicitly compute the first few moments of X,, as
shown in table 3.1. However, it is hard to use this method to handle more generalized

problems. Since we are interested in the moments of centralized X,,, let us try to compute
(X, — % — 1],).

Corollary 3.3.2.

B(X, - " ;r 1_ 1)) = n(ljn i (l) [—n/2];[n]i—; <n2fl_+l;r_j 1)

Proof. As before, we can explicitly write

E([X, — g 1)) = nlcn kZ: (n " k) (k " 1) [k —n/2 — 1], (3.3.1)

Using the same trick, if we let

However, since we have the factor [k —n/2 — 1]; instead of [k — 1];, we need to find the
[-th derivative

dl
F(z) = @Z_H/Qf(z)

n

= > (k i 1> [k —n/2 — 1)t

k=1

But in this case, we need to apply the product rule to find F(2):
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d

l
Fi(z) = @Z_Wf(Z)
l I dj . dl—j
- ;(y)ﬁz P
l
= > (;) [—n/2);27"*7 fi(2)
=0

Here f;(z) are the same as those in the proof of Proposition 3.3.1.

Then consider Fj(z)-g(z): a similar argument gives us that >_,_, (" )(,",)[k—n/2—1],
is the coefficient of 2"/27=1 in Fj(2)g(2).

Now we break Fj(z) into a sum of [ + 1 pieces, consider the coefficient of z™/27!~! in the

j-th piece [—n/2];27"*77 f;_;(2)g(z). One can check it is equal to [-n/2];[n];_; (ffljrljjl)

Combine everything back, we get

E(X, —n/2 —1])) = n(ljn Xl: (l> [—n/2];n]i—; (n2fl_+l;r_j 1>

=0 \/
O

In some sense, Corollary 3.3.2 is a big step towards our main result in the sense that it
can express the [-th factorial moments of centralized X, in terms of a sum of [ + 1 pieces,
where each piece is a rational function of n of order n!

However, due to Theorem 1.2.1, we know E([X,,—n/2—1];) should have order n'/? when
[ is even and n"Y/2 when [ is odd. This suggests that this summation of I + 1 rational
functions of order n' should have extensive cancellations so that the order is reduced by
about a half after the summation. It is not known how these cancellations happen.
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Chapter 4

The Number of Outer Blocks of a
Random Non-crossing Partition

4.1 Introduction

Recall an outer block V; from a non-crossing partition m € NC(n) is a block which is not
enclosed by any other blocks. We denote Y,, : NC'(n) — N to be the random variable that
sends each m € NC(n) to the number of outer blocks in 7. In this chapter, we study the
asymptotic distribution for the random variable Y,,.

Remark 4.1.1. The number of outer blocks turns to be connected with many combina-
torical objects. Let Z,, : D,, — N count the number of zeros in a Dyck path of length 2n
(Here D,, contains all the Dyck paths of length 2n, and it is assigned with the uniform
measure). Then Z, — 1 and Y, (the number of outer blocks) have the same distribution.
In fact, let 7 : D,, — NC(n) be the bijection discussed discussed in Proposition 2.1.5, we
have Z, —1 =Y, oT.

Remark 4.1.2. Outer blocks also contains important information on the structures of non-
crossing partition. For example, consider the non-crossing partition 7 = {{1,6},{2,4, 5},
{3},{7,9},{8}} € NC(9). It has two outer blocks {1,6} and {7,9}. These two outer
blocks break the points {1,2,---,9} into two chunks, namely a chunk from 2 to 5 and
another chunk of single point 8. Now focus on the chunk of from 2 to 5, 7 restricted to this
chunk is another non-crossing partition in NC'(4). On this section there is only one outer
block {2,4,5}, which further divides this chunk into a chunk of one point 3. In general,
we can obtain any non-crossing partition using the a similar procedure of placing layers of
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Figure 4.1.1: An Example of Outer Block Layers

outer blocks. It starts with the first layer of outer blocks, which divides {1,2,--- ,n} into
smaller chunks. We then repeatedly place the next layer of outer blocks consisting of those
outer blocks for each of these small chunks, and each layer further divides the points into
smaller chunks. Figure 4.1.1 illustrates this process for 7 defined as above.

In essence, outer blocks breaks the non-crossing partition into self-similar pieces of
smaller non-crossing partition.

Remark 4.1.3. In the preceding chapter, we saw that the expected total number of blocks
of m € NC(n) is ”TH In view of that, it is rather surprising to find out that, as it will
follow from the main theorem of the present chapter, the expected number of outer blocks
of m € NC(n) is %, which is asymptotically 3. Notice that the block containing 1
or n is automatically an outer block. Thus, when 1,n are in different blocks, we already
have two outer blocks on the left-most and right-most end of the non-crossing partition.
Furthermore, if we only count those outer blocks with 1 elements (which we call it outer
singletons), it is shown in Proposition 5.3.1 that the expected number of outer singletons

is exactly 1 for all n € N.

There is no immediate analog of outer blocks in terms of random permutations. How-
ever, the following observation, which we shall prove as Lemma 4.3.1, relates the number
of outer blocks with the size of the block containing a certain vertex:

Observation 4.1.4. For m € NC(n), define Y,!(7) to be the size of the block that the node
n belongs to. Then, for any m € NC(n), Y, (7) = Y/(K(7)). Here K () is the Krewewas
complement of 7. One can immediately deduce that Y,, has the same distribution as the
random variable on NC'(n) that counts the size of the block containing 1.
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Remark 4.1.5. Let the random variable 6,, be the size of the cycle containing 1. This
can be seen by Observation 4.1.4 as an analog of the number of outer block in the context
of random permutations. Consider the probability that 6, = k: to have 1 contained in a
cycle of length k, we need to first choose and arrange the rest £ — 1 elements for the cycle.
This gives us (} ;) - (k — 1)! choices. The rest n — k elements has (n — k)! ways to arrange,
so in total, we have P(6, = k) = (}_1) - (k—1)!- (n—k)! = L. This tells us 6, is a uniform
distribution on {1,2,--- ,n}.

The goal of this chapter is to derive the asymptotic distribution of Y,,, the total number
of outer blocks. Our main result is:

Theorem 1.2.2. Let v be a probability measure with mass # at pointk =1,2,---. Then

d
Y, —v.

The proof requires a deeper understanding of the asymptotic behavior of coefficients in
function composition, which we shall develop in Section 4.2.

4.2 Coefficients in the Composition of Functions

Recall the notation [2"]f(z) = a,, where f(z) =~ a,z". In the study of the asymptotic
distribution of Y,,, the following result is handy at multiple occasions:

Proposition 4.2.1. Let C(z) be the generation function of the Catalan numbers. Then,

i 10

T

This section gives a proof for a more general problem: consider two analytical functions
f(2) and g(z), what is the asymptotic behavior of the coefficients in the composition of g
and f (i.e. [2"]g(f(2))) in terms of f and g? One can quickly observe that Proposition
4.2.1 is an special case of this question where f(z) = C(z) is the generating function of
Catalan numbers, and g(z) = z*. The main result we obtained in this special case is the
following Proposition:

QAn

An+1

=17 and a, > 0. Now let

g be another analytic function with non-negative coefficients (i.e. [2"|g(z) > 0 for all
n=0,1,---) such that ¢'(f(r)) ezists. Assume furthermore that a:ﬁ <7 for all n. Then,

()
S A7)

Proposition 4.2.2. f(z) = > 77 a,2" where lim,

=9g'(f(r))
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Remark 4.2.3. Let f(z) = C(z) be the generating function of Catalan numbers and

— Sk : Cn __ 1 Cn _ n42 1
g(z) = 2". Then one can check that lim,, . ol and moreover e = gz < We

also have C'(1/4) = 2 and ¢/(2) = k - 287! exists. Thus Proposition 4.2.2 applies, which
gives the Proposition 4.2.1

Now observe that for any function h(z), [2"]h'(z) = (n + 1)[2""!]h(2). Hence the ratio
% remains the same when we take derivatives on both the top and the bottom. In

other words,

" Me(f(2) _ Mg (f)f(2)

= 4.2.1

G B 42

Set u(z) = f'(2) and v(z) = ¢'(f(2)), and observe that for u(z) = > u,z", the
condition lim,,_,,, 22— = r is still satisfied. This leads to the following equivalent result of

Un+1

Proposition 4.2.2:

Proposition 4.2.4. Let u(z) =Y~ u,z" and v(z) =Y~ v,2" be such that u;,v; > 0
for alli > 0 and lim,,_, "~ = r. Assuming further that v(r) = > ° (v, converges and

n+1 -
Un_ Zr for all n, then
Un+1

[2"]v(2)u(z)
[2"]u(z)

= o(r)

Proof. Define a positive measure on N where v = Y7 v;0;, where §; is the Dirac measure

at point 7. Denote f, : R — R be such that f,(i) = “== for all i = 0,1,--- ,n and 0

Un

otherwise. Define f : R — R by f(i) = r* for all positive integer i > 0 and 0 otherwise.
Then by our condition on u,,, we know 0 < f,, < f, and f,, converges to f pointwisely.

Now notice

/f dy = Z?:O Vilbn—i

Moreover, [ fdv =377 jv,r™ exists, f is an integrable function that dominates each
fn. Apply the dominated convergence theorem to obtain
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4.3 Asymptotic Distribution of Outer Blocks

Let us start this section with the following Lemma, which plays an important role in the
proof:

Lemma 4.3.1. For m € NC(n), define bei)(ﬂ) be the size of the block containing node i
where i =1,2,--- ,n. Then,

1. For anym € NC(n), Y,(r) = Bfl")(K(ﬂ)). Here K () is the Krewewas complement
of .

2. For a fized integer n > 0, BY) has the same distribution for all v = 1,2,--- ,n.
Moreover, Y, has the same distribution as BY.

Now we have all the tools to prove the Theorem 1.2.2. Lemma 4.3.1 suggests that it
suffices to compute the asymptotic distribution of Bfll).

Let D, be the cardinality of the set {m € NC(n)|1 belongs to a block of size k}. De-
fine its joint generating function

D(t,z) = i i D, it* 2"
n=0 k=0

The following Lemma gives an explicit formula for D(, z):

Lemma 4.3.2. D(t,z) =
numbers.

#C(z), where C(z) is the generating function for Catalan
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Proof. Let us fix a k for which we compute Dy(z) = > .°° D, 2" Consider the set
A, ={m e NC(n)|1 belongs to a block of size k}, the block V' containing node 1 divides
the set {1,2,--- ,n}\V into k disjoint chunks. We can thus partition this set A,, ;. according
to the number of points in each chunk: let there are d; points in the first chunk, ds in the
second, and so on. Then dy,ds, - - - , dy are non-negative integers satisfies Zle d;=n—k.

Now let us count how many 7 € NC(n) satisfies that 1 is in a block of size k that
breaks {1,2,---,n} into chunks of given sizes dy,ds,-- ,dr. In each chunk, we can fill
in any non-crossing partition, and two different chunks will not interfere with each other.
One can check this implies there is a total of Cy, Cy, - - - Cy4, ways to fill 7.

Sum over all possible {d;,ds, - ,dy}, we obtain that

Dp(z) = > Dpss"
n=0

- Z Z Cy,Cy - Cyg 2"

n=0 di+da+---+dp=n—k
oo

= Do)

n=0

= (x0(2))"

Hence,



We are able to compute the asymptotic factorial moments based given this explicit
formula of D(t, 2):

Theorem 4.3.3. lim,,_,, E([Bg)]p) =(2p+1)-p!

Proof. Observe that P(BY) = k) = Z22&. Let AP = Y pe1 Dnilk],. We have that

Ch
1 (p)
E([BY],) = 2.

oPD(t
8t(p’z): on one hand, we have:

Consider

Set t = 1, it becomes:

PD(t, z) Ny "
otp =1 = nz% k_p[k]pDn,k> z
= Z )\np)z"
n=0

This is exactly the generating function for )\%p ),

On the other hand, we may compute this p-th partial derivative explicitly by using the
formula obtained in Lemma 4.3.2:

D(t,z) = (1—tzC(2))7"

oD(t,z) -2

S = 20()(1 - 2C(2))
O’D(t,z) 2 -3
—oa = 20:0(2)*(1 - 12C(2))
M;—it) = PlzC()P(1 = 1z0(2) 7!
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Set t = 1, and according to Lemma 2.1.2, C(z) = 1 + 2C(z)%. We have 1 — 2C(z) =

1/C(z). Hence

oDt 2)

o l=1= pl2PC(2)%

Combine these facts together, we reach the following:

E([Ya)y) = F-

= "o
_ECE
G IR

[z"7P]C(2)

By Lemma 2.1.2, C'(2) has convergence radius 1/4, so lim,,_, e =

Apply the Proposition 4.2.1 discussed in the previous section:

n—p 2p+1
- C)

Hence 1
lim E([BY],) =p!- (2p+1)2% - » = @+ p!

n—oo

1»

]

Recall Corollary 2.5.14 that if the factorial moments of a sequence of probability mea-
sures v, converges to a probability measure v which is uniquely determined by its moments,
then v, converges weakly to v. Theorem 4.3.3 computes the asymptotic factorial moments
of these random variables B,(ll). This raises a question: which distribution does BS) con-

verges to?

Now fix n, and consider BT(«LI):
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Lemma 4.3.4. P(BV(LI) =k)= Edl*"'*‘i’“:"&s CaCayCty Moreover, lim,,_, P(Bfll) =k)=
k

ok ¢

Proof. Consider what happens when the vertex 1 is in a block of size k: this block divides
{1,--+ ,n} into k buckets. Let d; be the number of points in each bucket. For each bucket,
the points inside cannot connect to any other buckets, so there is Cy, ways to partition
them in a non-crossing way. Clearly, Zle d; = n — k. This gives the first part of the
lemma.

Observe that Y~ . 4 . Ca,Ca, -~ Cqy = [2"7*]C(2)". Apply Lemma 4.2.1 to get
the second part of the result.

O

Lemma 4.3.4 gives a good candidate for us to verify, namely a distribution v where
v(k) = 3 Qk for all k =1,2,---. It remains to verify the factorial moments of v are indeed
what we had in Theorem 4.3.3 and v is uniquely determined by its moments, after which
we can conclude that v is the limiting distribution of the total number of Outer blocks.

Proposition 4.3.5. Let v be a positive measure on N determined by the requirement that
v({k}) = 555 for all k =1,2,---. Then v is a probability measure with finite moments of
all orders, where the p-th factorial moments of v is (2p + 1)p! for all p € N.

Proof. We first check the following equation, from which we may prove v is a probability
measure with the desired moments.

=k
2 1 4.3.1
> 5 gilkle =+ 1p! (4.3.1)

k=1

Let f(z) = &= = Y 7=, z". Then consider its p-th derivative. On one hand, one can
easily check j— ( ) =p!(1— z) ~P=1. On the other hand,

Hence put z = 1/2,



Multiply both sides by 219%’ we obtain

> 5 .12k k], = p! (4.3.2)

k=1

Now k- [k], = (k —p) - [k], + p - [k],, and thus we may apply Equation 4.3.2 to obtain:

=k - 1
ZQ,Qk[k]p = 22 2k: p+1+p 22 ok ]

k=1 k=1

Now to verify v is uniquely determined by its moments, consider its moment generating
function [ e"dv(z):

/N ey (z)

Il |
“= T
LR
T
ol
/\ @ﬁ
[\')lfb“ B
N————
x>

k=1
Recall - = Y2 zF for all |z| < 1. Taking the derivative we get
(1-2)?

Hence



which converges for all ¢ where [t| < In(2). It follows from the Proposition 2.5.11 that
v is uniquely determined by its moments.

]

Remark 4.3.6. The probability measure v where v(k) = 5% comes from shifting the

negative binomial distribution NB(2,1/2) by 1. Recall a negative binomial distribution
NB(n,p) assigns probability (k+z_1)(1 —p)"p* at each k =0,1,2,---.
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Chapter 5

Further Discussions

5.1 Further Research

This section discusses some further questions regarding the block structure of random
non-crossing partitions.

First of all, there are many other statistics considered for random permutations that
have natural analog in the context of non-crossing partitions. For example, if L, : S, —
N be the random variable that gives the length of the longest cycle, then the limit
lim,, o E(i") converges to an integral fooo exp(—z— f;o e Y /ydy)dz, which is approximately
equal to 0.62432965--- [16]. We can ask the same question for non-crossing partitions:

Question 5.1.1. Let L,, : NC(n) — N be the random variable which gives the size of the
largest block (i.e., for m = {V;, V4, --- | Vi.} € NC(n), L(m) = max |V;|). Then, what is the
asymptotic behavior of L, when it is restricted to non-crossing partition?

Another question we would like to ask comes from our motivation of studying outer
blocks. Recall, one of the motivations to study outer blocks is that it breaks a non-crossing
partitions into layers of self similar parts. One can define the depth of a non-crossing
partition to be the number of outer block layers in a non-crossing partition. For example,
the non-crossing partition shown in Figure 4.1.1 contains three layers of outer blocks, so
we define it to have depth 3. A natural question to ask is:

Question 5.1.2. What is the asymptotic distribution of the “depth” of a non-crossing
partition?
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As a generalization of our main results, one natural question to ask is the joint distribu-
tion of the total number of blocks or outer blocks sorted by size. Denote X4 : NC (n) - N
the random variable that counts the total number of blocks of size k, and Yo" : NC (n) - N
the one that counts the total number of outer blocks of size k. The more general question
would be:

Question 5.1.3. Fix a positive integer k, and consider the joint distribution of the random
vectors (XT(II),Xff), e ,Xﬁk)) and (Yn(l), Yn@), e ,Yn(k)). What are their asymptotic joint
distributions?

For random permutations, it is not hard to check for any k, the number of k-cycles
is asymptotically Poisson distributed with mean % We have numerical evidence that, in
contrary to that for random permutations, the total number of blocks of size k£ in a random
non-crossing partition will have asymptotically a normal distribution. However, no proof
is known so far for general k, and even for the simplest case when k£ = 1, we shall show in
Section 5.2 that we do not have the tool to solve its asymptotic distribution yet.

The rest of this chapter will focus on the simplest case of Question 5.1.3: Section
5.2 discusses the asymptotic distribution of the total number of singletons (i.e. blocks of
size 1), and Section 5.3 proves a result regarding the asymptotic distribution of the total
number of outer singletons.

5.2 Asymptotic Distribution of Singleton Blocks

Let us denote by S,, : NC(n) — N the random variable that counts the total number of
singletons. It turns out that the factorial moments of .S,, has a nice formula:

Proposition 5.2.1. Let p be a fized positive integer, then for every n > p, we have

E([S.]y) = [n]pcg—;”. If we denote v, = "%’;1, then we can write this as E([S,],) =

TnVn—1""" Vn—p+1

Proof. Consider E((i")) = }%E([Sn]p) = ZWGNC(n)CLn(Sn(W))‘ For each m € NC(n),

p
(S”IEW)) counts the total number of i1 < i3 < --- < i, where {i,} is a block of 7 for each
j=1,2,---,p. So instead of summing over 7 € NC(n), we may switch it to a sum over

all such indices of 4; < iy < -+ <4, in the following way:
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Z <Sn(7r)) = Z |{m € NC(n) : each {i;} is a block of 7}|
n)

meNC( p i1 <ig<-<ip

Now fix 73 < i < -+ < iy, the total number of 7 that contains {i;} as a block for all
j=1,2,--- p can be easily seen to be |[NC(n — p)| = C,,—,. There is a total of (;L) ways
to fix such p distinct indices. Hence,

E(S.),) = pE ((i))

|
- g'_ Z {m € NC(n) : each {i;} is a block of 7}|

n 11 <tg < <ip

n\ C,_
— “n—p
” (p) Cn

Ch—
= [ ]p C .
One can check by setting ~,, = nCC”n”, this is exactly the product v, Vn—1 - Yn—p+1

]

Remark 5.2.2. It is immediate that the expectation of \S,, is asymptotically n/4, and its
variance is o(n?). By Cheybeshev’s inequality, one can check S, concentrate in an interval
of size o(n) around its mean n/4. However, we are still interested in the behavior of S,
around its mean value.

Using computer programs, we can easily generate random non-crossing partitions for
simulation purposes. Based on our simulation of 10000 randomly selected non-crossing
partitions from NC(1000), the observed S, is “close” to a normal distribution, in the
sense that its quantile matches with that of the normal distributions. In Figure 5.2.1,
we used the software R to make histogram and QQ-plot (quantile of the sampled S, v.s.
the quantile of the standard normal distribution). One may observe in the QQ-plot, the
sample points are close to a straight line. Roughly speaking, this implies the normalized
S, has its distribution function similar to the distribution function of the standard normal
distribution.
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Histogram of the Total Number of Singletons (n=1000) Normal Q-Q Plot

2500
1
300
|

2000
1
280
|

Frequency
1500
260
I

1000

Sample Quantiles
240
|

500
1
220
|

0

L
200

|

T T T T T 1 T T T T T
200 220 240 260 280 300 -4 -2 0 2 4

resutt Theoretical Quantiles

Figure 5.2.1: Histogram and QQ-plot for simulated S,,
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Table 5.1: Centralized Moments of S,,

We can explicitly compute the first few 'centralized” moments, where .S,, is shifted by
its asymptotic mean value n/4. Here we record the asymptotic behavior of the first few
centralized moments in Table 5.1

If we scale this centralized S,, by (?1’—2)71/ 2, the resulting normalized random variable

has first six moments matching the standard normal distribution. We have the following
conjecture regarding the asymptotic distribution of S,,.

Conjecture 5.2.3. Let S, : NC(n) — N count the total number of singletons in a non-

crossing partition. Then
Sn — n/4 d

YT — N(0,1)
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One could hope that Conjecture 5.2.3 can be proved using the same types of methods
as we used for proving the main theorem of Chapter 3. However, recall that the proof in
Chapter 3 was based on Proposition 2.2.9, which showed that the number of non-crossing
partitions with a certain number of blocks can be enumerated by the Narayana number.
Then the formula for Narayana numbers can be approximated with a quite sharp bound
using the Lemma 2.4.6. The sharp bound on Narayana numbers directly leads to the proof
of the main result (Theorem 1.2.1). Two natural questions to ask is

1. What is the analog of Proposition 2.2.9 to enumerate the total number of singletons?
2. Can this enumeration be well approximated similar to Lemma 2.4.67
We have a analog of the Narayana number in the context of singletons which solves

question (1), but we cannot solve question (2) yet due to lack of sharp approximations on
this number. We solve the first question by using the Motzkin sum

Definition 5.2.4. The Motzkin sum M,, (sometimes called the Riordan number) is equal
to the total number of 7 € NC(n) where 7 has no singleton block.

Proposition 5.2.5. There exists a sequence of non-negative integers M, such that

1. The total number of m € NC(n) with k singletons is exactly (Z) M,

2. M, satisfies the recursive formula M, = C, = ,_, (Z) M, ;.

Proof. Consider the procedure of constructing a 7 € NC(n) with %k singletons: we first
choose k points from {1,2,---,n} which gives a total of (}) choices. The remaining n — k
points needs to be connected using a non-crossing partition in NC(n—k). Since we require
7 to have exactly k singletons, the non-crossing partition on n — &k points cannot have any
singletons, which is exactly enumerated by M, .

Now enumerate m € NC(n) based on its total number of singletons, we can obtain the
desired recursive formula of M,,.

[]

It is known that Motzkin sum satisfies the following properties [15].
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Fact 5.2.6. 1. It has an explicit formula given by

M, =C, — (T) Cruy + (2) Crg 4+ (—1)" (Z) Co

where C,, is the n-th Catalan number

_ 14x—V1—2x—322

2. Its moment generating function y_ ° M,2" = Se(iTa) , with convergence ra-

s 1
dius 3

However, we cannot find a nice approximation of the Motzkin sum that is similar
to Lemma 2.4.6. Hence, the asymptotic behavior of the total number singletons is still
unknown.

5.3 Asymptotic Distribution of Outer Singleton Blocks

Let us denote O, : NC(n) — N the random variable that counts the total number of
outer singletons. The technique used in the Proposition 5.2.1 can be borrowed here to
immediately obtain the following result:

(p+1)!
2p

Proposition 5.3.1. For each positive integer p, lim,_,o, E([O,],) =

Proof. Similar to the proof of Proposition 5.2.1,
On 1 1 (On(7)
e((9))=geon= X & ()
p p' TeNC(n) Cn p

and rewrite the summation as:

3 ((Jn(vr)) = ) |{m € NC(n): each {i;} is an outer block of 7}

TeNC(n) p 11 <do<--<ip

Now iy, i, - - - , 4, divides the set {1,2,--- ,n} into p+ 1 chunks. Let d; be the number
of points strictly contained in the j-th chunk. One can check dy = i1 — 1, dy = i3 — 11 — 1,
dgzig—iz—l, tey dp+1 :n—’ip, and Z?:id‘] =n-—p.
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Now instead of summing over 4,4, - - , iy, it is equivalent of summing over all such d;
p+1 5
where > 57, dj =n —p.

Now fix a particular choice of d; and corresponding 7, for which we compute
[{m € NC(n) : each {i;} is an outer block of 7}|
The points 41,42, ,i, are all outer blocks, so that no other block can connect two

points from two different chunks. This immediately leads to a total of Cy, Cy, --- Cy
choices of .

p+1

Hence, we have

pio) = » X (%)

TENC(n) Cn

p' Zd1+d2+'~+dp+1:n7p C(dl Cd2 T Cdp+1
. On

Notice that > ; 444 .ta,yonp CirCa + Ctypyy = [2"7P]C'(2)P™.  Apply Proposition
4.2.1, we obtain

> dstdpttdyy=n—pCti Cay -+ Ca
. 11 1+do+ +dp+1—n D 1 2 p+1
nhﬁr{.lo E([On]p) p!limn — oo o

" PC() [MTPC(2)

— ol lim E
Pl o rC(z) ()
1
— | P,
p-(p+1)2°-
(1)
- 2L

]

If we can find a probability measure v on N such that [[z],dv = @ and v is de-

termined by its moments, one can immediately deduce from Corollary 2.5.14 that this
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sequence O,, converges in distribution to v. The general technique to obtain the moment
generating function from the factorial moments is through the probability generating func-
tion:

Definition 5.3.2. Let v be a probability measure on N with mass p; at each £ =0,1,---.
Then the probability generating function of v is defined as G(z) = Y~ pr2".

Remark 5.3.3. Recall from Definition 2.5.9 that the moment generating function M (t)
is defined by M (t) = > 7, pre*. Tt is immediate that M(¢) = G(e').

Remark 5.3.4. It is immediate that G(1) = > ;7 ,pr = 1. Assuming its convergence
radius is great than 1 and thus we can consider its analytic expansion around z = 1: for
any positive integer p, the p-th derivative evaluated at 1:

dp >
@G(z) |z:1 = ;pk[k]p

which is exactly the p-th factorial moment of v. Hence if G, are the p-th factorial
moments of the measure v, then

(o]

Z —(z—1)P

p=0

Q

Combining these two observations, we can reach the following main result regarding
the asymptotic distribution of O,,:

Theorem 5.3.5. O,, % NB(1/3,2), where NB(1/3,2) is a probability measure on N with
mass 5(k+1)zr at each k =0,1,2,---.

Proof. Let G(2) = > 00 % k;l (z — 1)*. Then if O, converges to a probability measure

v in distribution, we must have that the probability generating function of v is G(z). We
first compute G(z) explicitly:

) = Y TG gy




The corresponding moment generating function is M(t) = G(e') = ﬁ. This
matches the moment generating function of the negative binomial distribution N B(2, %),
where it has probability mass p;, = g(k‘ + l)gi,c at each k = 0,1,2,---. The result follows
from Theorem 2.5.8

]
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