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Abstract

Orthogonal polynomials, lattice paths, and skew Young tableaux

A dissertation presented to the Faculty of
the Graduate School of Arts and Sciences of
Brandeis University, Waltham, Massachusetts

by Jordan Olliver Tirrell

We give two applications of the combinatorial theory of orthogonal polynomials developed
by Viennot and Flajolet. First we discuss the classic Chung-Feller theorem for flawed Dyck
paths, and an analog for flawed Motzkin paths found by Eu, Liu, and Yeh in 2002. Their
result states that the number of lawed Motzkin paths of length n with a fixed number of flaws
can be expressed as a linear combination of Motzkin numbers. We will give a generalization
that unifies the classic Chung-Feller theorem and the Motzkin path analog. Using orthogonal
polynomials, we will give a combinatorial interpretation for the coefficients in these linear
combinations of Motzkin numbers.

Next, we extend the bijection between Motzkin paths and Young tableaux with at most
three rows to the skew case. Amitai Regev conjectured in 2009, and Doron Zeilberger proved,
that for fixed skew part (2,1), the number of skew Young tableaux of fixed size is a difference
of two Motzkin numbers. Sen-Peng Fu showed in 2010 that for any fixed skew part and total
size, the number can be written as a linear combination of Motzkin numbers. Jong Hyun
Kim found an explicit formula for this general case which had an unexpected connection
with the Chebyshev polynomials. Again, we use insights from the combinatorial theory of
orthogonal polynomials to give a combinatorial proof. We first work with “skew-reduced”
Young tableaux, and then the regular skew Young tableaux case follows, and we obtain a

refinement of Kim’s formula.
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Chapter 1

Introduction

In this chapter, we will introduce the objects and tools we will need in Chapters [2] and [3]
In Section we will define Young tableau and describe the famous Robinson-Schensted
correspondence between pairs of tableaux and permutations. In Section we will show
how Young tableau correspond to certain words and lattice paths. Then we will introduce
some important examples of lattice paths: ballot paths, Dyck paths, and Motzkin paths.

In Section we will discuss Viennot’s combinatorial interpretation of orthogonal poly-
nomials using Motzkin paths. This provides a crucial perspective for our main results in
Chapters [2] and [3] Our results in Chapter [2] emerge from applying the tools of Section [I.4] to
a 2002 result of Eu, Liu, and Yeh [8] (Theorem [2.2.5)). Similarly, our main results in Chap-
ter [3| come from applying these orthogonal polynomials tools to a 2011 result of Kim [1§]
(Theorem . In both cases, we are able to extend previous results and give simple
combinatorial explanations.

First, we will make some quick notes about our notation.
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1.1 Notation

All numbers are assumed to be in the set of integers, denoted Z, unless otherwise specified.
We let P denote the set of positive integers, and N denote the set of nonnegative integers. We
will use [n] to denote the set {1,2,...,n}, and [k, n] to denote the interval {k,k+1,...,n},
so [n] = [1,n]. When we discuss a sequence of numbers, the reader will often see the letter
“A” followed by six digits, such as A000045. This is the “A-number”, or catalog number, of
a particular sequence in the Online Encyclopedia of Integer Sequences (OEILS) [31].

For any finite set A, we let # A denote the size of A. We will often simplify our notation
for sums by not explicitly referring to an element of the set. For example, for a statistic

stat : A — B, we may write

§ xstat
A

instead of

Z xstat(oz)

acA

in cases where it is unlikely to cause confusion.
Given an alphabet A, we let A* denote the free monoid of words with letters in A. For
a given letter ¢ € A, we will often use #¢ to denote the statistic #¢ : A* — N that counts

the number of occurences of the letter £. For example, for some B C A*,

Z 7 — Z o HUERB=P1Bi1£Biv1 }
B

peB

We will extend this to consecutive subwords, as in

Z x#fléz _ Z $#{i€P:B:/81'“6i—1£1£2/8i+2“‘}'
B peB

We will use semicolons in multivariate generating functions, as in f(a,b;z,y). This is


https://oeis.org/A000045
http://oeis.org/
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simply meant to suggest, in this example, that f is a formal power series over x and y whose

coefficients are polynomials in a and b.

1.2 Young tableaux

In this section we introduce basic definitions for Young tableaux. Please note that in our
formal definition of skew Young tableau, we say that boxes corresponding to the skew part

are given label zero (see Figure |1.3), which is not typical in the literature.

1.2.1 Definitions

Definition 1.2.1. A partition A of an integer n, written A - n, is a multiset of positive
integers whose sum is n, usually written as a tuple in descending order as in (3,2,2,1) F 8.
We want to think of these as shorthand for infinite tuples (that are eventually all zeros), so
(3,2,2,1) = (3,2,2,1,0,0,...). This way, we can add and subtract partitions component-

wise. Partitions are enumerated by the partition numbers A000041.

Definition 1.2.2. A Young diagram of a partition A = (\y,...,\y) F n is a diagram of
boxes justified into a corner such that the sizes of the rows are Aj,..., \;. We use English
notation (matrix notation), so the corner is the top left, the rows are indexed downwards,
and the columns rightwards, as in Figure . The transpose A" of \ is the reflection along

the diagonal, which is also a Young diagram.

Figure 1.1: Young diagrams for A = (3,2,2,1) and AT = (4,3, 1).


https://oeis.org/A000041

CHAPTER 1.

INTRODUCTION

A standard Young Tableau, or simply Young tableau, is a Young diagram for some

A F n whose boxes are labeled with unique elements of some totally ordered set such that

labels are increasing along rows and columns, as in Figure [[.2] We say two Young tableau

are the same if their boxes are given the same total ordering, so we generally assume our

labels come from [n].

1/3[4] 1/2]3]
2(6 4]6
5(7 58
18 7

Figure 1.2: Two standard Young tableau of shape (3,2,2,1).

Sometimes we will remove a Young diagram, say of shape p - k, from a Young diagram

of shape A - n 4+ k which contains it. We will call this a skew Young diagram of (skew)

shape A/, and we can again fill it in with labels increasing along rows and columns. Though

these are usually drawn with the skew shape removed, it will be convenient for us later to

represent skew boxes with label 0, which we will draw as unlabeled boxes, as in Figure[1.3

5] 0/0]5] 5]

1 0]1 1
2[3 2[3 213
4] 4] E3

Figure 1.3: A skew Young tableau drawn three different ways

We need a more formal definition of skew Young tableau to use later.

Definition 1.2.3. A skew (standard) Young tableau (S, L) is a finite set S C P x P

together with a labeling L : S — N such that the following properties hold.

e Standard: L gives a total ordering on the non-skew part S’ := S\ L~1(0)
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Rows nondecreasingﬂ: if (,7),(i,k) € S, j <k, then L(i,5) < L(i, k)

Columns nondecreasing: if (i, 7), (k,7) € S, i <k, then L(i,7) < L(k, j)

Justified upwards: for i,j € P, if (i + 1,7) € S, then (i,7) € S

Justified leftwards: for i,j € P, if (i,j + 1) € S, then (i,7) € S

We call K := L7!(0) and its associated partition the skew part. We say (S, L) has skew
size # K = k, non-skew size #S5 = n, and total size n+k. Note that K and S correspond
to Young diagrams for partitions, say p and A\. We say (S, L) has skew shape \/u. We
consider two skew Young tableaux of the same skew shape to be equal if the partial order
given by their labellings are the same, so we typically assume that L : S — [n]. The
transpose (ST,L") is given by ST = {(i,j) : (j,i) € S} and L' (i,5) = L(j,i), and is a

skew Young tableau of shape A" /u" by symmetry.

Definition 1.2.4. We denote the set of skew Young tableaux of shape A/u by either

SYT(A/ 1)

or
SYTH(A — )
where A — p denotes component-wise subtraction. Note that A — p is not necessarily a

partition. The notation SYT#(A — p) may seem awkwardly redundant, but for most of our

results we will fix the non-skew size (the size of A — p). We denote the set of skew Young

!'Note that we say rows and columns are nondecreasing instead of increasing because the skew part may
have multiple boxes, which are all labeled zero. For the non-skew part, rows and columns are strictly
increasing.
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tableaux with skew part p = & and non-skew size n by

SYT#(n) = | J SYT*(A— p).

A-n+k

Please keep in mind that n is the non-skew size, not the total size. Also note that we can
restrict the union above to p < A, because otherwise the set is empty. We denote the set of

skew Young tableau with skew part p, non-skew size n, and at most d rows by

SYT4(n)=  (J  SYT*(A—p).

A=(A1,..,00)Fn

In Chapter [3| we will enumerate SYT%(n) and SYT%(n). We will use this subscript d notation

to avoid writing double parenthesis when referencing specific A. That is, we write

SYTH(N,,..., \,) = SYT*(A — p)

when A — p = (M, ..., \;) ] In all the above, we omit x from our notation in the non-skew

case, equivalent to u = (0).

1.2.2 Young’s lattice

It is natural to think of standard Young tableaux as saturated chains in a certain poset.

Definition 1.2.5. Young’s lattice is the poset of partitions ordered by inclusion of Young

diagrams. That is, A < p iff each of 1 < Ay, po < A9, et cetera, where A = (A1, Ao, ...) and

o= (p1, p2, - - .).

A Young tableau corresponds to a chain in Young’s lattice that starts with the trivial

2This differentiates between the set SYT(n) of Young tableau with size n and the set SYT;(n) = SYT((n))
of Young tableau with shape (n).
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partition (0) - 0 and is saturated (the chain is a sequence of coverings u < A, i.e., there
is no p' such that p < ' < A). Specifically, for a Young tableau of shape A b n, there is a
chain of partitions A\°, A!, ..., A", where A is the partition corresponding to all boxes of the

Young tableau with labels at most i. See Figure for an example.

(0)<D<H< ‘< | ‘<7 | < < <

Figure 1.4: A chain in Young’s lattice corresponding to the tableau on the left in Figure [1.2]

Similarly, a skew Young tableau corresponds to a saturated chain in Young’s lattice that

starts at its skew shape. See Figure (1.5

< < < < <

Figure 1.5: A chain in Young’s lattice corresponding to the skew tableau in Figure [1.3]

1.2.3 The Robinson-Schensted correspondence

The Robinson-Schensted correspondence between permutations and pairs of standard Young
Tableaux of the same shape was first described in 1938 by Robinson [26], and again in 1961
by Schensted [29]. In 1970, Knuth [21] gave a generalization which is now commonly known
as the RSK correspondence.

There are many different descriptions of the Robinson-Schensted correspondence. Schen-
sted’s insertion algorithm [28]29] is usually given as the first definition. Fomin’s growth di-

agrams [27] and Viennot’s geometric construction [35] (also called shadow lines, and related
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to the matrix-ball method) are alternatives that highlight certain properties. The following

description of the Robinson-Schensted correspondence is due to Curtis Greene [16].

Definition 1.2.6. Given a word w = wy ...w, on n letters from some totally ordered set,
we will associate it to a partition A(w) = (A1,...,A,). Define A; to be the size of the largest
nondecreasing subsequence of w. For i > 1, define \; to be the maximum (combined) size

over all ¢ disjoint nondecreasing subsequences in w, minus \;,_;. Note that A(w) F n.

For example, given the word 28371456, the largest nondecreasing subsequence 23456 is
of size 5, the largest pair of disjoint nondecreasing subsequences 237, 1456 is of total size 7,
and the largest triple of disjoint nondecreasing subsequences 237, 8, 1456 is of total size 8.

This gives us the partition A(28371456) = (5,2, 1).

Definition 1.2.7 (RS). Let &,, denote the set of permutations of size n. Given © € &,
say in one-line notation m = mymy - - - 7y, let P(w) denote the Young tableau corresponding

to the chain

0 < A(mp) < A(mymy) < - < A(mymy - - - 1),

Then let Q(7) = P(r~!) and define

For an example, see Figure [1.1}

Theorem 1.2.8. The map RS defined above is a bijection

&, 5 [ JSYT(N) x SYT(A).

AFn
See [28] for a proof of Robinson-Schensted, and [16] for a proof that this definition is

8
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[ ] \ [ ] [ 1]
] < []] < ‘< H< < < <

o
A

0 < AM2) < A28) < A(283) < A(2837) < A(28371) <« A(283714) <« A(2837145) <  A(28371456)

112]4]7]8]
P(28371456) = [3 |6
19
b« O« [« [« [0« 0« 0 . 17 . [ ]

0 < A1) < A21) < A(231) < A(2314) < A(23145) <  A(231456) <  A(2371456) <  A(28371456)

415[6]

3
7

Q(28371456) =

‘OO[\D)—t

Table 1.1: Finding RS(7) = (P(n), Q(w)) for m = 28371456

equivalent. Note that this is a bijective proof of the formula

nl =Y (#SYT()))*.

AFn

Our definition leads to the following properties.

Proposition 1.2.9. Given 7 =m ---m, € &,, with RS(7) = (P, Q), we make the following

observations.
(1) The map RS takes the inverse to the reverse pair, i.e., RS(r~') = (Q,P).

(2) The length of the longest nondecreasing subsequence of T is equal to the length of the
first row of P(m) (and of Q(w)).

(8) The length of the longest decreasing subsequence of 7 is equal to the length of the first
column of P(m) (and of Q(r)).
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Proof. The first two follow immediately from the definition, and the third follows from
Dilworth’s theorem. O
In fact, we can extend the third property above (see [32]).

Lemma 1.2.10. The mazimum (combined) size over all i disjoint decreasing subsequences

inT €S, is equal to the (combined) size of the first i columns of P(m) (and of Q(m)).

We are primarily interested in the restriction of RS to involutions (which correspond to

partial matchings).

Definition 1.2.11. Let J,, C &,, denote the set of involutions of n. Let RS denote the map

3, B sYT(n)

defined by RS™(7) = P(r) = Q().

Note that for 7 € J,, 7 = 7!, so Q(7) = P(x~!) = P(r). Thus, applying RS to an
involution gives a pair of identical tableau, and RS" gives just one of the tableau.
Theorem 1.2.12. The map RS™ is a bijection. Moreover, it takes involutions in J, with
d fixed points, longest nondecreasing subsequence of length k, and longest decreasing subse-

quence of size d to standard Young tableauz of shape X = (A, ..., A\q) F n with d odd columns,
A =k, and \g > 0.

This theorem follows from the properties stated above, plus the additional property that

in the RS™ case, fixed points correspond to odd columns.

1.2.4 Young tableaux with a limited number of rows

Recall from Definition that SYT4(n) denotes the set of Young tableau of size n with

at most d rows.

10
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By RS", we know there is a bijection

3,((d+1)d---321) 255 SYT,(n)

where J,,((d + 1)d---321) denotes the set of involutions in J, avoiding the pattern (d +
1)d---321, i.e., with no decreasing subsequence of size d + 1. We can also classify these

involutions by their nestings.

Definition 1.2.13. An involution © € J,, is said to have a (2k)-nesting if there exists

i1,19,...,1; € [n] such that

le<i2<"'<7:]€<7T(7:]€)<"~<7T(i2)<7T(7:1).

Similarly, 7 is said to have a (2k 4 1)-nesting if there exists iy, 4s, .. ., ik, ix41 € [n] such that

1<ty < <1y <ik+1:7T(ik+1) <7T(ik) < - <7T(i2) <7T(i1).

Remark 1.2.14. Note that an odd nesting implies the existence of all smaller nestings, but

an even nesting only implies the existence of smaller even nestings.

Lemma 1.2.15. The set J,(d - - - 321) of involutions of size n with no decreasing subsequence

of size d is exactly the set of involutions of size n with no d-nesting or larger nesting.

Proof. Suppose m € J,, has a d-nesting, say i1 < iy < -+ < i < 7(ig) < -+ < w(iz) < w(i1)
(where k = [d/2]), then thisis a d--- 321 pattern. Conversely, suppose m € J,, hasad--- 321
pattern, say i; < ip < --- < ig with m(i1) > 7(iz) > -+ > w(ig). We will show that 7 has a

d-nesting or a larger nesting. Setting k = [d/2], if i), < (i) then we have

i <idg < -o- <dp <m(ig) <o <m(ia) < 7(iy),

11
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which is a d-nesting if d is even and a d + 1 nesting if d is odd. Otherwise, i, > 7(ix) and

we have

ﬂ-(id) < 7T(Z.d—l) < - W(Zk) < Zk; <0 < id—l < id,
which is a (d + 2)- or (d + 1)-nesting if d is even, and a d- or (d + 1)-nesting if d is odd. O

Trivially, we have # SYT,(n) = #3,(21) = 1. Regev [23] showed in 1981 that

#SYTa(n) = #3,(321) = <Ln72j>

and
(/2] n
#SYTs(n) = #3,(4321) = Y (Qk) Ck
k=0
where ¢, = #1(2:) are the Catalan numbers A000108, which we will discuss further in

Section (1.3.2 The numbers <Ln72 J) are sometimes known as the central binomial coefficients

A001405 (although that name is frequently used for their subsequence (2:) A000984). The
numbers Ztn/ ! ( )ck are the Motzkin numbers A001006, which we will discuss further in
Section [L3.3l

Gouyou-Beauchamps [15] showed in 1989 that

#SYTa(n) = #3,(54321) = ¢|(nt1)/2) ¢ (n11)/2]

and

In/2)
B (2k +2)!
#SYTs(n) = #3,(654321) = 6 § j (Qk) ENEE

These are the sequences A005817 and A049401, respectively. In 1990, Gessel [12] found
generating functions in terms of hyperbolic Bessel functions of the first kind, which can be

used to find explicit formulas for larger cases like A007579, A007578, and A007580.

12
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In Sections [3.1.2|and [3.3.3| we will generalize the formulas for # SYTs(n) and # SYT3(n)

to skew Young tableaux and refine them by the number of odd columns.

1.3 Lattice paths

In Section we will introduce Young words and Young paths. In Section we
will discuss the special cases of ballot paths and Dyck paths. Finally, in Section [1.3.3] we
will discuss Motzkin paths, which will provide a combinatorial interpretation of orthogonal

polynomials, as we will see in Section [I.4]

1.3.1 Young words

Definition 1.3.1. A Young word is a finite word in the alphabet P such that in any initial
segment, no letter ¢ € P appears more frequently than a smaller letter j < . A skew Young
word is a word pwiws - - - w,, whose first letter p = (u1, po, . . ., ptq) is a partition, and whose

remaining letters wyws - - - w, are in PP, such that 1#12#2 ... dliw w, - - - w, is a Young WOI“d.E]

Given a Young tableau (5, L) € SYT(n), we associate it with the Young word w; - - - w,, €
P* where w; is the row in S that has label 7. For example, 1121231 and 1213423 are the

words corresponding to and , respectively. Similarly, the skew words (2,1)1231
.

1]
and (2,1, 1)423 correspond to [ 2\1\4\ and , respectively.
=

Proposition 1.3.2. This gives a correspondence between skew Young tableau and skew

Young words.

3Using parentheses to indicate a skew part in our skew words should not be ambiguous, even though we
may write (12)3 = 121212, we would not write (2)2213 except to indicate a skew part (2) = (2,0,0,...).
40ur examples will be small, so our notation does not require double digit numbers.

13
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Young words appear in the literature under many different names, including Yamanouchi
words, ballot words, lattice words, and lattice permutations. We prefer the term Young word
because we will frequently talk about a Young tableaux and its corresponding Young word

and vice-versa, without explicitly referencing the map between them.
Proposition 1.3.3. We make the following observations about Young words.
(1) (Initial Segments) Any initial segment of a Young word is a Young word.
(2) (Concatenation) The concatenation of any Young words is also a Young word.

(8) (Prime Factorization) Every Young word has a unique factorization into the concate-
nation of a sequence of prime Young words, each of which cannot be written as the

concatenation of two nontrivial Young words.

Proof. Both [1] and [2] follow directly from the definition of Young word. Item [3| is not
hard to prove directly. It also follows immediately from |14, Lemma 3], because |1 implies

Schiitzenberger’s criterion [30,34]. O
Definition 1.3.4. A lattice path in Z? of length n can be defined either as

e a sequence of vertices vy, ...,v, € Z% with corresponding steps si,...,s, € Z%

defined by the differences s; = v; — v;_1, or

e an initial vertex vy and a sequence of steps s1, ..., s, € Z%, with corresponding vertices

defined by the partial sums v; = vy + 22:1 S

We often want to enumerate lattice paths with a fixed initial vertex vy and steps restricted

to some set S. In this case, we will also say the lattice path is the word s; ---s, € S*.

14
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Definition 1.3.5. Define the unit vectors ey,¢s,... by & = (d;1,di2, ...) where §; = 1 and
6;; = 0 for i # j. A skew Young path in N? is a lattice path with steps in {e1,¢9,...}
where each vertex v = (z1,...,1x4) satisfies x; > x5 > -+ > x4. Note that this region, as
a poset, is exactly Young’s lattice. A Young path is a skew Young path starting at the

origin.

Definition 1.3.6. A skew Young word pws ---w, for a skew Young tableau with at most
d rows corresponds to the skew Young path starting at vg = (1, ..., ua) € Z* with steps

€y Eu -

n

1.3.2 Ballot paths and Dyck paths

Given a Young tableau with at most two rows, say of shape (k, ), its Young path is a lattice
path in N x N from (0, 0) to (k, ), using steps £; and &5, that stays below the diagonal. We
will associate this Young word to a different lattice path using the correspondence

1 <> up step U=(11)

2+ down step D =(1,—-1)
We call this lattice path a “ballot path”.

Definition 1.3.7. A ballot path is a lattice path on N x N starting at (0,0) with steps
U= (1,1) and D = (1,—1). See Figure for an example. We let Ballot(k,7) denote the
set of ballot paths ending at (k + i,k — i) (which have k up steps and ¢ down steps). The
height of a vertex in a ballot path is the second coordinate (the difference between the two

coordinates in the corresponding Young path).

15
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Thus, we have a correspondence

Ballot(k, i) <» SYTy(k, 7).
These are enumerated by the ballot numbers A009766, which we denote by by ;:

b i— # Ballot(k, ) = # SYTa(k, i) — kk_—frll (k Z Z). (1.1)

See [25] for proofs of this formula.

The ballot numbers refine the central binomial coefficients (| ") (A001405) we saw in

Section [1.2.4]
SES
o /2

[n/2]

*—e

Figure 1.6: The Young path and Ballot path corresponding to Young word 1121122212

Definition 1.3.8. A Dyck path of semilength n is a ballot path that ends at (2n,0). See
Figure[I.7} That is, it has exactly n up steps and n down steps, and corresponds to a Young

tableau of shape (n,n). We write

Dyck(2n) := Ballot(n, n).

16
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Dyck paths are enumerated by the Catalan numbers A000108, which we denote by ¢,,:

¢ = # Dyck(2n) = #SYTa(n,n) = - —ll- 7 (2:)

SN A O AN AR

Figure 1.7: The 5 Dyck paths of semilength 3

Ballot paths have a natural decomposition into a sequence alternating between Dyck
paths and up steps. In particular, we decompose each ballot path in Ballot(n + k,n) by
isolating the last up steps to heights 1,2,..., k. This gives us the unique decomposition in

Figure (1.8

Figure 1.8: Decomposition of a ballot path

We thus have

Ballot(n + k,n) = U U U Y,UY,U ---UY,
2no+2n1+---+2n=2n YyeDyck(2ng) Y, €Dyck(2ng)
“ U Dyck(2ng) x Dyck(2n;) x - -+ x Dyck(2ng).

2no+2n1+--+2n,=2n

We will let Dyck(k)(Qn) denote the set of k-tuples of Dyck paths with total size 2n, so we

have a correspondence Ballot(n + k,n) « Dyck®*™(2n) and we define

B = 2 Dyck® (2n).

17
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Then we have " ) L
n+krk—
Cgk) =bpik1n = _( >

n—k n

The Catalan number generating function C(x) = 3. _ ¢,z" satisfies C'(z) = 1+ 2C(x)?,

neN
because we can decompose a nonempty Dyck path Y as Y = UY'DY”, where Y and Y”
are Dyck paths. This formula can be solved to obtain the explicit formula

1 — 1 —4x?

212

C(x) =

Note that we have

C(z)k = Z ckgn

neN

and

n,keN —yC()

There are many other famous objects enumerated by Catalan numbers. Richard Stanley’s

book [33] on Catalan numbers lists over two hundred. A few examples are listed below.

(1) Nonnesting matchings of [2n], i.e., partitions of [2n] with all parts of size two and

no nestings {i,7'},{j,7'} such that 1 < j < j' <7

(2) Noncrossing matchings of [2n], i.e., partitions of [2n] with all parts of size two and

no crossings {i,7'},{7,7'} such that i < j < < j’
(3) Full binary trees with n + 1 leaves
(4) Ordered trees with n vertices
(5) Permutations avoiding any fixed pattern of length three

(6) Nonnesting partitions of [n]

18



CHAPTER 1. INTRODUCTION
(7) Noncrossing partitions of [n]

We are particularly interested in ([I]) and (2)) above, and we will describe their bijections

with Dyck paths.

Definition 1.3.9. We map Dyck paths of length 2n to nonnesting matchings of 2n as follows.
For k=1,2,...,n

Let 7 be the index of the kth up step

Let j be the index of the kth down step

Match 7 and j

Remark 1.3.10. Nonnesting matchings of [2n] correspond to involutions in Z,(321) with no

fixed points.

Example 1.3.11. The Dyck paths in Figure [1.7] correspond to the nonnesting matchings
(14)(25)(36), (13)(24)(56), (13)(25)(46), (12)(35)(46) and (12)(34)(56), respectively.

Definition 1.3.12. We map Dyck paths of length 2n to noncrossing matchings of 2n as
follows.
For k=1,2,...,n

Let ¢ be the index of the kth up step, say between heights h,h+ 1

Let j be the index of the first down step not yet matched between heights h+
1,h

Match ¢ and j

Example 1.3.13. The Dyck paths in Figure correspond to the noncrossing matchings
(16)(25)(34), (14)(23)(56), (16)(23)(45), (12)(36)(45) and (12)(34)(56), respectively.

We will see in the next section that these have natural analogs for Motzkin paths. See [1]

for more general bijections with crossings and nestings.
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1.3.3 Motzkin paths

Definition 1.3.14. Motzkin paths of length n are lattice paths on N x N from (0,0) to
(n,0) with up steps U = (1,1), down steps D = (1,—1), and flat steps F = (1,0). See

Figure [L.9] for examples.

SN N AN
A PN AL
N A

Figure 1.9: The 9 Motzkin paths of length 4
We write Motz(n) for the set of Motzkin paths of length n, and set

m,, = # Motz(n).

These are the Motzkin numbers [A001006.

The set of Motzkin paths with n up steps, n down steps, and ¢ flat steps is exactly the
set of Dyck paths of semilength n shuffled with ¢ flat steps. That is, removing the ¢ flat
steps from such a Motzkin path results in a Dyck path of semilength n. Also, inserting ¢ flat
steps anywhere in a Dyck path of semilength n results in such a Motzkin path. This gives

us the formula for Motzkin numbers

[n/2] n
=3 (5 )or

k=0

which as we saw in Section [1.2.4] also enumerates SYT3(n).
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Many results for Dyck paths extend to Motzkin paths, such as our bijections with nonnest-

ing and noncrossing matchings.

Definition 1.3.15. Define the map Motz(n) = T, by s1s5-- - s, —» m where

J, such that s; is the kth up step if s; is the kth down step
m(i) = < j, such that s; is the kth down step if s; is the kth up step (1.2)

1 if s; is a flat step.

Note that this is an extension of Definition for Dyck paths. We can define a map
Motz(n) = Z,, analogously with Definition |1.3.12, but nn will be important in Section

so we will focus on it for now. See Figure for an example.
Theorem 1.3.16. The map nn ia a bijection Motz(n) — T,,(4321) on its image.

Proof. Note that an involution is a matching (as a permutation) shuffled with fixed points in
the same way a Motzkin path is a Dyck path shuffled with flat steps. This theorem follows

from Lemma [1.2.15] and the fact that Definition [1.3.9]is a bijection. See Figure [1.10] O

123456789
S— s

Figure 1.10: An example of the map nn: FUFUUDFDD +— 163892745

We can refine the Motzkin numbers by keeping track of the number of flat steps to obtain
the numbers A055151, which are coefficients of the following polynomials (see Table .

Ln/2] n
my(a) := Z am 2k <2k;> Ck

k=0
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n [0 1 2 3 4 5 6
ma(a) [ 1 a a®>+1 a®+3a a*+6a>+2 d®+10a* +10a a® + 15a* + 30a® + 5

Table 1.2: The Motzkin numbers refined by number of flats

In Chapters [2] and we will enumerate objects using Motzkin numbers, with methods
we will outline in Section [1.4 Most of our results are refined with the polynomials m,(a),
so the Motzkin numbers and Catalan nunbers are natural special cases for a = 1 and a = 0.
We can obtain a formula for the Motzkin number generating function

M(a;z) = Z mp(a)z"

neN

by decomposing a Motzkin path according to its first step (see Figure [1.11)).

] R AN

Figure 1.11: Decomposing a Motzkin path by its first step

We thus obtain
M(a;z) = 1+ axM(a; ) + 22 M (a; )2 (1.3)

which we can solve to obtain

1 —azx — /1 —2ax + (a? — 4)2?
M(a;z) = v 5.7 . (1.4)

Note that setting a = 0 gives us the generating function C'(z?) = M(0;z) for Catalan
numbers, while setting a = 1 gives us the generating function M (1; x) for (unrefined) Motzkin

numbers.

Definition 1.3.17. Riordan paths are Motzkin paths with no flat steps at height zero.

Riordan paths are enumerated by the Riordan numbers A005043.
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We can obtain the generating function for Riordan numbers similarly, as

R(a;x) = 1+ 2*M(a; x)*.

Before we move on, we will define Motz® (n) and mglk)(a) analogously to Dyck® (2n) and

c%k), which we will need for the upcoming sections.

Definition 1.3.18. Define

Motz®) (n) = U Motz(ny) x - -+ x Motz(ng)

ni+--+ng=n

and

so M(a;z)* =3 Nmﬁlk)(a):vn.

ne

1.4 Orthogonal polynomials

1.4.1 Definitions

Definition 1.4.1. A polynomial sequence is a sequence of polynomials (7, ),en such that

deg(m,) = n.

Definition 1.4.2. A polynomial sequence (7,)nen is called pseudo-orthogonal with re-

spect to an inner product (,) if, for n, k € N,

(Tn, Ty = 0 if n # k.

Definition 1.4.3. Given a pseudo-orthogonal polynomial sequence (7,),en With respect to
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(,) in the variable u, we call u an umbra. We define the corresponding linear functional &l

on any polynomial ¢ in the variable u by

and we call the sequence

(tn)nen, Where u,, := $h(u"),

the moment sequence.

Proposition 1.4.4. An inner product {,), its corresponding linear functional i, and its
corresponding moment sequence (Uy)nen are each uniquely determined by any one of the

others.

Thus we will say a polynomial sequence is pseudo-orthogonal with respect to either an
inner product, a linear functional, or a moment sequence. We prefer to talk about pseudo-
orthogonality with respect to a linear functional L[, defined by a moment sequence. That is,

we will start with a moment sequence (u,),en and define our linear functional by

U u™ = uy,.

Symbolically, 4 looks like a superscript-to-subscript operator, from the nth power of a formal
variable to the nth term in a corresponding sequence. Classical techniques with this kind
of operator were developed as the umbral calculus before they were formalized. See [13] for
classical umbral calculus techniques. We will give a combinatorial interpretation to linear

functionals in Section [1.4.2
Proposition 1.4.5.

(1) A polynomial sequence (7, )nen is pseudo-orthogonal with respect to a linear functional
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S u™ = wy, iff it is pseudo-orthogonal with respect to the linear functional cid : u™ —

cu,, for a nonzero constant c.

(2) The polynomial sequences (7, )nen and (¢ )nen, for nonzero constants co, c1, ... have

the same moment sequence.
We now come to one of the key results for orthogonal polynomials and moments.

Theorem 1.4.6. Given a sequence (un)nen, there is a unique monic polynomial sequence

(7n)nen which is pseudo-orthogonal with respect to the moments (uy)nen-

Definition 1.4.7. A polynomial sequence (,),en in the variable u is called orthogonal

with respect to a linear functional U : u — w, if, for n, k € N,

7Tn7rk»£>01ffn7£k.

That is, orthogonality is pseudo-orthogonality together with U(7?2) = (m,, 7,) # 0

Theorem 1.4.8 (Favard). If (m,)nen 1S @ monic polynomial sequence in u, then it is orthog-

onal iff
1 ifn=20
T =< u— ifn=1 (1.5)

(u - ﬁn—l)ﬂ-n—l — Yn—1Tn—-2 an Z 2
for some sequences (B )nen and (Yn)nep where each v, # 0.
Note 1.4.9. Linear functionals provide an elegant language to express our results, but we
could also describe many of our results in the language of Hadamard products (as in [19)])

or the €2 operator (which removes all terms in a formal power series with negative powers in

a certain indeterminate).
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1.4.2 Motzkin path interpretation

The combinatorial theory of orthogonal polynomials was developed by Viennot and Flajo-
let 19,/10,36]. It allows us to interpret the moments of any orthogonal polynomials through
the continued fraction expansion of the moment generating function as Motzkin paths with

up and flat steps weighted according to their height.

Definition 1.4.10. For a Motzkin path s;ss---s, € Motz(n), define the weight of a step

by
B if s; is a (flat) step from height h to height h
w(s;) = ¢ 7, if s;is a (down) step from height h to height h — 1

1 if s; is an up step.

Define the weight of the path by w(siss -« s,) = w(s1)w(ss) - - w(s,), as in Figure[L.12]

Aa

8,
& gy

Figure 1.12: A Motzkin path Z with w(Z) = ByB1A3 )\

Theorem 1.4.11. If (7,)nen is an orthogonal polynomial sequence with (5y)nen and (Vn)nen

as in Theorem then the moments (u,)nen are given by

up =y w(Z).

ZeMotz(n)
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We can write out the generating function for the moments as a continued fraction.

Zunz” = ! 5 (1.6)

Theorem 1.4.12. We can enumerate Motzkin paths starting with up steps and ending with

down steps using a product of orthogonal polynomials as in

TR Z w(Z), (1.7)

ZeMotzVF P! (n)

where MotzY " ®" (n) denotes the set of Motzkin paths of the form U*w, - --w,D? € Motz(n +

k+1).

In particular, note that Theorem [1.4.12] gives us a combinatorial interpretation for or-
thogonality: m,m; = 0 iff k& # 4, since MotzUk;Di(O) is empty unless k = 1.

In the next section we will focus on a particular sequence of orthogonal polynomials and
describe a combinatorial interpretation. We will prove several results in the remainder of

this chapter similar to Theorem for the case of our specific orthogonal polynomials.

1.4.3 A variant of the Chebyshev polynomials

Definition 1.4.13. Let 9t be the linear functional on the umbra m whose moments are the

refined Motzkin numbers m,,(a). That is,

M m" — my,(a).
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We will also use the special cases

c if n is even
My = m” — m,(0) = "2
0 otherwise

and
My - m" — m,(1).

Setting 8; = a and ~; = 1 in Theorems |1.4.8| and [1.4.11] we obtain the monic orthogonal

polynomials p, = p,(a;m) with respect to 9 : m" — m,,(a), as in Table [1.3| which satisfy

1 ifn=20
Pn=4qm—a ifn=1 (1.8)
(m - a)pn—l — Pn—2 it n Z 2.

po | 1

p1| —a+m

py | a®> —1 — 2am + m?

p3 | —a® +2a+ (3a® — 2)m — 3am?® + m?

ps | a* —3a® + 1+ (—4a® + 6a)m + (6a* — 3)m? — 4dam® + m*

ps | —a® +4a® — 3a + (5a* — 12a* + 3)m + (—10a® + 12a)m? + (10a* — 4)m® — Sam* + m®

Table 1.3: The orthogonal polynomials p,,(a; m) whose moments are m,,(a)

We can use this three-term recurrence to construct the generating function.

1

P(z) = P(a,m;z) :== Y pu(a;m)z" = 1.9
() = Plamia) = Yl me” = ey (19)

These polynomials are related to the Chebyshev polynomials of the second kind by

pn(a;m) =U(n, (m — a)/2).

The coeflicients of p,,(1; m) are also known as the inverse Motzkin triangle numbers A104562

(see Table [1.4)).
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po | 1
p1| —14+m
Py | —2m + m?

ps | 1+m—3m? +m?

ps | —1+2m+ 3m? — 4m3 + m?

ps | —4m+2m? + 6m?® — 5m* + m°

ps | 1+ 2m —9m? + 10m* — 6m> + m®

pr | —1+3m+9m? — 15m?® — 5m* + 15m® — Tm® + m’

Table 1.4: The orthogonal polynomials p,(1; m) whose moments are m,, (1)

Example 1.4.14. Observe that pops = m® —5m* + 7m? —m? — 2m (for @ = 1), and applying
the our functional gives us pops 2, ms — Bmy + Tms — mo — 2my, which we know is zero
by orthogonality, and can easily verify (21) — 5(9) + 7(4) — (2) — 2(1) = 0. The power of
the umbra is that it allows us to work with polynomials like p3 = 1 + m — 3m? + m3, which
are simply weighted enumerations of sequences. Through the linear functional, we can then

draw conclusions about linear combinations of Motzkin numbers like mqy + m; — 3mg + ms.

1.4.4 Cancellation of flats and peaks

In this section we will describe our combinatorial interpretation for orthogonal polynomials
with respect to the linear functional 2. We will give several results that lay the groundwork
for our combinatorial interpretations in later sections and chapters.

Our polynomial generating function - pn(a; m)z" = (1 —ma+az+x?)~! enumerates
all sequences of monominoes weighted m or —a, and dominoes weighted —1. We call these
objects “blanks” m, negative flats F, and negative peaks UD , respectively. We will denote

this set PSeq = Seq(m,F,UD) as follows and we’ll draw its elements as in Figure [1.13]
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Definition 1.4.15. Define PSeq = |J PSeq,, where
neN

Pseqn = {8182”'871: for i € [n]a 8; € {m7E7u7D}7Si :u iff Si+1 :D7 S1 #D}
(1.10)

-1
_gmm e _,m

e AN
A F

Figure 1.13: The element FmmUDFm € PSeq has length 7 and weight —m?

This interpretation gives a formula for py(a, m).

pr(a; m) = ka (k ; Z) kf: (’“ - 22) (—1)Fi-i g2 (1.11)

i=0 j=0 J

The coefficients of p,(0;m) are then given by

Lk/2]
pr(0;m) =) (—1)5(]“ —t- 1) mh 2t (1.12)

=0 ¢

We call the objects denoted by our umbra m blanks because we can interpret the linear
functional m” m,, as “filling in the blanks” with a Motzkin path of appropriate size. The

umbra provides an efficient way to express this operation, which we will now define.

Definition 1.4.16. Given some S = s;---5, € PSeq, with £ blanks m and some Z =
21+ -z € Motz(k), define

SXZ:=ri---r,

where
zj, it s; =m is the jthm in s;---s,
T =
Si, if S 7£ m.
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We will abuse our notation and use the symbol 9 for our combinatorial interpretation of
our linear functional 9. For S € PSeq,,, define

MmS) = J Sxz

ZeMota(k)

where k is the number of blanks in S. We then extend this to sets () C PSeq by

M(Q) == [ Mm(9).

SeqQ

Note that because our alphabet for PSeq,, and Motz(k) are distinct, there are no multi-
plicities. We can recover S from S x Z by simply replacing every U, D, and F with an m.

In particular, we have the following.

Lemma 1.4.17. 9M(PSeq) is the set of all Motzkin paths with some flats marked as negative

flats and some peaks marked as negative peaks.

Proof. A Motzkin path with flats and peaks inserted is still a Motzkin path. That is, given
S € PSeq, it follows from the definition that S'x Z is a Motzkin paths with some flats marked
as negative flats and some peaks marked as negative peaks. Similarly, a Motzkin paths with
some flats marked as negative flats and some peaks marked as negative peaks is S x Z for
some unique S and Z. In particular, S is the path with steps U, D, and F all replaced with

m, and Z is the path with the negative flats and peaks removed. O

The key fact in this proof is that we can insert or remove flats and peaks anywhere in a

Motzkin path and it will still be a Motzkin path.

Note 1.4.18. This approach would not work for Schréder paths, which are like Motzkin paths

except their flat steps are twice as long. The length of a Schroder path and the number of
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steps are not the same A flat step has length 2 but a peak or flat cannot be inserted into

the middle of it.

Lemma 1.4.19. Our map M applied to S € PSeq corresponds to our linear functional 9N
on our usual weights. That is, given S € PSeq,, with k blanks weighted m, i negative flats
weighted —a, and j negative peaks weighted —1, the set IM(S) enumerated with negative flats

weighted —a, flats weighted a, and negative peaks weighted —1 is exactly

M((—1)a'm*) = (=1)"a'my(a).

Proof. This follows from the fact that S x Z is the product of the weights of S and Z with
m”* removed. Summing over Z € Motz(k), which is enumerated by my(a), gives us our

result. O

For example, in Figure[1.14] we see that

M(FmmUDFm) = {FFUUDFD,
FUFUDED,
FUDUDEF,
FFFUDFEF}
which is a combinatorial interpretation of
—am® —a’ms(a) = —a*(3a + a®).

Definition 1.4.20. Given T, K C PP, define an involution nr x on 9M(PSeq) as follows. If

there exists an ¢ € T such that r; € {F,E} or an ¢ € K such r;r;;1 € {UD,UD}, let i be
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—1

A 1
_ AN
-1

—1
Tmm g_m

RHR x

—1

N\
',a\—l
~- . SN - ST TN
~1
Nl L oINS

—1
—1 A -1
." X —o—o—o = oo  ‘e-eo—e

DEm) “fills in the blanks” as in Definition [1.4.16

*- x

Figure 1.14: 9M(Emm

minimal and define

N\

ric By, ifri=F

rie b i, iftr,=F
N (reere) = ' (1.13)
(SRERYPER1 V| DE LT R P 1f7”ﬂ”z’+1:UD

ri-riaUDrgg -y, if ririp = UD

Otherwise, set

,r]T,K(rl [P rn) =T Th.
We write non = np p.

Definition 1.4.21. Given T, K C P, define 17 : 27(PSed) — 27(PSed) ywhere 24 = {B C A}

is the power set of A, by

LTjK('R,) = {R €ER: 77T,K(R> = R or 77T,K(R> ¢ R}

Lemma 1.4.22. If R C 9M(PSeq) is closed under nrr, then 7 x(R) and R have the same
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weighted enumeration.

Proof. This follows from the fact that R and nrx(R) have the same weights, except for
opposite signs if they are distinct. The map t7 i corresponds to cancellation of their terms

in the weighted enumeration. O]

We now come to our main theorem of this section. This theorem gives us a combinatorial
interpretation of the linear functional 90t as “filling in the blanks” and then canceling certain

elements with opposite signs by the involution 7.

Definition 1.4.23. Given sets 7' C [n] and K C [n — 1], define

PSeq, (T, K) := {s = s182...5, € PSeq,, :
si=F —= i€ T, and 858541 =UD = j € K} (]_].4)

That is, PSeq,, (T, K) is the subset of PSeq,, with indices of negative flats and negative peaks

restricted by T" and K, respectively.

Theorem 1.4.24.

vr(M(PSeq,, (T, K))) ={Z € Motz(n) : i €T = 2z #F andj€e K = z;z;11 #UD}

Moreover, our weighted enumerations of IM(PSeq, (T, K)) and togm(9M(PSeq,, (T, K))) are

equal.

Proof. Note that MM (PSeq, (T, K)) is closed under nr x and ¢y, x removes exactly the elements

with flats at indices in T" and peaks at indices in K. O
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1.4.5 Motzkin paths starting with up steps

In this section we will give several applications of Theorem [1.4.24] Recall the definition of
P(z) from (1.9).

Corollary 1.4.25. Setting T = [n] and K = [n — 1], we have

PSeq, — PSeq, (T, &) e, ) Mot0), - ifn =0
" A 0, otherwise,

Proof. If we simply take all sequences in PSeq,,, applying ¢ x 09 enumerates Motzkin paths

with no peaks or flats, of which there is only one (the empty path). O]

Thus,

Dn
0, otherwise

and P(x) 21
Corollary 1.4.26. Setting T = [n+ k| and K = [n+ k — 1] \ {n}, we have

L, oM {UnDk}’ zfn: k
_

PSeq,, - PSeq;, = PSeq,,, (T, K)
0, otherwise.

Proof. 1f we look at products AB of sequences A € PSeq,,, B € PSeq,, we get almost all
of PSeq,, ., except that we can’t have a negative peak straddling the delimiter. Applying
ton © MM enumerates Motzkin paths (really Dyck paths) with no flats and at most a single
peak (at n), i.e., those of the form U"D* (which implies n = k, see figure . ]
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This gives us a combinatorial proof of orthogonality,

PnDk .
0, otherwise.

Or, with generating fucntions,

(1.15)

NN

Figure 1.15: Motzkin paths U"D*, enumerated by 9(p,px)

In Corollary [1.4.26] we enumerated Motzkin paths of length n + k£ with no flats or peaks
in the first n or last k places. The only cases are U"D* for n = k. If we set n = k and
enumerate Motzkin paths with no flats peaks or peaks in only the first n places, we get the

same paths U"D™.

Corollary 1.4.27. Setting T = [n| and K = [n — 1], we have

LT KoM

PSeq,, m"™ = PSeqy, (T, K) ——— {U"D"}

Proof. In a Motzkin path with n up steps followed by n steps, the latter n steps must be

down steps. O]

So we have a combinatorial proof that

pam® 2 1, (1.16)
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or with generating functions,
(1.17)

This is a special case of the following Corollary.

Corollary 1.4.28. Setting T' = [k] and K = [k — 1], we have

PSeq;, -m" = PSeq,.,(T, K) o, Motzuk(n)

where Motzuk(n) denotes the set of Motzkin paths of length k 4+ n starting with U*.

Proof. By Theorem [1.4.24] applying tr,x o 9 to PSeq;, -m™ = PSeq, (T, K) gives all
Motzkin paths with no flats or peaks within the first k steps. The only possibility is for

the first k steps to all be up steps. O

For any Motzkin path w € Motzuk(n), there is a unique decomposition

w=U*uDwD ...Dwg

where each wy,...,w; is a Motzkin path, obtained by cutting around the last down steps

from heights k,...,1 (see Figure [1.16)).

Figure 1.16: Decomposition of a Motzkin path starting with k& up steps

Lemma 1.4.29. This decomposition gives a bijection

Motzuk(n) < Motz* Y (n — k). (1.18)
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And so
pela;m)m™ 2 m* (). (1.19)

M (a;x)
1 —axyM(a;x)

=Y M(a;2)* (xy)* =

keN

(1.20)

Note that there are many terms in P(y)/(1 — mx) with a higher power of y than z, which
our functional sends to zero. This corresponds to the identity p,m” 20 when k > n.In
our combinatorial interpretation, this identity corresponds to counting Motzkin paths which
begin with k up steps and then have fewer than k remaining steps, which is impossible. We

can avoid these terms by throwing in an extra weight of m for every y, as follows.

M
1 E pem™ Ty E M(a;z)"y* = _ Mlaz) (1.21)
—mz
k

1 —yM(a;x)
It will be more useful for us to work with this version.

pr(a; m)m” RSN m*ED (q). (1.22)

We can write out powers of the Motzkin generating function as a linear combination of

Motzkin numbers, and obtain an explicit formula with (1.11)).

L =i\ (k2 o
miF ) (a) = Z ( ; ) Z < ~ )(_1)k_z_Jak_21_Jmn+k+j(a)

=0~/
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1.4.6 Cancellation of peaks and flats in subintervals

Theorem 1.4.30. For any fitedng+mny+--+ng=n, k1 +---+k;=%k (n; e N, k; € P),
we can find T, K, such that

PSeq,, (T, K) = m"™ - PSeq,, -m™ - PSeq,, -m"?- - - PSeq,, -m".

In particular, recalling our notation [k,n| = {k,k+1,...,n},
T = [ng,nog+ k1 —1|Ung+ k1 +n1,no+ ki +n1+ke—1U---Un+k—ng—ke,n+k—nyl,

K:T\{no+k1—1,n0+k1—|—n1+k2—1,...,n+k—ng}.

Then vy o M(PSeq,,, (T, K)) is the set of all Motzkin paths in Motz(k 4+ n) without flats

at positions in T and without peaks at positions in K.

Proof. This follows from Theorem [1.4.24 O]

We can enumerate the set PSeq,, (T, K'), with our usual weights as

Z (—a)*F (= 1)FPm#™ = m"op, m™ pr,m™ - - - pp,m™
PSeq,, 11 (T,K)

n

= Pk1Pky - " Pk, M .

And so

m F
DinPiy - D" — > a*
LT’KOETJT(PSeqn+k (T,K))

enumerates the set of all Motzkin paths in Motz(k 4+ n) without flats at positions in 7" and
without peaks at positions in K. In particular, note that this does not depend on the specific

ng, N1, ..., Ny, only their sum n.
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We particularly care about the case ng = --- = ny_; = 0, ny, = n, which gives Motzkin
paths of length ki + - - - 4+ k; + n without flats in the first k; + - - - + k; positions and without
peaks in the first k1 4+ --- + k, — 1 positions, except for possible peaks at ki, k1 + ko, ...,
ki1 +---+ ko_1. See Figure for an example with ¢ = 3.

Moreover, in the case n = 0, we get Dyck paths with peaks only allowed at the positions

kl) k1+k27"'7k1+'”+kf71-

Figure 1.17: Applying our functional to p, pi,pr,m”

Let Motz" ®*V" " (n) denote the set of Motzkin paths that start with U'D*Ui=* and
have n additional steps, so U;n:i%(i’j) MotzUkaUjfk(n) is the set of Motzkin paths of length
1+ j +n with no flats or peaks in the first ¢ + j steps, except a possible peak across steps 7
and i+ 1. Let MotzY"®’ (n) denote the set of Motzkin paths of length i + n + j which start
with ¢ up steps and end with j down steps. Then using Theorem [1.4.30, we see that applying
v i 09 to PSeq; - PSeq; -m™ and PSeq, -m" - PSeq; (with 7', K defined appropriately in each

n(Z,]) MOtZU ipkyi—k

case) gives U, (n) and Motz""®’(n), respectively. In particular, both are

enumerated by M(p;p;m™).

Definition 1.4.31. Given Z = U'D*U7~*w; - - w, € MotzY ®"V" " (n), choose the minimal

¢ such that U7=Fw; - --wy is a Moztkin path. We then define

(Z) = Ulwiws - Wiy @1 + + - W41 D7
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where
u ifwg:D
we= 4D ifOJg:U
F ifw=F.

Lemma 1.4.32. This ¢ is a bijection

Ul,:l:i%(i’j) MotzV DU/ ~" (n) 5 Motz" 5D (n).

Moreover, for each k it restricts to a bijection between MotzUkaU]’*k(n) and the set of
Motzkin paths in MotzUi;Dj(n) whose smallest height between the first i up steps and last

7 down steps is k.

Proof. This follows from the fact that each has a unique decomposition (for minimal k) of

the form UD*U7%w, -+ w, and Uiwiws - - - wWein@n_1 - - - Wer1D 7, respectively. O

There is a simple bijection MotzUkaUj_k(n) — MotzY 77" (n) obtained by dropping the

first k up steps and the first & down steps. Thus we have

min(z,5) min(4,5)
n n itj—2k+1
M(pip;m™) = Z M(piyj—opm”) = Z mgjijfjJr%)(a)a
k=0 k=0
or
1 m 1 M(Z)

P(x)P(y)

1—mz’—>1—xy(1—:cM(2))(1_yM(2)>‘

Example 1.4.33. Recall M, : m" — m,,(0). For a = 0,

PiD;DH & Z#Dyckuiwuj%uk(o)
y4

I claim that U, DkaUiDZUJJUk(O) is nonempty iff ¢, j, k have even sum and form the sides

of a triangle (i.e.,i+j >k, i+ k > j, 7+ k > i), in which case there is a unique element
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with ¢ = ]J”T_k As a special case,

P(z)? 2o, Z(#triangle triples with perimeter 2n)z*"

n

Example 1.4.34. We can enumerate Dyck paths of length 2n with no peaks at odd-even

(or even-odd) pairs of indices using m” N man(0) = ¢, and po(0;z) = (m? — 1).

(1) To enumerate Dyck paths of length 2n avoiding odd-even peaks, apply 9y to (m? —

1)™. These numbers are in fact the familiar Riordan numbers 7, (A005043), and our

enumeration gives us the identity
Tn = -1 -
S (e
1=0
There is a simple bijection with Riordan paths; just send odd-even pairs UU — U,

DD - D,and DU — F.

(2) To enumerate Dyck paths of length 2n avoiding even-odd peaks, apply 9, to m?(m? —
1)™. These numbers are in fact the familiar Motzkin numbers m,, (A001006)), and our

enumeration gives us the identity

My, = Xn:(—w-i (Z‘) Cir1.

There is a simple bijection with Motzkin paths; just send even-odd pairs UU — U,

DD — D, and DU — F as before, and simply remove the initial U and final D.

More generally, Dyck paths of length 2n with peaks allowed only at » mod d are enu-
merated by M (p.pgp,) where 2n —r = qd + 7', 1" < d.

Before we conclude this chapter, we need one more observation for our later results.
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Proposition 1.4.35. For k,¢ € N, and using the convention p_; =0,

Pk+e = PkPe — Pk—1Pe—1-

Or with generating functions,

Z Prerer’y’ = P(z)(1 — zy) P(y).

Proof. A sequence w € PSeq of length k + ¢ is either a concatenation w = wjws where
wi,ws € PSeq, #w; = k, and #ws = {, or it cannot be written in this way because of
a negative peak, and so is of the form w = wiUDwy where wy,ws € PSeq, #w, = k — 1,
and #w, = ¢ — 1. Note that a negative peak contributes a weight of —1, and our result

follows. u
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Chapter 2

Flawed Motzkin paths

In this chapter we will discuss the classic Chung-Feller theorem, which states that the number
of flawed Dyck paths of semilength n with a fixed number of flaws (steps below zero) is given
by the Catalan number c,. This gives a direct combinatorial interpretation of the formula
Cn = #1(2:) We will look at an analog for Motzkin paths found by Eu, Liu, and Yeh.
Their result states that the number of flawed Motzkin paths of length n with a fixed number
of flaws can be expressed as a linear combination of Motzkin numbers. We will give a
generalization that unifies the classic Chung-Feller theorem and the Motzkin path analog.
In particular, we will give a combinatorial proof using orthogonal polynomials. This leads to

a combinatorial interpretation for the coefficients in Eu, Liu, and Yeh’s linear combinations

of Motzkin numbers, and a refinement to the polynomials m,,(a).

2.1 The Chung-Feller theorem

Definition 2.1.1. A flawed Dyck path of semilength n (length 2n) is a lattice path on

N x Z with exactly n steps U = (1,1) and n steps D = (1,—1). These generalize Dyck

44



CHAPTER 2. FLAWED MOTZKIN PATHS

paths, but unlike Dyck paths they are allowed to have negative height. Flawed Dyck paths
are also known as free Dyck paths and grand Dyck paths in the literature [2,)5]. A step s;
of a Dyck path syss...ss, is called a flaw if either s1s5...5;.1 or s185...5;,_1s; has more
D’s than U’s. Equivalently, a flaw is a step s; either from or to a vertex of negative height.

Thus, Dyck paths are flawed Dyck paths with no flaws.

We denote the set of flawed Dyck paths of semilength n by FDyck(2n). Note that

4 FDyck(2n) = (2”)

n

and

# Dyck(2n) = Jlr : (2:) .

The Chung-Feller theorem gives a nice combinatorial interpretation of this relationship.

It was originally proven by MacMahon [22] and later by Chung and Feller [3].

Theorem 2.1.2 (MacMahon 1909 [22], Chung and Feller 1949 [3]). For 0 < ¢ < n, the
number of flawed Dyck paths with 2n steps and 2¢ flaws is independent of £ (and thus equal

to the Catalan number c,).

Note that Dyck paths have the same number of up and down steps, and flawed Dyck
paths have the same number of flawed up and flawed down steps and the same number of
non-flawed up and non-flawed down steps. So the general case is 2n steps and 2¢ flaws.
We will prove the Chung-Feller Theorem using a bijection between flawed Dyck paths and

certain marked Dyck paths, as in [7]. The bijection is straightforward to see from Figures
and 2.2

Definition 2.1.3. Let FDyck(2n,2¢, 2k) denote the set of flawed Dyck paths of length 2n

with 2¢ flaws and 2k steps between heights 0 and -1. For Y € FDyck(2n, 2¢,2k), define the
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CHAPTER 2. FLAWED MOTZKIN PATHS

decomposition map for flawed Dyck paths

Dycomp : FDyck(2n, 2¢, 2k) — Dyck**V(2n — 2¢) x Dyck® (2¢ — 2k)

as follows. Take the decomposition defined on Y by isolating each of the 2k steps U and D

between heights 0 and -1. That is, say

Y = ADV,UADVL,UA,---DV,UA, (2.1)

where each of the U’s and D’s isolated above are between heights 0 and -1 (see Figure [2.1)).
Observe that each of Ay, ..., Ay is a Dyck path on its own (it starts and ends at height 0
and has no flaws). Also, each of V..., Vj is an upside-down Dyck path, i.e., a flawed
Dyck path where every step is a flaw, on its own (within Y it starts and ends at height -1

and cannot go above -1). Then define our map by

Dycomp(Y) = (Ag, Ay, ..., Ay, Vi,...,V})

where ?j denotes the Dyck path corresponding to the upside-down Dyck path V; (by swap-
ping U’s and D’s).

Figure 2.1: Decomposing a flawed Dyck path by its steps between —1 and 0

Lemma 2.1.4. The map Dycomp is a bijection.

Proof. This follows immediately from the fact that this is a unique decomposition into parts,
and that assembling arbitrary Dyck paths and upside-down Dyck paths as in (2.1)) results in

a flawed Dyck path of appropriate size. See Figure [2.1] ]
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This gives us the formula

# FDyck(2n,20,2k) = c;kjel) : cé’i)k.

Definition 2.1.5. Let Dyck®(2n,2¢,2k) denote the set of Dyck paths of length 2n with a
marked vertex at (¢ — k, k) which is either the origin (0,0) or else immediately following an

up step. For Y € Dyck*(2n, 2¢,2k), define the decomposition map for marked Dyck paths

Dycomp* : Dyck*(2n, 2, 2k) — Dyck®™ Y (2n — 2¢0) x Dyck® (20 — 2k)

as follows. Take the decomposition defined on Y* by isolating each of the k last up steps to
heights 1, ..., k before the marking and each of the k first down steps from heights £, ... 1

after the marking. That is, say

Y*:leng @kU *AkDAk_l"'DﬁlDAO (22)

where each of the U’s and D’s are as described above (see Figure 2.2). Observe that each

of Vi,...,Vi and A, ..., is a Dyck path on its own Then define our map by

Dycomp*(Y) = (Ao, Ay, ..., Ak, Vi,..., Vi),

Figure 2.2: Decomposition of a marked Dyck path

Lemma 2.1.6. The map Dycomp™ is a bijection.
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Proof. This follows immediately from the fact that this is a unique decomposition into parts,
and that assembling arbitrary Dyck paths Vyi,..., Vi, Ao,..., A as in (2.2)) results in a

marked Dyck path of appropriate size. See Figure O

Combining Lemmas [2.1.4] and [2.1.6], we immediately obtain the following.

Theorem 2.1.7. There is a bijection

Dycomp*~* o Dycomp : FDyck(2n, 2¢, 2k) — Dyck*(2n, 2¢, 2k).

This bijection will be crucial for our later results.

It may seem strange that our marking is either at the origin or directly following an up
step. It is often useful to prepend an up step to Dyck paths, because we obtain a path from
height 0 to 1, which cannot be factored into smaller such paths. If we do this, the marking
is simply after any up step. But for our bijection, prepending an up step does not help
much. See [17] for a proof and generalization using the cycle method, which makes use of
prepending an up step.

We can now use this bijection to prove Theorem Our proof is equivalent to the

proof given in |7, Theorem 1.1].

Proof of Theorem[2.1.9. For each Dyck path of length 2n, there are n up steps, and thus
n+ 1 ways to mark a vertex such that the vertex is either the origin or directly following an

up step. Thus,

(n 4+ 1)# Dyck(2n) = # Uy, Dyck™(2n, 2¢, 2k) = # FDyck(2n) = (2:)

This classifies all flawed Dyck paths into classes of size n + 1, with exactly one Dyck path in
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each class. Immediately we have a combinatorial proof of the formula

1 <2n>
Cp = .
n+1\n

In order to complete the proof, we need to show that in each class, each of the n + 1

elements has a different number of flaws. As we move our marking from left to right, we
are increasing the number of flaws by 2 at each step. Precisely, if we have a marking at
(2¢ — k, k), say followed by i down steps before the next up step, then the next eligible
marking is at (20 — k + i+ 1,k — i+ 1). The number of flaws in the corresponding flawed

Dyck path increases from 2¢ to 2¢ + 2. O]

2.2 A Chung-Feller analog

2.2.1 Flawed Motzkin paths

Definition 2.2.1. Flawed Motzkin paths of length n are lattice paths on N x Z from
(0,0) to (n,0) with up steps U = (1, —1), flat steps F = (1,0), and down steps D = (1,1)
(see Figure . In other words, flawed Motzkin paths are Motzkin paths that are allowed
to have steps to or from a vertex of negative height, called flaws. The number of flawed
Motzkin paths of length n with ¢ flaws is the flawed Motzkin number m,, ; (see Table .
Let FMotz(n) denote the set of flawed Motzkin paths of length n, and let FMotz(n, ) denote

those with ¢ flaws.

A Motzkin path is a flawed Motzkin path with zero flaws. Note that the first column in

Table is the Motzkin numbers m,, = m,, o (A001006).

Definition 2.2.2. An upside-down Riordan path is a flawed Motzkin path in which
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Figure 2.3: The 19 flawed Motzkin paths of length 4

every step is a flaw. There is a simple bijection with Riordan paths (Definition (1.3.17]) and

so these are enumerated by the Riordan numbers r,, = m,, ,, (A005043).

nel 0 1 2 3 4 5 6 7
0 | 1

1|1 0

2 | 2 0 1
304 0 2 1
419 0 5 2 3
5121 012 5 7 6

6 | 51 0 30 12 19 14 15
7 1127 0 76 30 49 38 37 36

Table 2.1: Flawed Motzkin numbers m,, ¢(1, 1)

Note 2.2.3. Motzkin paths and upside-down Riordan paths are the two extreme cases of

flawed Motzkin paths. See the first three rows and the last row in Figure [2.3]

As with refined Motzkin numbers, we want to generalize flawed Motzkin numbers to

polynomials to keep track of the number of flats.

Definition 2.2.4. Define the refined flawed Motzkin numbers

mn,€<a7 b) = 2 a#non-ﬂaw ﬂatsb#ﬁaw flats
FMotz(n,¢)
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and define the refined Riordan numbers r,,(b) := m,,,(a,b). See Table for small values.

n\l 0 1 2 3 4 5
0 1
1 a 0
2 a’+1 0 1
3 a® + 3a 0 2a b
4 a*+6a>+2 0 3a*>+2 2ab b2 42
5 |a®+10a®+10a 0 4a®+8a 3a’b+2b 2ab®>+5a b+ 5b

Table 2.2: The flawed Motzkin numbers m,, ¢(a, b)

2.2.2 Eu, Liu, and Yeh’s recurrence

Eu, Liu, and Yeh [8] showed that for a fixed number of flaws ¢, the flawed Motzkin numbers
my,¢ can be written as a linear combination of Motzkin numbers. Specifically, they proved

the following recurrence.

Theorem 2.2.5 (Eu, Liu, and Yeh 2002 [8]). For the (unrefined) flawed Motzkin numbers
My = Mpe(1,1) and the (unrefined) Motzkin numbers m, = m,(1),
-2
Mg = My — M g1 — Z MMy i1, f—i—2 (2.3)
=0
except for m, o = my and m,; = 0.

They thus obtained, for each ¢, a formula for m,, , as follows (see Table .

Theorem 2.2.6. Given { > 0, there are integer coefficients ¢,; for 0 <i < {, such that for

anyn > (,

l
mn,ﬁ(L ]-) = Z ¢K,imn—€+i(1)' (24)
=0
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Compare this result to the Chung-Feller theorem (Theorem [2.1.2), where for a fixed
number of flaws, the number of flawed Dyck paths is exactly the number of Dyck paths of

that length. That is, m, ¢(0,0) = m,(0,0)

Mpo | My

Mmnp1 0

Mp2 | My — Mp—1

Mmp3 | Mp—1 — Mp—2

Mp4a | My — 2mn71 + 2mn72 - 2mn73

mn,5 2mn71 - 4mn72 + 4mn73 - 4mn74

mye my — 3mn—1 + 6mn—2 - 9mn—3 + 9mn—4 - 9mn—5

My 7 3mn_1 — 9mn_2 + 15mn_3 — 21mn—4 + 21mn—5 — 21mn_6

Table 2.3: Flawed Motzkin numbers m,, (1, 1) by Motzkin numbers m,, (1)

Proposition 2.2.7. We make the following observations about the coefficients 1y ;.
(1) The number 1y, is zero iff either i = { is odd or 0 =1 # (.
(2) The coefficients 1y ; are alternating. Specifically, Vo; = (—1)|tby.].
(3) For € >3, =3 =12 = =1 = my_y

Our main result of this chapter is to generalize these results for m,, ¢(a, b) and give a simple
combinatorial interpretation of the coefficients 1y;,. We will thus obtain a generalization of
both Eu, Liu, and Yeh’s Theorem and Chung and Feller’s Theorem [2.1.2] which are

the special cases m,, ¢(1,1) and m, (0, 0), respectively.

2.3 A Chung-Feller generalization

Instead of letting n be the total length of a flawed Motzkin path, we will use n to denote

the number of non-flawed steps, so we will work with the numbers m,,,,, instead of m,, .
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Then, we claim that given ¢ > 0, there are integer polynomials ¢, ;(a,b) for 0 < ¢ < £ such

that for any n > ¢,
¢

Mntee(a,b) = Z Yei(a,b)myii(a).

i=0
Moreover, 1;(1,1) are the 1y; from Theorem [2.2.6] and 1;(0,0) = 1 if i = 0 and ¢ is
even, and 1,;(0,0) = 0 otherwise. We will state our combinatorial interpretation for the

coefficients 1;;(a, b) in the next section and complete our proof in Section [2.3.3]

2.3.1 Motzkin paths with tricolored prime flat steps

Now we define a special set of Motzkin paths with colors on certain flat steps. We will see

that this gives us the combinatorial interpretation of our coefficients v ;(a, b).

Definition 2.3.1. A prime flat step of a Motzkin path is a flat step on the axis (from a

vertex of height zero to a vertex of height zero).

Consider the set of Motzkin paths whose prime flat steps are colored one of three colors,
denoted m, F, and F (called blank, negative flat, and simply flat steps), with the following

restrictions.
(1) The path starts with either m or F.
(2) An m cannot be followed by a U.

Example 2.3.2. Recall the 9 Motzkin paths of length 4 (see Figure or . Only four
of them (FUDF, FUFD, FFUD and FFFF) start with a flat step. By using our three
colors with the restrictions above, we obtain the 62 elements of length 4, namely FUDm,
FUDEF, FUDF, FEUFD, mFUD, mFUD, EFUD, FFUD, and the 2 - 3% = 54 others

corresponding to colorings of FFFF.
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Our interpretation of the polynomials 1, ;(a,b) is a weighted enumeration of this set.
However, we will add a third condition, equivalent to appending a certain number of m’s to

the end of each of the elements described above, which will make our weights nicer.

Definition 2.3.3. Let ¥ denote the set of Motzkin paths whose prime flat steps are colored
one of three colors, denoted m, F, and F (called blank, negative flat, and simply flat steps),

with the following restrictions.
(1) Every (nonempty) path starts with either m or F.
(2) An m cannot be followed by a U.

(3) Every path must end with m #m+#F)/2 In other words, the total number of m and F
steps must be even, and at least half of them must be consecutive m steps at the tail

end.

Let W(¢) denote the set of paths in W of length ¢, and let ¥(¢,7) denote the set of paths in

V() with i = #m.

Example 2.3.4. The set ¥(4) breaks up into the following pieces (note that W(¢,0) = () for

all £ > 0).
U(4,4)={mmmm}
U(4,3)={EFmmm ,mEmm}
U(4,2) ={FEmm mFFm}
U(4,1) = {FFFm,FUDm}

Some of the paths from Example [2.3.2, such as FUDm and mmmm are already in V.
But for each example we can append m* to the end, where k is the number of m and F

steps, and obtain exactly the elements of W.
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CHAPTER 2. FLAWED MOTZKIN PATHS

We can now state our theorem that generalizes the Chung-Feller theorem to Motzkin

paths.

Theorem 2.3.5. The polynomials 1y ;(a,b) given by the generating function

1

DRl w20 (25)
satisfy
Mptee(a,d) ZW" (a,b)ymy1i(a) (2.6)
for all m € N. Moreover, these polynomials have a combinatorial interpretation as
Yei(a,b) = (=1)" Y a#Fp#F. (2.7)
W(L,i)
We will prove this in Section [2.3.3]
Corollary 2.3.6. Fora =0=1, we have
Mappeo(1,1) ZW (1,1)mppi(1) (2.8)

and these numbers Py ;(1,1) = (=1)#V(¢,i) are exactly the 1y; from Theorem .

We will prove this in Section when we observe that our t,;(1,1) come from the
recurrence ((2.3)).

Corollary 2.3.7. For a =b =0, we obtain the Chung-Feller theorem (Theorem

Mippee(0,0) ZW (0,0)m44(0) = ms4(0). (2.9)
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Proof. Every nonempty sequence in W(¢,7) must start with m and m cannot be followed by
U. The number 1,,(0,0) is the number of elements in W(¢,7) which do not contain F or F.

Thus, the only remaining possibilities are sequences of all m’s, so

1 ifl=1
77Z)€,i(0) 0) =

0 otherwise.

Our result follows. O

Example 2.3.8. Looking back to Example [2.3.4] we have 144(a,b) = 1, ¥43(a,b) = —2a,

tya(a,b) = a® + b*, and 141(a,b) = —ab® — a. Therefore,

Mnra4(a,b) = myya(a) — 2am,3(a) + (@ + b*)myy2(a) — (ab® + a)mpi1(a),

which gives us the special cases my,144(1,1) = Myya(1) — 2amy43(1) + 2my 4o (1) — 241 (1)

(as in Table and m,14.4(0,0) = m;,44(0) (as in the Chung-Feller theorem).

Further examples of the polynomials 1(a, b;m) := Y. ¢y (a,b)m" are given in Table .

Yo | 1

Y1 | 0

Py | m? —am

3 | bm? — abm

Py | m* = 2am? + (a® 4+ b*)m? — (ab® + a)m

Vs | 2bm* — dabm® + (24?0 + b* + b)m? — (ab® + 3ab)m

Vg | m6 — 3am® + (3a? + 3v*)m* — (a® + 6ab* + 2a)m3

+ (3a%V* + b* + 2a® + 30?)m? — (ab? + 6ab® + 2a)m

Y7 | 3bm® — 9abm® + (9a2b + 4b® + 2b)m* — (3a®b + 8ab® + 10ab)m?

+ (4a2b3 + b° + 8a2b + 6b + 2b)m? — (ab® + 10ab® + 10ab)m

Table 2.4: Polynomials ¢y = Y. ¢ ;(a, b)m"

In the following section we will prove a similar result for a refinement of the flawed

Motzkin numbers. Afterwards we return to the proof of Theorem [2.3.5]
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CHAPTER 2. FLAWED MOTZKIN PATHS
2.3.2 Flawed Motzkin numbers refined by steps between 0 and -1

Definition 2.3.9. Let FMotz(n, ¢, k) denote the set of flawed Motzkin paths of length n+ ¢
with ¢ flaws and k& down steps from height 0 to height -1. Note that these paths also have

exactly k up steps from height -1 to height 0. Define

L non-flaw flats; #flaw flats
mn_,_g’g,k(a, b) = E CL# b .
FMotz(n,t,k)

Our main theorem is the following.

Theorem 2.3.10. For cach k,i € N, define pyi(a) == [m]pr(a;m), so that 3, pri(a)m'z* =

(1 —mz+az + 22)"'. Then for all {,n € N,
mn-}—ﬁ,f,k(av b) = mé]i)Qk(b)m’Sszrl)( mz 2k Zpkz mn+k+z( ) (210)

We can construct the generating function for mgi)%(b)pm(a) :

1

i, bk
;mg (OPeala) ™'y’ = TG (b;y) + amyzM (b; y) + m2y122M (b; )

(2.11)

Note 2.3.11. This might more strongly suggest a refinement of Theorem [2.3.5|if we set

Yran(a,b) = my Oprala) = | S b#F S (—a)*E

Motz¥) (¢—2k) {PePSeq;, - m* : i=#m}

Summing over k in Theorem [2.3.10| gives us part of Theorem [2.3.5] except that we will need
to deal with some cancellation and get our combinatorial interpretation in terms of W, which

we will do in Section 2.3.3]

Because we're going to be working with orthogonal polynomials py(a;m), it will often
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CHAPTER 2. FLAWED MOTZKIN PATHS
be more convenient to work with polynomials in the umbra m than linear combinations of
Motzkin numbers. For example, we can restate much of Theorem [2.3.5] as
¢

ST ST T M B g (a,b).
i=0 (L,0)

Example 2.3.12. If we set / = 4 as in Example [2.3.4] we see that

Z b =12 1

Motz(M) (2)={F2,UD }

> =1

Motz (0)={(0,0)}

Z (—a)"Fm#™ =m? —am
PSeq; ml={m2Fm}

Z (—a)*Em#™ =m?* — 2am? + (a® — I)m

PSedy -m2={m4mFm?2Fm3F2m2UDm2}

This gives us the pair

Mnptaa2(a,b) = Mg — 2amy, 3 + (a* — )0

mn+47471(a, b) = (b2 -+ 1)(mn+2 — amn+1)

which sum to m,;4.4(a,b) as in Example 2.3.8] Note that there are terms m,, o and —m,, 1o

which cancel when we sum over k.

Our proof of Theorem [2.3.10] proceeds as follows. We will first give a bijection

FMotz(n — £, £, k) = Motz® (¢) x Motz"" (n + k),

which gives us the equality myis0x(a,b) = myi)%(b)mffﬂ)(a). The rest of the argument
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CHAPTER 2. FLAWED MOTZKIN PATHS

a/b

# set enumerated weights. .

M e,0k(a, D) FMotz(n — €, 4, k) D;;;{EZVIVCEJLS/
I I A
P (B)miE Y (a) Motz®) (£ — 2k) x Motz¥" (n + k) fats i Jast /
My o \0)Mn " (a Z 2= n first k£ paths
T m I Id XUk, [k—1] © m (m” Pﬁ) mn(a)>
e (D) )+ Motz (¢ — 2k) x PSeq, -m "+ flats £ /F

Table 2.5: Theorem 2.3.10] reduces to Lemmas 2.3.15 and 2.3.141

comes from our combinatorial interpretation (in Corollary [1.4.28)) of ((1.22)),

ntk LR R—10M0

PSeq,, -m Motz"" (n + k).

See Table 2.5 for a summary.

We will now describe how to decompose flawed Motzkin paths in exactly the same way
we decomposed flawed Dyck paths (as in Figure to prove the Chung-Feller theorem in
Section 2.1

Definition 2.3.13. For Z € FMotz(n + ¢, ¢, k), define the decomposition map

A : FMotz(n + €, 0, k) — Motz® (¢ — 2k) x MotzUk(n + k)

as follows. Take the decomposition defined on Z by isolating each of the 2k steps U and D

between heights 0 and -1. That is, say

Z = ADV,UADV,UA,---DV,UA, (2.12)
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where each of the U’s and D s isolated above are between heights 0 and -1 (see Figure [2.4)).
Observe that each of Ag, ..., Ay is a Motzkin path on its own (it starts and ends at height
0 and has no flaws). Also, each of Vy,..., Vy is an upside-down Motzkin path on its own

(within Z it starts and ends at height -1 and cannot go above -1). Then define our map by

A(Z)=(Vi,...,Vi,UFADAID ---DA)

where vj denotes the Motzkin path corresponding to the upside-down Motzkin path V; (by

swapping U’s and D’s).

Figure 2.4: Decomposing a flawed Motzkin path by its steps between —1 and 0

It is not hard to obtain a bijection between FMotz(n + ¢, ¢, k) and marked Motzkin paths
in exactly the same way as in Figures and 2.2l Here we will take a slightly different

approach.

Lemma 2.3.14. The map A is a bijection. Moreover, Z € FMotz(n — ¢,(,k) has i flawed
flats and i non-flawed flats iff A(Z) € Motz®) (¢ — 2k) x MotzUk(n—i— k) has i flats in its first

k paths and j flats in its last path.

Proof. This follows immediately from the fact that this is a unique decomposition into parts
analogous with Lemma [2.1.4] and the decomposition in Lemma [1.4.29, See Figures
and [L.16] O

In particular, from Lemmas [1.4.29| and [2.3.14] we have

s, 0) = mi, (D)mE ™ (a). (2.13)
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CHAPTER 2. FLAWED MOTZKIN PATHS
With generating functions, we can write the formula

M (a;x)
n by’ = : .
;m el O = T BN ) M B )

In the Riordan case, this reduces to

n 1
21O = )

n

2
B L+by + /1 —2by + (b2 — 4)y?

Now we will move on to the next two rows of Table 2.5

Lemma 2.3.15. Let Id be the identity function on Motz"(¢ — 2k). Then

Motz®™)(¢ — 2k) x PSeq, -m "+ i1

Proof. This follows immediately from Corollary [1.4.28]

We now have

(k)

mZ—Zk(b)pk(a; m)m (k) (k+1)

ik M
S my g (D)mi T (a).

Recall that P(a,m;z) = > pr(a;m)2* = (1 — mz + amz + 22)~1. If we define
keN

T =T(a,b,m;y,2) = P(a,m;my’*2M (b;y))

then T is given by

1

T = .
1 —m2y22M (b;y) + amy?zM (b; y) + m2y*22M (b; y)?
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Proposition 2.3.16.
k %
P= Y Ol
£,i,keN
Proof.
T = Zpk(a; m)m*y? 2 M (b; y)F
keN
= Z my” (b)py(a; m)m*y? o 2E

k 0k
E mé 2k b)pr(a; m)m*y“z

4,EeEN

= S el OpaamtyE, O
£,i,keN

Our result can be stated in terms of generating functions:

Z mf 2k le( ) n+k-+i nyé k

1— T
m n,t,1,kEN

>y (B)p(as m)m ey
n,0,keN

m _ (®) (pm ED n, £ k _ M (a;x)
= MZICENme—%( ymy, " (a)z"y 2 ST M (@M (b )

n, £ k:
E Mok, 0)x"y 2
n,0,keN

2.3.3 Proof of our Chung-Feller generalization (Theorem [2.3.5))

We want to address the cancellation in méli)%(b)pk(a; m)m" k.

kEN
Our generating function T" as defined in (2.15)) has the variable z keeping track of k. Define

T =T(a,b,m;y) :=T(a,b,m;y,1). We can substitute M (b;y) = 1+ byM (b;y) + y*>M (b; y)
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CHAPTER 2. FLAWED MOTZKIN PATHS
from (|1.3)) into T'(a, b, m;y, 1) from (2.15)):

1
1 —m?2M (b;y) + amy?M (b;y) + m2y M (b; y)>

1
L= m22(1 4 byM (b y) + y2M (b;y)?) + amy?M (b; y) + m2y* M (b; y)?’

T/

Canceling the terms m2y* M (b; y)?, we obtain a simpler form:

1

T =
1 —m2y? — bm?y? M (b; y) + amy>M (b; y)

(2.16)

Note that we can see from this formula that 7'(a,b, —m;y) has all positive coefficients, so
there is no further cancellation. Note that this is the generating function for v,; from
Theorem [2.3.5

We will define the map ¢ to translate to a set of words that will be easier to work
with, which we will call ¥'(¢). Then we will cancel out certain objects corresponding to the

cancellation above and obtain W(?).

Definition 2.3.17. Let ¥’ denote the set of Motzkin paths whose prime flat steps are
colored one of five colors, denoted m, F, U, D, and F (called blank, negative flat, negative

up, negative downﬂ and simply flat steps), with the following restrictions.
(1) Every (nonempty) path starts with either m, F, or U.

(2) The steps U and D occur in pairs such that all prime flat steps between them are
marked F. Equivalently, if we restrict to only the steps m, F, U, and D, then U and

D only occur as a doubleton UD .

INote that our ”"negative up” and ”negative down” steps are not actually up and down steps in the
Motzkin path, only colors on prime flat steps.
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(3) Every path must end with m #m+#E+#U+#D)/2 Iy other words, the total number of
m, F, U, and D steps must be even, and at least half of them must be consecutive m

steps at the tail end.
Let W'(¢) denote the set of paths in ¥ of length /.

Definition 2.3.18. Let the map ¢,

G: UMotz(k)(E — 2k) x PSeq, -m™™* — W(¢) - m",
k

be defined by

G (Zl, ZQ, ce ,Zk) X Wiy « - WM ntk — (,U1Z1(.UQZQ cee wkam n—i—k‘
Lemma 2.3.19. This < is a bijection.

Proof. We can uniquely decompose an element of U/(¢£)-m ™ into the form w; Zyws Zy - - - wy Zpm "+k

(where (Z1, Zs, ..., Zx) € Motz®™ (¢ — 2k) and wyws - - - w, € PSeq,) by isolating the prime
flat steps colored m, F, U, and D, which we identify with the identically named letters of
PSeq,. O

Proposition 2.3.20. VU (/) is exactly the set of sequences in V' ({) that contain no U and no

consecutive mU .

Proof. This follows directly from the restrictions in Definitions (2.3.3| and [2.3.17)). O

Let W~ (¢) be the set of sequences in ¥ (¢) which contain a U before any consecutive m U,
and let Let ¥t (¢) be the set of sequences in ¥'(¢) which contain a consecutive m U before
any U. Then we have a disjoint union

U(0) = W) uT () LT*(0).
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Definition 2.3.21. Define ¢ : U~ (¢) — U+ ({) by changing the first U and its paired D to

mU and D, respectively, and removing an m from the end of the sequence.

Lemma 2.3.22. The map v : ¥~ ({) — WU ({) is a bijection. Moreover, it preserves length,
#m , #F , and #F but decreases #U and #D by one.

Proof. To go backwards, find the first mU and the next D from height 1 to height 0. Then
change these to U and D, respectively. The statistics follow immediately. To complete the
proof, note that the statistic #m + #F + #U + #D (denoted by k) ¢(W) decreases by two
when ¢ is applied. This is as expected, since this cancellation only happens when we do not
fix k. This also guarantees the property that our sequence ends with m#m t#E+#U+#D)/2

which completes the proof. O

This gives us

Z (—a)#E(—l)#Qb#Fm#m _ Z (—a)#E(—l)#Qb#Fm#m,

T () Tt (0)

and thus
S (—a)FE T mEn = Z Q) #E (1)U p#F
W (L) mn ()

Finally, we note that

(—1)F S atFo#F = 3 (—a)#EHF

T(0,3) T (0,3)

because #m + #F =i+ F is even.
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We can now conclude:

me%(b)pk(a;m)m“k: Z (_a)#E(_l)#gb#an+#m

kEN W’ (£)-mn
_ Z (_a)#Eb#an+#m
W () mn
¢
=> (1" > o
i=0 W (£,3)-mn

l
=0

This completes the proof of Theorem [2.3.5] 0.

2.3.4 Consequences

Proposition 2.3.23. The coefficients of ¥e(a,bym) = >, 1 (a,b)m’ are alternating in m
(and a).

Proof. This follows immediately from the fact that in ¥, #F + #m is even. Thus,

Ye(a,bym) =Y (—a)*Fo*F m#m =" o #Fp#F (—m)#m.
(L) w(e)

Alternatively, one can see this from the generating function 7" in ([2.16)). [
The simplified formula (2.16]) also helps us prove the following.

Proposition 2.3.24. For all ¢, ¢y2(1,1) = —1pp1(1,1) = my_s(1), and for ¢ > 3,
—1e3(1,1) = e2(1,1) = =11 (1,1) = me_o(1)

Proof. We obtain [m]T" = —ay*M directly. We also obtain [m?|T" = y* + by3M + a?y*M?,
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and setting a = b = 1 gives [m*|T" = y? + v’ M + y*M? = y*(1 + yM + y>*M?) = y>M.
Finally, [m®|T" = —2ay*M — 2aby’M? — a®y* M3, and setting a = b = 1 gives [m*|T" =
—2y*M — 2y°M?* — y*M3. To complete the proof one must verify that y? + ¢ + 2y*M +
2° M? + S M3 = y?> M, which is left as an optional exercise for the reader or their favorite

computer algebra program. O]

We are now ready to find a recurrence that generalizes equation (2.3) by rearrang-

ing (2.16)) to obtain
T =14+ m*y*T" + bm** MT' — amy> MT". (2.17)
I find that (2.17)) looks more elegant when we set S := myT” + bmy?MT" and write the

pair
T =14+ myS — amy>MT’ (2.18)
S =myT’ + bmy> M T’
which, as can easily be verified by substitution, is equivalent to (2.17]).
This corresponds to a pair of recurrences which look similar to Eu, Liu, and Yeh’s .

In fact, when we set a = b = 1, we can sum our equations above to obtain 77 + S =

l+my(T"+95) = , solve for S, and substitute to obtain

1 —my

T —myT" — my’MT’ (2.19)

:1—my

which gives us a recurrence equivalent to equation ([2.3)). Namely,
=2

Ye(1,L;m) =m’ —mip_y (1, L;m) —m > mghei (1, 1;m). (2.20)
=0

This completes the proof of Corollary [2.3.6, and this chapter.
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Skew Young tableaux with at most

three rows

Recall from Section that the number of Young tableaux of size n with at most three

rows is given by the Motzkin number m,, (A001006).

#SYT3(n) =m,

Regev [24] conjectured, and Zeilberger [4] (with his computer Shalosh B. Ekhad[l)) proved
that skew Young tableau with skew part (2,1) and at most three rows is a difference of two

Motzkin numbers.

Theorem 3.0.1 (Zeilberger 2006 [4]).

# SYT§271)(n) = Mpy_1— Mp_3

Sen-Peng Eu [6] gave a combinatorial proof of this result in 2010, and showed in general

YYes, Zeilberger’s computer is a named coauthor
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that SYT%(n) for fixed u can be written as a linear combination of Motzkin numbers. Jong
Hyun Kim [18,20] found an explicit formula for this general case in 2011, which had an
unexpected connection with the Chebyshev polynomials. Using our linear functional m” —

my,, we can restate Kim’s main result as follows.

Theorem 3.0.2 (Kim 2011 [18,20]). Recall M : m™ — m,,(0) from Definition |1.4.13.

1 ' (1 —=zy) ‘ 1

1-2)1-y) (I-—mrtz+a?)(1-my+y+y?) (1-mz)
N Z #SYTY ) (n)atyi 2", (3.1)

i,7,nEN

An interesting symmetry property follows as an immediate consequence of the symmetry

between = and y in (3.1)).
(i+3%) _ (i+37,3)
Corollary 3.0.3. #SYT; " (n) = #SYT; (n)

This symmetry was later generalized for tableaux with more rows [11].

In section [3.2| we will describe a bijection between Young tableaux of size n with at
most three rows and Motzkin paths of length n. In section [3.3.2] we will extend this
bijection to skew-reduced Young tableaux with at most three rows, and in section |3.3.3]
we will extend this to all skew Young tableaux with at most three rows. This will give us
a combinatorial proof, using Motzkin paths and orthogonal polynomials, of a generalized
version of Theorem [3.0.2]

First, we start in Section |3.1| with the simpler case of skew Young tableaux with at most

two rows.
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3.1 Skew Young tableau with at most two rows

Recall from Section [[.2.4] that

#9YTs0) = (1)

In fact, we know from Section that Young tableau of shape (n,n — k) correspond to
ballot paths with n up steps and n — k down steps, so we can refine this result for a specific

shape:
k+1/2n—k
SYT —k)=byp=—— .
# 2(n,n = k) ok n—|—1( n )

We want to generalize these formulas to skew shapes. We will start in Section by
looking at the rectangular case SYTgk) (n — k,n) corresponding to Dyck paths, and then
moving on to the general case SYTék) (n — k,n — i) in Section m

3.1.1 Skew tableaux of shape (n,n)/(k)

Recall from Section that Dyck paths of semilength n are in bijection with Young

tableaux of shape (n,n). We want to generalize this result to skew Young tableaux of shape

(n,n)/(k).

Definition 3.1.1. Given a skew Young tableau (S, L) of (non-skew) size n which fits inside

a p X q rectangle, define the rotation

rot,xq (S, L) := (5", L")
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where

S/ = {(Zaj) : (p_l+17q_.7+1) ES})
L(ij)=n—Lp—i+lq—j+1)+1

Proposition 3.1.2. The rotation rot,, s an involution on the set of skew Young tableauz
that fit inside a p X q rectangle.

Proof. This follows from the fact that rot,y, is simply a 180° rotation of the rectangle and

a reversal of the total ordering. O

It follows that the involution rots, restricts to a correspondence between skew Young

tableaux of shape (n,n)/(k) and Young tableaux of shape (n,n — k). That is, we have a

bijection SYTgk)(n —k,n) Lo, SYTsy(n,n — k). We know from Section |1.3.2 that Young

tableaux with at most two rows correspond to ballot paths. The ballot paths ending at
height k£ correspond to Dyck paths that begin with k up steps, by simply reversing the path

and appending or dropping the necessary up steps. We thus have a series of bijections

SYTP (n—k, n) 274 SYTy(n,n— k) <223 Ballot (n,n — k) +—= 2 s pyekV* (2n— k),

append/truncate
(3.2)
as in Figure [3.1]
Thus, the number of skew Young tableau of shape (n,n)/(k) is
E+1(2n—k
Ballot —k)=bynri = . 3.3
#Ballo(n, 1~ 1) = by =+ () (33)

We can also use our results using orthogonal polynomials from Section [1.4] and obtain an
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rotaxs 1{3|14|5]|8

I* I§L32

o
, reverse and
) —

append/truncate

Figure 3.1: An example of the correspondence in Equation (3.2)) for n =5, k = 2.

enumeration as a linear combination of Catalan numbers.

£=0

To summarize, we have the equations

k+1/2n—k
SYT® (n — k.n) =
#SYTY ko) = 2 ()

[k/2] L—f—1
#SYTE(n — ) = zw( )

=0 ¢

Note the bijection labeled * in Figure 3.1, This bijection is not difficult to describ

this chapter to the much larger class of skew Young tableau with at most three rows.
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e di-

rectly. For a Dyck path that starts with some fixed &k up steps, we can find the corresponding
Young tableau and make the first & labels the skew part. This works because we know ex-
actly what those k up steps correspond to in the Young tableau (namely, the first k& boxes

across the first row). We will use this idea in Section now, and then extend it later in
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3.1.2 Skew tableaux of fixed shape with at most two rows

In this section we want to establish a bijection

SYT® (n — k,n — i) — BallotY" (n — k,n — 9).

Note that this is the general case for skew Young tableau with at most two rows. For any
fixed shape, say (A1, A2)/(11), we can set n = Ay, k = pq, and i = A\ — Ao.

Given a skew Young tableau of shape (n,n —i)/(k), say with skew Young word

(/f)uh s Won—k—i,

this corresponds to Young word 1¥w; - - - wa,_x_;. Note that among wy - - - Wan_j_s, there are
exactly n — k occurrences of the letter 1, and n — ¢ occurences of the letter 2. Thus, this
corresponds to a ballot path with n up steps and n — ¢ down steps. Moreover, this ballot

path begins with & up steps. See Figure for an example.

347 \/\/
.I

001234567

Figure 3.2: The skew Young word (2)2111221 corresponds to ballot path U?DUUUDDU.

We can use in Lemma [1.4.32| with @ = 0 to enumerate Dyck paths of the form

k i
U%s189 -+ Sap—p—iD

v Do (pr(0; m)p; (0;m)m k%) Suc yck paths correspond to ballot paths in Ballot kn—
by Mo (pk(0 0 2n=k=1) " Such Dyck path d to ball hs in Ballot"
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k,n —1i) by dropping the last i down steps. Now we can write

1 1 1
l-mzr+22 1-my+y? 1—mz

= Z Z Zpk((); m)p;(0; m)mgxkylzg

keN ieN ¢eN

ZZZ#BaMotU (C+i—kk— ):L,kyzzé

keN ieN (eN

= Z z": z": # Ballotuk(n — kyn —d)alyin kT

neN k=0 i=0
= Z Z Z # SYTgk)(n —k,n — i)ty 2R (3.6)

neN k=0 =0

Note above that # Ballotuk(f—l—i—k, k—i) =0if 4+ k-+iis odd, so we can set {+k-+i = 2n.
Then, # Ballot" (¢ +i — k,k —i) = 0if k > n or i > n.
From Equation (1.12)), we have

2n k—1i W& €+ k— g Z_] -1 2n—20—21
pr(0;m)ps (0; m)m => > (- _ m .37

=0 7=0 J

Applying the linear functional 9%y, we obtain our enumeration of skew Young tableaux with

at most two rows as a linear combination of Catalan numbers

) Lk/2) Li/2] -1\ [fi—j—1
#SYTg)(n—k,n—z'):ZZ(—l)”J( p )( , )cn“. (3.8)

=0 j5=0
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3.2 Motzkin paths and Young tableaux with at most
three rows

Let nn be the bijection from Motzkin paths of length n to nonnesting involutions J,,(4321)
from Definition [1.3.15] We can combine this with the Robinson-Schensted correspondence

to obtain a bijection from Motz(n) to SYT5(n):

Motz(n) 2 7,(4321) 225 SYTy(n). (3.9)

This bijection is fundamental to our upcoming results in Sections and where we will

extend it to skew Young tableaux. In this section, we will give two alternative descriptions

of this bijection (Sections|3.2.1l and [3.2.2)) and then show their equivalence (Section [3.2.3)).

3.2.1 Skew Young right-tableaux
Recall the usual correspondence SYTs(n) <> Ballot(n) from Section [1.3.2] Combined with

Equation (3.9)), we will obtain

Ballot(n) <+ SYTy(n) C SYT5(n) <+ Motz(n)

which gives us an injective map from ballot paths into Motzkin paths. We will now investigate

possibilities for this map, and this will lead into our definition of skew Young right-tableaux.

Definition 3.2.1. We define two natural ways to map the set of ballot paths Ballot(n, k)

into the set of Motzkin paths Motz(n + k) by replacing n — k up steps with flat steps.
(1) Replace the last n — k up steps with flat steps.

(2) Replace the last up step to each of the heights 1,2,...,n — k with a flat step.
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Note the similarity with Definitions [1.3.9| and [1.3.12]

Example 3.2.2. Consider the ballot path UDUUUDDUU € Ballot(6,3). This ballot path

corresponds to the Young tableau with word 121112211.

(1) For Definition above, we obtain UDUUFDDFF.

AN AN

This gives us an elegant description of the map from the Motzkin path UDUUFDDFF

to the Young tableau:

113
21617

Ut
oo

9

We can describe this correspondence as

U < box in the first row of a column of size two
D < box in the second row of a column of size two (3.10)

F < box in a column of size one.

(2) For Definition above, we obtain UDFUUDDFF.

/\/\ — A N

This gives us an elegant property in the map between our Motzkin path and Young
tableau. The map preserves factorization. The prime factorization of our Young word

18
121112211 =12-1-1122-1 -1,

which is compatible with the prime factorization of our Motzkin path

UDFUUDDFF =UD -F -UUDD -F -F.
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The prime factorization compatibility in ([2)) is extremely useful, but the simple descrip-
tion of the map we get in (|1)) is also an advantage. If we take the Motzkin path in and
try to apply the map described in Equation (3.10]), we can arrange columns so that it is

increasing along rows and columns, but it is not left justified.

314151819

2

Notice that if we left-justify this configuration, we get the Young tableau. This is an

example of a “right-tableau”

Definition 3.2.3. A skew Young right-tableau (5, L) is a finite set S C P x P together

with a labeling L : S — N such that the following properties hold.
e Standard: L gives a total ordering on the non-skew part S’ := S\ L~1(0)
e Rows nondecreasing: if (i,7), (i, k) € S, j < k, then L(i,j) < L(i, k)
e Columns nondecreasing: if (¢,7), (k,j) € S, i < k, then L(i,j) < L(k, j)
e Justified upwards: for ¢,j € P, if (i + 1,7) € S, then (i,75) € S
e Connected first row: if (1,5 + 1) € S, then (1,5) € S

e “Maximally rightwards”: If (i +1,7), (4,k) € S and k > j, then either (i4+1,k) € S or
L(i+1,5) < L(i, k).

As with skew Young tableau, we call K := L7'(0) the skew part. We say (5, L) has skew
size #K = k, non-skew size #S5 = n, and total size n + k. We consider two skew Young
right-tableau to be equal if the partial order given by their labellings are the same, so we

typically assume that L : S — [n].
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There is a natural correspondence between skew Young tableaux and skew Young right-
tableaux, as in Figure We do not have separate notation for the set of skew Young
right-tableaux, because we generally think of a skew Young right-tableau as an alternative

way to visualize a skew Young tableau.

5|6 11|13|14\ \ 456 11]13]14
213]8]912]15 213 sloli2] |15
1]710]16 1 7 10 16

Figure 3.3: A skew Young tableau and the corresponding skew Young right-tableau

Recall that all Young words factor into a product of prime Young words, as in Figure [3.4]

67 1 214

10 5 10

Figure 3.4: The Young word 1121311233 has prime factorization 1-1213 - 11223

Young right-tableau have a useful relationship with the factorization of Young words.

Lemma 3.2.4. A Young word wy ---w, factors into Young words wy -+ -wp and weyq - wy,
iff in the corresponding Young right-tableau, every label in [¢] occurs in an column to the left

of every label in [¢ 4+ 1,n].

Proof. Inserting one Young right-tableau (with labels [¢ 4+ 1,n]) immediately after the last
column of another Young right-tableau (with labels [(]) results in a Young right-tableau
because we can not move any label in [¢] beneath a larger label in [¢+ 1, n], so it is maximally
rightwards. Thus, a product of two Young words wy - --wy and wyq - - - w, corresponds to a
Young right-tableau with this form. For the other direction, a Young right-tableau of this
form clearly divides into two separate Young right-tableau, each with a Young word, which

gives us the factorization. O
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3.2.2 Motzkin height of Young words

Consider the sequence of suffixes of 1121311223:

0,3,23,223,1223,11223,311223, 1311223, 21311223, 121311223, 1121311223

These are Young words iff they correspond to a place where our word factors into primes. In
this example, (), 11223, 121311223, and 1121311223 are Young words. The suffix 23 is not a
Young word, but the word 123, obtained by prepending a one, is a Young word.

Every Young word suffix is the non-skew part of some skew Young word. In particular,

Definition 3.2.5. Given a Young tableau with word w = wjwsws .. .w,, define the corre-

sponding skew sequence to be the sequence of skew Young tableau with words

0 1 2 n—1 n
HWWas .. . Wy, b WolWs...Wn, WW3...Wp, ..., U Wn, W

where p! is the partition which is the shape of the Young tableau with word wy, ... ,wi.ﬂ

Definition 3.2.6. A skew Young tableau and its corresponding skew Young word, say
vwi .. .,wy,, are called skew-reduced if for every v/ < v, the word v/w; ..., w, is not a skew

Young word.

We will discuss skew-reduced Young tableau in further depth in Section [3.3] For now,

we just need one key observation.

Proposition 3.2.7. For every skew Young word pwy - - - wy, there exists a unique v < p such
that vwy - - - w, 1s skew-reduced. Fquivalently, for every skew Young word suffix wy---wy,,

there exists a unique v such that vwy - - - w, s skew-reduced.

2We use superscript notation for indices to avoid confusion with our notation p = (u1, pa, .. .).
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Proof. This follows from the fact that if pw, - - - w, and vwy - - - w,, are both skew Young words,
then (uAv)w; - - w, is also a skew Young word, where u A v = (min(p, v1), min(pg, va), . . .)
is the meet of u = (p1, ft2,...) and v = (¥4, 112, .. .) in Young’s lattice. To prove this, suppose
(LA V)ws - - wy is not a Young word, so there exists some k > 1 such that (uAv)wy - - w1
is a Young word but (g A v)w; -+ - wy_1wy is not. Then the letters wy and wy_; must occur
the same number of times in (4 Av)w; - - wg_1. But, pw; - - wy and vwy - - - wy, are both skew
Young words, so the letter wy must occur fewer times than wy_; in the words pwy - - - wi_1

and vwy - -+, wg_1, which contradicts the definition of u A v. O

Definition 3.2.8. Given a Young tableau with word w = w; ---w,, define the partitions
V..., U™ to be the unique partitions such that each viw; ;- - w, is skew-reduced. We call

the sequence of skew Young tableau

u0w1w2w3...wn, ulwzwg...wn, u2w3...wn, ceey, VT W, U

the skew-reduced sequence of w. Then Motzkin height of w at i (for 0 <i < n) is the
size of the first row of v¢. See Table [3.1]

1 | skew sequence  skew-reduced Motzkin height
0 | (0)1121311223 (0)1121311223 0
1 (1)121311223  (0)121311223 0
2 (2)21311223 (1)21311223 1
3 (2,1)1311223  (1,1)1311223 1
4 (3,1)311223 (1,1)311223 1
5 (3,1,1)11223 (0)11223 0
6 (4,1,1)1223 (1)1223 1
7 (5,1, )223 (2)223 2
8 (5,2,1)23 (1)23 1
9 (5, 1) (1,1)3 1
10 (5,3,2) (0) 0

Table 3.1: The skew sequence, skew-reduced sequence, and Motzkin heights for 1121311223.

80



CHAPTER 3. SKEW YOUNG TABLEAUX WITH AT MOST THREE ROWS

We will see that the Motzkin height of a Young tableau corresponds to the sequence of
heights of the vertices of some Motzkin path. Moreover, for Young tableau with at most

three rows, this gives us a bijection with Motzkin paths.

3.2.3 Three descriptions of the Motzkin path correspondence

In this section we will describe a simple bijection SYT3(n) — Motz(n) using Young right-
tableau and then show it is equivalent to the Motzkin height from Section [3.2.2] and related

to the Robinson-Schensted correspondence from Section [I.2.3]

Definition 3.2.9. Define p3 on S € SYT5(n) as follows. Given (S, L) € SYT3(n), let (S, L)

denote the corresponding Young right-tableau, and define p3(S, L) := s ... s, where
U if k is a label in the first row of a column of size two or three in (§ , E),
sp = q D if k is a label in the last row of a column of size two or three in (5‘ : E),

F  otherwise, so k is a label in the middle row of a column of odd size in (S, L).

For example, if S has Young word 121311223, then p3 results in UFFDUUDFD, as in

3]56 1[3]5[6 /__\/\_\
aE ABEE
1

Figure 3.5: Young tableau (S, L), Young right-tableau (5’, E), and Motzkin path p3(5)

Figure [3.5

Theorem 3.2.10. The following are alternative definitions of the same bijection SYT3(n) —

Motz(n).

(1) The map ps (recall Definition [3.2.9).
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(2) The map to the lattice path whose heights are given by the Motzkin heights of the Young
tableau (recall Definition[3.2.8).

(8) The map nn~ o RS*™! (recall Definitions|3.2.8 and|1.2.11).

Before we prove this, we will introduce a very useful Lemma.

Lemma 3.2.11. In a skew-reduced Young right-tableau, there are no columns which contain

only skew bozes.

Proof. 1f a column in a skew-reduced Young right-tableau with skew part v contained only
skew boxes, removing that column would result in a skew-reduced Young right-tableau with

a smaller skew part 1/ < v, which is a contradiction. O

Proof of Theorem |3.2.10. First, we will show that p3 agrees with the Motzkin height. Given
(S,L) € SYT(n) with Young word wy - --wy,, and p3(S,L) = s1---s,, the Motzkin height
at i is v}, where (v, V8)wiy1 -+ - wy is skew-reduced. Each of the vi boxes in the first row of
the skew part of the shape corresponding to (%, vi)w;, 1w, must have a non-skew box
beneath them in the skew Young right-tableau. Thus, they must all correspond to up steps
U in p3. Similarly, each of the 4 boxes in the second row of the skew part must have a
non-skew box beneath them, and so must correspond to flat steps F in p3. Thus in the
Motzkin path s; - - - s;, there are exactly v! up steps which are not paired with a down step,
so the height is . For example, in Figure (1,1)3 is skew-reduced and ¥ = 1 corresponds
to the one unpaired up step at position 6 in UFFDUUDF, so the Motzkin height after step
8 is 1.

Now we will show that p3 o RSonn is the identity on Motz(n), which will complete the
proof because RSonn is a bijection. Given Z = s;---s, € Motz(n), we want to show that

p3(RS(nn(Z2))) = Z. There is a decomposition of nn(Z) (as a word in one-line notation)
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into decreasing subsequences, namely by matching pairs UD and then for each UD (left-
to-right), merging with the first available fixed point (F), if it exists. For example, in
Figure [3.5, nn(Z) = 423179586 and the decomposition starts with 41,2, 3, 75,96, 8 and then
merges 41 with 2, cannot merge 75, and merges 96 with 8, to obtain 421, 3,75,986. I claim
that this decomposition is maximal, and that maximality is preserved under prefixes, which
implies by Lemma that the sets of size one, two, and three in this decomposition are
in different columns, corresponding to F, UD, and UF D, exactly as in ps3. In particular,
this decomposition is exactly the columns of our Young right-tableau. In our example,
note that the column labels of the Young right-tableau are given by 421, 3,75,986. To see
this maximality is preserved under prefixes and complete the proof, note that decreasing
subsequences of a prefix must correspond to U, F, UF, or (WLOG) UD and UFD. The
merging algorithm we defined for our decomposition is a left-to-right maximizer for the sizes

of its parts, so preserves maximality under prefixes. n

Note that the bijection p3 sends odd columns to F’s. That is, for (S, L) € SYT;3(n),

# oddcols(S, L) = #F (p3(S, L)). (3.11)

Equivalently, the size of the second row of (S, L) is #U (p3(S, L).
Note also that both ps3 and p;! are compatible with factorization. That is, for Young
words wy € SYT3(ny) and wy € SYT3(ny), we have ps(wiws) = p3(wq)ps(ws). Similarly, for

Motzkin paths w; € Motz(n;) and wy € Motz(nsy), we have p3 ' (wiws) = p3 ' (wi)pst(ws)

83



CHAPTER 3. SKEW YOUNG TABLEAUX WITH AT MOST THREE ROWS

3.3 Skew Young tableaux with at most three rows

3.3.1 Skew-reduced Young tableaux

Recall skew-reduced Young tableaux from Definition [3.2.6]

Definition 3.3.1. For every skew Young word pw; ...w, we call the unique v < p such
that vw; ... w, is skew-reduced (from Proposition [3.2.7)) the skew-irreducible part. The

remainder p — v is called the skew-reducible part. Let

SYT'(\ — )

denote the set of skew-reduced Young tableau of shape A/u and let

SYT" ""(\— p)

denote the set of skew Young tableau of shape A/u with skew-reducible part p — v and
skew-irreducible part v. We will also use the notations SYT" (n), SYT} ~ (N,..., ), etc.

as in Definition

Note that we have
SYTH(A — ) = | SYT"™" (A — p). (3.12)

v<p

Proposition 3.3.2. The skew-reducible part of a skew Young tableau is a partition.

This follows from Lemma [3.2.11] because a skew Young right-tableau has a number of
initial columns which are entirely skew boxes. These are exactly the skew-reducible part and

they form a partition.

Definition 3.3.3. Define the partial order < on partitions by v < p iff the set of column
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sizes of v is a subset of the set of column sizes of p. That is, if v7 = (v7,...,vops) and

T

ph ="

vy ptfopg), then v < piff {vf ... v]} C{pl,...,uy} (as multisets).
Lemma 3.3.4. If u,v are partitions, then v < p iff p — v is a partition.

This also follows from Lemma |3.2.11| as in Proposition |3.3.2
By Proposition and Lemma we know SYT" (A — ) is empty unless v < 1,

so we can modify Equation to obtain

SYT*(A —p) = | SYT"™(A = p). (3.13)

vxp

Definition 3.3.5. There is a simple correspondence between SYTVI’V()\—I/) and SYT (A—v),

defined by removing the skew-reducible part as in the correspondence

(V' + v)wy - wy > vwy e wy,

for the words.

Combined with Equation |3.13] we obtain a correspondence

SYTH(A — ) > | J SYT"(A = p). (3.14)
vxp
In particular, we can enumerate skew Young tableau in terms of skew-reduced Young

tableaux, as

#HSYTHN — i) = D #SYT, (A — p)

v=p

We can compute the Mobius inversion of the lattice of partitions ordered by < to be, for
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= (p, fa,...) and v = (v1,1n,...),

. (=1)#= if 4 — v has distinct column sizes
Méb(p, v) =
otherwise

This gives us the relationship

FEVTL = ) = 3 (-1 " # ST — p)

vp

where the sum is over v such that g — v has distinct columns sizes.

3.3.2 Skew-reduced Young tableaux with at most three rows

Definition 3.3.6. As before, let Motz“(n) denote the set of Motzkin paths which begin
with the Motzkin prefix w, and have n additional steps.

okt

Definition 3.3.7. We will extend the bijection ps, already defined on SYT3(n), to SYT5 " (n)

as follows. Given a skew Young tableau (S,L) € SYTék’i)(n) with skew Young word
w = (k,i)w; . ..wy, note that w’ = (12)"1¥~%w; ... w, is a Young word, say with corresponding

Young tableau (S’, L'). Then define p3(S, L) := p3(S’, L').

Note that the map (k,i)w; - - - w, — (12)11%* 7w, - - - w,, places a certain total order on the

skew boxes, as in Figure [3.6]

Theorem 3.3.8. The extension of ps in Definition [3.3.7] extends ps to a bijection

SYTék’i)(n) 25 Motz(VF)Y k_l(n)

Moreover, the number of odd columns in the total shape of the tableau is equal to the number

of flat steps in the corresponding Motzkin path.
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Before we prove this theorem, we will mention an immediate corollary.

Corollary 3.3.9. There is a bijection

SYT;k’i) (n) — Motz" * (n)

defined by applying p3 and then removing the first i flat steps. Moreover, the number of odd
columns in the total shape of the tableau is equal to i plus the number of flat steps in the

corresponding Motzkin path.

Proof. This follow immediately from Theorem and the fact that inserting/removing

flat steps at specific locations is bijective. O

Notice in particular that Motzuk(n) is independent of 7, so the sets SYTék’i) (n) for dif-

ferent 0 <4 < k are in bijection with each other.

Proof of Theorem[3.3.8, In the Young right-tableau corresponding to (12)"1¥~iw; ... w,, be-
cause (k,7)w; ...w, is skew-reduced, the first i 12 pairs must be in a column of size 3, and
the next k — ¢ letters 1 must be in columns of size greater than 1 by Lemma |3.2.11] Thus p3

takes the initial segment (12)1%% to (UF )?U*~%, O

We can use Lemma [1.4.29| to obtain the following formulas for # SYTék’i)(n):

. Sl
§ a# oddcols (in total shape) __ azmn; )(CL)

SYTS (n)

Setting a = 1 gives us the formulas in Table [3.2]
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) |
SYTé ) (n) | Mps1 —my
SYT?J) (n) | Mps2 — 2myyp
SYT;SJ) (n) | Mpys — 3Mpao + Mmpyq +my,
SYT?’Z) (n) Mp44 — 4mn+3 + 3mn+2 + 2mn+1 — My

Table 3.2: Enumerating SyT " (n) as a linear combination of Motzkin numbers for a = 1.
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9114|115|19|25|26
1117(18120(22|23 |27
10112]13]16(21|24

A skew-reduced Young tableau (S, L) € SYT(5’3)(19) with labels starting at 9

i
113 71819 (14(15[19]25|26
214 11(17]18]20(22(23|27
10121131621 |24
The skew part (5, 3) corresponds to Young word prefix (12)1? as in Definition [3.3.7]
1
315 7]18]19(14]15][19|25|26
416 (11(17]18(20(22|23 27
10(12(13|16 21 24

S| Ot

—_

(\]

The right-tableau (5 , E) and Definition m provides a fast way to find p3(S, L)
i

[
12345678 9101112131415161718192021 222324252627

The Motzkin path p3(S, L)
i

The Motzkin path obtained by removing the first 3 flat steps from p3(.S, L)

Figure 3.6: An example of the map in Theorem and Corollary [3.3.8|
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3.3.3 Skew Young tableaux with at most three rows

We already saw a bijection in Section for the skew-reduced case. The general skew case

follows from that bijection and the fact that

SYT4(n) = | SYTS ™" (n) < | ) SYT,(n),

v=u v=p

where the bijection is defined by simply removing the skew-reducible part.
In the case with at most three rows, we have
SYTék,i)(n) _ U SYTgk_k/7i_i/)’(k,’i,)(n) o U SYT(k/ ,)( )
(K',1") 2 (k) (K',i") =2 (ki)
It is not hard to show that (k’,i") < (k,1) is equivalent to 0 <’ <ijand 0 < k' —i' < k —1,

which gives us

% )
/

SYT®) (n U L syT{ U | SYTS ().

—i  i'=k'—k+1i —i  i/=k'—k+i

Note that in this bijection we are dropping exactly (k — &') — (i — ¢') odd columns.

We can now state our main result, generalizing Theorem |3.0.2

Theorem 3.3.10.

1 (1 — axy) 1
(1-z)(1—ay) (I—max+a’z+a?2?)(1-—my+ay+y?) (1—mz)

E ¢
m Z ZZ Z a#oddcolsjjgﬂ—szyk in

RLnEN i=0 j=0  gyp(td) (k) ()
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Proof. First, note that

(1 — axy)
(1 — maz + a2z + a?22?)(1 — my + ay + y2)

k
- Z Z(pipkfi — Di—1Pk—i—1) azx’y’“ L Z Zpkalxlyk i

keN i=0 keN i=0

by Proposition [1.4.35] Then we can do the skew-reduced case first:

1 —axy 1

(1 — max + a?z + a’2?)(1 —my—l—ay+y2) 1 —mz

:Zzzap mnxzyk in

neN keN =0

k
m .
LY 2 § § a# oddcols (in total shape) xzyk i n

nkeN =0 gyg(ni)
The general case then follows:

1 (1—azy) 1
(1-2z)(1 —ay) (1—mazx+a’r+a?2?)(1—my+ay+y?) (1—mz)

L

|__>§ E /‘ § E : E : #oddcols in total shape)$zyk i n af jxjyf 7

leN j =0 TLkEN =0 SYTék 74)(,,,1/)

k J4
2 E : E E Cl# oddcols (in total shape)x]yf JfE yk ) no0

RLneN =0 j=0 gyt (k) )

(Zvj)v(k7i)(

As in the reduced case, we can obtain explicit formulas for SYT; n), and hence

SYT (n).
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Theorem 3.3.11. For nonnegative integers n, k, k', 0, ¢,

k
§ : CL# oddcols — E
k

k'=k—i

it (k=)
Yooat ) mia)
{=i—(k—Fk’)

it (k—k')

Z a’ Zpk’ mn+] a)
l=i—(k—Fk')

See Table [3.3| for examples with a = 1.

Proof.

a# oddcols —

>

a# oddcols

> 2.

SYTgk,i)(n) =k —k+i SYTg’“*’“""’*”’(’“"“)(n)
k i
I (it
_ § § : a(k kY —(i—1i") E : a#oddcols
K=k—i i'=k—k+i (kY !
vt + SYTY ) (n)
k i
’ AN
_ § : § : a(k k' —(i— z)az § : a#oddcols
k'=k—i i'=k'—k+i SYT(k/)( )
k 7
N ./ k,/ 1
_ Z Z ghK 2 .m;_;)(a)
k'=k—i \i'=k'—k+1
k i+(k—k")
_ ¢ (k'+1)
= >, a nk (@)
K=k—i \ t=i—(k—k')
k i+(k—k")
- a pk’ mn+] )
K=k—i \ t=i—(k—k')
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SYTéO’O) (n) My

SYTS " (n) = SYTS "V (n) | mapps

SYT " (n) = SYTY"? (n) | myss — mpss

SYTE%Q’I)(”) M2 — My,

SYT:(;)”O) (n) = SYT§3’3) (n) | Mpys — 2Mpyo +my,
SYT:(;”I)(n) = SYT&3’2) (n) | Mpgs — Mpgo — Mgy

SYT§4’O) (n) = SYT§4’4) (n) | Mpyq — 3Mpis + Mpro + 2my0
SYT§4’1)(n) = SYTé4’3) (n) | Mpya — 2Mpy3 — Mygo + 2mp g
SYT§4’2) (n) Mypya — 2My i3

Table 3.3: Enumerating SYT®* ) (n) as a linear combination of Motzkin numbers m,, = m,, (1)
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