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Abstract

Operators on k-tableaux and the k-Littlewood—Richardson rule for a special case
by
Sarah Elizabeth Iveson
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Mark Haiman, Chair

This thesis proves a special case of the k-Littlewood—Richardson rule, which is analogous
to the classical Littlewood—Richardson rule but is used in the case for k-Schur functions.
The classical Littlewood-Richardson rule gives a combinatorial formula for the coefficients
cﬁy appearing in the expression s,s, = ), cfws a for two Schur functions multiplied together.
k-Schur functions are another class of symmetric functions which were introduced by La-
pointe, Lascoux, and Morse and are indexed by and related to k-bounded partitions. We
investigate what occurs when multiplying two k-Schur functions with some restrictions. More
specifically, we investigate what happens when a k-Schur function is multiplied by a k-Schur
function corresponding to a partition of length two. In this restricted case we are able to pro-
vide a combinatorial description of the k-Littlewood—Richardson coefficients that appear in
the expansion of the product as a sum of k-Schur functions. These k-Littlewood—Richardson
coefficients can be computed in terms of the number of k-tableaux with a certain property
we call k-lattice. Furthermore, we conjecture that the result holds for any k-Schur functions,
even when no restrictions are imposed. The proofs presented rely on a class of operators on
k-tableaux which we introduce that are similar to the crystal operators on classical tableaux,
but we provide a specific example that implies they are not actually crystal operators on
k-tableaux. In addition to this, we also provide numerous examples and dedicate a chapter

to examples of computation for some k-Littlewood—Richardson coefficients.
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Chapter 1

Introduction

1.1 Introduction

k-Schur functions were introduced by Lapointe, Lascoux, and Morse in [3], first de-
veloped to assist in studying Macdonald polynomials. These symmetric functions are be-
lieved to play the same fundamental combinatorial role in the symmetric function subspace
A¥ = Z[hy, ... hy] as Schur functions play in A, the space of all symmetric functions. In
particular, they are believed to satisfy a k-Pieri rule, and a k-Littlewood—Richardson rule,
both of which would be analogous to the case of classical Schur functions. There are approx-
imately six definitions of k-Schur functions, all of which are conjectured to be equivalent.
For some of the definitions, the k-Pieri rule and k-Littlewood—Richardson rule are clear or
have been proven, and for others they are conjectured to hold.

In this thesis, we investigate some properties of the k-Schur functions from a combinato-
rial viewpoint. In particular, we derive a formula for some special cases of the k-Littlewood—
Richardson coefficients, ¢\* which appear in the expansion when we multiply two k-Schur

N2
functions.
sl(f)sl(,k) = Z cﬁ;ksg\k) (1.1)
A

Lam proved in [2] that the coefficients cﬁf appearing in the above expression are all non-
negative integers, using a geometric strategy. In this paper we investigate the possibility of
a combinatorial interpretation of the coefficients being positive. More specifically, we try
to find a set of combinatorial objects which can be used to count the coefficients, and in
a special case we are able to get such a description which is presented in the theorem be-
low. In addition, we also conjecture in Chapter 4 that the combinatorial description of the
k-Littlewood—Richardson coefficients, presented in the theorem below, holds in general for
any k-Schur functions.

Theorem 1.1. Let u be a k-bounded partition with length 2, meaning 1 = (a,b), and let
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A be any k-bounded partition. Then the k-Littlewood—Richardson coefficient c & appearing

in the expansion
-
;}
is equal to the number of k-tableaux of shape ¢())/¢(v) with k-weight p that are k-lattice.

In Chapter 5 we are also able to define a recursive formula for the k-Littlewood—Richardson
coefficients which could potentially prove useful in some cases. More specifically, we prove
the following proposition.

Proposition 1.2. Let A\, x4, and v be k-bounded partitions. Then we have the following
formula for the k-Littlewood-Richardson coefficient cﬁ;,k:

C;u/ - )\/1//1, Z T/L 7'1/ (12)

TD> W

where K / .. 18 the number of skew k-tableaux of shape ¢(A)/¢(v) and k-weight i, and Kyf)
is the number of k-tableaux of shape 7 and k-weight p.

This proposition then allows us to conclude the same result as in Chapter 4 where we
give a combinatorial description of the k-Littlewood—Richardson coefficients.

1.2 Where k-Schur functions came from

As stated previously, k-Schur functions arose from a study of Macdonald polynomials.
Macdonald polynomials can be decomposed as a sum of Schur functions as

X5 q.1] ZKM q,t)s\[X] (1.3)

where H,[X; g, ] is a Macdonald polynomial, obtained from a modification of the Macdonald
integral form J,[X; q,t], so H,[X;q,t] = J,[X/(1 —1);¢,t] and the coefficients K},(q,t) are
the ¢, t-Kostka polynomials.

Lapointe, Lascoux, and Morse in [3] developed a family of symmetric functions denoted
by A} (k) [X;t], <, Which are called atoms, and are indexed by k-bounded partitions A. These
are beheved to form a basis of the space spanned by Macdonald polynomials H,[X; ¢, t] which
are indexed by k-bounded partitions p. This then gives a refinement of the decomposition
given in Equation (1.3), in particular we have the following:

H(X;q.t]= Y K®(qt)AP[X;1]

k—bounded v
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APX 1] = ma(t)sa]X]

where the coefficients are believed to satisfy some positivity properties. It was proven in
8] and [6] that K} (¢, t) € N|g,t] and m,(t) € N[t] for k = 2, and it is believed that this is
true for all k.

In the original definition of k-Schur functions given in [3], the k-Schur functions are just
defined to be the restriction of the atoms to the case t = 1, meaning the k-Schur function s,
is defined as

sx[X] = AP X 1)

for A being a k-bounded partition. This definition of k-Schur functions was very combinato-
rial in nature, and was useful for computing many examples of atoms and k-Schur functions,
but was not as good for proving properties of the k-Schur functions.

The definition of k-Schur functions that we will be using was developed by Lapointe and
Morse in [7]. The idea behind this definition is that the k-Kostka numbers, K /(\’;), which we
will define more precisely in Chapter 2, satisfy a triangularity property. In particular, for
k-bounded A and p, K fg\) = 0 unless p > A, and K y;) = 1. Therefore, the inverse of the

matrix || K gf\)H exists, and is denoted by [|K®)||. Then the k-Schur functions can be defined

as Sf\k) =5 uox I y;)hw where A and p are of course k-bounded partitions.
This definition from [7] was shown by Lapointe and Morse in [4] to satisfy a k-Pieri rule

which is analogous to the classical Pieri rule for Schur functions. This k-Pieri rule will be

fundamental in our proofs of the k-Littlewood—Richardson rule for some special cases.

1.3 Strategies used to prove the
k-Littlewood—Richardson rule

As stated previously, the proofs in this thesis rely heavily on the k-Pieri rule. Thus it
should be made clear that the results presented in this thesis apply only to definitions of
k-Schur functions that have been proven to satisfy the k-Pieri rule, in particular for the
definition of k-Schur functions presented by Lapointe and Morse in [7]. If, as conjectured,
the proposed definitions of k-Schur functions are equivalent, then the results presented apply
to all of them.

We use two approaches to prove our results about the k-Littlewood—Richardson rule.
The first proof, presented in Chapter 4, works for a slightly more restricted case than the
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second proof which is given in Chapter 5. Both of these proofs rely on some operators on
k-tableaux that are defined in Chapter 3.

The three operators defined in Chapter 3 are used throughout this thesis. The notation
for and description of these operators is very similar to that of the usual crystal operators
on classical Schur functions, but the operators we use are not in fact crystal operators on
k-tableaux. We elaborate more on this in Chapter 7 giving an example that leads us to con-
clude that there are in fact no crystal operators for k-tableaux, meaning that our operators
defined in Chapter 3 are not crystal operators. Nonetheless, they are useful for proving the
theorems in this thesis. The operators act on the set of k-tableau by changing the k-weight
of a given tableau. We also describe the property for a k-tableau to be k-lattice, which is
used for the combinatorial description of the k-Littlewood—Richardson coefficients.

In Chapter 4, to prove our results about the k-Littlewood—Richardson rule we use a
strategy based on a proof of the classical Littlewood-Richardson rule given by Remmel and
Shimozono in [11]. For our proof using k-Schur functions though, we require that the pu
appearing in Equation (1.1) has hook length at most k, meaning sgk) = s, so the k-Schur
function is actually just a Schur function. Additionally, we require that © = (a,b). We
provide an explanation for why this was necessary for our proof at the end of Chapter 4.
We then can use the determinantal expansion for s, to express it in terms of homogeneous
symmetric functions, h,. This then allows us to use the k-Pieri rule on the product sg\k)s#.
We then will have an expression for the k-Littlewood—Richardson coefficients CK: as a sum
of the number of k-tableaux with certain weight and shapes, some counted as positive and
some counted as negative. A bijection using the operators on k-tableaux defined in Chapter

3 then gives the desired result for the case of u = (1, p2).

The second strategy we use for the proof of the k-Littlewood—Richardson rule is given in
Chapter 5. We give a somewhat more direct proof after first proving a recursive formula for
k-Littlewood—-Richardson coefficients that works for any p. The proof of the k-Littlewood—
Richardson rule does not require the restriction on the hook length of u, but it still does
require that p have length at most 2, that is u = (a,b). We get a result for a formula of the
k-Littlewood—Richardson coefficients in terms of other k-Littlewood—Richardson coefficients
and some k-Kostka numbers, which holds for any p. Then for the case of = (a,b), we can
refine the result to give a combinatorial formula for k-Littlewood—-Richardson coefficients in
terms of certain skew k-tableaux that have a property we call “k-lattice” which is analogous
to the property of being lattice for semistandard Young tableaux. This proof in Chapter 5
relies on the expansion of hy in terms of k-Schur functions, and the k-Pieri rule. Chapter
6 provides some examples for how the k-Littlewood—Richardson coefficients can actually be
computed using the results presented.



Chapter 2

Background

2.1 Partitions, tableaux, k£ + 1-cores

In this chapter we review basic combinatorial definitions and then some properties of
k + 1-cores, k-tableaux and k-tableaux, much of which can be found in [4] and [7]. But be-
fore we can begin working with k-tableaux and k-Schur functions, we will review some basic
combinatorial concepts which are the basis for the definitions and concepts presented later
in this section.

Before we can review the definition of k-tableaux, we first recall some basic properties
of partitions and the definition and properties of k£ + 1-cores, in particular, we review the
bijection between k + 1-cores and k-bounded partitions, which will be used later on.

A partition is a weakly decreasing sequence of positive integers A = (Ay,..., Ap). A com-
position @ = (aq, ..., q,) is a sequence of nonnegative integers, not necessarily decreasing.
The length of the partition, [(\), is the number of parts of the partition, which would be m
for A = (A1,..., \n). For a partition of length m, |A| is defined as A\;+...+ N, and if |A\| =n
we say that A is a partition of n. Every partition can be visualized by a Ferrers diagram
which is a collection of boxes that are right and bottom aligned, with \; boxes in the i*" row.
In this thesis we will be using the convention that the rows go from bottom-to-top. The box
(i,7) in a Ferrers diagram denotes the box in the i*® row (counted from bottom-to-top) and
7™ column (counted from left-to-right). Given a partition A, the conjugate of )\ is obtained
by reflecting the Ferrers diagram for A over the line y = x. So the number of boxes in the
it" row of the conjugate is the number of boxes in the i*" column of A (where columns are
ordered from left-to-right). The conjugate partition is denoted \'.

Example 2.1. Let A = (3,3,1,1). Then the Ferrers diagram for this partition, seen in
Figure 2.1, has 3 boxes in the first (bottom) row, 3 boxes in the second row, and 1 box
each in the third and fourth (top) rows. With the same A = (3,3, 1, 1), if we reflect the Fer-
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rers diagram across the diagonal, we will get a Ferrers diagram with 4 boxes in the bottom
row, then 2 boxes in the second and third rows. This diagram corresponds to the partition
N = (4,2,2) which can also be seen in Figure 2.1.

[

A=(3,3,1,1) N = (4,2,2)

Figure 2.1: Ferrers diagrams for A = (3,3, 1,1) and its conjugate, N = (4,2, 2).

We say that A = (A1, ..., \y) is a k-bounded partition if Ay < k. The set of all k£ bounded
partitions is denoted P*, so A € P* means ) is a k-bounded partition. A composition
a=(ay,...,qpy) is k-bounded if o; < k for all 4.

In the previous examples, A = (3,3,1,1) is a 3-bounded partition, since every part has
length at most 3, but A’ = (4,2,2) is not a 3-bounded partition, since the first part of X is
4, which is greater than 3.

For two partitions p and A, we say that u C X if pu; < \; for all 7. For partitions p C A,
we can obtain a skew diagram A/p which is the collection of boxes in the diagram of A which
are not in the diagram of u. For example, consider the partitions (2,1) C (3,2,2,1). The
skew diagram corresponding to (3,2,2,1)/(2,1) can be seen in Figure 2.2.

]

Figure 2.2: The skew diagram corresponding to (3,2,2,1)/(2,1).

There is a partial ordering on partitions of n, called the dominance order. With this
partial ordering, if A and p are two partitions of n (meaning || = |u| = n) we say that A> pu
it A\ +...+ XN > pp+...+p; for all 7. In this thesis, if we use the notation A >y this means
that A is strictly larger than p with respect to the dominance order.
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For an example of dominance order, let A = (3,2,2,1), then under the dominance order,
(4,4)> A, and (3,3,1,1)> A, but = (3,1,1,1,1,1) is not larger than A with respect to the
dominance order, since the sum of the first two terms of p is 3 + 1 which is less than the
sum of the first two terms of A\, 3 + 2.

For any box in a Ferrers diagram, the hook length of that box is the number of boxes
above it plus the number of boxes to the right of it, including the box itself. To see an
example of this, in Figure 2.3, for the box (2,1), which is indicated with a dot, the hook
length is 4 since there are two boxes above it, one to the right of it, and the box itself.

[

Figure 2.3: The hook length for the box (2,1) in the diagram of A = (4,2,2,1) is 4.

When we refer to the hook length of a partition, this is the hook length of the box (1,1)
(the bottom-left corner box) in the diagram. So for the partition A = (4,2,2,1), we would
say the hook length of the partition, h(\) is 7. Note that for any partition, the hook length
is h(A) = A\ +I(A) — 1, that is, the number of boxes in the bottom row plus the number of
rows, minus one.

Given a Ferrers diagram corresponding to a partition A, fill the diagram with the num-
bers 1,2, ..., according to the rule that numbers are strictly increasing going up columns
and weakly increasing from left to right in the rows. We call this filled in diagram a semas-
tandard Young tableau (in this thesis we will often just use the word tableau) of shape . If
there are «; boxes filled with the number 7 for all 7, then we say that the tableau has weight
a = (aq,as,...) where a is a composition.

w

1]1[3]

Figure 2.4: An example of a tableau of shape (4,2, 1) with weight (3,1,2,1).

A k 4 1-core is a partition that has no hooks of length & + 1. Given a k + 1-core, the
k + 1-residue of the square (i,7) is j — i mod k + 1. In Figure 2.5 we see an example of a
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k + 1-core with the k + 1 residues for each square labeled.

OCO[\:J»—t‘
—_

[ [ ]

Figure 2.5: The 4-core (6, 3,2, 1) first showing all of the boxes with hook length greater than
4 are labeled with a dot (all other boxes have hook length less than 4), and then showing
the 4-residue of each box.

1[2]3]o0]1]

There is a bijection between k-bounded partitions and k + 1-cores, which was given by
Morse and Lascoux in [7]. We give a quick explanation of the bijection here, as it will be
necessary to use for proofs presented later.

Given a k-bounded partition A, first place the top row in the Ferrers diagram for A, then
take the next row down and slide it to the right as much as necessary so that there are no
k41 hooks in the diagram, but do not slide it any further than necessary. Then do the same
thing with the next row down and so on. After placing the bottom row the same way, we will
have the unique skew diagram of shape 7/v that contains \; boxes in row 7, and has no k+ 1
hooks, but for all the boxes of 7 that are in v, the hook length is greater than £+ 1. Then 7
is the k + 1-core associated to A. For this bijection, we let A be a k-bounded partition, and
¢(\) be the k 4 1-core associated to it. For the other direction of the bijection it is easy to
see we take a k + 1-core 7, then remove all of the boxes with hook length greater than k + 1,
then slide all of the rows in that skew diagram to the left to get a diagram ¢! (7) which will
be the diagram for a k-bounded partition. This bijection is illustrated in the Figure 2.6.

| [ |

A= (3,2,2,1) A3 =(6,3,2,1)/(3,1) ¢\ = (6,3,2,1)

Figure 2.6: An example of the bijection between k-bounded partitions and k£ + 1-cores for
k=3 (k+1=4).

Note that for any k-bounded partition A, ¢(A) will be the k + 1-core which corresponds
to A under the bijection described above. We will use this notation throughout this thesis.
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For a k-bounded partition A, the k-conjugate of X\ is denoted A“* and is defined as
Ak = ¢ 1(¢(\)). So with the partition A = (3,2,2,1) and k = 3 from Figure 2.6,
¢c(\) = (6,3,2,1), then the normal conjugate diagram of ¢()) is ¢(\) = (4,3,2,1,1,1),
and the k-conjugate of X is A = ¢~ !(c(N\)) = (2,2,1,1,1,1).

2.2 Symmetric functions and Schur functions

Let A denote the ring of symmetric functions over Q. The elements of this ring are formal

power series
flz) = Z Cox®
[0

where o ranges over all compositions o = (aq, g, ...) of n, cq € Q, and f(Zw), Tw(2),---) =
f(z1,x9,...) for every permutation w of the positive integers. There are many bases of A,
but the bases that we will be most concerned with are the complete homogeneous symmetric
functions and Schur functions.

Let r be a positive integer, then we can define the symmetric function h, as
hr == Z Ly * 0 Tj,-
11 < iy
For any partition A = (Aq, ..., \,), the complete homogeneous symmetric function hy can
be defined in terms of all of the hy,
hy=hxhy, - .

Note that for any positive integer n, we can take the subring of A consisting of symmetric
functions on the variables x1,xs,...,x,. This subring will be denoted A,,, and consists of
symmetric functions on the variables x1, s, ..., x,.

Consider the symmetric functions on 3 variables, Az. Then hy = 22 + 2129 + 2123 + 73 +
ToXs + x%, and hy = x1 + 2 + 3. Then we can see that

h1) = hohi = 25 + a3 + 23 + 2(xTx2 + Tiws + 2175 + 1125 + 13T + Tox3) + 3T1ToT3.

Another basis for symmetric functions are the monomial symmetric functions. Let A =
(A1, Ag,...) be a partition. Then we can define the monomial symmetric function my by

mAzg ¢
«

where o = (a1, ag, . ..) ranges over all distinct permutations of the entries in A, and z® =
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The Schur functions also are a basis for the ring of symmetric functions, and they are
indexed by partitions A, and we denote them by s). The Schur functions have many nice
properties, some of which generalize nicely to the case of k-Schur functions.

Let A be a partition of n and a be a composition of n, and let K,, be the number of
semistandard Young tableaux of shape A with weight a. K, is called a Kostka number. The
Kostka numbers also satisfy a triangularity property. Specifically, if © and A\ are partitions,
then K, = 0 unless ;> X\ (the dominance order), and K, = 1 whenever u = . We will
soon introduce the k-Kostka numbers, which satisfy a similar triangularity property. The
Kostka numbers give many nice relationships between the different bases of symmetric func-
tions. In particular, they satisfy the relationship s) = ZM Ky,m,. In addition, they also
appear as the coefficients in the expansion of a homogeneous symmetric function in terms of
Schur functions, hy = > i K).5x. There is a formula for Schur functions which is analogous
to this, which is a consequence of the definition that we use for k-Schur functions.

The Schur functions also have another nice property, the Pieri rule for Schur functions,
which gives a combinatorial description of how to multiply a complete homogeneous sym-
metric function by a Schur function, and express the product in terms of Schur functions.

Let r be a positive integer, and let v be a partition. Then the Pieri rule states that
hes, = > ) Sx, Where A runs over all partitions that can be obtained from v by adding a
horizontal strip with r elements. When we say that A is obtained by adding a horizontal
strip with r elements to v, we mean that we can add r boxes to the Ferrers diagram for v,
which are all in different columns (so no two boxes that we add are in the same column),
and the resulting Ferrers diagram corresponds to the partition A.

Let p and v be partitions. Then using the Pieri rule we can get a formula for mul-
tiplying a Schur function by a homogeneous symmetric function. This rule states that
hus, =\ Ky u5x where Ky, .5, is called a skew Kostka number, and is the given by the
number of semistandard Young tableaux of shape A\/v and weight p.

Example 2.2. Let p = (2,1) and v = (4,2). To compute h,s,, we can use the formula
above, 50 h1)S,2) = D\ Kxja,2),2,1)5x Where Ky /2,21y is the number of skew tableaux
of shape A\/(4,2) and weight (2,1). For A = (5,3, 1), there are three skew tableaux of shape
(5,3,1)/(4,2) with weight (2,1) seen in Figure 2.7. This means that K(531)/(42),2,1) = 3 is
the coefficient of s(53 1) in the expansion of A 1)5(4,2) in terms of Schur functions.

Lastly, the Littlewood—Richardson rule for Schur functions is an important rule which we
attempt to generalize to k-Schur functions, and successfully do in some special cases. For
classical Schur functions, this rule gives a combinatorial description of how to multiply two
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T1: 1 TQZ 2 T3: 1
2] [1] [1]

Figure 2.7: Skew tableaux of shape (5,3,1)/(4,2) with weight (2,1). Note that the empty
boxes are not really in the skew diagram, but we leave them in the diagrams for clarity on
the shape of the skew tableaux. This means K5 31)/(4,2),2,1) = 3

Schur functions, and express their product in terms of other Schur functions.

Let o and v be partitions. Then s,s, = >, cl’\ws,\, where the cfw are known as the
Littlewood—Richardson coefficients, and they are equal to the number of skew tableaux of
shape A/v with content u that are lattice. Recall that a tableau T is lattice if when we take
the reverse reading word w = wyws - - - w,, of a tableau by reading from right to left across
rows starting with the bottom row and then moving up, then for j = 1,...,n, the subword
wiws ... w; contains at least as many i’s as i + 1's for all i = 1,...,n — 1 (where T is filled
with the numbers 1, ... n). For example, the skew tableaux in Figure 2.8 has reverse reading
word w = 111232432, and is not lattice.

2134
213

Figure 2.8: Skew tableau of shape (7,4,3,3)/(4,3,1) with weight (3,3,2,1) and reverse
reading word w = 111232432. Note that this skew tableau is lattice.

Example 2.3. Using the Littlewood—Richardson rule, if we want to compute the expansion
for s(2,1)5(4,2) in terms of Schur functions, we can do so for each A by finding all of the skew
tableau of shape A/(4,2) with weight (2,1) that are lattice, and this number will be the
Littlewood—Richardson coefficient 6?2’1) (4.2) appearing in the expansion

5(2,1)8(4,2) = Z 0?2,1>(4,2>5A-
A

Of the three skew tableaux of shape (5,3,1)/(4,2) and weight (2,1) seen in Figure 2.7 only
Ty and T3 are lattice. The reverse reading word of 77 is 211 which is not lattice since there
are initially more 2’s than there are 1’s. But for 121 and 112, the reverse reading words of T3
and Tj, respectively, at any point in the word there are at least as many 1’s previous to that
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point as there are 2’s, so they are lattice. Thus cg‘z’)l(im = 2. A similar computation for the

other Littlewood-Richardson coefficients (which are the coefficients in the above equation)
gives the expansion

5(2,1)5(4,2) = S(6,3) T5(6,2,1) T 5(5,4) +28(53,1) T 5(5,2,2) T5(5,2,1) T S(4,4,1) +54,3,2) T54,3,1,1) +54,2,2,1)-

2.3 k-tableaux and k-Schur functions

All of the definitions presented in this section can be found explained in further detail in
3], [7], and [4]. We begin by reviewing the definition of k-tableaux presented by Lapointe
and Morse [7] and presenting some examples, and then discussing the definition for k-Schur
functions introduced by Lapointe and Morse [4] that is used throughout this thesis.

Definition 2.4 (Lapointe, Morse [7]). Let v be a k + 1-core, let m be the number of k-
bounded hooks in 7, and let & = (a, ..., a,) be a composition of m. Then a k-tableau with
shape v and k-weight « is a filling of v with the numbers 1,2, ..., 7, in which rows are weakly
increasing and columns are strictly increasing and there are exactly «; distinct residues for
the cells occupied by the letter .

35(35
25120144
1o|11]22]23]20]44]

Figure 2.9: An example of a k-tableau T for k = 4. The k-weight of T is (2,3,2,1). Note
that the subscripts on the entries in the tableau correspond to the residues of the boxes.

The operators we introduce in Chapter 3 which act on skew k-tableau are used to prove
the k-Littlewood-Richardson rule in Chapters 4 and 5. This definition of k-tableau is ex-
tended by Lapointe and Morse to skew k-tableau as follows.

Definition 2.5 (Lapointe, Morse [4]). Let § C v be k + 1-cores, with m; k-bounded hooks
in  and my k-bounded hooks in v. Let o = (ay,...,a;,) be a composition of my — m;.
Then a skew k-tableau with shape /0 and k-weight « is a filling of a v/§ with the numbers
1,2,...,r in which rows are weakly increasing and columns are strictly increasing and there
are exactly «; distinct residues for the cells occupied by the letter i.
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Lapointe and Morse [7| proved a number of facts about k-tableaux. In particular they
proved that there is a characterization equivalent to the definition of k-tableaux which will
allow us to construct k-tableaux more easily. We present their result below in Theorem 2.6.

Theorem 2.6 (Lapointe, Morse [7]). Let T' be a semistandard tableaux filled with the
numbers 1,...,n whose shape is a k 4+ 1-core. Furthermore, for i = 1,...,n, let S; be the
part of T' containing entries 1,...,¢. Then T is a k-tableaux if and only if each S; can be
constructed from S;_; by adding a sequence of boxes containing i to S;_; according to the
rule that whenever we add a box of residue r, we add every box of residue r that still gives
a diagram whose shape is a partition.

To construct a k-tableaux, one way is of course to start with a k-+ 1-core and fill all of the
boxes according to the rules. But sometimes we will only know that we want a k-tableaux
with a given k-weight u = (1, ..., ftm). By Theorem 2.6, we can construct a k-tableau by
first adding boxes labeling them with the number 1 and keeping track of k + 1 residues.
Whenever we add a box with a given residue though, we must add every possible box of the
same residue while still having a shape that is a Ferrers diagram. Add enough boxes so there
are exactly m; residues for the boxes occupied by the number 1. Next, continue by adding
boxes containing 2’s and keeping track of k£ + 1 residues, and again whenever we add a box
with a given residue, we must add every box of the same residue that still gives us a Ferrers
diagram. Continue until there are ms residues for all the boxes occupied by the number 2.
Continue this process and we will eventually have a k tableaux of k-weight p. This process
works to construct both k-tableaux or skew k-tableaux, except for the skew case we first
start drawing boxes outside of the shape ¢(v).

Example 2.7. Suppose we want to construct a k-tableaux of k-weight = (2,2,1) for k = 3.
We begin by adding boxes containing 1’s. There is only one way to do this so we get the
following diagram

3.0
(Lo [T s

Notice that outside the boxes containing 1’s we write the residue of the corresponding
cells. Now, to add two residues containing 2’s, we have some choices. We will place the first
one in the cell of residue 2, and then if we place a 2 in the cell of residue 3, we must place a
2 in both of the cells with residue 3.

2
23| o
Lo |1, ]2, 23]

To add one residue containing a 3, we have the option of placing the 3 in the cell of
residue 2, or else in both of the cells of residue 0 (again, we have to add numbers in every
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cell of a given residue that will still give us a Ferrers diagram as the shape). If we choose
to place the 3 in the cell of residue 0, our final k-tableau is the following k-tableau of shape
¢(3,2) = (5,2) (the k-bounded partition is (3,2) which corresponds to the k + 1-core (5, 2)
for k=3 and k+ 1 =4).

23 | 3o
Lo |15 ] 25 [ 23] 3]

In addition to the characterization provided in Theorem 2.6, Lapointe and Morse [7] also
showed there is another characterization for k-tableaux, which is presented in the following
theorem.

Theorem 2.8 (Lapointe, Morse [7]). Let T' be a semistandard tableaux filled with the
numbers 1,...,n whose shape is a k + 1-core. Furthermore, for i = 1,...,n, let S; be the
part of T' containing entries 1,...,%, and let P; be the partition corresponding to the shape
of S;. Then T is a k-tableaux if and only if the shape of P;/P;_; is a horizontal strip and
the shape of P**/P/™% is a vertical strip for each i. Recall that P;’* denotes the k-conjugate
as defined in Chapter 2.

The characterization of k-tableaux provided in Theorems 2.6 and 2.8 are used frequently
throughout the remainder of this thesis. Note that if 7" is a k-tableau, then the the S; as
defined in Theorems 2.6 and 2.8 are k-tableaux.

As mentioned previously, there are a number of definitions for k-Schur functions, all of
which are conjectured to be equivalent. For this thesis we will be using the definition given
by Lapointe and Morse [7]. All of definitions and facts presented below can be found ex-
plained in greater detail in [7] and [4].

Recall that the Kostka number K, is equal to the number of tableaux of shape p with
weight «. This was generalized to k-tableaux by Lapointe and Morse [7], so the k-Kostka
number K ,(j;) is the number of k-tableaux of shape ¢(u) (the k + 1-core corresponding to )
and k-weight a. Lapointe and Morse [4] proved the following property of k-Kostka numbers

which we present as a theorem. This property is used implicitly in this thesis.

Theorem 2.9 (Lapointe, Morse [4]). Let A and u be two k-bounded partitions with || = |A|.
Then if « is any composition obtained by rearranging the parts of i, then

k k
K)(\a) = K)(\,u,)

It was shown in [7] that the k-Kostka numbers satisfy a triangularity property similar to
that of the Kostka numbers, in particular, for © and A partitions, K /(jf\) = 0 whenever p I )\,

and K ;(L’Z) = 1. Because of this triangularity property, the inverse of the matrix ||K;(j§\)|| ApEPE
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exists and we denote it by || K (k) ||~ = ||f(k) ||. The k-Schur functions were defined in terms
of this inverted system as
Kk (k)
Sg\ )= Z K BA hy.

PN

where A is a k-bounded partition and the sum runs over all k-bounded x> A. Note that the
k-Schur functions are also symmetric functions. Additionally, if A € P* and h(\) < k, then
sf\k) = s), meaning if a partition has hook length at most &, then its corresponding k-Schur

function is actually just a classical Schur function [4]. In addition, this definition of k-Schur

functions implies that
ha=> KQsl.
o

Example 2.10. For k =4, A = (2,2, 1,1) is a k-bounded partition, and the k-Schur function

88?27171) can be expanded in terms of Schur functions,

4
852?2,1,1) = 8(272’171) + 8(3’271)'

For k =4, A = (4,2) is also a k-bounded partition, and the k-Schur function 58?2) can also
be expanded in terms of Schur functions,

sEiL) = S(42) T 8,1 T )

For k =4 X = (3,1) is k-bounded partition and also has hook length 4, so h(\) < k meaning
the k-Schur function is equal to a Schur function,

4) _
S(3,1) — SB.1)-

As a side note, generally wherever we are using k-tableaux or k-Schur functions, we are
assuming k is fixed, and all of our partitions will be k-bounded unless otherwise noted.

This definition of k-Schur functions implies that the set of all k-Schur functions {Sg\k)} A <k
forms a basis of A¥ = Z[hy, ..., h.], the space of all k-bounded symmetric functions, which
is a subspace of A. Lapointe and Morse proved [4] that this definition implies a k-Pieri rule
for multiplying a k-Schur function by h; where [ < k, which we present below.

Theorem 2.11 (Lapointe, Morse [4]). For v € P* and | < k,

hys®) = Z sl(f)

k
NEH5,1>

where Hﬁi) = {u € P¥|u/v is a horizontal [ strip and p®* /v** is a vertical [ strip}.
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The skew k-Kostka number K i’;l“ is the number of skew k-tableaux of shape ¢(\)/¢(v)
with k-weight p. Lapointe and Morse [4] go further to prove the following corollary of the
previous theorem (the k-Pieri rule), which gives a combinatorial description for the coeffi-
cients of the k-Schur functions which appear when multiplying a homogeneous symmetric
function hy by a k-Schur function.

Corollary 2.12 (Lapointe, Morse [4]). For any k-bounded partitions v and p,

Z K)\/V,uSAk

AePk
where K; /) is the number of skew k-tableaux of shape ¢(\)/c(v) with k-weight pu.

Example 2.13. h(g 1 4)2) = 323)4 py +2s Ei)g o) T ng?37171) + 3832,271). In this example, the coef-

ficient in front of s( 4’3’2) is K ((2)3 2)/(4.2).(2,1) which is the number of skew 4-tableaux of shape
¢(4,3,2)/¢(4,2) = (7,3,2)/(6,2) with 4-weight (2,1). These 2 skew 4-tableaux are shown
below. (Note that the boxes left empty are not really in the skew diagram, but they are
included in the figure to clarify the shape of the skew diagram).

13 14 13 24
21 11
IEA [ [ [4]

Lam proved in [2], using a geometric strategy, that when two k-Schur functions s,gk) and

s&) are multiplied, the k-Littlewood—Richardson coefficients c & appearing in the expansion

E CMV 8)\

AePk

are all nonnegative integers. It would also be nice to also obtain a combinatorial description
for them which generalizes the combinatorial description of classical Littlewood Richardson
coefficients. In Chapters 4 and 5 we give a combinatorial description of c k for specific
partitions u, which does in fact generalize the classical Littlewood— Rlchardson rule, and at
the end of Chapter 4 we conjecture that the combinatorial description does in fact hold even
when no restrictions are imposed on p.

2.4 Properties of entries in k-tableaux

In this section we present the concepts of entries of k-tableaux being married, divorced,
and single. These concepts are of great importance for the operators we define in Chapter
3. The terminology and concepts were all developed by Lapointe and Morse in [4].
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Remark 2.14. Whenever we use the terms married, divorced, or single when referencing
entires ¢ or i + 1 of a k-tableau, we will be referencing the relation of i to ¢ + 1 or vice versa.
In other words we always have two consecutive entires (such as 2 and 3 or 5 and 6) that we
are discussing. So if we say an entry 2 is married, this could mean the 2 is married to a 1 or
the 2 is married to a 3, but our intentions regarding which we mean will always be clear.

Let T be a k-tableau. When a box of residue c is occupied by an ¢ we say that T" contains
an i.. For example, in the tableau seen in Figure 2.10 there is a 1, 21, 43, and 5.

5,
T = [43]
1o]2:]5]

Figure 2.10: A k-tableau T for &k = 3, with shape ¢(2,1,1) = (3,1,1) and k-weight
(1,1,0,1,1). Recall that the subscript on the entries refers to the residue of the box. For

instance, the box labeled 45 is meant to contain the number 4, and the residue of this entry
is 3.

Fix ¢ and 7 + 1 to be consecutive entries in a tableau T'. We say that two entries ¢ and
i + 1 are married if they occur in the same column (so that the i + 1 is immediately above
the ). If we say that an entry ¢ is married it will be implied that it is married to an ¢ + 1
and vice versa. An entry containing an ¢ (or i + 1) is divorced if it is not married but has
the same residue as a married ¢ (or ¢ + 1). If an entry containing an ¢ or an ¢ + 1 is not
married or divorced, then we say that it is single. In addition, when we say that an entry is
unmarried, we mean that it is not married and is therefore either divorced or single.

In Figure 2.10 for boxes containing 1 and 2, both the 1y and 2; are single. For boxes
containing 4 and 5, the 43 in the second row is married to the 59 in the third row (counting
rows from bottom to top), and the 55 in the bottom row is divorced.

For a row r in a tableau T' (where we count the rows from bottom to top starting with the
bottom row being 1), we let URes,.(7,i4 1) be the set of all residues occupied by an unmarried
iori+1inrow r. In our example from Figure 2.10, URes;(4,5) = {2}, URes2(4,5) = 0,
and URes;(1,2) = {0,1}. In [4] it is shown that there is an equivalence relation on rows
in a k-tableau T', which proves that whenever URes,,(i,7 + 1) N URes,(i,i + 1) # 0 for two
rows where r < m, then URes,,(i,7 + 1) C URes,(i,7 + 1). This allowed the definition of
a fundamental row which is a row m such that URes,,(i,7 + 1) € URes,(i,7 + 1) for any
r where 7 < m (so the unmarried residues of 7 and 7 + 1 in the fundamental row are not
contained in the set of unmarried residues of 7 and i + 1 for any higher row).
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In our example again from Figure 2.10, concerning 4 and 5, there is one fundamental
row, which is the bottom row (row 1), and concerning 3 and 4, the only fundamental row is
row 2 (there are no boxes containing a 3, so the 43 is single).

We now present a more in-depth example of all of the concepts presented in this section.

Example 2.15. We present here an example showing fundamental rows for two different
k-tableaux, and mention the single, married, or divorced status of some entries in them.
Consider first the following k-tableaux T' for k = 5.

59|53
33|44
24|20|41]52(93
Lo[11]25]35]44]40[41[52]5s]

In T, if we consider the fundamental rows for 4/5, the only fundamental row is the bottom
row, R;. In this row we have single entries 4, 4, and 59, and divorced entry 53. The 44 is
married. Notice that all of the other single or divorced 4’s or 5’s that appear in T have the
same residue as one of the 4’s or 5’s in the fundamental row R;.

Next we will consider a skew k-tableaux S, and the fundamental rows in S. The concepts
of fundamental rows work the same for skew k-tableaux as they do for k-tableaux.

54]
1[5,
21149
S = |15|33|54
24140|51
Lo |21 |42|43|54
15|23]24|40 |51

In S, there are two fundamental rows for 4/5, the bottom two rows: R; and Ry. In R; we
have a married 4y and a divorced 5;. In Ry we have married entries 4, and 54 and a single
4. In this example, any 4’s or 5’s appearing above the two fundamental rows are actually
married.
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Chapter 3

Some operators on k-tableaux

3.1 Definitions

In this section we define and describe properties of three operators on the set of k-tableaux
and skew k-tableaux. It should be noted here that while other operators on classical tableaux
(e;, fi, and s;) are in fact crystal operators, the operators we introduce (egk), fi(k), and sgk))
are not crystal operators, but they have some nice properties similar to crystal operators,
and they work to help prove the special case of the k-Littlewood—Richardson rule in later

chapters. The similar notation that we use is merely to help clarify.

First, following Lascoux and Schiitzenberger [9], we recall three operators on words e;,
fi and s;. Let w be a word on the letters 1,...,n, and let ¢ be a positive integer such that
1 <17 < n-—1. Next, take the subword of w consisting of only the letters ¢ and i+ 1. Replace
each ¢ with a right parenthesis, and each 7 + 1 with a left parenthesis. Pair the parentheses
according to the normal rules, and consider the unpaired ones. These will correspond to a
subword of the form i?(i + 1)9. The operators e;, f; and s; replace the subword (i + 1)9
with a similar word according to the following rules.

e For ¢;, replace (i + 1)? by #T1(i + 1)971. Note that we can only apply e; if ¢ > 0,
meaning that v has an /(i 4+ 1)-unpaired letter ¢ + 1.

e For f;, replace *(i + 1) by "~ (i + 1)1, Note that we can only apply f; if p > 0,
meaning that u has an /(i + 1)-unpaired letter 1.

e For s;, replace (i + 1)7 by 9(i + 1)P.

For an example of these operators, let w = 3212423224131. We will show how the oper-
ators es, fo and ss act on this word so we will be acting on the number of 2’s and 3’s in the
word. First we take the subword of w consisting of only the 2’s and 3’s. Call this subword
u, so u = 32223223. If we replace the 2’s and 3’s with right and left parentheses, we get



CHAPTER 3. SOME OPERATORS ON K-TABLEAUX 20

u=1)))()(. If we pair the parentheses according to the usual rules, we see that the third,
fourth, and last two are unpaired. We will replace those with the numbers that they corre-
spond to, so u = ()22()23. The operators will change the unpaired numbers left in u. ey will
send the the unpaired 2223 = 233! to 2222 = 213%. Then syu = ()22()22 = 32223222, and
by replacing this back into w in place of u, we get sow = 3212423224121 = 3212423224121.
The bold is just to emphasize the subword squ that we replaced in w. Now fou = ()22()33 =
32223233, so fow = 3212423234131 = 3212423234131, and seu = ()23()33 = 32233233, so
sow = 3212433234131 = 3212433234131.

It is now time to define a particular subword of a k-tableau or skew k-tableau which we
call the fundamental i /(i + 1) subword.

Definition 3.1. Let T be a k-tableau or skew k-tableau filled with 1,2,...,n, and let i be
a positive integer, 1 <i <n — 1. Let Ry, Ry,..., R,, be the fundamental rows of T (for the
chosen i/i + 1), ordered from top to bottom. Ignore all of the married and divorced entries
of 7 and 7+ 1, and just take the word consisting of single ¢ and ¢ + 1 entries reading from left
to right across Ri, then Ry, and so on, ending with R,,. We call this word the fundamental
i/(i+ 1) subword.

Definition 3.2. Let T be a k-tableau or skew k-tableau filled with 1,2,...,n, and let i be
a positive integer, 1 <i <n — 1. Let Ry, Ry, ..., R, be the fundamental rows of T" (for the
chosen i/i + 1), ordered from top to bottom. Let w be the fundamental /(i + 1) subword
which consists of the letters ¢ and ¢+ 1. Then perform the parentheses pairing after replacing
each ¢ with a right parenthesis and each ¢ + 1 with a left parenthesis. Take the subword u
which consists of all of the unpaired 7 and i+ 1 entries. We call this subword the fundamental
i/(i + 1)-unpaired subword of T

When we say that a tableau 7" has an /(i + 1)-unpaired i (resp. i + 1), this just means
that in the fundamental /(i + 1)-unpaired subword of T, there is at least one i (resp. i + 1).
The operators egk), fi(k)7 and sgk) will be operators defined on k-tableaux and skew k-
tableaux as follows. First let T" be a k-tableau or skew k-tableau. Take the fundamental
i/(i 4+ 1)-unpaired word of T" and call this u. For el(-k) replace u by e;u and put it back into
T in place of u. For fi(k) and 55’“), do the same except replace u by f;u and s;u, respectively.
Once we do this, we need to make a few adjustments so that we still have a k-tableau or
skew k-tableau as follows

1. In each of the fundamental rows, if there are any entries containing a lying to the right
of an entry we relabeled with ¢ + 1, relabel it with ¢« + 1, and if there is any entry
containing ¢ 4+ 1 lying to the left of an entry that we relabeled with ¢, replace it with .
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2. In the rows above the fundamental rows, relabel any unmarried 7 that has the same
residue as an ¢ that was changed to an ¢+ 1 in step 1, and relabel any unmarried ¢ + 1
that has the same residue as an 7 + 1 that was changed to an ¢ in step 1.

Example 3.3. Let £ = 8, and consider the following 8-tableau.

[34]
2536
lg| 17|48
20(31(32|43]44
12]13]24|25|36 |37 |48
16]17]15]20]31[32]45]44]

We will perform the three operators on T for ¢+ = 2. First, the fundamental rows of T" for
2’s and 3’s are the bottom two rows, so R; contains 24, 25, 26, and 37, and row Ry contains
20, 21, and 35. The fundamental 2/3 subword of 7" is then w = 24343720313,. Note that we
omitted the divorced 35 from the second row, since we disregard divorced entries. When we
perform the pairing on w, we find that the fundamental 2/3-unpaired subword of T is then
u = 24363132. So for egs), we will replace this with 3433132, because we will change the
right-most 2 in v to a 3. So we will first change the 24 in the fundamental row R; to a 34.

34
25 36
16| 17|45
20131324344
15(13]34]25|36 |37 |45
16]17]1s]20|31]32]45]44]

Notice that there is a divorced 25 to the right of the 34, so we must change that to a 3;.
After we do this, there are no entries to change in higher rows, so we are done.

13,]
25|36
Lg|17|43
20|31 (32|43]44
15 15(34(35|36 |37|4s
161171152

egS) T =

A

=]

For fQ(S)T, we will change the fundamental 2 /3-unpaired subword u = 24343135 to 242431 35.
So we first change the 34 in the fundamental row R; of T to a 2.
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25136

20(31(32(43 |44
19115(24|25|26|37|4s
16|17 15[ 20[31[32]45 44|

There are no divorced entries containing a 2 to the right of the 3 that we changed, so we
only need to change the 34 in a higher row to 24, so we get the following:

[34]
25|26
Ig| 17|45
20(31(32]43|44
1|15]34|25|26|37|4s
16]17]15]20]31]32]45]44]

BT =

Finally, for sés)T, we change u = 24363132 to 24262132, and then perform the same
corrections of changing divorced entries as needed and replacing entries in higher rows, and
we get the following:

34|
25|26
Ig| 17|45
20(21|32 (43|44
1| 15(24|25|26|37|4s
1g|17|15|2

sgS)T =

[e=]

21[35]43]44]

3.2 Properties of the operators

There remain a few facts to prove about the operators. First of all that the tableau we
get after performing any of the above operations is actually a k-tableau or skew k-tableau.
To do this we need to show that egk)T, fi(k)T and sgk)T are all column-strict and weakly
increasing in rows, and then show that the k-weight changes appropriately. This is sufficient
to prove that they are k-tableau or skew k-tableau because if a k-tableau or skew k-tableau
is column strict, weakly increasing in rows, and has k-weight o where o is a composition
of the number of k-bounded hooks in the given tableau then it is clearly a k-tableau or
skew k-tableau by definition. ez(-k)T, fi(k)T and sgk)T are all weakly increasing in rows by the
definition of the operators, so it suffices to show that they are column strict and have the
appropriate k-weight. For simplicity, in the rest of this section when we say k-tableau we
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mean it to imply k-tableau or skew k-tableau. The proofs given all apply to both cases.

Before we begin our proofs we recall a fact given by Lapointe and Morse [4] which is
necessary for many of the proofs in this chapter.

Remark 3.4. (Lapointe, Morse [4]). Given a sequence of i and ¢ + 1 entries in a row of a
k-tableau, the married ¢’s all lie at the beginning of the sequence, and the married i 4+ 1’s
all lie at the end of the sequence. This is easy to see, since any unmarried ¢ has an entry
larger than an ¢ above it, so anything to the right of it must also be unmarried. Similarly,
any unmarried ¢ + 1 has an entry smaller than ¢ below it, so anything to the right of it is
unmarried.

We also will need the following property, also proven by Lapointe and Morse [4] which
we restate here.

Property 3.5. (Lapointe, Morse [4])

e Given an unmarried (i + 1), (that is an ¢ + 1 occupying a box with residue ¢) in a
k-tableau T', any i, € T' is married and lies weakly higher than the highest unmarried
(¢ +1).. Furthermore, i, occurs in 7" if and only if there is a divorced (i + 1).—;
left-adjacent to the unmarried (i + 1)..

e Given an unmarried i. (that is an ¢ occupying a box with residue ¢) in a k-tableau
T, any (i + 1), € T is married and lies strictly higher than the highest unmarried
ic. Furthermore, (i + 1), occurs in 7' if and only if there is a divorced (i 4+ 1)¢41
right-adjacent to the unmarried ..

)

We can now continue with the proofs about our operators egk), fi(k), and sgk )

Proposition 3.6. If 7" is a k-tableau that has at least one /(i + 1)-unpaired ¢ + 1 (meaning
egk)T is defined) and k-weight o = (avy, ..., @, it1, ..., @), then egk)T is a k-tableau of the
same shape as T', with k-weight (aq,...,0; + 1L, a1 — 1,..., ).

Proof. The proof of this is similar to and follows a proof of a similar fact for a different
operator on k-tableau given by Lapointe and Morse in [4].

To prove that egk) is a k-tableau, it suffices to show that it is column strict and has the
appropriate k-weight, as explained previously.

We begin by showing that egk) is column strict. First note that in egk)T, the only entries
which were changed from 7" are unmarried ¢ + 1’s. In any given row of 7', if we change an
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unmarried ¢ 4+ 1 to an 4, since 7' is column strict, the entry above ¢ 4+ 1 was strictly greater
than 7 + 1 (and also greater than the i that we replaced the i + 1 with), and since the 7 + 1
was unmarried, any entry below the 41 would have to be strictly less than 7. Thus when we
replace the ¢ + 1 with an ¢, the entry below is still less. This shows that changing unmarried
it + 1 entries to ¢ does not affect column strictness, so ez(»k)T is column strict.

Now we need only show that the k-weight changes appropriately for egk) T. Let «; and
a;+1 denote the number of residues occupied in 7' by the letters ¢« and i + 1, respectively,
and [; and ;41 denote the number of residues occupied in egk)T by the letters ¢ and ¢ + 1.
Then let of" and «; denote the number of residues occupied in 7" by married 7 and single ¢
entries, respectively. We use similar notation for married and single ¢ + 1 entries in 7', and
for married and single ¢ and 7+ 1 entries in egk)T . Then o; = of" +aj and a1 = o} +af
for the entries in T" and 3; = 3" + 37 and B4 = B{; + B;,, for the entries in egk)T. But
since there is a one-to-one correspondence between married ¢ and ¢ + 1 entries in 7', and
similarly in el

7

)T, we have of" = o}, and 3" = §j},. Also because any married ¢ or ¢ + 1

(k)

7

entry in 7' is still married in e
(k)
€

T, and any unmarried entry that we changed from 7' to
T is still unmarried, we have o = ot = 3" = B{;. Therefore to show that the weight

changes appropriately, we need only show that 37 = of +1 and 37, ; = ;. In other words,

we need to show that eg

less single 7 + 1 than T'.

MT has exactly one more single ¢ than does 7', and has exactly one

We only change one fundamental row under the operator egk), let us call this row R.
Then in all other fundamental rows of 7" the number of single ¢ and ¢ + 1 entries stay the
same, so the only possible change must occur in row R. Let ¢ be the residue of the single
1+ 1 in T which gets changed to an 7 in egk) T. This single ¢ + 1 that gets changed must be
the leftmost single ¢ + 1 in row R, and because married ¢ 4+ 1 entries appear to the right of
single and divorced i + 1 entries, any 7+ 1 entry to the left of the one with residue ¢ must be
divorced. When we perform egk), we change the (i + 1), to an entry i.. The entry i, is either
single or divorced. By Property 3.5, since T' contained an unmarried (i 4+ 1), any i. € T is
married and occurs if and only if there is a divorced (i 4 1), left-adjacent to the unmarried
(t4+1).. Soif the (i+1).in T is changed to a single i, in egk), then this means there was no
married i, which occurred in T (otherwise the i. in row R would be divorced), and hence by
Property 3.5, there is no divorced (i + 1)._1 left-adjacent to the unmarried (i 4+ 1), in row
R, so there are no entries to the left of the (i 4+ 1), in row R that get changed to an i. On
the other hand, if the (i + 1), in T is changed to a divorced 4., then this means there was
a divorced (i 4+ 1).—1 left-adjacent to the (i + 1). in row R in 7. Then by the definition of
egk), we must also change the (i 4+1)._1 in row R to an i._;. Then this i._; is either single or
divorced, and if we use the same argument repeatedly, we can see that the entries that are
changed in T" are exactly a string of divorced i + 1 entries which end with the single (i + 1),
at the right, and these are changed into a string of 7 entries, where the leftmost one is single

in e,gk)T, and all others are divorced. Therefore when we perform e on T we lose one single

i
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1+ 1, but gain one single ¢, as desired.
O

Proposition 3.7. Let T be a k-tableau and let u = ?(i + 1)? be the fundamental /(i + 1)-
unpaired subword of T. If sz(»k)u, egk)u, and fi(k)u, are the fundamental /(i 4+ 1)-unpaired

subwords of sgk)T, egk)T, and fi(k)T, respectively, then we have the following
o sy =i+ 1),
o My =irt1(i 4+ 1)7 for ¢ > 1.

o [Py =ir1(i+1)7 for p > 1.
Proof. First, we prove the proposition for egk). When we perform egk) on T we are only
changing one single ¢ + 1 to an ¢ in a fundamental row R, and then changing any divorced
i+ 1’s which are to the left of the single i + 1 that we changed in row R (and then changing
corresponding entries in higher rows). Then as explained in the proof of Proposition 3.6, in
row R we are changing a string of divorced i + 1’s followed by a single i + 1 to a string with
a single ¢ at the left, followed by divorced i entries.

[+ Da [+ D] [ E+Da | (+1)]
11 el
s [da |- [ia | ia]

Figure 3.1: How ez(.k) and fi(k) change the entries in a fundamental row R. The subscripts d
and s refer to whether each entry is divorced or single.

So we gain a single ¢ and lose a single ¢ + 1 and it will be in the same relative position
in the fundamental /(i 4+ 1)-unpaired subword, and all other single i and i 4 1’s will remain

unchanged. So ey = iP+1(i 4 1)7-1.
Similar reasoning proves the case for fi(k)u.

All that we have left is to consider the case of sl(-k)u. But for this word, for each of the

1+ 1 we change to an ¢ or ¢ we change to an ¢ + 1, the same thing happens as when we do

e™ or fi(k), so the fundamental /(i + 1)-unpaired subword will just change by swapping the

number of unpaired i and i + 1’s, so su = i9(i + 1)7. O

i
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One more important fact about the operators that we will need is the fact that fl-(k) and

e(k) are inverses
7: .

Proposition 3.8. The operators egk) and fi(k) are inverses. That is, if T is a k-tableau on
which egk) is defined, then fi(k)egk)T = T. Likewise, if T" is a k-tableau on which fi(k) is
defined, then e\* f®T = T

Proof. First, let T' be a k-tableaux on which e( is defined, and we will consider f; (k) k)T

Notice from the proof of Proposition 3.7 that the only thing eg changes in 7' is a string of

divorced 7+ 1 followed by a single 7+ 1 in a fundamental row R of T', which it changes into a
string consisting of a single i followed by divorced i, and corresponding entries in higher rows
of T'. This idea can be seen illustrated in Figure 3.2. But the location of the single ¢ + 1 in
the fundamental i/(i+ 1)-unpaired subword of T" that we change is the same relative location
as the corresponding single i that it was changed into, in the fundamental /(i 4+ 1)-unpaired
subword of e M. Since it was the leftmost unpaired i + 1 in the fundamental i/(i + 1)-
unpaired Subword of T, it will be correspond to the rightmost unpaired ¢ in the fundamental
i/(i + 1)-unpaired subword of ez(-k)T. Hence when we perform f; " that unpaired i will get
changed back to an 7 4+ 1, and the entire string of entries that was changed in row R will get
changed back to what they were originally, along with the corresponding entries in higher
rows. We can visualize this by thinking that all e; " and f do are change a string of entries
in fundamental row R back and forth as in Flgure 3. 2 and the corresponding entries in
higher rows. So f T =T. The argument that e; (k) f T =Tis essentially the same. [J
3.3 The operator sgk)egk)

The operator sgk)egk) has some nice properties, and will be used in the bijection for our
proof of the k-Littlewood—Richardson rule in Chapter 4.

Lemma 3.9. Let T be a k-tableau or skew k-tableau filled with the letters 1,...,n and
k-weight w(u + p) — p where p = (1, ..., in) is a partition, w € S, is a permutation, and
p=(n—1,...,1,0). Then if there is at least one i/(i + 1)-unpaired i + 1 in T, sgk)egk)T is
defined, and sgk)el(-k)T #T.

Proof. The k-weight of T is w(p+p) —p = w(ps +n — 1, . i +n — i, pliy1 +n — (1 +
D, ..ipin+0)—(n—1,....,n—i,n—i+1,...,0). In particular, T" has p,, +n—w; —(n—1)
k + 1-residues filled with ¢, and jiy,,, +n — w1 — (0 — (2 + 1)) k + 1-residues filled with
i+ 1. But then sgk) MT has Powgpr T 10— Wip1 —(n—(i+1)) =1 k+1- residues filled with 1,

and fi,;, +n —w; —(n — i) + 1 k4 1-residues filled with ¢ + 1. If 7" and 5 )T were the
same k-tableau, then they would have the same number of k 4 1-residues ﬁlled with i, so we
would have

P, + 10— w; — (N — 1) = flyy,y + 10— wipn —(n—(1+1)) — 1.
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But then simplifying this expression, we get fiy, , — ftw, = Wit1 — w;. But there are two
possible cases here.

o If wipy > w;, then py,,,, < fy,, meaning iy, — p, < 0 < Wiy — w;.
o If if wipy < wj, then puy,,, > fly,, meaning fiy,,, — fw, > 0> Wi — w.

Either of these cases contradicts the above equality (ftw,,, — ftw, = Wit1 — w;), meaning T

and sgk)egk)T have different numbers of k£ + 1-residues occupied by i, and thus they cannot
be the same k-tableau.
O

Lemma 3.10. Let u be the fundamental i/(i + 1)-unpaired subword of 7', so u = " (i + 1)
If ¢ > p, then sgk)T = (egk))q_pT, otherwise if ¢ < p, then sgk)T = (fl-(k))q—pT.

Proof. First, suppose that ¢ > p. When we apply egk) to a k-tableau 7', the rightmost
i/(i + 1)-unpaired i + 1 in the fundamental i/(i + 1)-unpaired subword of 7" is changed
to an ¢, but all of the ¢ + 1’s that appeared to the right of the one we changed in the
fundamental i/(i+ 1)-unpaired subword are exactly the same as the i/(i+ 1)-unpaired i+ 1’s
in the fundamental /(i + 1)-unpaired subword of egk)T. Performing the corrections from
the definition of egk) (which result in only changing some divorced i 4+ 1’s to i’s) will not
change the positions of the i/(i 4+ 1)-unpaired i + 1’s in the k-tableau. This means that if we
apply egk) to T a total of ¢ — p times, the resulting k-tableau will be identical to the one we
would get by first changing the ¢ — p leftmost ¢ + 1’s in u to ¢ entries, and then perform the
correcting parts of the operators (changing any divorced i + 1 in the fundamental rows to i
as needed, and changing unmarried i + 1’s in rows above the fundamental rows as needed),
which is exactly sgk)T by definition. A similar argument using the fi(k) operators proves the
remaining case. O

Using Lemma 3.10 and Proposition 3.8, we will be able to prove the following corollary
which is necessary for our proof in Chapter 4.

(%)

Corollary 3.11. The operator sgk)ei is an involution on the set of k-tableau of a given

shape that have at least one /(i 4+ 1)-unpaired i + 1.

Proof. First of all, let u = (i + 1)? be the fundamental /(i 4+ 1)-unpaired subword of T

Since there is at least one i/(i + 1)-unpaired i + 1, ¢ > 0 and egk)T is defined. If we pay
attention to what happens to the fundamental i/(i + 1)-unpaired subword of 7" when we

apply ez(-k) and then sgk), we see that

(k) sF)
=i+ 1) = P4 DT S G 4 )P
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(%)

By Lemma 3.10, since s; ~ is the same as applying ez(»k) or fl-(k) some number of times, and

since egk) and fi(k) are inverses by Proposition 3.8, this means for our specific k-tableau T’

we can express sgk)egk)T as (el(-k))aT (where if v < 0 we interpret this as meaning sgk)egk)T =

(f*)=oT). To find exactly what a is, we notice that the word u = (i + 1) must get sent
to the word 97 1(i +1)P", soa=q¢—p—1. Let T" = s®e™T and consider what happens

P 7

(k) (k)

to the word w' =971 (i + 1)?~! of 7" when we perform s;"e;"” a second time.

NO) Q)
TN+ )P s i+ )P P (i + 1)
By the same reasoning as before, sgk)egk)T’ = (egk))ﬁT’, and in order for the word to change
appropriately, we need f = —¢+ p+ 1 = —a. But then
sV = ()1 = (e (M) = T

3 (2

3.4 The k-lattice property

The last section of this chapter introduces a property of a k-tableau T which we call the
k-lattice property. We define the property and give a few examples which demonstrate when
the k-lattice property holds and when it does not.

Definition 3.12. Let T be a k-tableau filled with the numbers 1,...,n. If T hasnoi/(i+1)-
unpaired ¢ + 1 for ¢ = 1,...,n — 1, then we say that T is k-lattice.

Remark 3.13. A k-tableau T is k-lattice if and only if it does not admit any egk) operator.

This follows from the definition of egk). Note that this is the same as in the classical case
(with “no k”) where a tableau T is lattice if an only if it does not admit any e; operator.

Recall that the property for a semistandard Young tableaux T filled with the num-
bers 1,...,n to be lattice is that when we take the reverse reading word of the tableau,
W = WiWsy - - - Wy, then in any left factor wiws ---w; the number of ¢’s is at least as great
as the number of ¢ + 1’s (for ¢ = 1,...,n) [12]. It is easy to see that if we take k to be
sufficiently large, then the k-lattice definition becomes the traditional lattice definition for a
tableau. The k-lattice property is of importance in this thesis because it is used in giving a
combinatorial description of the k-Littlewood—Richardson coefficients.

Remark 3.14. For the proofs presented in Chapters 4 and 5, we will only be filling k-
tableaux with the numbers 1 and 2. In this case the k-lattice property will just be that there
is no 1/2-unpaired 2 in a tableau 7.

We now present two examples illustrating the k-lattice property.
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Example 3.15. Let £ =9 and let T" be the following 9-tableau:

26137135
17| 1s| 1o

[ Lo]17]1s[ 1o

If we take the word consisting of all single 1’s and 2’s in fundamental rows, reading from right
to left, top to bottom, we get 2125151319, and after pairing them using parenthesis rules, we
get the fundamental 1/2-unpaired subword consisting of just 1g. So there is no 1/2-unpaired
2. Looking at single 2’s and 3’s in fundamental rows we get the word 2437362122, and after
parenthesis pairing we are left with the fundamental 2/3-unpaired subword 2. This means
there is also no 2/3-unpaired 3, so T' is k-lattice.

Note that if only one i violates the k-lattice property, then the tableau will not be k-
lattice. This can be seen in the following example.

Example 3.16. Let £k =9 and let T" be the following 9-tableau:

36|37|3s
17]25]29

EAEAENE

In T, the fundamental 1/2-unpaired subword will consist of 17, so there is no 1/2-unpaired
2, so the 1’s and 2’s do not violate the lattice property. But if we consider the 2’s and 3’s,
the fundamental 2/3-unpaired subword is 3639, so there is a 2/3-unpaired 3, which violates
the k-lattice property. Hence T' is not k-lattice.
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Chapter 4

A proof of the
k-Littlewood—Richardson rule in a
restricted case

4.1 The proof of the k-Littlewood—Richardson rule

In this section we follow the methods used by Remmel and Shimozono in [11] to prove the
k-Littlewood—Richardson rule in the restricted case, which we restate after first reviewing
the definition of k-Littlewood—Richardson coefficients.

Definition 4.1. Let u, v, and A\ be any k-bounded partitions. Then the k-Littlewood—
Richardson coefficients cﬁ;,k is the coefficient of SE\k) appearing in the expansion of the product

of the two k-Schur functions sfﬁ) and s
(k) g(k) — Ak (k)
Sy 8, = o Sy

A

where the sum is taken over all k-bounded partitions .

Theorem 4.2 (The k-Littlewood—Richardson rule for a special case). Fix an integer k > 0
and let p, v, and A be k-bounded partitions, and require that the hook length of u is at
most k (h(p) < k). Furthermore, require that [(x) < 2. Then the k-Littlewood—Richardson
coefficient cﬁ;,k can be described combinatorially as the number of skew k-tableaux of shape
A/v with content p that are k-lattice.

We begin by setting up some notation and recalling some facts that will be used. Recall
the determinantal expansion for Schur functions, s, = det(h,,+i—j)1<ij<n. Expanding out

the determinant we see s, = > ¢ (=1)“ [T7L) huy oy twti—i = 2wes, (—1)“Pu(usp)—p where p
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is the partition (n—1,n—2,...,1,0). For the rest of this chapter, we will take n to be equal
to I(p). Also, for simplicity throughout this chapter, when we use say that 7" is a k-tableau,
we mean that 7' is either a k-tableau or skew k-tableau.

Let p be a k-bounded partition with hook length at most k, meaning h(u) < k, so then
s,(f) = s, [7]. We do not yet require that {(;) < 2. Then for any other k-bounded partition
V7

S/(.Lk)s(uk) = sus) = Z( 1)* Bs(yutp) psz(/k)' (4.1)

wES,

We will apply a consequence of the k-Pieri rule (given in Corollary 4.4) to the terms in the
previous equation, but first we need the following lemma to be sure that w(u + p) — p is
k-bounded (otherwise we cannot use Corollary 4.4).

Lemma 4.3. If p is a partition with hook length at most k, meaning h(p) < k, then
w(p + p) — p is a composition with all parts having length at most k for any w € S,,. This
means that for i = 1,...,n, tuu) + pue) — p(i) < k.

Proof. For any i = 1,..., 0, fw@) + pui) — P(1) = fwe) + 1 —w(i) — (0 —1) = pye) — w(i) +i.
The largest that this term can possibly be is if w(i) = 1 and i = n. So i) + pu@ — (i) <
,u1—1+n:h(u) <k.

[l

We need to use a consequence of the k-Pieri rule which was derived by Lapointe and
Morse [4]. This is a formula which gives a combinatorial rule for the coefficients when we
multiply a homogeneous symmetric function and a k-Schur function which we previously
stated in Chapter 2 but review again here.

Corollary 4.4 (Lapointe, Morse [4]). For any k-bounded partitions v and 7,

(k
=Y K s (4.2)

AePk

where K' /) , is the number of skew k-tableaux of shape ¢(\)/c(v) and k-weight A, and P*
denotes the set of all k-bounded partitions.

Suppose that we fix k& and let v and A be any k-bounded partitions, and pu = (a,b) be a
k-bounded partition of length 2, with h(\) < k (this is our restriction on u for this chapter).
Then combining Equations (4.1) and (4.2), we have the following

k) _ (k)
sws) =susl =3 D (= A/ku+p) poX (4.3)

wESH AePk
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Lemma 4.5. Let v and A be any k-bounded partitions, and p be a k-bounded partition
with {(u) <2 and h(p) < k. Then the k-Littlewood—Richardson coefficient appearing in the

expansion st s = 3O \epk Chn's " can be expressed as
Nk 1\ (k)
Cow = Z (=1) K)\/W'J(IH‘P)—P
wESy
where K/(\/Z/w(wp) _, is the number of k-tableaux of shape ¢(A)/¢(v) and k-weight w(p+p) —p.

Proof. This formula can be obtained easily from Equation (4.3) by rearranging terms slightly.
O

We are ready to prove Theorem 4.2. To prove the k-Littlewood—-Richardson rule in our
special case and give a combinatorial description of the k-Littlewood—Richardson coefficients,
we will construct a bijection that cancels terms on the right hand side of the equation in the
above Lemma.

Proof of Theorem 4.2 (The k-Littlewood—Richardson rule for a special case). First, for [(u) =
1, we take n = 1, and 5 cons1sts of just the 1dent1ty permutation. Then the expression

from Lemma 4.5 becomes c K)(\ /lu where K (k) N is the number of k-tableaux of shape

¢(N\)/¢(v) and k-weight p. But since [(u) = 1, the k-tableaux are just filled with 1’s; so they
will all be k-lattice. Therefore ¢} is equal to the number of k-tableaux of shape ¢(\)/c(v)
and k-weight p which are k-lattice when () = 1. It remains to prove the case when [(p) = 2.

For the case where I(u) = 2, we take n = 2 by convention, and Sy consists of two
permutations, 0 = (12) and the identity, 1. There are thus two possibilities for w(u+ p) — p.

o If w=1, then w(u+ p) — p = (a,b).

o If w = o, then w(p + p) — p = o((a,b) + (1,0)) — (1,0) = o((a + 1,b)) — (1,0) =
(b,a+1)—(1,0) = (b—1,a+1).

We can simplify the expression from Lemma 4.5 slightly, since for our case y = (a, b) and

Sn == Sz.

Nk w (k) _ g (k) gk
Ca,b)v Z( 1) K)\/Vw((ab)( ))—(1,0)—KA/V,(a,b) K/\/V,(b—l,a+1)’

wESy

where Ki’;l7(a’b) is the number of k-tableaux of shape ¢(\)/¢(v) and k-weight (a,b), and

K)(\’;L (b—1,at1) is the number of k-tableaux of shape ¢(\)/c(v) and k-weight (b—1,a + 1).

For the bijection, let T be a skew k-tableaux of shape ¢(\)/¢(v) with k-weight (a,b) that
is not k-lattice. Then T has at least one 1/2-k-unpaired 2. Then sgk)egk)T is defined and is
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a skew k-tableaux of the same shape, with k-weight (b — 1,a + 1) (this is because e{"'T has
k-weight (a+1,b—1)) so then sgk)egk)T has k-weight (b—1,a+1). For the other direction of
the bijection, given any skew k-tableau 7" of shape ¢())/¢(v) of k-weight (b—1,a+ 1), then
we must have at least one 1/2-k-unpaired 2, since b < a, meaning b — 1 < a + 1, so there
are more k-residues occupied with 2 than with 1 in 7”. This means sgk)egk) (T") is defined,
and it will be a skew k-tableau of the same shape, with k-weight (a,b). By Corollary 3.11
in Chapter 3, sgk)egk) is an involution, which gives our bijection between skew k-tableaux
of shape ¢()\)/c(v) with k-weight (a,b) that are not k-lattice, and skew k-tableaux of shape
¢(N\)/¢e(v) with k-weight (b—1,a+ 1). Therefore in the above expression, we get cancellation
between these terms and are left with C(A(;]fb)y being equal to the number of k-tableaux of shape
¢(\)/¢(v) with k-weight (a,b) that are k-lattice.

[

4.2 An example of the bijection used for the proof

To see a short example illustrating the bijection used in the proof of Theorem 4.2, let
k=3 p=1(21) and v = (3,2) and A = (3,3,2). As before n = (1) = 2, so in the
expression for the k-Littlewood—Richardson coefficient from Corollary 4.5, we have

(3,3,2),3 w 7 (3) (3)
ClnE2) Z (=1) K(3»372)/(372)7w((271)+(170))—( K(3 3,2)/(3,2),(2,1) K(37372)/(372)»(073)'
wES2

If we compute all of the k-tableaux of shape ¢(3,3,2)/¢(3,2) = (5,3,2)/(3,2) with k-weight
(2,1), we get the following two k-tableau:

13 14 13 24
71 = 21 73 = 1
13|14‘ 13|24‘

Computing all of the k-tableaux of shape ¢(3,3,2)/¢(3,2) = (5,3,2)/(3,2) with k-weight
(0, 3), there is only one, which we call T5.

T3 = 2

2524

For this example, the bijection in the proof of Theorem 4.2 is a bijection between the
k-tableau of shape ¢(3,3,2)/¢(3,2) and k-weight (1,2) which are not k: lattice and the k-

tableau of shape ¢(3,3,2)/¢(3,2) and k-weight (0, 3), with the operator 51 el ®) Deing used to
provide the bijection in either direction. First note that of the two k-tableaux with k-weight
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(1,2), T is k-lattice, and T; is not k-lattice. This is because when we take the 1/2 funda-
mental subword of T}, we get 2,1314, then after we perform the parenthesis matching, we are
left with the fundamental 1/2-unpaired subword being 1,. There are no unpaired 2’s, so T}
is k-lattice. On the other hand, the 1/2 fundamental subword of Ty, we get 111324, then even
after we perform the parenthesis matching, we are left with the fundamental 1/2-unpaired
subword 171524. There is an unpaired 2, so 15 is not k-lattice.

For the bijection, notice that e§3)T2 is the following tableau.

l3]14
QEB)TQ = 11

13]14]

Then 853)653)T2 = T5, so with the bijection the k-tableaux 7, and T35 cancel out, and we
are left with only one k-tableau 7T contributing to the k-Littlewood—Richardson coefficient,

meaning that cgi’)z(;?;) =1

4.3 An explanation of the requirements on u and
problems with generalizing the proof

In the proofs of the k-Littlewood—Richardson rule in both Chapters 4 and 5 we use the
restriction that u has length 2 (1 = (a,b)). The expression for the k-Littlewood—Richardson

coefficients from Lemma 4.5, ¢)f = > o (—1)“K /(\];)W(M 1) actually still holds for any p
with A(p) < k, even if p has length greater than 2. It is possible then that there may be
some sign reversing involution to generalize our proof for p of any length. In [11], for the
proof of the classical Littlewood—Richardson rule, Remmel and Shimozono used a similar
involution where if 1" was a tableau, and ¢ was the smallest number 1 < ¢ < n — 1 that
violated the lattice condition on 7', then the involution sent 71" to s;e;T". Then in s;e;T, 7 is
still the smallest number violating the lattice condition. This does not exactly generalize to

the case of k-tableau though, for the following reason which we present as a remark.

Remark 4.6. If T is a k-tableau, and 7 is the smallest number 1 <7 < n — 1 that violates

the k-lattice condition, meaning that there is an i/(i + 1)-unpaired i + 1, but there is no

B g or

j/(j 4+ 1)-unpaired j for any j < i, then when we perform any of the operators e

fl-(k) , © may not be the smallest number violating the k-lattice condition anymore.

The following example presents a case where the problem mentioned above occurs.



CHAPTER 4. A PROOF OF THE MAIN RESULT 35

Example 4.7. Let T be the following k-tableau for k£ = 5.
35
1413530

EAENEAENEN

Then T is a 5-tableau of shape ¢(5,3,3,1)/¢(3,3) and 5-weight (1,0,5). Note that the

fundamental 2/3-unpaired subword of 7" is 3334353031, and the fundamental 1/2-unpaired

subword of 7" is 14. Thus 2 is the smallest ¢ such that i/i 4 1 violates the k-lattice condition.

We will now compute eg’)T and 5§5)e§5)T.

2] 2]
14(35(3 14]25|2

e§5)T _ [14]35 %0 555)625)T _ [14]%5]20

23134353031 25]24|25[20[34]

The fundamental 1/2-unpaired and 2/3-unpaired subwords of 655)T are () (the empty

word) and 2334353031, respectively, so 2 is still the smallest ¢ such that /(i + 1) violates the
k-lattice condition. The fundamental 1/2-unpaired and 2/3-unpaired subwords of séz)eg’)T
are 24252¢ and 232425203, respectively, so we can see that although 2/3 still violates the
k-lattice condition, now 1/2 does as well since there are 1/2-unpaired 2’s. So even though 2
was the smallest ¢ such that /(i + 1) violates the k-lattice condition in 7', 1 is the smallest

such number in sémeg’)T.

Despite this, it still appears in examples that have been computed that our k-lattice
definition for k-Littlewood—Richardson coefficients may work. For instance, consider the
following example where = (3,2,1), v = (3,3), and k = 5 in which the above problem was
observed.

Example 4.8. Let p = (3,2,1), v = (3,3) and k¥ = 5. Then it was computed that

(5) () N )] (5 (5) : . .
S32.15(33) = S(3.33.2.1) + S(132.21) + 5(44,2,1,1)" which means the k-Littlewood—Richardson

coefficients are 0?3?271)(373) = 1 when A\ = (3,3,3,2,1), (4,3,2,2,1), or (4,4,2,1,1), and
CE\§,52,1)(3,3) = 0 for all other A\. If we compute all 5-tableaux of shape ¢()\)/¢(3,3) and 5-
weight (3,2,1) for any A, we find that exactly 3 are k-lattice.

3, 3] 3]
2324 2324 2
Ty = |14]15] 10 Ty = |14]1s Ty =|14]1s
32 32 2523
23|24 13]14]15] 13]14]15
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These k-tableaux are of shapes ¢(3,3,3,2,1)/¢(3,3) (for T1), ¢(4,3,2,2,1)/¢(3,3) (for
T5), and ¢(4,4,2,1,1)/¢(3,3) (for T3). Notice that the shapes correspond to the A for which
0?3?271)(3’3) = 1, which leads us to conclude that in at least some other cases, the k-lattice
condition seems to work, even without taking the restriction on .

While computing a large number of other examples, it does appear that the definition
of k-lattice is correct (in at least all of the cases that were computed) for determining the
k-Littlewood-Richardson coefficients ¢ in terms of k-lattice k-tableaux of shape ¢(\)/¢(v)
and k-weight p, which leads us to the following conjecture.

Conjecture 4.9. Fix an integer £ > 0 and let u, v, and A be k-bounded partitions (with
no restrictions on ). Then the k-Littlewood-Richardson coefficient cf;l,k is conjectured to be
equal to the number of skew k-tableaux of shape A\/v with content p that are k-lattice.

The reason why this would hold in general is not clear, but it is possible that the tech-
niques presented in the Chapter 5 may help lead to a proof since some of the results presented
there do not require imposing any restrictions on pu.
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Chapter 5

An alternate proof of the
k-Littlewood—Richardson rule for

H = (CL, b)

5.1 The alternate proof

We will present an alternate proof here which slightly generalizes the result found in
Chapter 4. For the first few things we prove here, we do not require any restriction on
the partitions we use other than the fact that they are k-bounded. We will specifically
mention when we need to restrict to the case p = (a,b). First of all, recall that the k-

Littlewood—Richardson coefficient cﬁ’yk is the coefficient of sg\k) appearing in the expansion
of s,(f)s(yk) =3 cﬁ;,’“sf\k). We will also be using a specific notation convention stated in the

following remark.

Remark 5.1. Given two partitions g and 7, we say 7 > p if 7 is larger than or equal to
1 with respect to the dominance order which we reviewed in Chapter 2. When we use the
notation 7 > p this means that 7 is strictly larger than p with respect to the dominance
order, so in particular 7 # p. Also, when we use the notation 7 > p or 7 > u, where p is a
k-bounded partition, we require 7 to be k-bounded as well. If 7 is not k-bounded, then the
k-Kostka numbers which appear are all zero [7], so those terms for 7 not k-bounded would
not appear anyway.

Proposition 5.2. Let A, u, and v be k-bounded partitions. Then we have the following
formula for the k-Littlewood-Richardson coefficient cﬁ;j"“

Mk (k) k) Ak
c;w - K)\/u,,u - Z Kﬂ('u)CTI/ (51)
T

where K /(\];B/u is the number of skew k-tableaux of shape ¢(\)/c(v) and k-weight u, and KQZ)
is the number of k-tableaux of shape ¢(7) and k-weight p.
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Note that Proposition 5.2 holds for any k-bounded partitions A, u, and v. We only make
a restriction on p further on.

Proof. Recall that by the definition of k-Schur functions that we are using [7], we have

h, = Z Kg;)s(k)

TN

where A is a k-bounded partition. If we multiply the above equation by s,(,k), where v is a
k-bounded partition, we will have
(k) g(k) g
Z KT/A T l/

T™n
Using the fact that s(fk)sl(,k) =) cf),f“‘s& , and substituting this into the above equation and
then simplifying, we get
k
hust =D (Y K)s. (5.2)
A >

Alternately, we have the formula proven by Lapointe and Morse [4] using the Pieri rule
for k-Schur functions

k) k)
hysd) = ZK§M5§ . (5.3)

If we set Equations (5.2) and (5.3) equal to each other, we get

S (X KR = 3K,
A > A

The coefficients of s()\k) on each side of this must be equal since the k-Schur functions form
a basis. Thus we get

K®
> KR = Koo
TDM
Now we are almost at our desired result, but this is not completely simplified. It was
shown in [7] that the k-Kostka numbers KﬁZ) satisfy a triangularity property similar to the
one for the Kostka numbers, so this means that in particular K ,(ff) = 1, which can be used

to can simplify the above expression a bit.

(k) Ak k) Ak (k)
w Cuv +ZKW Crv = A/V,u
T W
k) Mk — )
ZKW Crv = /\/V,u
TD> W

The last expression is of course our desired result. O
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From this result, we can derive some specific combinatorial formulas for the k-Littlewood—
Richardson coefficients in a more specific case. Specifically we can get expressions for any
partition of the form pu = (a,b) where p is k-bounded and a > b and a combinatorial
description of the coefficients, which implies their positivity in our specific case.

Theorem 5.3. Let p be a k-bounded partition of the form p = (a,b), and let A and v be
any k-bounded partitions. Then

(k) (k)
NV K)\/Vu K)\/V,u—i-(l,—l)’ (54)
where ¥ is the k-Littlewood-Richardson coefficient appearing in the expression 3,3 )s) =

N 2,/’“5/\ , and K/\/ ,, and K/\/WJF( _,y are the number of k-tableaux of shape ¢(})/¢(v)

and k-weights p and p+ (1, —1), respectlvely.

Note that this means if u = (k,b), meaning the first part of u is k, then the second term

in the expansion K& N Y is zero, since there are no k-tableaux of weight (k+ 1,0 — 1),

/ vut(l,
so in this case C?klfb)u =K /(\ /Z,(kb). Before we prove Theorem 5.3 we state and prove a Lemma
that will be used in the proof.

Lemma 5.4. Let p = (a,b) be a k-bounded partition, and let 0 < ¢t < k — a, then 7 =
(a+1t,b—t)is a k-bounded partition and Ki’,? =1

Proof. First of all, since 0 <t < k—a, 7 = (a+1t,b—1t) is a k-bounded partition since
a+t<a+k—a=k. KQZ) is the number of k-tableaux of shape ¢(7) and k-weight . But
given any diagram of shape ¢(7), in order to get a k-tableau with k-weight p, we must fill it
with @ 1’s and b 2’s. But in order to do this, we must put all of the 1s in the bottom row,

an(d)then fill the remaining boxes with 2s. Thus there is only one possible way to do this, so
K& =1. O

Now we can continue to the proof of Theorem 5.3.

Proof of Theorem 5.3. First of all, note that if 7>y where u = (a,b) is k-bounded, then the

only possibilities for 7 are 7 = (a +¢,b — t) where 0 < ¢ < k — a. This means that K7 k) =1
for all 7> p by Lemma 5.4. Using this fact in Equation (5.1), we get

Mk = KR N Ak (5.5)

p Al TV
T> 1

We will now proceed to prove the theorem by induction on a.

First of all, the largest that a can possibly be is a = k. Then there are no k-bounded
partitions larger than p = (k,b) with respect to the dominance order, so from Equation
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(5.5), we get ¢ = K/(\I;Zw since there are no 7 > p.
Next, suppose that Equation (5.4) holds for a = k,k —1,...k — (s — 1). We will prove

that it holds for a = k —s. If u = (k — s, b) then the possibilities for 7 if 7 is k-bounded and

T>pareT = (k—(s—1i),b—1) where i =1,...,s. Then using Equation (5.5),

Ak _ go(k) Ak
C(k—s,b) K)\/V (k—s,b) Z Crv s
7> (k—s,b)
but by assumption, for any 7> (k — s,b), ¢ K/(\’?” — Kg;?j ++(1,—1)» SO we can substitute

this in and get

Ak _ (k) (k) (k)
Cl—sbyw — K}\/l/ (k—sb) Z (K,\/ur - K)\/u +(1, 71)>
7>(k—s,b)

But since 7 = (k — (s —i),b— i) where i = 1,...,s,

Ak (k) (k) (k)
C(k—s,b) K)\/l/ (k—s,b) Z(K/\/y,(k—(s—i),b—i) - K)\/V,(k—(s—i)+1,b—i—1))'
i=1

Notice that when 7 = s, Kﬁ?j( (i)t Li1) = Kiljg/,(k—o—l,b—s—l) = 0 since there are no
k-tableaux of k-weight (k: +1,b— s —1). Next we split up this sum and simplify a bit

Ak (k)
C(k:fs,b) K)\/V(k s,b) ZK)\/V k—(s—1) +ZKA/Z/ (s—i)+1,b—i—1)

Ak o (k)
C(kfs,b) K)\/u(k s,b) ZK)\/Z/ k—(s—1) +ZK)\/1/ (s—1),b—1)

In this expression, all the terms for ¢ = 2, ... s in the left sum cancel with the correspond-
ing terms in the right sum, and we are left with just the term for ¢ = 1.

Ak _ ® (k) (k) (k)
C(kfs,b)z/ K)\/u (k—s,b) K)\/Z/,(kf(sfl),bfl) - K)\/V (k—s,b) K)\/I/,(kferl,bfl)
By induction, since this holds for a = k& — s, we have our desired result. O

Corollary 5.5. In this case where u = (a,b) is a k-bounded partition, and A and v are also
k-bounded partitions, the k-Littlewood—Richardson coefficient ci‘w’“ is equal to the number of
skew k-tableaux of shape ¢(\)/¢(v) with k-weight p that are k-lattice.

Proof. We will use the expression for cf;;,’“ from Theorem 5.3 to construct a bijection be-
tween skew k-tableaux of shape ¢(\)/c¢(v) with k-weight p that are not k-lattice and skew
k-tableaux of shape ¢(\)/¢(v) with k-weight p + (1, —1). This gives cancellation that leaves
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us with the desired result.

Let T be a skew k-tableaux of shape ¢(\)/¢(v) with k-weight p that is not k-lattice. Then
T has at least one 1/2-k-unpaired 2. Then egk)T is defined and is a skew k-tableaux of the
same shape, with k-weight u + (1, —1). For the other direction of the bijection, given any
skew k-tableau T" of k-weight 1+ (1,—1) = (a + 1,0 — 1), then we must have at least one
1/2-k-unpaired 1, since a > b, meaning a + 1 > b — 1 so there are more k-residues occupied
with 1 than with 2 in 7”. This means fl(k) (T") is defined, and it will be a skew k-tableau of
the same shape, with k-weight p.

This is in fact a bijection between skew k-tableaux of shape ¢(\)/c(v) with k-weight u
that are not k-lattice and skew k-tableaux of shape ¢(\)/¢(v) with k-weight u + (1, —1),

because egk) and fl(k) are inverses by Proposition 3.8. This means that in Equation (5.4),
Mk g (k) ()
Cuv = K)\/u,,u B K)\/U,,Uﬁi’(l,fl)’
all of the skew k-tableaux of shape ¢(\)/c(v) with k-weight p that are not k-lattice totally
cancel with all of the skew k-tableaux of shape ¢(\)/¢(v) with k-weight p+ (1, —1), so we are

left with ¢};7 being equal to the number of skew k-tableaux of shape ¢())/¢(v) with k-weight
1 that are k-lattice. O

5.2 Problems with generalizing the classical case and
an example

For classical Schur functions, in the case where A and v are any partitions, and u = (a, b),
a similar formula holds. It can be proven in a similar way to the k-Schur case, and also can
be derived from the k-Schur case by taking k£ to be sufficiently large. So in the classical case,
we have the formula
KA/VvM = Z KTHC')r\V

™n

where K/, is the number of skew tableaux of shape A/v and weight p, K-, is the number
of tableaux of shape 7 and weight p, and ¢, is the usual Littlewood—Richardson coefficient.
When p = (a,b), this gives the formula

C(Aa,b)u = Kyuap) = Ky (at16-1)-

We can see that in the case of y = (a,b) the k-Schur Littlewood—Richardson coefficient
has a formula that is nearly identical to the classical case with the exception that we use
k-Kostka numbers instead of the classical Kostka numbers. This leads to the question of
whether we can just generalize the formulas from the classical case for partitions p which
are not of the form p = (a,b) to the k-Schur case by just adding in a k everywhere. The
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answer unfortunately appears to be no, we cannot. We will illustrate the fact that it does
not always generalize with the following example.

Example 5.6. Let = (4,2,1) and k = 5. In order to compute the k-Littlewood—Richardson
coefficient Ci&i,zn we need to use Proposition 5.2; Theorem 5.3 does not apply here since
I(n) > 2. The only possibilities for k-bounded 7> p are 7 = (4,2,1),(4,3),(5,1,1), or
(5,2). We do not need to consider 7 that are not k-bounded, since Ky;) = 0 when 7 is not
k-bounded, since there are no k-tableaux of shape ¢(7) for non-k-bounded 7.

We must first compute the k-Kostka numbers K S’()4 21) which are the number of k-tableaux
of shape ¢(7) and k-weight (4,2,1) for & = 5. We have illustrated all of these k-tableaux for
7> (4,2,1) in the following table.

/(;5): (4,2,1) (/;): (4,3
K(4,2,1)(4,2,1) =1 K(4,3)(4,2 = 1
24 5 25120131
il 1o[1,[12]15]
1o|11]1]15]
75): (5,1,1) (,l;): (5,2
K(5,1,1)(4,2,1) =1 K(5,2)(4,2 N 1
3 e
5
1o11111911512412513
10 11|12|13|24|25‘ o+1 2| 3| 4| 5| 0‘

Table 5.1: All of the k-tableaux of shape ¢(7) with k-content A = (4,2,1) for k =5 and the

k-Kostka numbers Kilzi,z,l) for all 7> (4,2,1).

We can see that the k-Kostka number Kf&’z’l) = 1 for all k-bounded 7 > (4,2,1).
Plugging this into Equation (5.1), we get the formula

A5 (5) A5
Caz 1w = KA/V,(4,2,1) - Z Cru - (5.6)

>(4,2,1)

We must compute the k-Littlewood—Richardson coefficients for u > (4,2,1). For p =
(5,2) and p = (4,3) we can use the formula from Proposition 5.2, and we get

A5 -(5)
C520 = KA/V,(5,2)-
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A5 (5) (5)
Cla,3)w A,(4,3) K Avy(5,2)"

For p = (5,1, 1), the calculation takes a bit more effort, but we can compute it using the
same strategy we are using for this example.

A5 (5) (5)
€511 Ay (5,1,1) K,\/u,(5,2)'

Next, we substitute these into Equation (5.6).

A5 _ 7-05) (5) (5) (5) (5) (5)
0(4,2,1)1/ N /p(4,2,1) T (K,\/z/,(4,3) o K,\/u,(5,2)) o (K,\/u,(5,1,1) o K,\/u,(5,2)> o K,\/u,(5,2)'
A5 _ 705 (5) (5) (5)
0(4,2,1)1/ - K,\/z/,(4,2,1) o K,\/z/,(4,3) + KA/V,(5,2) - KA/V,(5,1,1)'
A5

We just computed the k-Littlewood—Richardson coefficient Cla21) where our partition
(4,2,1) is not of the form u = (a,b). If we use the analogous strategy to compute the
classical Littlewood—Richardson coefficient 0?472’1),1,, we get

62\4,271)1, = K21 — Knjua3) + K6, — Koaju,1,1)-

We can see from this, that while the formulas are similar, it does not appear that it is
as simple as just turning the Kostka numbers to k-Kostka numbers to go from the classical
Littlewood—Richardson coefficients to the k-Littlewood—Richardson coefficients, since the
classical case contains the term K7/, 6,1), while the & = 5 case contains the term KS/?/,(E)Q)‘
So while we have nice a nice formula that generalizes the classical case for u = (a,b) it does
not appear that there is an analogous generalization for other .
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Chapter 6

A strategy for computing
k-Littlewood—Richardson coeflicients

The purpose of this chapter is to compute some examples and discuss how one may go
about finding k-Littlewood—Richardson coefficients. In practice, we may want to find all of
the k-Littlewood—Richardson coefficients cl’\j for a given u, v, and k, where A can be any
k-bounded partition. We first give an example using this strategy.

Example 6.1. Let = (2,1), v = (3,2) and k = 4. We will construct k-tableaux of shape
¢(N\)/¢(v) and k-weight 1 = (2,1) (so 2 residues filled with 1’s, and 1 residue filled with a
2). We begin by first drawing ¢(r) = (3,2) taking note of the residues of empty cells where
we can start adding numbers. We first will fill 2 residues with 1’s, and then after that fill
another residue with a 2.

1

ER

First we need to fill two residues with 1’s, and our options are either to use the residues
3 and 4, or else 1 and 3. We first consider the case of placing 1’s in boxes with residues 3
and 4. We then get the following k-tableau:

2
I3 | 14

1\13\14‘0

There are three residues for boxes in which we can place a 2, so we get the following
three k-tableaux with weight (2,1).
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2,]
12 ; 1514 1514
T, =311 Ty = 2, Ty =

]L) Ls[L4] [ 15[ 14] 20|

We could have, on the other hand, placed the 1’s in boxes of residues 1 and 3. In this
case, we would have the following k-tableau:

9
13 | 4

Li | 2
13\4

There are now two residues for boxes in which we can place our one 2, either residue 2
or residue 4. Thus we get the following two k-tableaux with k-weight (2, 1):
2,
T 13]2
I 3|24

T4 = 11 22 T5 = 11

1324]

15]

So there are five 4-tableaux of shape ¢())/c(3,2) and 4-weight (2, 1) where A can be any
4-bounded partition. Of these, 17, Ts, and T} (of shapes ¢(3,2,2,1)/¢(3,2), ¢(3,3,2)/¢(3,2),
and ¢(3,3,1,1)/¢(3,2), respectively) are k-lattice, and T3 and T5 are not. Therefore we get
the following for the k-Littlewood—Richardson coefficients in this case.

Comyaa = 1for A =(3,2,2,1), (3,3,2), or (3,3,1,1).

cz\éfll)(372) = 0 for all other \.

Our other strategy for computing k-Littlewood—Richardson coefficients is if we have a
specific A that we would like to compute it for. In this case, we first find the shape ¢(\)/¢(v)
and the residues of each box in the shape, and then determine how we can fill in the boxes
with k-weight p.

Example 6.2. Let £ = 5, u = (2,2), v = (3,2,1), and A = (3,3,2,1,1). Then if
we want to compute 683)2(3121)1)5, we first determine the shape of ¢(3,3,2,1,1)/¢(3,2,1) =

(4,4,2,1,1)/(3,2,1) and the k + 1-residues of each box in the skew diagram.

H
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It turns out that with these residues there are exactly two ways to label 2 residues with
the number 2, and 2 residues with the number 1.

Tl = 15 T2 = 25
21 22 11 22
I I

Of these, T} is not k-lattice, since the fundamental 1/2-unpaired subword of 77 is 1521,
but T; is k-lattice, since the fundamental 1/2-unpaired subword of T3 is () (so there are no

1/2-unpaired 2’s, meaning it is k-lattice). Therefore, we see that 08332(’31721)17)5 = 1, since there
is exactly one k-lattice k-tableaux of shape ¢(3,3,2,1,1)/¢(3,2,1), with k-weight p = (2,2)

for k = 5.
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Chapter 7

The scalar product of a dual £-Schur
function and a Schur function

We will be considering the scalar product of a Schur function with a certain symmetric
function related to k-Schur functions, the dual skew k-Schur function. The dual skew k-
Schur function G(Vk/)u was defined by Lapointe and Morse [5]. We start off by reviewing their

definition. Note that 6&7} is a symmetric function.

Definition 7.1 (Lapointe, Morse [5]). The dual skew k-Schur function Gf\lj)u is defined as

6&121 _ Z xk—weight(T)
T

where the sum is over all skew k-tableaux of shape ¢(\)/c(v).

We first recall the usual scalar product on symmetric functions (f, g) where f and g are
symmetric functions, and some facts about it, which can be found in [10], and [12]. Recall
that Schur functions form an orthonormal basis of the space of symmetric functions, mean-
ing that (sy,s,) = d,, where §,, = 1 and 6, = 0 for X\ # p. It is also worth noting that

Lapointe and Morse showed that (65\]7”, s,@} = ¢ in [5].

In this chapter though, we will be concerned with taking the scalar product of a dual
k-Schur function and a classical Schur function. We will give an example of a dual k-Schur
function ng})y, that when we take the inner product of it with certain Schur functions, we
are able to get negative integer results. The reason that this example is of interest to us is in
relation to whether or not there exist crystal operators on k-tableaux. If there were crystal
operators, then the dual k-Schur functions would be Schur-positive, meaning (65\];)1/, s,(f)> >0
for all k-bounded A and v, and all partitions u [1]. But in this chapter we present an example

that proves the dual k-Schur functions are in fact not Schur-positive.
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Let A =(3,2,2,1), v = (1,1) and k = 3. We will be considering the dual k-Schur function
GE\k/)V = (‘5%2?272’1)/(171). It is not too difficult of a computation to find all skew k-tableaux of
shape ¢(3,2,2,1)/¢(1,1) = (6,3,2,1)/(1,1) and k-weight p for all partitions p. First of all,
for there to be a k-tableaux of that shape and k-weight p, the length of ;1 must be at least
3, and p must also be a partition of 6. So the only possibilities we must consider for pu
are (3,2,1), (3,1,1), (2,2,2), (2,2,1,1), (2,1,1,1,1), and (1,1,1,1,1,1). We have listed all
of the possibilities for those partitions which can be seen in Table 7.2 which can be found
at the end of this chapter. To compute 68?2,271) ) = 27 xFveight(T) it is enough that
we have computed all of the skew k-tableaux where the weight is a partition u, as these
will correspond to the monomial symmetric functions m,, that show up in the expansion for
68?272,1) 1) More specifically, the number of skew k-tableaux of k-weight p will be the
coefficient of m,, in the expansion. So we have the following:

6%2?272’1)/(1,1) =m@aa21) T 2m@Ea) + Mee) + 2mezin +3meiinn +4mai.

It turns out that this expansion in terms of Schur functions is the following:

68?27271)/(1,1) = 8321 — S222) — S@221,1) T 251,1,1,1,1,1)-

This expansion of 68)27271) J(1,1) in terms of Schur functions demonstrates that the dual

k-Schur functions are not Schur-positive, since the coefficients of s22) and sp21,1) are
negative. In particular, we also have the following values of the scalar product between

68?27271)/(1,1) and s, illustrated in Table 7.1.
H <6E§?2,2,1) (1,1)’ Su)
(3,2,1) 1
(2,2,2) -1
(2,2,1,1) -1
(1,1,1,1,1,1) 2
All other partitions u 0

Table 7.1: Table of values of the scalar product ((‘58)2 2.1)/(1,1) s,) for different partitions p.
Notice that the scalar product can be positive, negative, or zero.
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p=(3,2,1)
[2,]
1533
20|21
11]15[15]2024]
= (3,1,1,1)
4] 3]
15|33 15|43
20|44 20(31
11]15]15]20]41] 11]15]135]20]31]
1= (2,2,2)
34]
15|33
20|31
11]12]23]20]31]
n=(2,2,1,1)
4] 34]
12 33 12 43
20 41 20 31
11]15]2520[4,| 11]15]252[3 |
n=(2,1,1,1,1)
51 4] 51
1o |43 12|53 1533
30(51 30|41 20|51
11]13]23] 2051 11]15]23]30]44] 11]15]33]40]51]
p=(1,1,1,1,1,1)
51 64 6, 6,
2,63 29|55 29|45 3545
405, 406, 30|61 20|61
11]25[35]4054] 11]25[35]40[61]  [11]22]4550[61]  [11]32]45[50]61]

Table 7.2: All possible k-tableaux of shape ¢(3,2,2,1)/¢(1,1) for k = 3 with k-weight u
where g is a partition.
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