University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

Dissertations, Theses, and Student Research

Papers in Mathematics Mathematics, Department of

8-2021

A Combinatorial Formula for Kazhdan-Lusztig Polynomials of
Sparse Paving Matroids

George Nasr
University of Nebraska-Lincoln, george.nasr@huskers.unl.edu

Follow this and additional works at: https://digitalcommons.unl.edu/mathstudent

6‘ Part of the Discrete Mathematics and Combinatorics Commons

Nasr, George, "A Combinatorial Formula for Kazhdan-Lusztig Polynomials of Sparse Paving Matroids"
(2021). Dissertations, Theses, and Student Research Papers in Mathematics. 108.
https://digitalcommons.unl.edu/mathstudent/108

This Article is brought to you for free and open access by the Mathematics, Department of at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Dissertations, Theses, and
Student Research Papers in Mathematics by an authorized administrator of DigitalCommons@University of
Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/mathstudent
https://digitalcommons.unl.edu/mathstudent
https://digitalcommons.unl.edu/mathematics
https://digitalcommons.unl.edu/mathstudent?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F108&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/178?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F108&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/mathstudent/108?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F108&utm_medium=PDF&utm_campaign=PDFCoverPages

A COMBINATORIAL FORMULA FOR KAZHDAN-LUSZTIG
POLYNOMIALS OF SPARSE PAVING MATROIDS

by

George David Nasr

A DISSERTATION

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfilment of Requirements

For the Degree of Doctor of Philosophy

Major: Mathematics

Under the Supervision of Professors Kyungyong Lee and Jamie Radcliffe

Lincoln, Nebraska

August, 2021



A COMBINATORIAL FORMULA FOR KAZHDAN-LUSZTIG
POLYNOMIALS OF SPARSE PAVING MATROIDS

George David Nasr, Ph.D.

University of Nebraska, 2021

Advisers: Kyungyong Lee and Jamie Radcliffe

We present a combinatorial formula using skew Young tableaux for the co-
efficients of Kazhdan-Lusztig polynomials for sparse paving matroids. These
matroids are known to be logarithmically almost all matroids, but are conjec-
tured to be almost all matroids. We also show the positivity of these coeffi-
cients using our formula. In special cases, such as for uniform matroids, our

formula has a nice combinatorial interpretation.
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Chapter 1

Introduction

In 1979, Kazhdan and Lusztig found a polynomial that corresponds to a pair of
elements in a Coxeter group [10]. The definition of this polynomial is recursive
and uses the Bruhat order to induce a poset structure on the elements of a
given Coxeter group. This polynomial, later gets called the Kazhdan-Lusztig
polynomial (which we sometimes abbreviate as “KL polynomials”). Since
then, the definition of these polynomials have been generalized—for instance,
see Stanley’s work in [29] and Brenti’s continuation of Stanley’s work in [,
7]—so that one may define these polynomials using different combinatorial
structures/T]

In 2016, Elias, Proudfoot, and Wakefield introduced the Kazhdan-Lusztig
polynomial of combinatorial objects called matroids. The definition of these
polynomials and matroids can be found in the next chapter. After their in-
troduction, these polynomials quickly drew active research interest due to
their conjectured properties such as the non-negativity of coefficients, and real-
rootedness (see [9, 17, 13, 32]). These are natural properties to be curious
about in light of what we know for the original Kazhdan-Lusztig polynomials.

For instance, Elias and Williamson in 2014 [I1] prove the non-negativity for

!The generalized theory is sometimes referred to as the Kazhdan-Lusztig-Stanley theory.



all Kazhdan-Lustig polynomials. However, they are not real-rooted, as Polo
proved that any polynomial with constant term 1 and non-negative integer
coefficients can be realized as the Kazhdan-Lusztig polynomial for some pair
of elements in some Coxeter group [25].

Recently, using algebro-geometric methods, Braden, Huh, Matherne, Proud-
foot, and Wang [4] proved the non-negativity of the coefficients for these poly-
nomials. There has also been much effort put into finding relations between
these polynomials or generalizations thereof (see [5], 26], [31]). These polyno-
mials have been explicitly calculated only for very special classes of matroids
(for instance, see [19, [13| [16, 20, 27]), and yet many of the known formulas
have left much room for improvement. In particular, as of now, there is no
enlightening interpretation for such coefficients. This is also a relevant part of
the history for the original Kahzdan-Lusztig polynomials. For instance, in [2],
the authors discuss some combinatorics that led to a non-recursive definition
for the original Kazhdan-Lusztig polynomials.

In this paper, we provide a combinatorial formula for the Kazhdan-Lusztig
polynomials of sparse paving matroids. We will also provide a proof for the
positivity of our formula. While this may not seem necessary in light of [4],
we still share our proof as it only utilizes elementary methods.

Sparse paving matroids have attracted much research interest due to a
conjecture given by Mayhew, Newman, Welsh, and Whittle [22] based on a
prediction by Crapo and Rota [§]. The conjecture is that sparse paving ma-
troids will eventually predominate in any asymptotic enumeration of matroids.
There is a concise way of writing this mathematically. First, note that every
matroid is associated to a finite set. If s, is the number of sparse paving ma-

troids on n elements and m,, is the number of matroids on n elements, that



the conjecture is that

That is, so far, what we know is that logarithmically almost all matroids are
sparse paving matroids.

We will wait to define matroids, and namely sparse paving matroids, until
the next chapter, but it will be useful to have some more notation for the
remainder of the introduction. In addition to being associated to a finite
groundset, every matroid also has a parameter called the rank. A sparse paving
matroid can be uniquely constructed given the size of the ground set, the rank,
and a collection of subsets CH, so that each member have cardinality equal
to the rank and satisfies the property that for distinct C,C" € CH, we have
|CAC"| > 4, where CAC" := (C'\ C") U (C"\ O) is the symmetric difference.
To this end, we let S,, 4(CH) be the sparse paving matroid of rank d with
ground set [m + d] so that CH satisfies the conditions described above.

The last thing we need to define before stating our main result is the
object that will allow us to write our combinatorial formula for the coefficients
of the polynomials. Define Skyt(a,,b) to be the set of fillings of the shape in
Figure below so that the rows and columns strictly increase with entries
in [a + b+ 2i — 2], where for an integer n we have [n] := {1,2,3,...,n}.

We define a related object which we denote Skyt (4, b), the subset of Skyt(2, 7, b)
where the value 1 appears at the top of the left-most column. We set skyt(a, i,b) :=

# Skyt(a,i,b) and skyt(i,b) := # Skyt(i,b). There are some conventions for



a _—

Figure 1.1: The left-most column has height a, followed by ¢ — 1 columns of
height 2, followed by the right-most column of height b.

special values of a, ¢ and b, but we leave these for Chapter [3]

We are now ready to state our main result.

Theorem 1. Let cﬁn’d(C’H) be the i-th coefficient for the Kazhdan-Lusztig poly-

nomial for the sparse paving matroid Sy, 4(CH). Then
ch 4(CH) = skyt(m + 1,i,d — 2i + 1) — |CH| - skyt(i,d — 2i + 1).

Moreover, this formula is always non-negative.

What is truly remarkable about this formula is that it is not effected by
how the elements of CH relate to one-another. Keep in mind that CH could
be any set of elements so that their pairwise symmetric difference is at least 4.
Given a fixed m, d, and i, the value of the coefficient is invariant of selection of
CH so long as |CH| remains the same. It is also worth noting that the above
formula has already inspired other mathematical results [12, [14].

When CH is a disjoint collection, we also have the formula in Theorem
has a manifestly positive interpretation. Consider the subset of Skyt(m +

1,i,d — 2i + 1) satisfying at least one of the following three conditions:

e the top entry of the right-most column is 1; or



e the bottom entry of the right-most column is greater than d + |CH|; or
e the third entry (from the top) of the left-most column is less than d + 1.

Then the size of this subset agrees with the formula we give in Theorem [I In
the special case where CH = (), the second condition becomes tautological as
the bottom of the right-most column is guaranteed to be at least d 4+ 1 for any
tableaux. So when CH = (), we get the entire size of Skyt(m+1,4,d—2i+1) as
our coefficient, as Theorem 1| indicates. Also in this case we have S,, 4(CH) =
Upn,a, the uniform matroid of rank d on m + d elements. E|

In light of this, we have proven the following conjecture in the case of sparse

paving matroids.

Conjecture 1. Let M be a matroid of rank d on m + d elements, and let ¢

be the i-th coefficient for Py(t). Then
¢ < Cin,d(q))'

That is, among all matroids with rank d and ground set size m + d, the

Kazhdan-Lusztig polynomial for Uy, 4 has the largest coefficients.

This conjecture was posed by Katie Gedeon. It has no written source, but was
communicated to us by Nicholas Proudfoot.

One final thing to note that is interesting about our formula is that if
m+1=2ord—2i+1=2, then skyt(m + 1,i,d — 2i + 1) becomes equal

to a well-known number, namely the number of polygon dissections, that is,

2The first (and only known) manifestly positive integral interpretation for uniform ma-
troids was given in [I5, Remark 3.4], which requires possibly many Young diagrams.



ways of drawing non-intersecting lines in a regular polygon [30]. Hence, when

m-+1=d—2i+1=2, it becomes a Catalan numberﬂ

3This connection to polygon dissections was already mentioned in several places, namely
in Remark 1.3 in [28] and Remark 5.3 of [I6], but with the discovery of our combinatorial
object, this fact follows directly from [30].



Chapter 2

Background

The following sections provide the background information necessary to un-

derstand the rest of this document.

2.1 Poset Theory

Let P be a set with a partial ordering <. For z,y € P, we set

[,y ={z€ P:x<z<y}

We may replace a bracket in [z, y] with a parenthesis to change the corre-
sponding inequality into a strict inequality. We say y covers x, denoted x < v,
if v <y and [z,y] = {z,y}.

A chain in P is a collection of elements x1, zo, ..., x, in P so that x; < x;4
for every i. We say a chain is saturated if it is maximal with respect to the
number of elements it contains. That is, for each i, x; < x;, 1.

A poset is ranked if every saturated chain in every interval [z,y] has the
same number of elements. A poset is graded if it is ranked and has a unique
maximum and minimum element. In this case, we can define a rank function,

rk : P — Z, satisfying the following two condition.



1. The minimum element has rank 0.

2. For x,y € P, if v <y then rky = rkx + 1.

Remark 1. In general, one can replace condition 1 with “defining the rank
arbitrarily of some element”, but the condition we provide will be the most

natural for our purposes.

Let p: P x P — Z be given by

(

1 =y

pla,y) =4 — > we,z) =<y

z€[z,y)

0 otherwise.

i is often called the Mobius function on P.

Remark 2. One can define p instead as the inverse to another function ( :
P x P — Z under an appropriate definition for multiplication in the incidence
algebra (the set of function from P x P to Z), but we will omit the necessary

details for that here.

With u, one can define a the characteristic polynomial for a graded poset
P, as follows. Let 0 be the minimal element in P, and 1 be the maximal

element in P.

Definition 1. The characteristic polynomial for a poset P is

Xp = Z ’u(()’ m)trk(i)frk(z).

zeP



2.2 Matroids

Let E be a finite set of elements. A matroid is the pair M = (F,Z), where [

satisfies the following three axioms.
1.0eZ
2. If ITeZ and J C I then J € 1.

3. For all pairs of elements I,J € Z, if |I| < |J|, then there exists an

element j € J\ I such that I U {j} € Z.

Conditions 1 and 2 imply that M is a simplicial complex. The sets Z are
called independent sets for M. E is called the ground set for M. This does
not coincidentally overlap with terminology from Linear Algebra. Taking E
to be the collection of edges of a matrix over a field k, and defining Z to be
the subsets of E that are linearly independent over a field k, M = (E,Z) is a

matroid, and is called representable.

Example 1. Consider the matriz {61 o 031 over the field R, where ¢; =

1 0

, Gy = , and cg = 2c¢;. Then M = (E,T) is a representable matroid
0 1

where E = {c1,¢2,c3} and T = {0, {c1}, {c2}, {cs}, {c1, 2}, {1, 3} }-

The definition of a matroid was motivated by the fact that this combina-
torial structure arising from Linear Algebra also appears in Graph Theory.
Indeed, if E is the edge set of a graph, and Z is the acyclic edge sets of the
graph (that is, edge sets containing no cycle), then M = (F,Z) is a matroid,

and is called graphic.

Example 2. Consider the following edge-labeled graph.
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~
o
B

Then M = (E,Z) is a graphic matroid, where E = {1,2,3,4} and

T = {0, {1}, {2}, {3}, {4}, {1, 2}, {1, 3}, {1, 4},
{2,3},{2,4}, (3,4}, {1,2,4}, {1, 3,4}, {2,3,4}}.

Note that in the previous two examples, the maximal independent sets
always had the same size. This is no coincidence, as given two independent
sets of different sizes, axiom 3 for a matroid implies that the smaller set can
not be maximal. Such a maximal independent set is called a basis. Bases enjoy

the following property.

Proposition 1. Let B be the bases for a matroid. Consider any two sets
B, B' € B. Then for allb € B, there exists abl € B’ so that (B\{b})U{b'} € B.
Consequently, (B'\ {V'}) U {b} € B.

Bases alone are in fact enough to define a matroid.

Proposition 2. Let B be a collection of d-subsets of a finite set E, for some
non-negative integer d, satisfying the condition in proposition 1. Let T = {I C

B:BeB}. Then M = (E,I) is a matroid.

We provide a few more useful definitions from Matroid Theory that we will
need for future chapters. Let M = (E,Z) be a matroid with ground set E

and independent sets Z. Given a subset F' C FE, the rank of F', denote rk F',
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is given by

tk F=max{|/|: I C F and I € T}.

That is, the rank of the set is the size of the largest independent set con-
tained inside of it. If a set is maximal (with respect to set containment) for

its rank it is said to be a flat.

Example 3. Consider the matriz |¢; ¢y c¢g| over the field R, where ¢; =

1 0
, Gy = , and ¢3 = 2¢1. Recall that M = (E,T) is a representable

0 1

matroid. The flats of rank i are given below.
i=0:10
i=1:{e}, {c1,c3}
i=2:{c1,c9,c3}.

Note that the groundset of the matroid will always be the unique flat
whose rank is the size of any basis. The subset of the groundset containing all
elements not in any independent set will always be the unique flat of rank 0.
For our purposes, this set will always be the empty set. That is, there will be
no element of the groundset missing from every indepedent set.

One can induce a partial order on the set of flats for a matroid M with
respect to set containment, which is often called the lattice of flats, which we
denote L(M).

Now, we discuss two related operations to a matroid, localizations and
contractions. A localization of a matroid M = (E,Z) at a flat F, denoted
MY is the matroid with ground set F', and whose indepdents sets are the

subsets of F' that are in Z. A contraction of M = (E,T) at a flat F' is the
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matroid Mg whose ground set if E'\ F, and whose independent sets are the
subsets of £\ I’ whose union with a basis for F' is in Z.

It is worth knowing that one can interpret the lattice of flats of localiztions
and contractions as intervals in L(M). For instance, L(M?") is isomorphic (as
a poset) to the interval [, F| in L(M). Also, L(MF) is isomorphic (as a poset)
to the interval [E \ F, E] in L(M).

Finally, the characteristic polynomial for a matroid M = (E,Z), denoted

X, is simply the characteristic polynomial for its lattice of flats. That is,

v = Z ,LL<®7 F)trk(E)—rk(F).
FeL(M)

2.3 Sparse Paving Matroids

Now that we have explicitly defined matroids, we will go into more detail
defining and discussing sparse paving matroids. There are several known char-
acterizations of sparse paving matroids. To understand these, we will need to
define a few more terms. Circuits are minimal dependent sets, hyperplanes are
flats whose rank is one less than that of the matroid, and ciruit-hyperplanes
are sets that are both circuits and hyperplanes. If M is matroid, its dual M*
is the matroid with the same ground set and whose bases are the complement

of the bases in M. We now define sparse paving matroids.

Definition 2. Let M be a matroid of rank d so that the ground set has m +d
elements. Let B be the set of bases for M, so in particular B C ([m;rd]). Set
CH = ([m;d]) \ B. Then M is sparse paving if any (and hence all) of the

following hold.

1. CH is the set of circuit-hyperplanes for M.
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2. For distinct C,C" € CH, we have |[CAC’'| > 4, where CAC' := (C'\

C")U (C"\ C) is the symmetric difference.
3. Every nonspanning circuit is a hyperplane.

4. M and its dual M* are both paving; that is, their circuits have cardinality

at least d.

Recall that in this case, M is denoted S,,4(CH). It is worth noting that
when C#H is a disjoint collection, S,, 4(CH) can be seen to be representable.
This in turn gives a combinatorial formula for the intersection cohomology
Poincaré polynomial of the corresponding reciprocal plane over a finite field,
thanks to [9]. In general, though, almost all sparse paving matroids are not
representable. This is due in large part to Nelson [23] who showed that asymp-
totically almost all matroids are not representable. In particular, his work
implies that the logarithmic growth of representable matroids is bounded by
a polynomial. Meanwhile, the logarithmic growth of matroids in general are
known to have at least exponential growth, and so the same must be true for
sparse paving matroids.

We mention some other attributes of sparse paving matroids relating to

topics from the last section.

Proposition 3. The flats of Sy, 4(CH) are
1. the sets of cardinality at most d — 2;
2. the sets of cardinality d — 1 not contained in any element of CH,;
3. the elements of CH,;

4. [m+d].
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Proof. We address each of the statements in the proposition, numbering our
arguments accordingly. First, though, it will be useful for us to note that the
members of CH are circuits and all have size d. Hence every set of size at most

d — 1 is independent.

1. Any set of size at most d — 2 is maximal with respect to its rank, since

every set of size d — 1 is independent.

2. If every set of size d containing a set of size d — 1 is independent, this

(d — 1)-set is maximal with respect to its rank.

3. The elements of CH have rank d — 1 since they are sets of size d and are
not independent. If there exists an element C' € CH that is not maximal,
then there is an element of the groundset, say z, so that D := C' U {z}
has rank d — 1. Then this implies every subset of D of size d is not
independent. If C” is such a subset, distinct from C|, then |[CAC’| = 2.
But " € CH since it is not independent, which contradicts the consrtaint

of CH for sparse paving matroids.
4. The groundset of a matroid is always a flat.
0

With this, we can now discuss the localizations and contractions of S, 4(CH).
First, note that the localizations and contractions of U,, 4, the uniform matroid

of rank d with groundset [m + d].

Um,d F = [TTL + d]
(Um,d)F = )
U0’|F| F 7é [m + d]
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and

Uo}o F= [m + d]
(Una)r = .

Um,d,‘m F 75 [m+d]

The corresponding equations for S, 4(CH) can also be described in a similar
manner. In what follows, if F' is a flat, then we define CH(F) := {C \ F :
C' € CH such that F' C C'}. It is worth noting that if CH is the set of circuit-
hyperplanes for a sparse paving matroid, then so is CH(F), so long as F is
strictly contained in some circuit-hyperplane. One way to check this is by
verifying CH(F’) satisfies the condition that any pair has symmetric difference

at least 4.

Proposition 4.

4

Sm,d(CH)F = 9 U17d_1 FeCH

Uo, | otherwise
and
Sm,d(CH) F :(D
Un-1.1 FeCH

Smd(CH)p =
Sma—p|(CH(F)) 0 C F CC, for some C' € CH

=

(Unm.a)r otherwise.

Proof. For the localization, the only new case necessary to mention in com-

parison to the uniform case is for F' € CH; the other cases follow from the
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uniform case. The localization of this matroid at F treats F' as the ground
set, with independent sets being those that are independent in S, 4(CH). We
know every proper subset of F' is independent, giving U 4_1.

Now for the contraction. If we have F' ¢ C for all C' € CH, then the
structure of Sy, 4(CH)r is exactly that of (U,, 4)r. For the case where F' € CH,
we want the subsets of S := [m + d] \ F such that their union with a basis
for F is independent in S, 4(CH). The bases for F" are the elements of (, 1)
Note if B € ([m;d]) satisfies |[BAF| = 2, then B is independent in S, 4(CH).
This means the desired subsets of S are the empty set and every singleton of
S. This gives a matroid isomorphic to Uy,—11. Finally, when § C F C C,
for some C' € CH, note that F' is independent, and hence a basis for itself.
Thus, the independent sets for S,, 4(CH)p are the subsets X of [m +d| \ F
so that X U F is independent in S, 4(CH). That is, |X| < d — |F|. When
| X| < d—|F|, |X UF| < dand every subset of [m + d] of size smaller than
d is independent. When |X| =d — |F|, X U F is a basis for S, 4(CH) if and
only if X U F' # C, for any C' € CH, which is true if and only if X ¢ CH(F).

That is, we get a matroid isomorphic to S, 4—|7|(CH(F)). O

With these in mind, we can now compute the characteristic equation for
Sm.a(CH). First, note that for a matroid M, the characteristic polynomial is

given by

Z ,uL 0 FtrkM rkF

FeL(M)

where L(M) is the lattice of flats for matroid M. The case when M = Uy, 4,
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X (t) is well understood.

)= (-0 (") %_1<—1>i<m.+d)td—i.

=0
Parts of this also arise in xs,, ,c#)-
Proposition 5. Let ¢ = [CH].
d—2
m+d—1 m—+d (m+d
:_1d __1d t_ldfl o _12
Co( ) = ety (50 <o) s e (™

It is noteworthy that this characteristic polynomial is the same for all choices
of CH that have the same size. This is due entirely to the symmetric difference

condition on CH, which we will utilize in the proof.

Proof of Proposition[J. For convenience, we omit subscripts for x and p, since
throughout we work in S,, 4(CH). The terms of degree at least 2 follows from
the uniform matroid case since in S, 4(CH), every set of size at most d — 2
is still flat, since every set of size d — 1 is independent. The term of degree

one comes from summing (0, F) for flats F' of rank d — 1. Recall that these

[m+d]

Pl ) not contained in any

flats are the elements of CH and all elements of (
member of CH. When F' is one of the latter described flats, it follows from
the uniform case that (0, F) = (—=1)%~'. Note that the number of such flats
is (’gjld) — c( dfl), since the symmetric difference condition on CH implies that

|IC;NCj| <d—2forall C;,C; € CH. That is to say that no set of size d — 1
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is contained in two elements of CH. Otherwise, if C' € CH,

Thus the coefficient linear term for y is given by

(=1 + ed(=1)" T + (-1)* ((thld) - C(d i 1))

= (1)t (T;jld) — e(—1)*,

The constant term is equal to the negative of the sum over (0, F) for all

flats F' # [m + d]. This gives

SEen (") o () o
g (m+d) (1)

]

It will be helpful to restate this proposition in the following way for when

we prove Theorem [I]
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Corollary 1. (Proposition |3 restated.)

;

(A — -1t =0

[t'1X5,acr) = § (=1)21 (") — o(—1) =1

(=D (5 2<i<d
\

2.4 Kazhdan-Lusztig Polynomials for Matroids

In 2016, Elias, Proudfoot, and Wakefield [9] defined the Kazhdan-Lusztig poly-

nomial for a matroid M, denoted Py (t), as follows.

1. If rk M =0, then Py(t) = 1.

2. If rtk M > 0, then deg Py (t) < 5tk M.

3Pyt = > xarr (t)Pas, (1)

FeL(M)

The fact that this polynomial exists requires proof. Omne familiar with
the definition for the KL polynomial of Coxeter groups will notice similarities
between it and the definition for KL polynomials of matroids. The primary
difference between them is that while the KL polynomial for Coxeter groups
are specifically defined for a pair of elements in a Coxeter group, the KL
polynomial for matroids is just defined for a matroid. Briefly, this is because
any interval in the lattice of flats for a matroid is isomorphic to the lattice of
flats of another matroid, but a similar notion is not true for Coxeter groups
under the Bruhat order. Hence, one may view KL polynomials for matroid as
nicer to work with than those for Coxeter groups.

In the same paper KL polynomials were defined, the following was proven.
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Proposition 6. [9, Proposition 2.11] The constant term of Py (t) is always
1.

As mentioned in the introduction, they also conjectured that the coeffi-
cients of these polynomials are non-negative, which was recently proven in

2020 via algebro-geometric methods [4].
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Chapter 3

Skew Young Tableaux

In this chapter, we introduce the tableaux of interest, along with identities

and symmetries involving them. Consider the following shape.

Figure 3.1: The left-most column has height a, followed by 7 — 1 columns of
height 2, followed by the right-most column of height b.

A legal filling of the above shape involves placing each number from {1,2, ..., a+
2i+b—2} into the squares such that the values in the columns and rows strictly
increase going down and right, respectively. Note that this is the same restric-
tion on the entries of a standard Young tableau, but the above shape does not

fit the description of the typical Young tableau.

Definition 3. A legal filling of the above shape is a skew Young tableau.

Skyt(a, i,b) denotes the set of all legal fillings of this shape, and we let skyt(a, i, b) :=

4 Skyt(a,i,b).
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For our tableaux to be defined, we need a,b > 2 and ¢ > 1, but our formula
in Theorem [1| may be used for other non-negative values of a, b, and 7. Hence,
there are some conventions we have set for the few exceptional values that can

occur so that our formula still works.
e If i = 0, then skyt(a,i,b) := 1.
e If 1 > 0 and at least one of a or b is less than 2, then skyt(a,i,b) := 0.
We also define a related collection of objects to Skyt(a,i,b).

Definition 4. Skyt(i,b) is the subset of Skyt(2,4,b) so that 1 is always the
entry at the top of the left-most column. The size of Skyt(i,b) is denoted
skyt(z,b).

By convention, skyt(i,b) := 0 if i = 0.

3.1 Identities

It will be valuable to have a formula for skyt(a, i, b) and skyt(a, i, b) explicitly.

For this, we will need the following object.

Definition 5. SYT(a,i,k) is the set of standard Young tableaux of the fol-

lowing shape.

as 2
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That is, SYT'(a, i, k) is the set of all fillings using the number in [a + 2i + k]
so that the values in the columns and rows strictly increase going down and

to the right, respectively.

Lemma 1.

skyt(a,i,b) =

= oo+ 2isb—2
- b—k—2

)#SYTmJJm

k=

Proof. Observe that one could build Skyt(a,i,b) by starting with a Young
diagram p with b — 2 parts of size 1, choosing the elements from [a + b+ 2i — 2]
to place in there in increasing order, and then from the remaining numbers,
place them in one of #SYT'(a, i, 0) ways, giving a tableau A, and then attaching
1 to A so that the bottom of u is adjacent to the top right of A. See the figure

below.

a{ — i a{ — i

Figure 3.2: Tableaux A and g combine to give the shape desired skew-
symmetric tableau shape.

Of course, these pieces are only compatible if the entry in the bottom entry
of p is smaller than the top right of A, so we need to remove the cases not
giving legal fillings. By moving the bottom square of u the right of the top
right piece of A\, we have a bijection between this case and having a pair of

tableau, one standard Young tableau with b — 3 parts of size 1 and the other
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from SYT(a,i,1), that we wish to remove from the possible count. Of course,
this will also remove cases where the second to last entry in y is larger than the
last entry, which was not accounted for before since we assumed we placed the
entries in p in increasing order, so we wish to add these cases back in. We can
count this in a similar way by counting the number of pairs of standard Young
tableaux where one is b — 4 parts of size 1, and then selecting an element
from SYT(a,i,2). Continuing this process gives the right hand side of the
desired equality in the statement of Lemma [T, and by an inclusion-exclusion
argument, we have also counted the left.

[]

A benefit of using SYT'(a, i, k) is that there is a known closed formula for
its cardinality, thanks to the hook length formula for standard Young tableaux
[21]. In particular,

(a+2i+k)I(k+1)
(a+i+k)(a+i—1)(a—2)llGE+EkE+ 1)

#SYT(a,i, k) =

Hence, one gets the following equivalent statement of the prior lemma.

Lemma 2.

skyt(a, i, b)

1
:i!(a—Q)!(a+i—1)Z(_1)k b—2—k a+i+k)(i+k+1)

- (a+b—|—2i—2) (a+ 2 + k) (k + 1)
o (

This formula for skyt(a,,b) is useful in proving the following.
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Lemma 3.

skyt (i, b)

“’ (b+2i—1>(22‘+k+2)!(k¢+1)
l

k;:[) b—2—k (i+k+2)!

Proof. Observe that Skyt(i,b) C Skyt(2,4,b). In particular, note that the
tableaux in T := Skyt(2,4,b) \ Skyt(i,b) are those where the value 1 appears
at the top of the rightmost column. One can achieve a bijection between
Skyt(2,7,b — 1) and T": For any tableaux « in Skyt(2,7,b — 1), increase each
numerical value in a by 1, and then extend the rightmost column by adding one
cell at the top of the column, placing the number 1 in this position. Reversing

this process recovers a. Hence,

skyt(i,b) = skyt(2,4,b) — skyt(2,4,b — 1)

'b2 k((bgg?k)—(Z:étf))@rzizaﬁ;+n

k=0
1 F?_Dkb+%—1(%+k+2wk+n
S+ b—2—k (t+k+2)!
by Pascal’s identity. O]

One can obtain two formulas for skyt(a,4,b) and skyt(i, b) that avoid alter-
nating sums. We will need a few integral identities to produce these formulas.
These identities can be found in Appendix [A] but are referenced as they are
needed in the proofs that follow. Throughout, ()™ is the rising factorial
(x)(x 4+ 1)+ (x +n —1) for integers x and n.

We start with the formula for skyt(a,,b).
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Lemma 4.

b—2 b+lk3)

, a+i—2\[(a+b+2i—2
Skyt(a’vlvb) - ( i )( b-f—l-l )Z a+z—|—k)

=0 k+1

Proof. One can rewrite Lemma [2] as

skyt(a,,b)
B (a+b+2i —2)! b2 b—9 1 (3.1)
illa—2)(a+i—1)(b 'Z% ( >(a+z‘+k;)(k:+2)<i>'

We can recover this sum for skyt(a,i,b) by applications of integrals to a

polynomial. Let

(a+ b+ 2i — 2wy =11 — zy)>—2
ila—2Mati—Db-2)

flz,y) =

Our integrals are broken up into three parts.

(a) First find g(x), where g(x / f(z,y) dy; then

Ti—1 z1
(b) find hi—l(xi—1> = / hz‘_Q(l‘i_Q) dl’i_g, where ]’Ll(lj) = / g(l'g) dIL‘O
0 0

and xg,x1,...,x;_1 are ¢ variables; then

1
(c) evaluate/ hi—1(zi—1) da;—y.
0

It is not difficult to show that, if (1 — zy)®~?2 is written using the binomial
expansion, part (c¢) will give the equation for skyt(a,,b) found in equation
(3.1) above. To get the statement of Lemma {4l we apply these three steps to

f(z,y) directly as written.
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First, we use Corollary [3[to do part (a).

/ffvy
b—2

(a+b+2i—2)(a+i—1)! Z (1—2)
illa—2)(a+1i—1) — a+z+k: Wb —k—2)1

bk2k+1

To complete parts (b) and (c¢) we apply Proposition [L0| to get

1
/ hifl(xifl) dx;_;
0

B (a+b+2i—2)(a+i—1)!
Cilla—2)a+i— 1)@ — Db+~ 1)

b—2

(b+i—k—3)(k+1)!
< (a+i+k)(b—k—2)

B
Il

This gets us a manifestly positive sum, and all that is left to get our desired

result is to perform some algebraic manipulations. The terms (b+1i — k — 3)!,
b+1—k—3
1—1
a+1+k
k+1
by ¢ (ati=2! allows us to group the remaining factors into binomial coefficients

(b — k —2)!, and (¢ — 1)! combine to give ( ) Then combine

(a+i—1! (E+ 1), and (a + i + k)! to get ( ) Then scaling

(ati— 2'
giving
<a+i—2> (a+b+2i—2> bi ("*i:”ﬁ) .
i bri-1 ) (Y
Remark 3.

1. While having a manifestly positive formula for skyt(a,i,b) is nice, it is

unfortunate that, in general, the terms of the sum in Lemma[{ are not

a+b+2i—2)

necessarily integers, even if you scale them by (aJrZ 2) and ( bt 1

2. It will be useful to rewrite Lemmal[f using a common denominator. We
can do this by rewriting the binomials in the sum using the falling facto-

rial (2)my = x(x —1)--- (x —n 4+ 1). Rewriting the sum gives
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b—2 b+lk3)

Z a+z+k;)

=0 k+1
—2

b+2—/€ B)bkz(k+1)

— (b—Fk—=2)(a+ i+ k)@t
b2

(b4i—k = 3)p—r—2(k + 1)Ub = 2)uy(a+i+b—2)p-r2
k=0

(b — 2)!(& +i+b— 2)((,,1)

We will find this version useful later, though it is not as concise as the

original formula.

Using similar methods, we can find a formula for skyt(z, b) which not only

avoids an alternating sum, but is in fact a single term.

Lemma 5.

skyt(i, b) =

2(b+2i —1)!
G+ D10 —2)b+i)bt+i—2)

Proof. One can rewrite Lemma [5| as

(b+21—1 “ (b—2>(2i+k+2) 52)

(k + 2>(i+1) '

We can recover this sum for skyt(a,7,b) by applications of a derivative and

integrals to a polynomial. Let

(b+2i — 1)lay?*2(1 — zy)>2
(i+ 1)I(b—2)!

f(m,y) =

We break up our plan for applications of a derivative and integrals into
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three steps.

(a) First solve g(z) := if(x,y)

x; 1
(b) find h;(z;) = / hi—1(x;—1) dz;_1, where hy(z1) = / g(xo) dxy and
0 0

Zo,x1,...,T; are 1 + 1 variables; then finally
1
(c) find / hi(z;) dzx;.
0

Using the binomial theorem to expand (1 — zy)*~2, one may rewrite f(z,y) as

b—2

b+22—1 b—2

f(x,y) _ (( ‘ § :( ) k k+1y21+k+2
=0

With f(z,y) in this form, observe that applying steps (a), (b), and (c) in
order will directly give the equation for skyt in equation above. We
will show that if one leaves f(z,y) as originally defined and applies the three
aforementioned steps, one gets the right-hand side of the equation in Lemma
Bl hence proving the desired result.

First, for step (a) observe that

o) = T hw)|

20+ 1)(b+2i— 1)
T+ DIb-2)

(b—2)(b+2i — 1)!

GEST T A

r(1—z)2 —
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We do steps (b) and (c) simultaneously due to Proposition [10] This gives

24+ D)0 +2 - ) (b—2449)!  (b—2)(b+2i — 1)!12(b— 3 +i)!
G+D)I0—=2) b+ G+DIb=2) ilb+i)

204+ 2 =D)b+ i =)+ 1)(b—=2+1) — (b—2)]
B i+ D)Ub+9)!(b—2)!

C2i(b+2i - DIb+i—3)(b+i—1)

B i+ Db+ 9)!(b — 2)!

B 2(b+2i—1)! 0O
DG =D =2 b+ i) (b+i— 2)

We now prove a couple identities that will be essential for proving the main
result (Theorem [1)) with some useful tableaux identities—one involving skyt,
the other involving skyt—whose proofs will be similar. We first discuss the

identity pertaining to skyt.
Lemma 6. If1 > 1, then

- (3

d—1 ¢

+3 (—1)3’—”’“( J )(m;rd>skyt(m+1,k,d—j—2k:+1).
0

par i Jj—i+k

In proving this Lemma, it will be first useful to have the following result,

which is in a sense the dual to Lemma [il

Lemma 7.

#SYT(m+1,k,d—2k—p—1)

d—2k—1 m+d—
=y (—1)d1+ﬂ'< F p> skyt(m + 1, k,d — j — 2k + 1).
j=0
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Proof. The proof is a similar inclusion-exclusion proof to what was provided in
Lemmall] Starting with the term for j = d — 2k — 1, consider choosing a pair
of tableau. The first tableaux is a row with d — 2k — p — 1 squares, with entries
selected from [m+d]. We call this tableau p. To get the second tableau, which
we call A choose an element of Skyt(m + 1, k, 2), using the numbers in [m + d
not in the entries of u.

Our goal now is to attach the left block of u (whose entry is denoted i)
to the right of the top right block of A (whose entry is denoted 7) in order to
build an element of SYT(m + 1, k,d — 2k —p—1). This only works, of course,
if j < i. The cases where j > i are in bijection with picking a pair of tableau
similar to the ones selected before, but now with a row with d — 2k — p — 2
entries and an element of Skyt(m + 1, k,3). But here, there will be a scenario
where the top right of the element of skyt(m + 1, k,4) will be smaller than the
left of the row with d — 2k — p — 2 entries, but these are counted with a pair
of an element from Skyt(m + 1,k,3) and a row with d — 2k — p — 3 entries.

Continuing this alternating sum gives the desired result. O]

Proof of Lemmalf First, we note that

j m+d\ (m+d—i+k\/m+d
j—i+k i) \ Jj-i+k i—k)

Turning our attention to the double sum in the statement of Lemma [0} we

may use the above identity to push the summand indexed by j past one of the
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binomial coefficients. The right side of Lemma [6] becomes

(5

% d—1 .
m+d m+d—1+k
- kyt(m +1,k,d — j — 2k + 1).
S (7 )Z p(" T sttt b= - 2k

Note that if £ > 0, terms for 7 > d — 2k — 1 are zero as the last input to
skyt will be less than 2, so taking p = i — k in Lemma [7] gives that the sum
over j is equal to (=14 1#SYT(m + 1,k,d — k —i — 1). So we have now

reduced the right side of Lemma [0] to

%

(-1)*%’(31@)+(—1)d—i—12(—1) (T+d)#SYT(m+1 k,d—k—i—1).

k=0

Utilizing the hook-length formula, one can verify that

(m+d>#SYT(m+1,k,d—k—i—1)

1 —k
(m+d)! d—i—Fk (i
(m+d—1d)(m—11(d -394 m+k (k)

Hence, the desired result follows when we show

m+d\ (m+d—i)(m—1)(d— 1)l
<d—z’) (m 4+ d)!

i iNd—i—k
S NN LY B P
:0( ) (k;) m+ k

Counsider the function
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On the one hand, taking the derivative of f(z,y) with respect to y, evaluating
at y = 1, then integrating with respect to x with lower limit 0 and upper limit
—1, we recover the ride side of equation (3.3)). On the other hand, we can find

a closed form for f(z,y) first:

flzy) = (1" k,) Ly
k=0
xm—lyd

=y (1) ()

Using this explicit version of f(x,y), define g(x) by

g(x) := (%f(x, Y)y=1 = (d—)z™ (1 +2)" —2™i(1 +2)".

-1
Hence, / g(x) dx should yield the desired result a closed form for the
0

right side of equation (3.3]). So long as ¢ > 1, we can apply Proposition [5[ to

get
(d—1i)(=1)mq! B (—1)m*1!
m(m-+1)---(m+i) (m+L(m+2)---(m+1q)
(=™l (m - 1)I(d —i+m)
B (m +1)! '
One can verify this is the left side of equation (3.3)). m

We have an essentially equivalent identity for SEYT.
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Lemma 8. Suppose i > 1. Then

, d L - j d\ ——
—1)4Y —1J-Z+k< )() kyt(k,d —j — 2k + 1
o ) e () () Wk 2k

The proof for this is very much similar to Lemma [6, but especially due to
the dependence on the value of i, it is worth at least outlining aspects of the
proof.

Here is the corresponding version of Lemma [7] which has the same proof

of Lemma [7]

Lemma 9.

#SYT(2, k,d— 2k —p—1)

d—2k—1 m—i—d—
=Y (—1)d—1+j( i p) skyt(k,d —j — 2k + 1).
=0

Proof of Lemmal[8 The start of this proof works similarly to the proof of

Lemma [0 First, note that

i) )= G2 G5
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and so we rewrite the right side of Lemma [§] as

e (%) Sy (07T otthd = =2k 4 ),

)
k=1 =0 J

The inner sum equals (—1)4'#SYT(2,k,d — k —i — 1) by Lemma [9] Hence

the right hand side of Lemma |8 becomes

i

(—1)“1@'(2, j 1) + (=D (- (Z il k) H#SYT(2, k,d—k—i—1).

k=1
It is worth noting this can not be recovered from the proof of Lemma [f], and
so at this point, the proof of this Lemma diverges slightly though we employ
similar strategies.
We again apply the hook-length formula to get

d . d! (d—i+k+1)(d—Fk—1i) (i
(z’ — k;) #OVT(2 b, d=k—i=1) = ild—i+1)! k41 (k)

and hence proving the Lemma for the case where ¢ > 1 is equivalent to showing

Z( d )@'!(d—iﬂ)!:i(_l)kﬂ(d—i+k+1)<d—k—i)(;)_ (3.0

) |
141 d! p k+1

This time, we define a function f(z,y, z) so that
(i —i —k—i
f(a:',y,z) _ Z (k>xd +k+1yd k Zk.
k=0

When we differentiate f in x and y and evaluate both at 1, then integrate

with respect to z from 0 to —1, and remove the term corresponding to k = 0,
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we recover the right side of equation (3.4). On the other hand, we can find f

explicitly:

Define g(z) so that

d (d
g('z) = % (@f(xaya Z)|y1) |x:1

=(d—i+1)(d—0)14+2)" =21+ 2)"tz—i(i — 1)(1 + 2)"222%

(Note here that it is important we are in the case where i > 1 due to the

exponent on the last term of g(z).) We can directly apply Proposition [5| to

get that
/0_ 9(2) dz:—(d—i—i—l)(d—i)(ij_!l)! _22213: +i(i—1)%
_id—i+1)(d—1i)
(i +1)! '

This will not be the right side of equation (3.4)), because we have to remove

the £ = 0 term appearing in the sum in equation (3.4]) first. This term is
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—(d—i+1)(d—1), so we get

ild —i+1)(d—i)i
(i+1) ’

which one can verify is the left of equation (3.4)).

The case for ¢ = 1 can be simplified from the ¢ > 1 case since

(D)"Y (=) (Z jl k) #SYT (2, k,d—k —i—1)

k=1

= (=) '#SYT(2,1,d - 3).

Hence, when ¢ = 1, the left side of the equality in the statement of Lemmalg]

becomes

2
_(—1yt ((d+ 1)(d —2) —d(d - 1)>

(—1)42 (d) + (=) H#SYT(2,1,d - 3)

2
— (_1)d—2‘

3.2 Symmetry

This combinatorial realization does more than provide a manifestly positive
and integral interpretation for these coefficients. In [I5], Gedeon, Proudfoot,
and Young define a new polynomial called the equivariant KL polynomial
for the uniform matroid, and use it to observe a surprising symmetry in the

coefficients of the equivariant KL polynomial for uniform matroid. Let Cfn’ 4 be
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the 7th coefficient of the equivariant KL polynomial for the uniform matroid of
rank d on m + d elements. The authors of [I5] showed that C;, ; = Cj_5; 10
remarking that they see “no philosophical reason why this symmetry should
exist” [15, Remark 3.5]. They are able to use Cﬁw to recover chL,d, and so the

same symmetry is true for the latter. We recover this symmetry by observing

symmetry in our skew symmetric tableaux.

Lemma 10.

skyt(a,i,b) = skyt(b, i, a)

Proof. Given o € Skyt(a,i,b), define & € Skyt(b,i,a) in the following way.
Let n be the maximum value for the entries of the elements of Skyt(a,i,b),
and hence also Skyt(b,7,a). Replace each number ¢ in o with n 4+ 1 — 4, and
rotate the shape 180 degrees, so that the shape corresponds to the elements
of Skyt(b,i,a). This map is necessarily an involution.

This process is also well defined. Let x and y be two positions in « con-
taining entries i, j € [n] respectively. Suppose x and y are positioned so that
the entry in x is required to be smaller than the entry in y. This is to say that
x is to the right or above y (or both). This also gives us that ¢ < j. Our above
map replaces the entries of x and y with n +1 —¢ and n + 1 — j, and then
rotates «a giving us &. When we do this, if x was above y, it is now below, and
likewise with being to the right versus left. Regardless, there relative locations
now require the value of y to be less than x, which is indeed true since i < j,
giving this map is indeed well-defined. The figure below gives an example of

this map. O

In light of this, we have the following corollary to Theorem [I}
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T i T
214157 10[ 875 2
316|819 9(6[413 3141619
10) 2] 5 7]8]10
i1 0 i1

Figure 3.3: The left most tableau is an element of Skyt(4,3,3), the middle
tableau replaces each entry ¢ of the left with 11+ 1—14, and then rotating gives
us the tableau on the right, an element of Skyt(3,3,4).

Corollary 2. Let cfmd be the ith coefficient of the Kazhdan-Luzstig polynomial

of the uniform matroid of rank d on m + d elements. Then

i g
Cm,d = Cd—2i,m+2i-
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Chapter 4

The Kazhdan-Lusztig Polynomials for Sparse Paving

Matroids

This chapter is dedicated to justifying the combinatorial formula given in The-

orem [I] We restate this part here for convenience, as its own Theorem.

Theorem 2. Let cfn’d(C’H) be the i-th coefficient for the Kazhdan-Lusztig poly-

nomial for the sparse paving matroid S, 4(CH). Then
¢t o(CH) = skyt(m + 1,i,d — 2i + 1) — |CH| - skyt(i,d — 2i + 1).

Remark 4. For some values of m, d, and i, we need to use our conventions
set in place for skyt(a,i,b) and skyt(a,i,b) in chapter@ for our formula to

truly work.

e [9, Proposition 2.11] shows that the degree 0 term always has coefficient

1. That is, when @ = 0, our formula must always return 1.
e When d =0 we are forced to have Ps,, ,cn)(t) = 1.

o When 0 < d < 3, the degree requirement on Kazhdan-Lusztig polynomi-
als forces Ps, ,cwn)(t) to have degree 0. Namely, in this case, we have

Ps,. .cn)(t) =1, again by [9, Proposition 2.11].
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e When m = 0, note that CH is forced to be empty and Sy, 4(CH) becomes
Upa. It is shown in [4, Proposition 2.7] that Py, (t) = Par (t) P, ()
for matroids My and M. With this, one can verify that Py, ,(t) =1 by

seeing that Py, (t) = 1 based on the d < 3 discussion above.

In all cases, our conventions guarantee we get the right values. Besides these
cases, our conventions are not needed for our formula, and we are guaranteed

that Sy, a(CH) has more interesting structure than that of the boolean lattice.

The following technical result will be crucial in demonstrating why the
formula given in Theorem [2] only depends on [CH|, and not the relationship

between the elements of CH.

Lemma 11. Let ¢,i € NU{0}. For I C|[c|, let x; be a variable. Let g(k) and

h(k) are functions varying in k. Then

=) WMy gty =y > (= Z = [[n(k) ),

JCle] k=0 PCIC[c] ICIC[d]
|[>2 [J]>2

Proof. We show that the term with z; on both sides of the statement of the
lemma is the same for every J C [c|, where |J| > 2. We start with the
coefficient of x; on the right side. We note that the terms with x; appear for

each [ that is contained in J, where |I| > 1. Hence, the term with z; on the
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right hand side of the statement of the Lemma is

/]

e, (M s
Z;(—l)' (1) ot - nit)
7]

JIZ(U\) go( g(k) = eh(k) )
Y Zg Z (IZI> B gh%)i(—l)%('f)

erfge)

since we know in general we have the identities Z(—l)e (Z) = 0forn > 1and
=0

n

Z(—l)e (Z) ¢ =0 for n > 2. Note that the there is exactly one time where
=0

appears exactly once, and the corresponding term is —z ( “” Z g(k

We now prove the desired formula for ¢, ,(CH).

Proof of Theorem [ Let M := S,, 4(CH), and set ¢ := |[CH|. Recall that the
definition for the Kazhdan-Lusztig polynomial is that it satisfies the following

recurrence,

M Py () = > xarr () Par, (8),

F a flat

which may be rewritten as

M Py (7Y — Py(t) = > Xarr (£) Pag, (1),

F' a non-empty flat

Recall that deg P(t) < 1d, and so the power of each monomial in ¢4 Py (¢7)
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is strictly larger than %d. Hence, our goal is to show that for 0 < i < %d we

have

—skyt(m +1,i,d —2i+ 1) + ¢ - skyt(i,d — 20 + 1)

=17 > xur(O)Pag(d).

F' a non-empty flat

(4.1)

Using our work from Proposition [4, and consolidating common factors
involving the various flats in CH, we can rewrite the right of equation (4.1)) to
be

[tl]XSm,d(CH) + C[ti]XUl,d—l PUanl,l

i i 4.2
+ Z (XU 1y PS g (CH(P)) T+ Z [t]XUmmPUm,d_‘F‘;( )

bCFCO 0CFClm-+d]
For some C € CH F¢C VCeCH

where the first term corresponds to the case where F' = [m+-d], and the second
where F' € CH.

By Corollary [ we are required to break this up into three case: i = 0,
i=1,and 2 <7 < d/2 if we are to write this out explicitly. Note we can write
everything explicitly except Ps a_r (cH(Fy)- Hence, we proceed by induction
on the matroid rank d, noting that d > d — |F| since for the corresponding
summand F' is never empty.

We now define some notation in order to rewrite the summations appearing

in (4.2). Let I C [c] and C; € CH. We define C; := ﬂCl- and denote
i€l

cr := |Cy|. By convention, Cy = [m + d]. Recall that CH(F) := {C' \ F :

C € CH such that F C C}. Let j be an integer and define the following sum
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indexed by J:

o= ¥ -0n(%).

1cJCid
If j is selected appropriately, ®;(I) counts the number of flats of rank j con-
tained in C7, but not in any C; so that C'; C C}. Hence, F' is a flat counted
by ®,(I) if and only if CH(F') = {C; \ F' : i € I}. What we will leverage from
this is that |CH(EF)| = |I|.

We can now rewrite equation (4.2). We use the Kronecker delta function

1 i=
3(i,j) = to combine the cases for i = 1 and 2 <1 < d/2.
0 i#j
1=20:
+d—1 d—1
_1d m o _1d _1d71
( >( d_l) -1+ (-1 (57
+Z > @y ) (skyt(m +1,0,d — j 4+ 1) — |1| - skyt(0,d — j + 1))
]1®CIC[C]
+Zq> (0)(=1)? skyt(m +1,0,d — j + 1)
1> 0

(-1 (m”‘) e+ -0t ()

+Z Z Z jl+k(j_@+k)Skth+1kd j—2k+1)

j=1 0CIC[d] k=0

_Z Z —1)" H_k(j—l—l—k‘ |I|skyt(k,d —j — 2k + 1)

Jj=1 0CIC[c] =0

o Pk (Y kyt L kd—j—2k+1
+Z 2 <j_i+k>sy(m+,, j +1)
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In both cases, the sum running from 7 = 1 to j = d — 2 is the summand
in equation over ) C F C C for C € CH, since the flats contained in
C have size at most d — 2. The other sum running from j =1to j=d—1
corresponds to the summand in equation over ) C F C [m+d] such that
F ¢ C forall C e CH.

To simplify things further, first, note that

o= (%) (")

By construction, ®;_1(0) counts the rank d — 1 flats contained in no element
of CH. Recall that the only rank d — 1 flats are those not contained in any
circuit-hyperplane.

Next, note that many terms from the two sums running over j in both the
1 =0 and ¢ > 0 case will cancel as a result of Lemma Fix j < d—2 and
suppose J C [c]. Set

)
L e s
J

o g(k) = (—1)I~**F (j _‘Z+ k) skyt(m+ 1,k,d — 7 — 2k + 1), and

h(k) := (—1)7 7"k J kyt(k,d — j — 2k +1).
0= 1y (T YR 2k
This allows us to rewrite our two cases in the following way.

1=0:
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1> 0:

O (ZL ) Y1800, 1) + o~ 1)d_1_i(d—? —z’)

+ Z 1)1 |I|xJZg — [Ih(k
+ <—1>‘J'szg<k>
j k=0

The following argument works for both the ¢ = 0 and ¢ > 0 case, so we
speak of both simultaneously as if they were one. Let A correspond to the
sum indexed by j where j is at most d — 2. Likewise define B to be the sum
indexed by j where j is at most d — 1. By Lemma |11} the terms where |J| > 2
in A will cancel all terms where |J| > 2 in B. What remains in A are the
terms where |J| = 1, that is, the terms where J = I and |I| = 1. There are
¢ such terms, each contributing (?), as the members of CH have cardinality
d. For B, when j < d — 2, the only terms that remain are those where |J|
equals 0 or 1. This gives ¢ + 1 terms: one contributing (m+d), and c¢ terms
contributing — (3) Combining this with our identity for ®4_1(0) given above,
we get the following simplification.

1 =0:

(") et e (7))

-2
(j) (=1)(skyt(m +1,0,d — j + 1) — skyt(0,d — j + 1))
1

IS

+c

g

J

+% ((m;}d) _C(j» (—1)7 skyt(m +1,0,d — j + 1)

=l

<
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1> 0:

be

—1—

(=)* <ng?) —e(=1)"6(i, 1) + (=) <d d )

(—1)]'—”’“( . ‘7.+ k) skyt(m + 1,k,d —j — 2k + 1)

(—1)7=otF (j —i’+ k) skyt(k,d —j — 2k + 1)

S8

)itk J )kt +1,k,d—j—2k+1
) st j- 2k )

— c(c.l) (—1)j‘i+’“<.]. >skyt(m+1,k,d—j—2k+1).
— \J/) = J—i+k

For the case for ¢ = 0, note that our conventions simplify the formula to

£ £0)-Op
= d(mjd 1) o(-1)* (Zii)
5 |

We have seen these terms before—as a porism to Proposition [5 this prior

sum simplifies to be —1 (see the last lines of the proof to the Proposition).



48

We expected this—the constant term of the KL polynomial is always 1 [9]

Proposition 2.11]. Moreover, by the conventions we have taken, note that
—skyt(m +1,0,d+ 1) + ¢-skyt(m + 1,0,d + 1) = —1,

as desired.
For the case where ¢ > 0, we have done all the hard work previously—mnow
what is left is to simply rewrite the equation to be able to utilize the identities.

We first combine the parts with the (‘j) and skyt to rewrite it as

> () So(-1y (1) ==

—c
=1 M/ o
d— PN :
(M ) (—1)J’i+’f(, J )skyt(m+1,k,d—j—2k+1)
= J — J—i+k
d Z d—1—itk d—1
C(d—l);o( 1) (d—l—z’+k)8kyt<m+1’k’2 2k)

For this last term, observe that skyt(m+1, k,2—2k) takes on two values: 1
if k = 0, and 0 otherwise (since k > 1 implies 2 — 2k < 2). The same casework
allows us to extend the index for the summand involving skyt to d — 1, since
in either of the cases skyt(k,2 — 2k) = 0. Note further that if we extend our
sums over j so that they start at 7 = 0, since (0_?+k) = §(i, k), the extra terms
we get are skyt(m 4 1,4,d — 2i + 1) and —c - skyt(m + 1,i,d — 2i + 1). But
recall that our goal is to show the above sum equals — skyt(m + 1,i,d — 2i +

1)+ ¢-skyt(i,d — 2i + 1), so effectively all we have done by allowing j to start
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at 0 was change the problem to show the following is true:

0 =(—1) (”;ff) —e(—1)+16(0, 1)

+ (1) (d _Cf ~ Z) — (=) (d ‘ 1> (d i_1 ! z)

d—1 )

d - J — .
—c _ —1J_’+k(, , )Skytk,d—j—2k+1
Z(])D pre( ) e )
L imad\ & j
+ , —19‘—”’“(_ : )skytm+1,k,d—j—2k+1.
( j )Z( pr () s )

Note that (, 7 )= (,%,) (,"1,) = —i(,{,) and skyt(k,d—j—2k+1) = 0 when
k = 0, and so this equality, and hence the theorem, is true by the identities

from Lemmas [6] and [§] found in Appendix [A] O

The formula suggests that having fewer bases may lead to weakly smaller
coefficients, but this is not generally true. Let B(M) denote the set of bases

of a matroid M. Define matroids M and N so that

and

B(N) = (@) {4 U {a} 7 € {5,6,7,8,9}}.

Observe that [B(M)| = 120 < 121 = |B(N)| and yet Py (t) = 99t* + 103t + 1
and Py(t) = 106t* + 101t + 1.
Rather than comparing the number of bases two matroids have, we believe

the right thing to do is compare the sets of bases themselves. The following
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conjecture captures this idea. It is supported directly by Theorem (I} and by

various computer computations.

Conjecture 2. Let M and N be matroids of equal rank such that the ground
set of M is contained in the ground set of N. Let ¢;(M) and c;(N) be the ith
coefficient of their Kazhdan-Lusztig polynomial respectively. If B(M) C B(N),
then c;(M) < ¢;(N).

Note that the prior example is not a counter example as neither B(M) C B(N)
nor B(N) C B(M) is true. This conjecture suggests that one can alternatively
prove the positivity for all Kazhdan-Lusztig polynomials, by proving it for
matroids whose collection of bases is minimal, that is, no subcollection of its

set of bases defines a matroid.



o1

Chapter 5

Non-Negativity for Sparse Paving Matroids

With the formula for Theorem [1| proven, we now move to showing that this
formula is always non-negative. First, we discuss the special case where CH is
a disjoint family, in which we can reinterpret the coefficients in a manifestly
positive way. First, define a distinguished subset of Skyt(m + 1,4,d — 2i 4+ 1),
which we denote Skyt,(m+1,i,d—2i+1). Every a € Skyt,(m+1,4,d—2i+1)

must satisfy at least one of the following conditions.

e the top entry of the right-most column of « is 1; or

e the bottom entry of the right-most column is greater than d + p; or

e the third entry (from the top) of the left-most column is less than d + 1.
We then have the following proposition.

Proposition 7.
skyt,(m+1,i,d—2i+1) = skyt(m+1,i,d—2i+1) — p-skyt(m+1,i,d—2i+1).

To prove this, we will need the following.
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Lemma 12. Let m > 1, and A := {0,1,...,m — 1}. Then there exists an
inclusion

t: A x Skyt(2,4,b) — Skyt(m + 1,1, b).

Proof. Let a € Skyt(2,4,b). There is a natural way of viewing « as an element
of Skyt(m + 1,4, b)—attach to a a column of m — 1 squares, placing in them
the largest possible numbers (in increasing order) of the entries appearing in
an element of Skyt(m—+1,4,b). For future reference, we refer to the 1 x (m—1)
column as p, and refer to this described image of o as &. Note the following

facts:

e The entry in the bottom right corner of « is the largest number in the

tableau. This number is n:=2+2(i — 1)+ b= 2i + .

e 1 is smaller than every entry in u, and every entry in yu is larger than

every element in a. The elements of pare {n+1,n+2,...,n+m—1}.

We define an action on the locations of the numbers in @ by the elements
of A, which we denote ¢ - @ for i € A. The element i - & € Skyt(m + 1,4,b) is
defined by starting with @, removing n + ¢ from p and placing it where n is,
shifting all entries of ;1 down, and then placing n at the top of u. The action
is well-defined by the itemized facts above.

Hence, we may define the map ¢ : (i, ) — i - @. To see why this map is an
inclusion, simply note that any two distinct «, 5 € Skyt(2,4,b) must disagree
in a location other than the bottom right corner, as both are required to have
n there. This position will never change value by ¢. Then it is immediate that
¢ sends (i, ) and (7, ) to different elements since the outputs of both will still

disagree in the position that o and 3 did. O
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Proof of Proposition[]. Let o € skyt(m+1,i,d—2i+1). Hence, in particular,
1 is at the top of the left column and the largest possible elements are in the
left tail (by tail, we mean the the entries starting at the third entry from the
top). Let i € {0,1,...,p—1}. Let i - a denote the tableaux that is a has a 1
in the top left position, has d + 1 4+ ¢ at the bottom of the right column, and
the elements of {d+ 1,d+2,...,m+d} \ {d+ 1 + i} in the left tail.
Let S = {i-a:a¢cskyt(m+1,i,d —2i+1),i € {0,1,...,p—1}}. Our

work from Lemma [12] gives
#S =p-skyt(m+1,i,d — 20 + 1).

Hence, skyt(m+1,i,d—2i+1) — p-skyt(m+1,4,d—2i+ 1) counts the number
of elements in Skyt(m+1,4,d—2i+1)\S. Such elements are exactly described

by the elements in Skyt ,(m + 1,i,d — 2i + 1). ]
It is now equivalent to state Theorem [1| as our primary result.

Theorem 3 (Theorem. Let ¢, ((CH) be the ith coefficient for the Kazhdan-
Lusztig polynomial for the matroid S, 4(CH) so that CH is a disjoint family.
Then

¢t a(CH) = skyt,(m + 1,i,d — 2i + 1).

We now move on to the more general case of sparse paving matroids where
CH is not necessarily disjoint. Unfortunately, there still is no manifestly non-
negative expression in terms of tableaux. Instead, we show directly that our
formula from Theorem [1}is non-negative by relying on the bounds given in Ap-
pendix [B| for |CH|, our formulas for skyt(a, i, b) and skyt(i, b) given in Chapter

Bl and some standard algebra and calculus tools. The details for this proof
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will be rather technical, and our proof will need a few cases, so the proof
serves more as an outline, leaving most of the work to separate Lemmas and
Propositions. Throughout the proofs of this chapter, we use the falling fac-
torial ()@ = x(x —1)--- (2 —n +1). We will also regularly use the fact
deg Py (t) < %rk M. That is, if d is the rank of a matroid M, and i is the
power of some term in the Kazhdan-Lusztig polynomial Py,(t), then we must

have i < d/2.

Theorem 4. Let S, 4(CH) be a sparse paving matroid. Then
skyt(m+1,4,d — 2i + 1) — |CH| - skyt(i,d — 2i + 1) > 0.

Proof. We are able to take care of most of the cases simultaneously. For

convenience, using our notation from Theorem [2] let

cha(CH) = skyt(m +1,i,d — 2i + 1) — |CH| - skyt(i,d — 2i + 1).

m—+d+2

Recall that |[CH| < —2 (m;rd) by T heorem@ Hence,

‘ 2
d o(CH) > skyt(m+1,4,d —2i+1) — (m+d

S cskyvt(i,d—2i+1).
m+d+2\ d ) skyt(i,d —2i+1)

Then by Lemma this expression is non-negative for ¢ > 3, m > 3, and for
all possible d. That is, for d > 2i

This leaves a small number of more specific cases left, which need to be
addressed independently. We first note that the cases for m = 0 and ¢ = 0 are
taken care of by Remark

When m = 1, notice that any pair of basis elements have symmetric differ-
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ence 2, and so |CH| < 1. In this case our desired result is immediate since by
definition, we may view Skyt(i,d — 2i + 1) as a subset of Skyt(2,4,d — 2i + 1).

When m = 2, it is necessary to find a better bound on the size of CH. It is
not too much work to show that |CH| < d—JQFQ by using the symmetric difference
condition on CH. It is easier to work with the complements of the elements in

[d;Q]). Then it is equivalent in this case to count

CH, which are elements of (
the size of the largest disjoint family in ([d'f]). So in the case of m = 2 we

have

- d+2 —
Cn.a(CH) = skyt(m +1,4,d = 2i +1) — 2 Syt d— 2i + 1),

and so to prove our desired result in this case we need only prove

d+2

skyt(m +1,i,d —2i + 1) — -skyt(i,d —2i+1) > 0.

We do this for ¢ > 1, leaving the details to Lemma

Now we move on to the remaining values of i, noting we need only show
them for m > 3. When 7 = 1, one can get the following closed formula for
skyt(m +1,i,d — 2i +1). We get

d
skyt(m+1,1,d — 1) = (ZjJ _m—d

by Proposition . Also, note that skyt(1,d — 1) = d — 1, which can be seen by
using Lemma , or by simply observing that only numbers in {2,3,4,...,d}
may appear below the position containing 1 in skyt(1,d — 1). It is also impor-

tant to note that when ¢+ = 1, d > 3. Then to get our desired result in this
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case, we can combine Theorem [2] and Theorem [5| and instead show that

m+d 1 m+d
( 1) m—d - 1( )(d 1) 0

Lemma [15]is able to show this for d > 3 when m > 4, but only for d > 4 when
m = 3. This leaves the case when m = 3 and d = 3 to be done explicitly. Note
that

skyt(4,1,2) =9

and

skyt(1,2) = 2,

which can be easily verified by any of our formulas from Chapter [3 or by
hand. Then non-negativity follows from the fact that in the special case of
m = d = 3, we can guarantee |CH| < 4, which one verify via a constructive
argument.

When i = 2, we can use a similar strategy that we used for the ¢ > 3 and
m > 3 case described in Lemma|l3] However, there will be a bit more involved
here, and so we leave the details of this final case to Lemma [16]

O

Remark 5. In the case of m = d = 3, it is worth noting that finding the
bound |CH| < 4 was necessary. Both bounds for |CH| given by Theorem [5 or
Theorem [(] give |CH| < 5, and 9 — 5 -2 = —1. So in this special case, we
needed to get a better bound on |CH| than what either of our two bounds could

provide.
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Lemma 13. Let ¢ and m both be at least 3. Then

2 d\ ——
skyt(m+l,i,d—2i+l)—m(m; )skyt(i,d—%—l—l) > 0.

Proof. One can rewrite the sum in Lemma [4] using Remark [3] After doing
this, letting a =m+ 1 and b =d — 2: + 1, the £ = 0 term in the formula for

skyt(m + 1,4,d — 2 4+ 1) is

A L m 4+ 71— 1 m 4+ d (d — 7 — 2)(d_2i_1)(m + d— i)(d_Qi_l)
o i d—i (d—2i — )!(m~+d — i) g2
(m +1— 1)'(777, + d)'(d -7 — 2)(d,2171)(m + d— Z.)(dfgi,l)
iltm — D)(d — i) (m + i)(d — 2i — 1)!(m +d — i) g_a)
_ (m—i—d)'(d—z— 2)(d—2i—1)
ilm —DI(d =) (m+1i)(d—2i—1)(m+i+1)

Utilizing Lemma [f], we have

2 m+d\ ——
B:i=——- kyt(s,d — 21+ 1
m—i—d+2( p >s yt(i,d — 2i+ 1)

4(m + d)!
m!(m+d+2)(i+Di—D(d—2i—D(d—i+1)(d—i—1)

Note that

2 d\ —

so it suffices to show A — B > 0. Recall that ¢ < d/2. Put another way, this

says that d —¢ > ¢ > ¢ — 1. Hence, we may combine A — B in the following
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way.
A-B
_ it D(m+d+2)(d—it)d—i-1)
S m(i ) (m+d+2)(d—i+1)(d—i—1)
_ B(d_ i)(d—2i+1)(m —|—l)(m + 17+ 1)

(d =) (@—2i41)(m + 1) (m + i+ 1)

(m+d)!(m+i—1)p(m,i,d)
mi(m+d+2)(i+1)(d—=i)!(m+i+1)(d—i+1)(d—i—1)(d—2i—1)!

where

p(m,i,d) =(d —i—2)@-2i—ym(i+1)(m+d+2)(d—i+1)(d—i—-1)

—4(d - i)(d—22‘+1)(m +i)(m+i+1).

Hence, it suffices to show that p(m,i,d) > 0. We can, in fact, reduce the

problem further by simplifying p(m, i, d). Observe that

p(m, i, d) = (d—i—1)a_silm(i+1) (m-+d-+2)(d—i+1)—A(m—+i) (m-+i+1)(d—i)].

so it now suffices to show

qg(m,i,d) :==m(i+1)(m+d+2)(d—i+1)—4(m+i)(m+i+1)(d—1i) > 0.

We show this for m, 7 > 3 by viewing ¢ as a function of m. The desired result
follows from the following three claims for ¢ as a function of m.

1. ¢ is quadratic and concave up;

2. the critical point of ¢ is negative; and
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3. q(m,i,d) >0 for m = 3.

Showing these are elementary exercises in algebra and calculus, so we just
highlight the important parts.

For claim (1), note that the coefficient of m? in g¢(m,,d) is (i +1)(d — i +
1) — 4(d — 7), and that we assume d > 2 and i > 3. Hence this coefficient is
non-negative.

For claim (2), it suffices to show the coefficient of m in g(m, i, d) is positive.

This coeflicient is

i+ 1)(d+2)(d—i+1)—4(i+1)(d — i) — 4i(d — 9).

Using the fact that d > 2, one can show this is an increasing function in d
and is non-negative when d = 2i.
For claim (3), it suffices to show ¢(3,,d) is an increasing function in d and

that ¢(3,7,2¢) is non-negative. This works out similarly to claim (2).

Lemma 14. Let 71> 1 and m = 2. Then

9
skyt(i,d — 2i + 1) > 0.

d
skyt(m +1,4,d— 2 + 1) = 2
Proof. As in Lemma [13] keeping in mind that m = 2, set

(d+2)1(d —i — 2)@ 21

A==+ 2)(d—2i— DI+ 3)
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and

d+2
B:— ;‘ Skyt(i, d — 2i + 1)

di(d + 2)
G+ DI — D) d—2i—)l({d—i+t )d—i—1)

It follows from the proof of Lemma [13| that skyt(m + 1,i,d —2i + 1) > A for

m = 2, and so the desired result follows if we show A — B > 0. Observe that

DA =it ) (d—i—1) (i
A-B=Ar =i na—i—n Puroiu+

B d(d + 2)p(i, d)

@ +3Nd - (d—2i—D(d—i+1)(d—i—1)

where

Pli, ) = (d=i=2)(a-a-1)(d+1) (i 1) (d—i+1) (d—i—1) = (i42) (i+3) (d—3) -2611).

Hence, it suffices to show that p(i,d) is non-negative. One can factor p(i,d)

to reduce the problem further:

plid) = (d—i—1)_apl(d+1)(i+1)(d—i+1) — (i +2)(i+3)(d— )],

and so it suffices to show that

q(i,d) = (d+ 1)+ 1)(d—i+1)—(i+2)(i+3)(d—1)

is non-negative. Since in the context of Kazhdan-Lusztig polynomials we have

d > 2i, we may set d = 2i+ j for 7 > 1. Then ¢(7, 2i + j) is quadratic in j and
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we have the following values of [j¢]q(i,2i + j):
[7°)a(i,2i + j) =i+ 1

[5')a(i, 2i + j) = 2¢* — 4

Remaining terms: i® — 27 + 1

When ¢ > 2, all three values are individually positive positive. If 7 = 1, then
(1,5 +2) =25 - 2j

which is non-negative for all j > 1, giving our desired result. O

Proposition 8.

skyt(m+1,1,d— 1) = (?*1‘1) _m—d.

Proof. Note that if o € Skyt(m+1,1,d — 1), it is made up of two “tails”, one
of length m + 1 extending down, and the other of length d — 1 extending up,
so that the two tails overlap in exactly two positions. See the below figure for

a schematic of «, with some entries labeled.

S
I\

m—+1

Note that there are m 4+ d positions in these tableaux, and we require that
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m + d|
d—1
elements of Skyt(m +1,1,d — 1) is equivalent to the number of S that appear

w < y and z < z. Now, pick an element S € ([ ) The number of

as the right tail in an element in Skyt(m + 1,1,d — 1), as the entries of one
tail determine the entries of the other. It is easiest to count the complement,
that is, the S that will not appear as the the right tail in an element of
Skyt(m + 1,1,d — 1). These are the S that force w > y, x > z, or both. We

leave it to the reader to verify that the complement has size m + d.

Lemma 15. We have

m+d 1 m-+d
— —d - — — >
(d—l) m—d m—l—l( d >(d 1)=0

ford >3 when m > 4, and d > 4 when m = 3.
Proof. We start by rewriting of our expression of interest.

(1) mea (i a

(") e

Hence, if
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it suffices to show f(m,d) > 1. As a function in m, f(m, d) is increasing. Also,

f(47d): = 3

(d+ 3) -2 (d+3)! 1 (d+3
d! 51d! 20 ‘

See that f(4,d) is increasing in d and also f(4,3) = 1. So when m > 4, we

have our desired result for d > 3. When m = 3, observe we have

_(d+2)(d_2)_<d+2)!_ 1 (d+2
JBD =" ="1a ~“ 1\ 2 )
See that f(3,d) is increasing in d, and f(3,4) = 12. O

Lemma 16. If m > 3, we have
. a(CH) > 0.

Proof. Tt will be important to remember that since i = 2, we have d > 5 by
the degree requirement on Kazhdan-Lusztig polynomials.

To show our desired result, we will need two separate cases. First suppose
m > d. Note then we already have m > 3 since d > 5. As in Lemma [13]

accounting for the fact that in this case ¢ = 2, let

(m + d)'(d — 4)(:1—5)
2(m — 1)!(d — 2)1(m + 2)(d — 5)!(m + 3)
B (m + d)!(d — 4)!
~2(m —1)(d —2)!/(m +2)(d — 5)!(m + 3)
_ (m+d)(d—4)m(m +1)
- 2(m+3)!(d — 2)!

A=

Also similarly to Lemma , but using the bound from Theorem [5| for |CH|,
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let

Com+1 d a

s L (m+d 2. d  (m+d)(d—2)(d—4)
‘ < )6(d—5)!(d—1)(d—3) 3(m+I(d—1)!

A combination of Theorem [2] Theorem [5, and the proof of Lemma [13] implies
that

and so we show A — B > 0 when m > d. Notice that

(m+d)!(d—4)f(m,d)

A B = =1

where

f(m,d) :==3m(m+1)(d—1) —2(d — 2)(m + 2)(m + 3).

Hence, it suffices to show that f(m,d) > 0 to show that A — B > 0. Since we
are assuming m > d, we set m = d—+j, for j > 0. Then f(d+ j,d) is quadratic

in j and we have

A f(d+j,d) =d+1
Ulf(d+ j,d) = 2d* — 5d + 17

Remaining terms of f(d + j,d) : d* — 6d* + 5d + 24

Each of these are positive when d = 5. In fact, the [j2] term is clearly positive
when d > 5. The [j] term is increasing for d > 3. For the remaining terms,
note that the derivative is 3d? — 12d + 5, which increases so long as d > 2, and
is already positive at d = 5. This means that the derivative remains positive

for d > 5, and so the original function remains increasing. Hence, this shows
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that ¢}, ;(CH) > 0 so long as m > d.
Now we show the same result holds when d > m. To do this, we reuse A

as above, and redefine B using our bound from Theorem [6]

2 (m+d 2. dl _ 2(m + d)!(d — 2)(d — 4)

d )G(d— Id—1)(d—3) 3(m+d+2)ml(d—1)

C om+d+2

For similar reasons as before, ¢2, ,(CH) > 0 if A— B > 0. Note that

) “myd

(m+d)!(d—4)(m+ 1)g(m,d)
6(m+ 3)!(d —1)! ’

A—-B=
where
g(m,d) :==3m(m+d+2)(d—1) —4(d — 2)(m + 2)(m + 3).

Observe that ¢ is a concave up quadratic function in d. If one expands the

function, its vertex can be seen to occur at

B m2 4+ 17m + 24
B 6m ’

d

However, note that this value is less than m so long as m > 5 since

m2 4+ 17m + 24
om

< m if and only if — 5m? + 17m + 24 < 0.

Hence, this says that g(m,d) is increasing in d when d > m > 5. Also, when
m = 3 the vertex for ¢ is at approximately d = 4.67 and when m = 4 the
vertex for g is at d = 4.5. We know that d > 5 regardless of its relation to m,

so we have in fact shown that g is increasing in d for any m > 3 when d > m.
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Moreover, one can verify

g(m,m) = 2(m* — 6m* + 5m + 24) > 0

so long as m > 5. Also, note that g(3,5) = 0 and g(4,5) = 24. Hence g(m,d)

is always non-negative for d > m when m > 3. O
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Appendix A

Integral Identities

Proposition 9. [18, Identity 2.110.8] Let a,b be positive integers. Then

)bfk a+k+lxk

b
1 -2y Y
o1 — ay)? dy = ald! ( .
/y( zy)" dy =a l;(am“)!(b—k)!

Corollary 3. Let a,b be positive integers. Then

b

1 )bk gk
/0 Yy (1 — xy)® dy = a!b! Z ( (1=7)

~(at+k+1)b— k)

Corollary 4. Let a,b be positive integers. Then

b

Yy (1 _ y)b—kya-i-k—i-l
“(1—2)" dz = alb!
/0“ z) dr=a kz_o(aJrkJrl)!(b—k)!
Corollary 5. For positive integers a and b,
(_1)a+1b!

/0 (1 + )" doe = T D@+t @iorD)

Proposition 10. Let xg,z1,...,x; be a list of i + 1 variables. Set hi(x1) =

/ 28(1 — x0)° dxo, and for i > 1 define hi(z;) = / hi—1(zi—q) dx;_q.
0 0
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Then

/1 (o) dos al(b+ ).
o 0l

Na+b+i+ 1)

Proof. Using Corollary z' times, we get the following expression for h;(x;):

Nl 220 qIplgetothitig _ g \b-o—ki
Yy e e
k=0 ka—0  k3—0 —0 (a+o+k+i)l(b—o—k)

where 0 = k1 + ko + - -+ 4+ k;_1. Noting that

/1 Q] g o g — (a+o+k+i)(b—0o— kl)‘
0o ' ‘ (a+b+i+1)

we may use (|A.1]) to write

albla+o+k+i)l(b—o—k)!
‘(a+o+ki+i)l(b—o—k)l(a+b+i+1)

e
=

|
D
+
=
_|_
_l’_
”M@

”Mw ||M‘

II
o

which simplifies using Proposition [I1] to

alb! b+4i\  al(b+1)!
(a+b+i+DI\ i /) dlla+b+i+1)

Proposition 11.

b—k1 b—k1—k> b—o

Xb: le<bjtz‘>7

7
k1=0 ko=0 k3=0 k;=0
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where 0 = k1 + ko + -+ k;_1.

Proof. Tt is helpful to first reindex the summations so that they start at 1

instead of 0. Then the identity holds from counting the below set in two ways.

U U U U {z1,29,..., 2}

z1€[b+1] wa€[b+2\[z1] ®3€[b+3|\[w2]  wi€[b+i]\[wi-1]
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Appendix B

Bounds on [CH)|

Our proof for the non-negativity of Theorem (1| will be purely computational.
Hence, since |[CH| is a part of our formula, having bounds on this value will
be useful. We will give two particularly important bounds.

The first bound is given as follows.

Theorem 5.

1 m+d
< .
|CH|_m+1( d >

This can be recovered in multiple settings. One can find an outline of
a matroid theory argument in [3, Lemma 2.7]. However, this bound also

happens to be a standard coding theory result. Recall that for S, 4(CH), the

[m+d]

4 ) so that any pair has

circuit-hyperplanes CH is a subset of elements in (
symmetric difference at least 4. One could equivalently describe such a set as
a binary constant-weight code with hamming distance 4. In this context, the
bound in Theorem [5| gives a bound on the size of a code with these conditions,
as shown in [I, Theorem 12]. In fact, [I] proves a more arbitrary bound
accounting for any lower bound on symmetric difference, not just 4. It is also

worth noting that the proofs for this bound given in both [I] and [3] are in

fact different, even when both are in the language of matroid theory.
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While this bound will serve useful, there will be times where it will not be
sufficient for our purposes. Unlike the prior bound, we found no literature to

support the bound that follows.

Theorem 6.

2 m+d
< —_ .
‘CH|_m+d+2< d )

Remark 6. These two bounds have an interesting relationship. First, observe

that

m+1( d >>m< d )Zfandonlyzfd>m.

A take-away here is that both bounds are necessary to get a good bound for
|CH|. Ezcitingly, when m = d, not only do these bounds agree, but they equal

the mth Catalan number C,,, where

com )

To prove Theorem [6, we will utilize a graph theory technique known as
discharging. First, though, it is necessary to make clear the connection between
sparse paving matroids and graphs. Let J(n, d) be a graph with vertex set ([Z]),
where vertices are adjacent if and only if their symmetric difference is size 2.
This graph is best known as the Johnson Graph. The symmetric difference
condition on CH implies that CH is an independent set in J(m +d, d), that is,
a set of vertices with no edges between them. So finding an upper bound on
|CH| is equivalent to a bound on the size of an independent set in J(m +d, d).

There are some final graph theory notation conventions we give before

providing the proof of Theorem |§| Let A and B be vertices in J(n,d). To
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indicate A and B are adjacent we write A ~ B. When an edge has vertex
A as an endpoint, we say that edge is incident to A. By N(A) we mean the
induced graph on the vertices adjacent to A in J(n,d). That is, N(A) is the
subgraph of J(n,d) where for all vertices B,C' € N(A), we have B ~ C' in
N(A) if and only if B ~ C in J(n,d).

Proof of Theorem @ Let I C ([Z]) be an independent set of vertices in
J(n,d). We will describe an assignment of weights to edges of J(n,d) based
on [. Start with a weight of 0 on all edges of J(n,d). If A € I we add a
weight of 1 to each edge incident with A. Furthermore, A adds a weight of
1/2 to all edges in N(A). Note that there are d(n — d) vertices of N(A) since
every neighbor B of A is specified uniquely by B = (A \ {ag}) U {zp} where
ap € A and zp € A°. Two vertices B,C € N(A) are adjacent iff ap = a¢ or
xp = x¢. This implies that the graph induced on N(A) is regular of degree
d—1+(n—d—1)=mn—2. Thus A assigns a total weight of

1 d(n—d)(n—2)

w:d(n—d)+§~ 5 —d(n—d)<1+n;2>

to edges of the graph.

We will now show that no edge of J(n,d) receives a total weight of more
than 1 from this assignment. First, note that no edge is incident with two
elements of I, for they would be adjacent. Similarly, if an edge is incident
with A € I it cannot also be an edge in N(A") for any A" € I for then we
would have A ~ A’, a contradiction. Thus it only remains to prove that
if AB is an edge then there exist at most two elements A’ of I that have
A, Be N(A).

Let us consider what common neighbors of A and B look like. We know
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that C'= AN B has size d—1 and for some z,y € [n] we have A = CU{x} and
B = CU{y}. Consider now A’ € N(A)NN(B). If C C A" then A/ =CUz
for some z # x,y in C°. We call such common neighbors type 1. Now if a
neighbor A’ of A is not of type 1 then it has the form (C'\ {¢}) U {z, 2} for
some ¢ € C' and z ¢ A. But the only way such a set can also be a neighbor of
B is to have z = y. Thus all other common neighbors of A and B are type 2
common neighbors: those of the form (C'\ {c}) U{z,y}.

Now we simply note that the type 1 common neighbors of A and B are
all pairwise adjacent to one-another in J(n,d), as are the type 2 common
neighbors. That means at most one type 1 neighbor and at most one type 2
neighbor may be in I. Thus the edge AB receives a weight of 1/2 from at
most one type 1 common neighbor, and weight 1/2 from at most one type 2
common neighbor, for a total weight of at most 1.

Now we simply compute as follows. Each member of the independent set [
assigns total weight w to the edges of J(n,d), and each edge of J(n, d) receives

total weight at most 1 from the elements of I, so

d 2

thus )
|

[I|w = |]|d(n—d)<1—|—n;2> < <n MZG(J(n’d))’




74

Appendix C

A Generating Function Proof for the Kazhdan-Lusztig

Polynomial for Uniform Matroids

Let ¢}, 4 be the ith coefficient of the Uniform matroid of rank d on m + d
elements. Let @ = m + 1 and b = d — 2i 4+ 1. We instead prove ¢,_ ;9 1 =
skyt(a,i,b). In Chapter , we prove Lemma which gives the identity
skyt(a,i,b) = skyt(b,i,a). Using this, it suffices to show that sz—l,b—i—?i—l =

skyt(b,i,a). To that end, first observe

. a+21+b—2
#SYT(b,z,k)( W h g )
B 1 (b+2i+k)(k+1) (a+2i+b—2)!
i) (=N + iR+ kD) (a—k—2)1(2 + K+ b)!
1 (k+1)(a+2i+b—2)!

(b+i—-1)(b—-2)kb+i+k)(i+k+1D(a—k—2)
1 a+2i+b—2\ (k+D(a+i+b—2)(b+i+k—1)
(b+i—1)( i )(b—2)!(b—|—i+k)!(z’—|—k+1)!(a—k—2)!

B 1 a+2i+b—2 (h+1) a+i+b—2\(b+i+k—1
C(b+i—1) i b+i+k b—2 ’




5

Utilizing [13, Theorem 1.4], we may write

; 1 b+2i+a—2)\ 5
Co1p42i-1 = 7 . - 7 »

b+1—1 )

S /b+i+h—1\/i—1+h
- h+i+1 h '

>
Il

Hence, it suffices to show that

a—2 . a—2 . .
(et 1) <a+sz—2>(b+z+k—1> Z(bJth_l)(Z_lJrh)'
k:O b+1+k — h-+i+1 h

We instead prove that

a—2 . .
o b a+i+b—2\[(b+i+k—1
Z”; ( b+i+k b—2

a,b>0 =
a—2 . .
b+i+h—1\/i—1+h
a, b
=zmz( SO0
e pre h+1i+1 h

We take advantage of the following two things:
N AN 1
1. = —
> (" )x —
k=0

k z !
2 Sk ) = dz1+z:(1+2)2

k>0 k>0
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Now on the one hand, we have

> a"y(—1)F(k + 1) (“ Zijﬁ; 2) (b+i+ k- 1)

b—2
a,b,k>0
btitk—1 a+it+b—2

b k a
_ y(—l)(k+1)< )Zl‘( , )

b k>0 b—2 = b+i+k

b+i1+k—1 a4+i+b—2

= b(—1)F k+2 a—k—2
S R P Ty
b,k20 a>k+2

v r \' = (britk—1\( y
e () B ()
(1_"’3)”11@220 l-z bzzo i+k+1 ) \1—2z
T T \"( vy ' (brith+1\ [y
- Ere () () 2 )
(1—m)z+1k220 1—x 1—x bzzo i+ k+1 1— =2
(1 —2)*3(1 = §55)"*2 = l—z—y
_ z?y? 1
= (1 — m)i+3(1 _ 1353)“2 (1 + l—x—y)z

{L‘2y2

(1—2)(1—2—y)(1—y)?*

:



On the other hand, we have
b+i+h—1\[(1—1+h
a, b
nyZ( h+2+1>( h )
i1—14+h b+i+h—1
e ()
b0 +1+

a>0
_ i—1+h\ , p(b+i+h+1
z z( ) z()

i—14+h 1
1 _ 1+2 }E: ( ) 1__ h

h>0 a>h+2

B 2%y Z(i—l+h>( x )h
(L—y)*2(A—z) =\ h 1—y
_ 222 1
(I =y)™2(1 —2) (1 - )
x2y2

7
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