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Introduction

The story of the Delta conjecture is one with three sides. It is a combinatorial
formula for a certain symmetric function, that is intimately related to some repre-
sentation of the symmetric group.

The ring of symmetric functions Ag over a field K is the ring of formal power
series with coefficients in K, of bounded degree in a countably infinite amount of
variables, invariant by any permutation of those variables. This ring is naturally
graded, i.e. Ax = @neNAI(K"), where Aﬁg ) is the subspace of homogeneous symmetric

functions of degree n. The dimension of A]%n) is equal to the number of partitions A
of n, denoted A - n , which are vectors of positive integers whose entries are weakly
decreasing and sum to n. There are many interesting bases of this space, indexed
by partitions A, like the elementary symmetric functions ey, the homogeneous
symmetric functions hy, the power symmetric functions py and the Schur function
S S).

Given the n-th symmetric group &,,, denote C(S,,) the space of its class func-
tions (i.e. the space of functions f : &, — C that are constant on conjugacy
classes). As two permutations are conjugate if and only if they have the same cycle
type, there are exactly as many conjugacy classes of &,, as there are partitions of
n. For x € C(&,,), denote by x, the constant value of x on the permutations of
cycle type A. The Frobenius characteristic map is

F:C(6,) - A

X = Z Zixx\pm
AFn A
where z) € N is the size of the conjugacy class of cycle type A. This map is an
isomorphism of vector spaces (see Theorem 4.7.4]). It thus provides a re-
markable correspondence between finite dimensional representations V' of G,, and
symmetric functions. Indeed any such V' is determined up to isomorphism by its
character " (see Corollary 1.9.4]), a class function of &,,, which bijectively
corresponds to a symmetric function F(x"). Frobenius showed, that under this
correspondence, the characters of the irreducible representations of &,, (of which
there are as many as there are partitions of n) map exactly onto the Schur func-
tions sy (see [Sag01, Theorem 4.6.4]). By Maschke’s theorem (see 1.5.3]),
all finite dimensional representations V' of &,, can be decomposed into a finite di-
rect sum of irreducible representations. Since xV®W =V + xW, this implies that
X is the character of a representation of &,, if and only if F(x) is Schur positive,
i.e. the coefficients of its expansion in the Schur basis are non-negative integers.

vii



Thus, Frobenius provides a correspondence between finite dimensional represen-
tations of &,, and Schur positive symmetric functions. The type of symmetric
group representations V' that interest us will be bi-graded, i.e. V = @W»eNV(i’j) for
some representations V(7 of &,. The bi-graded Frobenius characteristic of the
characteV of such a representation is defined to be

P (i,9)
For(V) = Fou(x¥) = Y ¢ FX),
i,jEN

which is an element of A((CTEBI e The coefficients of its expansion in the Schur basis

are elements of NJg, t], which gives an updated notion of Schur positivity in Agz] 0"

Macdonald positivity and the n! theorem

In 1988, Macdonald introduced a family of symmetric functionsﬂ (see [Mac89],
[Mac95]), with coefficients in Q(g, t) that form a basis of Ag(g,). These polynomials
have attracted a lot of attention over the years, for many reasons. First, they play
a unifying role in symmetric function theory, as for suitable choices of ¢ and t,
Macdonald’s polynomials specialise to a number of other important families of
symmetric functions: Schur functions, Hall-Littlewood symmetric functions, Jack
symmetric functions and zonal symmetric functions. Furthermore, there seem to be
deep connections between Macdonald’s theory and other fields including statistical
physics, affine Hecke algebras, and Hilbert schemes (see for example [LV96], [Hai06]
and [Hai99], respectively).

Also, Macdonald introduced a slightly modified version of his polynomials which
he conjectured to be Schur positive. In [GH93|, Garsia and Haiman defined a nor-
malised version of Macdonald’s modified polynomials, denoted H in this text, and
defined a family of bi-graded &,,-modules, H ), the bi-graded Frobenius character-
istic of which they conjectured to equal Hy. Their conjecture resisted proof for
more than a decade, during which time it was reduced to the question of showing
that the dimension of Hy, for any A, equals n!; this became known as the n! con-
jecture. This conjecture finally became a theorem due to Haiman [Hai0T], whose
proof uses an algebraic theoretical approach, originally outlined by Procesi. With
it the Schur positivity of the H) was established.

Garsia and Haiman’s conjecture and the search for its proof revealed remarkable
connections between Macdonald polynomial theory and representation theory of the
symmetric group. For example, the same authors introduced the space of diagonal
harmonics DH,,, which essentially contains all the # as subrings, and is defined as
follows. Consider the ring R, = Clz1,...,Zn,y1,...,Ys] and the diagonal action
of &,, defined as

g f(xla"'vxnvyla"'vyn) = f(xa(l)a"'axa(n)aya(l)7"'7y0'(n))

1By slight abuse of terminology and notation, we will use “(bi-graded) Frobenius characteristic
of a representation V” denoted F (V') or F4 ¢+(V) to mean the (bi-graded) Frobenius characteristic
of its character, F(xV) or Fq.¢(x")

2See [GRO5] for a historical review of some notable results concerning Macdonald’s polynomi-
als.



Figure 1: An element of LD(6).

for f € R, and 0 € &,,. Next set Z,, to be the ideal of constant-free invariants
with respect to this action. The diagonal harmonics are DH,, '= R,,/Z,. The ring
R, is naturally bi-graded by the homogeneous bi-degree of the x and y variables.
Since Z,, is a homogeneous ideal, this bi-grading is inherited by DH,, and so we
may construct its bi-graded Frobenius characteristic Fy (DH,,), a Schur positive
symmetric function. Bergeron an Garsia noticed that, up to simple multiplicative
constant before each term, the Macdonald expansion of Fy ;(DH,,) is very similar
to the one of e,,. This inspired them to define the V operator [BG99], as the linear
operator satisfying VH) = T\ H), for any partition \, where T is a simple constant
in Ng,t] (see Definition 2.29). They conjectured that Fy,(DH,) = Ve, which
Haiman showed to be a consequence his n! theorem [Hai02].

The shuffle theorem

The third side of the story, the combinatorics, solidified when— building on Haiman’s
assertion that dim(DH,,) = (n + 1)~ ! [Hai02]- Haglund, Haiman, Loehr, Rem-
mel and Ulyanov proposed a combinatorial formula for Ve,, [HHLT05] in terms of
labelled Dyck paths of size (or the closely related parking functions, of which there
are (n + 1)"~1). Their prediction became known as the shuffle conjecture ElEI and
it reads

Ve, = Z qdinv(P)tarea(P)xP;
PelD(n)

where LD(n) is the set of labelled Dyck paths P of size n, dinv and area are statistics
that encode some combinatorial information about such paths and z is a monomial
naturally obtained from the labelling of P (see Chapter@ for the precise definitions
and Figurefor an illustration of a labelled Dyck path). Some special cases of this
formula were already known at the time, most famously the g, t-Catalan positivity

3See Section for an explanation of this term.
4See for a very nice account of its history.



theorem, predicted by Haglund in [Hag03] and proved by himself and Garsia in
[GHO2]. Several years passed before Haglund, Morse and Zabrocki conjectured
what they called a “compositional” refinement of the shuffle conjecture [HMZ12].
They introduced a family of symmetric functions C,, indexed by compositions «
of n (i.e. a vector of positive integers summing to n, denoted a F n) with the
property that ) . C, = e,. They then posited that VC, equals the the same
combinatorial formula as the shuffle conjecture above except that the sum is taken
only over the paths with diagonal composition « (see Definition . It was this
compositional formula that Carlsson and Mellit proved in [CMI18§|, implying the
shuffle theorem. Their proof is an impressive feat, introducing many new tools
such as the Dyck path algebra and their raising and lowering operators. The
publication of their paper marked the end of the very successful story of the shuffle
theorem.

The Delta conjecture

While Carlsson and Mellit were working on their proof of the shuffle conjecture,
Haglund, Remmel and Wilson formulated the Delta conjecture [HRWIS|. The
Delta operators, first introduced in [BGHT99], are are two families of closely related
linear operators of Ag(q,¢) defined by

AfHAZf[BA]H)\ /fH)\Zf[B)\—l]H)\

for any f € Ag(q,), where f[B)] and f[By — 1] are some constants in Q(q,t) (see

Section and Definition [2.29). They generalise V in the sense that on A&L "

we have A, = Al = V. The Delta conjecture is a pair of combinatorial
formulas for the symmetric function A, e, of the same general form as the
shuffle theorem, except that the sum is over decorated labelled Dyck paths of size
n with &k decorations on rises (first formula) or valleys (second formula). These
decorations have an impact on the area and dinv statistics (see Chapter El for the
precise definitions). For & = 0, the Delta conjecture reduces to the shuffle theorem.
The general case is still open today. In the Delta conjecture paper, the authors
established the easy fact that the rise version of the combinatorics is a positive
sum of LLT-polynomials, which were defined in |[LLT97|, and shown to be Schur

positive in a preprint by Grojnowski and Haiman [GHOT7].

Theta operators

In [DIV20], we introduced a family of operators, ©y, (see Defintition that
satisfy ©x Ve, = A, e, (see Theorem [3.36). There are many reasons why
these operators are interesting, one of them being that ©,VC,,, for a a composition
of n—k, seems to be the appropriate symmetric function for a compositional version
of the Delta conjecture (see Conjecture . This brings us one step closer to a
potential generalisation of Carlsson and Mellit’s proof to the Delta context.

For several years, there was no representation theoretic aspect to the Delta

conjecture. That is, even though its truth would imply the Schur positivity of



A, . en and thus we might construct a direct sum of irreducible representa-
tions of &,, whose bi-graded Frobenius characteristic coincides with this symmetric
function, there was no known “naturally occurring” module of which we could say
the same. This changed when Zabrocki [Zab19] introduced the module of super-
diagonal coinvariants. In [DIV20], we used Zabrocki’s breakthrough to define a

more genera module M,, » which we describe here. Consider

Clet, ooy Ty Yy e oy Yny 015 e ooy Oy M1y o oo 3 1)

where the 6 and 7 variables are sets of n anti-commuting or Grassmanian variablesﬂ
As before, the diagonal action of &,, permutes the 4 sets of variables simultane-
ously. Then M,, 5 is the quotient of this ring by the constant-free invariants of this

action. If Mﬁf:j) is the homogeneous subspace of degree k,[ in the 6,7 variables,
respectively, then we conjectured that

‘F(Mfr(Ll,CQ’l)> = (.—)k@lvenf(kJrl) .

For [ = 0, we recover Zabrocki’s conjecture for O,Ve, _ = A;nikilen. The fact
that Zabrocki’s conjecture seems to generalise so naturally using the © operators
is another argument in favour of studying of these operators.

More Delta conjectures

The Delta conjecture described above is far from the only combinatorial formula
for (seemingly) Schur positive symmetric functions that was formulated since and
inspired by the shuffle theorem. For instance, the Delta conjecture paper [HRW18]
containes another generalised Delta conjecture: a formula for Ay A, e, in
terms of decorated partially labelled Dyck paths (see Chapter.

What is more, developments remarkably similar to the shuffle and Delta con-
jecture, with combinatorics based on square pathsﬂ instead of Dyck paths and
symmetric functions relating to p,, instead of e,, started in 2007. In that year,
Loehr and Warrington formulated their square conjecture [LWQT], a formula for
V(—=1)""!p, in terms of labelled square paths (see Chapter @) It contained their
q, t-square theorem [CLO6| as a special case (which is to the square conjecture what
the g, t-Catalan theorem is to the shuffle theorem). In [Ser17], Sergel proved that
the shuffle theorem implies the square conjecture, which thus became a theorem.
Her proof used a schedule formula (see section for square paths, that allowed
for an expression of the combinatorics of square paths in terms of Dyck paths. In
[DIVI9] and [IV20], we proposed a combinatorial formulas for

° %(—1)”*1Aen%pn in terms of rise decorated labelled square paths,
%(—1)”*1Aen_kpn in terms of valley decorated labelled square paths.

5Zabrocki’s module My,1 has only one set of Grassmanian variables

6We have 0:0; = —0;0;, nim; = —n;n; for all 4,5 € {1,...,n}, any other product of variables
commutes.

"Square paths are lattice paths from (0,0) to (n,n) using unit north and east steps, ending
with an east step.



(—1)" 'O, Vp,_i also in terms of valley decorated labelled square paths, be
it a slightly modified version of them.

We refer to these formulas the Delta square conjecture. In the same papers, we
formulate generalised versions of these conjectures: we predict that applying Ay,
to the symmetric function yields similar combinatorics but with partial labellings.
In [TV20] we show, using the same strategy as Sergel for the square conjecture, that
valley version of the generalised Delta conjecture implies the valley version of the
generalised Delta square conjecture (modified version).

Content and organisation

This

thesis focuses on the symmetric function and combinatorial aspects of the

Delta and related conjectures.

Chapter [I] and Chapter 2] set the stage by providing classical definitions and
results related to symmetric function theory in general (Chapter 1)) and Mac-
donald polynomials in particular (Chapter . Section contains our defi-
nition of the Theta operators, which first appeared in [DIV20].

Chapter [3] is dedicated to symmetric function identities. Sections [3.1] and
[B:2] lay out relevant identities from the literature. Section [3-3] establishes
a key summation formula which was originally proved in [DIVIg]. Sec-
tion [3.4] contains the proof of some key results concerning the Theta operators

from .

Chapter [ sets up the combinatorial definitions related to Dyck and square
paths. Most of these are not original, except for some relating to our original
conjectures (see the next chapter).

Chapter [5] lists all the formulas (conjectural and otherwise) related to the
Delta conjecture. Our contributions are: the generalised Delta square con-
jecture (both versions) and all the conjectures involving the Theta operators.

In Chapter [6} we prove the generalised shuffle theorem, i.e. the interpretation
of Ay, Ve, in terms of partially labelled Dyck paths. Actually we prove a
refinement of this result called its touching refinement whose combinatorics
specify how many times the Dyck paths touch the line x = y. We first put
out this result in [DIV20)].

In Chapter[7]we show that the valley version of the touching generalised Delta
conjecture implies our formula for (—1)""10;Vp, _ in terms of partially la-
belled valley decorated square paths. We use the same general strategy that
Sergel used to prove that the shuffle theorem implies the square theorem
[Ser17]. As in Sergel’s paper we formulate a schedule formula for our com-
binatorics, which was inspired by the one in [HSI9]. Our formula however
is for labelled paths and not for parking or preference functions, in other
words we allow for repeated labels. So it also provides a new factorisation of
all the previously discovered schedule formulas concerning square and Dyck
paths. This conditional result, combined with the one in Chapter [f] gives



a formula for A, (—1)""1p,, which we call the generalised square theorem.
This chapter contains the results of [IV20].

e In Chapter [§] we extend the combinatorial framework of the proof of the
compositional shuffle conjecture [CMI8| to rise decorated Dyck paths. In
particular, we prove an extension of the “main recursion” in their paper that
relates decorated Dyck paths to the raising and lowering operators. In this
way, we reduce the rise version of the compositional Delta conjecture to a
conjectural identity of operators. The content of this Chapter appears in

IDIV20).

Finally, we include some ideas for future research (page [121)).






Chapter 1

Symmetric function theory: an
introduction

We give an introduction to symmetric function theory, highly catered to the needs
of this thesis. The main sources used are [Ber09], [Mac95],[Sag01],[Stad9], where
the interested reader can find more details.

Consider a field K and let X = (x1,x2,...) be an alphabet of a countably
infinite amount of variables. Let IP be the set of positive numbers (i.e. N\ {0}) and
NF the be functions P — N, or equivalently the set of sequences (ay, s, ...) with
a; € N. The support of an integer sequence o € NF is the set of i € N such that

a; #0. Set 2 == [],cp 2. Now define

K[[X]] := { Z cax® | ¢o € K, « has finite support}

a€eNF

the ring of formal power series with coefficients in K and variables X. Given
a monomial caxZ” . Z;’“ € K[[X]], its degree is a;, + -+ + ;. The degree of
an arbitrary element of K[[X]] is the supremum of the degrees of its monomials,
which might be infinite. We denote by BK[[X]] the subring of K[[X]] of elements
of finite (or bounded) degree.

Let &, be the group of bijections P — P with the composition operation. We
define an action of &, on BK[[X]] as the permutation of its variables: for o € S

and f € BK[[X]] define

-

g - f(.Z‘l,JZQ,...) = f(acg(l),xg(2),...,...).

Definition 1.1. A symmetric function is an element f € BK[[X]] such that for
all 0 € 6, - f = f. The set of symmetric functions with coefficients in K is
denoted by Ag.

In other words, a symmetric function is a polynomial series of bounded degree
in an infinite number of variables, stable by any permutation of these variables.

Remark 1.2. The invariants of BK[[X]] under & (i.e. symmetric functions) are
the same as the invariants under the subgroup of bijections P — P that fix all

1



2 CHAPTER 1. SYMMETRIC FUNCTION THEORY: AN INTRODUCTION

but a finite number of elements, denoted by & ..). Indeed, consider ) ye caz®
and element of BK[[X]]. It is invariant by S if and only if ¢, = ¢,.o for all
0 € & where o-(ag, 2, ..., ) = (A (1), Ao(2), - - - ). Since the a have finite support,
invariance by &) implies invariance by G... There is a natural isomorphism
S (o0) = UnenGy,, where an element in &,, of the left hand side corresponds to the
permutation of P fixing all integers strictly n.

The ring Ak has a natural grading.

Definition 1.3. An element f € BK[[X]] is called homogeneous of degree n if all
its monomials have degree n. The set of symmetric functions with coefficients in

K, homogeneous of degree n is denoted Aﬁ(n).

Ax = EPAY.

neN

It is clear that

Definition 1.4. Given k € N and A = (\y,...,\z) € P¥ such that \; > --- > )\
we set
M == Zx?ll o x;‘\:’

where the sum is over all (i1, ...,ix) € P* yielding distinct monomials xf‘ll ST
We call my the monomial symmetric function associated to . We set mg = 1.

Ak

Example. If A = (2,1,1) then
_ .2 2 2 2
Mo 1,1 = T1T223 + T5X123 + X5T123 + TiToXy + -+ -

It is not hard to see that the monomial symmetric functions are indeed sym-
metric. In fact, upon some reflection, one notices that the my, indexed by A =
(A1,..., ) € P* for some k € N and such that \; > --- > )\, and Zle Ai=n,
are a linear basis for the vector space A]%") over K.

This suggests that the objects denoted here by A, which are called partitions,
will play a central role in the theory of symmetric functions. So we elaborate on
these objects in the next section.

1.1 Partitions and tableaux

Definition 1.5. Let n € N. A partition of n is a vector A = (A1,. .., A\g) of positive
integer entries such that Ay > -+ > XAy and |\| := Zle Ai = n. We will use the
notation A - n for partitions of n.

The parts of A are its components and its length, £(\) is its number of parts.
The set of all partitions is denoted by Par and the set of partitions of n by Par(n).
The size of the set Par(n) is referred to by p(n).

The following is a related but distinct notion.

Definition 1.6. A composition of n is a vector (ay, ...,ay) of positive integer
entries such that Zle a; = n. We denote a F n and set £(«) = k to be the length
of the composition. The size n of a composition is denoted by |«|.



1.1. PARTITIONS AND TABLEAUX 3

[ ]

Figure 1.1: A Young diagram.

The set of partitions is a subset of the set of compositions.

Definition 1.7. Given a and 8 two composition, its concatenation is the compo-
sition a8 == (a1, ..., Qya), B1,- -+, Bup))-

Convention 1.8. There is exactly one composition of 0, the empty partition, de-
noted by A = 0.

Let us associate some pictures to these objects.

Definition 1.9. We associate a partition A = (A1,..., \x) to the subset of N x N

Sy :={(0,0),...,(A\ —1,0),(0,1),..., (A2 — 1,1),
0,k —1), ..., (0 — 1,k —1)}.

Now for each (i,7) € Sy, draw the square with vertices (7,j), (i + 1,7), (4,7 + 1)
and (i + 1,7+ 1). We call such a square a cell or a square of A\, with coordinates
(4,7). The resulting diagram is called the Young diagram of )El In other words the
Young diagram of A\ consisting of k rows of squares, where the i-th row from the
bottom consists of \; squares and the rows are aligned to the left.

We will often identify a partition A with the set Sy or its Young diagram.

Example. The Young diagram of the partition (5, 3,3,2,1) is shown in Figure
The cell ¢ has coordinates (1, 2).

Definition 1.10. Given the Young diagram of a partition A\, perform the orthog-
onal symmetry with respect to the line z = y. We obtain the Young diagram of
the conjugate partition of A, denoted by .

Example. If A = (5,3,3,2,1) then Figureis the Young diagram of its conjugate
N,so N =(5,4,3,1,1).

Notation 1.11. We define a shorthand for some partitions that will turn up a lot.

e (1™):=(1,...,1), which is called a column partition due to the shape of its
——

n times
Young diagram. For example, we draw the Young diagram of (1%), see the

left diagram of Figure )

1We use the French convention, which uses of cartesian coordinates, as opposed to the English
convention, which uses matrix-like coordinates.



4 CHAPTER 1. SYMMETRIC FUNCTION THEORY: AN INTRODUCTION

Figure 1.2: Conjugate of the diagram in Figure

[ 1]

Figure 1.3: The row partition (1%) (left) and hook partition (4,12) (right).

o (n—k,1%) == (n—k,1,...,1), which is called a hook shape partition due to
——

k times
the shape of its Young diagram. For example, we draw here (4,1?), see the

right diagram of Figure Be careful, when k = n we get (0,1™) which is
not a partition and not equal to (1™).

PARTITION CONSTANTS

Given (a cell of) a partition, there are a number of constants in that will come up
frequently.

Definition 1.12. Given a cell of the Young diagram of a partition \ we define its
arm ay(c), co-arm ah (c), leﬁ Ix(c) and co-leg a), (¢) to be the number of cells that
lie strictly to the east, west, north, and south of ¢, respectively.

Example. The cell labelled ¢ in the partition A = (9,8,7,7,4,4, 3,2) in Figure
has ax(c) = 4,d\(c) =2,1\(c) = 3 and I} (¢c) = 3.

Definitions 1.13. Let A = (\1,...,A;) be a partition, then we set
o n(N) =0, (i - DA
o mi(A) = {j[ X =i}
oz, = Hle imi(’\)mi(/\)!.

Here are some observations about these quantities.

2This terminology makes sense for the upside down English convention.
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leg

Figure 1.4: Limbs and co-limbs of a partition.

e The quantity z) is exactly the number of permutations of {1,...,n} of cycle
type A.

e For all the \; cells in the i-th row of A, the co-leg equals i — 1. So we have

B ACESNC) (1.14)

cEA cEA

where the second equality is obtained from the obvious fact that for any
column of A the sum of the co-legs of its cells equals the sum of the legs of
its cells.

ORDERING PARTITIONS

Definition 1.15. We denote A\ C p if the Young diagram of X is “contained” in
the Young diagram of pu, in other words, A\; < p; for all 7. This defines a partial
order on Par called the containment order.

Definition 1.16. We define the dominance order on Par(n) as follows: suppose
A, i are partitions of n, then we denote A=y if and only if for all j € P

i i
DD w
j=1 j=1

where we consider A; = 0 for j > £()).

Remark 1.17. For any partition A there are but a finite amount of partitions that
are strictly smaller than A, with respect to C or <. It follows that (Par,C) and
(Par(n), =) are well foundeaﬂposets and thus we may use inductive proofs of state-
ments about these spaces.

We will need the following is an elementary fact about =<, see [Mac95l, 1.11]

Proposition 1.18. Suppose A\, u are partition of n, then A <X p if and only if
w =N,

3A poset is said to be well founded if all of its subsets contain a minimal element
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L]

L[]

5

Figure 1.5: The Young diagram of the skew partition (4,4,4,2)/(3,3,1).

SKEW PARTITIONS

Definition 1.19. A skew partition \/p is a pair of partitions p C \. Its size is
Al = |l

The Young diagram S}/, of a skew partition A/ is Sy \ S,. For example, we
draw the diagram of (4,4,4,2)/(3,3,1) in Figure We identify a partition A
with the skew partition A/@ so that the set of skew partitions contains the set of
partitions.

YOUNG TABLEAUX
Related to partitions are the following objects.

Definition 1.20. Given a (skew) partition A/u, a filling of its Young diagram is a
function f : S/, — P, in other words for every cell c of A a filling f picks a positive
integer f(c). For every cell c of Sy,, draw f(c) inside the square corresponding to
c. A filling is said to be

e standard if it is strictly increasing in rows (from left to right) and columns
(from bottom to top).

e semi-standard if it is weakly increasing in rows and strictly increasing in
columns.

A Young tableau or YT is a pair (\/pu, f) where f is a filling of the Young diagram
of A\/p. A (semi)-standard Young tableau or (S)SYT is a YT whose filling is
(semi)-standard.

The set of standard (respectively semi-standard) Young tableau with diagram,
or shape, A\/p is denoted SYT(M\/u) (respectively SSYT(A/p)).

Definition 1.21. The content of a YT is the vector of integers obtained by setting
its i-th component to the number of ’s in its filling.

Example. In Figure are represented a standard Young tableau (left) and a
semi-standard Young tableau (right). The content of the left tableau is (0, 2,0, 2,0, 3,2, 3)
and the content of the right one is (1,1, 3,0,2,2,0,2,1).

We introduce some very interesting numbers related to tableaux.

Definition 1.22. Given A, u € Par we define the Kostka number
Ky, = # SSYT of shape A and content .



1.2. SOME STANDARD BASES AND RESULTS 7

l\.’)@OO‘
OTOO@‘

=l N| O oo

N = |

6]7] 3[3]

Figure 1.6: A standard Young tableau (left) and a semi-standard Young tableau.

p—ch,ouk‘

1[1]

Figure 1.7: The only tableau of shape and content (6,4,3,1).

We make some observations about these numbers.
Proposition 1.23. Let A\, i € Par then
(1) Kxx=1
(1t) Ky # 0 if and only if |A\| = |p| and p < X.
Proof. (i) The only tableau of shape and content X is the tableau whose bottom

row of cells are filled with 1’s, the second to bottom row with 2’s and so on.
See Figure [I.7] for an illustration.

(ii) If A < p in the dominance order, there must exist a k such that g +- - -+ >
A1 + -+ M. It follows that there must be a k in a row above the k-th row
from the bottom of A. This is in contradiction with the condition of strictly
increasing labels in columns.

When g = A then the filling of A row by row from left to right bottom to top
with g1 1’s, po 2’s and so on, gives a SSYT of shape A and filling p.
O

1.2 Some standard bases and results

We turn our attention back to symmetric functions. We have already observed

that {my}x-n is a linear basis for the space A]g(n), which is thus of dimension p(n).
There are several other notable basis.

Definition 1.24. The n-th elementary symmetric function is

en(X) = Z Xy Tiy * - T,

1<i <ig <+ <ip
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for n € P and ¢y :== 1.

Definition 1.25. The n-th (complete) homogeneous symmetric function is
n(X) = > wawyem,
1<i1<io <+ <tn
for n € P and hg == 1.

This function is the sum of all monomials of degree n, hence the adjective
“complete”.

Definition 1.26. The n-th power symmetric function is
pa(X) =) af
i€P
for n € P and py == 1.
Convention 1.27. We extend the definitions of these function to indices in Z by

setting e, = h, = p, = 0 for all n < 0. This convention will make for nicer
formulas.

Example. For n = 3 we get

€3 = T1T2T3 + L1274 + T1T3T4 + T2T3T4 + -
3 2 2 3 2 2 2 2 3

hs = o] + 272y + 125 + 5 + 2723 + T12003 + Tox3 + X105 + xoxy + 25 + -
3 3 3 3

p3=ax] +x3+x3+xy+ -

We extend these definitions to partition indexes by applying the following mul-
tiplicative rule

€) ‘= e,\1 ~-~6>\k
h/\ = h)\l h)\k

DX = DXy P
using the convention ey = hg = py = 1.

Let’s introduce another, arguably the most importantﬂ family of symmetric
functions.

Definition 1.28. Let A € Par. The Schur function associated to A is
sx(X) = Z zT,
TESSYT(A)

where 27 = af'2h? ... 2h* where p = (p1,..., ) is the content vector of T.

Notice that sy = 1.

4The Schur functions are central to the theory since they are the image of the irreducible
representations of the symmetric group by the Frobenius characteristic map.
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vl] (]2 [u]o] [u]2] [1]3] [2]2] [1]3] [2]3]

Figure 1.8: SSYT of shape (2,1).

Remark 1.29. We may define in an analogous manner the notion of skew Schur
function, sy, where the sum is taken over SSYT(A/u), for A/u a skew partition.
For p O A, we define sy,, = 0.

Example. We have
_ .2 2 2 2 2 2
5(2,1)(X) = 2122 + 2125 + w723 + 2210023 + 2303 + T3 + Tox3 + - -

We draw in Figure[L.§|the semi-standard Young tableau corresponding to the mono-
mials specified above.

It is easy to see that for all n € N
S(n) = hn S(1n) = €n- (1.30)

Contrary to the other families we introduced, it is not immediately clear from
their definition that Schur functions are symmetric.

Proposition 1.31. Schur functions are symmetric functions.

Proof. We will describe a combinatorial involution
a; : SSYT(N) — SSYT(\)

that maps a tableau T of content u = (u1, ..., ur) to a tableau a;(T) of content
f= (W1, ooy i1y fit1, fhiy fhit2s - - -5 k). From the existence of this involution it
will follow that

sa(X) = Z T Z xT:Ti7i+1~5>\.

TESSYT(N) i (T)ESSYT(N)

Where 7; ;41 is the consecutive transposition (4,74 1). Since the consecutive trans-
positions generate &), this will imply that sy is symmetric (see Remark .
Let us now describe this involution. Take T"a SSYT. Look for all the occurrences
of i and 7+ 1 in the filling of T'. If ¢ and 7 + 1 occur as a pair in the same column,
they are fixed by «;. For the remaining occurrences, call them free occurrences,
we can safely switch ¢ and ¢ + 1 without breeching the condition on the columns
of SSYT. We proceed as follows. For each row, if there are a free occurrences of
i and b free occurrences of i + 1, we replace them with from left to right with b
occurrences of ¢ and a occurrences of i + 1. This operation will yield a SSYT and
the multiplicities of ¢ and 7 + 1 are switched, indeed we made it so for the free
occurrences and the fixed ones occur in pairs. It is clear that this operation is an
involution. See Figure [[.9 for an example. O
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233|3\ 11122222|3\

Figure 1.9: A SSYT (left) and its image by s (right)

Remark 1.32. This argument also holds for skew shapes, thus skew Schur functions
are likewise symmetric.

Corollary 1.33. We have the following identity

Sh = Z K umy = Z K umy

pePar H=A

Proof. Take A, ;v = (1, ..., i) € Par. By definition of s) and K, the coefficient
of the monomial z{" ---2}* in sy equals Ky ,. Since by Proposition sy is
symmetric and all monomials in m,, are obtained by acting on z/*---2}* with
some element of &y, we must have the first equality. The second equality follows

from Proposition [1.23] O

Remark 1.34. Since the inverse of a lower-triangular matrix is lower-triangular,
the fact that sy can be expanded in terms of {m,},<x implies that m, can be
expanded in terms of {s,},<x.

Example. We have

83921 = 16my1,1,1,1,1 +8ma1,1,1,1 +4ma21,1 +2moge +2ms 11,1 + M3

sy dsds sdatyds 14y sty

As suggested by the title of this section, all the families we have encountered
are of interest because they form basis of the space of symmetric functions.

Theorem 1.35. Forn e N
(i) {ex}xrn is a linear basis of A™);
(i) {haYarn is a linear basis of A ;
(i4) {pa¥rrn is a linear basis of A ;
(i) {sx}xarn is a linear basis of A™).

Proof. For the a proof of the statements (i), (ii) and (iii) we refer to The-
orem 4.3.7].

Point (iv) can be deduced easily from Corollary and Proposition m
Indeed, the former suggests a matrix identity expressing the Schur functions in
terms of the monomial basis (use the dominance order on partitions) and the latter
implies that the matrix in question is unitriangular, and is thus invertible. O

Corollary 1.36. The algebra Ax is minimally generated by {e;}ien, {hi}ien and
{pitien.
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(GENERATING FUNCTIONS

Upon some reflexion on the expansions of the right hand sides, we see that we have
the following generating functions

)= enl" =[]0+ 2:0) (1.37)

neN i€P

= m¢" =115 _{M (1.38)
neN i€P

)= =) 1 _1%(. (1.39)
neN i€P

These formal power series can lead to elementary proofs of interesting identities.

Theorem 1.40. We have the following expansions

-3t P (1.41)

Nen 2B
e = Z(q)”*““)};—”.; (1.42)
AFn w

Proof. We prove ([1.41)) here, (|1.42)) is obtained using similar techniques. Using the
Taylor expansions of exp(z) and In (ﬁ) and some formal power series magic (see

[Wil94] for more details on why and how these manipulations work) we obtain the
string of identities

0= e (15 ) ) oo (S0 (=)
w (Sr ) e (25 (34))
<

CM
S e (- IS8

kelP kEP

keP

P
<1+p1<+ do2y >(1+22C2 222,422 )

The coefficient of (" on the left hand side is h,, by definition. On the right hand
side a term of the series is obtained by multiplying a term from each parenthesis.
Say we pick the n;-th term from the i-th parenthesis. The resulting term equals

CZ:7Q1

’Lnln '

Let A be the unique partition such that m;(\) = n; and we get that the coefficient
of (" on the right hand side is 3_,,, 2. O
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JACOBI-TRUDI IDENTITIES

The expansion of the Schur functions in terms of complete homogeneous or ele-
mentary functions, is given by a pair of elegant determinant formulas.

Theorem 1.43 (Jacobi-Trudi identity). For any partition A we have the two equiv-
alent identities

sx = det ((hxi+j—i)f,(;:)1) sx = det ((6A1+j—i)f,(f:)1)

The fact that one is equivalent to the other is easily deduced by applying the
w-involution, see Section [I.4]

PIERI RULES

Definition 1.44. A skew partition is said to be a horizontal strip if it does not
contain a H and a wvertical strip if it does not contain a [T].

We state here the Pieri rules (see for example [Mac95, 1.5.16 and 17]), which
are are special cases of the classical Littlewood-Richardson rule (see for example

Theorem 4.9.4]).

Proposition 1.45 (Pieri rules). Let A € Par and n € N
hnsy = Z Sp EnS\ = ZSV
o v

where the first sum is over all p DO X such that p/X is a horizontal strip of size n
and the second over all v O X\ such that p/X\ is a vertical strip of size n.

MURNAGHAN-NAKAYAMA RULE

Definitions 1.46. A skew partition A\/u is said to be connected all of its squares
share at least one edge with at least one other square. A border strip (some authors
use rim hook or ribbon) is a connected skew partition that does not contain a EH

The height ht(B) of a border strip B is its number of rows minus one.

The following is a special case of the more general result known as the Murnaghan-
Nakayama rule. We refer to [Sta99, Theorem 7.17.1].

Theorem 1.47. For A € Par and n € N

SA\Pn = Z(_l)ht(“/)\)sﬂ
I

where the sum is over all partitions p 2O X such that p/X is a border strip of size n.
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1.3 Hall scalar product

We may further develop the structure of the symmetric function ring by defining a
scalar product. We do this by specifying its effect on the power symmetric function
basis.

Definition 1.48. Define the Hall scalar product on Ax by setting

<p)\;p,u> = Z)\(S)\,;l,

where 0, is the widely used Kronecker delta, equal to 1 when a = b and 0 when

a #b.

DuALITY

Armed with a scalar product, certain basis of Ag are in special relation to each
other.

Definition 1.49. A pair of basis {u)arn, {Ux}arn of A]E(n) is called dual, if for all
A, pFnowe have (uy,vy) = 0x -

The defining feature of the Hall scalar product is that {py}-n and {i—i})\k

are dual basis of A](Kn). We have some nice result characterising dual basis. For this,
we will need two sets of variables X := (21, z2,...) and Y = (y1,¥2,...).

Proposition 1.50. A pair of basis {ux}xrn, {Ur}xrn of A]%") is dual if and only if

2 X)pa(Y)
D> ua(X)ua(y)=>" Eea—

AFn AFn

Proof. Let A and B be the matrices of size |Par(n)| x |Par(n)| and coefficients in
K defined by

Uy = ZAQ,,\pa UM = ZB’B’“ZZLZ'

akFn BFn
It follows that

(ux,vy) = Z Z AarBgs.pu <pa, pg>

atn BFn

= Z Aa,)\Ba”u

atbn

= (BTA)M,A

It follows that {uy}arn and {va}arn are dual if and only if BT A = Id.
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On the other hand we have

S un(X)ia(V) = 3 3 A, By PP (Y)

Zg
AbFn AFn abn BEn

_ ZZ <Z AarBs /\) pa(X)p,B(Y)

zB
atFn BFn \AFn

— Z Z(BTA)LMM~

z
atn BEn 8

Thus, the equality in the thesis holds if and only if BT A = Id. This obviously
implies that the two statements are equivalent. O

It turns out that there is a very nice factorisation of this common product of
formula of dual basis.

Proposition 1.51. We have the following formal power series equality

T XA (Y) 11 !

1— 2y
A€EPar i,jEP iYj

Proof. Let’s play with the formal power series:

I1 = = oot —wan= [ oo (S7)

i,j€P i,j€P i,j€P keP
_ TilYi | _ pr(X)pe(Y)
= eXp Z T = eXp <Z T
k,i,jEP keP
! pe(Xpe() )"
-X 4 ()
neN keP

Ay (L)

neN 7 |al=n
_ - nOn(Y)
= Z = ,

AePar

This last step was obtained by collecting all the compositions a whose rearrange-
ment give the same partition \. O

Let us summarise the duality results on the standard basis

Theorem 1.52. The following pairs of basis are dual.

5Tt might seem that we are forgetting a duality result of standard basis. Indeed we have not
mentioned the dual basis of the elementary symmetric functions. Of course such a basis exists
and is known as the forgotten basis of symmetric functions and are usually denoted by fy. We
have not mentioned this basis since we have no need of it.
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(i) {pa}aen and {2}

(i) {ha}arn and {mx}rrn;
(iii) {sx}rrn is dual to itself.
Proof. (i) Trivial by definition.

(i) Replacing ¢ by y; in the definition of the generating series for the homoge-
neous symmetric functions (1.38)), we get

1
hp (X)y? = ——
S o =T
neN i€P
Taking the product over j € P, we obtain
n 1

[1> X = T 1=
. L - xzy_]
jePneN i,j€P

Notice that the right hand side of this equation is symmetric in the Y vari-
ables. We can thus expand the right hand side in terms of the monomial
basis in the Y variables. It is not hard to see that the coefficient of my(Y)
must be hy(X). Thus, we obtain

1
ha(X Y)=  ——
> ha(X)ma(Y) || T—
AePar i,jEP

which by Proposition and Proposition [1.51| implies that the monomial
and homogeneous symmetric functions are dual to each other.

(iii) We do not prove it here. See for example [MRI5, Theorem 5.6] for a nice
combinatorial proof using the RSK algorithm.
O

A DEFINING PROPERTY OF SCHUR BASIS

The orthogonality of the Schur basis turns out to be one of a pair of properties
that uniquely defines them.

Proposition 1.53. For any partition A, the Schur function sy are the unique
symmetric function satisfying

(I) (sx,s,) =0 whenever A # p;
([I) Sy =m) + ZM'<>\ D)\Nm#
where the Uy, are some elements in K.

Proof. We have already discussed the fact that Schur functions satisfy these two
properties, see Theorem and Corollary What we must show is that these
two properties in fact determine them. We will use an induction argument on <

(see Remark |1.17]).
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Set n = |A|. When we take the sum over p < A, this implicitly supposes u - n,
since =< is a partial order on Par(n). For the base case of the induction, we take
A = (1) the minimal element of (Par(n), <). Since there are no pu b n such that
=< (1™), the unique symmetric function satisfying is m(iny = en = s(1n).

Now suppose that for all © < A we have shown that s, is the unique function
satisfying the two properties. Using the fact that s, satisfies we may write

Sy = m) + E D,\Mmu
pn=A

for some [y, € K. Using the induction hypothesis, we may expand

my =8, — Z O,omy for all p < A.

V<[

Iterating this process, we may express my, in terms of {s,},~x (indeed after a finite
number of steps the only term in the sum will be m1n) = s(1»)). In other words,
there exist coefficients B ,, such that

Sy =my + E .)\#8#.
H=<A

Applying (-,s,,) to this equation, with 4 < A and using [(T)] we get
0= (mx,su) + Wy (s, 50)

<mk7 5/L>

< by, =— .
o (S Su)

(we know that (s,,s,) = 1 but we do not actually need this fact to prove the result,
we just need it to be # 0, which follows from the fact that the Hall scalar product
is positive definite). Thus, the set {s,},~x uniquely determines sy. O

PERP OPERATOR

Definition 1.54. Given f € Ag, we define f*, pronounced f perp, as the adjoint
operator of the multiplication. In other words, for all g, h € Ak

<fJ_gvh> = <g’fh>

This operator often has a nice combinatorial interpretation. The following result
is an example of such.

Proposition 1.55. For any A € Par and k € N with k < A\,
SA/(k) = h]i'S)\
Proof. Take p any partition and consider

(hiFsa, hy) = (83, hhy) = (sx, ho);



1.4. THE w INVOLUTION 17

where v is the partition obtained from g by inserting & in the appropriate spot.
Since the homogeneous and monomial symmetric functions are dual to each other
(Proposition [L.50), (sx, k) is the coefficient of m,,, which is the number SSYT of
shape A\ and content v, which in turn —by symmetry— must be equal to the number
of SSYT of shape A and content (K, p1, ..., te()-

On the other hand, since k¥ < A\;, we have (k) C A and so we may consider
5)/(k)- By similar reasoning (s /x), hy) is the number of SSYT of shape A/(k) and
filling .

We can easily construct a bijection between the set of SSYT of shape A\ and
content (k, ) and the set of SSYT of shape A/(k). Indeed, given a SSYT of the
second kind, augment by 1 all the fillings. We obtain a SYT of shape A/(k) and
content (0, ). Complete this tableau by adding the &k missing boxes and filling
them with 1’s and we obtain a SSYT of shape A and content (k, ). The inverse
map is easily divined and so this transformation is bijective.

213 304 3
213 2334 21334
1\ 22\ 1l1]1]2]2

Thus we have shown that (hisy,h,) = (8x/(k)> hy) for all partitions 4 and so the
thesis follows from the fact that the h, form a basis of A and the linearity of the
scalar product. O

1.4 The w involution

In this section we discuss a very significant operator on the algebra of symmetric
functions.

Definition 1.56. Set w(p,) = (—1)""!p, for all n € N and extend w : Ax — Ak
by requiring it to be an algebra morphism.

Clearly, w is an involution. This map has some interesting properties.
Proposition 1.57. Let A\ be a partition. We have the following
(i) w(px) = (=)= Xpy;
(ii) w(ex) = hy;
(iii) w(sy) = sy [

(iv) w is an isometry.

Proof. (i) This is almost immediate from the definition:
W(p)\) = w(p)\l) e 'w(p/\z(x)) = (_1))\1_11))\1 T (_1)/\20)_117)\4@)

Al—=L(A

— (1))

60ne basis seems to be missing from this list, indeed we have not given w(my). In fact, the

monomial symmetric functions get sent to the forgotten symmetric functions by w, and of course
vice versa.
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(ii) We can easily show that w(e,) = w(hy,) for all n € N by taking w of both
equations in Theorem and using point The full statement then
follows by algebraic extension.

(iii) Now this is an easy consequence of Theorem (the Jacobi-Trudi identities)
and point

(iv) Using point we get for any partitions A, u that
<w(p)\)7 W(pu)> = (_1)|>\\—Z(>\)(_1)|#|—e(#) <p)\7pu>

2
= ((*UW%(’\)) 2300 = 220 = (DXs Pu)-

And so the result follows from the linearity of the scalar product and the fact
that the py linearly generate Ak.
O

1.5 Plethysm

Plethysm is a type of notation that will make many symmetric function identities
easier to write down and play with. Its approach is to think of symmetric functions
as processes on some expressions involving some set of variables. In particular, we
interpret py as the process that elevates all the variables to the power k. We then
use the fact that any symmetric function can be expressed in terms of the py, to
extend this process to any element of Ax. Let us now be a bit more precise.

Consider f € A]E{n ). Since {px}arrn linearly generates AI(Kn)7 we may write
F=>"Fpa
AFn

for some fy € K. By Q((z1,22,...)) we denote the formal Laurent series with
variables z1, z9,... and coefficients in Q.

Definition 1.58. Given f € Ag) and A € Q((#1, 22, ...)) we define the plethystic
substitution of A in f by

2(N)
flA =Y AT AGY. 20 ..) (1.59)
AFn 1=1

Clearly, for all k we have pi[A] = A(zF,25,...) so we can rewrite (T.59) as

o)
fIAL = A [T ea 4]

AFn =1

In this sense, we can think of plethystic evaluation in A as the unique process that
is additive, multiplicative, and which is specified of the p; generators of Ag.

We insist on the fact that here we denote the variables of A by z1, zo,..., but
these are just arbitrary names of course. In what follows its variables might be
named x1,x2,...,q,t,u,y1,Y2, ... or anything else.
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It is important to note that in general, plethystic substitution does not commute
with other operations. For example, it does not commute with the evaluation of
some variable at a number (see Remark[1.64). This strange behaviour often causes
the mathematician first encountering plethysm some confusion. However, the tool
is too useful and important to do without.

It is not hard to see that, given f € Ak, if g € A C Q((z1,22,...)) then
flg] € A. Furthermore, this operation is associative.

Example 1.60. If A= X :=x, +2z2 +--- we have

()
=> A +23 4 =) faalar,ae,...) = flz1,22,...)
MNno =l o i

Pki(xl’l’Zw“)

Notation 1.61. Until now we have used the capital letters X = (x1,22,...) and
Y = (y1,92,...) to denote countably infinite alphabets of variables. In light of the
example above, when using plethysm, we will from now on identify X := x1+zo+- - -
and Y = y1+y2+- - so that f[X] indicates the symmetric function in this alphabet.

Definition 1.62. We introduce a special formal variable ¢ which has the property
d d
et = (—1)“

This is essentially an artifice to introduce a notion of —1 that is treated as a
variable and not a number during plethystic substitution.
Let us prove some general facts about plethysm.

Proposition 1.63. For f € A]gg) and u a variable we have
(i) fluX] = u f[X] fiii) [-X] = (~1)w [X]
(ii) fleX] = (-1)*f[X] (w) fl—eX] = wf[X]

Proof. (i) Since u is an variable, we understand uX as an element of Q((u, 21, xa,...)).
It follows that

7)) 7))
X} = ZfA HpM[UX} = Zf)x H uAipAi[X

ARd i=1 ARd =1
=3 puu e p [X] = wd fX]
AFd

(ii) This now follows from the previous point and the definition of e.

(iii) We have

£(N) £(N)
~X]=) h pri =X] =) A ] ealX]) =D A=) Ppa[X]
Ard i=1 Aed =1 A-d
= —£(X) d 0N
%f/\ X %f PALX]

w(pA)

% (Z fmm) — (~ 1) f[X]

A-d
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(iv) This follows easily from applying (iii) followed by (ii) for X — eX.
O

Remark 1.64. Here we see why, in general, plethystic substitution involving a vari-
able, and substitution of that variable do not commute. For example take f € A"
then

Flull sy = @' FD)] 0 = 2" (1) f12] =2/

However there are some variable substitutions that do commute with plethystic
substitution. Consider f[A(u)], for some A(u) € Q((u, 21, 22, ...)). Then the sub-
stitution u +— v¥ yields the same result when applied before or after the plethystic
substitution, and this for all £ € N. In particular, this holds for u +— 1. Indeed, we

see from the definition of plethysm that u and v* get treated in the same way by

plethystic evaluation. The same may be said for u + 0 or u > vfvl.

PLETHYSTIC CAUCHY FORMULA

A very simple application of plethysm coupled with the results concerning dual
basis discussed above, yields the following nontrivial result.

Theorem 1.65 (Cauchy identity). For every pair of dual bases {uy | A+ n,n €
N} {vx | AFn,n € N} of Ag (with respect to the Hall scalar product), we have

haXY] = us[XJua[Y].
AFn

Proof. Tt is clear from their definition (see Notation that XY designates the
expression ), ;cp2;y; and so h,[XY] is the symmetric function h,, evaluated in
the alphabet {:Uiyj}i,jep. Evaluating the generating function of h,[XY] at ( =1
then gives (see ((1.38))

1
haXY] = T ———.
Z [XY] H 1=y,
neN i,j€P
Thus the conclusion follows from extracting the degree n part of Propositions [I.5]]
and applying [[.50} O
Corollary 1.66. For alln € N,

haXY] =) sx[X]sA[Y] en[XY] =D sn[X]sA[Y]
An AFn

Proof. The first identity follows directly from Theorem [I.65] and Proposition
The second identity is obtained from the first by applying w, but only to the X
variables. In other words, consider the base field K to contain the Y variables. The
result then follows from the fact that w(sy) = sy (Proposition [L.57). O

Corollary 1.67. For any f € Ag with K a field containing variables y1,ys, ... we

have
flY]= <f[X]72hn[XY}>~

neN
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Proof. Consider {u)}xe par and {v)}re par @ pair of dual basis of Ak then by The-
orem [L.0Ol

<f[X]7Zhn[XY}> =Y alYI(FIX] ua[X]) = fIY],

neN neN

where the last equality comes from the duality of the uy and wv). ]

1.6 Addition formula

It will often be useful to consider symmetric functions in the concatenation of two
alphabets of variables, eg. (x1,29,...) and (y1,ya,...). Plethystically, we write
this as f[X + Y] (see Example . We denote the indices 1 < 2 < --- <1<
2 < --- of this concatenated alphabet, where the unbarred letters index X and
the barred letters index Y. With this index convention, we give a sense to the
definitions of my, e, h,, pn above. For Schur functions, we extend the definition
of semi-standard Young tableau to fillings in alphabet that is the union of barred
and unbarred positive integers, ordered as above.

Proposition 1.68. For \ € Par,
SAX + Y] =) su[X]sxulY]
HCA

Proof. Consider the semi-standard filling of the Young diagram of A in the alphabet
1<2<---<1<2<---. The cells filled with an unbarred letter form a partition
1 C X and the cells filled with a barred letter form a skew tableau of shape \/pu.
The result now follows from the definition of Schur functions. ]

e [LR11] for a more formal proof. Using the fact that sy = e, and s¢,) =
hy, we immediately deduce the following special cases.

Corollary 1.69. The following summation formulae hold

n

enlX +Y] =) eilXeni[Y] WX Y] = Zh
i=0

Corollary 1.70. The following subtraction formula holds
DX Y] =)e[X]
=0

Proof. This follows directly from Proposition combined with point of
Proposition and point of Proposition O

Proposition [I.68] may be used to establish the following non-trivial result.

Theorem 1.71. For A\, u,v € Par we have,

<SMSV7 S)\> - <SV7 3}\/}14>'
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Proof. Define the coefficients cf;l, and Ef‘w via the expansions
8.8, = ZCZ\WS)\ Sx/u = Zéﬁysy
A v
Consider three alphabets of variables X,Y and Z. Then we have

Z Ezusﬂ[X] Zsu Isa/ulY]sx[Z]

A, v
by- :ZS)\X+YS)\ Z]
A
(by[L66) = > hnl(X +Y)2Z] = ho[XZ +Y Z]
neN neN
(by =33 X Z)hy [V Z)
neN =1
= (Z hn[XZ]> (Z m[YZ})
neN meN
(by = (Z SM[X]SM[Z]> (Z SV[Y]SV[Z]>
= sulXlsu[Z]s,[Z)s[Y)
= > sl XsalZs,[Y].
JTR7Z9N
It follows thatﬂ c ;\L and so the thesis is true. ]

Remark 1.72. Theorem [[.71] gives another proof of Proposition [I.55
Finally, we detail another special case of Proposition [I.68]

Corollary 1.73. For all A\ n and variable z

0 otherwise.

B {(—z)k(l—z) if A\ = (n—k,1¥) for some k € {0,...,n — 1}
sx[l—z] =

Proof. Using Proposition [[.68] with X =1 and ¥ = —z we get

sall =2 = sullsn/ul—2]

nCA
(by [LO3TT) = > s [11(=1) 530y [2]
nCA

By the definition of a Schur function (L.28)), s,[1] = 0 unless u = (r) for some
r € N. Similarly s/, [2] = 0 unless (A\/p)" = (s) or equivalently, \/u = (1°),

"These common coefficients are called the Littlewood-Richardson coefficients.
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for some s € N. Given a A - n that is not a hook partition, it is clear that for
any (r) C A, the skew partition A/(r) is not a column partition. This implies the
second statement.

Now consider A = (n — k, 1¥), there are exactly two r € N such that \/(r) is a
column partition: 7 = n — k in which case A\/(r) = (1)¥ and r = n — k — 1 in which
case \/(r) = (1**1). So

Sn—k1) = sn—k[1(=1) sary 2] + sp—k—1 (=1 s areny [2]
= (=1)*sqle] + (=1 s [2]
_ (_l)kzk + (_1)k+1zk+1 _ (—Z)k(l _ Z)

1.7 Translation and multiplication operator

This section follows [GHT99).

Definition 1.74. Define two linear operators s
basis by

on A defined on the Schur

w §’1L

05,5\ = Sx/p S5\ = SuSA

Definition 1.75. For Z an alphabet of variables, we define the translation opera-
tor, denoted 77 by 77 (f[X]) = f[X + Z[]

Definition 1.76. For Z an alphabet of variables, we define the multiplication
operator, denoted pz by pz(f[X]) =D, cn hn[ X Z]f[X].

We give an alternate description.
Proposition 1.77. We have the following expansions
(1) 7z = 22, 5ulZ10s,.;
(i) pz =32, sulZls,

Proof. We show on the Schur basis and conclude by linearity of 7. For all
partitions A, using Definition [1.75] and Proposition [1.68| we get

TzsAX] = A[X + 2] = > su[Z]sx/ulX] =D 5u[Z]0s, s:[X].

For [(ii)} take f[X] € A. We have
pzfIX] =D ha[XZ)f[X] = sa[X]sa[Z]f1X] =D salZ]s\ (fIX]).
neN A A

O

8The 7, operator replaces X by X + Z in any plethystic expression. For example we have
Tz fl=X] = fI-(X + 2)] # f[-X + Z].
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Combined with Theorem [I.71], these expansions imply that 77 et pz are adjoint
operators for the Hall scalar product.

Corollary 1.78. For any f,g € A, we have (tzf,9) = {f,pz9).

Proof. We show that the equality holds on the Schur basis and extend by linearity.
Consider A, p € Par and apply Proposition (1)

(1251, 8) Zsy (05,55, 50)

(by [L74) = ZSV CYEN

(by [L7T) = >~ 5,[2] (51, su50)

(by [LT2) = ) su[2] (53, 5,50)
(by [L7AGD) = <:AaPZ5#>

Corollary 1.79. For z a single variable we have T, = ), ZFhit.

Proof. For Z = {z}, Propositio (1)| yields
T, = Z su(2]0
"

and s,[z] = 0 except for p = (k) for some k € N. The thesis thus follows from
Proposition [L.55 O



Chapter 2

Macdonald Polynomials

In 1988, I. G. Macdonald introduced the family of symmetric functions that is most
central to this thesis (see [Mac88] and Chapter VI of [Mac99]). These remarkable
polynomials; depending on two parameters ¢ and ¢, play a unifying role with respect
to other important families of symmetric functions. Indeed, for suitable choices of
q and t, they specialise to Schur functions, elementary symmetric functions, mono-
mial symmetric functions, Hall-Littlewood symmetric functions, Jack symmetric
functions and zonal symmetric functions. Furthermore, Macdonald’s polynomials
have deep relations to affine Hecke algebras and Hilbert schemes. Accommodating
these parameters, from now on we will work over the field Q(g, t).

Definition 2.1. Let A denote the ring Ag(,,). The default variables of an element
of A are x1,22,.... An element of this ring will thus be denoted by f, f[X] or
f[X;q,t], depending on the context.

Careful! In this last notation, the order of g and ¢ matters: in general f[X;q,t] #
fIX5t.q].

Example. If f[X;q,t] = qs(1,1) +tse) then f[X;t,q] = ts(1,1) + qs(2)-

2.1 Definition

There are multiple closely related families of symmetric functions that are referred
to as Macdonald polynomials. We present here Macdonald’s original definition,
followed by the variant we will be studying throughout the text, called modified
Macdonald polynomials.

ORIGINAL DEFINITION

Previously (Proposition , we proved that the Schur functions are the unique
symmetric functions obtained from an orthogonalisation process using the Hall
scalar product. Applying the same process but using a different scalar product en-
genders a number of well-known symmetric function families (e.g. Hall-Littlewood
and Jack polynomials). Macdonald’s original definition of his polynomials follows
the same tune.

25
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Let us start by extending the definition of the Hall scalar product (|1.48) to the
q, t-setting.

Definition 2.2. Given a partition A, we set

(gt _Z,\Hli Q(gq, ).

Define the ¢, t-scalar product on A by setting

<p>\ap/l,>q,t = 6)\,/LZ>\ (Q7 t)

and extending linearly.

We can rewrite this scalar product using plethysm. Indeed Zy(g,t) = zxpx “%ﬂ
and so by linearity, for all f,g € A we get

l—q
(Fgha = (XD 0lXDe = (1300 | X T ).
One readily concludes that whenever ¢ = t, the ¢, t¢-scalar product coincides
with the Hall scalar product.

Theorem 2.3. [Mac95, Chapter VI, (4.7)] There is a unique symmetric function
basis {Px}xepar of Ag(q,e) that satisfies the following properties

(I) (Px,P,) =0 whenever A # pn
(1) Py =my+ Y, ., Ohumy,

where the Oy, are some elements in Q(q,t). These symmetric functions are known
as Macdonald Polynomials.

The proof of this statement involves first showing the existence of such polyno-
mials by constructing a self-adjoint linear operator on A of which the eigenvectors
satisfy the wanted properties. Next, the argument for the unicity of these operators
is entirely analogous to the one made for Schur functions; see Propostition [1.53

This definition is quite useless for actually computing these objects, for which
something called the tableau formula is much more suited. For a nice exposition of
this formula see the “Macdonald P polynomials” entry in Alexandersson’s excellent
symmetric function catalog [Alé].

We have the following specialisations

P\(X;4q,q) = sa P\(X;q,1) = my Pr(X;1,t) = ex

Example. We give here the (computer-generated) Schur expansions of the Mac-
donald polynomials of degree 3. Not because we will need them but just to get
some idea of what they look like.

3 2 2 2
—q°+qt+qt—1 @ —qt+q—1
P = - =

’ <—q3t2+q2t+qt—1 e T Rt

gt —t*+q—t
Pi=—-+—7—
2,1 ( 11 S$1,1,1 + 82,1

P11 =511,1
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MODIFIED VERSION

It turns out that a slightly modified version of Macdonald’s definition yields a
family of even more interesting functions, that are more “combinatorial” than their
counterparts.

Definition 2.4. Given a partition A the modified Macdonald polynomz'alsﬂare ob-
tained from P, via the following normalisation and substitution:

X
HyX: 0,1 = Py |~ g, | [0 [ (1 - @101y
k[ 7q7t] Al:l_l/taqat :l (t ( q t )

cEX

Remark 2.5. It is important to clarify some ambiguous notation. When f € A and
A(g,t,x1,x9,...) € Q((¢,t, 21, x9,...)), the expression

f[A(qvtazlax% s );Q5t71]

can reasonably refer to two distinct objects, depending if the substitution of ¢ by
t~! occurs before or after the plethystic evaluation. We have encountered both rules
in the literature. In this text, we follow [Hai99] and intend that the ¢ substitution
occurs before the plethystic evaluation, i.e.

flA(g, t,z1,20,...);q, 7] = f}t:t,l[[A(q,t,xl,xg,...)]
#* f[[A(q,t,:cl,osg,...)Ht:t_l.

We will use the same convention for other substitutions of ¢ or ¢ denoted in this
manner. Here we have

Pl [25] = 2[5

Example. Let us look at the Schur expansions of the modified Macdonald poly-
nomials of degree 3:

t=t—1

Hs=¢’s111+ (¢* 4+ q) s21 + s3
Hyqv =gqtsii1+ (g+1t)saq+s3
Hyiq=1s111+ (t2 +t) 2,1 + 3

We immediately notice that the coefficients look much nicer here, indeed they all
live in N[g, t].

This observation holds in general. Set Ky ,(¢,t) € Q(g,t) to be the coefficients
such that
Hy = Z K)\,H (qa t)S)\a (26)
I

In the majority of the literature, these polynomials are denoted by Hy. We depart from this
notation in this thesis, since we will have no need for the other family of polynomials that are
usually denoted by H.
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called the modified q,t-Kostka coejj‘icientsﬂ Then K ,(q,t) € Nlg,t], ie. the
modified Macdonald polynomials are Schur positive. This is a very deep fact that
was eventually proved by Haiman, using tools from algebraic geometry [HaiO1].

We record two important properties of these polynomials, of which we omit the
proof.

e [Hai99, Proposition 2.5] For all A € Par,
H\[X;q,t] = Hy[X;t;q). (2.7)
e [GH96l Theorem 2.7| For all A € Par,
H\[X;q,1] = "N " NwHN[X5q7 7). (2.8)

The next result, see [Hai99, Proposostion 2.6], gives a characterisation of the
modified Macdonald polynomials.

Proposition 2.9. Let A - n. The modified Macdonald polynomials Hy satisfy and
are uniquely characterised by
(1) HA[X(1—¢q)] = Zut/\ W
(1I) HA\[X(1—1t)] = Zut)\’ LW
(III) (Hx,5()) =1
for some Oy ,,, Wy, € Q(q, t).
Proof. We focus on the left hand side of

Hyl(1 = )X] = Hy[—t(1 — 1/1)X]
(by B3 = £ HAl(1 — 1/8)(— X))

O N L (w D (1= o 1)>

cEX

— (t"W ITa- q“<c>t—l<“)‘1)> PA[=X;q,t71].

cEA

In other words, Hy[(1 —t)X] is merely a scalar multiple of Py\[—X;¢q,t!] and thus
—using Proposition:1.63 a multiple of wP\[X; q,t~1]. By definition Py\[X, g, 1]
can be expanded in terms of {m,},< and thus —using Remark in terms of
{s,},=x- Since Schur functions do not depend on ¢ the same holds for Py[X;q,t7].
Taking w of the Schur expansion of Py[X;q,t!] gives an expansion in terms of
{5 }u=x = {su}tw=x = {8, }u=x, where the second equality follows from Proposi-
tion this proves |(1I)] Now can be deduced directly by switching ¢ and ¢ in
and using Equation (2.7)). As for the final point, in [Mac95l page 362| one can
find a fact about ¢,t-Kostka polynomials that when translated to their modified
counterparts implies

2 Again, the more common notation for these coefficients is I@Hu(q, t)
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We conclude by proving that these three properties in fact determine Hy uniquely.
Suppose that there exist H} that satisfy the same properties. Using for H} im-
plies that for some coefficients 00, € Q(q,t)

H\X(1—q)] =) Oxsy

=

From . (I)| applied to the Hy and the fact that the inverse of an upper triangular
matrix is upper triangular, we know that for all ;s = n, s, may be expanded in the
{H,[X (1~ q)]}usp, 50 there exist [, € Q(g,t) such that

H\X(1—q)] =Y Ox Y OuH [X(1 - q)]

u=A vp

In other words H}[X (1 — ¢)] can be expanded in {H,[X(1 — ¢)]},~ and thus,
setting X 1%(;7 we have that H} can be expanded in {H, },»x.

Similarly, using for HY implies that for some coefficients By, € Q(q,t)

H}\ ]._t Z .)\,U,S[L

p=N

From |(T)|applied to the Hy and the fact that the inverse of a lower anti—triangularﬂ
matrix is upper anti-triangular, we know that for all u k= n, s, may be expanded
in the {H,[X (1 —t)]},<u, so there exist B, € Q(q,t) such that

H{X(1—t)] =) W, Y W, H[X(1-1t).

u=X v=p'

By Proposition [T.18] this implies that H} may be expanded in terms of {H,,}, <.
Therefore |(III)| implies H{ = H. O

Let us immediately put this characterisation to use and establish a nice little
lemma.

Lemma 2.10. For all n € N, we have

1
] = o | ] Hooll0 = ),
Proof. Since (n) is the maximal element of (Par(n), <), Proposition implies
that there exists some c(q,t) € Q(q,t) such that H,[(1 — ¢q)X] = c(q, )5 [X].

Replacing X by 1qu we obtain

Hy[X] = c(q,t)s(n) [1)_((1} .

3We define a lower anti-triangular matrix to be any M € Mat, x»(K) such that M; ; = 0 for
all j <mn —1i and an upper anti-triangular matrix is any N € Maty, x» (K) such that N; ; = 0 for
all j >n —i+ 1.
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Taking the scalar product with s(,)[X] and using Proposition we get

1=c(g,1) <S(n> X1, 50 L)_((J >

and thus, since s(,) = hy

Using [1.65] with ¥ = 1L

and the thesis follows. O

2.2 g-analogues

Since we are now working with symmetric functions over the two parameter field
Q(g,t), we will often run into particular expressions involving one of these param-
eters that deserve some attention.

The g-analogue of a formula is a generalisation involving a parameter ¢ that
reduces to the original form when ¢ — 1. In this section, we introduce some
standard g-analogues and some notable results about them.

Definition 2.11. Let n,k € N with 0 < k < n. We define

° [n}q :1—|—q++qn71 _ %k;
o [nlg! =TTy [ilgs

— [n]q!
° [Z]q T m.

The following notation will facilitate the discussion.

Definition 2.12. For n € N and any x we define the g-Pochammer symbol

n—1

(z;q)n = H(l —¢'x).

i=0
Cauchy gave us the following result (see [Hag08| Corollary 1.8.1] .

Theorem 2.13 (g-binomial Theorem). For any x and n € N

=>4} o

k=0
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Let us make some observations.

() =01—q)(1—¢*)---(1—¢")
]! = (¢ Dn
q (1 _ q)n

n—k:-‘rl; q)k

[ﬂ I O R
kl, (@)@ a)n—rk (¢ Dk

(2.14)

This motivates the following extension of the definition of [Z] .

Definition 2.15. For n,k € Z, we set

(49w
k

{n} (" " i) when k£ >0
q 0 when k <0

This is an extension of Definition [2.11] because both definitions coincide when
0<k<n.
We make some further observations.

elfn>0and k >n,then k—n—1>0and k—n—1 < k —1 so the

product (¢"*+1;q)r = [1°21 (1 — g"~*+1+%) contains the factor (1 — ¢°) and
" =0
SO [k]q =0.

e For any x, (x;q)o is the empty product, equal to 1. So for all n € Z, [g]q =1.

e Clearly,
for0<k<n: || =|"|. (2.16)
k n—=k
q q
This does not always hold for more general k£ and n. For example if n = —1
n —1 -1 _ 1—q ! n _ -1 _
and k = 1 then [k]q = [ | }q = (q(q;q)ql)l = 1Eq and [n_k]q = [_2} =0.

Proposition 2.17 (¢-Pascal identities). For any n,k € Z

nl _ k[n—l] N {n—l} . (2.18)
[Aq Tk ], k-1,
and,
ﬂWOSkSn:[ﬂ :{ngq +¢“ﬂ2:ﬂ. (2.19)

Proof. Equation (2.19) is easily deduced from (2.18)) and (2.16[). Thus it suffices to
prove ([2.18]).

e For k <0, we get 0+0=0.

e For k£ =0 and any n, we get 1 =1+ 0.
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e For k > 0 and n = 0, we already observed that [Z]q = 0. So we have to show

that ) )
e _
k], k—1],
We do this by showing that for all £ > 0

—k+i —1 1

—k. k—1
[—1} SCL TN ) il MR [ k“)Hi
kly  (@oe g 1—g 1—qgitt

= g Tl Hl—q e )kw
L—g* Hz 1=

Thus the result follows from the identity k& — (k‘gl) = 7(};)

e For k> 0 and n # 0, we use the identity

qk(l _ qn—k) 1— qk
1—qm 1—qm

1=

to write

m ="M @ e 1= (@M g
. L—qn (% 9k l=q¢*  (¢a)k

n—=k n—k+1

)k (g Q) k-
(¢:9)k - (@ @k

_qk[n—l} _’_{n—l}
BT k-1,

_ k(q

O

We close the section with the following classical result (see [Sta99, Theorem 7.21.2,
Corollary 7.21.3]).

Proposition 2.20. Forn,k € N

e} =4[] miid = "5
Furthermore,
o {1;1] = (q;lq)k " {1;1] - ((I;1Q)k

2.3 Star scalar product

We define another scalar product on A for which the modified Macdonald polyno-
mials are orthogonal.
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Definition 2.21. We define the star scalar product on A by setting

ey

<p)\7pu>* = (_1)‘/\|_€(A)Z)\ H(l - q)\i)(l - t)\i) 6)\,11«'
=1

Definition 2.22. Set M := (1 — ¢)(1 — t), we define the operator ¢ on A by the

plethysnﬂ
of1X] = fIMX].

We will also use the following notation
X
=X =0T X = | =
I = X =67 X f[M}

The following result [GHT99, Proposition 1.8] is an elegant way to express the
star scalar product in terms of the Hall scalar product

Proposition 2.23. For all f,g € A we have

<f7g>* = <¢Wf,g> = <W¢f,g>

Proof. Let us first show that ¢ and w commute, and thus that the second equality
holds. Indeed, using Proposition [1.57

w6 [X] = wf[MX] = f[-eMX] = fIM(~eX)] = 6[~eX] = dw [X].

Now Consider A\, 4 partitions and consider

o = (o (o =gy ) ).

1
T T R
. (_1)|M— (N
by LSO = — 7t (PAIX], P,

[y (1= ) (1 — %)

_ ~ ) I (A=) (1 =)
W= (0N ) i e

= Z)\(;)\,u - <p)\ap,u>'

Since {px}acpar linearly generates A and w¢~! is a linear bijection, the result
follows. O

Next, we translate Theorem to the (-, -).-setting.

Proposition 2.24. For alln € N and {ux}arn, {vr}r-n a pair of dual basis for
the star scalar product we have

XY
€n [M} = ZU/\UA
AFn

4The ¢ operator replaces X by MX in any plethystic expression. For example we have
GSIX +1] = SIMX + 1] # fIM(X + 1)].
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Proof. By duality and Proposition [2:23] we have

Sau = (oa,un), = (Pwon, up)

In other words {¢wvy} \rn and {uz},,,, are dual for the Hall scalar product. Using
the Cauchy identity [1.52] we may conclude that

halXY] =" dwor[X] - u[Y].
AFn

Finally, we will apply w¢ ! to this equation, but only to the X variables. More
precisely, we consider K = Q(q,t,y1,¥2,...) and apply the morphism w¢~! : Ag —
Ag. For any f € Ax we have

o IXY]) = £ |-eap¥] = o i)

so on the left hand side, we get wh,, [XT] =e, [XW] On the right hand side, by
linearity, we get

de) (pwur[X]) - ur[Y] = ZvA[X]uA[Y]
AFn

AFn

O

The following is the star scalar product equivalent of Corollary [[.67} Using
Proposition [2:24] the proof is entirely analogous.

As mentioned above, our interest in the scalar product comes mainly from the
following result (see [GHT99l Corollary 1.4]).

Proposition 2.25. The modified Macdonald polynomials are orthogonal with re-
spect to the star scalar product:

<H)\7 H;L>* = w)\(s)\,p.

U)he?"e wy = Hce)\ (qa)\(c) _ tl;(c)-‘rl) (tl)‘(c) _ qa;(c)-‘rl)

Therefore, using Proposition [2.24] we get the following formula.

Corollary 2.26. For all n € N we have

o [£Y] - 3 2o

M wx
AbEn

Corollary 2.27. For all n € N we have

%quzmmmm

M wx
AbEn

We close this section by studying the effect of the f* operator in the star scalar
product context.
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Proposition 2.28. For f,g,h € A

In other words (¢wf)* is the dual of the multiplication with respect to the star
scalar product.

Proof. Indeed using Proposition [2:23] and Definition we get

((wf) g, h)e = ((gwf) g, pw(h)) = (g, pw(f)w(h)) = (g, pw(fh)) = (g, fh)«.
O

2.4 Nabla, Delta and Theta

In this section, we introduce a number of interrelated operators, for whom the
modified Macdonald polynomials are eigenvectors. These symmetric function op-
erators, and the combinatorics related to them, form the central object of this text.
We start by introducing shorthands for some partition constants (in Q(g,t)) that
will simplify their definition.

Definitions 2.29. For a nonempty partition \ we set

T)\ p— H qa;(c)tl;(C) — qn(A')tn()\)
ceEA

Byi= 3 gH A0
cEX

D,\ = (1 — q)(l — f,)B,\ -1
H/\ = H (1 — qa‘;\((’)tl;\((’)) .
ceX\{(0,0)}

We also set By := 0 and Ty := 1. See Definitions and for a reminder on
the notations used here.

Notice that
TA = €|)\‘ [B)\] (230)

Example. For A = (4,2) we have

T472 :q7t2
| ‘ Bio=¢+¢@ +qt+qg+t+1
Myo=(1-q)(1—¢*)(1-¢")(1=)(1 - qt).

In [BGHT99, [BG99], the authors introduced the first incarnation of the afore-
mentioned operators, opening up the field of study of ¢, t-combinatorics related to
symmetric function coefficients.

Definition 2.31. We define the nabla operator, V : A — A by setting
VHy,=T\H,

and extending linearly.
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A particularly interesting instance of this operator is Ve,, which is the bi-
graded Frobenius characteristic of the module of diagonal harmonics [GH96], [Hai02].
Furthermore, it has been conjectured in IHH—L‘F)QH conjectured a combinatorial
formula for this symmetric function, called the shuffle conjecture, now a theorem

[CMI8].
Also in [BGHT99|, the authors introduced closely related, more general families
of operators.

Definition 2.32. For f € A we define the Delta operator and Delta prime operator
Ap, A’ A — A by setting

AfH,\ = f[B)\]H)\ }H)\ = f[B)\—l]H)\
and extending linearly.

Recently, these operators have been getting a lot of attention since [HRW1S]
conjectured combinatorial interpretations of A, e,. In [Zabl9], Zabrocki pro-
posed a module for which this symmetric function is conjectured to be its Frobenius
characteristic.

Proposition 2.33. For f € A and 1<k < n, we have

(i) De, f=VF;

(ii) De, f = AL f+AL_f
(iii) A, f=A¢, f
Proof. (i) Indeed for any A F n, B, has exactly n terms so

A., Hy = e,[B\]Hyx = T\H)\ = VH,,
(see Example which suffices since {Hy}ry, is a basis of A,
(ii) This result relies on the elementary identity
for k> 1 ex[Bx] = ex[Ba — 1] + ex—1[Ba — 1], (2.34)

which is easily obtained by noticing that By =1+ --- and so we get e[B,],
by interpreting the two terms of ex[By — 1] 4+ ex—1[Bx — 1] as either “leaving
or picking” this 1.

Thus checking on modified Macdonald polynomial basis
AekH)\ = ek[B)\]H,\ = (ek[B,\ — 1] =+ ek_l[B,\ — 1])H)\

€k—1
(iii) This follows easily from the fact that

AFEn= en[B)\] = 6,1,1[3)\ — ].] =Ti.
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The Delta and Nabla operators are self adjoint with respect to the star scalar
product. This follows directly from the fact that they are diagonal on the Mac-
donald polynomials, who form an orthogonal basis with respect to the star scalar
product (Proposition [2.25)).

Lemma 2.35. For a an operator in {V,Af,A'f | f €A} and g,h € A we have
<a(g)7h>* = <gaa(h‘)>

Finally, in [DIV20], we introduced a new family of related operators. First, a
preliminary definition.

Definition 2.36. Define the linear operator IT : @,-0A™ — @,-0A™ by setting,
for any nonempty partition A

II: H)\ — H)\H)\
and extending linearly.

Definition 2.37. For f € A, we define the Theta operator O : A — A by setting,

If*I g if deg(g) >0
Org:=(0rg=0 ifdeg(g) =0 and deg(f) >0
©;g9=fg if deg(g) = 0 and deg(f) = 0.

We will mostly use one particular instance of this operator, O., which we will
denote for short by Oy.

Here are some easy observations about this operator.
e Oy is linear for all f € A.
o T £ € A®) then ©,(AM) C AC+5),

o Oy = Id.

2.5 Refinements

This section is devoted to the introduction of some interesting refinements of the n-
th elementary symmetric function. These particular refinements are so interesting
because they inherit some key properties from e,, e.g. some sort of positivity on
application of V. More details will follow in later chapters.

THE FE, j; REFINEMENT

In [GHO2|, the authors introduced the following family of symmetric functions (see
also 3.24]).
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Definition 2.38. Take n,k € P with & < n. We define the symmetric functions
E, 1 by way of the following expansion

o [Xl —2] _ En: (Z;q)kEn,k~

L—q] =Gk

It is convenient to extend this definition to n,k € N by setting £, 9 = d,,0 and
E, 1, =0 for £ > n. We thus have, for all n,k € N,

. [Xl—Z] T

L—ql (@

The following special cases are of particular interest.

e For z = ¢°t! (see Remark [1.64)) we get, by (2.14)

n S“rl; n k J’» s
en[X[s + 1] = Z (q(,)(])kEn,k = Z |: k :| Ep k. (2.39)
k=0 q;4)k E—0 q
e For z = ¢ we get
en = B (2.40)
k=0

Let us study the special case k = n.
Proposition 2.41. Forn € N

By = EDn), [X ] :
: T4

Proof. Using Proposition we may write

]S [ 2

4 i=0
n X i X
(by ’ :Zenfi 17—(] (—Z) h; 71_(] .
i=0
Thus, the coefficient of 2™ in this expression is
X
—-1)"h,, | —| .
(~1)"h, [1 X q}

On the other hand, in the expression

- 25 q)k
> e
k=0 q;9)k
the coefficient of 2" is equal to
n—1 i n
Hi:o (—q") _ n q(z)
7En,n - (_1)
(¢ D)n (¢ D)n
By Definition these coefficients must coincide and the result follows by iso-
lating E,, ,,. [

En,n-
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n [CLOG], the authors prove an interesting link between the E, ; and w(p,),
which we will be relevant later.

Proposition 2.42. Forne N
" [n]
pn I; ]C =4 En k-

Proof. On the one hand, using Corollary we have
1—2z X
ey | X——| = S)\|::|S)\11—Z
[} [ e
X
Z SA [1_(1] (_Z)k(l - 2)

An
N =(n—k,1%):k€{0,...n—1}

= s [ a1 -2

k=1 q

(by

On the other hand, using Definition we have

en [Xl - Z] = innk

1—¢q (¢ D

(by 212) = Z Zq)k) LBy

Combining these two expansions and simplifying (1 — z) before setting z = 1, we
get

n n

S0 s [ = 2 Gt =S

Enk  (2.43)
— 2 (g0 *

(1—-¢q")
Using Theorem with A = () we know that
(o) = (17T = (17 T (10,
m

where the sum is over all border strips u = u/0 of size n. But a partition that is a
border strip is simply a hook partition. So we get

n n

w(pn) = (D)"Y (D) " Fsgerny = D (1) sgann

k=1 k=1

Injecting this into (2.43) and using the linearity of plethystic evaluation we get

w(pn) [1)_((1} = w(pn)[i(] En: ( ! Enk

1—q" = (1-q")

which clearly implies the result. O
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THE C, REFINEMENT
In [HMZ12| the authors stated a further important refinement.

Definition 2.44. For m € N and f € A, set

(Cmf[X] = _q_m+1 Zq_rhm+r[X]hr[X(1 - q)]lf[X]
reN

Then for o € P*, define
Co =Cy,Cq, ---Cq, (1).

Example. We list C,, for all compositions « of 3:

1

Ci3y = —=h
(3) e 3

—q
g1
’1)+< zq3 )h3

—2¢° +q+1 PP —q+1
0(171’1) = h(l7171) + ( q q2q ) h(271) + (q qq3 q h3.

1
Capo = _?h@

In Section 5 of the same paper the authors prove that the C, are a refinement
of the E, ;, and thus of e,,.

Theorem 2.45. Forn,k € N and k <n

Emk: Z Ca

aFn
la)=k

Using ([2.40)), the we deduce the following.

e, = ZCQ.

aFn

Corollary 2.46. Forn € N



Chapter 3

Symmetric function identities

The way one tends to get theorems about symmetric functions is by playing around
with a whole lot of technical identities. This makes giving a self-contained presen-
tation of contemporary research in this subject a Sisyphean task. All the same,
omitting the ways in which the symmetric function identities we use are obtained
would make the discussion sterile; since without them, there would be no results.
We thus aim to walk a middle ground: we will state older and more involved iden-
tities without proof (but with a reference to one), whereas new or simpler ones will
be accompanied by an explanation.

3.1 Classical identities

We start by stating [GHT99, Theorem 1.2], which turns out to be quite powerful
and underpins many a result in this thesis.

Theorem 3.1. For any f € A and X € Par
<faTlH>\>* - (v T*ﬁf ’XHDA

Corollary 3.2. For )\ € Par

wens £ 3] 2]

n,meN

Proof. Using Corollary [1.67| with Y = D) we get for any f € A

(Ve XD s p, = D (V7 fIX]), ha[DAX])

(by 2-23) = §< Teef[X] e [DJ\}XD*
-5 {2
neN :

41
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(byEZ) = <Tef (X, 6wV en {DJ@XD

neN

v T = X ( FIXL -t | 2] )
neN

by = Y <f (—eX]pwv ! [DXXD
n,meN

(by[[6322) = > <f ¢’“’( [} [1\3 D>

n,meN

o - 3 (1 ] 5]
— <f[X],n;th HE] Vle, [D*MXD :

Since this string of equalities holds for all f € A, Theorem [3.1]implies the thesis. [

MACDONALD-KOORNWINDER RECIPROCITY

The following famous identity can be derived from [Mac95, VI (6.6)], but we give
a simpler proof from [GHT99, Theorem 3.3].

Theorem 3.3. (Macdonald-Koornwinder reciprocity) Let A\, ;i € Par and z any
variable, then

HA[1+ZD#] _ HIL[]~+ZD>\]
[een(I— 2¢Ot @) e, (1 — 2q ()

Proof. First of all, we remark that for all partitions A

1
Moo @) — 2 kB 34

To see this, consider (1.38]) at ¢ = 0 and the definition of B, (Definition [2.29)).
Next we calculate, using Corollary [[.69] that for any pair of alphabets of vari-
ables X and Y

D X +Y)=D Y hilX]hailY] = ) halX]hnlY]. (3.5)

neN neN =0 n,meN

Using Corollary [[.67} with Y = zD,, we have

Hy[1+ 2D, = > (H[l+ X], hn[2D, X]). (3.6)
meN
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So using (3.4) we get

H\[1+ 2D,]
7 7 h ZB,\]H)\[l—FZD ]

(byED = 3" halsBa (FAX + 1], b 2D, X])

n,meN
X XD
byBD = Y haleB) <hk {M} Vlel[ M*} 7hm[zD#X]>
n,m,k,l€N
XD
OSET® = 3 muleBal (pur ¥ er [ K02 oD, X1)
n,m,lEN
by[LT8) = > haleBi] <v ! [ },Tl/Mhm[zDuX]>
n,m,lEN
- 5 (e[S o [ 2]
M
n,m,lEN
zD _, [XD,
BB = Y halemi [ 2] (vt [ X2 e,
n,m,l,kEN
[—2] XD
(byEZ29) = > haleBilhi[zB,h, STa <V_1el[ Mﬂ,hm [zD”X]>
n,m,l,k,reN - -
(by E23)
[—2]] XD
(by [L63) = Z hy [2Bx|hi[2By) b i 2™ <V_1el{ M’\],hm [DMX]>
n,m,l,k,reN
—z] . /o1 [XD, D, X
(byR23) = Y hulzBalhw[zBulh, 717 <v lel{ i ],em{ ]‘\} D

n,m,l,k,r€N

By Lemma [2:35] this last expression is symmetric in A and g, which is what we

wanted to show.

Corollary 3.7. For \, u € Par\ {0}

H\MB,) _

O

H,,[MB,]

IT,

II

m

Proof. Use Theorem and Definition cancel the common factor (1 — z)
(corresponding to ¢ = (0,0)) from both denominators and evaluate at z — 1 (see

Remark [1.64) . O

MACDONALD EXPANSIONS
The following is a consequence of Theorem [3.3}

Corollary 3.8. For A\bn and k € N

(Hx; S(n—k,1%)) = ex[Bx — 1].
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Proof. On the one hand, for =0, Theorem becomes

Hyl-2 = [[Q-2¢"@OF ) =1=2) [ (1-2g"@d®)

cEA c€X\{(0,0)}
n—1
(by R29) = (1 —2) > (=2)*ex[Br — 1],
k=0

On the other hand, setting X = 1 — z (see Remark |1.64)) in the defining equation
of the ¢, t-Kostka coefficients (2.6))

Hy[1-2z] = ZK,\M(q,t)Su[l — 2]

pkn
n—1
(by Corollary [L.73) = Z Ky (n—1,1%) (4, t)(—=2)*(1 - 2).

k=0
Comparing the z-coefficients of these two equations we get that Ky, _j1x) =
(Hx, S(n—k,1%)) = ex[Bx — 1]. O
Corollary 3.9. For A\-n and k € N

(Hy, ephn_1) = ex[By].
Proof. We use an easy consequence of one of Pieri’s rules (Proposition :
ekhn—k = S(n—k,1%) T S(n—k+1,16-1)- (3.10)
So applying Corollary 3.8 twice, we get
(Hx,exhn—k) = ex[Bx — 1] +er—1[Bx — 1] = ex[Ba],

where the second equality is . O
Proposition 3.11. Forn,k € N

hi []\)ﬂ en—k HZ] = %‘W

Proof. Since {H)} xcpar and {i} o are dual basis of A with respect to the star
AePar

wx

scalar product, the expression is equivalent to
X X
(o[ ), s
By Proposition [2:23|

<hk |:ZE:| Cn—k []E:| ,H)\> = <w(hk[X}€n_k[XD,H)\>
(By [L57]) = (er[X]hn—r[X], Hx)
and so the result follows from Corollary [3.9] U
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The following result was first stated in [GHO02].
Lemma 3.12. For A € Par\ {0} and k € N
HA[(1=1)(1 = ¢")] = (1 = ¢")Iahe[(1 — 1) Byl.

Proof. For k=0 and X € Par\ {0} we get 0 =0, so we may assume k > 0.
By Lemma [2.10] and Proposition 2.20] we have, for all k € N

H[(1 = @) X] = (¢; 9)uhe[X],
which implies
H[X] = (g @)ihu [X} :
L—q
Using Corollory B.7 with p = (k), we get
gy HA[M By] = TI\H () [M B)]

MB
= I\ (¢; @) ko [1 — /\]

(by Definition [2.22) = 115 (q; ¢)xhi [(1 — t)Ba] -
Tt is clear form their definitions (see and [2.29)) that

1-— qk
Buy = Kl = 37—, k) = (¢59)-1-
The thesis thus follows from some easy cancellations. O]

Proposition 3.13. Forn,k € N withn >0

> Tx/g[(1 — ) Ba] Ha[X]

en [X[H) = (1= ¢") -

AFn
Proof. Using Corollary with Y = (1 — ¢)(1 — ¢*) we get

> HAXJHA(1 =)L =¢")] _ [X(l -1 - q’“)}

An Wa M
1—¢F
=e, [X - } = e, [X[k],]
and so the result follows immediately from Lemma [3.12 O

We will often use the special case k = 1.
Corollary 3.14. Forn e P
MII\B\H
e — Z ABATN
wy
AFn

In the same vein, we have the following Macdonald expansion of w(p,, ), of which
we omit the proof (which can be found here [GHS1I) Proposition 2.3.d] ).

Proposition 3.15. Forn € P

w(pn) = [nlglnle Y

AFn

MTII\Hy
w) '
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NABLA IDENTITIES

Finally, we calculate the image by V of some symmetric functions.

Proposition 3.16. Forn € N,
(i) Ven [57] = hn [57]5
y x|_ (» X
Proof. (i) Write Proposition for k= 0.

Taking V of this expression and aplying Proposition [3.11] again, we conclude

Ve [X}:ZW:ZMBA]HA[X]:,% [X]

M AFn WA AFn WA M
(ii) Using Lemma with X +— 1)_(—(1 we get

[ e

Since T(,,) = q(g)7 applying V to this equation yields

o 5] - - 5]

3.2 Pieri coefficients
Another extremely useful tool for deriving identities are the following coefficients.

Definition 3.17. For f € A and A € Par the Pieri coefficients, denoted c{Z,diA €
Q(q,t) are defined by the expansions

£
frHy =Y o, H, fHy =Y dl\H,.
Iz Iz

We introduce special notation for two particular instances of these coefficients:

(k) _ hi (k) . sex[X/M]
Cap = c/\’; duA = d;")\ .
These coefficients determine one another.
Proposition 3.18. For all f € A and \, p € Par, wuc;’\itx]L = wAd;f/'f[X/M].
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Proof. Since (Hy, H,)+ = wx0x, and by Proposition we have

4L X "
wﬂc{LX] = (fIX]"Hy, Hy) = <HAa (wf) [M} Hu> = wxdx;{[x/M].

*

O

In particular we have

wucf\k;j = wAdE\]L). (3.19)

Theorem 3.20. Take f € A™ and A\, € Par. Let uCpo\ denote p C \ and
[A| = |n] = n. Then

4

1 ch 0 implies that u C,, X\. Thus f-Hy = I H,.
A ATAp TR

pnCn

i) d, # 0 implies that p Sn A. Thus fHy = '\ H,.
A PO A TpuATTH

The second point is a consequence of [Mac95, VI.6.7| and the first follows from
the second combined with Proposition [3.18

We record an important recursive formula that first appeared in Propo-
sition 5|, but using the notation of [GHXZ16l Theorem 3.2].

Proposition 3.21. For k € N and \, u € Par

ket 1 ® 1Ty
5 = E : v Cop
. B)\/'u pnCrvCrA / TM

where By, = Bx — By.

For the remainder of this section we give the proofs of some identities involving
Pieri coefficients that we will need later on.

Lemma 3.22. For anyn € N and A\Fn
- Y
m CiA

Proof. For n > 1, using Corollory (twice) and Theorem we readily obtain
By = e1[By] = (Hy, e1hy—1) = (Hx, hihy—1) = (hi H, hn—1)

= 3 ety hnoa) = 37 )

nC1A nCiA
where the last equality uses Proposition and the identity h,_1 = s(,—1).
For n = 0 the identity becomes 0 = 0. O

The following is [GH02, Theorem 3.2]
Lemma 3.23. Let f € A and \+n. Then

)

pnCagX

X—=Dy
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Proof. Replacing f by f* in the formula of Theorem [3.1] we get.
<f*a7-1H)\>* ( T*Gf |X Dy’
Since 7_. f*[X] = 7_ f[X/M] = fl(X — €)/M], the right hand side coincides with

the right hand side of the thesis. We consider the left hand side and apply Propo-
sition

(fsmiHx) = (wo [, T H)
(by def of ¢ and f*[2.22)) = (wf[X], 71 H))
(by def of L[[54]) = (1, (wf) 1 H) = (1,71 (wf)" Hy)
W EBER) - (1n | X 5 m ) )= Xl )
nCaA nCaA

Now, using Proposition [I.79] we calculate
(1,7 H,) < > hiH > D (b Hy) = > sy, Hu) = 1;
keN keN keN
where the last equality comes from Proposition [2.9)I(I1I) O
We can use this to deduce the following (see [Zabl6l Lemma 12]).

Lemma 3.24. For k € N and )\ € Par

eJ_
Z CAZ = ek[B)\].
nCrA
Proof. Applying Lemma [3:23 with wf = ey, i.e. f = hy, we obtain

e (on )

HCEA

XDy

Using Proposition we may write
G- fen i
VA B DV Y,
"LOTX 1
(by = iz:ffi [M} Ck—i [M}

V_lhk |:

X+1
Gl PR
Since by definition Dy = M B) — 1, the thesis now follows easily. O

Lastly, we consider [GHO2, Proposition 3.1]
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Lemma 3.25. For f =), cx(q,t)sx € A set f= Soyelg™t t7 )sa. Then

L w
d, (gt = T (Mf) (g,1).

Proof. We start by showing the easy fact that for all g, h € A, w(gth) = (wg)*(wh),
indeed for any b € A

(wgh),0) = (g h,w (b)) = (h,g - w(b)) = (h,w((wg) - b))
= (w(h), (wg) - b) = ((wg)"w(h), b).
By Definition [3:17] we have

L
FRHN ="l Hy.

m

Applying w to this equation, we get
€1
(wh)rwHA[X; 0,8 =Y ef, (g, wH,[X; q,1]
”w

We substitute ¢ — ¢~ ! and t — ¢t~!. Notice that since sy does not depend on q,t,

f is just f after these substitutions.
(wh)TwH\[X; ¢t t7 Zc)\# Tt YwH, (X .
Multiply this equation by Ty and use (2.8) to write
1
1L -1 -
(wf)THA[X;q,1] TAZ% Lt T = H,[X;q,t].

On the other hand, again by Definition [3.17] we have

(@ HAlX;q.8] = Y 58 B (X5 q,1).
o

Comparing the coefficients of H,,, the thesis follows.

3.3 A summation formula

This section is dedicated to a summation formula involving Macdonald polynomials
that underpins many of the strongest results concerning the Delta conjectures. It

first appeared in [DIV1S].

Theorem 3.26. Forn,m,s € N

Z H;[;\X] hs[(l - t)BA]&rL[B)\]
AFm—+n

S I Ly L £ I
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The case m = 0 was know to Haglund Equation 2.38].
Lemma 3.27. Let n,m,s € N. If f € A is such that

(f,mHx)« = hs[(1 —t)Bxlem[Ba] (3.28)
then
Z %h (1 —=t)Bx]em[Ba] = Zen w( (3.29)

AFn

where (f) denotes the degree k homogeneous component of f.

Proof. Using (3.28]) we get
H H
D ksl =D Balem[Ba] = 3 2o H)

Nen WA An
v = < thHA>
o Y k=0 N
(by 228) = Z <Ze?;f,HA> =
o W k=0 «

Since A F n, and (H,, Hy), = 0 if |u| # |A|, the scalar product of e} f with H)
is only non-zero on one of the homogeneous components: (e} f)n = ef(f)n—k. It
follows that

_ZHA <z”:e - ,C,HA>*:...

AFn, k=0
Using the fact that {H)}epar and { })\epar are dual basis of A with respect to
the star scalar product we may conclude
n n
o= et (Fnek = Y _en k(i
=0 k=0

O

Proof of Theorem[3.26 Notice that the left hand side of almost exactly
coincides with the left hand side of the identity we want to prove. Our strategy
therefore is to find a function f that satisfies (3.28); its thesis will then yield the
desired identity. Thus recall the hypothesis of this lemma: f € A such that

<f7 TlH)\>>k = hs[(l — L‘)B,\]em [B)\]
The left hand side of the equation inspires us to apply Theorem
(f,mH\) = (VT f[X ]XHDA

So, let us look for a symmetric function f such that

_ X +1 X+1|
\Y 1Tef[X]:hs|:1q:|em|: M :|a
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indeed, setting X +— D, in this equation gets us the desired hypothesis. In other

words
e (o[22 557

(by [[59) =¥ ZZh“[_] M h L)—((J ‘, m o

1=0 5=0

To continue, we need the following formula, which we will prove on page [55]

Lemma 3.30. Fori,j € N

o ([ 5] []) B [ e [ 25 ]

=0

Using this result, we get

SR e

10]0

o Zt] r [Z + 7} iy 1)_((1] hj—y {]\)2] )
(by def of 7.) ZZhs ; {] €m—j _,H

= OJ 0
- i+ (X +¢€ X +e€
SO e [125] ee []

(by [[:69) :Zzhsﬂ. qu] em—j ]\H itj—rq(é) th

S [ [ S [ [
B =53 e [ o [ 3o

i=0 j=0

X feﬁ-r u {_} hey {1)_((]} ;ej_r—u hﬂ hay L\)ﬂ .

We extract the homogeneous part of degree d, i.e. u+ v = d. Recall that 0 < d <
i+ j. In the notation of Lemma we write

=35 e[ enes [ o 1]

=0 j=0 r=0

i+r
X -1 X
S Y

s
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We make the substitutions d — m+k and u + [+ k, where k and [ are new indices.

st = 325 [ s [ ] 0O 1]

=0 j=0
i+r
-1 X -1 X
< 2 e g o [£55] eoem [7] e 5]

Since for Il > i 41—k, ej4r—— k[ } =0 and for I > m, h,_ l[%] = 0, we may
reI)]'a‘Ce Z;IIZ:O by Zl:—k"

N 5505 sy LIS PR LA PRVET Y

i=0 j=0 r=01=—Fk

-1 X -1 X
X Citr—l—k 4 hiyr ¢ Cjmr—mtl | 7f Pt i

S

(j—m—j)= . zm:m] mkhsi [11(1] ej []\14} tm=iq(3) [Z—:q

-1 X -1 X
X Cifri—k L — q} hiy g [1 — q} el—r—j [M} hom—1 [M]

We have [ —j <m—jsor>m—jgives ej_,_; [ﬁl] = 0. Thus we may replace

S with 2. For j > [ — r we again have e;_,_; [7+] = 0. Furthermore

r>0,1<m 1mphes I —r < 'm. Thus, we may replace )" ; by Zé;g

=
>~
3
=
\
'M“
\MS
NE
&
I
IH—|
|\H
[

l—r 1 1
gm—l Zej |:M:| tliri]el—r—j |:M:|
7=0

I B D) S DU T

i=0 r=01=—k

-1 X X
Citr—1—k { } hitk [ ] N1 [}
4 1—¢q 1—gq M
1—¢

Since for I < r, e, [47£] = 0, and 7 > 0 we may replace >.;" _, by > . Also,
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| < 'm so we may replace Y., with ZT o-

Dt = Zhl%{ } o l[ﬂ)if] gm—l
SRS el e[

i=0 r=0

The second line of this formula can be simplified considerably. We state the needed
identity here. Since its proof is quite technical and not particularly insightful, we
postpone it to Appendix [A]

Lemma 3.31. Forl, s,k € N we have

Wt:t

Using this lemma, we get

l+k‘ l+s—1 X X
E m— l
m+k B ! [ :|q|: s—k :|th+lC |:1q:| fimt |:1M:|-

By construction, this f satisfies (3.28), so by Lemma [3.27 we have (3.29):

m—+n
Z H)\[X] hs[(l —t)B)\]€m[B)\} = Z Em+n—k |:X:| (f[XDk

Aemgn WA k=0 M
- X
(k—=m+k)= Z €n—k [M} (FIXDmtr
k=—m

= 3w [37] 01D

where the last equality is justified by the fact that for £k > s or k& < 0, we have
(f[X])m+r = 0, since one of the two g-binomials becomes 0, and when k > n,
€n—k [%] = 0. Combining the last two equations, we get exactly what we wanted
to show. O

We still have to prove Lemma [3:30] for which we need two identities, the first
one of which is the case n = 0 of the main theorem of this section.

Lemma 3.32. For m,s € N

w
AFm A r=0
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Proof. First notice that for m = 0 the equation becomes d,9 = 5,0 as on the left
By = 0 and so hs[(1 — t)By] = hs[0] = 5,0, and on the right [Sgl]q = 05,0 (see the
comments after Definition [2.15)). Thus we may suppose m > 1.

We need the following equation Theorem 7.2]. For m,r € N with
O0<r<m

VEm,r — ¢m— 7" o Z Z H,\H)\dh X/ (1= ‘1)]
pEm—r Wh ADrp

which can be rewritten, using [3.20} [3.11] and [2.36]

VEp,=t""(1-¢) <hm, L\)H hy [1XqD . (3.33)

We show that this expression also holds for » = 0 and » = m. Indeed
o for r =0 we get 0 =0 (by definition of E,, ¢ [2.38));

e for r = m, combine Proposition [2.41] and Proposition [B.16] to deduce that
VEmm= (¢mhm L q} Now thanks to Lemma|2.10|and Proposition|2.20

we know (¢; ¢)mhm L q} H [ X]. Since I,y = (¢;¢)m—1, we may con-
clude that V By, = (1 — ¢"™)II (hm [LD

1—q
Applying V to (2.39)) gives:

S

m
Vem E En R

r=0 74 T

which combined with (3.33]) implies

Vem|X|s],] io (qsh; q)rtmfr(l T (hm ) [z\)ﬂ . LX]

(q,q)r
e £ (o ] )
zu o [0 253

On the other hand applying V to the formula of Proposition gives
I, H )| X
Vem [X[sJg] = (1 - ¢) S D 10—y
Am A

Thus the thesis follows from equating the right hand sides of the last two equations,
dividing by (1 — ¢*) and applying TI~! . O

The second result we need to prove Lemma is [GHS11) Proposition 2.6|.
Its proof is somewhat technical and not new, thus we postpone it to Appendix [A]
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Proposition 3.34. Fori,j € N

ml e |5 = = 20 1yl T [’f‘thkKl—t)Bn

M w i—k
it A k=0

Let us restate the lemma we want to prove.

Lemma 3.30. Fori,j € N

(o [l ) - e [ e [ e [

Proof of Lemma[3.30 Clearly, a good place to start is applying V to the formula
in Proposition [3:34]

v( e )

At A k=0 —k
(B = O 314 ,ﬁ]
k=0 q
x%tiﬂrr—’_k_l} h [X} B s [X} = ...
r=0 k o L1—a M

We need the following g-binomial identity, the proof of which can be found in
Appendix [A]

Lemma 3.35. Forr,i € N we have

-1 H - S0y (7 { - zlc] ) { Y 1} .

k=0

Thanks to this lemma, we get
it
=g (2) i) || giti-rp, X Bt s X
q Tz:_oq i , r 1_g it+j—r M

i+j
NN O e, | A | X
rzz:oq 2 Z qt hr 1 — q h/74+‘77r M

and so the thesis follows by substituting r — r + 7. 0
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3.4 Theta identities

The goal of this section is to prove the following significant results, which relate
the Theta to the Delta operators. They first appeared in [DIV20].

Theorem 3.36. Forn,k € N withn >0 and k <n

@kVen k= A/

(&
en—k—1 1

Theorem 3.37. Forn,k € N withn >0 and k <n

[”}q
[n —klg

They require a lemma each.

[n — k]t

1]

@kvw(pn—k) =

A, w(pn)-

Lemma 3.38. Forn,k e Nwith0 <k <n and A\Fn

S° BT, = en 1 [Bx — 1]By
nCrA

Proof. We will prove this result by induction on n — k. Since by hypothesis 0 <
k <n, we have n — k > 1.
Forn — k=1, we have k =n — 1. So

(n 1) (n—1) _ (n—1)
Z BT, = cyq) ' BayTiny = ¢
HChn_1A

By Theorem we have c’;(_SH(l) = ucn_ 1)\c/\ulH# hi- | H,. Thus using
Proposition [2.90(IIT)l we compute

n—1 n—1
S =) (Heay,sy) = (i Hy, 1)

(by def of L) = (Hx,hp_1€1)
(by = el[BA} =B\ = eo[B)\ — 1]B)\;

which is what we wanted to prove.
For n — k > 2 start by using Proposition [3:22]

S BB, Y (zcm) o I SN

HCrA HCrA vCip VCri1A \YVC1puCrA
_ L (k) (1)
== Z TVB)\/V B)\ Z C)\p uuT
vCh41A /v vC1pCrA v
k+1
byB2D) = Y. T.Byucl
VC;H.l)\

(by def of Byj,) =By > Tl — 37 1,8,

VCRt1A VCh41A
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This formula contains the following summation which we develop using (2.30)

> nen ™ = 3 el

VChi1A VCh41A
(byBR = > OV (Hi o)
VChg1A

(by BI7 3:20) = (hjpq Hxs€n—k-1)
(by def of L[L54]) = (Hx, en—k—1hi+1)
(byB9) = en—r-1[Bx]

So combining these two calculations we get

S BT, = Brenova[Bal — Y. TBel. (3.39)

HCEA VCh1A

By the induction hypothesis, we know that

S STVBLT, = enopa[By — 1]By. (3.40)

VChiy1A

Thus, using and ( give

Z C(IC B, T, = Bxen—k—1[B)] — en—r—2[Bx — 1] By
pCrA

= (en—k—1[Bx] = en—k—2[Bx — 1])Bx

(by (2.34) ) = ep—r—1[Bx — 1] B

Proof of Theorem[3.36, For k = 0 we have, by Proposition 2.33]

©oVe, = Ve, = A, e, = Al

en_16n-

So we may suppose 0 < k < n, (and thus apply Lemma [3.38)). We start by using
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Corollory [3:14] to write

OuVen :@kv< 5 MHBH)

w
An—k A

MII\B\T\H
(by definition of V) = Oy, ( Z W‘)
AFn—k W

MII\B)\T\H,
(by definition of ©y) = Ie;IT~* ( Z M)

w
An—k A

MB)T\H
(by definition of II) = Ilej; ( Z m)
Arn—k WA

M B)T:
BT EZ) —m | Y MO s gy

W
AFn—k HOEA

MB)T:
oy @@ =n| Y YD s oy,

Wy
AFn—k UORA

— 11 Z ~H, 3" Bl

an ACk i

M
(by [3.38) =II Z ;Huen*kfl[Bu —1]B,

pEn H
M
by definition of IT) = en_nr1lB, —1 MBI, H,
“w
pkn Wy
MB,11,H
O

Lemma 3.41. Forn,k € N, with0 <k <n and A\Fn

en—k|[Br] = Z c(k)T
pCrA

Proof. Using the definitions of By and T\ (Definition [2.29)), we may write
en—k[Ba] = Taex[Ba(g™",t71)]

byB2D) =170 3 e (g1t

HCrA
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We will now use Lemma [3.25] Using the notation of that lemma. Since ej does
not depend on ¢, t, we have é; = e;. Thus

en—k|Ba]l = TAZ—CM q,t) ZTC

BnCrA nCrA
O]

Proof of Theorem[3.37 For k = 0, the equation reduces to the following identity,
which holds thanks to Proposmon 2.33

Vw(pn) = Ae, w(pn)-

Let us now suppose 0 < k < n. Using Proposition |3.15

R w(pnk>=[n—k]t[n]q@kV< ) M)

[ = Hla Mok A

MII\T\H
(by definition of V) = [n — Kl¢[n],©, [ Y 222
Arn—k Wx

MTILTyH.
(by definition of ©y) = [n — k];[n] ILe; I~ ( ) m)

AFn—k e
MT\H
(by definition of IT) = [n — k];[n] e} ( > o A)
AFn—k A

(oy IR B2 = o~ k11 | S5 283" alf,

AFn—k UOEA

(by BID) =~ M, 11 [ 3 M2 S B,

Wy,
An—k RN

= [n — k] [n] 11 Z —H Z TAc

pkn ACrp

(o BT = [ — Kol T S e[,

pukn H
(by definition of IT and Ay) = [n — kJ¢[n]A., Z Z\{UHM H,
pukn H
D - (33)
= [n[;]f]tAen kw(pn)
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Chapter 4

Lattice paths

In this chapter, we introduce families of combinatorial objects, whose enumeration
will give nice formulas for the symmetric functions that are the focus of this text,

that is A, e, and A, _,w(p,) and related symmetric functions.

4.1 The objects

Definition 4.1. Given S C N2, a lattice path in the plane with steps in S is some
sequence pop1 - - - pr such that p; € N? and p; —p;_1 € S for alli € {1,...,k}.

Definition 4.2. Let n € N. A square path of size n, is a lattice path pg...pa,
with steps in {E = (1,0), N := (0,1)} such that py = (0,0), p2, = (n,n) and
Pon — Pan—1 = E. Given any such path, its E, N-sequence is a sequence of length
2n whose i-th element is p; — p;—1 € {E,N}. We refer to the elements of this
sequence as steps of the path, call steps equal to N north or vertical steps and
steps equal to E east or horizontal steps. We call p;_1 and p; the starting point
and endpoint of the step p; — p;_1, respectively. It is clear that a square path is
entirely determine(ﬂ by its F, N-sequence. The set of square paths of size n is
denoted by SQ(n).

It is not hard to see that there are exactly (2"7:1) square paths of size n, indeed
its F, N-sequence is a sequence of 2n steps, with n east steps and n north steps,
the last of which must be an east step, so choosing n of the remaining 2n — 1 steps
to be north steps uniquely determines the path.

Definition 4.3. Let n € N. A Dyck path of size n is a square path pg - - - pa,, such
that p; € {(k,l) € N? | [ > k} for all i € {0,...,2n}. We denote the set of such
paths by D(n).

We think of D(n) as a subset of SQ(n).

The number of Dyck paths of size n is one of the many incarnations of the
famous Catalan numbers. That is #D(n) = %H(Z:) See [Stal] for a long list of
objects counted by these numbers.

1We will often identify a square path with its £, N-sequence.

61
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Figure 4.1: An element of SQ(5) (left) and of D(5) (right).

Figure 4.2: Column, row and diagonal of (R>g)?.

We encourage the reader to think about these objects visually. We draw a
square path pg ... pa, by plotting the p; in the first quadrant of the plane, (R>)?,
and connecting p;_1 to p; with a line segment. Thus, an F (respectively N) in
the E, N-sequence of a path corresponds to a horizontal (respectively vertical) line
segment of length 1. Visualised in this way, Dyck paths are square paths that stay
weakly above the line x = y.

Example. Figure [£]] contains and example of a square path that is not a Dyck
path (left) and a Dyck path (right). The E, N-sequence of the path on the left is
ENNEENENNE.

Definition 4.4. e A square of (R>0)? is any square of area 1 contained in
(R>0)? whose vertices have integer coordinates.

e For i € P, the i-th column of (R>0)? is {(z,y) € (R>0)? |z € [i — 1,1]}.
e For i € P, the i-th row of (R>0)? is {(z,y) € (R>0)? | y € [i — 1,4]}.

e For i € Z, the i-th diagonal of (R>()? is the union of its squares that have two
vertices on the line y = x 4+ 4. The 0-th diagonal is called the main diagonal.

Example. In Figure we shaded the 3-rd column (left), the 5-th row (middle)
and —1-th diagonal (right) of (R>)2.

Definition 4.5. A vertical step of a square path 7 is said to be at height i if its
starting and endpoint are vertices of the left edge of a square in the i-th diagonal of
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(R>0)2. Take m to be the minimum of the heights of all vertical steps of a square
path 7 then the m-th diagonal is called the base diagonal of w, and its shift is
shift(r) == |m].

Dyck paths are exactly the square paths of shift 0, thus their main and base
diagonal always coincide.

Example. The square path on the left in Figure [£.1] has base diagonal y = x — 1.

Definition 4.6. Given m € SQ(n), let a;(7w) € Z be such that the i-th north step
of 7 lies at height a;(7). The tuple a(rw) = (a1(n),...,a,(7w)) € Z™ is called the
area word of the path and its components a;(7) are called its letters.

Example. The area word of the path on the right in Figure [£1]is 01011.
We make some observations about area words.

e A square path is completely determined by its area word.

If (ay,...,a,) is the area word of a square path then a;y; < a; + 1 for all
1<i<n-—1;and a; <0.

The last letter of the area word of a square path must be > 0.

e Any sequence of n integers that satisfies the previous two properties is the
area word of some square path.

The area word of a square path is the area word of a Dyck path if and only
if it contains only non-negative letters.

Definition 4.7. Take m € SQ(n) of shift s. A partial labelling of w is a tuple
w € N” such that

e a;(m) < a;y1(m) implies w; < w;y1;
e a;(m) =0 implies w; # 0;
e there exists ¢ such that a;(7) = —s and w; # 0.

A labelling of a square path is a partial labelling whose entries are non-zero (thus
the two last conditions are trivially satisfied). Denote the set of partial labellings
of ™ with exactly m zeros by La(w,m) and the set of labellings of = by La(w).

We distinguish between partial labellings (using 0) and labellings (not using 0),
as the zero and non-zero labels are really intended to be two distinct attributes.
Indeed, the word “partial” comes from the fact that one might think of steps labelled
0 as unlabelled steps (see Definition . However, the zero label is a useful
artifice, as it is smaller than all the other labels, a property which we will often use
(see Defintion [4.19)).

Visually, we will draw w; in the square directly to the right of the i-th north step
of the path. Thus, the first condition of the definition of says that labels lying in
the same column are strictly increasing from bottom to top. The second condition
states that if a path starts with a vertical step, the label of this step may not be
0. The third condition ensures that at least one of the vertical steps starting from
the base diagonal has a non-zero label. See Figure [£.3]for an example of a partially
labelled square path (left) and a labelled Dyck path (right).
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O )

O (»)

Q) @
O (»)
(2) O

Figure 4.3: An element of LSQ(2, 3) (left) and of LD(5) (right).

Definition 4.8. A rise of 7 € SQ(n) is an index ¢ € {2,...,n} such that a;(7) >
a;—1(m). We identify this index ¢ with the i-th vertical step of the path, so that a
rise is a vertical step preceded by another vertical step. The set of these indices is

denoted by Rise(r).

Definition 4.9. A walley of a m € SQ(n) is an index i € {2,...,n} such that
ai(m) < a;—1(m). We identify this index ¢ with the i-th vertical step of the path, so
that a valley is a vertical step preceded by horizontal step. The set of these indices
is denoted by Val(7).

Definition 4.10. A (contractible) valley of a pair (m,w) where w is a partial

labelling of a square path 7 is an index ¢ € {1,...,n} such that one of the following
holds:
e i =1 and either a; < —1, or a;(7) = —1 and w; > 0;

e i >1anda; <a;_;
e i >1anda; =a;_1 and w; > w;_1.

We identify this index ¢ with the i-th vertical step of the path. The set of these
indices is denoted by Val(m, w).

Thus (disregarding the first vertical step which is special) a vertical step is
a valley if it is either preceded by two horizontal steps or preceded by a single
horizontal step which is preceded by a vertical step whose label is strictly smaller
than its own label. Thus if we were to remove the horizontal step preceding valley
and add it to the end of the path, we would obtain a valid (partially) labelled
square path, hence the word “contractible”.

Definition 4.11. A rise-valley decorated square path is a triple (, dr, dv) where 7
is a square path, dr is a subset of Rise(w) and dv a subset of Val(r). The set of such
triples where 7 is of size n, #dr = k and #dv = [ is denoted by SQ(n)***!. Define
the subset D(n)***! C SQ(n)***! of elements (7, dr, dv) such that 7 is a Dyck path.

Definition 4.12. A rise-valley decorated partially labelled square path is a quadru-
ple (m,w,dr,dv) where 7 is a square path, w is a partial labelling of 7, dr is
a subset of Rise(m) and dv a subset of Val(m,w). The set of such quadruples
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O

Figure 4.4: An element of LSQ(1,5)*? (left) and of LD(6)** (right).

where 7 is of size m + n, w has exactly m zero entries (and thus n positive en-
tries), #dr = k and #dv = [ is denoted by LSQ(m,n)***!. Define the subset
LD(m, n)***! C LSQ(m,n)***! of elements (7, w, dr, dv) such that 7 is a Dyck path.

Visually, for all ¢ € dr we draw a * in the square directly to the left of the i-th
vertical step of m. And for all i € dv we draw a e in the same way.

The sets of objects whose enumeration will provide combinatorial interpreta-
tions of our symmetric functions are all special cases or subsets of SQ(n)***! or
LSQ(m, n)***!. In particular, in this text we never actually decorate both rises and
valleys simultaneously. We list here all such sets, whose notation we aimed to make
intuitive.

SQ(n)*k — SQ(n)*koO D(n)*k — D(n)*koo
SQ(n)ok — SQ(n)*Ook D(n)ok — D(n)*o'k

LSQ(n) = LSQ(0,n)*0*0 LD(n) := LD(0,n)*0*°
LSQ(m, n) :== LSQ(m, n)*0*° LD(m,n) = LD(m,n)*0*°
LSQ(n)*k = LSQ(0, n)*k*0 LD(n)** := LD(0,n)***0
LSQ(n)** := LSQ(0,n)*0k LD(n)** := LD(0, n)*0%*
LSQ(m, )*k = LSQ(m,n)****  LD(m,n)** := LD(m,n)***0
LSQ(m,n)** = LSQ(m,n)****  LD(m,n)** := LD(m,n)*O*"

Remark 4.13. The elements of these sets are technically either triples (, dr, dv) or
quadruples (7, w, dr,dv), but in a context where dv or dr is always empty, we will
often consider them as pairs or triples. This should not lead to any confusion when
the set is clearly specified.

We will also need the following slightly modified version of LSQ(m,n)®*.
Definition 4.14. Set LSQ'(m,n)** C LSQ(m,n)**, to be the subset of (7, w, ), dv)
such that there exists 1 < i < m+n such that a;(7) = —shift(m), w; # 0 and i & dv.
In other words, there exists a vertical step starting from the base diagonal that is
neither a decorated valley nor labelled with a 0.

Next, we introduce definitions that will be used to partition these combinatorial
sets.
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Definition 4.15. Take P € D(n)***! Ly LD(m,n)***!. A touching point is the
starting point of a vertical step at height O that is neither a decorated valley nor
labelled with a 0 (if P is labelled). The number of touching points of a path is
denoted as touch(P).

Definition 4.16. Given P € D(n)***! U LD(m,n)***!, consider {t¢,t1,...} to be
the increasing set of abscisse coordinates of the touching points of P. For P €
LD(m, n)***! withPjn - 1 = 0 and labelling w, set

o =#{j € {ti-1,....t;} | J & Rise(P) U Val(P),w; # 0}.
For P € D(n)*%*! set
o = #{j e{ti—1,...,t;} | 7 € Rise(P) U Val(P)}.

The diagonal composition of P is defined as dcomp(P) = (a1, aa,...), a composi-
tion of n — k — I. Clearly, we have ¢(dcomp(P)) = touch(P).

Given n,m, k,l € N with m -l = 0 and a composition o F n — k — [, we define
the following sets

D(a)***! .= {P € D(n)***! | dcomp(P) = a}
LD(m, a)***! .= {P € LD(m, n)***" | dcomp(P) = a}

of which we will use only the following special cases.

D(a)** := D(a)*~*0 D(a)** == D(a)*0%*
LD(m, a)** := LD(m, a)****  LD(a)** := LD(0,a)** LD(a)** := LD(0, a)*0*.

We will use these objects to build symmetric functions via the following con-
struction.
Definition 4.17. For w € N the monomial associated to w is

m—+n

¥ = H Ty,
i=1

For a path P = (7, w, dr,dv) € LSQ(m,n)*** the monomial associated to it is the
monomial associated to its labelling: ¥ := 2%. Since w € N™*" and there are m
labels equal to 0, 2 is a monomial of degree n.

a:[):l

Example. The monomial of the path on the left in Figure [4.4]is x322x3.

4.2 Statistics

Now that we have defined the sets of combinatorial objects, we introduce some
statistics on these sets. Given a combinatorial set S, a statistic on this set is just
a function S — N, essentially a counting function of some attribute of the object.

2We do not venture a definition for the diagonal decomposition of paths that have both zero
labels and decorations on valleys, as we have not yet found a valley version of Conjecture @
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Definition 4.18. Given 7 a square path and dr C Rise(7), we define

area(w,dr) == Z (ai(m) + shift(n)) .

iZdr

In other words, the area is the number of whole squares between the path and
the base diagonal, that are not in a row containing a rise. For P := (m,dr,dv) €
SQ(n)***! or Q = (m,w,dr,dv) € LSQ(m,n)***!, we define area(P) = area(Q) =
area(w,dr) so that the area of a path is independent of its valley decorations and
partial labelling.

Example. The path on the left in Figure [£.4) has area equal to 3.
Definition 4.19. Given 7 € SQ(m + n), w € La(w,m) and dv C Val(mw, w) define

e a primary inversion as a pair (i,j) with ¢ ¢ dv such that 1 <i < j <m+n,
a;(m) = a;(m) and w; < wj;

e a secondary inversion as a pair (i, 7) with ¢ € dv such that 1 <i < j < m+n,
a;(m) = a;(m) + 1 and w; > wy;

e bonus dinv as an index ¢ such that a;(7) < 0 and w; > 0.

We then set

dinv(m, w, dv) :=#primary inversions + #secondary inversions
+ bonus dinv — #dv

For P = (m,w,dr,dv) € LSQ(m,n)***! we set dinv(P) = area(w,w, dv) so that the
dinv of a path does not depend on its rise decorations.

Example. The path on the right in Figurehas 2 primary inversions, (1,6) and
(5,6), 2 secondary inversions, (2,5) and (3,4), no bonus dinv (no Dyck path does)
and two decorated valleys. Thus its dinv is 2.

From the definition, it is not immediately clear that the dinv of a path is always
a non-negative quantity.

Proposition 4.20. For all P € LSQ(m,n)***!, dinv(P) > 0.

Proof. We will show that each decorated valley of P implies at least one unit of
primary, secondary or bonus dinv.

Consider a decorated valley at height i. By definition, it is preceded by a
horizontal step. For the remainder of the proof, “decorated valley” will refer to the
decorated vertical step and the horizontal step that precedes it.

Step 0. Suppose the valley is part of a string of decorated valleys, labelled
Ag, ..., Ay from left to right, see Figure [f:5a] Since the valleys are contractible we
must have A; < --- < A;. This string is then directly preceded either by a vertical
step that is not a decorated valley (as otherwise this would be part of the string),
or by a horizontal step.

Step 1. If the string is preceded by a vertical step, then this step’s label, say B,
must be such that B < A, < --- < Aj since the step labelled by A is a contractible
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(a) Step 0. (b) Step 1.

(c) Step 2.1. (d) Step 2.1.2.

Figure 4.5: Dinv is non-negative.

valley, see Figure [£.5b] Thus, the step labelled B creates primary dinv with each
of the decorated valleys in the string following it

Step 2. If the string is preceded by a horizontal step, consider two subcases.

Step 2.1. First suppose that the valley labelled Ay is preceded by a leftmost
vertical step at height ¢ that is not a decorated valley (which is always true for
i > 0). This implies that the step labelled A; must be preceded at some point by
two consecutive vertical steps, at height 7 and i + 1, labelled C' and B respectively,
see Figure For all j, if B > Aj, then the step labelled B creates secondary
dinv with the step labelled A;. If B < A; then C < A;.

Step 2.1.1. If the step labelled C' is not a decorated valley then it creates
primary dinv with the step labelled A;.

Step 2.1.2. If, however the step labelled C is a decorated valley, rename
its label A 41 and consider it as part of the “string” of decorated valleys, see
Figure Restart the argument from Step 1 (since the path is finite, this loop
must terminate).

Step 2.2. The step labelled A; is not preceded by a vertical step at height ¢
that is not a decorated valley. This implies that ¢ < 0. Thus, decorated valleys at
height 7 that are not labelled 0 contribute to the bonus dinv. So we are exclusively
concerned with the decorated valleys labelled 0. Decorated valleys labelled 0 that
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are not the first step at height ¢ must create secondary dinv with a step to its
left: indeed, they must be preceded by two horizontal steps, otherwise they would
not be contractible. Since they are not the first step at height i, they must be
preceded by two consecutive vertical steps, at height ¢ and 7 + 1, labelled B and
C respectively, as in Figure Since B labels a rise, it must be positive and
therefore must create secondary dinv with steps labelled 0 to its right.

Thus, we are left with a decorated valley labelled 0 that is the first step at
height i. By the definition of a contractible valley , this implies that i £ 1.
Since the square path must end east, there must be a rise at height i+1 < 0, which
creates one unit of bonus dinv. L]

4.3 Combinatorics of g-analogues

In this section, we develop a general combinatorial framework for some g-binomial
expressions that will come up often in our discussion. The formulas are g-analogues
of classical combinatorial identities.

Definition 4.21. Given a set S and a statistic stat : S — N on that set, we say
that stat is ¢-counted on S by Zses qstat(S).

Definition 4.22. Suppose a,b € N. An interlacing of a and b is a function
f:{l,...,a+b} — {0,1} such that #f71(0) = a and #f~1(1) = b. In other
words, it is a word in of length a + b with a letters 0 and b letters 1. When
a = b = 0 there is one interlacing which is the empty function (or word). An
inversion of f is a pair (4¢,7) such that 1 < i < j < a+0band f(i) > f(j). We
denote by inv(f) the number of inversions of f. In other words, inv(f) is the number
of times a 1 precedes a 0 in the interlacing.

Proposition 4.23. For a,b e N

inv(f) a+b a+b
Zq = = b s
a q q

f

where the sum is over all interlacings f of a and b.

Proof. The second equality follows directly from the g-binomial definition .
We show the fist equality by double induction on a and b. The case where a = 0 or
b = 0 trivially gives 1 = 1. Now suppose a > 1 and b > 1. The set of interlacings
f of a and b may be divided into two parts: the first containing the interlacings
such that f(1) = 1 and the second the ones with f(1) = 0. Interlacings of the
former kind may be uniquely obtained from an interlacing of @ and b— 1 by placing
a 1 in front of the word. Adding this 1 creates exactly a inversions. Inversions
of the second kind may be obtained uniquely from an interlacing of ¢ — 1 and b
by placing a 0 in front, which creates no inversions. The ¢-binomial identity of

Proposition
a+b a+b—1 a+b—1
S v S e
a lq a q a- q

combined with the induction hypothesis thus implies the thesis. L]
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In other words, the inv statistic on the set of interlacings of a and b is g-counted
a+b
by [ a }q'
Definition 4.24. For a,b € N, a strict interlacing of a and b is an interlacing that
contains no 00 substring.

Proposition 4.25. For a,b € N
BIE
S0 <]
q

where the sum is over all strict interlacings f of b and a such that f(a+b) = 1.

Proof. If a < b then there are no strict interlacings of ¢ and b and so the identity
is 0 = 0. So we may suppose a — b > 0. By Proposition [£.23]

-7 g

where the sum is over all interlacings f of b and a — b. Given such an interlacing,
insert a 1 immediately after every occurrence of a 0. It is clear that we obtain a
strict interlacing between b and a ending with a 1; and that any such interlacing
may be obtained in this way. Adding the 1 after the first occurrence of a 0 creates
an inversion with the b — 1 remaining 0’s to its right. Similarly, the insertion of a 1
after the second 0 creates b— 2 inversions. We may induce that the total number of
inversions that were created by the insertion is (b— 1)+ (b—2) +---+2+1 = (5);
and the thesis is proved. O



Chapter 5

Delta conjectures and Theta
refinements

We give an overview of (conjectured) combinatorial formulas for symmetric func-
tions obtained via Delta or Theta operators.

5.1 Delta conjectures

In [HHLF05), the authors conjectured a combinatorial formula in terms of labelled
Dyck paths for the symmetric function Ve,,. Their formula was know as the shuffle
conjecture and became the shuffle theorem after the proof was found by Carlsson
and Mellit [CM18]. See Section [5.3] for an explanation of the term “shuffle”.

Theorem 5.1 (shuffle theorem). Forn € N

Ve, = Z qdinv(P)tarea(P)mP.
PeLD(n)

This formula was conjecturally generalised in [HRW1S|, where the authors pro-
pose two different combinatorial formulas for the symmetric function A, AL ey,
which reduces to Ve, for m = k = 0. The combinatorial objects are rise decorated
and valley decorated labelled Dyck paths. These twin conjectures are known as

the generalised Delta conjecture, the case m = 0 being the Delta conjecture.

Conjecture 5.2 (generalised Delta conjecture, rise version). For m,n,k € N with
k<n

AhmA/ e, = Z qdinv(P)tarea(P)xP.

€n—k—1
PeLD(m,n)*k

Conjecture 5.3 (generalised Delta conjecture, valley version). For m,n,k € N
with k <n

Ay, A/ e, = Z qdinv(P)tarea(P)IP.

mT €n_—k—1
PeLD(m,n)®*

71
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In [LWOQT7], the authors posited that the symmetric function Vw(p,) can be
described combinatorially in terms of labelled square paths: the square conjecture.
In [Serl7], Sergel proved that the Shuffle theorem implies the square conjecture,
which thus became a theorem.

Theorem 5.4 (square theorem). Forn € N
VW(pn) — Z qdinv(P)tarea(P)xP.
P€eLSQ(n)

It was natural to look for a generalisation of the square theorem, analogous to
the (generalised) Delta conjecture. This took some tinkering, because the simply
decorated version of the combinatorial objects does not give the expected symmetric
function. In [DIV19], we state the anticipated generalisation of the rise version as
follows.

Conjecture 5.5 (generalised Delta square conjecture, rise version).
Form,n,k € N withk <n

n—k inv area
[ [n] ]tAhnernfkw(pn) = Z qd (P)t (P)J"P
! PeLSQ(m,n)*k

In [IV20], we conjecture two formulas that may reasonable be called valley
versions of the generalised Delta square conjecture.

Conjecture 5.6 (generalised Delta square conjecture, valley version).
For m,n,k € N with k <n

[n —klg

[n]q

AhmAenfka)n) = Z qdinv(P)tarea(P)xP.
PeLSQ(m,n)k

By Theorem we know that A, _, w(p,) and O, Vw(p,—i) are the same, up
to a scalar. Slightly adapting the set of combinatorial objects (see Definition [4.14])
seems to give the following formula.

Conjecture 5.7 (modified generalised Delta square conjecture, valley version).
For m,n,k € N with k <n

Ay, OpVw(pp_k) = Z gdinv(P) garea(P) ;P
PeLSQ’ (m,n)k

5.2 Refinements

What Carlsson and Mellit actually proved in [CMIS] is the compositional refine-
ment of the shuffle formula, conjectured in [HMZ12].
Theorem 5.8 (compositional shuffle theorem). Forn € N and a En

Ve, = Z qdinv(P)tarea(P)l,P.
PeLD(a)
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This result clearly implies the Shuffle theorem by Corollary [2.:46] Using Theo-
rem and Definitions and we also get the following.

Corollary 5.9 (touching shuffle theorem). For n,r € N

VEnﬂ- — Z qdinv(P)tarea(P)xP

PelD(n)
touch(P)=r

How do these refinements generalise to the Delta context? Simply applying
A, ., to Cy or B, does not coincide with an obvious combinatorial inter-
pretation analogous to the undecorated case. This is where the Theta opera-
tors of [DIV20] come into play. This paper contains all the remaining conjec-
tures of the current section. The symmetric function of the Delta conjecture is
A’ en = O Ve, i, by T heoremm Therefore the following formulas, refine

en_k—

the Delta conjecture.

Conjecture 5.10 (compositional Delta conjecture, rise version). Forn, k € N with
k<nand aEn—k

0,VC, = Z qdinv(P)tarea(P)xP'
PelLD(a)*F

Conjecture 5.11 (compositional Delta conjecture, valley version). For n,k € N
with k <n and a Fn—k

O,VC, = Z qdinv(P)tarea(P)l,P.

PELD()*k

Now we would like to apply Ay =~ to get a generalised version, but unfortunately,

m

this does not quite work: the dinv does not match. We can state only a partial
conjecture.

Conjecture 5.12. For m,n,k € N with k <n and a En —k

Ahm@kVCa|q:1 = Z jarea(P) P
PelLD(m,a)*F

We do not have a valley version of this partial conjecture. However, we do have
a touching version of the generalised Delta conjecture.

Conjecture 5.13 (touching generalised Delta conjecture, rise version). Form,n,k,r €
N with k <n

AhmGkVEnfk,r _ Z qdinv(P)tarea(P)xP

PeLD(m,n)**
touch(P)=r
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Conjecture 5.14 (touching generalised Delta conjecture, valley version). For
m,n,k,r € N with k <n

Ahm@kVEnfk,r = Z qdinv(P)tarea(P)xp.
PeLD(m,n)**
touch(P)=r

Next, we shift our attention to refinements of the (generalised) Delta square
conjecture. We do not, as of yet, have a “compositional” version. However, a
touching version seems to hold, but only for the rise version. Proposition [2.42
states that the [[:]"ETM are building blocks of w(p,). Therefore the following is a

]
refinement of the éeneralised Delta square conjecture.

Conjecture 5.15 (touching generalised Delta square conjecture, valley version).
Form,n,k,r € N with k <n

n .
HIAhm@kVEn—k,r = E qdmv(P)tarea(P)g;P.
! PeLSQ(m,n)**
touch(P)=r

[DIVIg] [DIV20] [IV20]

5.3 Shuffle theory

The conjectures of the previous sections can be rephrased using shuffle theory. To
this end, we need some definitions.

Definition 5.16. Given two pairwise distinct finite sequences (aq,...,a,) and
(b1,...,bm), their shuffle (a1, ..., a,)W(by, ..., by) is the set of sequences (¢1, . . ., Cmtn)
such that

o {¢;|1<i<m+n}={a;|1<i<njuU{b|1<i<m};
o if j < kandcj =a,,cr = as then r <s;
o if j < kandcj =b,ci =0bs then r <s.
Example. The shuffle of (1,2) and (3,4) is
{(12,3,4),(1,3,2,4), (1,3,4,2), (3,1,2,4),(3,1,4,2), (3,4,1,2)}.

Definition 5.17. Given a composition «a a a-shuffle is an element of (1,...,aq)LU
(C¥1+1,...,041+062)LL|"'.

Definition 5.18. Consider a path P = (7, w,dr,dv) € LSQ(m,n)*** with shift
s. The reading word of P is the permutation of w obtained as follows: read the
labels in the i-th diagonal, from left to right, for ¢ = —s, —s + 1,...; then reverse
this word (i.e. read it from right to left).

Example. The path on the left in Figure [5.1] has reading word 213201.
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Figure 5.1: An element of LSQ(1,5)*? (left) and its standardisation (right) in
Pref(1,5)*2.

Definition 5.19. Given a composition a, an element of LSQ(m,n)***! is said to
be an a-shuffle if its reading word, without the zeros, is an a-shuffle.

Definition 5.20. A (generalised decorated) preference function is an element of
LSQ(m, n)***! such that its non-zero labels are exactly 1,2,...,n. The set of such
paths is denoted by Pref(m,n)***. A preference function whose underlying lattice
path is a Dyck path is called a parking function and the subset of such paths is
denoted by Park(m,n)***.

Definition 5.21. Consider P = (7, w,dr,dv) € LSQ(m,n)*** with reading word
u. Suppose « is the composition of n such that w contains a; letters equal to 1,
ag letters equal to 2 and so forth. Let @ by the word obtained from u by replacing,
from left to right, its 1’s by 1,2,...«aq; its 2’s by a; + 1, ..., a1 + a3 and so forth.
The standardisation of P the unique element (7, @, dr, dv) € Pref(m,n)***! whose
reading word is .

Proposition 5.22. Consider P € LSQ(m, n)***! and Q its standardisation. Then
area(P) = area(Q) and dinv(P) = dinv(Q).

The proof is simple: since @ is simply a relabelling of P and the area of a
path does not depend on its labels, the first statement is obvious. The second
statement follows easily from the definitions of dinv , reading word
and standardisation (5.21)).

Proposition 5.23. Consider f € A and let S be LSQ(m,n)* !, LSQ'(m,n)**!
or LD(m,n)***!. Let S be the set obtained from S by standardising its elements.
The following statements are equivalent.

(Z) f _ ZPES qdinv(P)tarea(P)xP;

(i) For all \Fn,

<fa h)\> = Z qdi”V(P)tBTEa(P).

Pes
P is a A-shuffle
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Proof. Since {hy}x-n and {my} -, are dual basis of A with respect to the Hall
scalar product (see Proposition [1.50)), (f,hy) corresponds to the coefficient of m
in the monomial basis expansion of f. By definition of my, this must be the same

coefficient found in front of the monomial z}* - - - xz‘&;) of f.

Suppose thatholds. Then for any A - n the coefficient in front of xi‘l e xz\([ )(3>

of fis
Z qdinv(P)tarea(P)7
PES(N)
where S(A) is the subset of S whose paths have A; labels equal to 1, Ay labels equal
to 2 and so forth. Standardising the elements of S()), we get exactly the elements
a

of S that are A-shuffles. Thus using Proposition [5.22] we get
Now suppose that holds. By the same arguments as before we have

< Z qdinv(P)tarea(P)xP7 hA> — Z qdinv(P)tarea(P)'

Pes Pes
P is a A-shuffle

Since {hy}arn is a basis of A, this implies that ensures O



Chapter 6

The touching generalised
shuffle theorem

In this chapter we will prove the case k = 0 of the touching generalised Delta

conjecture ((5.13|and [5.15)).

Theorem 6.1 (touching generalised shuffle theorem). For m,n,r € N

Ahm VETL,T — Z qdinv(P)tarea(P)xP-

PelLD(m,n)
touch(P)=r

As the E,, , are the building blocks of e, (Equation (2.40))), taking the sum
over r will yield the following immediate consequence of Theorem [6.1}

Corollary 6.2 (generalised shuffle theorem). For m,n € N, with n > 0

Ahm Ve, = Z qdinv(P)tarea(P)xP.
PeLD(m,n)

In order to prove this result, we will provide a combinatorial interpretation of
the symmetric function Ay, Ve, [X[s + 1],] in terms of augmented Dyck paths by
using a key symmetric function identity for hj Ve, [X[s + 1]4].

6.1 Symmetric function identity

This section is dedicated to the proof of the following symmetric function identity.

Theorem 6.3. Forn,m,s € N withn >0 and m <n

hVen [ X[s +1]] = > ™!

{s +1
1=0

; } Ap,, Ven_m[X[s+1+1],].
q

7



78 CHAPTER 6. THE TOUCHING GENERALISED SHUFFLE THEOREM

Proof. For m = n, the right hand side is a constant

hiVe, [ X[s+1],] = <Ven {XM[S“]‘?] hn>

M
oz = Y DR 9 x5,
AFn
by 3D - Y W (TAHAX),500)
AFn
(oy B = - DT
AFn

Oy BT = h, | > [””}:hnusmq]
(byz[n:s]q

Since Ay, ,Veo = 6,m, this is what we wanted to show.
Let us now assume that m < n. To begin we use the Macdonald expansion of

en[X[k]q] (Proposition |3.13)) and the definition of V (2.31) .

hiH\[X
s Vea [X[s 1)) = (1= ™) 3 T (1 - t)BAm%”
AFn
(byBIAB20) = (1) > > Mahap| 1*t)BA]T
AF1 UCm A WA
by B19)) = (1 — ¢* HulX] A My hgor[(1 — £) BT
(by B19) =(1—g¢ )Z w Z s IaRs1[(1 =) By Ty
pEn—m H ADm b

We need an extra identity, Equation 79|, the proof of which we included
in Appendix [A]

Lemma 6.4. For f,g homogeneous elements of A with deg(f) = m and p €
Par\ {0}, we have

Z d{uHAQ[MBk] = Hu(Af[MX]Q)[MBu]-
ADmp
We apply this formula with f[X] = e, [%] and g[X] = hgiq qu} en [%] so

that diu = dE\TZ) (see Definition D and g[M B,] = hs+1[(1 — t)B)\]T\. Thus we
get

H,[X] Z Z
- _ S5t1 E el = =
(1=¢™) wy, I Ae,, (hSH [1 — q] En [M}) ‘ZHMBM

pEn—m
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Proposition [3.34] gives the Macdonald expansion of the parenthetical, which allows
for an explicit formulation of its image by A., . We recall the formula here:

n e [5] = = 2 S (1) i ,thk[u 1B,

w
Aitj A k=0

Using this, we get

=gy Y By s BB )

pEn—m Wp vEs+n+1 WA
s+1 (»+1 k) s
x 3 (=1)s R hi[(1—t)B,].
> cea ] =08
Since [SfrJq =0 and [8+f7k]q = [kfl}q for all k& such that 0 < s+1—k < s, ie.

1 <k < s+ 1 we may rewrite

=gy Y B sy BB )

pkEn—m wu’ vks+n+1 WA
s+1 ( o k) s
) 3 (—1)s kg z‘[ }h 1-1)B,
D Al P R RS

:(1_qs+1) Z HM[X}HH%q_(sgl)(_l)s-«—l—kq(wék){ S :|

w
pEn—m s k=1

Z %ﬁhk[(l —t)Blem[B,] = - -
vEs+n+1

Next, we apply the summation formula of Theorem [3.26

> D - 0 BenlB]
AEm—4n

i ([UHE] s =1 X X X
= Zt Zq( ) |: k :| |: s—k hl+k Tq hom—1 M Cn—k M
=0 k=0 q q

which gives

s+1 HM[X] - ,(5+1) sHl—Fk (s+17k) S
== Y TH#Zq 2 )(=1) A P
pEn—m s k=1 q
m k
— N[L+r] [[+k—-1
X Zt : Z q(Z) |: r :| |: k—r ] hl+7'[(1 - t)Bu]hm—l[Bu]eS-i-n-H—m—?' [BH]'
=0 r=0 q q

Since esynt1—m—r[By =0if s+n+1—m—r>|gf=n—m,ie ifr <s+1,all
the terms are 0 except for k =r = s+ 1. Thus

H X &, [l+s+1
co=(1— s+1 E #71_[ E tm l|: :|
( q ) w #l:o s+1 q

pEn—m s
X hiysi1[(1 — ) Bulhm—i[Bplen—m[Byu] = - -
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We now use the following elementary g-binomial identity, whose proof can be found
in Appendix [A]

Lemma 6.5. Forl,s € N

l+s+1 s+
(1q8+1)|: Z :| _ (lqs+l+1)[ l ] )
q q

Since |:l+s+1]q _ [l+s+1

o1 . ]q for all [,s € N we may use this lemma, and the fact

that e,,—p,[B,] = T}, for all - n —m to write

Hu[X] o &N e . l+s
= 3 B S et [ bl - 0BT
* 1=0 q

pEn—m

=S [ ] amgrny ¥ Lol BB 005,

l w
=0 pEn—m w

Using the definitions of Ay and V ([2.31} , combined with the Macdonald
expansion of e, [X[k],] (Proposition [3.13)), we may conclude

m l
i [ +z S} An, Ven—mlX[s+1+1],].
=0

q

6.2 Augmented Dyck paths

Definition 6.6. An augmented Dyck path is a pair (7, w) with m a Dyck path and
w a labelling of 7 with entries in N U {oc}, such that the steps labelled co are all
at height zero and so they are the only labels in their columns. Furthermore, we
require that oo labels are not directly followed by a 0 label and that the leftmost
finite label on the main diagonal is non-zero. The set of such paths of size m+n+s
with m labels equal to 0, n positive finite labels and s infinite labels is denoted by
LD(m,n, s).

We draw an example in Figure 6.1

Definition 6.7. Let P € LD(m,n,s) we define dinv(P) in exactly the same way
as Definition where we consider that

e | <ooforiel
e (0 and oo are incomparable.

As usual, the area is not influenced by the labels so for (7, w) € LD(m, n, s), we
define area(7,w) to be the same expression as in Definition [.18] with shift(r) = 0
and dv = (), i.e. the number of whole squares between the path and the main
diagonal.
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Figure 6.1: An element of LD(1,3,2).

Example. The path in Figurehas 3 primary dinv, (1,2),(3,5) and (5,6), and
1 secondary dinv, (4,5), so total dinv 4. Its area is 1.

Finally, we define the monomial of an augmented Dyck path.

Definition 6.8. If P € LD(m,n, s) then the monomial associated to P is

m—+n

zf = H Ty,
i=1

Igzl
Too=1

Since there are m labels equal to 0 and s labels equal to oo, this is a degree n
monomial.

Example. The monomial of the path in Figure is xy23.

6.3 The proof

In this section, we prove Theorem[6.2] passing by a combinatorial interpretation in
terms of augmented Dyck paths of Ay, Ve 4nin[X[s+ 1]4]. To begin, we apply
V to Equation (2.39)), which gives

veuxls+ 1 =30 |1

} VEnL. (6.9)
k=0 q

The touching shuffle theorem (Corollary states that

VEn,k —_ Z qdinv(P)tarea(P)mP. (610)

PelD(n)
touch(P)=k

Combinatorially, we have the following.
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Proposition 6.11. Forn,s € N with n > 0

inv area - k +s inv area
S gy (P)xPzz[ ! } Y P )P
k=0

PelLD(m,n,s) 9 PeLD(m,n)

touch(P)=k
Proof. Start from a path P € LD(m,n) with touch(P) = k. We will insert s vertical
steps labelled oo, directly followed by a horizontal step. In this way we obtain all
the elements of LD(m,n,s). Since all steps labelled oo must by definition lie on
the main diagonal, the only places we may insert (a consecutive string of) oo’s is
right before a vertical step at height 0 with a non-zero label, i.e. at the touching
points of P, of which there are k. Encode the choice of where to insert the co steps
with an interlacing of s and k& where the 0’s correspond to the co’s and the 1’s to
the touching points. Since a touching point is followed by a vertical step that is
labelled by a positive integer, each time a 1 precedes a 0 a unit of primary dinv is
created. Since the oo’s do not create secondary dinv, nor primary dinv with 0’s,
this is the only contribution to the dinv. Thus the inv of the interlacing corresponds
exactly to the dinv added to the path by the insertion. Clearly, this insertion does
not change the area of the path and thus Proposition concludes the proof. [

Combining equations (6.9), (6.10) and Proposition with m = 0, we may

conclude the following

Proposition 6.12. Forn,s € N withn >0

Ven[X[s + l]q] _ Z qdinv(P)tarea(P)xP.
PelD(0,n,s)

Next, we use the theory of shuffles to deduce a combinatorial formula for
htVemin[X[s + 1],]. We need to extend the vocabulary of Section to aug-
mented paths: given a path P in LD(m,n, s), we define its reading word in exactly
the same way as regular Dyck paths . Define also its standardisation and
what is means for P to be a a-shuffle analogously to [5.2] and [5.19] where the co’s
are disregarded, like the 0’s. Lastly an element of LD(m,n,s) is an augmented
parking function if its non-zero non-infinity labels are exactly 1, ...,n and the set
of such paths is denoted by Park(m, n, s).

The sameﬂargument as in the proof of Propostition applied to Proposi-

tion [6.11] implies
<hﬁmvem+n[X[3 + gl ha) = (Vemqn[X[s + 1]g], hinha)

_ Z qdinv(P)tarea(P);

PePark(0,n,s)
P is a A\(m)-shuffle

for all A - n, where A(m) is the concatenation (Aq,..., Ayx),m). Since
(h Vemin[X[s 4+ 1]4], hy)

is the coefficient of my in the monomial basis expansion of hi: Ve, n[X[s + 1],]
we may immediately deduce the following.

IThere is one subtlety: (), m) might not be a partition but a composition; but since Ve, [X[s+
1]4] is symmetric, permuting the variables does not influence the coefficient.
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Proposition 6.13. Consider m,n,s € N with n > 0. Let S C LD(0,m + n,s) be
such that P € S if P has exactly m mazimal finite labels and set maxp to be the
value of this mazimal finite label, then

h#vem+n[X[s + 1]q] _ Z qdinv(P)tarea(P)xP|
pes

Tmaxprr1’

Let us reformulate the right hand side of this equation.

Lemma 6.14. For m,n,s € N with n > 0, using the notation of Proposition|6.1
we have

dinv(P) area(P) . P IRGIERY
Z q (P)qarea(P) . ‘mmaxp»—)l _Ztn |: l :|
Pes 1=0 q

« Z qdinv(P)tarea(P)‘,EP.
PelLD(m—Il,n,s+1)

Proof. We start from P € S and let [ be the number of maximal finite labels of P
at height 0. We will transform P via a “pushing algorithm” and obtain a path in
LD(m—1,n, s+1), keeping track of the modifications to the statistics. See Figure
for a visual aid. By their nature, the vertical steps labelled with a maximal finite
label must be followed by a horizontal step. The pushing algorithm consists of two
operations.

e Replace the [ maximal finite labels at height 0 with oo labels.

e By definition of S, 0 < [ < m and P has exactly m — [ maximal finite
labels that are not at height 0. Replace the vertical step labelled with these
maximal finite labels, and the horizontal step that follows it, by a horizontal
step followed by a vertical step, labelled with 0.

Thus we obtain a path in LD(m—1I,n—m, s+1), indeed: any 0 on the main diagonal
came from a rise at height 1, so the label right before it must be finite. It is not
hard to see that any path of this set can obtained via the pushing algorithm.

The first operation is simply a relabelling so does not affect the area. Nor
is the secondary dinv affected since maximal finite labels on the main diagonal
do not create any. The primary dinv with finite labels in not affected either as
it is conserved when changing the label to infinity. However, the primary dinv
between maximal finite labels and infinity labels disappears since infinity labels do
not create dinv among each other. Given an interlacing of s (the number of co’s
that were already present) and [, we may interpret it as the relative positioning
of these two kind of steps. Each time a maximal finite label precedes an infinity
label, a unit of dinv will be lost after the pushing algorithm. Thus the inv of the

interlacing corresponds exactly to the lost dinv, which accounts for the factor [SJ[Z]

(see Proposition |4.23]).
The second operation does not affect the dinv since primary becomes secondary
and vice versa. It affects the area though: it is easy to see that the area goes down

by exactly m — [ units.
O
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Figure 6.2: Pushing algorithm.

We are now ready to prove the generalised version of Proposition [6.12

Theorem 6.15. For all m,n,s € N withn >0

Ahm Ve, [X [S 4 1](1] _ Z qdinv(P)tarea(P):L,P.
PeLD(m,n,s)

Proof. We proceed by induction on m. The base case, m = 0 is exactly Proposi-
tion Now suppose m > 0. We will provide a combinatorial interpretation for
the symmetric function identity of Theorem with n +— m +n:
m
s+
BVenaalXTs + 1] = Y e |* T
l
1=0
Combining Proposition [6.13] and Lemma [6.14] we know that the left hand side
equals

] Ap,, Ve [X[s+1+1],]. (6.16)

h Vemn[X[s +1]] = ¢m! [s z+ ] > giinv(P)garea(P) P (6.17)
=0 4 PeLD(m—I,n,s+l1)

By the induction hypothesis, we know that

Ap,, Ve X[s +1+1]q] = > g PPy P for 1> 0. (6.18)
PelLD(m—1,n,s+1)

Combining (6.16)), (6.17) and (6.18) we get

Ztmfl {3 + } Z g (P)parea(P) o P — pmA, e (X s + 1]
1=0 9 peLD(m—I,n,s+1)

+ i Z qdinv(P)tarea(P)xP7

=1 PeLD(m—I,n,s+l1)

which readily implies our thesis. O
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Now, applying A, to Equation , we get

An, VeuX[s +10 =D |

- [k‘ + s
k=0

} Ap, VE, . (6.19)
q

This gives a system of linear equations expressing {Aj,, Ve, [X[s + 1]4] fo<s<n

in terms of {Ay, VE,, 1 }o<k<n With transition matrix “kjs]q . Call this
- k,s=0,...,n
system L.
The following is an elementary fact about Pascal matrices (see [Wik20]), a proof
of which can be found in Appendix [A]

Lemma 6.20. If M = [("*/

)i € Mat(p1)x(ni1) (N) then det(M) = 1.

By definition of the g-binomials we obtain the determinant {(kzs)} i by
,6=0,...,n

k+s] :|
s -4 k,s=0,....n
both these matrices are invertible. So the linear system L has a unique solution.

Combining Theorem and Proposition (the combinatorial counterpart of
(6.19)) determines this unique solution. Therefore, we may deduce the result stated
at the top of this chapter.

setting ¢ = 1 in the determinant of “ . So this lemma implies that

Theorem 6.1 (touching generalised shuffle theorem). For m,n,r € N

AhmvEn,r _ Z qdinv(P)tarea(P)xP-

PelLD(m,n)
touch(P)=r
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Chapter 7

The valley Delta square

In this chapter we will show an implication between two of the conjectures stated
in Chapter [} Conjecture [5.14] implies Conjecture We restate them here.

Conjecture 5.14 (touching generalised Delta conjecture, valley version). For
m,n,k,r € N with k <n

Ahm(—)kVEn—k,r = Z qdinV(P)tarea(P)xP.
PELD(m,n)*
touch(P)=r

Conjecture 5.7 (modified generalised Delta square conjecture, valley version).
For m,n,k € N with k <n

Ap,, OsVw(pn_i) = S iyl
PELSQ’ (m,n)*k
Chapter [0] is dedicated to the proof of the case k = 0 the former statement.

Thus this implication will establish the case £ = 0 of the latter one: the generalised
square theorem.

Theorem 7.1 (generalised square theorem). For m,n € N

Ahm VW(pn) — Z qdinv(P)tarea(P)xP.
PelLsSQ’(m,n)

7.1 Schedule numbers

In this section we provide a combinatorial formula for the right hand side of Conjec-
ture E The formula uses schedule numbers, a notion that was developed in [HLOS],
[Hic13|, [Serlt], [HS19]. Contrary to these publications, our formula enumerates
labelled square paths and not preference functions, i.e. it allows for repeated labels.
It thus provides a new factorisation of previous schedule formulas.

Definition 7.2. Let P € LSQ(m,n)** and s := shift(P). For i > 0, consider the
multiset of labels contained in the (s + 4)-th diagonal of P, where the labels of

87
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[

Figure 7.1: An element of LD(2, 6)*>

decorated valleys are decorated with a e. Let p; be the decorated word obtained

from arranging this multiset in increasing order, considering ¢ < ¢ < c+1. The
diagonal word of P is dw(P) == py...p1po, where £ = max{i | p; # 0} .

Example. The path in Figure has pg :(.)1, 1 =i4, p2 = 3 and p3 = 024 and
so its diagonal word is 02431401.

A run of a word is a maximal increasing substring of that word. Since square
paths end east, all its diagonals (except the base diagonal) contain a label that
lies on top of a (strictly smaller) label contained in the diagonal right below it. It
follows that the p; are the runs of the diagonal word of P.

Definition 7.3. Consider P € LD(m,n)*" and set dw(P) = py--- pg, where the
pi’s are its runs. We define its i-th run multiplicity functions z;, z? : N = N, where
for any c € N

zi(c) = # of undecorated ¢’s in p;

z?(c) = # of decorated ¢’s in p;.

Clearly, each function z; has finite support.

Definition 7.4. Consider P € LSQ(m,n)** and set dw(P) = p; - - - py, where the
pi’s are its runs. For ¢ € N, we define its schedule numbers w; s(c) as follows:

Yoasezild) + Xy zima(d) ifie{s+1,...,0}
wi (€)= Y 4uczi(d) +1=0cp ifi=s

Zd@zi(d)—l—zdxziﬂ(d) ifiE{O,...,S—l}
wig(e) =Y zi(d) + Y zi41(d) = 8e,00i6-1

d<c d>c
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At this point, this definition seems technical and mysterious. The proof of the
main result of this section will clarify this choice.

Definition 7.5. Let py,...,px be a sequence of integers. We define its descent set
Des(p1,..-,pk) ={1<i<k—1|p;i>pis1}

and its major index maj(p1,...,pr) to be the sum of the elements of the descent
set.

Convention 7.6. If w is the diagonal word of some path in LSQ(m,n)** it is a
decorated word with letters in the alphabet N. For a decorated word w, we define
maj(w) and * to be computed as usual, simply ignoring the decorations.

Theorem 7.7. Let z = p;--- po be a decorated word in the alphabet N so that the
pi are its runs. Let b(z,s) =Y o> s 2i(c) + > ,.,_1(=27(0)). Then

Z qdinv(P)tarea(P)xP

PeLSQ(m,n)**
shift(P)=s
dw(P)=z

0[] ) -

ceN P

y4
— gmai(2) o) T (

i=0

Proof. The right hand side of this equation consists of a finite number of terms
different from 1. Indeed z(c) = z?(c) = 0 for all but a finite number of elements
of N and thus all but a finite number of g-binomials are equal to 1, which means
that the product is actually finite.

For any P € LSQ(m,n)** with dw(P) = z we trivially have 2 = z*. It is also
not difficult to see that for any such path maj(z) = area(P), indeed

area(P) =L -#po+ (L —1)-#pe1+---+1-9p
=po+(pe+pe-1)+-+ (pe+pe1+ -+ p1) = maj(z).

This takes care of the factor tma(2).

For the dinv, we will construct all the paths of a given diagonal word and shift,
starting from the empty path, all the while keeping track of the dinv. We outline
the different steps of the construction. We only describe the placement of the
(decorated) labels in the lattice, as each such placement is the labelling of a unique
square path.

1. For i = s,s 4+ 1,...¢ insert the z;(c) labels equal to ¢ into the (i — s)-th
diagonal, for all ¢ € N, in decreasing order.

2. Fori=s—1,8—2,...0 insert the z;(c) labels equal to ¢ into the (i — s)-th
diagonal, for all ¢ € N, in increasing order.

3. For all i insert the z?(c) decorated labels equal to ¢ into the (i—s)-th diagonal,
for all ¢ € N, in decreasing order (the order of ¢ is unimportant).
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In other words in the first step we construct undecorated Dyck paths, in the second
we turn them into undecorated square paths and in the third we add decorated
labelled steps.

Call a (i, c)-insertion (respectively (i,c)®-insertion) the insertion of z;(c) (re-
spectively z?(c)) labels equal to ¢ into the (i — s)-th diagonal. We will now study,
for each insertion the numbers of ways it may be executed, and the contribution
to the dinv each of these ways engenders.

We made figures illustrating the construction of some of the ths with diagonal

B

word 44223535’)(.)115 and shift 1. We included them in Appendix

Dyck paths. First consider i = s. Right before the (s, ¢)-insertion, there are
Y dsc %s(d) labels in the O-th diagonal. If ¢ # 0 the z;(c) labels may be inserted
anywhere between them, i.e. the number of insertions is equal to the number of
interlacings of » . . zs(d) = ws s(c) — 1 and 2;(c). If ¢ = 0, since the leftmost label
in the 0-th diagonal may never be 0, the number of insertions equals the number
or interlacings between ), ,zs(d) —1 = w(0) — 1 and 2;(0). In both cases,
any time one of the inserted ¢ precedes one of the d with d > ¢, a unit of dinv
is created. Thus the dinv created by an insertion is the inv of the corresponding
interlacing. By Proposition [4.23] the dinv of all possible insertions is g-counted by
[ws‘s(c)“!‘zi(c)_l]q. See Figur

zi(c)

For i > s, consider the path right before the (i,c)-insertion. We identify two
kinds of insertion spots: a smaller label in the (i—s—1)-th diagonal or a label in the
(i — s)-th one (which must be bigger than ¢ because of the insertion order). There
are ) ;. 2i—1(d) labels of the first and ), z(d) of the second kind, and so the
total number of insertion spots comes to w; s(c). Any (7, c)-insertion corresponds
uniquely to an interlacing of w; s(c) — 1 and z;(c): indeed

e the first occurrence of ¢ in the (i — s)-th diagonal must be preceded by an
insertion spot;

e there is a unique way of inserting a string of consecutive ¢’s right after any
insertion spot. Say we want to insert k consecutive ¢’s. Shift the labels
following the insertion spot k squares to the north-east. Then insert the first
of the string of ¢’s into the square on top of an insertion spot of the first kind
or in the square north-east of an insertion spot of the second kind;

e between two strings of consecutive ¢’s there must be an insertion spot.

Any time an occurrence of ¢ precedes an insertion spot of the first (respectively
second) kind, a unit of secondary (respectively primary) dinv is created. So as
before, by Proposition [4.23] the dinv of all possible insertions is g-counted by

[ws(C);(zcz:)(c)—l] . See Figure
i q

Square paths. For the (i, ¢)-insertion with ¢ < s the insertions spots are either
bigger labels in the diagonal directly above the (i — s)-th one, of which there are
> dse Zit1(d), or labels in the (i — s)-th diagonal (which are smaller than ¢ due to
the insertion order), of which there are ), __ 2;(d). Thus there are w; (c) insertion
spots. We have that

e the last occurrence of ¢ must be followed by an insertion spot;
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e there is an unique way of inserting a string of consecutive ¢’s right before any
insertion spot. Say we want to insert k consecutive ¢’s. Shift the insertion
spot and the labels following it k squares to the north-east. Insert the last of
the string of ¢’s in the square below an insertion spot of the first kind or in
the square south-west of the insertion spot of the second kind;

e between two strings of consecutive ¢’s there must be an insertion spot.

So the (4, ¢)-insertion corresponds uniquely to an interlacing of z;(c) and w; 4(c)—1.
An insertion spot of the first (respectively second) creates secondary (respectively
primary) dinv with all following ¢’s. Furthermore, any non-zero label that gets
inserted under the main diagonal creates a unit of bonus dinv. Thus the dinv_of
all possible insertions is g-counted by ¢(1=%.0)zi(c) [w5(0)+(z’i)(c)_l}q. See Figure

zi(c

Decorations. Now we treat (i, ¢)®-insertions. For all ¢ define the dinv markers
to be the ), _, zi(d) undecorated labels smaller that ¢ in the (i — s)-th diagonal
and the ), 2;41(d) undecorated labels bigger than ¢ in the (i —s+1)-th diagonal.
These dinv markers are exactly the labels with which a decorated c inserted to its
right would create primary or secondary dinv.

First consider i > s. The number of dinv markers equals w? ;(c). We claim that
(i, c)*-insertions correspond bijectively to strict interlacings of zf(c) and w; (c),
starting with a 1. The map is naturally defined: the relative order of the w? ,(c)
dinv markers and z?(c) inserted ¢’s defines the interlacing. We show that this map
is a well defined bijection.

Well defined. We have to show that for any (i, ¢)®-insertion, the corresponding
interlacing is always a strict interlacing beginning with a 1. In the proof of Propo-
sition [£.20} it is argued that a decorated valley at height > 0 is alway preceded by
a label with which it creates primary or secondary dinv, i.e. a dinv marker; and so
the interlacing must start with 1. Next, we need to argue that the interlacing is
always strict, i.e. that there is always a dinv marker between two inserted ¢’s. If
the step labelled by an inserted c¢ is followed by a vertical step, its label must be
bigger that ¢ and so it is a dinv marker. If it is followed by a horizontal step, it
might be followed by a string of decorated labels at the same height: Bq,..., B;.
We must have ¢ < By < --- < By since the valleys are contractible. If the step
labelled B is followed by a vertical step, its label must be bigger than B; and so
an dinv marker. If the step labelled B; is followed by a horizontal step the step
after this horizontal step cannot be a decorated valley labelled ¢ (not contractible)
so it must either be a vertical, undecorated step, or another horizontal step. In the
latter case, the next label at height ¢ — s is a rise and so undecorated. Thus, there
is an undecorated label at height i — s between our inserted ¢ and the next one.
Again, we may use the arguments in the proof of Proposition [£:20] to conclude that
there must be an dinv marker before the next occurrence of an inserted decorated
c.

Injectivity. Suppose that there are two different insertions with the same in-
terlacing. This implies that between two (or after all) dinv markers there are
two different ways to insert a decorated ¢. Combining these two ways, one would
obtain a path with two inserted c¢’s that are not separated by a dinv marker, in
contradiction to what is shown in the previous paragraph.

Surjectivity. We must show that it is always possible to insert a decorated ¢
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between two (or after all) dinv markers. We describe an insertion procedure for all

possibilities.
: %
@ BB
(a) (b)
5B -5
(c) (d)

Figure 7.2: Surjectivity for ¢ > s.

First consider a dinv marker of the first kind, i.e. a label S at height (i — s)
smaller than c.

e If the dinv marker is followed by a vertical step, whose label B is bigger than
¢, then insert the decorated label ¢ directly north-east of S, right under B.

See Figure [7-2a]

e Suppose that the dinv marker is followed by a vertical step, whose label S
is smaller than ¢ and before the path crosses the (i — s + 1)-th diagonal
horizontally, there is dinv marker of the second kind, i.e. a label B bigger
than c at height i — s+ 1. If the step labelled S is followed by another vertical
step, the path crosses the (i — s+ 1)-th diagonal vertically. Thus, since i > s,
the path will cross the same diagonal horizontally, after the vertical crossing.
Insert the decorated ¢ such that it lies right below this B. See Figure [7.2D]

e Suppose that the dinv marker is followed by a vertical step, whose label S is
smaller than ¢ and there is no dinv marker of the second kind between S and
the point p where the path crosses the (i — s + 1)-th diagonal horizontally.
At p, insert a horizontal step followed by a decorated vertical step labelled c.

See Figure
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e Suppose that the dinv marker is followed by a horizontal step. Then insert
the decorated label ¢ in the square north-east of S. See Figure [7.2d]

Next, consider a dinv marker of the second kind, i.e. a label B at height (i —s+1),
bigger than c¢. Since i > s, we know the path will cross the (i — s + 1)-th diagonal
horizontally, after the dinv marker.

e Suppose that before the path crosses the (i — s+ 1)-th diagonal horizontally,
there is a second dinv marker labelled B of the second kind. Insert the
decorated c¢ such that it lies right below B. See Figure

e Suppose that there is no dinv marker of the second kind between B and the
point p where the path crosses the (i — s + 1)-th diagonal horizontally. At p,
insert a horizontal step followed by a decorated vertical step labelled c. See

Figure

This completes the list of possibilities and thus the the argument for bijectivity.
By the definition of dinv markers, each time a dinv marker precedes an inserted c
a unit of secondary or primary dinv is created, which corresponds to the inv of the
interlacing. Furthermore, for each z?(c) decorated ¢’s that are inserted there is a
—1 contribution to the dinv. So the total contribution to the dinv is g-counted by

g=@ Y g
f

where the sum is over strict interlacings of z?(c) and w;  (c), starting with a 1.
This first 1 contributes 27 (¢) to the inv and so if we change the sum to be over the
strict interlacings ending with a 1 we get

. . - SHONIET
OGO Y ) — () )[ 5 )} ’
7 2 (c)],

where the equality comes from Proposition

Now for ¢ < s. Using the same map as for the previous case, we will show that
(i, ¢)*-insertions correspond bijectively to strict interlacings of zf(c) and w; (c),
ending with a 1.

Well defined. There are three things to show. First, that the interlacing corre-
sponding to an insertion is always strict. Exactly the same argument as for i > s
applies. Second, we show that the interlacing corresponding to any insertion ends
with a 1. Consider ¢ an inserted label at height ¢ — s. If the step ¢ labels is followed
by a vertical step, this must be labelled with a label bigger that ¢ and so this is a
dinv marker. Suppose that the inserted c is followed by a horizontal step.

Since the path must end east, there must be two consecutive vertical steps, at
height 7 — s and 7 — s + 1, after c¢. If the label of the second of these steps is bigger
than c it is a dinv marker. If not, the label S; of the first vertical step must be
smaller than ¢, so if it is not decorated, it is a dinv marker. If it is decorated it may
be preceded by a string of decorated valleys at height i — s, labelled Ss, ..., .S; with
Sy > -+ > 5) (by contractibility). The step labelled S; is preceded by a horizontal
step; if this step is preceded by an undecorated vertical step its label must be
smaller than ¢ and is thus a dinv marker. If it is preceded by a second horizontal
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P F

Figure 7.3: Surjectivity for ¢ < s.

step we may deduce the existence of two consecutive vertical steps (at height ¢ — s
and i — s+ 1) between ¢ and S;. We have arrived at the same situation as at the
beginning of the paragraph. Since the path is finite this loop must terminate and
a dinv marker exists after c.

Finally, for i = s — 1 and ¢ = 0, w$_; ,(0) is equal to the number of dinv
markers minus 1. Indeed, the interlacing corresponding to the (s — 1,0)°®-insertion
must start with a 1: by definition the path may not start with a decorated 0 at
height —1 so the first decorated 0 at height —1 must be preceded by two horizontal
step and thus a positive label at height 0. Therefore, disregarding this first 1 of
the interlacing, an (s —1, 0)®-insertion corresponds to an interlacing of z2_,(0) and
wgfl,s(o)'

Remark 7.8. Keep in mind that this disregarded 1 creates z2_,(0) units of dinv
with all the 0’s that followed it in the interlacing.

Injectivity. The argument is the same as for i > s.

Surjectivity. The fact that there must be a dinv marker to the right of all
inserted ¢’s ensures that the insertion algorithms for ¢ > s also apply here. So
the only thing left to show is that, if i # s — 1 or ¢ # 0, we may always insert a
decorated ¢ to the left of all dinv markers. We consider the first label at height
1 — s, denote it F' and consider the following cases.

e Suppose that F' is a dinv marker or appears before all dinv markers, is pre-
ceded by a horizontal step. Then this step must be preceded by another
horizontal step, else the step labelled F' would not be the first at its height.
Insert a horizontal step followed by a decorated vertical step labelled ¢ be-
tween these two horizontal steps. If F' is decorated, the insertion order ensures
that ¢ < F and so F' labels a contractible valley. See Figure

e Suppose F'is a dinv marker or appears before all dinv markers and is preceded
by a vertical step. Since the path starts at (0,0) this implies that before F'
there must be point were the path crosses the (i — s)-th diagonal horizontally.
The two consecutive horizontal steps of this crossing must be preceded by
a third horizontal step, since if there was a vertical step preceding them, F
would not be the first label at its height. Insert a horizontal step followed
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by a decorated vertical step labelled ¢ after the first (from the left) of these
three horizontal steps. See Figure

e Suppose F' is preceded by a dinv marker, a label B > ¢ at height i — s + 1.
Then the step labelled B must be preceded by a horizontal step, for if it were
preceded by a vertical one, F' would not be the first label at its height. Insert
a horizontal step followed by a decorated vertical step labelled ¢ after this
horizontal step, underneath B. See Figure [7.3(

So the bijective correspondence between (i, ¢)®-insertions and strict interlacings
of 27 (c) and w; ((c), ending with a 1 is established. Clearly, the inv of the interlacing
equals the primary and secondary dinv created by the insertion, with the exception
of the z2_1(0) units of primary dinv created with the first dinv marker and the
0’s at height —1 (see Remark , which is not accounted for in the interlacing.
Next, for ¢ # 0 and i < s any (i, c¢)®-insertion creates z?(c) units of bonus dinv.
Furthermore, each inserted decorated valley contributes —1 to the dinv. It follows
that the contribution to the dinv for all possible (7, ¢)®-insertions is g-counted by

qz;_l(o)ai,s_ﬁc,oq(pac,o)z;(c)qu;(c)q(zq?;c)) |:'U:i.,s ]
2 (c)],

See Figures [B:4 and [B5

Taking the product over all possible i and ¢ and using

Z Z ((1 — 50,0)22‘(6) + Z;_1(0)5i73_16c,0 + (1 — 50,0)22’(6) — Z:(C))

1<s ceN

= S 0 + 220 @)+ 3 (<H(0) 4 2 4(0) ~ 24 (0)
i<s ¢>0 1<s—1

=3 Y w0+ Y (—22(0) = bz, 9).
c>0i<s i<s—1

we finally obtain the announced formula.

7.2 The implication

We relate the combinatorics of square paths to the combinatorics of Dyck paths,
using the schedule formula of the previous section.

Notation 7.9. For the remainder of the chapter, let z be the diagonal word of an
element of LSQ'(m,n)**. We suppose z = py - - - po where the p; are its runs. We
also set r; == ) . 2i(c), i.e. the number of undecorated, non-zero numbers in p;.
Since z is the diagonal word of a square path r; > 0 for all 0 < i < £. Indeed any
but the base diagonal must contain a rise, which may not be decorated or labelled
0. The main diagonal must contain an undecorated step that is not labelled 0 by
definition. If z is the area word of an element in LSQ’(m,n)** then we also have
ro > 0.
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Furthermore 0 < s < 7 define

LSQq,t;x (Z, S) — Z qdinv(P)tarea(P)IP.

PELSQ(m,n)**
shift(P)=s
dw(P)=z

Using the schedule formula of Theorem[7.7] we will establish the following result,
relating LSQy +.,-(z, s) and LSQy +..(2,s"). For this we need some lemmas.

Lemma 7.10. Let 0 < s < ¢ and suppose that rs_1 > 0. Then we have

[wsvs (e)+2zs(c)— 1]

2 (©) o _ g Ire+ 200~ 1]t 1y [z (0!
ceHN [ws—l,s—lzic_)l'zi—l(c)—l]q B [rs—1lq [rs—1 + 25s-1(0) — 1] li[O [2s(c)]g!

Proof. Recall that
ws,s(c) = Z Zs(d) +1- 5c,0 wsfl,sfl(c) = Z Zsfl(d) +1-— 55,0
d>c d>c

And so we have
['ws,s(c)+zs (C)_l]

H Zs(c) q
[w571,571(6)+z571(0)71]
ceN Zs 1((:) q
_ H [25— 1 [ws,s(c) + 25(c) — 14! [ws—1,5—1(c) — 14!
[25(c [ws,s(c) — 14! [Ws—15-1(c) + 25-1(c) = 1]!

B H [2s— 1 ! D ase #s(d) = 0c0lq! [Ygs e 2a—1(d) — e 0lq!
[2s(c [Zd>cZ8( ) — c,O}q' [Ed>czs 1(d )_56 0] !

_ [ZdzoZS( )_ ] [Zd>ozs 1(d) — H Zs I(C)
[>ds02s(d) — 14! [Ed>0 zs—1(d) — 1!

« D ase 2s(D)]g! [P s zs—1(d)]g!
>0 D asezs(D]g! Doy e zs—1(d)]q 1=

Since [ gse 25 (D! = (T2 s 25(d) + 1) [ gse 25(d)] 4! and

Hl_([) [ZZ( [Zz L!: rol!

(
(

c>1 j=1 Ld>c q c>0

we may simplify the last product to obtain

o [Ts + ZS(O) - 1]q' [71871 - 1]q' [ZS* (C)]q' [TS]‘I!
T -1 [rs_l + 2z, 1(0) — 1], I !

Tslq rs—l—zs — zs cq
_ e _1|H 1(0)]

[Ts—l]q [Ts 1 +Z€ 1 [Zs C)] '

The denominators are clearly non-zero since they are either the g-analogue of pos-
itive integers or the g-factorials of non-negative integers. U

<
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Lemma 7.11. Let 0 < s < /. Then we have
[w571,5(0)+z371(0)—1] m
H ze—1(c) q [rs—1 + 25—1(0) — 1] ! [2s(c)]q!
Wws s—1(c)+zs(c)—1 - _
B 1(zs)(t) () ]q [rs +25(0) = gt 2 [2s—1(c)lg!

ceN

Proof. Recall that
wsfl,s(c) Ws,s— 1 Z Zg— 1 + Z Zs(d)
d<c d>c

Set m := max{c | zs(¢) # 0 or zs_1(c)}. We have the following
1 [, ﬁ (! e 16(0) + 261(0) — 1],!
e S I TG I T OR N ORI
_ ﬁ [zs(c)]q! [Zd<c Zs— 1(d) + Zd>c (d) -1

=0 [Zsfl(c)]q! [>dcezs—1(d) + > g5 0 2s(d) — 1
_ [0 ase 2s(d) + Xace 2a-1(d) — 14! . ﬁ [2s(c)]q!
HZL:O[Zd>c—1 zs(d) + Zd§0—1 zs—1(d) — 1]¢! =0 [zs-1(c)]q!
. I 0 dse 2s(d) + ngc zs—1(d) — 14! . ﬁ [zs(0)]q!
I e 2(d) + X 2ea(d) = gt g [z-1()]d!
_ (B 2@+ By ea@ -t 1 (ol
D51 2s(d) + 2ac 1 zs-1(d) = 1! 5 [2s-1(0)]4!
_ [ngm zs—1(d) — 14! ) s [25(c)]q!
= [ZdZO zg(d) — l]q' ;l;[(J [Zs_l .

_ [rema 4 21(0) 1!y _[zs(0)]g!
T et 2s(0) = 1! H o [zs—1(c)]g!

As the denominators are g-factorials of non-negative integers, they are non-zero. [

Q

We now combine these two lemmas to get the following.

Lemma 7.12. Let 0 < s’ < s < ¢ and suppose that ry > 0. Then we have

HH|:wzs + zi( )—}

=0 ceN

|:w15 +Z)z( c)—1 )

Proof. First suppose s’ = s — 1. By definition, for all ¢ € N and i & {s — 1, s} we
have w; s(c) = w; s—1(c), thus it suffices to show that

H |:ws—1,s(c) + z5-1(c) — 1} q [ws,s(C) + z4(c) — 1} q

i=0 ceN

zs—1(c) zs(c)

_ Irsle 11 [ws—Ls—l(C) + zs-1(c) — 1] |:ws,s—1(c) + z(c) — 1

zs—1(¢) zs(c) .

ceN

(7.13)
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By Lemma [7.10] we have

wS,S(C) +25(c) =1 _ [7"8]11 . [rs +25(0) — 1]q! ) (251
61;[\, { zs(c) :|q B [re—1lg [rs—1 + 25-1(0) — 1]¢! Cll; [25(c)]q!
ws—l,s—l(c) + Zs—l(c) -1
8 [ 2571(0) :|q

and by Lemma [7.11] we have

H [wsq,s(c) + 25-1(c) — 1} q _

ceN Zs—1 (C)

[rs—1 + 25-1(0) — 1]¢! . [25(c)]q! . Ws,s-1(c) + 25(c) — 1
a0 -1 U L,

so after the obvious simplifications the statement for s’ = s — 1 follows. Now,
applying Equation repeatedly, we get

HH {wzs + zi( )1]

1=0 ceN q

14

HH[w“”

1=0ceN )

I |:wzs 2 o (c)lL

rale [rosaly 1o [wis (@) + 2i(c) — 1
[rs—1lq ' 1111 { zi(c) L

[rs ]q i=0 ceN

HH [wzs +Z)z( )—1L

=0 ceN

i(c) — 1]

Tsl

=
VJ
»Q

as desired. O

We need one final lemma before proving the theorem.

Lemma 7.14. Let 0 < s’ < s < £ and suppose that ry — zo_1(0) > 0 and ry —
2% _1(0) > 0. Then we have

e 50 - S [,

Proof. Recall that

w,

i.,s(c) = Z Z’L(d) + Z ZiJrl(d) - 6c,06i,sfl~

d<c d>c
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For ¢ # 0, w} (c) does not depend on s, and wf (0) = w},(0) > 0 for i ¢
{s —1,¢ — 1}. Thus it suffices to show that

[rslq {w;Ls(O)] |:w;’—1,s(0):|

=22 L2200 ], L2200 ],

We have

wsfl,s(o) =Ts— 1 ws’fl,s(o) =Ty wgfl,s’(o) =Ts w;’fl,s/(o) =Ts — 1

SO

| ) L)

_ [rslg [rs — 14! [rs]q!
[rs —25_1(0)]q [rs — 25_1(0) — g![z5_1 (0)]g! [rs — 22 1 (0)]g![22 1 (0)]¢!
_ [TS]q! [7’9’](1'
s = 251 (0)]! 221 (0)]g! [rer — 221 (0)]g! 28—, (0)]!
_ [TS’]q [TS]q! [rsr — 1]
[rs — 25 _1(0)]q [rs — 231 (0)]![25_1 (0)]g! [rer — 25,1 (0) — 1g![23_; (0)]!

- T o). {”“]

mz;,lmnq{w ) )] {wi,fjo(f |

as desired.

q

We now have all the preliminary result necessary to prove our theorem.

Theorem 7.15. Let 0 < s’ < s < L and suppose that rg >0

s—1 ‘_z’ °
[re — 28 _1(0)]g - LSQy 10 (2, 8) = q>i=o " 72O [0 22 (0)], - LSQy s (2, 8).

Proof. For any square path there must be an undecorated, positively labelled step
at height 0 preceding all, between any pair, and following all decorated valleys
labelled 0 at height —1. Indeed every decorated valley labelled 0 is preceded by two
horizontal steps so there must be a rise in between any two such steps. Furthermore
by definition a square path may not start with two horizontal steps followed by
a decorated valley labelled 0. Thus there must be a label at height 0 before the
first occurence of such a step at height —1. The first label at height 0 of a path
may never be zero. Finally, since the path must end with an east step, a rise must
follow all steps at height —1.
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So if z is the diagonal word of some path of shift s, s — 22_,(0) > 0. Thus, if
rs — ze_1(0) = 0 we have LSQy .. (%, s) = 0 and the equation in the thesis is 0 = 0.
Since the the same argument applies to s’, we may suppose rs — z2_;(0) > 0 and
Ty — 2% _1(0) > 0 from now on.

By Theorem [7.7} we have

LSQy .tz (2, 5)
e T (I 550 RS ) -

and

LSQq,t;ﬂC (Z 5/)

— gmai(z) gh(z.s) H <H [wz ' Z—:(cz)l( ) — 1} qq(z:;w) [wZZ;/C()C)L> .

ceN

By definition we have

s—1 s—2
b(z,8) =b(z,8) + > D zlc)+ Y (—27(0))
c>01=s’ i=s'—1
s—1 s—1
—b(z,s’)+Zri+Z(—z;71(O =b(z,5) +Z (ri — 24 (

Lemma [T.12] states that

R R L1 | NG

1=0ceN q

Lemma [7.14] states that

e I 50 - e 5,

i=0 ceN

Combining these last five equations we get

[rs]q
e 1SQy (21 9)
[rs —25_1(0)]q o
S D (S (1)) [rslg  [rs —25_1(0)]q [rs']q LS /
= q“i=s . . o : Q ’;w(Z,S),
[rsrlq [rslq [rer — 25 _1(0)]q o
which gives the thesis after obvious cancellations. O

Corollary 7.16. Ifro # 0, then

_1(0)]

re —
LSQqt.0(2,8) = qb(z’s) [ [ 4 LSQq.t.(2,0).

qu
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Proof. 1t follows immediately by applying Theorem with s’ = 0 (using 2°,(0) =
0). O

Corollary 7.17. For n,k,r € N with r > 0,

Z qdinv(P)tarea(P)mP _ [n — k}q Z qdinv(P)tarea(P)mP.

PeLSQ’ (m,n)** [T]q PeLD(m,n)**
touch(P)=r touch(P)=r
Proof. Summing the equation from Corollary [7-16] over all possible values of the
shift we get

4
Z Z qdinv(P)tarea(P)xP

5=0 peLsQ(m,n)**
shift(P)=s
dw(P)=z

4
z,s) T's — Z;— (O) inv area
=g yIrs =221 0y Y P () P
s=0

[rola PELD(m,n)**

dw(P)=z

£ °
_ [ZS:O(TS — Zs—l(o))]q Z qdinv(P)tarea(P)xP.
[To]q ok
PeLD(m,n)
dw(P)=z
By definition, for any path P, touch(P) = ry. So now take the sum over all the
decorated words z of length n with & decorations and rg = r > 0. In this way we
obtain all the elements of LSQ'(m, n)** on the left hand side.

We have, for any such z, that Zi:o rs =n—k-+ Zi:o z2_1(0); indeed it is
the total number of nondecorated positive labels (2§ (0) = 0 since a decorated step
labelled 0 must always be preceded by two horizontal steps, which is not possible
in the top diagonal). |

Theorem 7.18. If Conjecture[5.17 holds, then so does Conjecture[5.7
Proof. Conjecture [5.14]is

AhmngEnfk,r = Z qdinv(P)tarea(P):CP.
PeLD(m,n)**
touch(P)=r

Using Corollary [T.17] we get
[n — kg

[r] Ahm @kVEnfk,r _ Z qdinv(P)tarea(P)l,P.
a PeLSQ(m,n)'k
touch(P)=r

Since LSQ'(m, n) contains exactly the paths with at least one touching point, taking
the sum over r > 0 and applying Proposition 2:42] gives exactly Conjecture [5.7}

Ap, OpVw(pn—i) = Z qdinv(P)tarea(P)mP.
PELSQ’ (m,n)*k
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Chapter 8

The compositional Delta
conjecture

We extend the combinatorial framework of the proof of the compositional shuffle
conjecture [CMI8] to rise decorated Dyck paths. In particular, we prove an exten-
sion of the “main recursion” of their paper that relates decorated Dyck paths to
their “raising and lowering” operators. In this way, we reduce the compositional
Delta conjecture m (rise version) to a conjectural identity of operators.

This chapter is the least self-contained of this thesis and should really be read
in tandem with [CMIS]|. See also [HX17]: a more detailed exposition of the same

paper.

8.1 Diagonally labelled decorated Dyck paths

In this section, we introduce a new type of lattice path: the diagonally labelled
decorated Dyck paths. As the name suggests, this is a kind of labelled Dyck path,
but instead of labelling vertical steps, the labels are contained in the main diagonal.
The interest in these paths comes from a bijection between rise decorated labelled
Dyck paths and valley decorated diagonally labelled Dyck paths. We will introduce
a new statistic, ninv, on this new set and recall the definition of the classic bounce
statistic on Dyck paths. The bijection will send dinv to ninv and area to bounce.

Definition 8.1. A diagonal labelling of m € D(n) is an element w € P™ such that
for all i € Val(r), w; > wj(;) where j(i) is the index of the column containing the
horizontal step preceding the i-th vertical step of m. The set of diagonal labellings
of 7 is denoted by DLa(w).

Definition 8.2. A (valley) decorated, diagonally labelled Dyck path is a triple
P = (m,w,dv) where 7 is a Dyck path, w a diagonal labelling of 7, and dv a
subset of Val(m). The set of such triples where 7 is of size n, and #dv = k is
denoted by DLD(n)**. As usual, the monomial of P is defined by " = z%.

See Figure for an example of such a path.

103
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d RO
HO,

O
O,

Figure 8.1: An element of DLD(6)*2.

Definition 8.3. Let (7, w) be a pair in D(n) x P™ and represent w in the main
diagonal of 7. A pair of indices (7, ) with 1 <i < j < n is called a non-inversion
of (m,w) if w; < w; and the cell in the i-th column and j-th row lies underncath
7. The number of non-inverions of (7, w) is denoted by ninv(7, w).

For P := (m,w,dr,dv) € DLD(n)***! we set ninv(P) := ninv(m,w) so that the
ninv of a path is independent of its decorations.

Example. For example, the path in Figure has only one non-inversion: (2, 3).
Thus its ninv is 1.

Next, we define a decorated version of Haglund’s bounce statistic (see [Hag03]).

Definition 8.4. Take m € D(n). Its bounce path is a lattice path from (0,0) to
(n,n) defined as follows: it starts at (0,0) and travels north until it hits an east
step of 7, whereupon it changes direction and travels eastward until it hits the main
diagonal. Then it travels north again and repeats this process until it arrives at
(n,n). The sections of a bounce path are the portions between its touching points.

The bounce word is an increasing word (by(w),...,b,(7)) € N™ that has as
many 0’s as the height of the first section of the bounce path, as many 1’s as the
height of its second section and so forth. Take dv C Val(7) and define

bounce(r, dv) = Z bi (7).
iZdv

For P = (m,dr,dv) € D(n)*** or Q := (7, w, dr,dv) € DLD(n)***! we set bounce(P)
bounce(Q) := bounce(w, dv) so that the bounce of a path is independent of its dec-
orated rises or diagonal labelling.

THE (¢ MAP
The following map first appeared in [HLO5].

Theorem 8.5. There exists a bijection

¢ : LD(n)** — DLD(n)**
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such that for all P € LD(n)**
dinv(P) = inv({(P)) area(P) = bounce(((P)).

Proof. Figure contains a path (left) and its image by ¢ (right) as a visual aid.
Let us define an auxiliary map

¢o : D(n) — D(n).

Take m € D(n) and rearrange its area word in ascending order. This new word, call
it u, will be the bounce word of {y(m). We construct (o(m) as follows. First draw
the bounce path corresponding to u. The first vertical stretch and last horizontal
stretch of {y(m) are fixed by this bounce path. For the section of the path between
consecutive peaksﬂ of the bounce path we apply the following procedure: place a
pen on the top of the i-th peak of the bounce path and scan the area word of D
from left to right. Every time we encounter a letter equal to i — 1 we draw an
east step and when we encounter a letter equal to ¢ we draw a north step. By
construction of the bounce path, we end up with our pen on top of the (i + 1)-th
peak of the bounce path. Note that in an area word a letter equal to ¢ # 0 cannot
appear unless it is preceded somewhere by a letter equal to ¢ — 1. This means that
starting from the i-th peak, we always start with a horizontal step which explains
why wu is the bounce word of {y(7). It is not hard to describe the inverse of this
map and thereby conclude that it is bijective.

Next, we show that {y induces a bijection (¥ : Rise(m) — Val({y(7)) for all
7w € D(n). Let j € Rise(n). It follows that a;(7) = aj_1(7) + 1. Take ¢ such that
a;j—1(m) =i —1. While scanning the area word to construct the path between the
i-th and (i 4+ 1)-th peak of the bounce path, we will encounter a;_1(7) =i — 1,
directly followed by a;(m) = ¢. This will correspond to a horizontal step followed
by a vertical step in (p(7) and thus to an element of (¢ € Val({y(7)). Again, the
inverse map is easily divined.

Fix P € LD(n)** and P; its first component, i.e. its underlying Dyck path. We
now define each component of ((P).

e We set (1(P) = (o(Pr).

e Set (2(P) to be the reverse reading word of P, i.e. the labels of P in the
i-th diagonal read from left to right for ¢ = 0,1.... We have to show that
(2(P) € DLa(¢p(m)). The labels of ((P) underneath (i + 1)-th section of the
bounce path of {y(m) are exactly the labels of P at height 4, in the same
relative order left to right. In fact when representing (3(P) in the main
diagonal, we ensure that the label contained in the column (respectively row)
of a horizontal step (respectively vertical step) s is the label of the step of Py
encountered in the construction of (y(P;) at the moment of drawing s. Thus,
under (7 , the condition on the labels of rises of P, corresponds exactly to
the condition on the labels of valleys of (o(P}).

e Naturally, we set (3(P) = (p, (dr).

LA peak of a path is the endpoint of a vertical step and the starting point of a horizontal step.
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Figure 8.2: An element of LD(8)*3 with its area word (left) and its image by ¢ in
DLD(8)*? with its bounce word.

So we have defined (, whose inverse is easily described following the procedures
backwards. Let us now study the effect of ( on dinv and area.

We start with the dinv statistic. Take 1 < i < j < n and conside the square
s in the i-th column and j-th row of (R>0)?. The pair (i,;) is a non-inversion of
¢(P) if and only if w; < w; and s lies underneath ¢;(P). Suppose s lies under the
bounce path of (;(P). Then w; and w; label steps at the same height in P, say the
i’-th and j'-th vertical steps respectively, with 7" < j' (by the ¢ correspondence).
Thus (', 7’) is a primary inversion of P if and only if w; < w;. Now suppose that
s lies under ¢;(P) and above its bounce path. Then in P, the step labelled w;
(say the j’-th vertical step) must lie one unit higher that the step labelled w; (say
the i’-th vertical step). The condition that s lies underneath ¢; (P) is equivalent to
j' <’ and so (7, j') is a secondary inversion of P if and only if w; < w;.

Now for the area. Since the bounce word of i (P) is a rearrangement of the area
word of P, > . a;(P1) = >, b;(¢1(P)). Furthermore, if i € Rise(P;) is at height
J then (% (i) decorates a step in the same row as a vertical step in the (j + 1)-th
section of the bounce path. Thus bg;l (iy(C1(P)) = j and we must have

YoowP)= Y bilG(P)),
i¢Rise(Py) igVal(¢1(P))

which is what we wanted to show.
O

We can also easily formulate an unlabelled version of the zeta map: it suffices
to send (7, dr) € D(n)** to (o(n),(}(dr)). By slight abuse of notation, we use the
same name for both the labelled and unlabelled version of the map.

Corollary 8.6. There exists a bijection
¢ :D(n)** = D(n)**
such that for all P € D(n)**

dinv(P) = area(¢(P)) area(P) = bounce(¢(P)).
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A SECOND DIAGONAL DECOMPOSITION

We think of DLD(n)** mainly as the image of LD(n)** by ¢. Hence we use the map
to transfer a definition from the latter set to the former.

Definition 8.7. For a decorated Dyck path (7, dv) € D(n)®*, let dcomp’ (7, dv) =
dcomp(¢~1(P)) (see Definition |4.16). For a diagonally labelled path (7, w,dv) €
DLD(n)** we set dcomp’(r, dv, w) := dcomp’ (7, dv), i.e. the labelling does not affect
the diagonal composition.

In Lemma we will describe a way to compute dcomp’(P) directly from P.

Given a composition o E n — k, we set
D'(a)** :== {P € D(n)** | dcomp’(P) = a}
DLD'(a)** = {P € DLD(n)** | dcomp'(P) = a,

where the prime indicates the use of dcomp’ instead of dcomp.
We may now use Theorem [B5] to reformulate the combinatorial side of the
compositional Delta conjecture (Conjecture [5.10)) as follows.

Corollary 8.8. Forn,keN

Z qdinv(P)tarea(P)xP _ Z qninv(P)tbounce(P)xP'
PelLD(a)*k PeDLD! (a)®k

8.2 Weighted characteristic functions

To a Dyck path and a weight function on its valleys we associate a symmetric
function called its weighted characteristic function. These can be used as the
building blocks of the combinatorial side of the compositional Delta conjecture.

Definition 8.9. Take 7 € D(n) and a function wt : Val(w) — Q(q,t). The weighted
characteristic function of m is

X(Tra U)t) _ Z qninv(ﬂ',w) H wt(z) 2%
weP™ 1€Val(m)
wi SWj (i)

where j(i) is the column containing the horizontal step preceding the valley i (as

in Definition [8.1).

Two special cases are of particular interest.

e For wt = 0, the constant zero function, by Definition [8:I] we get

X(ﬂ-v 0) — Z qninv('n',w)xw.

weDLa()
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It follows by Definitions [8:2] and B.3] that

Z qninv(P)tbounce(P)l,P _ Z tLbounce(ﬂ',dv)X(ﬂ_7 0) (810)
PeDLD’ («)®k (m,dv)eD’ (a)®k

This is relevant because it is the combinatorial side of the compositional Delta
conjecture (see Corollary [3.8]).

e For the constant function wt = 1, we define the unweighted characteristic
function x(7) := x(m, 1). It happens that any weighted characteristic may be
expressed in terms of unweighted characteristic functions of different paths.

The following is [CMI18| Proposition 3.7].

Proposition 8.11. For all 7 € D(n) and wt : Val(r) — Q(q,t), the weighted
characteristic function x(m,wt) is a symmetric function.

Next we establish [CMI8, Example 3.8].

Definition 8.12. For 7 € D(n) and S C Val(rn) define g to be the path whose
E, N-sequence is obtained from the E, N-sequence of w by replacing the EN sub-
sequences corresponding to the valleys in S by NE. We refer to this process as
“flipping the valleys in S”.

Proposition 8.13. For m € D(n), we have

X(m,0) = (1= q) #Vm N (1) #x(xs, 1).
SCVal(r)

Proof. Start from any weight function wt : Val(m) — Q(q,t) and let k € Val(m).
We define wt; to coincide with wt except that wit(k) = 1. Then define wty :
Val(mgy) — Q(g,t) to coincide with wt on all valleys of 7y that are also valleys
of m and to be 1 on the remaining valleys of 7. We will show the following

_q-wt(k) =1
=T

1 —wt(k)

x(m, wty) + —

x(m, wt) X(T(ry, wta). (8.14)

Take w € P™. On the left hand side, the coefficient of 2% is

qninv(ﬂ',w) H wt(z)
i€Val(m)
wi Swj(i)

On the right hand side we get, by the definitions of wti, 7y and wty

H wt(4) <qninv(7r,w)q.wt(k)1 + qninv(w{k}’w)lwt(k‘)> .

ieVal(m)\{k} ¢—1 ¢—1

wi KWy (4)

If wy, < wj(x) then ninv(m,w) = ninv(m;y, w) and so the parenthetical becomes
"t (k) LI wy > wj(gy then ninv(m,w) + 1 = ninv(m;y, w) in which case
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the parenthetical is simply ¢"™(™®) . In both cases, the expression coincides with
the left hand side of .

Now we apply Equation with wt = 0, iteratively. We apply it #Val(7)
times, each time picking a different valley of 7. Thus we end up with 2#V2(7)
terms, i.e. the number of subsets S of Val(r). For each iteration, think of the first
term as “not putting k in S” and of the second as “putting &k in S”. Thus, the term
corresponding to an S C Val(7) is %X(ﬂs, 1), which is what we wanted

to show. O

RAISING AND LOWERING OPERATORS

We introduce some key operators from [CM18]. In this text, the only fact we will
use about them is stated in Theorem [8.17, which expresses the combinatorics in
terms of these algebraic operators.

Definition 8.15. Given a polynomial P depending on variables u,w, define the
operator Y., asEl

(¢ — DvP(u,w) + (w — qu)P(w, )

(Yo P) (u, w) ==

Definition 8.16. For k € N, define Vi, := Afly1,...,yx] = A® Qly1,. .., yx]. Let
Ti =Yy Vi = Vi for 1 <i <k —1.
We define the operators dy: Vi, — Vi1 and d_: Vi, — Vi_;: for F[X]| € V}
(A F)[X] =TT Tp(F[X + (¢ — 1yr+1])

(d-F)[X]:=~F[X — (¢ — D] Y _ (~1/mp)" ei[X]]
i>0

yr LT

The following is Theorem 4.4 of [CM18§].

Theorem 8.17. Let m € D(n) and € ... €y, the word in the alphabet {+,—} ob-
tained from the E, N-sequnece of m by the substitutions E +— + and N — —. Then

X(ﬂ—) = dﬁl U d62n(1)

Corollary 8.18. Let m € D(n) and € ...&y, the word in the alphabet {+,—, v}
obtained from the E,N-sequence of m by the substitutions EN — v followed by
E v + and N — —. It follows that m = 2n — #Val(r). Define

d_,dy] d-dy—did-

[
d, = =
q—1 q—1

Then

X(m,0) = de, -+ de,, (1)

2In [CMI8] this operator is called Ay, but we changed the notation in order to avoid confusion
with the A operator defined on A.
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Proof. By Proposition 813 we have

X(m,0) = (1= q) VW3 7 (—1)#y (s, 1).

SCVal(r)

Take k = min(Val(x)), then

X(m,0) = (1—q) #Vm  N" (1) #Sy(mg, 1) + (—=1)#F  x(msuqay 1)
SCVal(m)\{k}

Let € ... €2, be as in Theorem [B.17 and €¢41 the +— corresponding to the EN
sequence corresponding to the valley k and its preceding east step. Applying The-

orem [B.I7] we get

X(Tﬂ O) = (1 - q)i#val(ﬂp) Z (_1)#S(d€1 e d€zd6l+1 e d€2n (1)
SCValtm\ [k}

- d€1 o d€z+1d€l o dﬁzn(l))

= (1 - Q)_#Val(ﬂ-) Z (_1)#5(_d61 T [dEH-l ) dez] e d62n(1))
SCVal(m)\{k}

= (1—gq) R R ()R dy e, (1),
SCVal(m)\{k}

Iterating this argument for all elements of Val(7) (from bottom to top), we get the
desired result. O

PARTIAL DYCK PATHS

Definition 8.19. For n,¢ € N, we define PD‘(n) to be the set of lattice paths
D0 - - - Pan—¢ with steps in {E := (1,0), N := (0,1)} such that pg = (0,¢), pan—¢ =
(n,n), pr —po = E and p; € {(k,1) € N?> | | > k}. The elements of this set are
called partial Dyck paths.

Convention 8.20. In this chapter, we will identify (partial) Dyck paths with their
FE, N-sequences.

Notation 8.21. The terminology of the previous definition is explained by the fact
that for all 7 € D(n) there exists a unique ¢ € N and pd(r) € ED* such that
7 = N'pd(m).

Definition 8.22. Take 7 € ED‘(n). As in Corollary let & ... &, the word in

the alphabet {4, —, v} obtained from the E, N-sequence of 7 by the substitutions
EN — v followed by F +— + and N — —. We define

d(ﬂ') = dgl "'dgm(l) e V.

Using this notation, Corrolary states that for all 7 € D(n) = PD%(n),
x(m,0) = d(m).
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Figure 8.3: An element of D(12)*? (left) and its image by 1 in D(11)*2.

8.3 v and vy maps

We will define two related families of maps, that will be essential in formulating
the recursion that is the main result of this chapter.

THE ¢ MAPS

Definition 8.23. We define ¢: D(n)** — D(n — 1)** L D(n — 1)**~1 as follows:
given (m,dr) € D(n)** take the portion of 7 between the first two touching points
(or the whole path if there is only one touching point), remove its first (north) step
and its last (east) step, and attach it to the end of the path. If the first rise was
decorated we remove the decoration since it is no longer a rise.

See Figure B3] for an example.

We are interested in the restriction of ¢ to the compositional pieces of D(n)**.
Take a € P and a a composition such that the concatenation (a)a F n — k. Then
it is obvious from the definitions of ¢ and dcomp that

¢ :D((a)a)™ = [ J D(ap)™*u | D(as)* .

BEa—1 BEa

This map is not invertible. Indeed it is not injective: a path P with touch(P) > 1
is the image by 1 of more than one path. However, there exists a family of maps
that are essentially right inverses of 1. To formulate them, we need to define some
notation for what will be the diagonal composition of the image.

Notation 8.24. Take v a composition and r € N. Then we denote

o = <<1+Zai>,a1,a2,...,ar> for 0 <r </{(a)

i>r

At = o™ — ((Zal) 70{17a2,...704,,‘) for 0 <r </{(a) .

iP>r
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Definition 8.25. Let £ € N and « a composition. We define two similar maps:

Yr: D(a)** — D(a")** for 0 <r < /()
Y5 D(a)™ — D(am*) k! for 0 <r < {(a).

Given (m,dr) € D(a)** and 0 < 7 < 4(a), call 7; and 73 the portions of m below
and above its (r 4+ 1)-th touching point, respectively. For r = ¢(«), set 71 = 7 and
mo = (). Notice that if 5 # () then it necessarily starts with a north step. To define
Y (m,dr) = (7', dr’) we set

7= NmoEm;.

We use the same definition for ¢ (7, dr). For the decorations, we keep the deco-
rations on the rises in the same place, relative to m; and mo. When mo # 0, i.e.
r < £(a), 7 must start with two north steps, so the second step of 7’ is a newly
created rise, which we can choose to decorate or not. This choice is the differ-
ence between 1, and 1;: for the former we do not decorate the new rise while for
the latter we do. It is clear from the definitions that dcomp(¢, (7, dr)) = " and
dcomp(vf(m,dr)) = a™*.

By construction, we have the following.

Proposition 8.26. For k € N and a a composition

o, :Id’D(a)*k for0 < TSE(OK)
7/101/):=Id|0(a)*,€ Jor 0 <r < ().

THE v MAPS
We translate the v maps to the context of valley decorated Dyck paths using the
¢ map.

Definition 8.27. We define v : D(n)** — D(n — 1)** U D(n — 1)**~! which, for a
path in D(n)®*, deletes its first N E subsequence. If the E of this subsequence was
the horizontal step preceding a decorated valley, then v removes this decoration as
it no longer decorates a valley. See Figure

Lemma 8.28. Forn,k € N the following diagram commutes

D(n)** : D(n)**

L b

D(n— 1)** UD(n — 1)**=1 —— D(n —1)** UD(n — 1)*~1

Proof. Let P be an element of D(n)**. It is easy to see that the first rise of P is
decorated if and only if the first valley of ((P) is decorated. Thus the stipulations
on decorations carry through nicely in the diagram. For the sake of completeness,
we sketch the proof for the undecorated case, see [HX17, Corollary 2.7].

Consider 7w € D(n). From its area word a(7) construct the permutation o, € &,
by reading, from left to right, the indices of the 0’s of a(r), followed by the indices
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Figure 8.4: An element of D(12)*® (left) and its image by ~ in D(11)*2.

of the 1’s, and so forth. Now construct the word u(7) € N such that its i-th letter
u;(m) is the number of j > o,(¢) such that (o,(7),7) is a primary inversion plus
the number j < 0,(7) such that (j,o,(i)) is a secondary inversion. Recalling the
(unlabelled equivalent) of the proof of dinv(w) = area(¢()) (see Theorem [8.F)), we
know that w;(7) is exactly the number of area squares of 7 in the i-th column.
Consider the effect of ¥ on the area word of a path. The area word of a Dyck
path always starts with a 0. The area word of () is obtained from a(7) by taking
the all its letters strictly before the second occurrence of 0 (and all the letters if
there is no such second occurrence), deleting the 0 at the start, subtracting 1 from
the remaining letters and moving this modified subword to the end of the word.
We have that u;11(7) = u;(¢(7)) for all ¢ = 1,...,n — 1. We illustrate this fact
with an example that shows how the inversion pairs get transferred from 7 to ¢(7).

Example. Let P := (m,dr) be the path on the left in Figure We compute
a(m) = 0112321 01101. For ¢ (), the path on the right in the same figure, we get
a(y(P)) = 01101001210. We have 0,(6) = 7 because there are three 0’s in a(w)
and the third occurence of 1 in a(7) has index 7. The primary inversions of 7 to the
right of 7 are (7,9),(7,10), (7,12) and the secondary inversions to the left of 7 are
(4,7), (6,7). It follows that ug(m) = 5. On the other hand oy (5) = 11, the fifth
occurence of 0. There are only secondary inversions of ¥(m) involving 11: (2,11),
(3,11), (5,11), (8,11), (10,11). The first three come from the primary inversions
of 7 to the right of 7 and the last two from the secondary inversions to the left of

7. So us(¢¥(P)) = 5.

The equality u;11(7) = u;(¢¥(7)) ensures that the number of area squares in
the ¢ 4+ 1-th column of {(7) equals the number of area square is the i-th column of
¢(¢(m)). Since applying v to () essentially means deleting its first column, this

implies that (¢ (7)) equals v({(7)). O

Again, we have a family of right inverses. We start by describing them implicitly,
using v, and (. We will give an explicit description later.
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Definition 8.29. For k € N and a a composition.
Y =Coth0¢ L :D'(a)** = D'(a")** for 0 <r < /()
A2 i=Coyl ol D/(a) = D/ (o) k! for 0 <r < {(a).
In other words, we define these maps so that the following diagrams commute

D(a>*k 4C> D/(a)ok D(Oz)*k ;) D/(a)ok-
Py

I b b

D(ar)*k ¢ D/(ar)ok D(ar,*)*kJrl ¢ D/(ar,o)okJrl.

Proposition 8.30. For k € N and o a composition we have

for 0 <r </{(a)

for 0 <r < {(a).

,y © 'Yr = Id D’(Oz)’k

Yoy =1d

D’(a)'k

Proof. By Proposition [8:26, Definition 829 and Lemma [8:28]
Id‘D(a)*k =toiy ZZ/JOC_lO%OC:C_IOVO%OC
<Y oYr = Cold |D(a)*k © Cil =1d ’D/(a)-k'
The proof for 7 is exactly analogous. O

Lemma 8.31. For any P € D'(a)**, 4.(P) and v2(P) start with r + 1 vertical
steps followed by a horizontal step.

Proof. By definition 7, (P) = ¢ 09, o (~*(P). We have ¥, (("(P)) € D(a")** and
so by definition of a”, the area word of v,.((™!(P)) contains 7 + 1 letters 0. Thus,
upon applying ¢ we obtain a path starting with r + 1 vertical steps followed by a
horizontal step. The proof for v2(P) is the same. O]

Proposition and Lemma [8.31] uniquely determine ~, and v5. We give an
explicit description of their effect.

Take (m,dv) € D'(a)®** and set ¢ := ((a). By definition of ¢ and dcomp’, 7
starts with £ north steps followed by an east step. Define 7 to be the portion of m
following its ¢ first vertical steps. Set dvt7 := {i + j | i € dv}. We define

Yp(m,de) = (N'"NEN*"%,dc*),

i.e. we add one N FE sequence after the first » north steps and we keep the decorated
valleys as they are, relative to 7. Similarly

vo(m,de) == (NTNEN#T%, {r+2}udct),

i.e. the path is defined in the same way as before, and we decorate the only new
valley.

Next, we would like to explicitly describe the compositional pieces of the set
v(D'(a)*F). To this end we describe how to compute dcomp’(P) directly from
P € D(n)** (without passing by ().
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Lemma 8.32. Given k € N, a composition a , P € D'(a)** and 1 <r < l(a)
a,. = bounce(y,—1(P)) — bounce(~,.(P)).

Furthermore, if v # ¢(a) we have
o, = bounce(v,_;(P)) — bounce(yr (P)).

Proof. Tt follows easily from 1/,’s definition that for any @Q € D(a)**
area(i4,(Q)) = area(Q) + 3 a.
i>r
And so it follows that for 1 <r < ¢(«)

oy = area(ity_1(Q)) — area(t,(Q).
Now given P € D'(a)** we have a = dcomp’(P) = (~*(P) by definition. Taking
Q = ¢"Y(P) in the last equation we get
o, = area(1),_1 o (1 (P)) — area(vp, o (1 (P))
(by B:29) = area(¢ ™" o1 (P)) — area(¢ ™! 0 v, (P))
(by [8:6) = bounce(v,_1(P)) — bounce(v,(P)).

The second affirmation is implied by the first one and the fact that
bounce(y,.(P)) = bounce(y:(P)) + 1.

Lemma 8.33. Fora,k € N with a > 0 and o a composition

v:D'((a)a)** — U D' (af)** L U D' (af)** 1.

BEa—1 BFa

Proof. Take P € D'((a)a). Set dcomp’(y(P)) = &. We have to prove that &, =
for 1 < r < {(a); in fact, if this is true, then we necessarily get & = a8 for some
B E a — 1 if the first valley of 7 is decorated, or 8 F « if it is not. Indeed, the size
of a path is the size of its composition plus the number of decorations, we have
a En—k —a, and applying v decreases the size of the path by exactly one unit.

Since o, is the (r +1)-th part of the composition (a)a, by Lemma[8.32 we have
for 1 <r </{(a)

o, = bounce(~,(P)) — bounce(y,41(P)).

Using the same lemma we have

& = bounce(y,—1(7(P))) — bounce(v,(v(P))).
So it will be sufficient to show that

bounce(~,-(P)) = bounce(vy,—1(v(P)))

for 1 < r < /{(a)+1, as it implies our thesis by simply taking the relevant differences.
The two bounce paths are identical from the second section onwards by construction
(as the extra column lies above the first section, see the black steps of Figure .
Since the first section does not contribute to the bounce the result follows. 0
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Figure 8.5: v2(P) (left) and ~; (y(P)) (right). The red steps are inserted by +;,., the
black steps are deleted by ~.

From this lemma we may deduce one last fact about these combinatorial sets
and maps.

Corollary 8.34. For k,a € N with a > 0 and { = {(«)
D'((@)a)** = | | ~ U ]2 (0 (aB)™ )
BEa—1 BEa

Proof. Take P € D'((a)a)®*. Then P starts with £+ 1 north steps followed by an
east step. By Lemma there are two possibilities.

e Either v(P) € |5, D’(«3)** in which case P = v,(y(P)).

e Or, y(P) € |_|5,:a D’(aB)** = and so P = v¢ (v(P)).

This implies that “C” holds. For the other inclusion, if P € D’(af)®*, for some
BEa—1, then v,(P) € D'((a)a)®* since (aB)” = (143, Bi, a1, .., ;). Similarly,
if P € D'(aB)**~1, for some 8 F a, then y*(P) € D'((a)a)®* since (aB)™* =
(Ziﬁi,al,...,ar). D

8.4 The recursion

With the combinatorial tools from the previous sections in hand, we now get to
the goal of this chapter: proving the following recursion.

Theorem 8.35. Take k € N, a a composition and £ := £(«), then we have
Z qnmv(P)tbounce(P dlZ M*k (836)
PEDLD! () **
where M3* € V; is defined by the recursive relations

M, = d MEF + dy MG (8.37)
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and for a > 1
Mk, =ty | N d Tk SO k) (8.38)
BEa—1 BFa

with, initial conditions My* = 6.

Proof. By Equation (8.10) Corollary and Definition and the fact that all
elements of DLD’(a)** start with £(a) = ¢ vertical steps followed by a horizontal

step, we have

Z qninv(P)tbounce(‘n,dv)xP _ Z tbounce(P)d<7r)
PeDLD! (a)®k (m,dv)€DLD’ (a)®F
(by ' _ Z tbounce(ﬂ,dv)d(Népd(ﬂ_))

(m,dv)€DLD’ (o) ®F

byBZ)=d- Y gremeelr ) g(pd(m)).

(m,dv)€DLD’ (a)®k

So, in view of (8.36)), it suffices to prove

M;k _ Z tbounce(ﬂ’dv)d(pd(ﬂ')). (8.39)
(m,dv)€DLD’ (a)®k

We prove this by induction on |a| + &, i.e. the size of the paths.
We start with the initial conditions. If |o| + k& = 0 then « = (). We have

. ) {empty path} if k=0
LD)™ = {@ if k#0

because the empty path has no decorations and any nonempty path starts with
a vertical step that may not be decorated and so its diagonal decomposition
is nonempty. Taking the image by ¢ we get the same for DLD’(a)®*. Since
d(empty path) = 1 the right hand side of is 0,0 which matches Mé‘k
Suppose |a| + k > 0. We may suppose |a| > 1 because if a = () we may apply
the previous argument. So take any nonempty composition (a)a with a € P, where
« is some composition which may be empty. Set » = ¢(«). The right hand side of

(8-39) is
Z tbounce(w,dv)d(pd(ﬂ)) — ...

(m,dv)€DLD ((a)a)®k
Given (,dv) € DLD'((a)a)**, by Corollary we have
e cither (7, dv) = 7, (7', dv’) for some (7', dv’) € D'(aB)**, BEa —1,

e or (m,dv) =~2(n', dv’) for some (7', dv’) € D'(aB)* 1, B F a.
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In both cases the underlying Dyck path is
Yo(w dv')y = A2 (n!,dv')y = NUOINEN“Ppd(n).

Since pd(NY“Y NEN*Ppd()) = EN“Ppd(r), it follows that

L Z Z tbounce('yr(Tr,dv))d(ENZ(,B)pd(,/.r))
BEa—1 (7,dv)eDLD’ (aB)®k
+ Z Z tbounce('y:(w,dv))d(ENé(B)pd(ﬂ))

BEa (w,dv)eDLD’ (afB)*k—1

Let us compute the bounce of 7,.(m, dv) and 2 ( in terms of the bounce of

(m,dv) € D'(aB)** LUD'(aB)**~1. By Lemma we have

bounce (v, (m, dv)) = bounce(~y,_1(m, dv)) — a,. = bounce(y,—a(m, dv)) — @1 —

T

= ... = bounce(vy(m,dv)) — Zai = bounce(yo (7, dv)) — |a
i=1

The same identity holds when replacing v, with v and o with 7.

e Clearly, for 3F a — 1 and (7,dv) € D'(a3)**, we have bounce (7o (7, dv)) =
bounce(w, dv) + |af| and so

bounce(v,(m, dv)) = bounce(w, dv) + | 3]
= bounce(r,dv) + a — 1.
e Similarly, for 8 F a and (7,dv) € D'(aB)**~! we have bounce(v3 (7, dv)) =
bounce(w, dv) + |a] — 1 and so we get
bounce(yy (7, dv)) = bounce(r, dv) — 1 + ||
= bounce(w, dv) + a — 1.

Therefore we may continue

. :tafl ( Z Z tbounce('fr,dv))d(ENl pd( ))

BEa—1 (m,dv)EDLD’ (af)*k

. Z Z tbounce(rr,dv)d(ENE(ﬁ) pd(ﬂ')))

BEa (w,dv)eDLD’ (aB)*k—1
- (8.40)

If a > 1 then for all BEa—1or SFa, £(8) > 1 and so
EN*®pd(r) = ENN“®~1pd(n).

The definition of d (Definition |8.22)) thus gives
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. Zta_ldv Z d{(ﬁ)*l Z tbounce(ﬂ,dv))d(pd(ﬂ,))

BEa—1 (w,dv)eDLD’ (a3)®F
+ Z de(ﬁ)71 Z tbounce(ﬂ'7d'u)d(pd(ﬂ.))
BEa (w,dv)eDLD’ (aB)k—1

Using the induction hypothesis we have

M;[lg’ — Z tbounce(ﬁ,dv)d(pd(ﬂ-)) fOI‘ B ': a—1 (841)
(,dv)eDLD’ (a3)*F
M;Z—l — Z tbounce(ﬂ,dv)d(pd(ﬂ.)) for B F a. (8.42)

(7,dv)EDLD’ (a3)®k—1
and so
- :ta_ldv Z d{(ﬁ)*lMég + Z d{(ﬁ)*lMo*lgfl
BEa—1 BEa

(by B38) ) = M{3).,

which is exactly the left hand side of (8.39) for our case.
Finally we must prove the case a = 1. If 3 F a — 1 then ¢(5) = 0 and if S F a,

£(B) =1 and so continuing from (8.40) we get

R ( Z tbounce(mdv)d(Epd (’/T))

(m,dv)eDLD’ (aB)*

N Z tbounce(m(”)d(Edi(W)))

(m,dv)eDLD’ (aB)®k—1

(by —pa—1 d, Z tbounce(ﬂ,dv)d(pd(ﬂ_))

(m,dv)€DLD’ (a)®*

+ d, Z tbounce(ﬂ',dv)d(pd(ﬂ))
(m,dv)€DLD’ (aB)®k—1

(by @41),B42) =d MF* + d, M}
(by @B37) =M,
We have now shown that (8.39)) holds for any composition . O

8.5 Operator Delta conjecture

The result of the previous section generalises the combinatorial framework in
[CMT18] to rise decorated Dyck paths. It therefore reduces the problem of the
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(compositional) Delta conjecture to an identity of operators.

Conjecture 8.43 (Operator compositional Delta conjecture, rise version). If av is
a composition of length ¢, then

0,VC, = d* M, (8.44)
with M3* defined as in Theorem .

The following proposition is an immediate consequence of Theorem and

Corollary [8:8

Proposition 8.45. The rise version of the compositional Delta conjecture, i.e.
Congjecture[5.10} is equivalent to Conjecture [8]3



Future directions

It suffices to look at the list of conjectures in Chapter [ to realise that a lot of
problems remain open. One obvious next step towards solving some of these would
be to generalise Carlsson and Mellit’s algebraic argument in [CMI8§]| to prove Con-
jecture [B:43] This would establish the rise version of the Delta conjecture and its
refinements.

In Chapter [] we showed that the touching shuffle theorem implies the gen-
eralised shuffle theorem. It might be possible to use similar techniques to show
that the Delta conjecture implies the generalised Delta conjecture. For the valley
version, we have some (conjectural) symmetric function identities suggesting that
this might be a fruitful avenue. Some of these identities are strongly suggested by
the combinatorics. The truth of this implication combined with Chapter [7, would
make the valley version of the generalised Delta square conjecture conditional only
upon the valley version of the Delta conjecture.

The rise version of the (generalised) Delta (square) conjecture, lacks a schedule
formula. Finding such a formula might make the rise equivalent of Theorem [7.18]
accessible, thus reducing the proof of the rise version of the (generalised) Delta
square conjecture to the rise version of the (generalised) Delta conjecture.

Furthermore, using the Theta operators, a unified formula for both the rise and
valley version of the Delta conjecture might be achievable. We have computational
evidence suggesting that for n,k,l € N with n > 0 and k + [ < n the following
equality holds

Z tarea(P)l‘P = ®l®kV€n—k—l‘q:1'
PELD(n)*k et

Finding a ¢-statistic to complete this formula would give what we call a Theta
conjecture, lifting the Delta conjecture to a more general framework.

In general, we believe that the study of the Theta operators will yield more in-
teresting mathematics. Some computer experiments seem to indicate that applying
O;, to some Schur positive images of nabla yields more Schur positive symmet-
ric functions. For example ©4, VC, and (—1)M=*"@O, Vm, seem to be Schur
positive.

On the representation theoretic side, there is our conjecture of the Frobenius
characteristic of the module M,, » in terms of Theta operators (see page [xi). It
might be feasible to get at least a partial proof of this result (e.g. for ¢ or ¢ = 0),
in the vein of [HRS19] and [HRSIS]. Also, it is a long standing open problem is to
find a module whose Frobenius characteristic gives w(p,,).
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Appendix A

Missing proofs

Lemma 3.31. Forl, s,k € N we have

Q@[IZ’“L[TTL

e 351 C] (o) Y B N PN [

Proof. We will actually prove that the statement holds for all £k € Z such that
l 4+ k > 0, which is clearly sufficient. The argument will be a double induction on
s and [ + k. We start with the base cases.

For | = 0, the statement becomes

O[], o [ [

Using Definition [2.15]

o) [ - 1} - (6 (@550

s—k (@) sk

s—k N
(by 2.13) = q(g)% S (1) (d)igl) { . k} ;

TG Q) s—k S

k
- Vg (745) [s — k]
74 1=O v q

Now, substituting ¢ — i — k, we get
S

= ST = s e T
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where this last equality holds because [‘::’,ﬂ 0 0 for i < k. Using (2.14)), we rewrite

:L Cpyikg() @Dk

i=0 (an)ka((L )sfi

R I
(v LT = ;q(;)em [1_—1q} o [1 i Q] ’

as desired.
For s = 0 the statement becomes

l 1 ~1
5k,0 = Zel—r L_q } Cr—l—k [1_(]}

r=0

since for k # 0 the product of binomials [l};k]q [l:kl]q must be 0. The right hand

side is almost the addition formula Indeed substituting r — [ — r we get

l
-1 1 —1
e [ | e [2] - Sr[g Joon [
r=0 r=0
1 -1
(by [L.69) = e [1_(] + } = €1 [0] = 005

1—gq

which is what we wanted to show.
For [ + k = 0 the statement becomes

i+ 1 1 -1
5k 0510 = ;gq { . } s—i L_Q] €l—r [1—(]} Citr [1—(]} .

We will use the following fact: for all a,b € Z

ol [ - G ~ G

- )(< ))( hb[l hab{l]. (A1)

First, by and we have

S5 [ ] e

=0 r=0

S =

bl R 8 R

=0r
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(by (A1)
B KR A KNS

=0 r=0

(by [£63 [L57)
s l r 1 [ T
>4 h5—2_1_q_ Cior _1—q_( 1)'hs 1—q) " [1—¢

1=0 r=0

(S et nlite]) (e [l )

(by (A1)

(by definition of (z;q),)
= 95,0010

Now for the inductive step, consider s,l + k > 0. We will use the easy identity
(g) —k+1= (kgl) a few times.

O F ]
(by):q(g){lzk]quk[liikﬂq-ﬁ-[itz_ﬂq)
]
e[ (5 [0
)
[l+s;2]< l+k—1 +[H/;]i_11]q>
M e
|:l+52] q q
k

gyl



126 APPENDIX A. MISSING PROOFS
VK] [l (s—1) -1 -1 +k] [(—1)+s—1
NG Ly +(s—-1) L [ET DR =D s
k (s—1)—k |, Eool, L os—k ],

ot [l Tk(kﬂ [<i+ (1> - ti)c_ln} J

H'T] = [HZ’T] . to write

T

s—1 1 .
- et A R b
Z q i qhs—l—z 1_ q Cl—r 1_ q Citr—I—k 1_ q
@petrl, [ R 1
q i qhs—l 1_ q Cl—1—r 1_ q e'LJrrf(lfl)fk: 1_ q

51 (690 Kl S DU S B b
+4q : Zq l: i qha—l—z 1_q Cl—y 1_q eer'rflf(k:fl) 1_(] .

. . s—1 s
In the first line, for i = s, hs_144 [fq} = 0, so we may replace >, _, by > © .
In the second line, shift the index r — r — 1. In the third line, shift the index

11— 1.

O[] e[ e [

We can now invoke the induction hypothesis—and use [

=0 r=0
s l
z+r—1 1 1 1
+qs q\? [ ] hs z|: :|61r|: :|el- r—l—k |::|
;2 q 1_q l_q * l—q
¢ ('3 1+7r 1 1 ~1
st ST e [ e [ e [
i=1r=0 q 1—gq 1—gq 1_g¢

Next, in the first line, we use hs_;_1 [l%q} =(1—q*" Hhs_y {ﬁ} Using the fact
that [izl]q = [T__ll]q = 0, we may replace Zi,zl by Zi:o in the second line and

>0, by >°7_, in the third line.

i=0 r=0
s l
Nfjt+r—1 1 1 —1
+qs q()|: :|hs—z|: :|el—r|: :|€Z+T—l—k |::|
e 7 g 1—¢q 1 1—g¢q
s l
.1 (1_1)2—14-7" b 1 1 -1
o Z:ogq { i—1 T T [T T [T
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Since
(74T i s (Y]t +r—1 sl (i)t +Tr—1
q(z)[ ; :|(1—q )+qq(2)|: ; :| +q 1(](2)[ i1 ]
q q q
i ) . L fi—1 ) —1 i1 ) —1
:q(z) |:Z—'__T:| (1—q871)+q871q1q( 5 )|:Z—|—7“ :| +qsflq( 5 )l:@-f.—’l" :|
i, ) q 1 —1 q

SO e (o] )
(by E18)) = 4 [Z ’ 1 - 1) r + r] q

=@ ] e e <]

this concludes the proof. O
Proposition 3.34. Fori,j € N
X X HAX] (i) < e (iom[i—1
hi [] e {} =Y Py () §7(—1)ikg(R) | hi[(1 —t)B,]
1—q M At A k=0 i~ k],

Proof. Consider f a homogeneous symmetric function and A\ a partition. We show
that

(fhj, Hy) = (V' ewf*[X]) where j + deg(f) = |)| (A.2)

’X’—)D)\

Indeed, using Theorem B.I] with f +— wf*

(V_lr,swf*[X])‘X:Dk = (wf*, T1H))x
(by = <f5 T1H>\>
(by .79} [1.54]) = Z<hkf77'1H>\>~

keN

By homogeneity, only one of these summands is different from 0, i.e. £ = j where
J+deg(f) =|\|. Now using (A.2) with f = e;[(1 —t)X] gives

iti=A

(e[(1 = ) X [X], Hy) = (V’”‘ ﬁ(—_ ; D
X—D,

This identity will be helpful since, by the duality of the bases {H) }icpar and

{i } for the star scalar product,
W AEPar
X X H) X X
hi |l e |5 = S0 2 (hi [ e || H
[1—61}%[1\4} : <wx< [1—Q]6J[M] A>
i+ *

e = 3 fj—< [X(1— t)] by [X], Hy)
Abi4j
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Thus, using the previous equation

X X H _ X —€
R R Y= [
q Aritg 1 XDy
Using Corollary [[.69] we may write
X —€
-1
W[5 = (B [ )
X 1
(o (L3 5 — v (Zhi—k =k [1_qD
k=0
¢ _(i—k) X q(;)
BB ET) = 3 o (ne s .
= L=ql (&)
Since Dy = M B, — 1 it follows that
X —¢ q E'“ )+ 5 MBy —1
eI =X e ]
( 1= 4 X—=Dy 1= 9
q" 15’6 -1
(by [L.69) = Z Zhl Bx(1 —t)] hi— kl[l_q]
) e
(by [L.63} [L.57 2.20) = Z D B =) (=)
(@ @)k =0 (6 9)i—k—1
i—l1

—Z D By - ) S 1

= (4 @)i—k—1(g: )

We use the identity (i_g_l) — (igk) = (l+1) + kl — li to write

i—1
1
§ —li § :
= hl B>\ 1 —t )
k—0 ((J§Q)i—k—z(q;q)k

7 +1

( : ) —li i—l . i —

=S - 0] (1) ) ) [ :

1=0 " k=0 q
l+1)

by- Z )i~ lq(2

Q)zel

(by .T5) = Z (59w [Z_ﬂ B [BA(1 = 1)

—li

hi [BA(L = )] (¢'59)i—

—t i(q)i*lq(i’) [ZZ J hi [Bx(1—1)];
=0
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where the last equality follows from (5-51) —li = (l;l) — (;) Thus, setting [ — k
we have

\ati=)

which—combined with (A.3])— gives the thesis. O

0 3 Cayig(3) [ - 1] hi [Ba(1— 1))

i—k
XDy k=0

Lemma 3.35. Forr,i € N we have

of] g [,

k=0

Proof. We start by applying Proposition [2.20)

i(i—1) | T i(i— '
4 1>u — Oyl — i+ 1],]
q

(by def of hy and [],) = hilg" *[r —i + 1],]

. _ . r—i+l i—1 _ . r
(by def of []) = h; {qll . lq} =h; {qq}

1—¢q I—q
(by:zi:h Ll P 1-q¢7"
: P k 1_q i—k 1_q
k 1iqr ) ].*qiil
(by ~3 h [ - q} (—1)Fei s [1_(1}
k=0

(by def of [1,) = S hllrlg)(~ 1) i i — 11,]
k=0

Thus the conclusion follows from Proposition [2.20] O

Lemma 6.4. For f,g homogeneous elements of A with deg(f) = m and p €
Par \ {0}, we have

A s
Proof. By Definition and Theorem [3.20] we have
Z diuH)\ = [Hy.
ADmp

Let v be any partition. Evaluate the above equation at X =1+ z(MB, — 1) and
apply Macdonald-Koornwinder reciprocity (3.3]) on both sides:

[ocn(1 = 2" ¢()
.o, (1= 2707
Hceu(]‘ o an/(c)tl/(c))
Hcev(l - an/(c)tl’(c))

> df H,1+2(MBy —1)]
AD?‘VL,J/

= fll+2(MB, —1)]H,[1+2(MB, —1)
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The denominators cancel out. Next, since pu # @ and thus A # (), there is a
common factor 1 — z on both sides. Cancelling this factor and then setting z — 1

(see Remark [1.64]) we get

> dfH [MB\II, = f[MB,]H,[MB,]I,
ADm
(by definition of Af ’ = (Af[MX]HV) [MBH]HH'

Since {H, },+; forms a basis of A® this identity can be extended linearly to hold
for any g € A, O

Lemma 6.5. Forl,s € N

s l+s+1 s s+
(1_q+1)|: l :| :(1_q+l+1)|: l :|
q q

Proof. For | = 0, the statement is clearly true so we may suppose [ > 0. We will

use Equations (2.18]) and (2.16]).

l+s+1 l+s+1 l+s l+s
(1_qs+1)|: :| — [ :| _qs+1+l|: ] _qs-‘rl[ :|
q q q q

l l l -1
_ (sl |l Es| |l s
| os+1 P 1 L1, 1 s+1],

sl |l +s l+s R I+ 1|l +s
o ST DS A R e
s+1], s 1y, L1, s+1],

s s+1
:(1_q+l+1)|: l ]
q

Lemma 6.20. If M = [(Hj)]”:o L EMat(, 11)x(nt1)(N) then det(M) = 1.

K2

Proof. We define two more matrices

(O (O

Clearly L and U are lower and upper triangular, respectively, and all their diagonal
entries are 1. Thus, det(L) = det(U) = 1. We will show that M = LU, which
readily implies the thesis. We have to show that for all i, =0,....n

-5 0)0)- ()
“£(5)60)-(1)

which clearly holds since a choice ¢ among 7 + j can be decomposed into i — k
choices among i and k choices among j for some k = 0,...,7 and the rest of the
terms are zero. OJ



Appendix B

Figures for schedule numbers

This appendix contains figures illustrating the construction of some of the square

paths of LSQ(1,8)*? with diagonal word 44 223 0112 and shift 1. They serve as
visuals for the proof of Theorem [7.7]

3 2 2

Figure B.1: (1,3) and (1, 2)-insertion
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2
2
3
4 4 2
2 4 2
2 4 2
2 2 2 4
3 3 3 3

Figure B.2: (2,4)-insertion

4
2
4
2
3
4
2 2 2
4 4 4
2 2 2
1 1
1 3 1
1 1 3

Figure B.3: (0, 1)-insertion
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4
2
4
2
3
1
1
4 4
2
4
2 2
3
|2
|2 1
1 1
Figure B.4: (0,2)°-insertion
4
2
4
2
3
1
1
o2
4 4
2 2
4 *|0
2 4
*l0 2
3
1
1
o2

Figure B.5: (0,0)°®-insertion
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